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Abstract 

 

The recent mechanical tests on the ex-service Inconel X-750 spacers have indicated significant 

embrittlement and reduced load carrying capacity compared to as installed condition. This is an 

immense safety concern to the nuclear industry, as in-service spacer examination and their 

replacement within fuel channels are very costly and impractical. The primary degradation 

mechanism is complex, and thus provides the focus of the current investigation. Despite few 

previous reports about hardness of non-irradiated and irradiated Inconel X-750, thermally-activated 

time-dependent deformation conditions have not been studied. This dissertation has attempted to 

overcome this scarcity of data by providing a series of fundamental investigations involving the use of 

novel pyramidal nanoscale indentation test techniques to measure the  time-dependent plastic 

deformation of He+ at 300 ℃ and Ni+ at 25 ℃  at different doses separately. Established theories 

were applied to grain by grain nano indentation testing to assess the hardness of the X-750 alloy 

under different irradiation doses and temperatures data. Both He+ and Ni+ ion implantation at lower 

doses, resulted in softening of the X-750 alloy, however at higher irradiation doses indentation 

hardness was increased. Constant-load pyramidal indentation tests performed at 25 ºC showed that 

the average indentation stress, 𝜎𝑖𝑛𝑑 and strain rate 𝜀𝑖̇𝑛𝑑  increases with decreasing indentation depth 

and increasing levels of irradiation. The apparent activation energy, ∆𝐺0 , of the obstacles that limit 

the rate of dislocation glide during indentation, increased with increased He+ implantation dose 

whereas, it was decreased by increasing Ni+ irradiation as irradiation defects increased. On the other 

hand, apparent activation volume (𝑉∗) and activation area (Δa),  decreased by an increased 

indentation stress for both He+ and Ni+ irradiated samples. This indicates that the obstacles 

controlling deformation process are rate sensitive “thermal” obstacles. These approaches are unique 

to the literature since they demonstrate the individual effect of irradiation damage on mechanical 

behavior and operative kinetic plastic deformation on irradiated Inconel X-750. 
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Summary for Lay Audience 

Canadian deuterium uranium reactors (CANDU) fall into a subset of pressurized heavy water 

reactors (PHWR) that use heavy water coolant, D2O, as opposed to H2O in light water reactor 

(LWR) designs, as both a moderator and coolant. Helical spring annulus gas spacers in the fuel 

channels of current CANDU nuclear reactors are made from age-hardened Inconel X-750. Fuel 

channels are consisting of high temperature Zircalloy pressure tubes (Zr-2.5%Nb), cool Zircalloy-

2 calandria tubes, and Inconel X-750 internal spacers that maintain an insulating gap filled with 

CO2 gas between the two tubes. These Inconel X-750 garter spring components prevent contact 

between the two tubes that would otherwise generate a large heat sink and compromise the 

thermodynamic integrity of the reactor, in addition to causing eventual hydride blistering and 

rupturing of the pressure tube that could ultimately result in failure and a local loss of coolant 

accident (LOCA). Neutron irradiation is known to cause microstructural and mechanical property 

changes within these spacers. Recently, it has been found that these spacers become very brittle 

after long exposure to neutron irradiation and this is an ongoing concern for the operation of the 

nuclear  reactors. As such the current research aims to use a novel technique of nanoscale 

mechanical testing to assess the effects of irradiation, temperature  and fundamental kinetic 

deformation parameters in Inconel X-750. The data obtained can be useful in developing models to 

predict life-time of existing spacers and will also be helpful for the design of the future materials 

used in garter spring spacers.   
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Chapter 1 

1  Introduction 

1.1  Ni-based superalloys and radiation effects  

Ni-based superalloys possess excellent strength and creep properties in addition to oxidation 

and corrosion resistance at high temperatures. In the case of age-hardened Ni-based 

superalloys, their remarkable high temperature strength is attributed to the presences of γ'- 

(Ni3 [Al, Ti]) or γ''- (Ni3 [Nb, Ti]) precipitates in the microstructure [1]. Therefore, they are 

regarded as good candidates for core components of nuclear reactors. For instance, Inconel 

718 was successfully employed as bolts, grid spacers of fuel elements,  and springs in fission 

reactors [2] ,and  Inconel 600 is used as a part of flux detectors in CANDU reactors [3, 4]. 

The Ni based superalloy of Inconel X-750 is used for fasteners and centering pins in the core 

of pressurized water reactors, boiling water reactors, in CANDU fuel channels as spacers 

and also tensioning springs at the periphery of reactors [4]. Exposure to neutrons can result 

in microstructural changes to Ni-based superalloys by two mechanisms; 1) neutron-induced 

atomic displacement, which causes the metal to become hardened and to lose ductility, and 

2) neutron-induced helium accumulation via the 58Ni(n,γ)56Fe transmutation process, which 

causes the metal to become embrittled. It is well known that the radiation damage from fast 

neutrons causes significant changes in microstructure and consequent mechanical properties 

of component materials in the reactors. Lattice displacement due to atomic collisions with 

high energy neutrons can introduce different types of defects of crystalline structure 

including; dislocation loops, cavities and other tiny unidentified defects. Hence, the 

microstructure changes may alter the mechanical properties through hardening of the 

material, reduced ductility and fracture toughness [5-7]. In addition, radiation damage of fast 

neutrons may affect the stability of the strengthening precipitates. In Ni based superalloys, 

any instability (disordering/dissolution) in γ'-precipitates can lead to significant degradation 

in mechanical properties. Apart from fast neutron induced displacements, Ni-based 

superalloys are subjected to thermal neutron irradiation in thermal reactors such as the 

CANDU reactor through (n, α) or (n, p) nuclear transmutations [28,29]. These nuclear 



2 

 

 

reactions result in considerable concentrations of helium and hydrogen, which will 

additionally affect nucleation of cavities [8, 9]. 

Owing to the relevance to nuclear industry and engineering materials, the irradiation damage 

effects on structure and properties of pure face centered cubic (FCC) metals are of great 

interest and have been the subject of study for many years. However, there is still a lack of 

understanding of the basic mechanisms underlying irradiation induced damages in some 

commercial Ni-based superalloys such as Inconel X-750 [3-5].  

1.2  Inconel X-750 spacers in the CANDU reactor 

The core of Canadian Deuterium Uranium (CANDU) reactor contains around four hundred 

horizontal fuel channels arranged inside a large, cylindrical, steel calandria vessel. Each 

fuel channel contains a hot pressure tube (operating at 260°C-310°C) surrounded by an 

insulating gas gap (CO2) that separates it from a cool calandria tube (operating at 60 °C to 

70 °C). Both tubes are made from zirconium alloys. Helical garter spring spacers, made 

from the Ni-based Inconel X-750 alloy, are stretched around the pressure tube at four 

locations along the tube to prevent it from touching the calandria tube (Figure 1.1). The 

annular gap between the calandria tube and the pressure tube is filled with flowing CO2 for 

the purpose of detecting the presence of moisture if leaks develop [10]. Contact between 

the tubes would lower the efficiency of the reactor by allowing heat transfer from the hot 

pressure tube to the cool calandria tube and may result in a safety issue involving hydride 

formation and cracking of the pressure tube. Modern CANDU spacers are garter springs 

tightly fitted onto the pressure tube that maintain an insulating gap between the hot Zr-

2.5% Nb pressure tube and the cool Zircalloy-2 calandria tube. After time in-service, due 

to the combined weight of the fuel bundle and heavy water coolant, the pressure tube creeps 

and sags with respect to the calandria tube. Spacers provide support to the hot pressure 

tubes, at four locations separating them from the cold calandria tubes and withstand the 

pressure tubes from creep deformation. 
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Figure 1.1: CANDU fuel channel with Inconel X-750 spacer coil highlighted [11]. 

1.3  Motivation 

It was reported that the ex-service CANDU Inconel X-750 spacers become severely brittle 

and no longer function properly as planned over a long time exposure inside reactor [32]. 

The CANDU industry has initiated research to address the aging of Inconel X-750 spacers 

in order to determine service conditions for risk assessment, to understand the conditions 

responsible for material degradation and to demonstrate fitness-for-service. Although 

spacers were never found to have failed in-service, upon handling for inspections for post 

irradiation examination experiments they suddenly fractured. 

 While the main mechanisms underlying the irradiation-induced damage are not well 

known, TEM based studies of the microstructural stability of irradiated Inconel X-750 

indicated the correlation between irradiation doses, temperature, and helium concentration 

on the type of irradiation induced damage formed in the material [8, 12-15]. In order to 

simulate the neutron irradiation induced damage over a wide range of temperatures, heavy 

ion irradiation is employed instead of using reactor neutrons. Previous studies have shown 

that heavy ion bombardment can be used to create crystallographic damage consisting of 

dislocation loops similar in size and nature to that produced by neutron irradiation of metals 

[12, 16]. The benefit of using Ni+ irradiation for this research is the production of defects 

without causing significant chemical composition change to the test material which also 

stays non-radioactive after irradiation. Another benefit is the production of damage at a 

very fast rate. It takes about 3 hours for Ni+ to produce 5 dpa of damage to the top several 

micron thick layer of Inconel X-750 material, whereas neutron irradiation takes about 5 
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years to produce the same amount of damage. While studies are still ongoing to understand 

the relationship of these mechanisms, experimental data to measure the effect of these 

mechanisms on the mechanical properties of Inconel X-750 alloy are still insufficient. 

Also, there is insufficient data to correlate the microstructural changes to the kinetic 

deformation mechanism via stress and strain analysis. Development of such a correlation 

remains the necessary missing link before accurate predictions of garter spring spacer 

lifetime as a function of in-reactor location and irradiation history can be made. 

1.4  Research objectives 

To address the aforementioned research needs, the primary theme of this research is to 

apply the pyramidal indentation test techniques to investigate the effect of helium 

accumulation and irradiation induced damage, by using He+ and Ni+ implantation at high 

and room temperatures and to study the kinetics of local plastic deformation on the 

mechanical properties, to assess the effect of indentation stress and strain, strength of the 

obstacles, and deformation volume during plastic deformation.  

The objectives of this study are: 

1. To study the effect of He+ accumulation and Ni+ crystallographic defects on the 

indentation depth dependence of the hardness of Inconel X-750 via grain by grain 

nano indentation technique. 

 

2. To investigate the indentation size effect (ISE) in un-irradiated X-750 and explore 

the effect of irradiation-induced defects on ISE. 

 

3. To study the effect of He+ and Ni+ implantation on the operative deformation 

kinetics of Inconel X-750; namely, to determine their effect on the apparent 

activation strength and activation volume of the deformation rate controlling 

obstacles within the microstructure. 
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1.5  Structure of the thesis 

The research in this dissertation will be presented in manuscript format. Three individual 

manuscripts will be submitted to journals are included. Each part of the work will be 

introduced individually in the following chapters by the School of Graduate and 

Postdoctoral Studies at Western University. The dissertation contains 6 chapters, 3 of 

which contain detailed description of different investigations carried out in this research. 

Chapter 2 of this thesis contains a review of published literature on the theories, 

mechanisms and techniques which were applied to achieve the objective of this study. 

Description of the radiation-induced damage and its general effect on the mechanical 

properties of metals, particularly Ni-based superalloys, and FCC metals, are also included. 

Chapter 3 presents the results of a study of the effect of high temperature He+ and room 

temperature Ni+ implantation on grain by grain indentation hardness of Inconel X-750 and 

effect of irradiation induced defects on ISE. 

Chapter 4 presents the effect of high Temperature He+ implantation on the kinetic 

deformation nanoindentation of Inconel X-750 during constant-load pyramidal 

nanoindentation of Inconel X-750.  

Chapter 5 reports nano- scale kinetic deformation behavior of room temperature Ni+ 

irradiated Inconel X-750. 

Finally, general, and specific conclusions drawn from the research along with 

recommendations for future research are presented in Chapter 6. 
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Chapter 2 

2   Literature review 

Nickel-based superalloys have emerged as the material of choice when significant 

resistance to loading under static, fatigue and creep conditions and high temperature is 

required. This is particularly true when operating temperatures are beyond about 800 °C[1, 

9, 10]. Consequently, Ni-based superalloys have been proposed as structural materials in 

next generation nuclear reactors due to their superior high-temperature mechanical 

properties and corrosion resistance [17, 18]. The strength of Ni-based superalloys in most 

cases originates from presence of γ' (Ni3 [Al, Ti]) precipitates, having the FCC L12 

structure and γ'' (Ni3 [Ti, Nb]), possessing the HCP (hexagonal-close-packed structure) 

D022 structure.  Inconel X-750, a Ni-based superalloy, is precipitation hardened with γ' 

phase and is used for fasteners and centering pins in the cores of pressurized and boiling 

water reactors. It is also used in CANDU fuel channels as spacers as well as tensioning 

springs at the periphery of reactors [9]. This chapter reviews previously published findings 

related to Inconel X-750 and its use within CANDU nuclear reactors.  This is followed by 

a review on the effect of irradiation-induced changes in microstructure of Ni-based 

superalloys and their effect on mechanical properties of FCC metals.  

2.1  Inconel X-750  

Inconel X-750, a Ni-based super-alloy with high strength and creep resistance, is a widely 

used super-alloy at elevated temperature approaching 0.8Tmelt in CANDU reactors [19, 20]. 

The material contains approximately 70 wt.% Ni, and of this; approximately 68% is the 

isotope 58Ni, which has a high thermal neutron capture cross section. The microstructure 

of the age hardened X-750 consists of equiaxed grains of the FCC γ-matrix with mean grain 

size of 15 - 45 µm. The microstructure observations show that two types of carbides can 

be detected, including large micron-sized MC ((Ti, Nb) C) within the matrix grains and 

smaller M23C6 (Cr23C6) carbides which are located mostly on grain boundaries. Ni3(Al, Ti) 

or gamma prime (γ'), is the most important strengthening precipitate in X-750 [20]. It is in 

a form of coherent precipitates with an L12 ordered structure which has a small lattice 
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misfit (0.5%) with γ-matrix from the face center cubic (FCC) γ matrix due to the solute 

aggregates, Al and Ti [8]. Schematic FCC crystal structure of γ' is presented in (Figure 2.1) 

in which the Ni atoms are located at the face centers and the aluminum or titanium atoms 

are at the cube corners.  

 

Figure 2.1: Schematic presentation of (a) γ (matrix) (b) γ' (gamma prime lattice 

structure) [21]. 

2.2  Inconel X-750 in CANDU reactor 

In CANDU reactors, the X-750 alloy is used as a fuel channel spacer material which 

separates the Zr-2.5wt%Nb hot pressure tube from Zircaloy-2 cold calandria tube 

preventing the formation of hydrides and blisters in pressure tube (Figure 2.2) [22-24]. 

Each CANDU reactor contains about 380 fuel channels with four spacers per channel. This 

means there are about 1520 X-750 spacers in every reactor [10]. After time in-service, due 

to the combined weight of the fuel bundle and heavy water coolant, the pressure tube creeps 

and sags with respect to the calandria tube, “pinching” the spacer between the hot pressure 

tube and cold calandria tube [8, 12, 13, 22, 23]. This creates a circumferential temperature 

variation around the spacer. At 6 o’clock location, where the spacer is ‘pinched’ to both 

pressure tube and calandria tube, the spacer temperature is 120 °C- 280 °C. At 12 o’clock 

location where the spacer is ‘non-pinched’ to the calandria tube, the operation temperature 

is 300 °C- 330 °C (Figure 2.3). The variability in the pinched material results from local 
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contact points at the bottom of the fuel channel; locations in direct contact with the pressure 

tube operate close to the higher bound temperature, 280 °C, and locations in direct contact 

with the calandria tube operate close to the lower bound temperature, 105 °C. 

 

Figure 2.2: Cross section schematic of a fuel channel in a CANDU reactor [22, 24]. 

 

Figure 2.3: Spacer operation temperature with respect to pressure tube and calandria 

tube [24].   

2.3  Radiation damage in CANDU reactor 

Radiation damage is the result of redistribution in atoms of the target metal structure caused 

by the transfer of energy. There are several steps in development of radiation damage 

including: interaction of an energetic particle with a lattice atom followed by transfer of 

Pinched 

Non-Pinched 
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kinetic energy to the lattice atom causing a primary knock-on atom (PKA). This in turn 

results in the displacement of atom and its passage through the lattice and subsequent 

additional knock-on atoms. The displacement cascade will finally end leaving primary 

knock-on atom as an interstitial. [25]. Described processes would result in formation 

vacancies and interstitials (Frenkel pairs) altering the structural and mechanical properties 

of irradiated materials. The energy of the PKA depends on the mass and the energy of 

incident particle which is given by:  

 𝑇 =  
𝛾

2
𝐸𝑖(1 − cos 𝜃)                                               

where 𝐸𝑖 is the energy of incident particle and θ is the scattering angle for incident 

particle while  γ is the maximum recoil energy which is defined as: 

𝛾 =  
4𝑚𝑀

(𝑚 + 𝑀)2
 

where m and M is the mass of incident particle and PKA, respectively. Many models were 

developed to quantify the number of atoms displaced by one PKA. The most frequently 

used model is that of Kinchin-Pease (referred to here as the K-P model) [26]. In this model 

the minimum energy required for an atom displacement during collision is called threshold 

displacement energy (𝐸𝑑). The magnitude of 𝐸𝑑 varies and is dependent on the structure of 

lattice, the direction of PKA and the thermal energy of the lattice [25]. However, Kinchin 

and Pease [26] proposed a theory to calculate the average number of displaced atoms 

initially created by PKA of energy T which is described  in Eq. 2.3 where 𝐸𝑐 is the energy 

loss by electron stopping. 

 

(2.3) 

(2.2) 

(2.1) 
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If the PKA energy is greater than 𝐸𝑐  no additional displacements occur until electron 

energy losses reduce the PKA energy to 𝐸𝑐. For all energies less than 𝐸𝑐, electronic 

stopping is ignored, and only atomic collisions occur. Between 𝐸𝑑 and 𝐸𝑐, however, there 

is a linear relationship between the PKA energy and the number of displaced atoms 

(Frenkel pairs) produced (Figure 2.4). 

 

Figure 2.4:  Number 𝝂𝒅 of displaced atoms in the cascade as function of the PKA 

energy according to Kinchin-Pease model [25]. 

Displacement Per Atom (dpa) or particle induced atomic displacement damage is a 

measure of the number of times an atom is displaced from its lattice position by collision 

of a single particle (neutron or ion) with a specific kinetic energy. The extent that high 

energy incident ions deflect and displace the atoms of the target substrate is assessed by 

computation. The most common software used for this is the SRIM (Stopping and Range 

of Ions in Materials) software [9, 20, 21, 23, 27]. SRIM is a collision approximation model 

that employs a Monte Carlo simulation to estimate probabilistic values for ion-atom 

interactions. It uses the Kinchin-Pease formula to estimate the number of atom knock-outs 

per incident ion. Basically, SRIM software is used to calculate the dpa as a function of 

particle penetration depth. The software works by running thousands of ion-atom 

interaction simulations, each expressed in terms of the Kinchin-Pease model, and predicts 

the resulting ion path and atom-displacement events. From each simulated ion 

implantation, SRIM calculates the mean, and variance of the penetration depth and the 

number of ion-induced displacements (i.e. irradiation damage events) of the substrate atom. 

SRIM input information like the implanted ion type, chemical composition of the target 
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compound and the ion energy range over which the calculation has to be performed. SRIM 

output data (Figure 2.4) then gives the number of atomic displacements (vacancies) 

produced by a single particle, i.e. Ni+ or He+ , based on the ion energy and target material 

properties By using these data, it is possible to calculate the ion fluence required to create 

a certain level of irradiation damage, and corresponding dpa, as [27]: 

𝑑𝑝𝑎 =
∅ × 108 × 𝐷

𝑁
 

where 𝜙 is the incident ion fluence (ion/cm2), D is the vacancy production rate 

(vacancy/ion/Å) calculated by SRIM and N is the atomic density (atom/cm3) of the target 

material. 

