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Abstract 

 

The desire for cleaner energy sources for baseload power generation drive an interest in 

new nuclear power plant designs. The development of radiation-tolerant materials for new nuclear 

power plants requires extensive research programs. Traditionally, radiation effects studies have 

been conducted using materials test reactors followed by expensive and time-consuming post-

irradiation examination due to the neutron induced radioactivity. Additionally, the damage rate, 

temperature and helium generation rate within a reactor are all correlated with each other and 

dependent on the flux of neutrons and gamma rays in a reactor making the analysis for the 

underlying mechanisms of cavity growth and swelling difficult. Ion irradiation experiments allow 

for the separation of single variable dependencies to uncover the processes and understand the 

mechanisms underlying cavity growth and swelling with orders of magnitude higher damage rates 

compared to reactor irradiations and no induced radioactivity. 

The objective of this thesis is to understand the process by which cavity growth and 

swelling changes with helium content across a wide range of damage levels. Alloys HT9, heat 

84425, and T91, heat 30176, were irradiated with 5.0 MeV Fe2+ ions with 2.03-2.85 MeV He2+ 

ions at helium co-injection rates of 0 to 4 appm He/dpa at 460°C (HT9) and 445°C (T91) at damage 

levels from 17 to 650 dpa in the Michigan Ion Beam Laboratory. 

The swelling and dislocation evolution for all irradiation conditions were characterized. 

Scanning transmission electron microscopy (STEM) was used to characterize the cavities greater 
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than 5 nm in diameter and dislocations. Transmission electron microscopy (TEM) was used to 

characterize the cavities less than 5 nm in diameter. 

The peak in swelling was observed at the highest examined helium-to-dpa ratio at the 

lowest damage level. The location of the peak was demonstrated to be due to the enhanced 

nucleation of cavities at higher helium co-injection rates. As the damage level was increased, 

cavity growth started to dominate swelling, so the increased bubble density and resulting increase 

in sink strength caused a shift in the peak swelling toward lower helium-to-dpa ratios. The results 

of the shift were that at an intermediate damage level of 50 dpa, the maximum swelling was 

observed to occur at an intermediate helium co-injection rate of 0.2 appm He/dpa. At damage 

levels greater than 150 dpa, the peak swelling was observed to occur without the co-injection of 

helium. 

Examining helium effects in existing literature, the mode of helium injection was 

demonstrated to not have an influence on the effect of helium. Specifically, at low damage levels, 

swelling is driven by the nucleation of cavities. As the damage level increases, higher helium levels 

correspond to higher cavity densities and higher sink strengths which retard swelling and shift the 

maximum swelling location to lower helium concentrations. At high damage levels, the peak in 

swelling as a function of helium concentration is observed to occur at 0 appm He. 

This work provides substantial insight into the impact of helium on the evolution of 

cavities. 
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Chapter 1  Introduction 

 

With increasing global demand for clean energy, Generation IV reactor designs have 

continued to be an attractive alternative to coal, natural gas, and current nuclear power plants. 

These reactor designs enable higher energy yield, produce less waste, allow the breakdown of 

existing radioactive waste, and improve safety. However, the extreme conditions of these reactors 

(both in temperature and radiation) require the use of highly resilient structural materials. The 

degradation of the structural materials is closely related to changes in their irradiated 

microstructure. Components in Generation IV fast reactors will experience damage levels in excess 

of 200 displacements per atom (dpa) and up to about 600 dpa in some designs [1]. Understanding 

how these high doses affect the microstructure in reactor conditions is critical to determining the 

correct material for use. 

Ferritic-martensitic steels have been identified as a prime candidate for high dose 

application. Their high strength at elevated temperatures, swelling resistance, thermal stress 

resistance, and low activation makes them very desirable for high dose applications in reactor 

environments [2]. However, high dose neutron irradiated samples are few, due to the long 

irradiation times required. A typical dose rate for neutrons is on the order of 10-8-10-6 dpa/s [3]. 

Therefore, both proton and heavy ion irradiations (10-5 and 10-3 dpa/s respectively) are being used 

to emulate neutron damage in a much faster and cost-effective way. The major damage effects 

under irradiation include radiation-induced segregation, radiation-induced precipitation, 

dislocation evolution, and void swelling. 
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One of the principle reasons ferritic-martensitic alloys are being pursued for high dose 

applications is their resistance to swelling. The complex microstructure of F-M steels provides 

strong sink strength for point defects generated during irradiation. If these point defects are 

annihilated at sinks rather than accumulate in the matrix, then it will become more difficult for 

voids to form. The driving force of void nucleation is the supersaturation of vacancies (Cv/Cv
0), 

where Cv is the concentration of vacancies in the matrix and Cv
0 is the thermal equilibrium 

concentration of vacancies [4]. Thermodynamic analysis indicates that there is a critical void 

embryo size required to nucleate a void. This occurs when the vacancy supersaturation overcomes 

the surface and volume energies required to create the cavity. After a cavity has nucleated, its 

growth is determined by the flux of point defects and helium toward and away from it. A flux of 

vacancies and helium into the cavity will cause it to grow, while a flux of interstitials will cause it 

to shrink. 

The addition of gases, most importantly helium from transmutation, affects all aspects of 

bubble formation and growth. In terms of nucleation, the addition of helium to a bubble serves to 

reduce the free energy of formation. This makes nucleation easier increasing the density of 

bubbles. After a bubble has formed, the continued absorption of helium allows the bubble to 

continue to grow. Once the bubble grows large enough, it transitions to a void and is able to grow 

due to the vacancy supersaturation without the assistance of additional helium. 

As mentioned previously, heavy ion irradiation is an attractive alternative to traditional in-

reactor tests due to several factors. However, one limitation of the technique is the absence of 

transmutation gases, such as helium. Under neutron irradiation, some isotopes (particularly 

isotopes of boron and nickel) undergo (n, α) reactions in which a neutron is absorbed and an alpha 

particle is emitted. Two general methods have been used to account for the production of helium: 
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pre-injection and co-injection. Pre-injection is relatively simple to perform in that the helium is 

injected before the material is irradiated. Generally, this can be done at either room temperature 

(cold pre-injection) or at the irradiation temperature (hot pre-injection). To limit the potential 

variation associated with injection (specifically, the rate and time at temperature), only cold pre-

injection will be discussed moving forward. The benefits of pre-injection are that they are 

relatively quick and easy to perform and can be done in most ion beam laboratories. However, 

because all of the helium is injected before the irradiation starts, the helium-to-dpa ratio is 

constantly changing and does not directly match what would be expected in reactor. This limitation 

is addressed by co-injection of helium. Under co-injection, helium is injected into the sample 

concurrently with the radiation damage. This allows the helium injection to more closely match 

the helium generation expected in reactor. However, because this process requires hitting a sample 

with two beams concurrently, it is much more difficult to perform. Because of this difficulty, fewer 

ion labs are able to perform co-injection experiments. Because of the significant differences in the 

injection methods and the limited capability to perform co-injection experiments, it is important 

to understand the differences in microstructure caused by helium injection mode.
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Chapter 2  Background 

Structural components in Generation IV fast reactors will be subjected to high fluences and 

temperatures. Although there is an expanding database of knowledge of material behavior under 

these conditions, the full extent of radiation effects is still not well understood. Significant material 

degradation has occurred under these conditions via radiation-induced segregation (RIS), 

nucleation and growth of dislocation loops, secondary phase formation and dimensional change 

through creep and cavity swelling. 

Ferritic-martensitic (FM) alloys are leading candidates for future reactors because of their 

improved radiation resistance relative to stainless steels that have historically been used in light 

water reactors and previous fast reactor designs. While the dataset has been expanding recently 

using both test reactors and heavy ion irradiation, the effects of helium on swelling at high damage 

levels is not well understood in FM steels. This process is further complicated by the fact that 

helium generation and damage rate are closely linked in reactor and most of the work with self-

ion irradiation has been performed with pre-injected helium rather than co-injected helium. 

This chapter will explain the background necessary to understand the results of this work 

and place them in the context of existing literature. A general overview of FM steels will be 

provided followed by a comprehensive review of the existing experimental and theoretical 

framework of swelling and other irradiation-induced phenomena that may influence cavity 

swelling. Particular attention will be given to the effects of helium on both nucleation and growth 

of cavities. 

2.1 Ferritic-Martensitic Steels 
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Ferritic-martensitic steels considered for use in reactors are high chromium steels with 7-

12% chromium and complex microstructures with a body centered cubic (bcc) or, slightly, body 

centered tetragonal (bct) structure. To produce these steels, the metal is heated to an austenitizing 

temperature of 850 to 1200°C to produce either a fully austenitic or duplex structure with austenite 

and δ-ferrite phases. The material is then rapidly cooled by air cooling or quenching to transform 

the austenite to martensite. The metal is subsequently tempered to develop a good combination of 

strength, ductility and toughness. The metallurgy and development of high chromium FM steels 

have been reviewed extensively. The factors determining the properties of FM steels are briefly 

covered here. 

2.1.1 Physical Metallurgy 

The primary components of ferritic-martensitic (FM) steels are iron with smaller amounts 

of chromium and some carbon. The phase diagram relevant for FM alloy formation is shown in 

Figure 2.1. Typically, austenitizing occurs when the alloy is heated up to between 850 to 1200°C 

for 9 to 12 wt% Cr alloys. The austenitizing temperature can be shifted by the addition of austenite 

(γ-phase) stabilizers which typically lower the temperature required for complete austenitization 

or ferrite (δ-phase) stabilizers which typically increase the temperature required. While carbon and 

nitrogen greatly enhance austenite stability, inclusion of significant amounts can lead to the 

formation of carbo-nitrides. These carbo-nitrides can be dissolved by austenitizing at higher 

temperatures. However, it also results in coarser prior austenite grains (PAG). Austenitizing 

temperatures for HT9 are typically around 1050-1100°C. If enough ferrite stabilizers are included, 

some the metal could retain δ-ferrite after austenitizing. If enough austenite stabilizers are added, 

some of the metal could retain the austenite after quenching. The typical alloying elements and 

their effect on the stability of delta ferrite are shown in Table 2.1. Depending on the composition 



 6 

and heat treatment, HT9 may contain all three phases, but an effort is made to minimize both 

retained austenite and ferrite. The martensite produced is very brittle and prone to fracture due to 

the high dislocation density. 

Martensite forms in thick sections known as laths due to inhibition of pearlite 

transformation and absence of bainite. A continuous cooling transformation (CCT) diagram is 

shown in Figure 2.2. Laths tend to be low in carbon with dimensions of ~0.5-1 µm by 5 µm in 

length. As long as the cooling rate is fast enough, the austenite phase will transform into martensite, 

but when the start of the martensite transformation is close to room temperature, some of the 

austenite can be retained. The typical microstructure consists of PAGs with packets of parallel 

martensitic laths. Laths within a single packet occupy the same habit plane, have similar 

orientations and often have closely aligned crystallography. 

The final step as mentioned previously, tempering, is required to improve toughness by 

refining the microstructure. Tempering causes both the annealing of dislocations in the martensitic 

phase, which increase toughness and ductility, and the formation of carbides, which improves 

toughness and reduces softening. The tempering is performed at a temperature below 

austenitization to prevent re-austenitizing the martensite. Typical temperatures are 760-850°C and 

870-960°C for reduced activation steels [2]. The effects of tempering temperature are: 

<350°C – A fine dispersion of M3C (Fe3C) precipitates forms and grows to a dendritic 

morphology 

450-500°C – Fine needles of M2X nucleate on the dislocations within the martensitic laths, 

retarding softening 

500-550°C – M7C3 and M2X phases coarsen with a rapid decrease in hardness 
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>550°C – M7C3 and M2X are replaced by Cr-rich M23C6 precipitates on martensite lath and 

PAG boundaries 

>650°C – M23C6 precipitates grow, reducing dislocation density and forming sub-grains 

>750°C – Sub-cells grow into equiaxed sub-grains and M23C6 continues to grow 

[2] 

During tempering, the dislocation networks rearrange into a lower energy configuration 

with the laths forming small subgrains. Thermally activated dislocation climb and glide results in 

dislocation motion and rearrangement into grains with small misorientation angles. Even after 

tempering and the formation of subgrains, the martensitic phase has laths with high dislocation 

densities. Typical network dislocation densities are on the order of 1014-1015 m-2 [2,5]. A schematic 

of the typical microstructure is presented in Figure 2.3 [2,6]. 

Tempering also results in the precipitation of carbon out of the matrix. As mentioned 

above, the precipitates at low temperature form fine dispersions which gradually transition to 

larger M23C6. M23C6 can be found on all boundaries but tend to grow coarser on PAGBs due to the 

increased diffusion rate along high angle boundaries [6,7]. 

2.2 Radiation Damage in Ferritic-Martensitic Steels 

Radiation damage can occur in ferritic-martensitic steels from nearly any source of 

radiation, whether it is neutrons, ions, electrons, or gamma rays. All of these forms of radiation 

have the capability to displace atoms from their lattice sites. The effect of irradiation on materials 

is rooted in the initial event in which an energetic projectile strikes a target. While the event is 

made up of several steps or processes, the primary result is the displacement of an atom from its 

lattice site. The kinetics of the projectile strike on a target lattice atom are discussed in detail in a 

number of sources [4,8], and will not be reproduced here. Irradiation displaces an atom from its 
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site, leaving a vacant site behind (a vacancy) and the displaced atom eventually comes to rest in a 

location that is between lattice sites, becoming an interstitial atom. The vacancy-interstitial pair, 

known as a Frenkel pair, makes up the basis for radiation effects in crystalline solids. Irradiation 

events can produce many Frenkel pairs as damage from a single event cascade. The accumulation 

and diffusion of the resulting point defects form the foundation for the observed effects of 

irradiation on the physical and mechanical properties of materials.  

The formation, growth and dissolution of defect aggregates such as cavities, dislocation 

loops, and other features, depend upon the diffusion of point defects and their reaction with the 

defect aggregates. They also depend upon the concentration of point defects in the solid. The 

concentration at any point and time is a balance between the production rate, and the loss rate of 

point defects and is adequately described by the point defect balance equations. The increase in 

diffusion or enhancement of atom mobility in an irradiated metal is due to two factors: the 

enhanced concentration of the defects from the damage cascade, and the creation of new defect 

species. The development of radiation-induced vacancy and interstitial concentrations occurs due 

to competing processes. Frenkel defects are created from the collisions between high-energy 

particles and lattice atoms. These defects can be lost either through recombination of vacancies 

and interstitials or by reaction with a defect sink, such as cavity, dislocation, dislocation loop, grain 

boundary or precipitate. The local change in defect concentration of the various defect species can 

be written as the net result of the local production rate, reaction with other species, and diffusion 

into or out of the local volume.  

The point defect balance equations can be broken up into four cases [4]: (1) low 

temperature, low sink density, (2) low temperature, intermediate sink density, (3) low temperature, 

high sink density, and (4) high temperature. While all of these cases are relevant to the general 
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effects of concentrations of defects on solids, ferritic-martensitic steels, having a complex 

microstructure of grain boundaries, lath boundaries, precipitates, dislocations, and other features, 

fall into the third category for most reactor relevant conditions. The main effect of a high sink 

density is that interstitials find the sinks before they find vacancies. The time relationship with the 

concentration of defects can be broken into four regions. In the first region, both interstitials and 

vacancies buildup without reactions. In the second region, the concentration of vacancies continues 

to increase while the interstitials reach a semi-steady state as they arrive at sinks. The concentration 

of interstitials decreases when the concentration of vacancies is high enough to lead to mutual 

recombination in the third region. Eventually, both the interstitial and vacancy concentrations will 

reach steady states and begin to form extended defects. These extended defects are responsible for 

many of the macroscopic changes observed from irradiation.  