 

  

 

 
Figure 2.5: SRIM output plots illustrate: (a) damage profile of 8 MeV Ni+ in Inconel 

X-750 (b) ion range in target Inconel X-750 (c) Dislocations of 8 MeV Ni ions 

irradiating in Inconel X-750, shows the cascade dislocations of 3000 simulated ions. 

(a) (b) 

(c) 

(2.4) 
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In the reactor core, radiation damage occurs primarily due to the direct displacements 

caused by fast neutrons resulting in collision cascades [1].  Displacement damage to 

Inconel X-750 however can also occur from the interaction of thermal neutrons.  Thermal 

neutrons create damage primarily by neutron absorption causing transmutation of a nucleus 

and particle emission [1]. The recoil of the nucleus and to a lesser extent the emitted 

particles themselves then lead to displacement damage. In order to simulate and investigate 

radiation-induced damage, accelerated ion irradiation is an alternative to real reactor 

conditions. In addition, this laboratory-based irradiation allows for a controlled condition 

in terms of material, dose and temperature selection. However, accelerated ion 

implantation has been used by material scientists for decades to study radiation-induced 

damage formation in nuclear materials. Not only to simulate the microstructural changes 

created by neutrons, accelerated particles irradiation is also used to understand radiation 

damage fundamental processes in a controlled condition, for which neutron irradiation is 

difficult to approach, such as material selection, dose level control, and irradiation 

temperature control [13-15, 22, 28, 29]. In addition, by using a high energy heavy ion 

irradiation, crystallographic damages can be generated at a faster rate, about 4 orders of 

magnitude greater than in reactor irradiation damage. Irradiation with high energy heavy 

ions, producing PKA with higher energy (~5 KeV), results in the production of dense 

atomic displacement cascades similar to that of neutron irradiation. This allows one to 

create levels of irradiation damage in a test sample that is consistent with an “end of life” 

in reactor component after only several hours of ion implantation [30].  

2.3.1  Fast neutron damage 

As aforementioned, atomic displacement damage in reactor core is largely caused by direct 

collisions between neutrons and component atoms, occurring in several stages. In Ni, the 

energy of an incoming neutron required to displace the Ni atom from its lattice site is the 

threshold energy, which is approximately 600 eV[31]. If this minimum neutron energy is 

reached, the displaced Ni atom will then have a recoil energy of approximately 40 eV 

(enough energy to create a primary knock-on-atom (PKA).  Neutron energies below 600 

eV cannot displace Ni nuclei from lattice positions to create interstitial and vacancy point 

defects (i.e. Frenkel Pairs) [31]. If the neutron energy is above the threshold displacement 
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energy, the recoil energy of the PKA is transferred to nearby nuclei. The PKA is charged 

and thus partially slowed by electrical repulsion leading to heat. However, much of its 

energy is transferred by direct collision to nearby nuclei which, in turn, recoil and are 

displaced from their lattice positions [9]. The accumulated irradiation induced 

displacements are highly dependent upon the incident energies of the neutrons, which may 

span ten orders of magnitude in a thermal reactor: from 0.0001eV to 10 MeV [22]. The 

neutron irradiation is varied with the location of material components in the reactor. On 

average in CANDU fuel channel, each Ni atom in the spacers will be displaced 

approximately once per year by fast neutrons, equivalent to a total contribution of 

approximately 25 dpa in a CANDU spacer by end of its service life [22]. The damage is 

augmented with a presence of thermal neutron irradiation. However, in Ni-rich components 

this direct damage is supplemented by more than a factor of two due to the broad thermal 

neutron spectrum causing transmutations by the absorption of neutrons [23]. 

 

Figure 2.6: Neutron flux vs. neutron energy experienced by the Inconel X-750 

spacer [22]. 

2.3.2  Thermal neutron damage 

Comparing to fast neutron irradiation induced damages, displacements caused by thermal 

neutrons are usually of negligible importance. However, for components containing Ni, 

absorption of thermal neutrons will cause transmutation and must be noted for components 
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containing natural nickel such as the Inconel X-750 garter springs (which contain ~70% 

wt.% Ni, 68% of which is 58Ni), neutron absorption at thermal energies will cause the 

following transmutations: 

58Ni + n → 59Ni + γ 

59Ni + n → 56Fe + 4He (n, α) 

59Ni + n → 59Co + H   (n, p) 

59Ni + n → 60Ni + γ 

With the abundance of thermal energy neutrons in the CANDU reactor, 59Ni (which does 

not exist in natural nickel) will be generated by thermal neutron captured by 58Ni [9].  

Transmutation of 58Ni to 59Ni occur with subsequent (n, γ), (n, p) and (n, α) reactions as 

shown above. The 59Ni (n, γ), (n, p) and (n, α) reactions are very exothermic, producing 

both charged particles and heavy atomic recoils which lead to radiation damage. For the 

(n, α) reaction with 59Ni the total damage energy is 176.2 keV per neutron capture and 

therefore the subsequent total number of displacements per neutron capture in 59Ni is 1762 

[32]; whereas the hydrogen and gamma reactions produce 222 and 4.9 displacements 

respectively [33]. The 59Ni isotope produced by the 58Ni (n, γ) reaction and the subsequent 

(n, α), (n, p) and (n, γ) reactions make up the majority of the total dpa. Figure 2.7 shows 

the total and individual displacement damage per atom for both fast neutrons and (n, α) 

reaction.  

 

Figure 2.7: DPA calculations for an average bundle power CANDU channel [23]. 
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2.3.3  Production of helium and hydrogen  

Total dpa is not the only factor to consider when attempting to understand the effects of 

irradiation on the mechanical properties in the Inconel spacer material. The transmutation 

reaction also produces a high concentration of both hydrogen and helium in the spacer 

material. As previously shown, the (n, α) and (n, p) reactions generate helium and 

hydrogen. As helium will act to stabilize small vacancy clusters to form bubbles and/or 

cavities thereby accelerating the onset of void swelling which could contribute to a form 

of grain boundary embrittlement [9, 14, 15, 29, 32, 34]. In average, the CANDU reactor 

spacer will have generated approximately 20,000 appm He (2 at. %), and 5000 appm H by 

the end-of-life [23].  

 

Figure 2.8: Calculated productions of helium and hydrogen in an average power 

CANDU channel [23]. 

2.4  The impact of irradiation damage on the microstructure 

and mechanical properties of Inconel X-750 

 Radiation damage can significantly alter the microstructure of materials and thus lead to 

drastic changes in the mechanical properties. The TEM observations on X-750 spacers 

removed from the CANDU reactor reveal two main microstructural damages, including 

introduction of the high density defects as well as inducing instability 

(disordering/dissolution) in the structure of strengthening phase, γ' precipitate [8, 13, 
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23].The microstructural evolutions are strongly dependent upon the operation temperature 

which is varied at different locations of the spacer (Figure 2.3). As mentioned earlier, 

radiation by energetic particles can displace atoms from their lattice site through 

displacements cascade and produce point defects. These point defects may follow one of 

three regimes; either recombine with their opposite peer to annihilate, escape from cascade 

to become free migrating defects, or accumulate to form defect clusters. The defect 

agglomeration in FCC structure appear either in 3D clusters such as cavities and Stacking 

Fault Tetrahedra (SFT), or in planner way to form dislocation loops [35]. In Inconel X-750 

components, these defects are visible at relatively low irradiation temperature < 400 °C [8, 

12]. This section will review the impact of irradiation on the microstructure and mechanical 

properties of FCC metals, with emphasis on Ni rich alloys. 

2.4.1  Irradiation hardening 

Irradiation of a metal causes strengthening by source hardening and friction hardening [25]. 

Source hardening is the increase in stress required to start a dislocation moving on its glide 

plane. Source hardening due to irradiation-produced defect clusters in the vicinity of 

Frank–Read sources. These clusters increase the stress required to expand the loops and to 

permit source multiplication [25, 36]. Once the stress level is sufficient to release the 

source, the moving dislocations can eliminate the small clusters and reduce the stress 

needed to continue the deformation.  Friction hardening refers to the stress required to 

sustain plastic deformation, which is often termed the flow stress, or friction stress [25, 

37]. The forces responsible for resisting dislocation motion through a crystal lattice arise 

from the dislocation network and obstacles such as defect clusters, loops, precipitates, 

voids, etc. The friction hardening consists of long-range and short-range hardening. Long-

range stresses are caused by dislocation-dislocation stress field interaction. Short-range 

stresses have their origin in interaction between the moving dislocation and obstacles. 

Therefore, the friction hardening can be described by [25] 

𝜎𝐹 = 𝜎𝐿𝑅 +𝜎𝑆𝑅                                                                                                                                                                                                     
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where σF is the friction stress and the subscripts LR and SR represent long and short-

range contributions, respectively, and σSR is given by:  

𝜎𝑆𝑅 = 𝜎𝑙𝑜𝑜𝑝𝑠 +𝜎𝑐𝑎𝑣𝑖𝑡𝑖𝑒𝑠 + 𝜎𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑒𝑠 

The degradation of mechanical properties of materials in nuclear environments is a major 

issue in the nuclear industry so understanding material performance and the failure 

mechanisms of reactor components in reactor environments is critical. Towards this 

purpose, it is crucial to understand the effect of irradiation induced microstructure changes 

on subsequent mechanical properties. Therefore, following sections explain the mechanical 

behavior of irradiated material by emphasizing on the effect of irradiation induced defects 

on the dislocation movements, cavity and helium production, and instability of γ' 

precipitate during deformation of Ni-based superalloys. 

2.4.2  Irradiation induced defects 

As was mentioned, radiation by energetic particles like heavy ions can cause atomic 

displacements to produce point defects (self-interstitial atoms and vacancies) in the 

structure of metallic materials. These point defects may then recombine to annihilate, 

escape from cascade to become free migrating defects, or accumulate to form clusters 

during cooling of the cascades. The generation and accumulation of point defects can lead 

to the formation of either planar defects, such as dislocation loops, or 3-dimensional 

agglomerations, such as voids and SFTs [8, 24]. Dislocation loops that are seen consist of 

Frank loops and perfect loops (Figure 2.9) [13]. Perfect loops with a Burgers vector of 1/2 

<101> were characterized as the majority of irradiation-induced dislocation loops, and 

Frank loops with a Burger’s vector of 1/3 <111>. Both types are formed by either removing 

or introducing extra layer of atoms from the matrix causing an intrinsic or extrinsic stacking 

fault respectively. The majority observed dislocation loops in FCC metals are interstitial in 

type [34]. Basically, the deformation will be accommodated by the formation of dislocation 

cell structure at relatively lower irradiation dose; however, localized deformation in the 

form of defect free bands or dislocation channels is the deformation mechanism at higher 

doses. Yao et al. [5] systematically studied the deformation mechanism of single crystal 
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pure Ni irradiated with high energy proton beam. They showed that the plastic deformation 

during tensile test is accommodated by different mechanisms depending on the imposed 

radiation dose. In addition, in situ TEM observations of ion irradiated X-750  reveals that 

the size of the dislocation loops is mainly depend on irradiation temperature [13]. Figure 

2.10-b presents the case of 12 o’clock, (300 °C -330 °C) small SFTs (<5 nm) and large 

(~20 nm) dislocation loops. However, TEM observations at the location of 6 o’clock with 

lower operation temperature shows that the size and density of defects are quite different 

from the 12 o’clock with higher operation temperature. The density of defects is visibly 

higher than those at 12 o’clock and the size of defects are smaller, most of which are 

approximately 1–2 nm and no defects larger than 5 nm are observed [24]. The size 

distribution of defects in both 6 and 12 o’clock is plotted in Figure 2.11.  

 

Figure 2.9: TEM image of microstructure induced by irradiation at 600 °C to 0.27 

dpa. (a) 1/3<111> type faulted Frank loops  (b)1/2<110> perfect loops [13].  

(a) (b) 
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Figure 2.10: Weak beam dark field micrograph showing the evolution irradiation 

induced lattice defects in (a) 6 o’clock (b) in 12 o’clock location [24]. 

 

Figure 2.11: The defect size distribution in ex-service X-750 spacer at both 6 and 12 

o’clock locations [24]. 

All loops form at lower irradiation temperatures (< 400 °C) are relatively small loops (1-5 

nm); while, irradiation at higher temperatures (> 500 °C) leads to the development of much 

larger ones of both Frank and perfect loops.  At a low dose, the accumulation of defects is 

mostly concerned with individual cascade events. At a dose greater than or equal to 0.68 

dpa, a saturation of defects is reached, which was the result of damage overlapping. The 

defect density versus irradiation dose is plotted at Figure 2.12. It  is worthwhile mentioning 

that the number density of defects varies as a function of irradiation dose level. Indeed, 

b) a) 

(a) (b) 
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continuous in-situ TEM observation of irradiated X-750 spacer material shows that at all 

irradiation temperatures the number density of defects increases rapidly in the first few 

steps of the irradiation [38]. 

 

Figure 2.12: Defect density variation as a function of irradiation dose at different 

temperatures [13]. 

The mechanism of formation of the SFTs by the displacement cascades is still not clear. 

The widely used model of Silcox and Hirsch [39] explains the formation of an SFT by the 

collapse of a triangular loop of vacancies. Silcox and Hirsch proposed SFT formation as a 

vacancy disc nucleates on a {1 1 1} plane and collapses to form a loop bounded by Frank 

partial dislocations (1/3<111>). Each of the Frank partials to form a low energy stair-rod 

partial (1/6 <101> ) and a Shockley partial (1/6 <121>) dislocation. An SFT then forms as 

the Shockley partials glide towards the apex of the tetrahedron formed by three intersecting 

{1 1 1} planes and the original loop {1 1 1} plane. The reaction of Shockley partials at 

each intersection of {1 1 1} planes produces stair-rod partial dislocations. The resulting 

SFT has four triangular {1 1 1} planes bounded by six stair- rod partial dislocations [40, 

41]. Figure 2.13 shows irradiation induced SFTs in Inconel X-750 after irradiation to 0.27 

dpa at 60 °C and 400 °C. The size of SFTs varies with changing irradiation temperature; 

however, it is approximately constant with irradiation dose changing.[12]. Their size is 

proportional to the irradiation temperature, but not to the irradiation dose, with mainly 1-2 

nm at low irradiation temperature but larger size has been seen at higher temperature. This 
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is because the SFTs act as sinks and absorb the free migrating vacancies and thus grow 

[12]. 

 

Figure 2.13: TEM micrograph close to zone axis [011] and g = 200 showing formation 

of SFTs. (a) 0.27 dpa at 60 °C (b) 0.27 dpa at 400 °C during irradiation with 1 MeV 

Kr+2  [12].  

The largest contributors to radiation hardening are the high densities of radiation produced 

immobile defect clusters because they have strong barrier strengths and the high resistance 

to dislocation motion [12, 41, 42]. However, at a critical dose, the density of these defects 

is known to saturate and reach an equilibrium when the recombination and nucleation of 

these defects become even, and defect density remains stable with sustained irradiation 

[12, 41]. Therefore, irradiation hardening from defects such as dislocation loops and SFTs 

reaches a maximum value. Transmutation reaction results in the high rate production of 

helium in X-750 spacer material during service in the reactor. Cavities are basically a three-

dimensional clustering of vacancies. It may be empty and termed as voids or filled with 

gas and called bubbles. Cavities were observed in ex-service X-750 spacer as a result of 

high rate of helium production during transmutation reaction [8]. The size, distribution and 

density of the cavities are highly dependent on the operation temperature as shown in 

Figure 2.14 [8]. At the pinched part of the spacer, 6 o’clock (lower operation temperature) 

the cavities are uniformly distributed in the matrix with small size of 1-2 nm, while at the 

un-pinched part, 12 o’clock (higher operation temperature), larger cavity size was detected 

and are not distributed homogeneously; mostly segregate along the grain boundaries and 

precipitate interfaces [8]. 

a) b) 
(a) (b) 
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Figure 2.14: Cavity size distribution in pinched and un-pinched region in ex-service 

X-750 spring spacer [8]. 

The mutual trapping effect of helium atoms and irradiation-induced vacancies leads to the 

formation of cavities in the microstructure of the alloy. Figure 2.15- a shows cavities in the 

12 o’clock location. However, irradiation-induced cavities in the 6 o’clock location are 

much smaller (~1–2 nm) than those in the 12 o’clock sample. In addition, the cavities 

distribution in the matrix at the lower temperature tends to be more uniform. 

 

Figure 2.15: TEM bright field micrograph showing cavity evolution at (a)12 o’clock 

[24] (b) 6 o’clock location [22].  

The absence of cavities under ion irradiation even at high temperature indicates that 

helium, produced from the (n, a) and (p, a) reaction during neutron and proton irradiation, 

respectively, is essential in nucleation of cavities in Inconel X-750. Cavity nucleation, 

which is basically clustering of vacancies, requires three prerequisites [43, 44]. First, the 

temperature should be high enough for vacancies to be mobile. Second, supersaturation of 

a) b) 
(a) (b) 
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vacancies is necessary. Third, sufficient vacancies should survive from recombination and 

annihilation, which requires the creation of interstitial-biased sinks such as interstitial 

loops. In addition to all the factors, the existence of helium atoms to trap the vacancies and 

stabilize them is crucial to form cavities. Cavities (void or bubbles) formation and growth 

is of great concern in radiation environment. Bubbles are known to cause grain boundary 

embrittlement [23], and void swelling which is an increase in volume and a decrease in 

density leads to changes in component dimensions and mechanical properties [1, 25]. 

Therefore, it is suggested that to better understand the cavity nucleation, growth and their 

effect on the material properties through energetic particle irradiation experiments, helium 

must be injected into the metal prior or simultaneous to energetic particle irradiation to 

simulate reactor environment [14, 15, 22, 29, 45]. TEM observations of irradiation of 

helium pre-implanted X-750 alloy show that cavity morphology depends on the amount of 

helium, irradiation dose, and irradiation temperature [14]. The more implanted helium, the 

more cavities nucleated. In other words, the given number of irradiations induced vacancies 

are dispersed to more nucleated cavities as shown in Figure 2.16. Helium concentration is 

believed to affect the size of cavities through  influencing number of cavity nucleation site 

[42]. The more implanted helium, the more cavities nucleated [46].  

 

Figure 2.16: TEM micrographs showing cavity microstructures after irradiation to 

5.4 dpa at 300 °C with (a) 200 appm helium (b) 5000 appm helium at room 

temperature [14]. 

(a) (b) 
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In  the actual CANDU reactor environment, helium is produced by transmutation at the 

service temperature of 200 °C ~ 330 °C [22]. At these temperatures, helium is mobile and 

can easily migrate [47]. However, in contrast to neutron irradiated Inconel X-750, sink of 

cavities to grain boundaries and phase boundaries were not found during heavy ion 

irradiation with cold pre-injected helium, in a wide irradiation temperature range from 

60°C to 500°C. The absence of cavity segregation to boundaries during heavy ion 

irradiation with cold pre-injected helium might be caused by the mutual trapping effect 

between helium atoms and vacancies [15]. Helium was immobile in the material while 

being injected at room temperature as helium atoms may have already been trapped in 

vacancies to form cavity embryos [14]. Once this has occurred, the migration of helium 

was limited. Consequently, fewer helium atoms migrated to the boundaries to assist the 

cavity nucleation. 

 In contrast to previous heavy ion irradiations with cold pre-injected helium (room 

temperature) , in high temperature injected helium heterogeneous nucleation of cavities 

was observed. Cavity distribution was found to be consistent with in-reactor neutron 

irradiation induced cavity microstructures. This implies that diffusion of helium is greatly 

dependent on the injection temperature, and helium pre-injection at high temperature is 

preferred for simulating the migration of the transmutation produced helium [15]. As 

shown in (Figure 2.17-a) , cavities were observed within grains after helium pre-injections 

at 400 °C. After 400 appm helium heterogeneously distributed low density cavities (2.27 

×1022 m-3) (arrowed) with sizes smaller than ~1 nm was observed. After 1000 appm helium 

implantation (Figure 2.17-b), a substantially higher density (5.79×1023 m-3 ) of cavities 

with sizes of 1~2 nm was noted. Line dislocations tended to be the preferred nucleation 

sites for cavities. The size of cavities at dislocations was slightly larger than those in the 

matrix. In sample implanted with 5000 appm helium (Figure 2.17-c), highly dense 

(8.52×1023 m-3 ) and uniformly distributed cavities with sizes of ~ 2 nm present. 
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Figure 2.17: Under focus bright field micrographs showing cavity formation after 

helium implantation  at 400 °C (a) 400 appm (b) 1000 appm (c) 5000 appm [15]. 

Cavity mean size and density against helium dosage are shown in Figure 2.18, where an 

obvious increase of size and density with the increasing helium dosage can be observed. 

 

Figure 2.18: Cavity density and  cavity size, against amount of injected helium [15]. 
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This implies helium pre-injection at an elevated temperature followed by heavy ion 

irradiation is likely more practical for simulating the real situation of helium diffusion in 

the reactor environment . Increasing irradiation temperature can lead to increase in vacancy 

diffusion rate which enhances the cavity growth. In addition, higher irradiation temperature 

results in lower density of cavity due to the decrease of vacancy supersaturation [13]. So, 

as a result, it is also found that helium implantation at room temperature and high 

temperature results in cavity formation in grain boundary and grain interior in Ni and Ni 

superalloy [15, 48].  

The way that the cavities affect the mechanical behavior depends on how they interact with 

dislocation motion. Nanometer-size bubbles are at first considered to be shearable 

obstacles through which dislocations can pass easily. However, it has been found later on 

that voids and gas filled bubbles will retard dislocation motion in metals, leading to an 

increase in strength [49, 50]. It has been suggested that matrix hardening associated with 

bubbles can be estimated using a standard dispersed barrier model originally proposed by 

Orowan as the bubbles will pin the dislocation motion much like precipitates [51].  

Knapp et al [48] on the hardening effect of helium bubbles in pure Ni. They found that 

helium bubble strengthening effect depends on helium concentration, bubble density, and 

bubble size. In this study, Ni was implanted with helium up to 10 at. % at different 

temperatures to have different size and density of bubbles. Subsequent nanoindentation 

testing indicated that the hardness of implanted sample was 7 times higher than the un-

implanted samples on the hardening effect of helium bubbles in pure Ni. They found that 

helium bubble strengthening effect depends on helium concentration, bubble density, and 

bubble size and that different temperatures produce different size and density of bubbles. 

Figure 2.19 shows the measured strengths for all the samples plotted against helium 

concentration.   
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Figure 2.19: The yield strength of Ni implanted with helium at the indicated 

temperatures plotted versus the cube root of helium concentration [48]. 

2.4.3  Instability of gamma prime (γ') precipitate 

Coherent secondary precipitates such as γ' make super-alloys such as Inconel X-750 very 

strong and resistant to creep at elevated temperatures [20]. The same mechanisms that lead 

to irradiation hardening in some alloys can also affect the stability of the, γ' precipitates, 

leading to loss of strength following irradiation [52]. During irradiation, it is believed that 

two mechanisms operate, including ballistic mixing arising from irradiation to disorder the 

precipitates and the thermal recovery results in dynamic reordering [51, 53, 54]. The 

ballistic mixing from collision cascade predominates at low temperatures where the rate of 

thermal recovery is low, and the ordered phase can be easily disordered. Conversely, upon 

increasing the irradiation temperature above a critical point where the competition between 

cascade displacement and thermal recovery reaches a balance, the aging effect would 

overwhelm, and the γ' precipitates will remain stable. The critical temperature can be varied 

with respect to the chemical composition of materials and irradiation dose rate [38, 51].  

The contribution of the γ' phase to the strength of the alloy, which is referred to as 

precipitation strengthening, involves both interfacial strengthening and ordered 

strengthening [31]. The ordered strengthening, which originates from the formation of 

antiphase boundaries (APBs) in the ordered, γ' phase, plays a dominant role in the 

strengthening. Dislocation movement during deformation within the ordered γ' phase with 

the L12 structure is different from what happens in typical FCC structures. The work of 
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Yamaguchi et al. [55] and Paidar et al.[56] showed that the [101̅] superdislocation 

dissociates into two 
1

2
 [ 101̅ ] superpartials. In this case, the two superpartials 

1

2
 [ 101̅ ]  are 

separated by an APB. The dissociation primarily occurs on [57] planes and the APB is also 

on {111} planes; however, after cross slip of superpartials dislocations, the APB tends to 

lie on the (0 1 0) plane because it has minimal energy on this plane. Therefore, the 

superpartials core is not confined to the plane determined by the APB and thus the 

dislocation is sessile with respect to glide on (0 1 0).  

The contribution of an ordering strengthening mechanism to the deformation behavior of 

superalloys strongly depends on the degree of order of the γ'  precipitates. The disordering 

of L12-ordered γ' precipitates at a very low dose of irradiation (0.06 dpa) is one of the 

important changes during heavy ion irradiation [24]. However, it was found that there is a 

critical temperature for disordering process and the γ' phase stays ordered under irradiation 

at higher temperature than critical temperature [24]. In a recent systematic TEM study 

performed by Zhang et al [24] on X-750 the alloy was irradiated with Kr2+ ions at a dose 

rate of 10-3 dpa/sec up to a maximum dose of 5.4 dpa at a range of irradiation temperatures 

60 °C - 400 °C and then a following investigation at 500 °C and 600 °C. The dose related 

change in γ' disordering was followed by imaging its superlattice diffraction patterns at 

several doses and irradiation temperatures. These results showed that at temperatures 

below 400 °C, γ' precipitates become disordered at a low dose (0.06 dpa), while it remains 

stable up to 5.4 dpa at higher irradiation temperature as shown in Figure 2.20. However, a 

trend toward the dissolution of γ' was indicated. 
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Figure 2.20 (a) Disordering kinetics of γ' (b) Post-irradiation ChemiSTEM mapping 

of γ' precipitates after irradiation at 300 °C up to 0.06 and 5.4 dpa [24]. 

In addition, Nelson et al.  [58] systematically studied the stability of Ni3Al, γ׳ precipitates 

in Nimonic PE16 (Fe-rich FeCr-Ni-based alloy with Al and Ti additions) and Ni-Al model 

alloys. They observed that during heavy ion bombardment at room temperature, γ' 

precipitate became disordered at about 0.1 dpa in both aged Ni-Al alloys and PE16. Camus 

et al. [38] showed that at a dose rate of 10-3 dpa/s and at temperatures below approximately 

270 °C, that the γ' precipitates will be disordered first and dissolved later. The impact of γ' 

disordering or dissolution on mechanical properties of irradiated X-750 alloy has not been 

studied yet. But it is extensively investigated in Inconel 718 which is precipitation hardened 

with both  γ' and γ'' . The results show that the irradiation led to softening of material instead 

of hardening indicating the contribution of secondary phases to mechanical properties 

overwhelms that of irradiation induced defects like loops or cavities. Carsughi et al. [52] 

studied the effect of proton irradiation on mechanical properties of Inconel 718. Figure 

2.21 presents the hardness values versus irradiation doses indicating a decrease in hardness 

with increasing irradiation dose. Complementary work by Hashimoto et al. [59] 

investigated the effect of 3.5 MeV Fe+ , 370 keV He+ and 180 keV H+ either single or 

simultaneous irradiation on Inconel 718 hardness behavior. The obtained results are 

indicated in Figure 2.22, showing the softening behavior of post-irradiation hardness tests 

with increasing dose. By TEM examination it is revealed that in the Fe-irradiated sample, 

the γ' and  γ'' superlattice diffraction spots vanished at 1 dpa, indicating the cause of 

(b) 
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softening is the loss of coherency of the γ' and  γ'' precipitates. Even though the Fe-ion 

irradiation also introduced radiation defects, the loss of the precipitates outweighed the 

hardening contribution from these defects. 

 

Figure 2.21: Microhardness of irradiated Inconel 718 as a function of irradiation 

dose [52]. 

 

Figure 2.22: Percent change in hardness at 150 nm contact depth, relative to the 

unirradiated material, for Inconel 718 as a function of Fe-only and from triple-beam 

irradiation [59]. 
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2.5  Pyramidal indentation testing 

2.5.1  Nano hardness testing 

Nano-indentation testing is a fairly mature technique which uses the recorded depth of 

penetration of an indenter into the specimen along with the measured applied load to 

determine the area of contact and hence the hardness of the test specimen. Many other 

mechanical properties can also be obtained from the experimental load–displacement 

curve, the most straight-forward being the elastic modulus. [60]. Nanoindentation has been 

proven to accurately profile ion irradiated zones of material and the transition interface 

between irradiated and nonirradiated material, where injected interstitials sit, is in good 

agreement with SRIM software [61]. Several examples have reported the potential of this 

technique for testing ion irradiated materials [2, 28, 29, 60]. 

2.5.2  Basic fundamentals 

The three-sided Berkovich indenter is the most popular geometry for nano-indentation 

testing. A typical Berkovich indenter tip is shown in Figure 2.23. A schematic 

representation of a typical data set obtained with a Berkovich indenter is presented in 

Figure 2.24, where the parameter P designates the load and h is the displacement relative 

to the initial un-deformed surface. 

 

Figure 2.23: High-magnification SEM scan of the tip of a Berkovich diamond 

indenter [62]. 
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Figure 2.24: (a) Schematic illustration of indentation load–displacement curve [63] 

and (b) unloading process showing parameters characterizing the contact geometry 

[64] . 

In Figure 2.24 there are three important quantities that must be measured from the P–h 

curves: the maximum load, 𝑃𝑚𝑎𝑥 the total displacement ℎ𝑡  , and the elastic unloading 

stiffness, 𝑆 =
𝑑𝑝

𝑑ℎ
⁄  , defined as the slope of the upper portion of the unloading curve 

during the initial stages of unloading (also called the contact stiffness). Finally, another 

important parameter is the plastic depth, ℎ𝑝 , the permanent depth of penetration after the 

indenter is fully unloaded. The exact procedure used to measure 𝐻 and E is based on the 

unloading processes, in which it is assumed that the behavior of the Berkovich indenter 

can be modeled by a conical indenter with a half-included angle, φ, that gives the same 

depth-to-area relationship, φ = 70.3°. 

The test ends by reducing the indentation force allowing the sample to elastically push the 

indenter, this distance is the elastic indentation depth, ℎ𝑒. These tests usually include partial 

unloading during the indentation cycle. Through testing of the force-depth data at an 

unloading, the plastic depth, ℎ𝑝, has been approximated as: 

 

ℎ𝑝 = ℎ𝑡 −
ℎ𝑒

2
 

where ℎ𝑒 is the elastic depth and ℎ𝑡 is the total depth as illustrated in Figure 2.24 [63]. 

Assuming that pile-up is negligible, the elastic models show that the amount of sink-in, ℎ𝑠, 

is given by [65]:  

b) 

(2.5) 
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ℎ𝑠 = 𝜀
𝑃𝑀𝑎𝑥

𝑆
 

where 𝜀 is a constant that depends on the geometry of the indenter which is 𝜀 = 0.72 for a 

conical indenter, 𝜀 = 0.75 for a paraboloid of revolution (which approximates to sphere at 

small depths), and 𝜀 = 1.00 for flat punch [65]. As a result, the maximum displacement, 

ℎ𝑚𝑎𝑥  can be divided into the contact depth, ℎ𝑐 , and the displacement of the sample surface 

at the perimeter of contact, ℎ𝑠: 

                                                        ℎ𝑚𝑎𝑥  =  ℎ𝑐 +  ℎ𝑠                                                  (2.7) 

 

The three-sized pyramidal Berkovich indenter tip makes a sharper point than the four-sided 

Vickers microhardness punch allowing for more precise shallow nano indents. The area 

function also sometimes called the projected (cross section) area of the indenter at a specific 

distance back from its tip and must carefully be calibrated by independent measurements 

so that deviations from non-ideal indenter geometry are considered. The area, 𝐴𝑝, of the 

indentation, projected normal to the indentation direction, can be calculated from ℎ𝑝, which 

for a perfect three-sided pyramidal “Berkovich” indenter, is given as: 

 

                                            𝐴𝑝 = 𝜋. 𝑡𝑎𝑛2𝛼. ℎ𝑝
2 ≅ 24.5ℎ𝑝

2                                                  (2.8) 

 

where 𝛼 =70.3° and represent the effective semi-angle of the conical indenter equivalent 

to the Berkovich [63]. The area function of an actual indenter will be affected by a certain 

amount of indenter tip rounding causing 𝐴𝑝 to typically be expressed by a higher order 

function of ℎ𝑝. In this case 𝐴𝑝 (ℎ𝑝) is determined experimentally by performing indentations 

on a standard of well-known hardness, such as quartz or sapphire. The area function in 

conjunction with the force allows the indentation hardness, 𝐻, to be calculated as: 

 

𝐻 =
𝑃

𝐴𝑝(ℎ𝑝)
≅

𝑃

24.5ℎ𝑝
2 (2.9) 

(2.6) 
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During micro-indentation hardness studies, it is important to realize that the volume of the 

sample that is plastically deforming, and hence contributing to the calculated hardness 

value, extends significantly deeper than the actual indentation. This makes it critical to be 

able to determine the actual depth of the plastic zone beneath the indenter. K. L. Johnson 

[63] analyzed the size of the plastic zone beneath an axisymmetric conical indentation  

made in an isotropic non-hardening material and determined that the plastic zone radius, 𝑐, 

was related to the indentation width, 𝑎, as: 

𝑐

𝑎
= [

𝐸𝑟𝑡𝑎𝑛𝛼

6𝜎𝑦(1 − 𝑣)
+

2

3
(
1 − 2𝑣

1 − 𝑣
)]

1
3

 

 

where 𝜈 is the Poisson’s ratio, 𝜎𝑦 is the yield stress, 𝛼 is the apex angle of the indenter  

[64], and 𝐸𝑟 is the reduced elastic modulus which is introduced because the indenter is not 

a perfectly rigid body. Because the indenter is not a perfectly rigid body, this is accounted 

for by introducing a reduced modulus 𝐸𝑟, which is a superposition of the moduli of the 

indenter and indented material. Therefore, 𝐸𝑅 is the combination of the elastic moduli of 

the indenter head and the indented sample and is determined by [62, 63]: 

 
1

𝐸𝑟
=

(1 − 𝑣2)

𝐸
+

(1 − 𝑣′2
)

𝐸′
   

where 𝜈′ and 𝐸′, and 𝜈 and 𝐸 represent the Poisson’s ratio and elastic modulus of the 

indenter and the sample respectively. Considerable study has been made upon the 

relationship between 𝐻 and the yield stress, 𝜎𝑦, of the indented material. Tabor reported 

that the hardness of the majority of common metals was approximately 3𝜎𝑦 and subsequent 

more detailed studies of specific alloy systems have shown that this relationship holds 

surprisingly well for the vast majority of ductile metals [66, 67].  

As mentioned earlier, Nano-indentation test is essential to test ion-irradiated samples, since 

the high-energy ions only penetrate a few micrometers into the test material. 

 

(2.10) 

(2.11) 
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2.5.3  Indentation stress 

 

The stress under an indentation varies from high levels in the vicinity of the tip to 

vanishingly small values in remote regions. Moreover, the stress state is highly multiaxial 

in nature and its degree of tri-axially varies with position.  However, a characteristic (or 

effective) indentation stress is commonly expressed.  This characteristic indentation stress 

𝜎𝑖𝑛𝑑  is taken as the applied load P, divided by the indentation contact area 𝐴𝑖𝑛𝑑. For a 

Berkovich indenter: 

 

𝐴𝑖𝑛𝑑 = 3√3ℎ2𝑡𝑎𝑛2𝜃 

 

where h is the depth of indent and θ= 65.3° is half of the included angle of the indenter. 

Therefore, one can write the indentation stress as 𝜎𝑖𝑛𝑑: 

 

  𝜎𝑖𝑛𝑑 =
𝑃

𝐶𝐴𝑖𝑛𝑑
=

𝑃

24.5𝐶ℎ2
 

 

where c is the correction factor when considering pile-up and/or sink-in. 

At a particular depth of penetration, the indentation contact area is dependent not only upon 

the indenter tip shape, but also the elastic properties of the indented material. Materials 

with limited elasticity accommodate the volume of the indenter by plastic flow of the 

material, eventually causing the indented material to piling-up around the indenter tip.  

Elastic materials accommodate the indenter by longer range elastic deformation. In such 

cases the material appears to sink-in around the tip. Sink-in is often associated with well 

annealed samples, Figure 2.25 is a schematic of these two situations shown in cross section 

and top view. These figures demonstrate that the extent of elastic deformation can 

dramatically change the contact area from that predicted by the total displacement of the 

probe. Bolshakov and Pharr [68] did extensive finite element analysis on the influence of 

material properties on the shape of the deformation zone during indentation testing. They 

suggested that the ratio of the final indentation depth to the maximum indentation depth 

(2.12) 

(2.13) 
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(
ℎ𝑓

ℎ𝑚𝑎𝑥
) can be used to assess pile-up/sink-in phenomena in the indentation testing. It was 

suggested that in work-hardened samples  
ℎ𝑓

ℎ𝑚𝑎𝑥
 ≥ 0.7 results in pile-up and 

ℎ𝑓

ℎ𝑚𝑎𝑥
 ≤ 0.7 yields 

sink-in behavior [69]. If indenter geometry is self-similar at all depths, C should be 

independent of depth for a homogeneous material [70]. The amount of pile-up corresponds 

to the size of the plastic zone, or the load applied. A parameter describing the ratio of the 

indentation contact area to the triangular area was then determined for each set of 

indentations: 

 

𝑐 =
𝐴𝑖

𝐴𝑐
 

 

where 𝐴𝑖 refers to the actual indentation projected contact area, and 𝐴𝑐 to the ideal cross-

sectional area of the indenter. For an indentation where pile-up has occurred, c <1 ; for 

sink-in c >1 [70].  If indenter geometry is self-similar at all depths, c should be independent 

of depth for a homogeneous material [70]. Figure 2.25 shows a plot of c as a function of 

depth for the strain-hardened and the annealed copper samples.  

 

 

Figure 2.25: Schematic representation of pile-up and sink-in [71]. 

 

 

(2.14) 
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2.5.4  Indentation strain rate           

 

Following the argument described in the previous section for the effective indentation 

stress, Atkins et al. [67] derived a relationship for the effective average indentation shear 

strain rate 𝛾̇𝑖𝑛𝑑 , as a function of the distance r from the center of an indentation, the 

diameter of the hydrostatic volume of deformed material beneath the indentation 𝑑, and  

the rate of change of this diameter with respect to time 𝑑̇:  

 

𝛾̇𝑖𝑛𝑑 =
3

2

𝑑2

𝑟3
𝑑̇ 

 

This relationship was used by Pollock et al.[72], who selected the maximum strain rate 

(located at the boundary between the hydrostatic volume and the region deforming 

plastically) as the characteristic value of the indentation strain rate. In addition, they noted 

that, for a conical indenter, the value of d and the indentation depth h are linearly related, 

leading to the following equation: 

𝜀̇ = 𝑘
ℎ̇

ℎ
 

Where 𝑘 is constant. 

 

2.6  Indentation strain rate and stress 

There are four types of tests that have been employed using depth-sensing indentation 

systems to gain insight into the relationship between indentation strain rate and indentation 

stress [73]: indentation load relaxation (ILR) tests [74] constant load rate (CLR) tests [75] 

constant-load indentation creep tests and constant strain rate (CSR) tests [76]. In the 

following section CLR test mechanism is discussed. 