The first of these extended defects is the dislocation. The interactions of dislocations, a line 

of either interstitials or vacancies that forms a boundary between a region of the crystal that has 

slipped and one that has not, with intrinsic point defects are of importance in understanding the 

processes of plasticity, hardening, and irradiation creep. Plasticity is enabled through the presence 

of dislocations, which lower the stress needed to deform a material. Additionally, dislocations act 

as sinks for point defects, affecting dislocation growth and the subsequent swelling of irradiated 

materials. Although this section is dedicated to dislocation microstructure, the effects of 

dislocations on ferritic-martensitic steels are important to nearly every radiation induced change 

in the material. During the early stages of irradiation of ferritic-martensitic steels, defect clusters 

appear to be rather uniformly distributed within grains, and a saturation density is quickly reached. 

However, with further irradiation, self-ordering alignment of defect clusters was found in some 

grains at doses as low as 3 dpa whereas in other grains the defect spatial distribution remained 
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uniform. Once the aligned structure was created, it was stable up to 15 dpa. The stress caused by 

a high density of loops would be minimized by the regular arrangement of defects clusters. The 

preferred crystallographic orientation of defect arrays may be driven by the minimization of elastic 

interaction energy between defect clusters. 

Cavities in ferritic-martensitic steels are also one of the extended defects that form during 

irradiation and lead to irradiation induced swelling. In the radiation damage process, equal 

numbers of vacancies and interstitial atoms are created as Frenkel pairs. The dislocations in most 

ferritic-martensitic steels have a slightly higher preference for the interstitials, leaving the 

concentration of vacancies higher in the metallic lattice. The excess vacancies can migrate and 

form clusters. These clusters are stabilized by the diffusion of gases, such as helium produced by 

(n, α) transmutation reactions, to form three dimensional cavities with a preferential spherical 

shape. Austenitic stainless steels, having been heavily used in the nuclear industry extensively, are 

well researched.  The major and minor elemental components in austenitic steels, as well as the 

heat treatment, have been shown to influence the incubation and transient doses before swelling 

continues at a near constant rate of about 1% per dpa, with the length of the transient regime 

varying. Body centered cubic materials, such as pure iron, iron alloys, ferritic, bainitic, and 

martensitic steels with varying levels of chromium, have also been researched heavily and show a 

much greater resistance to cavity swelling than the austenitic steels, having a face centered cubic 

structure. The swelling rates for bcc steels are lower than austenitic stainless steels, closer to ~0.1% 

per dpa or lower compared to 1% per dpa [9].  

Another large factor in the microstructural evolution of ferritic-martensitic steels under 

irradiation is radiation-induced segregation and precipitation. The strong interaction between 

solutes and the point defects, generated during irradiation, results in coupled transport of the solute 
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atoms by the point-defect fluxes to and away from sinks, such as grain boundaries, free surfaces, 

dislocations loops, and cavity surfaces. The magnitude of the solute-point defect binding energy 

determines whether the solute flow is towards or away from the sinks.  A Modified Inverse 

Kirkendall Effect has been shown to be the primary mechanism for Cr RIS in ferritic-martensitic 

steels [10]. This segregation also leads to new irradiation induces phases in the ferritic-martensitic 

steels. These phases are most commonly chromium-rich ferrite (α'), M6X (η), G phase, and sigma 

phase (σ). These are primarily formed by the enrichment of chromium (α'), nickel and silicon (G 

phase), with phosphorus (σ). These changes in phases, along with the growth of dislocations and 

cavities simultaneously, make the evolving microstructure of ferritic-martensitic steels under 

irradiation complex. 

As a result of these microstructural changes, the macroscopic properties of the ferritic-

martensitic steels also see alteration. The loss of ductility in ferritic-martensitic steels during 

irradiation can be caused by many factors, including hydrogen and helium. It has been concluded 

from discussions of the mechanisms responsible for the hydrogen embrittlement in the high-

chromium martensitic steels that hydrogen is transported to microstructural features and regions 

of triaxiality during tensile testing by lattice diffusion and mobile dislocation sweeping and is 

eventually trapped at interfaces and dislocations. The embrittlement then results from either one 

or a combination of the following processes: the interaction of the hydrogen with dislocations such 

that plastic flow is localized on specific slip planes, with cross slip possibly being inhibited, and 

leading to shear modes of failure, and the lowering of the cohesive strength of the interfaces on 

which the hydrogen has accumulated, thereby promoting brittle modes of fracture. The most 

widely accepted model of helium embrittlement is based on the stress-induced growth of voids 

nucleated from helium bubbles at the grain boundaries. The helium bubbles of a certain radius are 
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initially at equilibrium with the internal gas pressure being balanced by the surface tension. The 

bubbles on the grain boundaries orthogonal to the applied tensile stress become unstable and grow 

by grain boundary vacancy condensation if the stress exceeds a critical value. Intergranular helium 

bubbles of nanometer dimensions have been observed to nucleate voids that enlarge and coalesce 

to form cracks on the transverse grain boundaries in irradiated austenitic steels and alloys in a 

manner analogous to the growth of voids during thermal creep. Irradiation creep, however, 

involves stress-induced processes that enhance the annihilation of irradiation-produced point 

defects.  

In general, the deformation processes involve the stress-induced absorption of irradiation-

produced point defects on dislocations that cause the dislocations to climb, which can subsequently 

lead to glide of the dislocations. For irradiation creep to occur, the absorption of point defects at 

dislocations must be asymmetric, for if vacancies and interstitials were partitioned equally, 

annihilation would occur without climb, and there would be no creep. Proposed mechanisms for 

irradiation creep include swelling-driven creep (I-creep), Stress Induced Preferential Absorption 

(SIPA) creep, and Preferred Absorption Glide (PAG) creep. I-creep involves climb-enabled glide 

that occurs because dislocations have a slight bias for interstitials, and these interstitials induce 

dislocation climb; the excess vacancies are incorporated in cavities. Under the influence of a stress, 

pinned dislocations can bow out to give an increment of elastic strain. The bias-driven interstitials 

at dislocations can cause them to climb around the pinning obstacles and glide until they encounter 

another obstacle and are again pinned. Each time this process is repeated, an increment of creep 

strain occurs, with the creep rate depending on the climb velocity. In SIPA creep, dislocations are 

assumed to be sinks for both vacancies and interstitials, but there is a slight bias for interstitials to 

be absorbed by dislocations with their Burgers vectors aligned with the stress axis. This 
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preferential absorption due to the stress-induced higher capture efficiency of the dislocations with 

properly aligned Burgers vectors causes dislocation climb and deformation in the stressed 

direction. PAG creep is due to climb-enabled glide; that is, first, the dislocations climb around 

obstacles by the SIPA process, after which the dislocations can glide under the influence of the 

applied stress until they are again stopped by an obstacle.   

In conclusion, the point defects created as part of the radiation damage process provide the 

basis for the changes of ferritic-martensitic steels under irradiation. The point defects gather to 

form clusters and from there, agglomerate into extended defects, such as dislocations, cavities, 

precipitates. They can also cause segregation of elements in the material. These extended defects 

cause macroscopic changes in ductility, creep strength, hardness, tensile behavior, etc. All of these 

macroscopic and microscopic changes in ferritic-martensitic steels make predicting the full 

behavior under irradiation complex. 

2.3 Swelling in Ferritic-Martensitic Steels 

Since the initial observation of cavities in irradiated materials [11], they have been the subject 

of much research. The theory of nucleation and cavity growth, as well as the thermodynamics of 

gas containing cavities, has been published [12–14] and reviewed [15]. Modeling efforts have also 

been done to understand the behavior of point defects in ferritic steels [16,17]. The primary 

objective of this section is to provide a review of the experimental undertakings over the years and 

the conclusions of these studies. This section follows a similar logic and approach to the work 

done by Klueh and Harries [2] and Garner et al. [9] with additional material added.  

In the radiation damage process, equal numbers of vacancies and interstitial atoms are created 

as Frenkel pairs. The dislocations in most ferritic-martensitic steels have a slightly higher 

preference for the interstitials, leaving the concentration of vacancies higher in the metallic lattice. 
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The excess vacancies can migrate and form clusters. These clusters are stabilized by the diffusion 

of gases, such as helium produced by (n, α) transmutation reactions, to form three dimensional 

cavities with a preferential spherical shape.  The formation of these cavities is partially influenced 

by the temperature of the material. At low temperatures, defined as 30% of the melting 

temperature, Tm, the vacancies are slow to diffuse, allowing for recombination with the relatively 

more mobile interstitials. At relatively high temperatures, greater than 50% of Tm, the thermal 

vacancy concentration exceeds that caused by the irradiation environment. Thus, the stability of 

these three dimensional defects is limited to the temperature range 0.3-0.5 Tm [4].  

The swelling to damage relation is typically represented as being composed of three 

regimes, an incubation regime, a transient regime, and a linear swelling regime. In the incubation 

regime, the swelling is very low, less than 0.1%, and can be considered negligible up to an 

incubation dose. In the linear swelling regime, the total swelling can be described by a linear 

relation with the difference between the total dose and the incubation dose multiplied by a swelling 

rate. Between these two regimes is a transient period to merge the incubation and linear swelling 

regimes into a continuous function [14,18]. 

2.3.1 Neutron Irradiation of Ferritic-Martensitic Steels 

Under neutron irradiation, helium production via (n, α) reactions is controlled by the 

neutron energy spectrum of the reactor and the energy dependent cross sections based on the 

elemental components of the material. Typical helium production has been estimated for fast 

reactors from ~0.1 appm helium/dpa [19] to ~1.0 appm helium/dpa [20] but varies strongly with 

composition. This section attempts to gather relevant neutron irradiation experiments to elucidate 

the effect of helium/dpa on the cavity evolution.  
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Little [21] presented a general overview of the microstructural evolution of ferritic-

martensitic steels under irradiation. For swelling, Little described the viability of using ferritic-

martensitic steels for their superior swelling resistance as compared with austenitic steels. Figure 

2.4 shows how swelling in ferritic-martensitic steels is much lower compared to swelling in 

austenitic stainless steels for a given damage level under a variety of irradiation spectrums. 

In general, it is observed that increasing amounts of Cr from pure iron tend to increase the 

swelling resistance. Little continues to propose that ferritic-martensitic steels with 9-12% Cr 

exhibit the highest swelling resistance at dpa values >100. However lower levels of swelling 

(<0.5%) are also observed for higher Cr steels (14-22%). The resistance to swelling is also coupled 

with a large increase in incubation period. 

 Vitek et al. [20] irradiated a 9Cr-1MoVNb steel in HFIR at 300°C, 400°C, 500°C, and 

600°C to about 36 dpa with an estimated helium/dpa ratio of 0.83 appm helium/dpa. Few cavities 

of roughly 4-6nm in diameter were observed at 300°C, 500°C, and 600°C with a homogenous 

distribution at 300°C and heterogeneously nucleated at dislocations and lath boundaries at 500 and 

600°C. At 400°C, the cavities have an average size of 15 nm with a density of 1.1 x 1021 m-3 and 

swelling of 0.19%.  

 The work of Wakai et al. [22,23] explored the effects of helium on cavity development in 

the reduced activation ferritic-martensitic steel F82H doped with natural boron, boron-10, nickel-

58, and nickel-60 to produce helium/dpa ratios of ~0.5 to ~10 appm helium/dpa when irradiated 

in HFIR to 51 dpa at 300°C and 400°C. At the lower temperature, cavities were observed only in 

the highest helium/dpa ratios of 6.5 and 9.9 appm helium/dpa. At 400°C, however, cavities were 

observed in nearly all variations of F82H. As the helium/dpa ratio was increased, the average 
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cavity size decreased, but the number density came to a peak in the F82H tailored with boron-10 

(6.5 appm helium/dpa).  

 For comparison to the works presented previously, several studies done in FFTF are 

presented with an assumed nominal helium/dpa ratio of 0.2 appm helium/dpa. Kai et al. [24] 

irradiated a 9Cr-1MoVNb, 9Cr-2WV, 9Cr-2WVTa, and a 12Cr-1MoVW to about 35 dpa at 420°C 

resulting in cavity densities ranging from 0.05-6 x 1020 m-3 and average sizes from 25-30nm. 

Kimura et al. [25] irradiated several Fe9Cr-2(1)W alloys to about 40 dpa at 420°C, resulting in 

average cavity sizes from 20-31nm and densities from 1.6-8.2 x 1020 m-3.  Sencer et al. [26] 

examined a duct of HT9 used in the FFTF reactor that reached an estimated 155 dpa at 443°C with 

an average cavity size of 28nm and density of 2.5 x 1020 m-3. Van den Bosch et al. [27] examined 

FFTF irradiated T91 irradiated at about 413°C to 184 dpa resulting in an average cavity size of 

29nm and 8.3 x 1020 m-3. Finally, T91, HT9, MA 956 and MA 957 were examined in the work of 

Gelles et al. [28] at about 200 dpa. The average cavity sizes ranged from 21-35nm and densities 

from 1.9-48 x 1020 m-3. Examining the data from FFTF there is a little concern that the cavity sizes 

are all in the same range despite the large differences in damage level. However, as the cavities 

are influenced by the entire microstructure, there are many complicating factors that cannot be 

sorted out without additional information.  

In a recent paper, Getto et al. [29] provided a review of swelling in the ferritic-martensitic 

steels HT9 and T91 irradiated in-reactor up to 208 dpa at temperatures ranging from 400°C to 

443°C, reproduced in Figure 2.5. There is a significant amount of scatter in the swelling reported, 

but in general as the damage level increases, the amount of swelling also increases. There are also 

variations in different heats of the same alloy, and single heats undergoing different heat 
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treatments. Up to the high damage level of 208 dpa though, the amount of swelling is still < 3%, 

highlighting the overall swelling resistance of ferritic-martensitic steels. 

2.3.2 Heavy Ion Irradiation of Ferritic-Martensitic Steels 

In order to understand the radiation responses of material at an accelerated rate compared to 

neutron irradiation, ion irradiation experiments have been performed at high damage rates with 

both pre-injected and co-injected helium to simulate the effects of damage seen in reactor at high 

damage levels.  

A ferritic steel (Fe2.25Cr-1 Mo)  was studied by  Sindelar et al. [30]. The focus of this 

studying was to determine the microstructural response to irradiation at various damage levels and 

in different phases of the material. Irradiation was performed up to 350 dpa at 500°C using 14 

MeV nickel ions. No cavities were present in any of the samples unless helium was pre-injected 

at 100 appm.   

 The ferritic-martensitic alloy T91 was studied by Gigax et al. [31] using 3.5 MeV iron 

ions at 475°C up to 550 dpa at the region examined. The swelling response indicated low swelling 

(< 3%) up to 410 dpa but a sudden increase to 22% swelling at 550 dpa for a rate of 0.11%/dpa. 

Maximum swelling occurred at approximately half of the projected ion range, supposedly due to 

the defect imbalance effect [32]. Swelling of T91 had an incubation period of swelling of ~400 

dpa at the depth of peak swelling, greater than incubation periods from neutron irradiated T91. 