 

 

(2.15) 

(2.16) 
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2.6.1  Constant load rate tests (CLR) 

In a CLR test, the indenter is loaded at a constant loading rate until the indenter has reached 

a prescribed depth in the material. A complete series of experiments would involve this 

procedure utilizing a different loading rate for each indent made and calculating the 

indentation stress for that loading rate from the applied load and the achieved depth. 

Researchers [76-80] have used CLR indentation testing, at a wide range of loading rates 

and indentation depths, in order to measure the rate sensitivity of materials.  Indentation is, 

indeed, a preferable method, since the tested volume of material is scale-able with respect 

to the microstructure, to measure the strain rate sensitivity of metals and alloys. 

By taking the indentation stress 𝜎𝑖𝑛𝑑 and indentation strain rate 𝜀𝑖̇𝑛𝑑 proportional to flow 

stress and flow strain rate, one can write: 

𝜎𝑖𝑛𝑑 = 𝐷𝜀̇𝑚𝑖𝑛𝑑 

Where D is a temperature dependent constant and by taking logarithm of both sides of Eq. 

2.17 and simply yields: 

𝑚 =
𝑑𝐿𝑛𝜎𝑖𝑛𝑑

𝑑𝐿𝑛𝜀𝑖̇𝑛𝑑
 

2.7  Indentation size effect (ISE) 

Scale-dependent behavior is observed in indentation testing when the size of the hardness 

impression is small, resulting in an indentation size effect. In nano-indentation size effect 

the hardness values increase at small depths, giving rise to the expression “smaller is 

stronger”. Figure 2.26 presents the typical ISE for cold worked and single crystal copper. 

(2.17) 

(2.18) 
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Figure 2.26: Hardness variation as a function of indentation depth, showing the ISE 

in Cu [81]. 

In order to characterize and explain the ISE, many of research activities have tried to model 

the phenomenon. Modeling efforts can be categorized roughly into two types, depending 

on whether the model is mechanistically based [82, 83], relying on dislocation descriptions 

of the hardening mechanisms, or phenomenological, introducing material length-scale 

parameters into conventional descriptions of continuum plasticity [84]. Because the latter 

often invokes the concept of a plastic strain gradient, such approaches are commonly 

referred to as strain gradient plasticity models. Size effects in the indentation hardness may 

arise from either the strong gradients of plastic strain that are naturally created in 

micrometer scale indentations or from dislocation starvation effects for nanometer scale 

indentations [85] that may arise when intense plastic deformation is forced to occur across 

a very small volume of an initially defect–free crystalline material. This is clearly evident 

during nano/micro-indentation tests when the measured indentation stress 𝜎𝑖𝑛𝑑 is clearly 

greater at small indentation depths. It is well documented that an indentation size effect 

(ISE) exists where the measured hardness increases with decreasing indentation depth. Nix 

and Gao have modelled the ISE based on the volumetric density of geometrically necessary 

dislocations (GND) contained within the hemispherical plastic zone beneath the visible 

indent [81]. The model is based on the concept of geometrically necessary dislocations 

(GNDs), that is, dislocations that must be present near the indentation to accommodate the 

volume of material displaced by the indenter at the surface.  In the Nix-Gao model, the 
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indenter is assumed to be a rigid cone whose self-similar geometry is defined by the angle, 

θ, between the indenter and the undeformed surface (Figure 2.27). 

 

Figure 2.27: Schematic representation of the Nix-Gao model for conical indenters 

[86]. 

The basic principle underlying the model is that the GNDs exist in addition to the usual 

statistically stored dislocations (SSDs) produced during uniform straining, giving rise to an 

extra hardening component that becomes larger as the contact impression decreases in size.  

In addition, two key assumptions are made: 1) the total dislocation density is simple 

mathematical sum of the geometrically necessary part, 𝜌𝐺𝑁𝐷, and the statistically stored 

part, 𝜌𝑆𝑆𝐷, that is, 𝜌𝑡 = 𝜌𝐺𝑁𝐷 + 𝜌𝑆𝑆𝐷 and 2) the GNDs are constrained to reside within a 

hemispherical volume (Figure. 2.25), where the radius of the volume is equal to the radius 

of contact of the indenter in the surface (a).  Simple geometric considerations then lead to: 

 

𝜌𝐺𝑁𝐷 =
3𝑡𝑎𝑛2𝜃

2𝑏ℎ
  

 

This is a very important relation, as it contains the essential physics of the ISE; namely, the 

hardness increases at small depths because the geometrically necessary component of the 

dislocation density is inversely proportional to the depth and rises dramatically and without 

bound when the contact is small. Combining the above relations leads to famous Nix-Gao 

model for ISE: 

 

(2.19) 
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𝐻2 = 𝐻𝑜
2 (1 +

ℎ∗

ℎ
) 

 

In which 𝐻𝑜 represent the macroscopic hardness 

 

𝐻𝑜 = 3√3𝛼𝜇𝑏√𝜌𝑆𝑆𝐷                                                                                                      

 

And ℎ∗ represents characteristic depth below which the extra hardening becomes 

appreciable and depends on both material parameters, 𝜌𝑆𝑆𝐷 and geometric parameters (θ) 

and is thus not strictly a material constant. 

ℎ∗ =
(3𝑡𝑎𝑛2𝜃)

(2𝑏𝜌𝑆𝑆𝐷)
 

 

For statistically stored dislocations we have:   

𝜌𝑆𝑆𝐷 =
𝐻𝑜

2

27(𝛼𝜇𝑏)2
 

 

Figure 2.28 shows the plots of 𝐻 2 vs. 1/ℎ for the Cu data of McElhaney et al.[84] and the 

Ag data of Ma and Clarke [87], both obtained with Berkovich indenter. The remarkable 

linearity of these data sets at all but the smallest depths (large 1/ℎ) has served as the 

primary evidence for the Nix-Gao model [81]. 

  

Figure 2.28: A plot of H2 vs. 1/h for (a) Cu [84] (b) Ag [87]. 

 

(2.20) 

(2.21) 

(2.22) 

(2.23) 



44 

 

 

2.8  Thermally activated dislocation mechanisms 

During plastic deformation in certain ranges of temperature and strain rate, different micro 

mechanisms may play important roles and, therefore, one must consider the operative 

dislocation–based deformation mechanisms in order to explain the deformation behavior. 

The motion of dislocations through fields of discrete sub-micrometer sized particles was 

studied since the 1970 in connection with the plastic deformation of metals and alloys. 

Considering ambient temperature plastic flow, in the FCC alloys, the stress necessary for 

dislocation motion can be divided into two components; athermal (called also internal 

stress) and thermally activated (called also effective stress) [80, 88, 89]. The athermal stress 

is related to long range obstacles and the creation of new dislocations leading to strain 

hardening.  The athermal stress is only weakly depending upon temperature through the 

effect of temperature on the elastic modulus of the material.  Athermal stress is strain rate 

independent and depends on the microstructure (grain size, precipitates, and dislocation– 

dislocation interactions).  The athermal component can be written as: 

𝜏𝑖 = 𝛼𝜇𝑏√𝜌𝑡                                                                                                                   

 

where μ is the elastic shear modulus, α is a constant describing the interaction between 

dislocations, and b is the Burgers vector of dislocations.  

The thermal effective stress component is strain rate and temperature dependent (it 

increases when the strain rate increases or the temperature decreases). It is related to the 

interaction of the mobile dislocations with small discrete obstacles within the 

microstructure.  The dislocation can only continue to move if they are able to overcome 

these obstacles with the combined help of the applied stress and thermal vibration. 

The general expression for the applied flow stress is therefore given as the sum of the 

athermal and thermal components of the stress required to move a dislocation through a 

field of micro-structural scale obstacles as: 

𝜏 = 𝜏𝑖 + 𝜏∗(𝜏, 𝛾̇) 

 

(2.24) 

(2.25) 
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where 𝜏𝑖 is the athermal, and 𝜏∗ is thermal component of the stress.  The shear strain rate  

𝛾̇ is directly related to the mean velocity 𝑣̅ of the dislocations by the Orowan equation [90] 

 

𝛾̇ = 𝜌𝑚𝑏𝑣̅ 

 

where 𝜌𝑚 is the mobile dislocations density.  The dislocation velocity is controlled by  

obstacles (their strength and inter-obstacle spacing), the temperature, and the effective 

applied shear stress as [90-92]: 

 

𝑣̅ = 𝛽𝑏𝑣 exp [
−∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙(𝜏)

𝑘𝑇
] 

 

Where 𝛽 is a dimensionless constant, 𝑣 is the frequency of atomic vibration, and 

∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙(𝜏) is the thermal activation energy required for a dislocation, subjected to an 

applied shear stress  𝜏, to overcome the deformation-rate limiting obstacle. The resulting 

shear strain rate 𝛾̇  , for such an obstacle-limited dislocation glide deformation process can 

be written in terms of an Arrhenius-type rate equation as:     

𝛾̇ = 𝛾𝑜exp [
−∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙(𝜏)

𝑘𝑇
] 

where the pre-exponent term 𝛾𝑜 is related to the total dislocation density, which can be  

expressed by 𝜌𝑚 = 𝛼(
𝜏

𝜇𝑏
)2 , as: 

𝛾̇𝑜 = 𝛾̇𝑃(
𝜏

𝜇
)2 

𝛾̇𝑖𝑛𝑑 = 𝛾̇𝑃(
𝜏𝑖𝑛𝑑

𝜇
)2 exp [

−∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙(𝜏)

𝑘𝑇
] = 𝛾𝑃(̇

𝜏

𝜇𝑏
)2𝑏2exp [

−∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙(𝜏)

𝑘𝑇
] 

 

𝛾̇𝑖𝑛𝑑 = 𝛾̇𝑃𝜌𝑚𝑏2exp [
−∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙(𝜏)

𝑘𝑇
 ] 

 

(2.26) 

(2.27) 

(2.28) 

(2.29) 

(2.30) 

(2.31) 
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2.9  Summary 

The primary objective of this research is to investigate the effect of heavy ion irradiation 

at room temperature and helium implantation at high temperature on the mechanical 

properties and local plastic deformation parameters of Inconel X-750 spacer material in 

CANDU reactor. Descriptions of the theories, mechanisms and techniques which were 

applied to achieve the objective were discussed in this chapter. The following chapters 

include detailed descriptions of all the investigations carried out for this research. In 

addition, and to best of my knowledge, no studies have been performed on plasticity and 

kinetic deformation mechanism via thermal activation energy on Inconel X-750 to this 

date.  
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Chapter 3 

3  Effect of high temperature He+ and room temperature Ni+ 

implantation on grain by grain indentation hardness of 

Inconel X-750 
 

In this study we investigated the effect of irradiation damage and accumulated helium on 

the hardness and indentation size effect (ISE) of Inconel X-750. Both He+ at 300 ℃ and 

Ni+ ion implantation at 25 °C at lower doses resulted in softening of the X-750 alloy and 

this might be attributed to the diffusion of He+ to dislocations, and precipitate-matrix 

interfaces or partial annihilation of dislocation network at 300 ℃ (CHe =100 appm) and 

disordering of γ' precipitates at 25 ℃ (ψNi =0.01 and 0.1 dpa). The hardening behavior 

observed at higher irradiation damage (ψNi = 1 dpa) was due to increases in defect density 

acting as irradiation obstacles. At ψNi = 5 dpa the hardness is decreased by 8% from as 

received due to overlapping/saturation of defects and dissolution γ' at higher irradiation 

dosage.  

 

3.1  Introduction 

Garter spring spacers are essential components of CANDU nuclear reactors. They are not 

only used to maintain an insulating gas gap, but also separate the pressure tubes from the 

calandria tubes within the fuel channels. The spacers are made of the heat-treated Ni-based 

alloy Inconel X-750. This alloy is strengthened by both incoherent (TiC, NbC, and Cr23C6) 

and coherent Ni3 (Al,Ti) γ' precipitates. The alloy retains its strength and creep resistance 

at elevated temperature due to the high thermal stability of the γ′ precipitates. High energy 

particle, ion or neutron, irradiation has been observed to destabilize γ′ precipitates in Ni-

based alloys [1-3]. The temperature dependence of this destabilization is unusual in that γ′ 

precipitates appear to become disordered during low temperature neutron irradiation but 

remain stable during high temperature neutron irradiation [2, 4-6]. Inconel X-750 in-reactor 

components are also exposed to significant helium accumulation as a result of ongoing 59Ni 

(n,α)56Fe transmutation. The  helium accumulation within Inconel X-750 spacers can reach 
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approximately 40,000 appm by the end of its service life in a CANDU nuclear reactor [7]. 

The effect of accumulated helium on promoting hardening and embrittlement of metals is 

well established and is correlated to the formation of cavities/bubbles at grain boundaries 

and at precipitate/matrix interfaces [3, 8-12]. It has been reported that in ex-service spacers 

high temperature (260 °C- 310 °C) irradiation results in larger cavities/bubbles along grain 

boundaries when compared with lower temperatures. [9, 11-13]. The use of high energy 

ion implantation to simulate the effect neutron irradiation on material’s microstructure and 

mechanical properties has now become well accepted and frequently used to study the 

effect of neutron-induced crystal damage on the properties of nuclear materials [14]. Ion 

implantation temperature may significantly affect the rate of ion-induced microstructural 

changes. For example, helium cavity nucleation was noticed only when He+ implantation 

temperature was performed above 200 °C, and γ' precipitate disordering was only observed 

at relatively low  implantation temperature [11, 15]. Therefore, in this study we sought to 

investigate the effect of Ni+ and He+ ion irradiation at different temperatures on the grain 

by grain nano indentation hardness of Inconel X-750.  

3.2  Experimental procedure 

3.2.1 Test material 

The chemical composition of the Inconel X-750 alloy used in this study is given in Table 

3-1. The alloy was annealed at 1010 °C (30 min) followed by air cooling to room 

temperature, cold working by 18%, and then ageing at 728 °C (16 h). The average grain 

size was found to be between 25 and  50 μm. Four samples (6 × 6 × 3 mm) were cut by 

EDM from the aged X-750 material. The samples were mechanically ground with 

successively finer grit SiC impregnated papers and then polished in an aqueous slurry of 

0.02 μm diameter colloidal SiO2. This process created a surface free of polishing-induced 

plastic deformation. As- received sample by SEM were lightly sputter polished/etched with 

low energy (10 keV) Cs+ ions to reveal grain structure and was imaged with high-resolution 

back-scattered electrons (Figure 3.1). Finally, in order to reveal grains and grain boundaries 

the samples were chemically etched by immersion in a solution of equal parts HCL, HNO3 
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, and acetic acids for 40 seconds [16]. The chemical solution was removed by rinsing the 

samples with distilled water and blowing it dry in air . 

 

Table 3-1: Chemical Composition of the Inconel X-750 (wt.%) [7] 

 

 

 
 

Figure 3.1: SEM image of chemically etched sample of the X-750 alloy which contains 

twins and inclusions as incoherent carbides (TiC, NbC) and small carbides (MC) 

Cr23C6. 

 

3.2.2  Ion implantation 

 

Set of Inconel X-750 samples were Ni+ implanted at 25 ℃ to create levels of irradiation 

damage up to ψNi = 5 dpa without significantly changing the chemical composition of the 

Ni-based alloy. Sequential Ni+ implantations were performed at thirteen kinetic energy 

levels, from 2 to 8 MeV, with a high current tandem ion accelerator at the University of 

Western Ontario, London, Ontario Canada to invoke uniform irradiation damage over a 

depth of about 3 µm (Figure 3.2-c). The Ni+ exposure was controlled to achieve calculated 

average levels of ψNi = 0.01, 0.1, 1.0 and 5.0 dpa. Another set of samples were He+ 

Elements Ni Cr Fe Nb Co Mn Cu Al Ti Si C 

Bal. 70 14.0-17.0 5.0-9.0 0.7-1.2 1.0 1.0 0.5             0.4-1.0 2.25-2.75 0.5 0.08 

Inclusions 

Twins 

Grain boundaries 
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implanted at 300 °C in fourteen kinetic energy levels, from 0.3 to 1.6 MeV, to ensure 

uniform helium concentration to a depth of about 3 µm (Figure 3.2-d).  The ion beam 

exposure was controlled to achieve average helium concentrations of CHe =100, 1000, and 

5000 appm. The average atomic displacements induced by these implantations were 0.001, 

0.01, 0.05 dpa respectively. The Stopping Range of Ions in Matter (SRIM-2013) software, 

was used to calculate the average implanted ion depth and the average ion-induced crystal 

damage using the Kinchin-Pease approximation [17] with threshold displacement energy 

of 40 eV. Table 2 lists the ion implantation conditions tested. 

 

 

 

 
Figure 3.2: (a) Schematic illustration of irradiation and indentation direction with 

SRIM profile for He+ and Ni+ irradiation (b) He+ and Ni+ conditions along with 

number of ions (c) Ni+ ion irradiation, depicting displacement damage dose variation 

vs target depth for samples irradiated up to ψNi = 5 dpa with thirteen kinetic energy 

levels (ENi
+ = 2 – 8 MeV) (d) SRIM simulation for helium implantation, showing 

helium concentration as a function of target depth with fourteen consecutive He+ ion 

implantation energies (EHe
+

 = 0.3 - 1.6 MeV). 

 (c) 

(a) (b) 

 (c)    (d) 
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3.2.3  Electron Backscatter Diffraction (EBSD) 
 

EBSD scans were performed to identify the grains, upon which the indentation hardness 

tests were performed. No surface preparation was required for EBSD after the ion 

implantations. Eight EBSD scans of approximately 500 × 350 µm were sequentially 

acquired with a step size of 1µm over the entire sample surface (Figure 3.3). MTEX 4.5.2 

[18] free software for the MATLAB 2018a environment was used to construct grain maps 

and grains statistic. 

 

3.2.4  Nanoindentation hardness testing  

 

Grain by grain nanoindentation hardness tests were used to assess the effect of He+ and Ni+ 

implantation on the hardness of the variously oriented matrix grains within the ion-

implanted X-750 samples. For each implantation condition at least ten grains (Figure 3.3) 

were selected and nanoindentation hardness tests were performed on them with a Nano-

Test indentation testing platform (Micro Materials Ltd, Wrexham UK). The tests were 

performed with a diamond Berkovich indenter, at a constant indentation loading rate of  𝑃̇= 

1𝑚𝑁s-1 and to the max total indentation depth of ℎ𝑚𝑎𝑥= 500 nm. All indentation tests 

performed in this study were made to a plastic indentation depth of about 400 nm. The 

reason for considering the hardness at this depth is to make sure that the hardness 

measurement is carried out within the irradiated depth of the sample. If we assume that the 

plastic zone is 5 times bigger than the indentation depth [19, 20] then, for sampling within 

the irradiated depth (about 3 µm), the plastic indentation depth should be less than 600 nm.  

The area, 𝐴𝑝, of the indentation, projected normal to the indentation direction, can be 

calculated from ℎ𝑝, which for a perfect three-sided pyramidal “Berkovich” indenter, is 

given as:  

 

𝐴𝑝 = π. 𝑡𝑎𝑛2α. ℎ𝑝
2  = 24.5ℎ𝑝

2 

 

where 𝛼 =70.32° and represent the effective semi-angle of the conical indenter equivalent 

to the Berkovich [21]. The area function of an actual indenter will be affected by a certain 

(3.1) 
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amount of indenter tip rounding causing 𝐴𝑃 to typically be expressed by a higher order 

function of ℎ𝑝. In this case 𝐴𝑝 (ℎ𝑝) is determined experimentally by performing indentations 

on a standard of well-known hardness, such as quartz or sapphire. The area function in 

conjunction with the force allows the indentation hardness, 𝐻, to be calculated as: 

 

𝐻 = 
𝑃

𝐴𝑃(ℎ𝑃)
≅  

𝑃

24.5(ℎ𝑃)2 

 

In order to minimize the effect of grain boundaries and the neighboring grains on the 

measured hardness, the indentation tests were only performed in the center of large grains 

of diameter greater than 40 µm. Another set of experiment of 12 indents (4×3 matrix) as 

series of indents were made to the max depth of ℎ𝑚𝑎𝑥= 1200 nm in 11 partial unloading. 