However, in reactor the production of helium will drive cavity nucleation and therefore, decrease 

the incubation period for swelling. This ion irradiation study was conducted without considering 

the effects of helium and this may account for the delay in the incubation period.  

The swelling and microstructure evolution of ferritic-martensitic alloys HT9, T91, and T92 

were investigated by Getto et al. [29] using iron ions and 10 appm helium pre-injected to obtain 
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systematic evolution from 75 to 650 dpa. Contrary to the previous study, for the least swelling 

resistant alloy (HT9), a swelling rate of 0.033%/ dpa was observed from 188 to 650 dpa. Swelling 

resistance was higher in T91 at a rate 0.007%/ dpa. The decrease in swelling/swelling rate in T91 

was primarily due to suppression of cavity nucleation, rather than growth, which proceeded at 

approximately 0.1 nm/dpa. Swelling resistance was highest in T92, which had not yet reached 

steady state swelling by 650 dpa due to a low density of small cavities, indicating suppression of 

both nucleation and growth. Analysis of additional heats of T91 indicated that alloy composition 

was not the primary factor in determining swelling resistance. In addition to swelling increasing 

with damage level, the volume fraction of G-phase precipitates and line length of dislocation were 

found to evolve in the microstructure up to 650 dpa as shown in Figure 2.6. The use of ion 

irradiations has been instrumental in determining that the microstructure of ferritic-martensitic 

steels will continue to evolve with damage level beyond intended reactor lifetimes. 

2.4 Factors Affecting Cavity Nucleation and Growth 

In assessing the current state of knowledge of swelling in ferritic-martensitic steels, it is 

important to consider both the theoretical models and available body of experimental evidence. 

Swelling results from the formation of cavities, a term which is inclusive to both voids and bubbles. 

Voids are formed without the pressure of a residual gas, and bubbles are defined as cavities with 

gas pressure in mechanical equilibrium with the lattice. Cavity evolution is very sensitive to 

changes in temperature, dislocation microstructure, and gas content (usually in the form of 

helium). The expected changes in swelling behavior due to changes in these parameters can be 

assessed analytically. The experimental studies performed either refute or support these models to 

some extent. The following analyzes, in sequence, the effect of changes in temperature, dislocation 

microstructure, helium content, and carbon contamination on the cavity evolution of ferritic-
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martensitic steels. Each section first discusses the analytical models, and then proceeds to discuss 

the relevant body of experimental evidence. Conclusions on the state of knowledge of each effect 

are summarized at the end of each section. 

2.4.1 Impact of Temperature 

Cavity nucleation rate is strongly dependent on the vacancy super-saturation. Therefore, 

changes in temperature which affect the super-saturation of vacancies will affect the length of the 

nucleation region as well. Theory has shown that swelling follows a bell-curve temperature 

dependence based on the melting temperature of the material, Tm [33]. Cavity formation and 

swelling tends to prevail at irradiation temperatures from about 0.3Tm to about 0.5Tm. Below this 

temperature range, vacancies are unable to diffuse and cluster together to form cavity embryos. 

Nucleation of cavities decreases with increasing temperature outside of this range due to a higher 

emission of vacancies from clusters. In this intermediate temperature range, there is a temperature 

where the vacancy flux to a cavity embryo is largest compared to the vacancy emission. Vacancies 

have limited mobility at these temperatures and will recombine with interstitials before clustering 

into cavities. This behavior can be described by the number of vacancies required for a critically 

stable cavity to form [34]: 

   𝑛 =
36𝜋𝛾3𝛺2

3(𝑘𝑇)3[𝑙𝑛(
𝐵𝑣(𝑛)−𝐵𝑖(𝑛+1)

𝐵𝑣
0(𝑛)

)]
3,     Eq. 2.1 

where 𝛾is the surface energy, 𝛺 is the atomic volume, 𝑘 is Boltzmann’s constant, 𝑇 is temperature 

and 
𝐵𝑣(𝑛)−𝐵𝑖(𝑛+1)

𝐵𝑣
0(𝑛)

 represents the vacancy super-saturation. Both temperature and vacancy super-

saturation appear in the denominator. At low temperatures and low vacancy super-saturations, the 

number of vacancies 𝑛 becomes extremely large, and cavity nucleation is an unlikely event. At 

high temperatures, the vacancy super-saturation is reduced, from the increase in thermal vacancies 
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and emission of vacancies to be lost to other sinks and therefore 𝑛will also become prohibitively 

large.  

Dvoriashin and colleagues [35] studied a ferritic-martensitic steel EP-450 after irradiation 

in a fast reactor. Swelling was studied as a function of temperature in the range of 275ºC - 690ºC.  

Figure 2.7 shows swelling rate as a function of temperature demonstrating the characteristic bell-

curve dependence. A peak is observed around 420ºC. Considering the lower damage data points 

at 11 dpa have a larger swelling rate than those at either 46 dpa or 89 dpa, it is likely that these 

swelling rates are representative are more representative of a nucleation rate rather than a growth 

rate, and therefore demonstrating that nucleation follows a similar bell-curve. 

Ayrault [36] studied the effect of irradiation temperatures above 450°C on a 9Cr-1Mo steel. 

No swelling peak was found, but the highest swelling occurred at 450ºC. This may suggest that 

the tail-end of a temperature peak was caught in this study and the peak would appear somewhere 

close to 450ºC. 

Hide et al. [37] studied the response to irradiation of six different ferritic alloys with 

200keV C+ and 3 MeV Ni+: MA957 (an ODS alloy), HT9, Fe-12Cr, 12Cr-2Mo, 9Cr-8Mo-4Ni 

(solution anneal), 9Cr-8Mo-4Ni (aged). These metals were studied at damage levels ranging from 

50 – 200 dpa and temperatures from 425-625°C. All of the samples were pre-injected with helium 

to a fixed ratio of 0.1 appm/dpa. All alloys exhibited peak swelling at 575°C. Although this value 

is higher than the previously suggested values between 400-500°C, the higher damage rate is 

expected to shift the swelling bell-curve to higher temperatures [14,38].  

Kai and Kulcinski [39] studied  HT9 irradiated with nickel ions at three different 

temperatures: 400ºC, 500ºC , and 600ºC. Cavities were only observed at 500ºC.  The intermediate 

temperature seemed the only temperature which allowed for cavity nucleation. 
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Schmidt et al. [40] observed a peak swelling temperature of 500ºC in HT9 and 550ºC in 

EM-12 after irradiation with 2.8 MeV Fe+ ions up to 250 dpa. The dependence of swelling as a 

function of temperature is shown in Figure 2.8. 

Sencer et al. [26] irradiated HT9 in FFTF and found a peak swelling temperature at about 

443ºC. However, it must be noted that the damage level was also highest at this temperature (155 

dpa compared to 28 dpa at 384ºC), which may cloud the effect of temperature. 

Wakai et al. [41] showed highest swelling at  470ºC, which then decreased with increasing 

temperature. Ferritic-martensitic steel F82H was irradiated with a triple beam system (Fe+, He+, 

and H+) at temperatures from 470ºC to 600ºC. It is likely that a peak swelling temperature is present 

at a temperature lower than that studied in this paper. 

Getto et al. [42] studied swelling in HT9 at temperatures ranging from 400°C to 480ºC 

after irradiation up to 375 dpa using Fe2+ ions and 10 or 100 appm helium pre-injected. The peak 

swelling temperature was determined to be near 460ºC. At lower and higher temperatures 480ºC 

and 440ºC, it was determined that the onset of swelling was delayed relative to experiments 

performed at 460ºC. The swelling behavior as a function of temperature at 188 dpa is shown in 

Figure 2.9. This set of experiments suggested that cavity nucleation was enhanced closer to the 

peak swelling temperature. 

Toloczko et al. [43] performed a study on a MA957 tube up to 500 dpa at a variety of 

temperatures, 400ºC, 420ºC, 450ºC, and 500ºC.  The peak swelling temperature was determined 

to be near 450ºC. The swelling results are shown in Figure 2.10. The study compared the swelling 

behavior at damage levels of 100 and 500 dpa. However, the coarseness of these doses does not 

allow for the determination whether steady-state swelling was achieved. It does, however, provide 

further evidence that nucleation was enhanced at doses closer to the peak temperature.  
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The authors compared the swelling behavior of MA-957 to that of HT9 and EP-450. The 

swelling as a function of dose are shown up through about 500 dpa in Figure 2.11. A steady-state 

swelling value of 0.2%/dpa was determined for HT9 and EP-450. However, it is important to note 

that EP-450 was irradiated at a different temperature (480°C) compared to MA-957 and HT9. MA-

957 exhibited the lower swelling up to 500 dpa and the achievement of steady-state has not yet 

been confirmed. This is further supported by the cavity size distributions in the paper, which are 

skewed to smaller sizes. 

Per both theory and the studies described here; a swelling peak is expected at an 

intermediate temperature range. For neutron irradiations, this peak may be approximately centered 

at 420°C-440ºC.  For ion irradiations, it may be higher from ~460ºC-500ºC. This swelling peak is 

usually referred to as occurring at steady state, however since the processes affecting the growth 

of cavities also govern nucleation behavior (i.e. super-saturation of vacancies), these concepts can 

also be extended to cavity nucleation. Therefore, the swelling at low damage levels would also be 

expected to have a peaked behavior at an intermediate temperature.  

Qualitatively, there is evidence that swelling follows the expected bell-curve behavior, and 

so it is reasonable to assume that nucleation behavior will follow, due to its large role in 

determining overall swelling behavior.  However, there is a very little direct experimental evidence 

that suggests this is the case. This is due to the difficulty in determining the transition from 

nucleation to growth dominated behavior. Garner [9] postulated that there exists a “universal 

steady-state swelling rate” independent of temperature, but this has not been experimentally 

confirmed.  A systematic set of experiments at incremental temperatures and incremental damage 

levels would be required to identify the location of the peak swelling temperature and possible 

changes during the transition from nucleation to growth dominated swelling. 
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2.4.2 Effects of Damage Rate and Helium Co-Injection Rate 

From the neutron and dual ion irradiated ferritic-martensitic steels, a picture of the overall 

effect of the helium/dpa ratio can be attempted. Several assumptions have been made going into 

this picture, such as the assumption that any FFTF irradiated material had a helium/dpa ratio of 

about 0.2 appm helium/dpa and the assumption that materials irradiated in the same reactor have 

the same nominal damage rate. Consolidating all of the available cavity information from neutron 

irradiations performed between 400-500°C and 12-200 dpa [19,20,22–28,44] and dual ion 

irradiations from 10-125 dpa between 360-600°C [45–52], the trends of cavity density, Figure 

2.12b, average cavity size, Figure 2.12a, and swelling, Figure 2.12c with the helium/dpa ratio can 

be obtained. Because of the high sink density in ferritic-martensitic steels, the damage rate and the 

vacancy concentration are expected to be linearly dependent, and thus Figure 2.12 an also be 

viewed as the helium/vacancy ratio.  

As the helium/dpa ratio increases, the average cavity diameter appears to decrease. The 

cavity density also appears to increase with increasing helium/dpa ratio up to about 30 appm 

helium/dpa. The swelling appears to decrease with increasing helium/dpa ratio. Although the 

trends are visible, there is still significant scatter in the available data. Given the possible variations 

in cavity evolution with temperature, material composition, heat treatment, and across damage 

rates, these trends have still emerged. Graphing the same set of cavity data as a function of the 

irradiation damage rate, Figure 2.13, similar trends do not emerge. While the cavity densities can 

be considered similar between the low damage rates of neutron irradiation and the high damage 

rates of ion irradiation, the significant differences in the helium/dpa ratio, and therefore 

helium/vacancy ratio, make the comparison questionable. The dependence of damage rate on 
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cavity evolution is not discernable from the literature included in this review. This is likely in part 

from the lack of reporting on the damage rate for many of the neutron irradiation studies.  

2.4.3 Helium Effects 

Neutron Irradiation of Ferritic-Martensitic Steels 

 Under neutron irradiation, helium production via (n,α) reactions is controlled by the 

neutron energy spectrum of the reactor and the energy dependent cross sections based on the 

elemental components of the material. Typical helium production has been estimated for fast 

reactors from ~0.1 appm helium/dpa [19] to ~1.0 appm helium/dpa [20] but varies strongly with 

composition. This section attempts to gather relevant neutron irradiation experiments to elucidate 

the effect of helium/dpa on the cavity evolution.  

 Vitek et al. [20] irradiated a 9Cr-1MoVNb steel in HFIR at 300°C, 400°C, 500°C, and 

600°C to about 36 dpa with an estimated helium/dpa ratio of 0.83 appm helium/dpa. Few cavities 

of roughly 4-6nm in diameter were observed at 300°C, 500°C, and 600°C with a homogenous 

distribution at 300°C and heterogeneously nucleated at dislocations and lath boundaries at 500 and 

600°C. At 400°C, the cavities have an average size of 15 nm with a density of 1.1 x 1021 m-3 and 

swelling of 0.19%.  

 Complimenting the previous study, Hashimoto et al. [44] irradiated a 9Cr-1MoVNb steel 

and 9Cr-2WVTa and additional alloys with 2Ni added to increase helium generation during 

irradiation in HFIR to about 12 dpa at 400°C with about 2-2.5 appm helium/dpa in the base alloys 

and 12-13 appm helium/dpa in the nickel doped alloys. Irradiation of the nickel doped alloys 

resulted in smaller cavities on average and a larger density of cavities compared to the non-nickel 

doped alloys. However, the amount of swelling was still small in both cases with the largest 

swelling occurring in the 9Cr-1MoVNb at 0.17%.  
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 The work of Wakai et al. [22,23] explored the effects of helium on cavity development in 

the reduced activation ferritic-martensitic steel F82H doped with natural boron, boron-10, nickel-

58, and nickel-60 to produce helium/dpa ratios of ~0.5 to ~10 appm helium/dpa when irradiated 

in HFIR to 51 dpa at 300°C and 400°C. At the lower temperature, cavities were observed only in 

the highest helium/dpa ratios of 6.5 and 9.9 appm helium/dpa. At 400°C, however, cavities were 

observed in nearly all variations of F82H. As the helium/dpa ratio was increased, the average 

cavity size decreased, but the number density came to a peak in the F82H tailored with boron-10 

(6.5 appm helium/dpa).  

 For comparison to the works presented previously, several studies done in FFTF are 

presented with an assumed nominal helium/dpa ratio of 0.2 appm helium/dpa. Kai et al. [24] 

irradiated a 9Cr-1MoVNb, 9Cr-2WV, 9Cr-2WVTa, and a 12Cr-1MoVW to about 35 dpa at 420°C 

resulting in cavity densities ranging from 0.05-6 x 1020 m-3 and average sizes from 25-30nm. 

Kimura et al. [25] irradiated several Fe9Cr-2(1)W alloys to about 40 dpa at 420°C, resulting in 

average cavity sizes from 20-31nm and densities from 1.6-8.2 x 1020 m-3.  Sencer et al. [26] 

examined a duct of HT9 used in the FFTF reactor that reached an estimated 155 dpa at 443°C with 

an average cavity size of 28nm and density of 2.5 x 1020 m-3. Van den Bosch et al. [27] examined 

FFTF irradiated T91 irradiated at about 413°C to 184 dpa resulting in an average cavity size of 

29nm and 8.3 x 1020 m-3. Finally, T91, HT9, MA 956 and MA 957 were examined in the work of 

Gelles et al. [28] at about 200 dpa. The average cavity sizes ranged from 21-35nm and densities 

from 1.9-48 x 1020 m-3. Examining the data from FFTF there is a little concern that the cavity sizes 

are all in the same range despite the large differences in damage level. However, as the cavities 

are influenced by the entire microstructure, there are many complicating factors that cannot be 

sorted out without additional information.  
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Dual Ion Irradiation of Austenitic Steels and FCC Alloys 

 Although ferritic-martensitic steels are the focus of this work, the studies of Katoh et al. 

[53,54] combined together experimental and modeling information on dual ion irradiated solution 

annealed Type 316 stainless steel to examine the effects of the helium/dpa ratio on the cavity 

density (separated into bubbles and voids), cavity radius, and swelling.  For the voids shown in 

Figure 2.14, the number density exhibited a bell curve behavior with regards to the helium/dpa 

ratio with a peak near 15 appm helium/dpa at 25 dpa. For the same level of damage, the average 

void size decreased with increasing helium/dpa ratio. For bubbles observed at 25 dpa, the density 

increased with increasing helium/dpa ratio. This study also examined the effect of the damage rate 

dependence of the helium/dpa ratio on swelling using a rate theory model. For the same 

temperature, see Figure 2.15, the model predicts as the damage rate is increased, the helium/dpa 

ratio needed for peak swelling also increased. However, there is no experimental data presented to 

validate this prediction.  

The effects of helium and its relationship with damage rate have been presented in [55] and 

discussed in a review by Abromeit [56]. Using dual ion irradiation, the effects of the He/dpa ratio 

on swelling across a range of damage rates from 10-4 to 10-2 dpa/s were investigated. As shown in 

Figure 2.17, increasing the helium/dpa ratio increased the swelling overall. However, for the same 

He/dpa ratio, as the damage rate increased, the amount of swelling decreased. The exact reasons 

for this decrease are not discussed as no microstructural information is presented. Speculation 

could suggest an increase in the density of cavities and lower growth of any individual cavity as 

the damage rate is increased. 

  Similar behavior can be found in other austenitic stainless steels [57–62] and in simple 

FCC materials such as copper [63,64] and nickel [65,66].  In these materials, a monotonic increase 
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in cavity density and corresponding decrease in cavity size with increasing He/dpa ratio at a given 

irradiation temperature and damage was observed. The peak cavity swelling has been reported to 

occur near 10-30 appm He/dpa in neutron-irradiated FCC metals, such as copper in Figure 2.18 

from references [63,67–72]. 

Dual Ion Irradiation of Ferritic-Martensitic Steels 

 Asano et al. [45] performed a study on the ferritic-martensitic steel HT9 using dual ion 

irradiation to 25 dpa with 15 appm helium/dpa at several temperatures (350°C, 410°C, 470°C, 

530°C, and 600°C), and up to 100 dpa with 5 appm helium/dpa or 15 appm helium/dpa. At 25 dpa, 

the highest swelling occurred at 470°C with a bimodal cavity size distribution. At higher 

temperatures of 530°C and 600°C, the cavities were associated with dislocations and grain 

boundaries. For the HT9 irradiated to 100 dpa at 450°C, a helium/dpa ratio of 15 appm helium/dpa 

resulted in a bimodal cavity distribution while the lower helium/dpa ratio of 5 appm helium/dpa 

formed only small cavities.  

 In the work of Kupriiyanova et al. [51], the ferritic-martensitic steel EP-450 was dual ion 

irradiated at 480°C up to 200 dpa with up to 160 appm helium/dpa. At 50 dpa, as the helium/dpa 

ratio was increased from zero, the average size decreased and number density of cavities increased 

resulting in increased swelling with increased helium/dpa ratio. However at 200 dpa, the swelling 

decreased with increasing helium/dpa ratio from the decrease in cavity size. Similar trends at 200 

dpa were observed in other ferritic-martensitic steels F82H and EK181 also studied in this work. 

 Ogiwara et al. [46] dual ion irradiated two reduced activation ferritic-martensitic steels 

JLF-1 and JLS-1 from 40-100 dpa with 15 appm helium/dpa at 470°C and 550°C. Significant 

swelling was observed only at 470°C in both alloys.  
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 The work of Wakai et al. [47] irradiated the ferritic-martensitic F82H to 50 dpa with 18 

appm helium/dpa at 470°C, 510°C, and 600°C. With increasing temperature the cavity density was 

reduced but not significantly, such as 5.2 x 1021 m-3 at 470°C to 4.6 x 1021 m-3 at 600°C and average 

cavity sizes ranging from 5.2 to 6.7 nm. From this information, it is likely that all of the cavities 

observed are stabilized by the co-injected helium and have limited growth from the high 

temperature.  

 The work of Hiwatashi et al. [48] explored the effects of dual ion irradiation on several 

reduced activation ferritic-martensitic steels JLF1, JLF3, JLF4, JLF5, and two model alloys 

Fe9Cr2Mo and Fe2.25Cr1Mo up to 125 dpa and 0, 1, and 15 appm helium/dpa at 450°C. In both 

JLF4 and the model alloy Fe2.25Cr1Mo, the average cavity size decreased and density increased 

with increasing helium/dpa ratio with the highest swelling occurring at the intermediate value of 

1 appm helium/dpa.  

 Yamamoto et al. [49] performed several dual ion irradiations on a ferritic-martensitic alloy, 

F82H3 and two nanostructured ferritic alloys MA957 and 14YWT-PM2 at 500°C and 650°C from 

15-55 appm helium/dpa with significant characterization at 10 dpa and 26 dpa in F82H3 and MA 

957. This work found no significant systematic trend in the cavity density, average cavity density, 

or swelling with helium/dpa, but found a systematic increase in average cavity diameter with 

increasing helium content.  

 Although the materials used in the work of Bhattacharya et al. [52] were not commercial 

ferritic-martensitic steels, the model iron-chromium alloys (Fe, Fe3Cr, Fe5Cr, Fe10Cr, Fe12Cr, 

Fe14Cr) dual ion irradiated to 128 dpa with 13 appm helium/dpa at 500°C provided insight into 

the effect of chromium addition on swelling. The Fe10Cr alloy displayed the highest amount of 
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swelling, primarily from its increased cavity density, as the sizes for all model alloys had similar 

cavity sizes.  

 The study of Brimbal et al. [50] performed dual ion irradiation on Fe and Fe5Cr to 

100dpa with 0, 2.5, and 26 appm helium/dpa at 500°C to examine the effects of helium and 

chromium on swelling. As the helium/dpa ratio was increased in the pure iron, the average cavity 

size decreased and the cavity density increased. However, cavities were only observed in the Fe5Cr 

at the highest helium/dpa ratio of 26 appm helium/dpa with a very high density of cavities and 

small average size. 

2.4.4 Effects of Helium Injection Mode 

In accelerator experiments, helium may be injected into the metallic lattice, rather than 

created through transmutation to simulate reactor environments. The injection of helium is known 

to shorten the incubation period for cavity nucleation by stabilizing small clusters of vacancies and 

allowing them to more easily reach critical size. Farrell [58,59] studied the effect extensively. The 

work is heavily theoretical, backed by some experiments, but explains in detail the role helium 

plays in cavity nucleation and growth, and effects on dislocations and precipitates. While the work 

is not specific to F-M steels, it still provides valuable insight into the formation and growth of 

cavities. 

Gasses facilitate nucleation of cavities, especially non-reactive and insoluble gasses such 

as helium. Helium tends to reduce the incubation period required for the nucleation of cavities, 

and tends to result in higher densities of smaller sized cavities. The injection process also will 

affect the behavior of cavities. Pre-injected helium at room temperature seems to be more effective 

at nucleating cavities than injected helium during the irradiation or helium injected at the 
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irradiation temperature. High amounts of helium can actually depress growth and retard swelling. 

If cavities become the dominant sink, then they will tend to reduce cavity growth. 

Hot helium injection tends to result in a larger cluster but smaller densities. The less mobile 

cold pre-injection results in vacancies being trapped on a smaller scale and thus creates a high 

concentration of smaller cavities. Cold pre-injection and co-injection both tend to result in bimodal 

distribution of cavities with a large group smaller than the critical radius and a group that has 

stabilized beyond the critical radius. 

Lastly, grain boundaries can serve as traps for helium, thus forming grain boundary 

bubbles. These bubbles are not bias driven, as the concentration of point defects near grain 

boundaries is usually very low so supersaturation of vacancies at these sites is very rare. 

The most comprehensive work which explored the effects of the method of helium pre-

injection was performed by Packan and Farrell [73] on 316 stainless steel. Doses up to 70 dpa were 

explored with helium either simultaneously injected at 20 appm/dpa (to a total of 1400 appm), or 

pre-injected at room temperature or 627°C at 1400 appm. The highest swelling was observed in 

the helium-free material (18%), with simultaneous injection resulting in 11% and pre-injection at 

627°C resulting in 4% and only 1% at room temperature. These results are summarized in Table 

2.2 below. 

From the images of the cavity microstructure (Figure 2.18) it is clear that the higher 

swelling in the helium-free case is due to the fact that the cavities were allowed to grow unimpeded. 

The addition of helium through any method resulted in lower swelling, likely due to the high cavity 

sink strength resulting from the very high density of nucleation. 

While the addition of helium causes a reduction in swelling in all cases, it should be noted 

that only relatively high amounts of helium were studied—likely resulting in excessive cavity 
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nucleation which inhibited growth. It remains unclear whether the addition of a smaller amount of 

helium would enhance the swelling beyond that of the helium-free condition. However, the 

difference in swelling behavior between the room temperature injection and the 627°C injection is 

likely due to a coarsening effect of the pre-injected helium clusters. The higher temperature pre-

injection created fewer but larger cavity nuclei. 

The authors suggest that for the room temperature pre-injection the cavities were the 

overwhelming dominant sink and cavities and dislocations were approximately equal in the co-

injected and no helium cases. The defect partitioning ultimately determines whether the cavities 

will grow unimpeded or not, but a thorough comparison of the Q ratios is not presented in the 

paper. Based on the results, it is likely that hot pre-injection pushes the microstructure to a more 

dislocation-favored regime. 

It is also postulated that the high levels of helium served to bind many vacancies, 

preventing them from clustering and promoting recombination. These helium-vacancy complexes 

served as non-biased sinks for point defects resulting in a decrease in the super-saturation and 

ultimately repressing the nucleation and growth of stable clusters. However, while this theory is 

postulated, there is no confirmation that this is the cause of repressed swelling. Furthermore, there 

is no comparison with other levels of pre-injected helium, to be able to determine whether this is 

caused from pre-injection, or just the high level of helium included. 

2.4.5 Theoretical Considerations 

Russell [12,13,74] presents the thermodynamics of voids and gas-containing cavities in 

metals. For the cavity to be in equilibrium with the solid around it, the external pressure of the 

solid on the cavity must be equal to the internal pressure from the gas atoms with the surface 

energy taken into account as well. This theory presents that the size of the cavity is proportional 
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to the density of the gas occupying the cavity, and the volume of the cavity itself. The internal 

pressure of a gas in any individual cavity is difficult to measure, but has been estimated by using 

Electron Energy Loss Spectroscopy [75], as done in [76–79] for helium bubbles in aluminum and 

ferritic-martensitic alloys. 

The production of inert gas atoms in reactors acts to stabilize subcritical cavities, and from 

this process, encourage nucleation of stable cavities. Helium is the focus of many inert gas studies 

as it is commonly produced in reactor materials through nuclear transmutation reactions. Helium 

is thought to enhance the nucleation of cavities by lowering the free energy requirement to create 

a critical cavity embryo. The free energy equation for voids without any gas is driven by the 

supersaturation of vacancies (Sv) and countered by the energy required to form an interface in the 

material: 

𝛥𝐺 = −𝑛𝑘𝑇 𝑙𝑛(𝑆𝑉) + (36𝜋𝛺2)1/3𝛾𝑛2/3.                                   Eq. 2.2 

In the presence of helium, the free energy equation for cavities becomes: 

𝛥𝐺 = −𝑛𝑘𝑇 𝑙𝑛(𝑆𝑉) + (36𝜋𝛺2)
1

3𝛾𝑛
2

3 − 𝑥𝑘𝑇 𝑙𝑛 (
𝑀𝐻𝑛𝛺

𝑥𝑘𝑇
),      Eq. 2.3 

where x corresponds to the number of helium atoms in the cavity, M is the concentration of helium 

atoms in the solid (usually in atoms/cm3 or equivalent), and H is the Henry’s Law constant for the 

dissolution of helium in the metal. From comparing Equations 2.2 and 2.3, the presence of helium 

lowers the free energy required to form a stable cavity, with the added term being the free energy 

required to move the helium from the solid into the cavity. This lower free energy results in a 

smaller critical cavity nucleus, and thus enhancing nucleation relative to a gas-free environment. 

 Hishinuma [34] and Mansur [80] discuss the effect of helium in terms of a critical radius 

required for a cavity to stabilize and grow. These works highlight a derivation of the critical radius, 

the radius at which the net flux of vacancies to the cavity is zero, to include the functional 



 33 

dependences on gas pressure, dislocation and cavity capture efficiencies, temperature, damage 

rate, and other variables. By examining the critical radius, the emergence of a bimodal cavity size 

distribution is discussed with one distribution around the radius of a gas-stabilized bubble and the 

other distribution arising from cavities with a large enough inward flux of vacancies to grow.  

To investigate the importance of helium to cavity nucleation, Stoller and Odette [81] 

studied the effect of the cluster composition (helium vs. vacancy) on the nucleation path of cavities. 

Two paths emerge to limit cavity formation: one limited to growth by helium accumulation alone, 

the other limited by stochastic fluctuations in the vacancy cluster population. The accumulation of 

gas seemed to be the generally dominant mechanism. Specific cluster compositions and 

distributions are not analyzed, however. This work was also analyzed in the context of austenitic 

stainless steels, and its applicability to ferritic-martensitic steels has still not fully emerged.  

 Stoller and Osetsky [82] evaluated the behavior of helium in bcc iron using molecular 

dynamics. This work found that when a helium bubble is in mechanical equilibrium with the iron 

lattice, the helium/vacancy ratio decreases as the bubble increases in size. The compressibility of 

the helium also decreases with increasing bubble size, leading to ideal gas behavior for the helium. 

However, the bubbles presented in these simulations are less than 5 nanometers in size and would 

result in barely visible structures under TEM. The simulations found that the helium to vacancy 

ratio for equilibrium bubbles large enough to be visible is in the range of 0.3-1.0, consistent with 

electron energy loss spectroscopy results in ferritic-martensitic steels [76,77]. 

One mechanism of helium related to swelling is the generation of Frenkel pairs via a loop 

punching mechanism [83–85]. Small clusters of helium atoms produce lattice distortions and lead 

to lattice atoms being pushed into interstitial sites. In BCC materials, the helium interstitial 

activation energy is lower than in FCC materials. Since the binding energies of helium interstitials 
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to each other in BCC materials are even greater than in FCC, self-trapping of helium will also 

occur. The concentration of helium–helium clusters increases in the initial evolution phase under 

irradiation but decreases to a negligible amount at longer times. The concentration of helium–

vacancy clusters shows three distinct stages of evolution [86,87]. At lower times, the helium–

vacancy cluster concentration increases, it remains fairly constant for several orders of magnitude 

of time and then decreases at higher time scales. The initial increase is due to very small helium–

vacancy clusters. Once the free helium is depleted, the size of the clusters grows by incorporating 

more vacancies. At longer time scales, point defects dissociate from smaller clusters and form 

larger clusters. These large clusters serve as sinks to absorb point defects and grow into cavities. 