Each indent spaced 25 µm apart to ensure that the plastic zones of individual indentations 

did not overlap. In this way, the hardness was measured at precisely controlled locations 

and the variation of hardness through the 3 µm  ion-implanted zone could be assessed. 

 
Figure 3.3: 500 × 350 µm EBSD map of crystal orientation of an Inconel X-750 for as- 

received sample (CHe= 0 appm, ψNi = 0 dpa). The location of nine indentations are 

shown by white circles. 

Instrumented indentation testers use a well-established method in which an indenter tip 

with a known geometry is driven into a specific area of the material to be tested by applying 

an increasing normal load. The indentation depth is monitored throughout the experiment 

by means of a displacement sensor. For each loading-unloading cycle, the applied load 

value is plotted with respect to the corresponding position of the indenter. The resulting 

load vs. indentation depth curves provide data specific to the mechanical nature of the 

(3.2) 
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material under examination [21]. Established models, see Eqs. (3.1, 3.2), are used to 

calculate quantitative hardness values from the data [21]. 

 

3.2.5  Microstructure evaluation 

 

In order to establish a link between nanohardness parameters determined in this study and 

the irradiation effect of He+ and Ni+ on microstructural evolution, previously published 

data from Zhang et al. [11, 15] were adapted. These data included microstructural changes 

examined from TEM results after separate Kr+2 at 60 °C irradiation (ψ = 0.01, 0.06, 0.27, 

0.68, 2.7 and 5.4 dpa) and high pre implanted He+ at 400 °C (CHe = 400, 1000 and 5000 

appm) on Inconel X-750. In order to derive equivalent microstructural changes for the 

doses used in the current study, the original data were replotted and fitted with the best fit 

curve (polynomial second order) and equivalent microstructural values were calculated 

from the equation derived. Zhang et al. showed that there was a correlation between defect 

number density and heavy ion irradiation doses but not with the defect size (SFT and 

dislocation loops) between 60 °C to 400 °C. However, in the case of high implanted He+, 

there was a strong correlation between both cavity size and density with increasing He+ 

implanted doses. Therefore, in this study we choose to show the most affected 

microstructural changes with heavy ion irradiation and He+ implantation doses meaning 

defect number density in the case of Ni+ irradiation and both cavity size and density for 

He+ implantation.       

 

3.3.  Results and discussion 

3.3.1 Effect of irradiation damage on the hardness of Inconel 

X-750 

Grain by grain nano-hardness profiles as a function of 25 °C Ni+ induced displacement 

damage, from ψNi = 0 to 5 dpa, is plotted in Figure 3.4.  
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Figure 3.4: Average indentation hardness versus ion irradiation damage for the 

Inconel X-750 samples ψNi = 0.01, 0.1, 1, and 5 dpa for both series and grain by grain 

hardness testing at 400 nm depth. Error bars represent the measurement of the 

amount of variation of hardness data for 10 to12 indents for both experiments. 

Hardness values were indicated at ℎ = 400 nm when multi-energy ion implantations are 

used. In the non-implanted state (as-received sample), the Inconel X-750 alloy was 

displayed a high nanoindentation hardness of about 6.0 ± 0.0.07 GPa in grain by grain and 

7.0 ± 0.1 GPa in series of indents which is  consistent with it age hardened state. The results 

show an increase trend in hardness with increasing ψNi.  However, a drop in this trend 

occurs in the early implantation stages, between ψNi = 0 and 0.1 dpa when the hardness is 

dropped by about 10% in grain by grain and for series of indents about 5%. The indentation 

hardness then increases steadily with increasing beyond 0.1 dpa. Nano-indentation 

hardness values presented in this study for this dose are similar to previously reported 

findings on X-750 [22, 23] and other superalloy [24]. In-situ TEM observation of 

irradiation- induced γ′ instability by Zhang et al. have shown that disordering of the γ′ 

hardening phase after a low dose of 0.06 dpa at irradiation temperature less than 400 °C 

[14] which is  also supported by  [23] as at lower dose of  ψNi = 0.1 and 0.5 dpa the super-

lattice reflections disappeared, indicating that γ′  disordering has occurred. Therefore, it 

can be strongly anticipated that disordering also occurred in the irradiated 0.1 dpa sample. 

Although increases in Ni+ ions dose produces an increasingly significant number of defects 

in the microstructure, disordering of γ′ precipitates likely overbalance the hardening effect 

of the defects and is the main reason of irradiation-induced softening behaviour during 

nano-indentation as it is shown in Figure 3.5.  
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Figure 3.5: Average indentation hardness versus defect density. Defect density data 

assumed equivalent to those reported in from [25]. 

Similar softening behaviour was reported after ion irradiation of precipitation-hardened 

Inconel 718 [24, 26]. Interpretation of the reduced strength can be achieved by 

understanding the deformation mechanism of the γ′ phase in the ordered condition versus 

the disordered state. The ordered strengthening, which originates from the formation of 

antiphase boundaries (APBs) in the ordered γ′ phase, plays a dominant role in the 

strengthening. There is a recent report showing that at the higher implantation levels, i.e.  

1 dpa, a re-formation of Ti/Al rich regions are observed but in a disordered state (i.e. no 

super-lattice diffraction spots arise).  These incoherent Al/Ti rich regions (precipitates), 

still harden the alloy. [23]. Similar formation of precipitates at 1 dpa was previously 

reported, under similar ion implantation conditions (dose and temperature), in other Ni 

superalloys [27, 28]. As a result, the high density of defects including dislocation loops 

generated during irradiation are strong obstacles for subsequent dislocation movement. 

This is confirmed by about 5% increase hardness in ψNi = 1 dpa compared to 0.1 dpa in 

grain by grain nanoindentation hardness testing. However, in ψNi = 5 dpa vs 1 dpa γ′ starts 

to dissolve into the matrix and saturation of defects occurs [2], so the hardness values 

decreased by about  3%. In grain by grain indents, we tried to avoid grain boundaries, 

artifacts, and twins. It should be noted, however, that other investigations have not reported 

a reformation of Ti/Al rich regions resulting from ion implantation crystal damage [2]. 

Therefore, continued studies are required to completely characterize the microstructural 

evolution of ion-implanted Inconel X-750. 
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3.3.2 Effect of  helium  accumulation on the hardness of 

Inconel X-750 

As mentioned previously, He+ implantation in this study was carried out at 300 °C. This is 

important as helium cavity nucleation was reported when He+ implantation temperature 

was above 200 °C [12, 15]. Figure 3.6 indicates that the hardness of the Inconel X-750 

increases continuously with increasing helium concentration.  

The difference between the hardness results of grain by grain versus series indentation, 

could be attributed mainly due to grain size, grain boundaries and twins which were 

avoided in grain by grain indentation. It is assumed that nano indentation of these locations 

could result in higher hardness value as was seen in series indents. 

 
Figure 3.6: Average indentation hardness versus accumulated helium content for the 

Inconel X-750 samples CHe = 100, 1000, 5000 appm for both series and grain by grain 

hardness testing. Error bars represent the measurement of the amount of variation 

of hardness data for 10 to 12 indents in both experiments. 

This is consistent with previous reports on the effect of implanted helium on increasing 

indentation hardness of pure Ni due to production of helium nano-/micro-cavities which 

act as obstacles to dislocation glide [10]. Based on Zhang et al [12] helium pre-injection at 

room temperature produced minor irradiation damages including tiny defect clusters and 

no obvious cavities. This implies that diffusion of helium is greatly dependent on the 

injection temperature. It should be noted that helium pre-injection at high temperature is 

preferred for simulating the actual  migration of the transmutation produced helium in a 
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nuclear reactor. In our study, the lower hardness at CHe =100 appm (~5.54 ± 0.07 GPa) 

compared to as-received (~6.0 ± 0.0.07 GPa) might be attributed to the migration of helium 

to dislocations, grain boundaries, and precipitate-matrix interfaces. This process is greatly 

depended upon the implantation temperature, and the rate of  partial annihilation of 

dislocation networks [11, 29] as indicated by previously reported observation that the 

hardness doesn’t drop with CHe  at room temperature [23]. We observed, an increase in 

hardness between CHe =100 and 1000 appm and this is consistent with  increased He cavity 

size/ density (Figure 3.7). The indentation hardness at CHe = 1000 appm, to CHe = 5000 

appm remains essentially constant (whin experimental error). Similar observations were 

reported previously for He+ implanted Inconel 718 [24, 26]. 

 
Figure 3.7. Average indentation hardness versus cavity size. TEM cavity size data 

were extracted from [11]. 

 

3.3.3 Indentation size effect in unirradiated vs. irradiated 

material 

As expected, decreasing hardness with increasing indentation depth was observed in the 

indentation behavior for all tested materials. This is called the indentation size effect (ISE), 

which is well explained by Nix and Gao [30] based on the concept of geometrically 

necessary dislocations (GNDs), that is, dislocations that must be present to accommodate 

the imposed strain by the indenter at the surface [31].  To quantify the ISE in the irradiated 
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and un-irradiated X-750, the Nix-Gao (NG) was employed which gives a relation between 

the hardness and indentation depth according to Eq. (3.3): 

𝐻

𝐻0
= √1 +

ℎ∗

ℎ
 

where 𝐻 is the indentation hardness at the depth of the h, 𝐻0 is the macroscopic hardness, 

i.e., the hardness at a very large depth and ℎ∗ is the characteristic depth, which characterizes 

the depth-dependence of hardness. Figure 8 shows the average indentation hardness plotted 

versus indentation depth between for (a) as-received, (b) ψNi = 0.1 dpa and (c) CHe = 1000 

appm, implanted X-750 samples. For all test conditions, decreasing hardness with 

increasing indentation depth was observed. We have used the popular Nix-Gao model to 

quantify the dependence of the ISE upon displacement per atom (dpa) and helium 

concentration (appm) in Figure 3.8.                                                                  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(3.3) 
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Figure 3.8: Indentation hardness as a function of indentation depth and ISE 

behaviour for (a) as-received (b)  ψNi = 0.1 dpa  (c) CHe = 1000 appm. The error bars 

represent the measurement of the amount of variation of hardness data.  
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The Nix–Gao model agrees well with the linear relation between 𝐻2 and 1 ℎ⁄  especially for 

large indentation depths for all samples. However, in as received sample, in 1
ℎ⁄  values 

above 0.002 nm (ℎ less than 500 nm), clear scatters are observed in the data indicating that 

Nix-Gao model may deviate for shallow indents. This is attributed to sample surface effects 

and artifacts, indenter tip radius as well as large density of GNDs near the surface [32-35]. 

However, when plastic deformation is controlled by previously established dislocation 

structures in the larger depth of  indentation, the imposed strain is accommodated by 

source-limited dislocation structures when the deformation volume is small. The source-

limited deformation mechanism has also been observed by Shan et al. [36] through in situ 

nano-compression experiments inside a TEM during deformation of pure nickel pillars of 

different sizes. They found a stepwise stress increasing trend rather than continuous 

increasing, which was attributed to the progressive exhaustion of dislocation sources. 

Indeed, they showed that if there are enough productive dislocation sources to 

accommodate the deformation, a stress drop will occur; however, the stress will increase 

when there are limited dislocation sources, or the pre-existing sources become exhausted. 

The results presented in Table 3.2 for h* reduction after irradiation implies a lower size 

effect in irradiated material vs. un-irradiated X-750, which agrees with the observations of 

previous authors in other irradiated FCC materials [19, 37]. Figure 3.9-a presents the 

characteristic indentation depth ℎ∗decreasing with increasing helium concentration levels. 

For instance, ℎ∗is decreased from ℎ∗= 243 to 182 nm, when implanted to 5000 appm at 

300°C. In contrast, nickel implantation results in a pronounced change in ℎ∗and hence a 

change in the ISE of the X-750. When Ni+ was implanted to 0.1 dpa ℎ∗increases by 28% 

(ℎ∗= 243 to 312 nm in Figure 3.9-b). 
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Table 3-2: The measured values of  𝑯𝒐 (GPa) and 𝒉∗(nm) versus irradiation doses. 

Unit Doses 𝐻𝑜(Gpa) ℎ∗(nm) 

As-received 0 4.20 243 

 

dpa 

0.01 4.06 259 

0.1 3.70 312 

1 4.10 260 

5 4.0 217 

 

appm 

100 3.81 294 

1000 4.32 229 

5000 4.85 182 

 

(a)   

(b) 
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(c) 

 

(d) 

 

(e) 

 

Figure 3.9: The characteristic indentation depth (𝒉∗) reflecting the ISE of the 

measured hardness versus (a) CHe (appm) (b) ψNi (dpa) (c) cavity size (d) cavity density 

(e) defect density. 
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Based on Nix and Gao model (Eq. 3.3) of the indentation size effect (ISE) prior plastic 

deformation and cold-work should decrease the ISE.  Hosemann et al [20] argued that 

radiation damage will have a similar effect on ISE in a decreased characteristic depth ℎ∗, as 

radiation-induced defects result in a higher density of existing SSDs after irradiation and 

therefore contribute to less pronounced ISE in the same manner as that of unirradiated cold-

worked materials. A similar case was also observed in Cu nanopillars [38], Inconel X-750 

[22] and He+ implanted steel [39]. The hardness data from our study indicate that in He+ 

implanted X-750 samples, the characteristic indentation depth ℎ∗ follows a decreasing 

trend with increasing accumulated helium from CHe =100-5000 appm (Table 3-2, Figure 

3.9-a). This could be attributed to the fact that accumulated helium resides as nano-bubbles 

within the microstructure and act as statistically stored obstacles to dislocation movement. 

This is further evident from (Figures 3.9 c-d) showing that there is a linear decrease in ℎ∗ 

with increases in both cavity size and density with increasing He+ implanted doses. 

However, Ni+ implantation displays increased ℎ∗ (Table 3-2, Figure 3.9-b). It is interesting 

to note that ℎ∗ increases rapidly with small increases in dpa and appears to reach a 

maximum at about 0.1 dpa. This corresponds to the level of irradiation damage that 

generates dislocation sources by introducing a high density of defects (Figure 3.9-e). 

However, after 0.1 dpa with increases in defect density there is a decreasing trend in ℎ∗ 

(Figure 3.9-e).  

3.4 Conclusion 

 

The influence of He+ and Ni+ implantation, at 300 ℃ and 25 ℃ on the nanoindentation 

hardness of the aged Ni-based Inconel X-750 alloy was investigated. Inconel X-750 

exhibited a softening in hardness (ℎ = 400 nm) caused by the radiation induced disordering 

and dissolution of the γ′  precipitates from as received to ψNi =  0.01 and 0.1 dpa (~6.8% 

and 10% reduction in grain by grain nano indentation hardness). High density of defects 

(i.e. dislocation loops, SFT) generated during irradiation and reformation of Al/Ti-rich 

regions (precipitates) are strong obstacles for subsequent dislocation movement resulting 

in higher hardness of about 5.1% increase in 1 dpa compared to 0.1 dpa. However, in ψNi 

= 5 dpa γ′ starts to dissolve into the matrix and saturation of defects occurs, so the hardness 
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values decreased. The ISE calculations according to NG model showed a linear trend for 

un-irradiated and irradiated materials. For irradiated materials this is attributed to the effect 

of irradiation-induced defects, which act as dislocation sources particularly for indents of 

smaller size when the deformation volume is smaller than 500 nm. Characteristic depth vs 

both cavity size and density decreased linearly with increasing helium concentrations. 

However, two main mechanism were responsible in deformation observed in Ni+ irradiated 

samples such that at lower doses (up to 0.1 dpa) gamma prime disordering/dissolution 

outweighed the increase in defect density resulting in higher ℎ∗ whereas at higher doses 

(beyond 0.1 dpa) increases in defect density was the main reason for lower ℎ∗.   
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Chapter 4 

4  Effect of high temperature He+ implantation on the kinetic 
deformation nanoindentation of Inconel X-750 
 

In this study we have undertaken a characterization of the strength of helium implantation 

induced micro-cavities for impeding the plastic deformation during nano-indentation of 

age-hardened Inconel X-750. Nanoindentation tests were performed on Inconel X-750 

samples of various levels of accumulated helium up to CHe = 5000 appm. The resulting 

indentation stress versus strain rate data of the deformation rate limiting obstacle were 

analyzed to determine the apparent activation strength ∆𝐺0, activation volume 𝑉∗ and 

activation characteristic area 𝛥𝑎 of the indentation deformation process. A clearly 

increasing uptrend in the apparent activation strength of the obstacles was observed with 

increasing  He+ doses up to CHe = 5000 appm. Furthermore, the apparent activation volume 

𝑉∗decreases with increasing cavity size and density and indentation stress suggesting that 

the inter-obstacle spacing of obstacles to the glide of dislocations is decreasing and widely 

spaced when the stress and dislocation density are increased. At higher helium 

concentrations, the apparent activation area 𝛥𝑎 is much smaller compared to the as-

received sample. The resulting data on the effect of He+ implantation is particularly 

important for arriving at conservative predictions of the rate neutron-irradiation induced 

embrittlement  of age-hardened Inconel X-750 annulus gas spacers in CANDU nuclear 

reactors. 

 

4.1  Introduction 
 

Helical spring annulus gas spacers in the fuel channels of current CANDU nuclear reactors 

are made from age-hardened Ni-based alloy Inconel X-750 [1-3]. Neutron irradiation is 

known to cause microstructural and mechanical property changes within these spacers, and 

this is an ongoing concern for the operation of these reactors. The microstructural 

degradation is in the form of radiation induced crystal damage and the accumulation of 

significant hydrogen and helium  through nuclear transmutation processes [4]. In particular, 
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the 59Ni(n,a)56Fe  transmutation reaction results in helium accumulation rates in the order 

of about 300 appm/year in the Inconel X-750 spacers of a CANDU reactor [1, 5, 6]. 

The effect of neutron-induced crystal damage and helium accumulation on the 

microstructural and mechanical property degradation of Inconel X-750 annulus gas spacers 

has been, and continues to be, an active area of research. High energy ion irradiation 

techniques are now commonly used to simulate the microstructural effects of neutron 

irradiation without rendering the test material radioactive [7].  

 

Knapp et al. demonstrated that He+ implantation performed at room temperature on pure 

nickel, to concentrations of CHe = 1 – 10 at%, resulted in a fine dispersion of helium micro-

cavities which acted as barriers to dislocation motion [8, 9]. Helium implantation, 

performed at 400 °C to concentrations of CHe = 400 to 5000 appm, in Inconel X-750 

confirmed the existence of these internal micro-cavities and demonstrated that their mean 

size and density increased with increasing helium concentration [10]. Bending tests 

performed on bicrystalline  cantilever micro-beams of He+ implanted, CHe = 5000 appm, 

Inconel X-750 demonstrated that the implanted helium accumulated at grain boundaries 

resulting in enhanced grain boundary resistance to dislocation nucleation and transmission 

[11]].  In summary, it is now well established that the accumulation of helium in the Inconel 

X-750 alloy results in the formation of small helium nano-cavities, the number and size of 

which increases with increasing CHe. The helium is quite mobile within the alloy and thus 

the cavities tend to accumulate at high angle grain boundaries. The cavities interact with 

crystal defects and thus represent obstacles to dislocation glide.  At the moment however 

the strength of these obstacles, and how the strength varies with factors such as temperature 

and helium content, has not been quantified.   

 

In this study we have undertaken a characterization of the obstacle strength of implanted 

helium micro-cavities in age hardened Inconel X-750. This was done by performing 

nanoindentation tests at various indentation strain rates to measure the strain rate 

dependence of the indentation stress and then applying established theories relating the 

strain rate dependence to deduce the apparent activation energy ∆𝐺0, apparent activation 
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volume 𝑉∗ and activation characteristic area 𝛥𝑎 of the obstacles that limit the indentation 

strain rate.  