2.4.6 The Critical Bubble Model of Cavity Nucleation 

Many aspects of cavity formation have been modeled approximately using the critical 

bubble model (CBM) concept [88,89]. A critical bubble is one that has grown to a radius (𝑟∗) and 

helium (𝑚∗) content such that upon the addition of a single helium atom or vacancy, the bubble 

immediately transforms into an unstably growing cavity without the need for statistical nucleation. 

More generally, the CBM is one of the possible solutions to the cavity growth rate equation when 

the growth rate is equal to zero: 

𝑑𝑟

𝑑𝑡
=

𝛺

𝑟
[𝐷𝑣𝐶𝑣 − 𝐷𝑖𝐶𝑖 − 𝐷𝑣𝐶𝑣,𝑇exp⁡ (

2𝛾

𝑟
− 𝑝𝑔)].   Eq. 2.4 

The three major terms of the equation are the growth of the cavity through the arrival of 

vacancies to the cavity (𝐷𝑣𝐶𝑣), the reduction in cavity radius from interstitial arrival to the cavity 

(𝐷𝑖𝐶𝑖), and the thermal emission of vacancies using the capillary approximation to account for the 

gas pressure inside the cavity (𝐷𝑣𝐶𝑣,𝑇exp⁡ (
2𝛾

𝑟
− 𝑝𝑔)). In general, the roots of the cavity growth 

rate equation strongly depend on the helium gas pressure and can result in four possible states with 

increasing helium concentration in the cavity, illustrated in Figure 2.20 [90]. Without helium, there 
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is only one root (𝑟𝑣
∗) and it corresponds to when a cavity embryo becomes large enough through 

statistical fluctuations in the number of vacancies in the cavity to grow through bias driven growth. 

With some helium atoms in the cavity and below the critical helium content, the growth rate 

equation has two roots corresponding to the stable bubble radius (𝑟𝑏
∗) and the size to convert from 

a bubble to an unstably growing cavity (𝑟𝑣
∗). With the critical amount of helium, as described 

previously for the CBM, there is only one root (𝑟∗) and it corresponds to the critical bubble radius. 

With a helium content greater than the critical number of helium atoms, there are no roots to the 

growth rate equation and all cavities grow unstably.  

A significant advantage of the CBM and the cavity growth rate equation is that it requires 

a relatively modest number of parameters, and parameter combinations, that are generally 

reasonably well known including for defect production, recombination, dislocation bias, sink 

strengths, interface energy, and defect diffusion rates. One key prediction of the CBM is the 

prediction of a bimodal cavity size distribution, composed of growing voids and stable bubbles. It 

is with this prediction and advantage that the cavity growth rate equation used with the CBM is 

the primary context for the discussion around cavity nucleation. 
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Table 2.1: Effects of alloying addition on the constitution of high chromium steels [2]. 
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Table 2.2: The swelling resulting from different methods of helium injection at 70 dpa and 627°C from [73]. 

 

Injection Condition Swelling (%) 

None 18 

Co-injection 

(20 appm He/dpa) 

11 

627°C Hot Pre-injection 

(1400 appm) 

4 

Room Temperature 

Pre-injection 

(1400 appm) 

1 
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Figure 2.1: Effect of chromium on Fe-Cr-C steels containing 0.1% carbon. (CrFe)4C is the M23C6 carbide [2]. 
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Figure 2.2: Continuous cooling transformation (CCT) diagrams for 1.4914 (12Cr-MoVNb) martensitic steel (A = Austenite, K = 

Carbide, Sp δ-F=Trace of ferrite, M = Martensite, P = Pearlite, Ac1b = Start of austenite formation on heating, Ac1e = Completion 

of austenite formation on heating, λ = Cooling rate (°C/min) from 800-500°C [2]. 
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Figure 2.3: Typical F-M microstructure following tempering [6].
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Figure 2.4: Swelling of ferritic-martensitic and austenitic alloys are displayed under a variety of irradiation spectrums. 
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Figure 2.5: Summary of ferritic-martensitic steels irradiated in-reactor up to 208 dpa at temperatures varying from 440°C to 443°C, reproduced from [29].
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Figure 2.6: Microstructural evolution of HT9 irradiated with 5 MeV iron ions at 460°C from 130 to 650 dpa from [29]. 
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Figure 2.7: Temperature dependence of swelling rate in EP-450 [91]. 
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Figure 2.8: Temperature dependence of swelling at 150 dpa for EM-12 and HT9 [40]. 
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Figure 2.9: Temperature dependence of swelling, diameter and number density at 188 dpa for HT9 [42]. 
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Figure 2.10: The temperature dependence of swelling is shown for MA957 at 500 dpa (red curve) and 100 dpa (blue curve) from 

[43]. 
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Figure 2.11: The swelling dependency for MA957, HT9 and EP-450 are shown through ~600 dpa from [43]. 
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Figure 2.12: Compilation of literature data to show the effect of the helium/dpa ratio on (A) average cavity size, (B) average cavity 

density and (C) swelling from [90]. 
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Figure 2.13: Compilation of literature data to show the effect of the damage rate on (A) average cavity size, (B) average cavity 

density and (C) swelling from [90]. 
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Figure 2.14: He/dpa dependence of (A) void number density, (B) mean void radius and (C) swelling in dual-ion irradiated 316 

stainless steel from [53,54]. 
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Figure 2.15: Predicted damage rate dependence of the He/dpa ratio at which peak swelling occurs from [53]. 
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Figure 2.16: Void microstructure produced at 70 dpa at 627°C with (a) no helium, (b) co-injection, (c) pre-injection at 627°C and 

(d) pre-injection at room temperature [73]. 
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Figure 2.17: The influence of helium and displacement rate on nickel-ion induced swelling from [56]. 
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Figure 2.18: Normalized cavity swelling as a function of He/dpa ratio for copper irradiated between 373 and 410°C. Figure 

produced by S. Zinkle from [63,67–72]. 
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Figure 2.19: Swelling as a function of helium-to-dpa ratio for F82H under dual-ion irradiation at 500°C [49]. 
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Figure 2.20: A schematic showing solutions to the cavity growth rate equation with (a) no helium, (b) less than the critical amount 

of helium (m < m*), (c) the critical amount of helium (m = m*) and (d) in excess of the critical amount of helium (m > m*) [90]. 
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Chapter 3  Objective 

The objective of this thesis is to understand the process by which swelling changes with 

helium content across a wide range of damage levels, and to use this knowledge to explain the 

difference in swelling behavior between pre-injected and co-injected irradiation. 

The hypothesis is: At lower damage levels before cavity growth becomes dominant, 

additional helium increases the rate at which cavities form which results in higher swelling. At 

higher damage levels during growth-dominated swelling, any amount of helium increases the 

bubble sink strength which reduces the cavity growth rate and suppresses swelling. To test this 

hypothesis, a combination of ion irradiation experiments with careful characterization and 

computational modeling were used. 

Two sub-objectives were identified as necessary to support the main objective. The first 

sub-objective required understanding how helium influences swelling at low damage levels. To 

answer this question, a series of experiments were performed in the laboratory with varying helium 

injection rates at low damage levels where swelling is still within the nucleation phase. Using the 

results from the experiments, bubble and void size distributions were collected to determine how 

they change with helium level. Specifically: 

• The bubble density was used to determine the number of features that could transform into 

cavities. 

• The cavity size distribution was collected to determine how many bubbles had transformed 

into cavities and the actual swelling. 
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• The critical radius for transition from a bubble to a cavity was collected to verify the 

expected effect of helium on bubble size 

• The rate at which bubbles grow was estimated using the collected data to substantiate the 

effect of helium injection rate. 

Putting all of this information together will demonstrate the effect of helium on swelling at low 

levels and provide an understanding of what is happening in the initial stages. 

 The second sub-objective was to understand how the cavities evolved and swelling 

changed as the damage level increased and swelling transitioned to a growth-dominated regime. 

A second set of well-designed experiments and modeling was used to determine this information. 

Of particular concern for understanding the changes in behavior as a function of helium injection 

rate were: 

• The bubble size and density to determine the sink strength in the system 

• The sink strength of other features in the microstructure to establish which features are the 

dominate sinks 

• The rate at which cavities grow to establish differences with varying helium injection rates 

• Total swelling as a function of helium level to understand establish that swelling is 

suppressed with increased helium 

Once the full microstructure and swelling rates were known, it will be shown both experimentally 

and with a simple growth rate equation that increased helium retarded swelling at higher damage 

levels. Completion of these two sub-objectives will provide an explanation of the influence of 

helium on swelling across a range of damage levels, particularly during growth-dominated 

swelling behavior. 
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Chapter 4  Experimental Procedures 

This chapter describes the experimental procedures used to in this work to prepare, irradiate 

and characterize the HT9 and T91 samples. The analysis framework for the cavity growth rate 

equation is also described. 

4.1 Alloy and Sample Preparation 

Alloys HT9, heat 84425, and T91, heat 30176 were used for this work. The compositions 

in weight percent are provided in Table 4.1. As discussed previously, HT9 is a nominally 12Cr 

ferritic-martensitic (FM) steel while T91 is a nominally 9Cr FM steel. Both are candidates for fast 

reactor applications because of their high resistance to cavity swelling. Each alloy had a slightly 

different heat treatment. HT9 was normalized at 1065°C for 30 minutes with subsequent air 

cooling to room temperature (RT) followed by tempering at 750°C for 30 minutes with subsequent 

air cooling to RT [92,93]. Several publications of data from this duct reflect different heat 

treatment parameters [5,26,92–96], but a proprietary certification from Carpenter verified that this 

was the correct heat treatment [97]. Alloy T91 was normalized at 1038°C for 30 minutes with 

subsequent air cooling to RT followed by tempering at 760°C for 30 minutes with subsequent air 

cooling to RT. These heat treatments resulted in a transformation from austenite to martensite laths 

with carbides forming primarily at the grain boundaries during the tempering step. Both materials 

exhibited traditional microstructure for tempered FM steels with prior austenite grain boundaries 

(PAGBs), packets, laths, coarse chromium carbides and network dislocations. HT9 have some 

retained δ-ferrite while T91 has fine V,Cr-nitrides. 
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Prior to irradiation, samples were cut from the archive duct material of HT9 into 1.5 x 1.4 

x 18 mm Transmission Electron Microscope (TEM) bar specimens by electrical discharge 

machining (EDM). Similar bars were cut for T91 with dimensions of 1.5 x 1.5 x 20 mm bars, also 

using EDM. EDM is a machining process in which a voltage is applied between and electrode wire 

and the block of material resulting in a high frequency of sparks. These sparks typically cover a 

short distance of 10-100 nm and cause material removal near the wire, which is moved according 

to a pre-programmed path, resulting in precision on the order of 1 µm. The EDM process results 

in a sample without additional cold work which can be introduced through traditional machining 

techniques. In order to fit more samples within the irradiation area, the specimens were further cut 

in half for a final sample dimension of 1.5 mm x 1.4 mm x 9 mm for HT9 and 1.5 mm x 1.5 mm 

x 10 mm for T91. 

After the samples were machined, they were polished starting with relatively coarse silicon 

carbide grinding paper, progressing to successively finer grits, proceeding to a diamond polish and 

culminating with electropolishing. The samples were mounted on a flat, aluminum disk with a thin 

layer of CrystalbondTM adhesive resin that melted using a hot plate. The bars for each irradiation 

were arranged in the center of the puck, side-by-side, as they would be on the irradiation stage. 

Additional bars of FM steel samples were added to either side of the irradiation samples as guide 

bars to both help ensure a flat sample surface and to provide weld spots for the thermocouples 

during irradiation. A flat surface is important to ensure good thermal contact between the samples 

and the stage during irradiation. After the samples were arranged, the disk was removed from the 

hot plate and the resin was allowed to cool. After the resin had fully cooled, the samples were wet 

polished by hand using Buehler® SiC paper beginning with #400 grit and working up to #4000 
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grit. The polishing direction was rotated 90 degrees between each grit step so that it would be 

easier to identify when the damage layer from the previous grit had been fully removed. 

After polishing with #4000 grit on the back side (the surface that was not to be irradiated), 

the samples were then flipped over and the process was repeated for the opposite face. After 

reaching #4000 grit a second time, the samples were polished with successively finer diamond 

solutions starting with a 3 µm suspension, stepping down to a 1 µm suspension and finishing with 

a 0.25 µm suspension to produce a mirror-like finish. The samples were then removed from the 

disk by heating one last time. To remove any residual CrystalbondTM, the samples were soaked in 

a beaker of acetone until all the adhesive had dissolved. The samples were then cleaned with 

methanol and ethanol before air drying. 

The final step in sample preparation was to electropolish to remove any residual plastic 

deformation from the surface. Electropolishing was performed in a 1000 mL beaker containing 

500 mL of a solution of 90% methanol and 10% perchloric acid. The beaker was immersed in a 

bath of methanol and dry ice to reduce the temperature to between -40 and -50°C. A square 

platinum mesh cathode was placed along the side of the beaker. Samples were electropolished for 

20 seconds with an applied voltage of ~40V. A magnetic stir rod was rotated with a frequency of 

approximately 300 rpm to induce a circular flow with a vortex in the solution. The sample was 

immersed in the solution so that the face to be irradiated was facing the platinum mesh and the 

flow of the solution was parallel to the surface. This ensured that any oxygen bubbles would be 

carried away from the sample and reduce pitting of the surface. This procedure was estimated to 

remove approximated 2 µm of material based on the polishing curve presented in [98]. The final 

mechanical polishing step used 0.25 µm particles, so removal of 2 µm was considered sufficient 
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to remove any remaining plastic deformation. A schematic of the electropolishing setup is shown 

in Figure 4.1. 

Because some of the irradiations of HT9 were performed before a solution to carbon uptake 

was identified, a coating of alumina was applied to the surface of one of the samples to prevent 

uptake. An atomic layer deposition (ALD) machine was used to deposit a coating with a thickness 

of 100 nm. ALD is a process for depositing thing films that utilizes sequential reactions of gaseous 

precursors to deposit thin films one atomic layer at a time. 

For the deposition of alumina onto an FM steel, the steel samples on which the deposition 

were placed on a plate in the deposition machine. The chamber was then sealed and a series of 

pump and purge cycles were performed with argon. The samples were then heated to 150°C. After 

the temperature had stabilized, Trimethylaluminum (TMA, Al(CH3)3) was allowed into the 

chamber in a small burst. The TMA reacted with hydroxyl groups on the surface of the metal 

attaching the molecules to the substrate. The reaction for this part of the process was: 

Al(CH3)3 + OH → AlO(CH3)2 + CH4 ,   Eq. 4.1 

The TMA was then pumped out of the system before water was bubbled into the chamber. The 

water reacted with the methyl groups to produce more methane and new hydroxyl groups. The 

reaction for this step in the process was: 

2 H2O + AlO(CH3)2 → AlO(OH)2 + 2 CH4,   Eq. 4.2 

The water was then pumped out of the chamber and the process was repeated for approximated 

980 cycles to achieve a film with a thickness of 100 nm. 

4.2 Dual Ion Irradiations 

For clarity, the ion irradiation campaigns will be divided into three different groups: the 

T91 irradiations in which the damage level and helium injection rate were systematically varied, 
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the HT9 irradiations at a single damage level with varied helium injection rates, and the HT9 

irradiations at a single helium injection rate with increasing damage level. A total of twenty-three 

dual ion irradiation experiments were performed for this thesis: fifteen with T91 for a total of 

twenty different samples with varying damage levels and helium co-injection rates, and eight with 

HT9 for nine different samples with varying damage levels and helium co-injection rates. The T91 

irradiation series was performed at damage rates of 7-8.5 × 10-4 dpa/s with helium injection rates 

of 0, 0.02, 0.2 and 4 appm He/dpa to damage levels of 17, 50 and 150 dpa for each helium 

condition. Additional irradiations were performed for the 0.02 appm He/dpa co-injection rate at 

50, 100 and 150 dpa and for the 4 appm He/dpa co-injection rate at 50, 100 (twice), 150 and 200 

dpa. The irradiations were performed incrementally, so some of the samples were on the same 

stage but irradiated to different damage levels. The first set of HT9 irradiations were performed at 

a damage rate of 6-9 × 10-4 dpa/s at 460°C to 188 dpa with 0, 0.06 and 4 appm He/dpa with one 

irradiation conducted to a total damage of 375 dpa by adding 187 dpa to the 0.06 appm He/dpa 

sample. For the second set of HT9 irradiations, the 4 appm He/dpa sample was taken up to 650 

dpa at 460°C in increments starting at 350 dpa (162 dpa added to the 188 dpa) and increasing by 

100 dpa per irradiation with a damage rate of 7-9 × 10-4 dpa/s. After the irradiations were 

performed, at least two TEM specimens were extracted for characterization of cavities. Table 4.2 

summarizes the experimental details of the irradiations. 

All of the irradiations were performed at the Michigan Ion Beam Laboratory (MIBL) at the 

University of Michigan using a dual-beam configuration [99]. Dual-beam irradiations were 

performed with the stage facing Beamline 4 such that the defocused 5 MeV Fe2+ heavy ion beam 

from the 3 MV NEC Pelletron accelerator was normal to the sample surface. Beamline 7 delivered 

a helium ion beam from the 1.7 MV General Ionex Tandem Accelerator and is 60° from BL4 in a 
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plane parallel to the floor. This system setup allowed for the performance of well-controlled 

experiments.  

4.2.1 Irradiation System Setup 

A multi-beam chamber (MBC) was used for all irradiations. The MBC was designed to 

provide a fixed intersection point for each of the three accelerators at MIBL. A schematic of the 

MBC is provided in Figure 4.2. A custom-built half-cylinder shape was chosen for the chamber to 

provide radially directed ports, allowing direct access to the irradiation stage for the accelerators 

and monitoring equipment and a flat back panel or easy access while minimizing chamber volume 

which is necessary to achieve high vacuum. Two back panels were made for the chamber with 

different angles for the 6” ConFlat flange for the stage port to allow the stage to face any of the 

beam lines. All of the irradiations for this work were performed with the stage facing beamline 4. 

Beamline 4 delivers an iron ion beam from the 3 MV Pelletron accelerator and is normal to the ion 

irradiation stage. BL7 delivers the helium ion beam from the 1.7 MV General Ionex Tandem 

Accelerator and it is 60 degrees from BL4 in the horizontal plane. 

The MBC and the beamlines connected to it contain many diagnostic instruments to 

monitor the status and progress of the irradiation before, during and after the experiment. The 

pressure in the chamber is monitored using an InstruTech Inc. model IGM402 hot cathode 

ionization vacuum gauge. An Inficon Transpector® MPS Residual Gas Analyzer can be used to 

monitor the partial pressure of each gas species in the chamber. The chamber has also been 

equipped with an Evactron EP Series Plasma De-Contaminator to plasma clean the chamber. A 

double-walled Dewar for liquid nitrogen on top of the chamber connects to a copper frame that 

encircles to stage to act as a cold trap and anti-contamination device during irradiation [100]. The 

vacuum chamber pressure for each irradiation was maintained below 10-7 torr (<1.3 × 10-5 Pa). 
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The MBC also has several quartz windows to allow live viewing of the irradiation stage using a 

Nikon digital camera with connections through the internal laboratory network. A 2D FLIR® 

infrared thermal pyrometer is set up to view the stage through a germanium window. The 

pyrometer records the infrared emission from user-defined regions of interest on the sample at a 

rate of 3.125 Hz throughout the experiment. The pyrometer can cover a range of temperatures, but 

the most useful one for these experiments was 150 to 600°C. By using the thermocouples before 

the irradiation starts, the emissivity of the region can be calibrated, and the temperature can be 

monitored. All of these diagnostic tools provided digital outputs that were recorded and displayed 

using custom built LabView programs. 

A slit aperture system was used on each beamline to define the irradiated area. The aperture 

system for each beamline consisted of four independently controlled and electrically isolated slits 

that could be moved into and out of the beam path (up to the middle of the beamline) via digital 

control. Since each slit was electrically isolated, the unsuppressed current from the slits could be 

measured individually throughout the irradiation. With this setup, the area of irradiation for each 

ion beam was defined by the geometry of the stage relative to the beamline. For the iron beam, 

since the plane of the stage was perpendicular to the beam direction, if 4 mm by 4 mm irradiation 

area was desired, both of the slits in the horizontal direction would be set to 2 mm from the center 

and both of the slits in the vertical direction would be set to 2 mm from the center of the beamline, 

resulting in the desired area. Since the helium beam was 60 degrees off from the normal to the 

sample surface in the horizontal direction, the calculations were slightly more complicated. The 

slits in the vertical direction would be set as normal, but the slits in the horizontal direction had to 

be corrected by the cosine of the angle between the beam and the stage normal. The results of this 

is that if the desired area was 10 mm by 10 mm, the horizontal slits would only be set to 2.5 mm 
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from the center of the beamline while the vertical slits would be set to 5 mm from the center for a 

total area of 10 mm by 10 mm. Furthermore, the 5 MeV Fe2+ beam had to be defocused such that 

it completely covered the area defined by the slit aperture with a maximum variation of 10%. 

Because scattering through the foil degrader was so significant, beam uniformity was not an issue 

for the helium ion beam. 

The final piece of the system design is the irradiation stage which was used to hold the 

samples in place and provide the necessary heating and cooling to ensure a stable irradiation. A 

schematic of the stage is shown in Figure 4.3. The ion irradiation stage consisted of either a 

thermally conductive copper or nickel head attached to a stainless steel tube welded to a 6 inch 

ConFlat flange for use in sealing the chamber with the samples inside. The length of the stage was 

machined such that the sample surface would lie at the intersection of the beams traveling down 

the beamlines into the multi-beam chamber. The stage head had cooling air channels machined 

through it, a ½ inch diameter hole in the back for a resistive cartridge heater and two smaller holes 

for a thermocouple. A 0.25 mm thick piece of copper foil was placed on top of the stage head to 

enhance heat transfer between the stage and the samples. The samples and the guide bars were 

then aligned in the middle of the stage head on top of the copper foil with the side to be irradiated 

facing outward. Because the irradiation specimens were half bars instead of the typical full bars, a 

new hold down system was needed to ensure good thermal contact. This was achieved with a two-

step process. First, a stainless steel shim was machined that covered more than half the length of 

the bar. This helped to exert pressure closer to the middle of the bars and make sure that they did 

not bow up when the hold down bars were tightened. The second step was to increase the width of 

the hold down bars so that more of the irradiated samples were covered, again helping to ensure 

that the samples stayed flat on the stage. Both the plate and the hold down bars were machined 
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with notches 1 mm in width and 1 mm apart to assist with alignment both while building the stage 

and after the stage had been mounted on the beamline. A picture of a typical irradiation stage is 

shown in Figure 4.4. Type J thermocouples were custom built for each irradiation using 0.05 mm 

diameter iron and constantan wires. The wires were threaded through ceramics to keep them from 

shorting, passed through the hold down bars to ensure that they would not interfere with the beam, 

and then spot-welded to the guide bars for temperature measurement. The other end of the wires 

was connected to a feedthrough which was then connected to the lab computer system for constant 

temperature monitoring. Once the stage was assembled, it stage was sealed to the MBC using a 

copper gasket and nuts and bolts. Once the stage was mounted both the resistive cartridge heater 

and the back thermocouple were inserted into the stage. The cartridge heater was about 4 

centimeters long and 1 centimeter in diameter, with a temperature rating of up to 760°C. Cables 

from the computer readout were attached to the thermocouple feed through and the air lines were 

connected to provide cooling. 

4.2.2 SRIM Damage and Helium Injection Calculations 

The Stopping and Range of Ions in Matter (SRIM) [101] was used to provide depth-

dependent estimations of the average damage caused by an ion, given the initial ion energy and 

the composition of the target material in atom percent. The SRIM damage calculations were 

performed using the quick Kinchin-Pease mode using the displacement energies for each element 

from Table 1 in ASTM Standard E591 [102]. A displacement energy of 40 eV was used for Fe, 

Cr, Ni, V, and Mn, a value of 60 eV was used for Nb and Mo, and a value of 90 eV was used for 

W. A displacement energy of 25 eV was used for all other elements. The composition presented 

in Table 4.1 was converted to atom percent for use in the SRIM calculation. The simulation was 

run for 100,000 ions to obtain smooth damage and injection curves with reasonable statistics 
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without excessive run times. Figure 4.5 shows the shape of both the damage profile and the injected 

interstitial profile as a function of depth for 5 MeV Fe2+ ions in HT9. (The profiles are similar in 

T91.) As the image clearly shows, the damage and injected interstitials vary widely across the 

depth. The damage level at 600 nm depth was used as the nominal damage for all irradiations in 

this work because this region is both far from the surface and the peak of the injected interstitial 

profile [103]. The damage rates calculated using SRIM for the experiments performed were 0.35 

displacements / Å-ion for a 5 MeV Fe2+ ion beam. The damage rate from the energy degraded 

helium beam was determined to be orders of magnitude smaller than the damage rate for the 5 

MeV Fe2+ ion beam, and therefore, considered negligible. 

The SRIM damage rate was used to calculate the length of the irradiation for a given 

damage level. By making periodic beam current measurements and integrating over the time of 

the irradiation, an estimation of the total ion fluence was made. Using the estimated fluence, the 

damage level achieved in a given irradiation was calculated using the following equation: 

𝑑𝑝𝑎 =
(𝑆𝑅𝐼𝑀⁡𝐷𝑎𝑚𝑎𝑔𝑒⁡𝑅𝑎𝑡𝑒)∑(𝑖𝑜𝑛⁡𝑏𝑒𝑎𝑚⁡𝑐𝑢𝑟𝑟𝑒𝑛𝑡×𝑡𝑖𝑚𝑒)

(𝑁𝑢𝑚𝑏𝑒𝑟⁡𝐷𝑒𝑛𝑠𝑖𝑡𝑦)(𝐼𝑜𝑛⁡𝐶ℎ𝑎𝑟𝑔𝑒)(𝑆𝑝𝑒𝑐𝑖𝑚𝑒𝑛⁡𝐴𝑟𝑒𝑎⁡𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑)
,  Eq. 4.3 

The helium calculations are more complicated due to scattering through the aluminum 

degrader foil. Using the measured thickness of the aluminum foil in the foil degrader in the 

multi-beam chamber, SRIM was used to calculate the energy, E, position vector in three 

dimensions, r, a direction vector, φ, in three dimensions for each ion exiting the foil and for each 

angle of foil rotation, θ, in one degree increments. Matlab was used to propagate each individual 

ion from the foil to the sample surface following the outputs from SRIM assuming no scattering 

occurred between the foil and the sample. This is a reasonable assumption because the multi-

beam chamber was under high vacuum (<10-7 torr). A schematic of this description is provided 

in Figure 4.6. The resulting “plume” of ions formed a curved distribution on the sample surface. 
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To ensure an even distribution of ions across the sample surface, the effects of raster scanning 

the beam were estimated. The plume of ions was copied and added to itself with a small change 

(0.5 mm) in the raster-scanned direction. This process was repeated until the entire raster-

scanned distance along the x and y directions of scanning were covered. The same variation in 

position could be used to simulate a defocused beam passing through the foil. The position and 

direction of each ion were then rotated to correct for the difference between the original direction 

of the ion beam and the normal to the stage surface. For this setup, the helium beam was 60 

degrees off from the normal to the irradiation stage. After this geometric adjustment, SRIM was 

used to calculate the injected distribution of the energy degraded ions for each angle of foil 

rotation. Although the foil can rotate to angles beyond 60 degrees, the desired ion range could be 

achieved within 60 degrees, and it avoided the possibility that the frame could block the beam. 

For the initial HT9 irradiations, there was a small error in the calculation of the losses of helium 

due to scattering through the foil which resulted in a non-uniform helium-to-dpa ratio as shown 

in Figure 4.7 with the damage rate and injected interstitial profile. This non-uniformity is not 

expected to impact the results in the area of interest 500-700 nm from the sample surface. As 

such, to limit potential artifacts from changing the helium profile, the same helium-to dpa profile 

was used for all HT9 irradiations. However, since the T91 irradiations will not be compared 

directly to the HT9 irradiations, the correct profile was used for all T91 irradiations as shown in 

Figure 4.8. 

4.2.3 Running the Irradiation 

Once the stage was mounted, the irradiation chamber was pumped down in stages, starting 

with an oil-free scroll pump. Once the pressure reached about 1 × 10-1 torr, the plasma cleaner was 

started to break down any residual hydrocarbons that might have been deposited in the chamber 
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or on the samples. Based on tests that had been performed previously, it was determined that 

running the Evactron EP Series Plasma De-Contaminator with a forward power of 15 W for 2 

hours was sufficient to remove carbon from the surface of the samples. After the plasma cleaning 

had finished, the scroll pump continued pumping until the chamber pressure had dropped below 

10-2 torr at which point, the scroll pump was isolated from the chamber and the gate valve to the 

cryopump below the chamber was opened. Once the pressure dropped below 10-6 torr, the gate 

valves to the beamlines were opened to provide additional pumping power. The chamber was then 

left to pump for at least 12 hours to achieve a pressure below 1 × 10-7 torr. 

After confirming that the system was within the desired parameters for an irradiation, the 

slits were set to the desired area and the alignment of the stage was checked with a laser that was 

aligned down the path of beamline 4. The laser was mounted on the opposite side of a bending 

magnet from the chamber, near the accelerator. To diffuse the beam and simulate the effects of a 

defocused beam, a plastic film was placed between the laser and the quartz window on the magnet. 

The alignment of the stage was confirmed by ensuring that the image of the laser on the samples 

coincided with the desired irradiation area. Figure 4.9(a) shows an image of samples mounted on 

the beamline and aligned with the laser. Following laser alignment to the samples, a gridded piece 

of alumina was slid in front of the irradiation stage using a linear motion feedthrough. The alumina 

fluoresces when struck with ion beams and verified the alignment of the laser (Figure 4.9(b)) and 

the iron ion beam from beamline 4 (Figure 4.9(c)). The alumina piece is retracted prior to the start 

of the irradiation. 

As the sources were started in preparation for the irradiation, the liquid nitrogen tank was 

opened to allow the cold trap to cool down. A series of automated valves and temperature sensors 

allowed the nitrogen to flow from the large Dewar into the small tank on top of the MBC. Once 
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the nitrogen was in the small Dewar, it would start to cool the entire copper assembly in the 

chamber. It took roughly two hours for the temperature to saturate, so the cold trap had to be started 

two hours prior to the planned start of the irradiation. 