 

4.2  Experimental procedure 
 
4.2.1. Test material 
 

The chemical composition of the Inconel X-750 alloy used in this study was given in Table 

3-1 in chapter 3. The alloy was annealed at 1010 °C (30 min) followed by air cooling to 

room temperature, cold working by 18%, and then ageing at 728oC (16 h). The average 

grain size was found to be between 15 to 25 m. Samples (6 × 6 × 3 mm) were cut from 

the aged material and surfaces were mechanically ground with successively finer grit SiC 

impregnated papers followed by polishing with an aqueous slurry of 0.02 m colloidal 

SiO2. This process created a surface free of polishing-induced plastic deformation. 

 

4.2.2   Ion implantation 

 

The polished sample surfaces were then exposed to multiple He+ ion irradiations at 300 °C 

at the Tandetron dual beam ion accelerator located at the University of Western Ontario. 

Fourteen sequential implantations were performed, at He+ energy levels from 0.3 to 1.6 

MeV, to establish a uniform level of implanted helium to a depth of about 3 m into the 

sample (Figure 4.1). The duration of the implantations was controlled to achieve samples 

with CHe = 100, 1000, and 5000 appm. The implanted helium concentration was determined 

with the SRIM (2013) software using the Kinchin– Pease approximation and threshold atom 

displacement energy of 40 eV [12]. It should be noted that high energy He+ results in small 

amounts of ion-induced displacement of the substrate atoms. Our SRIM calculations indicate 

that the average level of displacements per substrate atom (dpa) were about 0.001, 0.01, and 

0.05 dpa for the CHe = 100, 1000, and 5000 appm implanted samples respectively.  
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Figure 4.1: SRIM simulation for helium implantation, showing helium 

concentration as a function of target depth. 

 

4.2.3 Nanoindentation testing 
 

 

Nanoindentation tests were performed at 25 ℃  on the polished, ion-implanted, surfaces 

with a diamond Berkovich indenter on a Micro Materials NanoTest indentation testing 

platform [13, 14]. Indentation tests were performed at constant indentation loading rates of 

𝑃̇ = 0.3, 3.0 and 30 mN/s to a maximum indentation depth of about ℎ𝑚𝑎𝑥 =1400 nm. The 

resulting indentation force – depth, P-h, responses were recorded. Three indentation tests 

were performed at each value of 𝑃̇ and each level of CHe. Twenty-seven  indentation tests 

were performed in total.  

 

4.3  Results  
 
4.3.1 Calculation of projected area function of indentation 

 

All Berkovich indenters, including the one used in this study, have a certain amount of 

rounding at the indenter tip. The profile of the pyramidal indenter used in this study was 

imaged with SEM, and the radius R of the rounded tip was found to be 250.8 nm (Figure 

4.2).  
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Figure 4.2: Images (SEM) of Berkovich indenter that was used in present study: 

radius of indenter tip is 250.8 nm. 

The minimum indentation depth for geometrically self-similar deformation in this 

experimental study was estimated to be ℎ𝑚𝑖𝑛 = 15 𝑛𝑚 by using the previously reported 

equation [15-18] 

ℎ𝑚𝑖𝑛 = 𝑅(1 − 𝑠𝑖𝑛70.3𝑜)= 0.06R 

 

The projected indentation contact area was calculated as [17, 19, 20]: 

 

𝐴(ℎ) = 24.56(ℎ + 0.06𝑅)2 

 

 

 4.3.2  Indentation force -depth (P-h) plots 

 

Figure 4.3 shows plots of the average indentation force P versus indentation depth h for 

representative tests performed on the Inconel X-750 samples at the various levels of 𝑃̇ and 

CHe. The magnitude of P at the maximum indentation depth of 1400 nm is clearly larger 

for the heavily implanted, CHe = 5000 appm, condition than the other conditions. This 

indicates the effect of accumulated helium on increasing the flow stress of this alloy. At 

any given indentation depth, P increases with increasing loading rate indicating the strain 

rate sensitivity of the indentation stress. 

(4.1) 

(4.2) 
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(d) 

 
Figure 4.3: Representative indentation force P versus depth h curves for the tested 

Inconel X-750 alloy subjected to various levels of implanted helium concentration: (a) 

CHe = 0 (b) CHe = 100 appm (c) CHe =1000 appm (d) CHe = 5000 appm.  

 

4.3.3 Indentation stress 𝜎𝑖𝑛𝑑 versus indentation depth, h 
 

The average indentation stress was calculated from the load, P, and depth, h, data as [21-

23]                                                         

 

𝜎𝑖𝑛𝑑 = 
𝑃

𝐶𝐴(ℎ)
 = 

𝑃

24.56𝐶(ℎ+0.06𝑅)2 

 

where R = 250.8 nm is the radius of the indenter tip and C is a metal sink-in/pile-up factor. 

For geometrically self-similar indentations performed on mechanically isotropic material 

C will be independent of indentation depth [24]. The actual contact area of the indentation 

was calculated from equation (4.2) and compared with the ideal projected area, 𝐴𝑖𝑑𝑒𝑎𝑙 =

24.56ℎ2, of a perfect Berkovich indentation. The parameter C is then [24-26]:                                                                                        

 

𝐶 =  
𝐴𝑎𝑡𝑢𝑎𝑙

𝐴𝑖𝑑𝑒𝑎𝑙
 

 

In our study C = 1.023.  

 

It should be noted that the parameter C is also dependent upon the plastic deformation 

behavior of indented material. Thus, C may change with ion implantation. In our study 
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however, we assume that C= 1.023 for all our indented materials. It should be noted that 

𝜎𝑖𝑛𝑑 Eq. (4.3) differs from the commonly reported indentation hardness since it is 

calculated with the use of the total indentation depth h, which includes both the elastic and 

the plastic indentation depth, whereas conventional indentation hardness is calculated with 

only the residual plastic indentation depth. We observe that for all the materials tested, for 

any given indentation depth,  𝜎𝑖𝑛𝑑 increases with increased loading rate. Also, 𝜎𝑖𝑛𝑑  

increases significantly when h is small and reflects the commonly observed indentation size 

effect (Figure 4.4). 
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(c) 

 

(d) 

 

Figure 4.4: Average indentation stress 𝝈𝒊𝒏𝒅 versus indentation depth h for the tested 

Inconel X-750 alloy subjected to various levels of implanted helium concentration: 

(a) CHe = 0 (b) CHe = 100 appm (c) CHe =1000 appm (d) CHe = 5000 appm.  

 

4.3.4  Microstructure evaluation 

 

In order to investigate the relationship between kinetic deformation parameters (𝑉∗ and 

∆𝑎) determined in this study and the irradiation effect of He+ on cavity size and density, 

previously published data from Zhang et al. [10, 27] were adapted. These data included 
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microstructural changes examined from TEM results after hot preinjected He+ at 400 °C 

(CHe = 400, 1000 and 5000 appm) on Inconel X-750. In order to derive equivalent 

microstructural changes for the doses used in the current study, the original data were 

replotted and fitted with the best fit curve (polynomial second order) and equivalent 

microstructural values were calculated from the equation derived (Figure 4.7-a,b) Zhang 

et al. [10] showed that there was a strong linear correlation between high temperature 

implanted He+ doses and both cavity size and density. Therefore, in this study we chose to 

show the most affected microstructural changes with He+ implantation doses meaning both 

cavity size and density.       

                                                                                                              

4.4 Discussion 
 
4.4.1 Obstacle-limited thermally-activated dislocation glide 

 

The plastic shear strain rate 𝛾̇ that results in a single crystal when subjected to a constant 

applied shear stress 𝜏 can be expressed [23, 26, 28] as: 

 

𝛾̇ = 𝛾̇𝑃(
𝜏𝑖𝑛𝑑

𝜇
)2𝑒−

∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙(𝜏𝑒𝑞𝑢𝑖𝑣)

𝑘𝑇
   
 

 

where ∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙(𝜏𝑒𝑞𝑢𝑖𝑣) is the stress dependent thermal activation energy required for a 

dislocation to overcome the rate limiting obstacles present within the microstructure. The 

term (
𝜏𝑖𝑛𝑑

𝜇
)2 is proportional to the dislocation density and the pre-exponent term 𝛾̇𝑃 is a 

constant function  taken to be  (≈  1011 sec−1) [28].  

 
  4.4.2 Mechanism of indentation deformation 

 

The experimental results shown in Figure 4 indicate that the indentation stress is a function 

of both indentation depth and indentation strain rate. Both dependencies reflect the nature 

of the dislocation – obstacle configuration at the various indentation depths in the helium 

implanted Inconel X-750.This dependence may arise from increased difficulty for 

(4.5) 
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dislocation movement through He+induced crystal defects within the indentation plastic 

zone or the increased difficulty to nucleate a dislocation in the region of a shallow, 

compared to a deep, indentation. We can express the time dependent deformation during 

indentation as an obstacle limited dislocation glide process .We modified Eq. (4.5) , which 

expressed shear strain rate as a function of stress for deformation by the mechanism of 

obstacle-limited dislocation glide in a single crystal subjected to simple shear stress to 

pertain to multiaxial nanoindentation. We use the Tabor equation relating the uniaxial 

normal yield stress of a metal to approximately one third the indentation stress [29]: 

 

𝜎𝑒𝑞𝑢𝑖𝑣 ≈
𝜎𝑖𝑛𝑑

3
 

 

We then convert this normal stress to an equivalent shear stress by applying the Taylor 

factor typical of FCC metals, namely M = 3.06 [28] 

 

𝜏𝑒𝑞𝑢𝑖𝑣 =
𝜎

𝑀
=

𝜎𝑖𝑛𝑑

3(3.06)
= 0.109𝜎𝑖𝑛𝑑 

 

During pyramidal indentation the average indentation strain rate is directly proportional 

to the ratio ℎ̇ ℎ⁄ . We therefore express an ‘apparent’ average indentation strain rate as: 

𝜀𝑖̇𝑛𝑑 =
1

ℎ
(

𝑑ℎ

𝑑𝑡
) 

 

Similarly, the equivalent shear strain rate becomes: 

𝛾̇𝑒𝑞𝑢𝑖𝑣 =
𝜀𝑖̇𝑛𝑑

𝑀
=

0.327

ℎ
(

𝑑ℎ

𝑑𝑡
) 

This allows us then to apply Eqs. (4.5, 4.7 and 4.9) as: 

 

   𝛾̇𝑒𝑞𝑢𝑖𝑣 =
0.327

ℎ
(

𝑑ℎ

𝑑𝑡
) = 𝛾̇𝑃(

𝜏𝑖𝑛𝑑

𝜇
)2𝑒−

∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙 (𝜏𝑒𝑞𝑢𝑖𝑣 )

𝑘𝑇  

 

Rearranging terms in this equation allows us to express ∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙(𝜏𝑖𝑛𝑑 ) in terms of the 

experimentally obtained 𝜏𝑒𝑞𝑢𝑖𝑣 and 𝛾̇𝑒𝑞𝑢𝑖𝑣 as: 

 (4.6) 

(4.7) 

(4.8) 

 (4.9) 

(4.10) 
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∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙 (𝜏𝑒𝑞𝑢𝑖𝑣 ) = −𝑘𝑇𝑙𝑛 (
𝛾̇𝑒𝑞𝑢𝑖𝑣

𝛾̇𝑃(
𝜏𝑖𝑛𝑑

𝜇 )2
) 

Figure 4.5 shows ∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙(𝜏𝑒𝑞𝑢𝑖𝑣) plotted versus 𝜏𝑒𝑞𝑢𝑖𝑣  for all the CHe conditions in the 

different loading rates studied. The fact that the dependence of ∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙 (𝜏𝑒𝑞𝑢𝑖𝑣)  

upon 𝜏𝑒𝑞𝑢𝑖𝑣 is dependent upon both h and CHe and indicates that the strength of the 

obstacles change with both parameters as ∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙(𝜏𝑒𝑞𝑢𝑖𝑣) decreases with increasing 

𝜏𝑒𝑞𝑢𝑖𝑣 .There is an obvious increase of obstacle size and density with the increasing helium 

dosages. It has been shown that small (< 5nm) dislocation as well as a low-density large 

dislocation loops up to 20 nm in diameter are present after 1000 appm helium implantation 

[10]. 
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(c) 

 
(d) 

 
Figure 4.5: Plots of activation energy ∆𝑮𝑻𝒉𝒆𝒓𝒎𝒂𝒍  versus 𝝉𝒆𝒒𝒖 for (a) CHe = 0 (b) CHe = 

100 appm (c) CHe =1000 appm (d) CHe = 5000 appm. 

 

 

4.4.3 Apparent activation strength and activation volume 

 

It is common to express ∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙(𝜏𝑒𝑞𝑢𝑖𝑣) in terms of a linear function of applied stress 

as: 

∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙(𝜏𝑒𝑞𝑢𝑖𝑣) = ∆𝐺0 − 𝑉∗𝜏𝑒𝑞𝑢𝑖𝑣 
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Where ∆𝐺0 and 𝑉∗represent the characteristic activation energy and activation volume of 

the obstacles that limit the deformation process. These parameters describe the 

effectiveness of the microstructural obstacles at influencing the plastic deformation 

properties of the material. In this study we present the results of an investigation into the 

effect of accumulated helium, implanted at 300 °C, on the nano-indentation stress of age 

hardened Inconel X-750. Variations of Eqs. (4.11,4.12) are then applied to these data to 

deduce the effect of accumulate helium on the characteristic obstacle strength, as indicated 

by the parameters ∆𝐺0 and  𝑉∗. However,  in this study we assumed that the average 

microstructure in the deforming region during indentation remains constant at a given 

indentation depth regardless of the magnitude of the loading rate.  

 

We have used Eqs. (4.11, 4.12) to analyze the ∆𝐺0 and 𝑉∗ for indentation tests performed 

on He+ implanted samples in CHe =100, 1000, 5000 appm and as received sample from 200 

to 1400 nm depth. By extrapolating the data trends of ∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙(𝜏𝑒𝑞𝑢𝑖𝑣) versus 𝜏𝑒𝑞𝑢𝑖𝑣  in 

Figure 4.5 we can define ∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙 (𝜏𝑒𝑞𝑢𝑖𝑣 )
 occurring at a very low 𝜏𝑒𝑞𝑢𝑖𝑣  ~ 0 as the 

activation energy ∆𝐺0 of the obstacles that are limiting the dislocation nucleation– glide 

process.  

 

Figure 4.6 shows the resulting ∆𝐺0 versus He+ concentration with a clear linear uptrend 

showing that the activation strength ∆𝐺0 of the deformation rate are controlled by a gradual 

increase in obstacles size and density with increasing CHe as it is shown in Figure 4.7-a,b. 

As cavities and implantation defects are increased when CHe = 5000 appm, ∆𝐺0 is increased 

by ~ 4%  compared with that of as-received sample ( 0.74 to 0.78 ev). 
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Figure 4.6: Apparent activation strength ∆𝑮𝟎 of obstacles that limit dislocations 

glide versus helium concentration CHe (appm).  

(a)                                                                   (b)         

 

   

Figure 4.7: (a) Cavity size (nm) (b) density versus CHe (appm). Cavity size and density 

data are determined from [10]. 

 

We have used Eq. (4.12) to analyze the ∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙(𝜏𝑒𝑞𝑢𝑖𝑣) versus h data obtained from our 

experiments and, in doing so, calculated values of ∆𝐺0 and 𝑉∗ for indentation tests 

performed on the as- received and He+ implanted samples, between 200-400, 600-800, and 

1000-1400 nm depths. Figure 4.8 shows a plot of the calculated apparent activation volume 

𝑉∗ , normalized with respect to the Burgers vector cubed (𝑏𝑁𝑖= 0.249 nm [28]), versus 

indentation depth for data from the indentation tests performed at the lowest loading rate, 

𝑃̇ = 0.3 mN.s-1. The data indicate that 𝑉∗ increases with increasing indentation depth and 
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the dependence of 𝑉∗ upon indentation depth is in agreement with the findings from 

displacement rate change indentation tests with findings from indentation tests performed 

on FCC and BCC metals [30-32]. 

 

 

Figure 4.8: Normalized activation volume, 𝑽∗/b3, versus indentation depth for tests 

performed at 𝑷̇ = 0.3 mN/s for different helium concentrations. 

 

As shown in (Figure 4.9 a-b), at CHe = 100 appm, 𝑉∗ is higher (~8.5 b3) than the CHe = 

1000 (~7.7 b3) and 5000 appm (~7.3 b3) samples. It is observed that as CHe increases from 

100 to 5000 appm there is an increase in the formation of obstacles (cavities) and densities 

[10] which would resist the dislocation glide  (Figure 4.7 a- b).     
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Figure 4.9: (a) Normalized activation volume, 𝑽∗/𝒃𝟑, at 𝑷̇ = 0.3 mN/s for different 

helium concentrations versus cavity size (nm) (b) and as cavity density as data are 

determined from [10]. 

 

Also, when comparing as-received sample with 100 appm, it appears that 100 appm is the 

lowest helium dose that can impair the ductility of Inconel X-750 due to the formation of 

very small and widely spaced nanocavities [10]. This finding is significant for predicting 

the effect of helium accumulation rate on ductility of X-750 components in nuclear reactor 

as it would imply that ductility may already be impaired within the first few years of reactor 

operation.  

 

 

4.4.4  Haasen plot activation analysis 
 

 

The data presented above indicate that when indentation is performed with a geometrically 

self-similar indenter under conditions of constant loading rate the resulting values of ∆𝐺0 

and 𝑉∗are dependent upon both indentation depth and the level of prior plastic deformation 

of He+ implanted samples. To assess these dependencies further we depict the data from 

our indentation tests on Haasen plots of inverse activation area, 1
∆𝑎⁄ , versus applied 

equivalent indentation shear stress, 𝜏𝑒𝑞𝑢𝑖𝑣 [33, 34]. Activation area is the area which is 

covered by dislocation as overcome the obstacles. This type of plot is often referred to as 

a “Hassen Plot” and is used to identify the type of obstacles that control plastic deformation 
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when subjected to an 𝜏𝑒𝑞𝑢𝑖𝑣. A Hassen plot that intersects the 1 ∆𝑎⁄ vertical axis indicates 

that the obstacles controlling deformation process are rate sensitive “thermal obstacles”. 

Previous analyses have shown that linear dependence of 1 ∆𝑎⁄ ,  with 𝜏𝑒𝑞𝑢𝑖𝑣 results from 

plastic deformation that occurs by a mechanism of dislocation glide that is limited by 

dislocation–dislocation interactions [33, 35] .The slope of this linear trend is inversely 

proportional to the mechanical activation work 𝛥𝑊 of the obstacles that limits the rate of 

dislocation glide [34]. Figure 4.10 shows plots of  𝑏2/𝛥𝑎  versus 𝜏𝑒𝑞𝑢𝑖𝑣 for the indentation 

tests performed on the He+ implanted and as received samples of Inconel X-750 between 

different indentation  depths from 200 to 1400 nm for different loading rates. The data 

show essentially linear trends with the slope which is decreasing with increasing 𝜏𝑒𝑞𝑢𝑖𝑣 . 
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(c) 

 

(d) 

 

Figure 4.10: 𝒃
𝟐

∆𝒂⁄  versus 𝝉𝒆𝒒𝒖𝒊𝒗
 

 for the indentation test performed on (a) CHe = 0 (b) 

CHe = 100 appm (c) CHe =1000 appm (d) CHe = 5000 appm. 

 

The plot of 𝑏2/𝛥𝑎  in different levels of implanted He+ at CHe = 100, 1000, 5000 appm 

versus equivalent shear stress (𝜏𝑒𝑞𝑢𝑖𝑣
 

) is shown in Figure 4.11. When the Hassen plot 

intersects the   𝑏2/𝛥𝑎  vertical axis, that indicates that the thermal obstacles (solute atoms) 

are controlling the deformation process. In addition, Figure 4.12 indicates that the apparent 

activation area 𝛥𝑎 is much smaller for the high helium content CHe = 5000 appm material 

compared to the as-received samples  and, as a result, 𝛥𝑎 decreased 11% due to the higher 

He+ induced micro-cavities. 
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Figure 4.11: 𝒃
𝟐

∆𝒂⁄  versus 𝝉𝒆𝒒𝒖𝒊𝒗
 

 at 400 nm depth for different He+ implanted and as 

received samples. 

 

Figure 4.12: 𝒃
𝟐

∆𝒂⁄  versus He+ concentration (appm) and as-received samples at 400 

nm depth. 
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found to decrease by increasing  𝜏𝑒𝑞𝑢𝑖𝑣 . Consistently, there was a clear increasing uptrend 

in strength of the obstacles (∆𝐺0) with increasing  He+ dose up to CHe = 5000 appm . This 

is in line with microstructure changes showing that both cavity size and density is similarly 

increased by increasing He+ doses. This demonstrates that the rate of dislocation glide is 

being limited during indentation from the measured indentation stress and strain rates. 

Furthermore, activation volume 𝑉∗decreases with increasing indentation stress suggesting 

that the inter-obstacle spacing of obstacles to the glide of dislocations is decreasing when 

the stress and dislocation density is increased. We observe also that at higher helium 

concentrations, the apparent activation area, 𝛥𝑎 is much smaller compared to as-received 

sample. In addition, both cavity size and density showed an inverse relationship with 

activation volume 𝑉∗further confirming an increasingly smaller apparent activation area 

, 𝛥𝑎 was associated with increasing He+ doses. The resulting data on the effect of He+ 

implantation on 𝜎𝑖𝑛𝑑 and ∆𝐺0 are particularly important for arriving at conservative 

predictions of the rate neutron-irradiation induced  embrittlement  of age-hardened Inconel 

X-750 annulus gas spacers in CANDU nuclear reactors. 
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Chapter 5 

5  Nano- scale kinetic deformation behavior of room 

temperature Ni+ irradiated Inconel X-750  

Pyramidal constant loading rate nanoindentation tests were performed on Ni+ irradiated at 

ψNi = 0.1, 1, 5 dpa at 25℃. The tests were performed over a range of loading rates 𝑃̇= 0.3, 

3.0, 30 mNs-1) to study the deformation behavior by assessment of changes in apparent 

activation energy Δ𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙, activation volume 𝑉∗, activation strength ∆𝐺0 and activation 

area 𝛥𝑎. We observed that Δ𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙 of the dislocations that either interfere with the glide 

of existing dislocations or represent sites for the nucleation of new dislocations decreased 

by increasing  𝜏𝑒𝑞𝑢𝑖𝑣. Activation volume 𝑉∗  increased as compared to as- received to ψNi= 

0.1 dpa by 8%. However, at ψNi = 1 dpa is dropped by about 7% due to increased defect 

density. In addition, results in 𝛥𝑎  has shown that the apparent activation area is decreased 

at ψNi = 1 dpa as well. Collectively, these data suggest that, based upon the operative 

deformation mechanism, the strength of the dislocation–obstacle interactions that limit the 

rate of deformation could be attributed mainly due to  disordering/dissolving of γ′ 

precipitates.  

5.1 Introduction 

Radiation damage in materials used in nuclear industry is of a great concern. Performance 

prediction of super-alloys used in the nuclear industry is mainly defined by their 

mechanical properties degradation consequent to their operating environment. As such, 

over the past few decades, there has been a concerted effort to study the effect of irradiation 

on the mechanical properties of materials used in nuclear reactors [1-3]. Inconel X-750, a 

precipitation hardened Ni-based superalloy, with high strength, good creep properties and 

excellent corrosion resistance at high temperatures is currently used as spacer material in 

the CANada Deuterium Uranium (CANDU) heavy water reactor [4]. Mechanical 

examinations on X-750 spacers removed from CANDU reactors indicate an increased 

embrittlement, which depends on operation temperature and displacement damage caused 

by neutron irradiation, as well as lower load carrying capacity compared to the as-received 

condition [5, 6]. Microstructure instability and mechanical property degradation of 
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materials in nuclear environments are serious issues, hence understanding of the 

performance and failure mechanisms of reactor components is crucial. However, the testing 

reactor-irradiated materials has some limitations, including lengthy timescales and 

radioactive safety issues. Therefore, ion-beam irradiation has been developed as a proxy 

irradiation technique that allows materials evaluation under similar reactor condition but 

with the advantages of full control of irradiation parameters [7, 8]. Previous reports show 

that irradiation temperature, dose, and dose rate can affect microstructure of the material 

differently [8-10]. Further, in-situ TEM examination of heavy ion irradiated X-750 have 

revealed microstructural changes including the production of defects (stacking fault 

tetrahedra and dislocation loops) and γ′ precipitate instability [8, 11, 12].  

In addition, Zhang et al.[9] found that there is a critical temperature (~ 400 °C) for the 

disordering process and the γ′ phase stays ordered under irradiation at temperatures higher 

than a critical point. One of the mechanical tests to study the effect of room temperature 

Ni+ irradiation doses on deformation behavior of the X-750 is via investigating the strength 

of the dislocation/obstacle interactions.  

 

During nano indentation testing the measured average 𝜎𝑖𝑛𝑑 is significantly increased when 

the indentation depth (h) is less than several micrometers [13-15]. This has been explained 

in terms of the increased applied stress necessary for a dislocation to glide through the high 

density of ‘geometrically necessary dislocations’ required to accommodate the large 

localized strain gradients around submicrometric deep indentations [16, 17] or in terms of 

the increased stress necessary to nucleate dislocations from a small volume of metal, 

beneath the indentation, which may have no easy dislocation–nucleation sources. Either of 

these ‘glide limited’ or ‘nucleation limited’ mechanisms may affect  the indentation stress 

𝜎𝑖𝑛𝑑 of shallow indentations compared to deep indentations. Simple dimensional analysis 

of a geometrically self-similar indentation, such as a pyramidal indentation, indicates that 

the average indentation strain rate 𝜀𝑖̇𝑛𝑑   must be directly dependent upon the ratio of the 

indentation velocity and the indent depth ℎ̇ ℎ⁄  [18, 19]. Therefore, one would expect that, 

indentation strain rate  (𝜀𝑖̇𝑛𝑑) would become quite large when h is small.  
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However, constant load nano-indentation tests have been used to study the kinetics of 

plastic deformation of a variety of non-irradiated/ irradiated materials [14, 20-26] and the 

results of such tests are usually interpreted in terms of deformation occurring by a 

mechanism of dislocation glide limited by discrete obstacles distributed throughout the 

microstructure [27, 28]. The kinetics of  γ′ Ni based superalloy such as Inconel X-750 has 

not been reported. 

Therefore, the objective of the present paper is to assess changes in Δ𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙, 𝑉
∗, ∆𝐺0, 

∆𝑎 consequent to damages induced by room temperature Ni+ irradiation and the effect of 

γ′ disordering /dissolution on Inconel X-750. 

 

5.2  Experimental procedure  
 
5.2.1 Material preparation and ion implantation 
 

The chemical composition of the Inconel X-750 alloy used in this study was given in Table 

3-1 in chapter 3. The alloy was annealed at 1010 °C (30 min) followed by air cooling to 

room temperature, cold working by 18%, and then ageing at 728 °C (16 h). The average 

grain size was found to be between 15 to 25 μm.  

 

Three samples (6 × 6 × 3 mm) were cut by EDM from the aged X-750 material. The 

samples were mechanically ground with successively finer grit SiC impregnated papers 

and then polished in an aqueous slurry of 0.02 μm diameter colloidal SiO2. This process 

created a surface free of polishing-induced plastic deformation before helium implantation. 

Polished Inconel X-750 sample exposed to thirteen Ni+ ion energy levels from 2 to 8 MeV 

were used at 25 ℃ to invoke different levels of irradiation damage at ψNi = 0, 0.1 1, 5 dpa 

(displacements per atom) while also obtaining a maximum implanted depth of around 3 

µm. The Stopping Range of Ions in Matter (SRIM-2013) software, was used to calculate 

the average ion-induced crystal damage ψ using the Kinchin-Pease approximation [30]. 

Figure 5.1 depicts the variation of displacement damage versus target depth for different 

nickel beam energies to invoke levels of irradiation damage without significantly changing 

the chemical composition of the Ni-based alloy.  
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(a)                                                                      (b) 

                                                             

 

Figure 5.1: (a) Schematic illustration of irradiation and indentation direction with 

SRIM profile (b) Displacement damage profile versus target depth for samples 

irradiated up to ψNi = 5 dpa. 

 

5.2.2 Nano indentation testing 

 

Room temperature nanoindentation tests were performed with a diamond Berkovich 

indenter on a NanoTest indentation testing platform made by Micro Materials Ltd 

(Wrexham, UK) [31, 32]. The Micro Materials NanoTest indenter works by measuring the 

indentation force and the indenter motion when it is in contact with the test material. The 

sequence begins by applying an increasing amount of force to the indenter to indent a 

polished sample to a predetermined force/depth at a defined loading rate [18, 33, 34].The 

instrument was positioned on an anti-vibration base and was enclosed in a temperature-

controlled cabinet. Indentation tests were performed at loading rates of 𝑃̇= 0.3, 3.0 and 30 

mNs-1 to a maximum load of 390 mN and max depth of ℎ𝑚𝑎𝑥 =1400 nm in order to obtain 

𝜎𝑖𝑛𝑑 data as a function of h at different values of 𝜀𝑖̇𝑛𝑑. Three indentation tests were 

performed at each loading rate on each of the three-nickel ion irradiated samples each 

spaced 25 µm apart to ensure that the plastic zones of individual indentations did not 

overlap. Overall, twenty-seven indentation tests were performed in total. 

A three-sided pyramidal diamond indenter (Berkovich) was used to perform the 

nanoindentation tests. This indenter had a tip radius of R= 250.8 nm as measured by 

scanning electron microscopy. In order to have a precise indenter tip, 15 nm of gold layer 
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was deposited at 0.1nm/s using the Angstrom Engineering electron beam evaporator. The 

effect of this spherical tip upon the actual projected area function A(h) of a pyramidal 

indentation has been studied extensively [34-36]. The minimum indentation depth for self-

similar deformation, projected indentation contact area and average indention stress was 

calculated as from the load, P, and depth, h, data as in chapter 4 (section 4.3.1 and 4.3.3) 

where P is indentation load, h is instantaneous contact depth and R is indenter tip radius 

due to blunting at the tip (250.8 nm in our indenter), and C is sink-in/pile-up factor. The 

parameter C in the indentation stress equation was then determined experimentally by 

measuring, with scanning electron microscopy, the actual contact area. Actual contact area 

of an indentation of known depth was calculated  and compared with the ideal projected 

area of an indentation of the same depth [20, 34, 37, 38]. For a pyramidal indentation where 

metal pile-up occurs, C is typically between 1 and 1.2 and should be independent of 

indentation depth, and in our study C= 1.023.  

 

It should be noted that 𝜎𝑖𝑛𝑑 is different from the indentation hardness values because it 

includes both the elastic and the plastic indentation depth, (i.e. ℎ𝑐 = ℎ𝑝𝑙𝑎𝑠𝑡𝑖𝑐 + ℎ𝑒𝑙𝑎𝑠𝑡𝑖𝑐) in 

the calculated indentation area, whereas the conventional indentation hardness is calculated 

with the residual plastic depth (ℎ𝑝).  

 

5.2.3  Microstructure evaluation 
 

 

Previously published data from Zhang et al. [11, 39] were adapted to explore the relation 

between kinetic deformation parameter 𝑉∗, ∆𝐺0, and ∆𝑎 determined in this study and the 

irradiation effect of Ni+ on defect density. The data included microstructural changes 

examined from TEM results after  Kr+2 at 60 oC irradiation at (ψNi = 0.01, 0.06, 0.27, 0.68, 

2.7 and 5.4 dpa) on Inconel X-750. In order to derive equivalent microstructural changes 

for the doses used in the current study, the original data were replotted and fitted with the 

best fit curve (polynomial second order) and equivalent microstructural values were 

calculated from the equation derived. Zhang et al. showed that there was a correlation 

between defect number density and heavy ion irradiation doses but not with the defect size 
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(SFT and dislocation loops) between 60 °C to 400 °C. Therefore, in this study we chose to 

show the most affected microstructural change with heavy ion irradiation meaning defect 

number density consequent to Ni+ irradiation.  

      

5.3  Results                                      

5.3.1 Indentation load -depth (P-h) plots 
 

 

Figure 5.2 shows  the curves of indentation force P versus depth h from tests performed 

under various  levels of 𝑃̇ and irradiation damage. Although these figures do not show data 

from all the indentation tests performed in this study, the shape of the curves shown is 

typical of the other indentation tests performed. The magnitude of 𝑃𝑚𝑎𝑥 at ψNi =1 dpa is 

higher compare to other doses which is approximately 255 mN at indentation depth of 

ℎ𝑚𝑎𝑥 =1400 nm. This indicates the increased flow stress at ψNi =1 dpa is higher. At any 

given indentation depth, P increases with increasing loading rates indicating the strain rate 

sensitivity of the indentation stress. 
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(b) 

 

(c) 

 

(d) 

 

Figure 5.2: Representative indentation force P versus depth h curves for the tested 

Inconel X-750 alloy subjected to various levels of Ni+ irradiation damages, in (a) ψNi 

=0 (b) ψNi = 0.1 (c) ψNi = 1 (d) ψNi = 5.  
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5.3.2 Indentation depth dependence of  𝜎𝑖𝑛𝑑 

 

Figure 5.3 shows the average indentation stress 𝜎𝑖𝑛𝑑 versus indentation depth h for as 

received and irradiated samples. We observed that for all the materials tested, for any given 

indentation depth,  𝜎𝑖𝑛𝑑 increases when the loading (strain) rate increases. Also, 𝜎𝑖𝑛𝑑  

increases significantly when h is less than about 600 nm. For example, in the case of ψNi 

=1 dpa,  𝜎𝑖𝑛𝑑 increased up to 7.30 GPa when ℎ= 400 nm. The reason for considering the 

parameters measurement at  400 nm depth is to make sure that the  measurements are 

carried out in the irradiated depth of sample.  

 

If we assume that the plastic zone is 5 times bigger than the actual indent size [40] then for 

sampling just at the irradiated depth about 3 µm the indentation size should be less than 

600 nm . In addition, the bigger the indentation size, the smaller the indentation size effect. 

Therefore, to avoid the effect of significant ISE on the indentation stress and strain 

estimation, the depth of  400 nm depth was chosen. 
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(b) 

 

(c) 

 

(d) 

 

Figure 5.3: Average indentation stress 𝝈𝒊𝒏𝒅 versus indentation depth for all levels of 

irradiation damage materials, indented at three loading rates, in (a) ψNi = 0 (b) ψNi= 

0.1 (c) ψNi =1 (d) ψNi = 5 dpa. 
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5.3.3 Indentation strain rate 𝜀𝑖̇𝑛𝑑 versus indentation depth, h 

 

The average indentation plastic strain rate during indentation, 𝜀𝑖̇𝑛𝑑, is correlated to the 

indentation displacement, h, and the indentation displacement rate, 𝜕ℎ
𝜕𝑡⁄ , as, 𝜀𝑖̇𝑛𝑑 =

𝑘
𝜕ℎ

𝜕𝑡⁄

ℎ
= 𝑘

ℎ̇

ℎ
  

where k is a geometrical constant, taken to be equal to 1 [37] . Figure 5.4 shows the 

variation in the average indentation strain rate, 𝜀𝑖̇𝑛𝑑, versus indentation depth, h, for as 

received Inconel X-750 indented at different loading rates. At each constant load rate 𝜀𝑖̇𝑛𝑑 

shows a decreasing trend with increasing indentation depth, ℎ. 

 

 

Figure 5.4: Apparent average indentation strain rate 𝜺̇𝒊𝒏𝒅versus indentation depth 

for as received sample as indented at three loading rates. The shape of the curve is 

the same for the all irradiated Inconel X-750 at different dpa. 

 

5.3.4 Indentation stress 𝜎𝑖𝑛𝑑 indentation strain rate, 𝜀𝑖̇𝑛𝑑 

 

Logarithmic plot of 𝜎𝑖𝑛𝑑 versus 𝜀𝑖̇𝑛𝑑 at loading rate of 𝑃̇ = 0.3 mN/s, is shown in Figure 

5.5 and indicates that the test materials all show a nonlinear logarithmic dependence of 

𝜎𝑖𝑛𝑑 upon 𝜀𝑖̇𝑛𝑑. Although this figure does not show data from indentation tests performed 

at the other loading rates, the shape of the curves shown is typical of the other indentation 

tests performed. The shape of the curves in Figure 5.5 is a characteristic of a deformation 
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process that is occurring by the mechanism of obstacle-limited dislocation glide. The 

gradual increase in 𝜎𝑖𝑛𝑑, when 𝜀𝑖̇𝑛𝑑 is greater than about 0.001 s-1 , reflects that the 

dislocation motion past obstacles is forced to occur at a rate that requires a combination 

from both thermal atomic vibration and applied stress with the amount of the necessary 

applied stress increasing with increasing 𝜀𝑖̇𝑛𝑑. 

 

 

Figure 5.5: Logarithmic plot of 𝝈𝒊𝒏𝒅 versus 𝜺̇𝒊𝒏𝒅 at loading rate of 𝑷̇= 0.3 mN/s for all 

samples. 

 

5.4  Discussion  
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in the indentation of plastic zone or the increased difficulty to nucleate a dislocation in the 
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region of a shallow, compared to a deep, indentation. Also, it  is shown that the indentation 

size effect is expected to be influenced by prior dislocations and the additional irradiation 

damages that occurs during indentation. The Arrhenius-type equation describes the equivalent 

indentation shear strain rate 𝛾̇ that results in a single crystal when subjected to a constant 

applied shear stress 𝜏 [27] can be expressed as it was determined in (chapter 4, section 4.4.1). 

∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙(𝜏𝑒𝑞𝑢𝑖𝑣) is the stress dependent thermal activation energy required for a dislocation 

to overcome the rate limiting obstacles present within microstructure. In this study, we use 

the Tabor equation relating the uniaxial normal yield stress of a metal to approximately one 

third the indentation stress [44] as 𝜎𝑒𝑞𝑢𝑖𝑣 ≈
𝜎𝑖𝑛𝑑

3
 we then convert this normal indentation stress 

to an equivalent shear stress by applying the Taylor factor typical of FCC metals, which allows 

us to determine 𝛾̇𝑒𝑞𝑢𝑖𝑣 (chapter 4, section 4.4.2). ∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙 (𝜏𝑒𝑞𝑢𝑖𝑣 ) is the thermal energy 

that must be supplied in order for (i) a dislocation to either overcome an obstacle that exists 

within the microstructure (i.e. a dislocation glide limited mechanism) or (ii) a new dislocation 

to be nucleated within the indented material (i.e. a dislocation nucleation limited mechanism). 

∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙(𝜏𝑒𝑞𝑢𝑖𝑣) is clearly stress dependent and will decrease when 𝜏𝑒𝑞𝑢𝑖𝑣 is large. Figure 

5.6 shows ∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙(𝜏𝑒𝑞𝑢𝑖𝑣) plotted versus 𝜏𝑒𝑞𝑢𝑖𝑣  for all the ψNi conditions in the different 

loading rates studied. The fact that the dependence of ∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙 (𝜏𝑒𝑞𝑢𝑖𝑣)  upon 𝜏𝑒𝑞𝑢𝑖𝑣 is 

dependent upon both h and ψNi and indicates that the strength of the obstacle change with both 

parameters as ∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙(𝜏𝑒𝑞𝑢𝑖𝑣) decreases with increasing 𝜏𝑒𝑞𝑢𝑖𝑣. 