After the sources started outputting sufficient current, the iron beam was defocused to 

ensure uniform irradiation of the stage. The quadrupoles at the high energy end and the Einzel 

lenses at the low energy end were adjusted until the current variation was less than 10% across the 

entire irradiation area. To confirm that the beam was properly defocused, the slits were used to 

look at slices of the beam in both the horizontal and vertical directions. The first step was to close 

the slits in one direction down to 1 mm on either side and open the slits in the other direction 

outside of the desired irradiation area. The opened slits were then moved in 0.4 mm increments to 

measure the current change through the aperture. The process was repeated for both sides and both 

directions and the resulting differential current profile was examined to ensure that the variation 

was within acceptable limits. 

After the beam had been defocused and the cold trap had cooled down, the stage was heated 

to the irradiation temperature. If the samples were fresh, they would have been outgassed 

previously to reduce the pressure spike as they were heated. If the samples had already been 

irradiated, no out-gassing was performed. In either case, the stage would be heated as quickly as 

possible to the irradiation temperature. For samples that could not be outgassed, this could lead to 

a short pressure spike to about 3-5 × 10-7 torr. The thermocouples and regions of interest were 

monitored closely during heat-up to ensure that the samples exhibited reasonably uniform heating 

behavior. The entire heat up process usually took about 15 minutes. As soon as the desired 

irradiation temperature was reached, the thermal imager was calibrated against the thermocouples 

for the areas of interest (AOI) by adjusting the emissivity of each AOI until the temperatures 
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agreed. In the thermal imaging program, a minimum of two AOIs were placed on each sample in 

the irradiated region and monitored for the duration of the experiment. Figure 4.10 shows a typical 

thermal image with AOIs on a heated irradiation stage. As soon as the pyrometer was calibrated, 

the Faraday cups were removed and the beams were allowed to hit the stage, starting the 

irradiation. 

The experiment was monitored continuously while it was running to ensure that all the 

parameters stayed within specifications. All irradiations were conducted so as to maintain the 

sample temperature within 10°C of the desired irradiation temperature, and frequently, the 2σ 

value was less than 7°C. While the thermocouple was still monitored, the AOIs from the pyrometer 

were used to record accurate temperature throughout the experiment. The LabViewTM program 

interfacing with the FLIR was set to alarm if any of the AOIs deviated by more than the allowed 

value of 10°C from the target temperature. If fluctuations were observed, the voltage to the 

cartridge heater was adjusted to compensate and keep the temperature as close to the target 

temperature as possible. For a 5 MeV Fe2+ beam, only a small amount of beam heating was 

observed, ranging from 1-10°C depending on the ion flux. Similarly, the He2+ beam only added a 

small amount of beam heating, typically in the range of 1-2°C depending on the ion flux and the 

rotation of the thin foil energy degrader. The cooling lines for air flow were not typically used 

during the experiments since the heater cartridge could maintain a stable temperature on its own. 

The pressure near the stage and in the beamlines was also monitored throughout the 

irradiation using the InstruTech Inc. model IGM402 hot cathode ionization vacuum gauges. A 

chamber pressure of 10-7 torr was set as the threshold for starting an experiment, but the initial heat 

up combined with putting the beam on the samples typically pushed the pressure into the mid-to-

high 10-7 torr range. However, the pressure usually recovered quickly and was typically back 
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below 10-7 torr within an hour. It was important to always maintain the pressure below 10-6 torr 

during an irradiation to minimize the risk of oxidizing the samples. 

The current for each ion beam was monitored continuously during the experiment by 

watching the current on the slits. As mentioned previously, the iron beam was defocused to have 

the beam fully cover the target sample area and hit the slits forming the aperture. Similarly, the 

helium beam was raster-scanned across the slits and aperture so that current was always visible on 

the slits. To get an accurate measure of the iron and He beam currents, a suppressed Faraday cup 

in the chamber was periodically inserted for each ion beam and the current was recorded. The time 

interval between measurements was typically 30-45 minutes. The Faraday cups for each beam had 

to be inserted simultaneously to get an accurate measurement as electrons emitted from the stage 

due to the beam would hit the back of the Faraday cup and cause a false reading. A continuous 

current measurement was not possible because the entire stage and irradiation chamber could not 

be isolated or suppressed. However, as mentioned previously, the current on the slits were 

continuously monitored to ensure the presence of beam, the alignment of the beam through the 

aperture and any significant changes in the current hitting the stage. If the balance on the slits 

changed, the bending magnet was used to realign the beam. 

If at any point during the irradiation, the pressure, current or temperature were to exceed 

the limits of the experiment and could not be recovered within a timely manner (e.g., due to a 

power outage or source malfunction), the samples would be protected to ensure the integrity of the 

experiment. Typically, this meant that if the beam were lost for more than 5-10 minutes depending 

on the irradiation temperature, the heater would be turned off and the air lines would be opened. 

This would typically cool the samples to below 100°C within 10 minutes. Once the issue had been 
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resolved and the irradiation was ready to start again, the irradiation would be restarted following 

the same procedure as was followed to start it initially. 

Once the target damage level had been achieved, the irradiation was complete. The 

irradiation was then terminated by blocking both of the ion beams with the respective Faraday cup, 

turning off the voltage to the heater and opening the air lines to rapidly cool the stage. The stage 

was cooled to room temperature and the chamber was left under vacuum to allow the liquid 

nitrogen to evaporate and the cold trap to warm up enough to avoid condensation when the MBC 

was vented. 

4.3 Post Irradiation Characterization Methods 

Following irradiation, the samples were removed from the stage for preparation for 

characterization. The electron transparent windows were produced using the focused ion beam 

(FIB) in-situ liftout method. The liftouts were then imaged using a combination of transmission 

electron microscopy (TEM) and scanning TEM (STEM). 

4.3.1 TEM Specimen Preparation 

Due to several factors, the focused ion beam (FIB) lift-out method is ideal for producing 

TEM samples. The shallow penetration depth of Fe2+ and He2+ ions (see Figure 4.7 and Figure 4.8) 

in dual ion irradiated FM steels means that there is little material that is actually damaged, and the 

material that is damaged lies near the surface. Additionally, FM steels are magnetic and large 

specimens, like a full 3 mm disc, would cause magnetic distortions in the electron beam during 

TEM imaging. The ability of the FIB liftout method to produce relatively small, cross-sectional 

slices of the material just microns into the surface addresses both of these problems. 

The TEM foils were prepared using dual beam FIBs. These instruments utilize an electron 

beam (normal to a horizontal surface) for imaging, and a gallium ion gun (52 degrees from the 
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electron beam) for imaging and milling. The currents and energies of these beams can be varied 

according to the ideal conditions for the user. The ion beam typically operates at energies up to 30 

keV and currents of up to tens of nA. Energies of 30 keV were used for most of the FIB lift-out 

process. The specific instruments used in this dissertation were a FEI Helios NanoLab 

DualBeamTM and a Nova NanoLab DualBeamTM at the Michigan Center for Materials 

Characterization (MC)2 for all the samples. 

The FIB liftout method was utilized as follows. The irradiated bar was mounted irradiated-

side up using copper tape on an SEM mount and placed in the FIB chamber, which was then 

pumped down. The stage was tilted 52 degrees to be perpendicular to the ion beam. A random area 

of the sample was chosen within the irradiated region. The platinum gas injector needle was 

inserted, and the gallium beam was used to deposit a small layer of platinum on the targeted surface 

using a current of about 0.4 nA and an ion energy of 30 keV. Using a higher current of ~21 nA 

and the same energy of 30 keV, the gallium beam was used to create trenches using a regular cross 

section pattern about 4 microns deep on the long side of the platinum deposition. The long sides 

of the deposition were cleaned up using lower current (~7 nA followed by ~3 nA) and a cleaning 

cross section pattern. The stage was then tilted back to 7 degrees so that the gallium beam could 

make a U-shaped undercut at an angle of 45 degrees to the sample normal. The undercut was done 

on both sides of the samples so that the lamella was attached to the bulk of the specimen by two 

small pieces. A micromanipulator (called an OminprobeTM needle) was inserted and slowly 

positioned such that it made contact with a corner of the platinum deposition. A small amount of 

platinum (approximately 1 µm2) was used to weld the OmniprobeTM needle to the sample. The 

final connecting edges were then cut with the gallium beam to free the specimen from the metal 

bulk, and the OmniprobeTM needle was carefully lifted away with the lamella. The stage was then 
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carefully moved to the location of a mounted copper half grid with three posts. The needle with 

the attached sample was lowered into a position to either attach the lamella in the valley of a 

chevron post or cantilevered to the side of one of the posts. The gallium beam was used to weld 

the specimen to the post and then the needle was cut free from the sample and retracted from the 

chamber. The stage was then rotated 180 degrees to add additional platinum to the opposite side 

of the specimen. At this point, the specimen was still about 2 µm thick. 

To achieve the target thickness of 100 nm or less, successive thinning needed to be done. 

The samples was tilted to 52 degrees and a current of 0.79 nA was used with the cleaning cross 

section pattern to create smooth surfaces. The current was then lowered to 0.43 nA and the pattern 

was placed within the platinum coating and using a milling depth of 0.5 µm to slowly produce two 

windows. The bar at the bottom of the resulting frame provided support for the liftout and reduced 

the chance that the liftout would fail due to twisting or bending. The sample was alternately tilted 

back and forth about 1.5 degrees to thin the sample in wedge shape. This method was used to 

minimize the amount of material milled from the top of the sample to preserve the surface while 

still thinning the entire specimen. The current was successively lowered as needed, while 

alternating the angle until the specimen was measured to be less than 200 nm thick using the SEM. 

The energy of the ion beam was subsequently reduced in successive steps of 5 keV and 2 keV to 

thin the foil to a final thickness of about 100 nm. The low energy milling was found to effectively 

eliminate TEM-visible damage induced by the FIB process at higher ion beam energies. The 

chamber was then vented and the grid with the sample was placed in a labelled membrane box for 

safe keeping. Figure 4.11 highlights the key steps summarizing the FIB lift-out process. 

4.3.2 Cavity Imaging 
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Imaging of the TEM specimens in this thesis was performed using a JEOL 2100F CS-

corrected Analytic Electron Microscope (AEM), a JEOL 2010F AEM and a Thermo Fisher Tecnai 

G2 F30 TWIN Electron Microscope at (MC)2. The JEOL 2100F is a 200 keV microscope that 

operated mainly in STEM mode. The JEOL 2010F is a 200 keV microscope that could operate in 

either conventional TEM mode and STEM mode with a Gatan OneView 16-megapixel CCD 

camera capable of 4k resolution with 0.25 nm point to point resolution. The Tecnai G2 is a 300 

keV microscope that is also able to operate in both TEM and STEM mode. All microscopes had 

the capability for XEDS using an EDAX® detector with EDAX® acquisition software. 

Additionally, a Gatan® Imaging Filter (GIF) allowed for the performance of electron energy loss 

spectroscopy (EELS) on the two JEOL microscopes. A software suite called DigitalMicrograph® 

was used to acquire the images. The TEM specimen was mounted on a Single-tilt or Double-tilt 

stage and inserted into the microscope. 

To determine the size and density of cavities, imaging of the entire liftout was performed 

using STEM mode on the JEOL 2100F or the Tecnai G2, capturing high angle annular dark field 

(HAADF) images and a bright field (BF) image simultaneously. The contrast in the STEM 

HAADF images arises mainly from thickness and “Z-contrast,” which is dependent on the 

effective atomic number of the material or spot on the liftout. Cavities, which lack both thickness 

and any atomic number appear as distinct, dark areas under these imaging conditions with well-

defined boundaries. The HAADF images are typically free from contrast caused by dislocation 

networks and FIB damage allowing for accurate and convenient imaging of cavities. An example 

image of a typical HAADF image and its corresponding BF image is shown in Figure 4.12. 

A standard procedure for consistent imaging of cavities across all samples was used for 

imaging cavities larger than 5 nm in diameter. Images were taken at approximately 100kx 
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magnification, which allowed for a field of view of around 1.4 µm × 1.4 µm. Successive images 

were taken along the length of the sample with minimal overlap until a complete set of HAADF 

and BF images covering the entire specimen were collected. In many cases, higher magnification 

images were taken to acquire a more detailed view of the smaller cavities and microstructural 

features. The point resolution for these images is about 0.68 nm [104]. 

Typically, conventional TEM (CTEM) images have been used to image cavities. In this 

work, CTEM BF images were collected to determine the size and density of cavities smaller than 

5 nm in diameter using the 4k resolution of the Gatan OneView camera.  A standard procedure for 

consistent imaging of these cavities across all samples was used. A series of underfocused and 

overfocused images were collected sequentially from a focus value of -2 µm to +2 µm in 0.5 µm 

steps. When the image is in focus, the cavities do not exhibit any noticeable contrast. In 

underfocused images, cavities appear as lighter features with a darker fringe around them, and in 

overfocused images, cavities appear as darker features with a lighter rim around them. However, 

the diameter of such small cavities is not reliable for focus values less than -1 µm or greater than 

+1 µm [105]. Therefore, the underfocused images collected closest to the focal value of +0 µm 

were used to estimate the size of a cavity and the remaining images were used to confirm the 

feature being measured was indeed a cavity. Example images of underfocused and overfocused 

cavities are shown in Figure 4.13. Images were taken at approximately 150kx magnification in 

CTEM mode, which allowed for a field of view of about 0.3 µm × 0.3 µm and a point resolution 

of 0.23 nm [104]. At least three areas centered at 600 nm from the surface of the TEM specimen 

were imaged per irradiation condition. 

An attempt was made to use EELS measurements of the smaller features to estimate the 

concentration of helium within them. However, the small sizes of the features and the low quantity 
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of helium within them made it impossible to record a statistically significant signal from the helium 

atoms before carbon contamination overwhelmed the signal. Elastic recoil detection analysis 

(ERDA) and nuclear reaction analysis (NRA) with 3He ions were considered to measure the 

helium content in the sample. However, because the helium could not be correlated with any 

specific feature, the techniques were not used. Without the direct measurement of helium, a more 

traditional method was utilized to classify the cavities as either bubbles or voids. Cavities within 

the first peak of the bimodal distribution, typically less than 5 nm in diameter, were called bubbles 

to be consistent with existing literature. Cavities within the second peak of the bimodal 

distribution, typically greater than 5 nm in diameter, were called voids, again to be consistent with 

existing literature. 

The thickness of the TEM specimen was measured using EELS (electron energy loss 

spectroscopy. This method estimated the thickness of the sample by measuring the amount of 

electron energy loss as the beam passed through the sample. The electron beam was set to a probe 

size of ~1 nm and the camera length was set to 2 cm (for a corresponding collection angle of about 

32 mrad). A zero-loss spectrum was taken in an area of vacuum without going through the sample 

to calibrate the beam. Then an EELS spectrum map was taken on at least six areas of the sample 

(within the 500-700 nm depth region). The DigitalMicrograph® software included an algorithm 

to calculate the thickness by calculating the error in a logarithmic fit of the inelastic mean free path 

of the electrons through the sample. The error in this calculation is estimated to be around 10% 

[106]. The average of these thickness measurements taken from the EELS map was used as the 

nominal thickness of the TEM specimen. 