 

(a) 

 

0.4

0.5

0.6

0.7

0.8

0.4 0.6 0.8 1 1.2 1.4

Δ
G

T
h

er
m

a
l 
(e

v
)

τequiv (GPa)

Load rate 0.3 mN/s

Load rate 3 mN/s

Load rate 30 mN/sΔG0



116 

 

 

(b) 

 

(c) 

 

(d) 

 

Figure 5.6: Plots of activation energy ∆𝑮𝑻𝒉𝒆𝒓𝒎𝒂𝒍  versus 𝝉𝒆𝒒𝒖𝒊𝒗 for (a) ψNi = 0 (b) ψNi= 

0.1 (c) ψNi =1 (d) ψNi = 5 dpa. 
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It is believed that the induced damage during heavy ion irradiation revolves around two 

main mechanisms: ballistic mixing arising from collision cascade that leads to disordering 

of precipitates and dynamic reordering of the γ′ phase during thermal recovery [45, 46]. 

Although ballistic dissolution can occur regardless of the temperature, higher temperatures 

will allow for an easier diffusion and hence re-formation of the precipitate [47]. 

Furthermore, irradiation to higher doses can change the chemical composition of the γ′ 

phase. Indeed, diffusion of Ti and Al from the γ′ structure to the matrix and of Cr and Fe 

from the matrix to the γ′ phase occur at higher irradiation doses. EDX analysis of irradiated 

X-750 alloy show that 1 MeV Kr+  ion up to about ψKr = 5 dpa can cause dissolution of γ′ 

precipitates into the matrix [9].  

  

5.4.2  Apparent activation strength and activation volume 
  

 

Another deformation rate-controlling parameter that can be evaluated in order to 

identifying the underlying deformation mechanism is the activation volume 𝑉∗. 𝑉∗is 

obtained from derivative of ∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙 with respect to 𝜏𝑒𝑞𝑢𝑖𝑣,  [27, 48] as a result, it is 

common to express ∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙 (𝜏𝑒𝑞𝑢𝑖𝑣) in terms of a linear function of applied stress as in 

(chapter 4, section 4.4.4) was evaluated. 

 

As ∆𝐺0 is the apparent activation strength of the obstacles that limit the dislocation motion. 

These are the fundamental parameters that describe the effectiveness of the microstructural 

obstacles at influencing the plastic deformation properties of the material. However,  in 

this study we assumed that the average microstructure in the deforming region during 

indentation remains constant at a given indentation depth regardless of the magnitude of 

the loading rate. We have used ∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙(𝜏𝑒𝑞𝑢𝑖𝑣 ) versus ℎ data obtained from our 

experiments and, in doing so, calculated values of ∆𝐺0 and 𝑉∗ for indentation tests 

performed on the as received and Ni+ irradiated samples, between 200-400, 600-800, and 

1000-1400 nm depths. 

By extrapolating the data trends of ∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙(𝜏𝑒𝑞𝑢𝑖𝑣) versus  𝜏𝑒𝑞𝑢𝑖𝑣 in Figure 5.6 we can 

define ∆𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙(𝜏𝑒𝑞𝑢𝑖𝑣) occurring at a very low  𝜏𝑒𝑞𝑢𝑖𝑣~ 0 as the activation energy ∆𝐺0 
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of the obstacles that are limiting the dislocation nucleation– glide process. Figure 5.7 shows 

a down trend of ∆𝐺0 versus increasing defect density, as we speculate that the softening 

effect of γ′ disordering/dissolution outweighed the hardening impact of irradiation-induced 

defects. Therefore, ∆𝐺0 decreased by increasing defect density. 

 

 

Figure 5.7: Apparent activation strength ∆𝑮𝟎 of obstacles that limit dislocations 

glide versus defect density. Defect density data were determined from [11]. 

The ordered γ′ precipitate is the main reason for the high strength of X-750 alloy, 

particularly at high temperatures; hence, γ′ disordering/dissolution changes the 

deformation behavior and concurrently alters the mechanical properties of the superalloy. 

Based on a previous report, γ′ precipitate disordering occurs after a low dose irradiation 

(0.06 dpa; ≤ 400 °C) [9] and at the higher implantation level, ψNi = 1 dpa, a re-formation 

of Ti/Al rich regions are observed but in a disordered state (i.e. no super-lattice diffraction 

spots arise) [49]. Similar formation of precipitates at ψNi = 1 dpa was previously reported, 

under similar ion implantation conditions (dose and temperature), and it starts to dissolve 

into the matrix at higher doses (~ 5 dpa) in other Ni superalloys [9, 50, 51]. 

 

Plot of Figure 5.8 the calculated apparent activation volume 𝑉∗ , normalized with respect 

to the Burger vector (𝑏𝑁𝑖= 0.249) nm [27]), versus indentation depth, for data from the 

indentation tests performed at the lowest loading rate, 𝑃̇ = 0.3 mN.s-1. The data indicate 

that 𝑉∗ increases with increasing indentation depth and the dependence of 𝑉∗ upon 

indentation depth is in agreement with the findings from displacement rate change 
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indentation tests with findings from indentation tests performed on FCC and BCC metals 

[22, 38, 42, 43, 52-54].  

 

Figure 5.8: Normalized activation volume, 𝑽∗/b3, versus indentation depth for tests 

performed at 𝑷̇= 0.3 mN/s for different conditions. 

It is clear from the graph in Figure 5.9 that 𝑉∗ decreases with increasing shear stress 

suggesting the inter-obstacle spacing of obstacles to the glide of dislocations is decreasing 

when the stress and dislocation density is increased which is in agreement of [14, 20, 42, 

53]. The instability of the ordered phase during irradiation is basically attributed to 

cascade-induced ballistic mixing, but at higher irradiation temperature, a thermally 

activated reordering process occurs simultaneously and prevents phase instability [9]. 

 

 

Figure 5.9: Normalized activation volume, 𝑽∗/b3, versus average indentation stress 

𝝉𝒆𝒒𝒖𝒊𝒗 for tests performed at 𝑷̇= 0.3 mN/s. 
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The relation between defect density and ψNi at different doses is indicated in Figure 5.10 

where defect density increases linearly up to ψNi = 1 dpa and then starts to plateau (saturate) 

up to ψNi = 5 dpa. However, this increased defect density doesn’t seem to be the main 

mechanism behind deformation.  

Because normalized activation volume versus defects density doesn’t follow a linear 

relationship (Figure 5.11). This further and indirectly solidifies the dominant effect of γ′ 

precipitates disordering/dissolution in deformation mechanism. At  ψNi = 0.1 dpa (400 nm 

nanoindentation depth) where density defects are increased (Figure 10), 𝑉∗ is higher than 

that of as received sample (Figure 5.11). This is because, as it has been previously shown 

[9, 11], at ψNi  = 0.1 dpa γ′ precipitates are disordered. Thereafter, between ψNi = 0.1 and 

1.0 dpa, the role of defect density becomes prominent and results in lower 𝑉∗ compared 

with that of 0.1 dpa. In addition, ψNi = 5 dpa has been shown to result in saturation of 

defects due to their overlaps where a balance was reached between formation and 

deconstruction of defects [11]. This together with the absence of γ′ precipitates, results in 

higher 𝑉∗ compared with those of all other doses. 

 

 

Figure 5.10: Defect density versus ψNi (dpa) as defect density data is determined from 

[11]. 
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Figure 5.11. Normalized activation volume, 𝑽∗/b3 versus defect density. Defect density 

data is extracted from [11]. 

 

5.4.3 Haasen plot activation analysis 

 

The Haasen plot is a graph of the experimentally determined inverse activation area, 1 ∆𝑎⁄ , 

versus applied equivalent shear stress, 𝜏𝑒𝑞𝑢𝑖𝑣 [55, 56]. Linear trends of 1 ∆𝑎⁄ versus 𝜏𝑒𝑞𝑢𝑖𝑣   

indicate that the plastic deformation in the test material occurs by a time-dependent 

obstacle-limited dislocation glide process (i.e. the Cottrell-Stokes law is maintained). 

Nonlinear trends in 1
∆𝑎⁄  versus 𝜏𝑒𝑞𝑢𝑖𝑣  can arise from the cumulative effect of several 

types of obstacles to dislocation glide or to a changing microstructural state within the 

deformed test material. A Haasen plot intersecting the 1 ∆𝑎⁄  vertical axis indicates that the 

obstacle controlling the deformation process are rate sensitive “thermal” obstacles. The 

slope of this linear trend is inversely proportional to the mechanical activation work 𝛥𝑊 

of the obstacles that limits the rate of dislocation glide [56]. Figure 5.12 shows plots of  

𝑏2/𝛥𝑎 versus 
𝜎𝑒𝑞𝑢𝑖𝑣

𝑀⁄  for the indentation tests performed on the Ni+ irradiated and as 

received samples of Inconel X-750 between different indentation  depths between 200-400, 

600-800, and 1000-1400 nm for different loading rates. The data show essentially linear 

trends with the slope which is decreasing with increasing 𝜏𝑒𝑞𝑢𝑖𝑣 . 
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(d) 

 

Figure 5.12:  𝒃
𝟐

∆𝒂⁄  versus 𝝉𝒆𝒒𝒖𝒊𝒗
 

 for the indentation test performed on (a) ψNi =0 (b) 

ψNi = 0.1 (c) ψNi =1 (d) ψNi = 5 dpa. 

Figure 5.13 displays 𝑏2/𝛥𝑎 versus 𝜏𝑒𝑞𝑢𝑖𝑣
 

 for different level of displacement damages ψ 

and as-received samples at 400 nm depth. As Hassen plot intersects the   𝑏2/𝛥𝑎  vertical 

axis that indicates the thermal obstacles (solute atoms) controlling the deformation process.  

 

Figure 5.13: 𝒃
𝟐

∆𝒂⁄  versus 𝝉𝒆𝒒𝒖𝒊𝒗
 

 at 400 nm depth for different Ni+ irradiated and as 

received samples. 
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In addition, Figure 5.14 indicates that the apparent activation area 𝛥𝑎 is much smaller for 

ψNi =1 dpa due to the irradiation hardening however, 𝛥𝑎 increased at ψNi =5 dpa due to start 

dissolution of γ′ precipitate and saturation of defects. 

 

Figure 5.14: 𝒃
𝟐

∆𝒂⁄ versus dpa for different levels and as-received samples at 400 nm 

depth. 

5.5  Conclusion 
 

The influence of room-temperature operative kinetic deformation behavior of Ni+ 

irradiated of Inconel X-750 was investigated via changes in  Δ𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙, ∆𝐺0, 𝑉∗, and 𝛥𝑎. 

Our initial observation indicates that the indentation stress  𝜎𝑖𝑛𝑑 is increased with 

decreasing indentation depth and increasing levels of Ni+ ion irradiation. The depth 

dependence of the indentation stress is consistent with the theories that attribute this to the 

increased density of geometrically necessary dislocations around sub-nanometer 

indentations. 

The Δ𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙 of the obstacles that either interfere with the glide of existing dislocations 

or represent sites for the nucleation of new dislocations was calculated and found to 

decrease by increasing  𝜏𝑒𝑞𝑢𝑖𝑣. Consistently, there was a decreasing trend in ∆𝐺0 from 0.74 

to 0.66 ev by increasing level of irradiation damages from as -received to 5 dpa. The trend 

shows that the softening effects of γ′ precipitate overcome the irradiation hardening by 

increasing irradiation damages. In addition, 𝑉∗ decreases with increasing stress suggesting 

that the inter-obstacle spacing of obstacles to the glide of dislocations is decreasing when 
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the stress and dislocation density is increased. Increase in defect density at ψNi =1dpa 

results in lower 𝑉∗ compared with that of ψNi = 0.1 dpa. This is consistent with the idea of 

decreasing inter-obstacle spacing at 1 vs that of ψNi = 0.1 dpa. However, at ψNi = 5 dpa 𝑉∗ 

and 𝛥𝑎 are higher than ψNi= 0, 0.1, and 1 dpa as γ′ precipitates at this dose is started to 

dissolve, and crystallographic defects are in saturated states. 
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Chapter 6 

6 Conclusions and Future Scope 

6.1 Conclusions 

The research presented in this dissertation aims to understand the degradation mechanism 

of mechanical properties and fundamental kinetic deformation of CANDU spacers made 

of Inconel X-750 in the non-irradiated and irradiated conditions under different 

temperatures and doses. This dissertation has attempted to overcome this scarcity of data 

by providing a series of fundamental investigations, involving the use of novel study 

designs of grain by grain nanoindentation hardness and constant-load pyramidal 

indentation testing to assess the time dependent plastic deformation parameters of Inconel 

X-750 for different doses. In addition, results were compared with the microstructure 

derived from previously published data to better explain the mechanisms involved in 

deformation. 

 

In the first study (Chapter 3) both He+ and Ni+ implantation-induced hardening on Inconel 

X-750 was investigated by using grain by grain and random series nano-indentation. 

Results indicated a softening effect on the X-750 alloy at lower doses (CHe= 100 appm and 

ψNi= 0.01 and 0.1 dpa). This might be attributed to the diffusion of He+ atoms to 

dislocations, and precipitate-matrix interfaces at 300 °C (100 appm) and disordering of γ' 

precipitates at 25 °C (0.01 and 0.1 dpa) corresponding to (~10% reduction in hardness). 

With He+ implantation (300 °C) at 1000, and 5000 appm, the indentation hardness 

increased due to production of larger cavity size and density.  Characteristic depth (ℎ∗) is 

less pronounced in He+ compared to Ni+ implanted samples which can be attributed to the 

fact that accumulated helium resides as nano-bubbles within the microstructure and act as 

statistically stored obstacles to dislocation movement. Although the Ni+ induced 

statistically stored defect density (i.e. dislocation loops and stacking fault tetrahedra) 

increase continuously with increasing dpa, the concurrent effect of Ni+ induced γ' phase 

disordering, which occurs in this alloy at low doses of dpa, decreases the overall 

statistically stored dislocation density. 
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In the subsequent study (Chapter 4), constant-load pyramidal nanoindentation tests were 

performed on He+ implanted CHe= 100, 1000, 5000 appm at 300 °C Inconel X-750. The 

tests were performed over a range of loading rates  𝑃̇= 0.3, 3.0, 30 mNs-1 to study the 

operative dislocation-obstacle mechanisms by assessment of changes in dislocation 

thermal energy and activation strength of the obstacles. Such an investigation can lead one 

to answer whether helium implantation in a nickel based super alloy such as Inconel X-750 

lead to markedly change rate-sensitivity of plastic flow? If so, what are the mechanistic 

contributions to such rate-sensitivity of deformation? Our initial observation indicates that 

the indentation stress  𝜎𝑖𝑛𝑑 is increased with decreasing indentation depth and increasing 

levels of He+ ion implantation where the depth dependence of the indentation stress is 

consistent with that predicted by the theories that attribute this to the increased density of 

geometrically necessary dislocations around sub-nanometer indentations. It has been 

observed that the calculated apparent thermal activation energy of dislocations 

(Δ𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙) that either interfere with the glide of existing dislocations or represent sites 

for the nucleation of new dislocations, decrease by increasing  𝜏𝑒𝑞𝑢𝑖𝑣. The constant load 

nanoindentation testing results from Inconel X-750 showed that the activation strength ∆𝐺0 

of the deformation rate controlling obstacles depends upon He+ concentrations and there 

was a clear increasing uptrend in strength of the obstacles (∆𝐺0 with increasing  He+ dose 

up to CHe = 5000 appm . This is in line with microstructure changes showing that both 

cavity size and density is similarly increased by increasing He+ doses. Linear trends of 

𝑏2

∆𝑎⁄ versus 𝜏𝑒𝑞𝑢𝑖𝑣 indicated that the plastic deformation occurs by thermally activated 

time–dependent obstacle–limited dislocation glide process. Furthermore, at higher helium 

concentration activation volume (𝑉∗) decreases with increasing stress, suggesting that the 

inter-obstacle spacing of obstacles to the glide of dislocations is decreasing when the stress 

and dislocation density is increased. and also, we observed that at higher helium 

concentration, apparent activation area (Δa) is much smaller compared to as-received 

sample.  

Next study (Chapter 5) investigated the influence of room-temperature operative kinetic 

deformation behavior of heavy Ni+ irradiation on Inconel X-750 via changes in apparent 

thermal activation energy(Δ𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙), thermal activation strength(∆𝐺0), and activation 
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volume( 𝑉∗). This is confirmed by our observation that the Δ𝐺𝑇ℎ𝑒𝑟𝑚𝑎𝑙 of  the obstacles 

was found to decrease by increasing  𝜏𝑒𝑞𝑢𝑖𝑣. Consistently, there was a decreasing trend in 

∆𝐺0 from 0.74 to 0.66 ev by increasing level of irradiation damages. In addition, 𝑉∗ 

decreases with increasing stress. Increase in defect density at ψNi =1dpa results in lower 𝑉∗ 

compared with that of ψNi = 0.1 dpa. This is consistent with the idea of decreasing inter-

obstacle spacing at ψNi =1 versus that of ψNi = 0.1 dpa. However, at ψNi = 5 dpa 𝑉∗ and 

𝛥𝑎 are higher than ψNi = 0, 0.1, and 1 dpa as γ′ precipitates at this dose is started to dissolve, 

and crystallographic defects are in saturated states.  

Pyramidal constant-load nano indentation in chapter 4, and 5 shows that 𝜎𝑖𝑛𝑑 (in all 

irradiated tested materials) is clearly depth dependent. This dependency results from an 

increase in the local dislocation density (GNDs) around shallow, compared to deep, 

indentations, irradiation damages (via defect density) and helium accumulation (via cavity 

size and density). Nano-indentation testing is, therefore, a consistent and systematic 

technique to explain the micro/nano mechanical behavior and mechanisms (i.e. in terms of 

size effect, dislocation’s motion and interaction, activation energy, activation volume, 

strength and type of dislocations limited obstacles) occurring during irradiation. 

6.2  Suggestion for future work 

The mechanical properties, and fundamental deformation parameters via grain by grain 

nano indentation hardness and pyramidal constant load testing of Inconel X-750 implanted 

by different levels of ions (He+ and Ni+) have been investigated for the first time. As a 

result, there are many remaining, open ended questions, which warrant continued research 

to help explain. The work presented in this dissertation is only a small part of a large, 

ongoing, industrial research program. There are some recommendations which are 

introduced here as future works: 

1. In our study, we used two mechanical testing techniques (nanoindentation and 

pyramidal constant load testing) to assess the X-750 hardness and the deformation 

parameters before and after irradiation. In future work, it will be useful to the 

nuclear research community if a known oriented single crystal micro pillars 

compression test can be used to investigate the uniaxial stress state across the whole 
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sample in irradiated and non-irradiated conditions. This method delivers a direct 

stress-strain curve and offers the possibility for in situ observation of the sample 

deformation, thus allowing for a direct determination of the deformation 

mechanisms. 

 

2. In a constant-load nano indentation test, the strain rate is not constant (i.e. strain 

rate non–linearly diminishing with indentation load or depth).  It is, therefore, 

difficult to directly convert a constant loading rate to a representative strain rate 

which might be a more useful parameter than loading rate for analyzing 

deformation based on the microstructure. However, most of the indentation 

experiments in the previous works were made under constant load rate condition 

probably due to the instrumental limitations.  

 

3. Performing constant strain rate nano indentation testing  to assess the step-by-step 

plastic deformation parameters and investigate  the interaction between dislocation 

and radiation defects, and cavities may help us to understand the failure mechanism 

much deeper on neutron irradiated X-750. 

 

4. In addition to helium, significant amount of hydrogen is formed as a result of 

transmutation reaction within the X-750 alloy during service in the CANDU 

reactor. Therefore, investigating the effect of hydrogen implantation on mechanical 

response and also cavity distribution may be valuable. 

 

5. Finite Element (FE) analysis methods to predict the local stress and plastic strain 

distributions within irradiation plastic zone and then predicting the onset of 

cracking in the Inconel X-750 will be very useful. Developing a suitable material 

damage model, i.e. defining damage initiation criteria and damage evolution 

mechanisms, may be one of the key aspects in the FE simulation of cracking 

failures. 
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