4.3.3 Cavity Characterization 
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Characterization of the cavities after the images were taken was performed using a freely 

available image processing suit FIJI [107]. As mentioned previously, For each HAADF image, the 

cavities were counted and measured with the diameter and the position of the center of the cavities 

being recorded and stored separately from the image. During counting, the HAADF images were 

cross-referenced with the BF images to ensure that the cavities being counted were actually cavities 

and not precipitates, contrast from dislocations or other microstructural features. After the counting 

of an image was complete, the next sequential image was examined for any overlapping regions 

and marked to avoid double counting cavities in the overlapping regions. When the entire TEM 

specimen was counted, the resulting information was fed into a custom script written in 

MATLAB®. This script reads in the length of all counted regions (excluding the overlapped 

regions) to tally the total length of the specimen. The script also reads in the cavity diameter and 

position from the measurement files and sorts them into 100 nm depth bins, starting at the surface 

of the sample. Taking this length into account, the 100 nm depth of the bin, and the average 

thickness of the specimen, a total volume of the bin, Vbin, was calculated. The volume of each 

cavity was calculated assuming the cavity was a sphere. The sum of the volume of each cavity was 

tallied for each bin. This value was effectively the change in volume, ΔV, in the bin. Swelling was 

then calculated as the change in volume divided by the original volume. Therefore, the swelling 

of any particular depth bin could be expressed as the percentage: 

Swelling (%) = 
∆𝑉

𝑉−∆𝑉
 = 

∑
4

3
𝜋𝑟𝑗

3𝑁
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𝑉−∑
4

3
𝜋𝑟𝑗

3𝑁
𝑗=1

× 100% =
∑

4

3
𝜋𝑟𝑗

3𝑁
𝑗=1

𝑙∗𝑤∗𝛿−∑
4

3
𝜋𝑟𝑗

3𝑁
𝑗=1

× 100%,  Eq. 4.4 

where l is the length of the bin, w is the width of the bin, δ is the thickness of the TEM specimen, 

N is the number of cavities in the bin and dj is the diameter of the jth cavity. For the nominal 

swelling value within the 500-700 nm depth region, the volume change calculation included 

cavities from both the 500-600 nm and the 600-700 nm depth bins. Average cavity diameter and 
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number densities were also determined as a function of depth. Additionally, a cavity size 

distribution with number density plotted as a function of size was also determined. 

 For the bubbles, typically smaller than 5 nm in diameter, on each underfocused BF CTEM 

image near the +0 µm focal point, the bubbles were counted and measured with the diameter of 

the bubbles being recorded and stored separately from the image. During counting, the 

underfocused BF images were cross-referenced with the overfocused BF images to ensure the 

features being counted were bubbles. After counting of an image was complete, the next sequential 

image was examined for any overlapping regions and marked to avoid double counting bubbles in 

the overlapping regions. When the entire image set for the TEM specimen was counted, the bubble 

sizes were collected into one file. The average bubble size from these images and number densities 

were also determined. The bubble size distribution with number plotted as a function of size was 

also determined and spliced into the cavity size distribution from the HAADF images to create 

size distributions for the full range of cavity sizes. 

 The sink strength of the total cavity size distribution was determined by summing over the 

size distribution with the following equation from [4]: 

𝑘𝑐𝑎𝑣
2 = 2𝜋∑ 𝑑𝑖𝑁𝑖

𝐷
𝑖=0 ,      Eq. 4.5 

where Ni is the density of cavities of diameter di, and D is the maximum cavity size observed. 

Density bins in the size distribution were calculated with a resolution of 0.5 nm per bin from 0 to 

5 nm and 1 nm per bin for cavities greater than 5 nm in diameter. An example of the results of 

depth profiling cavities from HAADF images with size, number density and swelling, along with 

the combined HAADF STEM and BF CTEM size distributions is shown in Figure 4.14. 

4.3.4 Determination of Valid Region of Analysis 



 83 

As seen in the SRIM profile in Figure 4.8, the damage rate changes as a function of depth, 

so the calculation of a damage level for a particular experiment is not straightforward. As 

mentioned previously, a depth of 600 nm in the SRIM profile was used as the nominal damage 

level for each experiment. This depth was chosen as it adequately avoids the effects of injected 

interstitials at the higher depths and avoids effects of the free surface. Zinkle and Snead [103] 

determined the valid depths of analysis for a Fe-10Cr system for 5 MeV iron ions which takes into 

account diffusion of interstitials from higher depths and the cavity-denuded surface effects. For 

the T91 system, which is close to the model system as a nominally Fe-9Cr alloy, at 150 dpa and 

450°C, the valid depth regions remain within a range of 350 – 700 nm, which adequately avoids 

surface and interstitial effects. A similar depth range was determined as valid by Getto et al. [42] 

in HT9, and a similar process was utilized for the HT9 irradiations performed as part of this study. 

Thus, using a depth of 500-700 nm in the SRIM profile as the region of analysis avoids 

complicating artefacts from the shallow penetration depth of ion irradiation. 

4.3.5 Error Analysis 

For all conditions in this thesis, an effort was made to minimize the error due to counting 

statistics, to ensure the accuracy of the cavity size distribution measurements. The same error 

analysis presented in [97,98] is followed here. At least two TEM specimens for each condition 

were extracted, which was nominally equivalent to 2.5 μm2 of material about 100nm thick (for the 

500-700nm region). However, errors due to instrument limitations, such as TEM resolution needed 

to be considered. The two types of error that needed to be accounted for were error due to TEM 

resolution, and error due to EELS thickness measurements.  

The resolution for the HAADF images taken was 0.7nm/pixel. This would mean that the 

error on each end of a measurement would be less than 1nm, regardless of the size of the 
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measurement. The error in the measurement of the size of the feature (cavity, precipitate, or 

dislocation), would then depend on the size of the measurement. The fractional error could then 

be represented for the STEM images by: 

𝜇𝑟𝑒𝑠 =
1𝑛𝑚

𝐿
,       Eq. 4.6 

where L is the size of the measurement.  

The resolution for CTEM BF underfocused and overfocused images was 0.07nm/pixel for 

the magnification used for imaging. However, the imaging resolution of the instrument for CTEM 

is 0.10 nm for lattice resolution and 0.25 nm for point-to-point resolution. Therefore, 0.25 nm was 

assumed to be the error in the CTEM BF measurements of cavities. The fractional error could then 

be represented for the CTEM BF images by: 

𝜇𝑟𝑒𝑠 =
0.25𝑛𝑚

𝐿
,       Eq. 4.7 

where L is the size of the measurement. Figure 4.15 shows how the error due to TEM resolution 

changes as a function of cavity size. This measurement error would also contribute to any 

calculation which depends on the cavity size, such as the calculation of swelling. 

As mentioned previously, the fitting of the EELS zero loss method exhibits an error of 

10%. This thickness measurement affects the calculation of number density but is not dependent 

on any other factors. Therefore, error in number density at all times is estimated to be 10%. This 

is depicted as a flat line in Figure 4.15. The calculation of swelling includes both diameter and 

thickness measurements, therefore the contributions of error in both TEM resolution and EELS 

thickness measurements both contribute to the swelling error. Cavity swelling is directly 

proportional to the number density and proportional to the cube of the diameter, as shown below: 

𝛥𝑉

𝑉
∝ ⁡𝑁𝑣 ⁡ ∝ ⁡ (

𝑑

2
)
3

.      Eq. 4.8 
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The propagation of error for multiplicative quantities and quantities raised to a power is 

shown below:  

𝜇𝑚𝑢𝑙𝑡 =
𝜎𝑢

𝑢
= √(

𝜎𝑥

𝑥
)
2

+ (
𝜎𝑦

𝑦
)
2

,     Eq. 4.9 

𝜇𝑝𝑜𝑤𝑒𝑟 = 𝑛 ∗ (
𝜎𝑥

𝑥
),      Eq. 4.10 

where n is the exponent in the original equation. For swelling, these two propagations can be 

combined, resulting in the following calculation for swelling error: 

𝜇𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 = √(
𝜎𝑁𝑑

𝑁𝑑
)
2

+ (𝑛
𝜎𝑑

𝑑
)
2

= √(𝜇𝑁𝑑
)
2
+ (3 ∗ 𝜇𝑑)2  Eq. 4.11 

where Nd is the number density, d is the cavity diameter, and 𝜇𝑁𝑑
 and 𝜇𝑑 are the fractional errors 

in the number density and diameter respectively. The swelling error therefore depends on errors in 

the number density and diameter. The dependence of the error with swelling on cavity size is also 

shown in Figure 4.15. 

It is also important to consider the high degree of inhomogeneity inherent to ferritic-

martensitic steels. Grain-to-grain variation in the microstructure contributes additional uncertainty 

to the swelling measurements, as cavity nucleation and growth can vary extensively in adjacent 

grains. To minimize this uncertainty, multiple TEM specimens were extracted for each condition 

from different regions of the irradiated sample. At least two TEM specimens were made per 

condition, encompassing an area of approximately 2.5 μm2, with foil thicknesses less than 100 nm. 

4.4 Numerical Solutions to the Cavity Growth Rate Equation 

Before discussing the results of the irradiation experiments, it is helpful to describe the 

theoretical framework to be used in the analysis. Many aspects of cavity formation and growth 

have been modeled approximately using the simple cavity growth rate equation and the critical 

bubble model (CBM) concept [88,89] as described in Section 2.4.6:  
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𝑑𝑟

𝑑𝑡
=

𝛺

𝑟
[𝐷𝑣𝐶𝑣 − 𝐷𝑖𝐶𝑖 − 𝐷𝑣𝐶𝑣,𝑇exp⁡ (

2𝛾

𝑟
− 𝑝𝑔)].   Eq. 4.12 

The cavity growth rate equation depends on several parameters from the microstructure, 

the irradiation conditions, and the material properties. Determination of the cavity growth rate 

involves two principle calculations: 1) the steady state point defect concentrations, and 2) the 

helium gas pressure inside a cavity. To calculate the point defect concentrations a standard rate 

equation for the change in defect concentration of either interstitials and vacancies with time was 

used from [38]: 

𝑑𝐶(𝑖,𝑣)

𝑑𝑡
= 𝐾0 − 𝐾𝑖𝑣𝐶𝑖(𝐶𝑣 + 𝐶𝑣,𝑇) − 𝐾(𝑖,𝑣)𝑠𝐶(𝑖,𝑣)𝐶𝑠.    Eq. 4.13 

The first term on the right side of the equation is the production rate of defects, 𝐾0,. The 

second term, 𝐾𝑖𝑣𝐶𝑖(𝐶𝑣 + 𝐶𝑣,𝑇), is the loss of the point defects due to mutual recombination and 

includes the loss of interstitials recombining with thermally produced vacancies. The final term in 

the equation is the loss of point defects to sinks and is dependent on the concentration of sinks, 𝐶𝑠, 

the concentrations of point defects, and the interaction rate for either interstitials or vacancies with 

sinks, 𝐾(𝑖,𝑣)𝑠. To input the measured sink strengths of the microstructure, the point defect rate 

equations can be rewritten as: 

𝑑𝐶(𝑖,𝑣)

𝑑𝑡
= 𝐾0 − 𝐾𝑖𝑣𝐶𝑖(𝐶𝑣 + 𝐶𝑣,𝑇) − 𝑘(𝑖,𝑣)

2 𝐷(𝑖,𝑣)𝐶(𝑖,𝑣),   Eq. 4.14 

where 𝑘(𝑖,𝑣)
2  is the sink strength for either vacancies or interstitials and 𝐷(𝑖,𝑣) is the diffusion 

coefficient for the respective point defect.  

 The recombination parameter for defects was taken from [38]:  

𝐾𝑖𝑣 =
𝑧𝑖𝑣𝛺(𝐷𝑖+𝐷𝑣)

𝑎2
,  𝑧𝑖𝑣~500,     Eq. 4.15 

where 𝑧𝑖𝑣 is the combinatorial factor, 𝛺 is the atomic volume, and 𝑎 is the lattice parameter.  
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The sink strengths for interstitials and vacancies will be calculated for each irradiation 

condition using the microstructure measured in Chapter 5 . For each specie, the total sink strength 

is the sum of the sink strengths of the individual measured sinks: 

 𝑘𝑣
2 = 𝑘𝑑𝑖𝑠

2 + 𝑘𝑐𝑎𝑣
2 + 𝑘𝑔𝑏

2 ,    Eq. 4.16 

𝑘𝑖
2 = 𝑘𝑑𝑖𝑠

2 (1 + 𝑏𝑖𝑎𝑠) + 𝑘𝑐𝑎𝑣
2 + 𝑘𝑔𝑏

2 ,     Eq. 4.17 

where the sink strengths are calculated by: 

𝑘𝑐𝑎𝑣
2 = 4𝜋𝑟𝑐𝑎𝑣𝜌𝑐𝑎𝑣 = ∑ 4𝜋𝑟𝑐𝑎𝑣,𝑖𝜌𝑐𝑎𝑣,𝑖𝑗 ,   Eq. 4.18 

𝑘𝑑𝑖𝑠
2 = 2𝜋𝑟𝑑𝑖𝑠𝜌𝑑𝑖𝑠 = ∑ 4𝜋𝑟𝑑𝑖𝑠,𝑖𝜌𝑑𝑖𝑠,𝑖𝑗 ,    Eq. 4.19 

𝑘𝑔𝑏
2 =

24

𝑑𝑔𝑏
2 ,        Eq. 4.20 

where r is the radius of the respective feature, ρ is the density of the respective feature and dgb is 

the effective diameter of a grain. 

The diffusion of interstitials and vacancies was assumed to have an Arrhenius dependence: 

𝐷𝑖,𝑣 = 𝛼𝑖,𝑣𝜔𝑖,𝑣𝑒𝑥𝑝 (
−𝐸𝑚

𝑖,𝑣

𝑘𝑇
),     Eq. 4.21 

where 𝛼 is 1/6 for interstitials and 1 for vacancies, 𝜔 is the jump frequency for either vacancies or 

interstitials, 𝑘 is the Boltzmann constant, 𝑇 is the temperature, and 𝐸𝑚 is the migration energy for 

the point defect specie. 

Finally, the thermal vacancy concentration was estimated using: 

𝐶𝑣,𝑇 =
1

𝛺
𝑒𝑥𝑝 (

𝑆𝑓

𝑘
) 𝑒𝑥𝑝 (

−𝐸𝑓
𝑣

𝑘𝑇
),     Eq. 4.22 

where 𝑆𝑓 is the entropy of formation, and 𝐸𝑓
𝑣 is the vacancy formation energy. The thermal 

interstitial concentration was assumed to be negligible.  

All of the previously described equations were used with the time derivative in Eq. 4.14 set 

to zero to solve for the steady state concentration of interstitials and vacancies using a numerical 
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solver in MATLAB®. The dislocation bias for interstitials has been reported in literature in the 

range of 1% to 25% using analytic solutions [108–111] and 1 to 5% using rate theory approaches 

[94,112–115]. A value of 5% was chosen for this analysis to include the largest effect in the range 

of both approaches. 
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Table 4.1: Chemical Composition (wt%) of HT9, heat 84425, and T91, heat 30176 [94,116]. 

 Fe Cr Mn Nb Mo Ni Si V C N Al S P Ti Cu W 

HT9 Bal. 11.8 0.50  1.03 0.51 0.21 0.33 0.21 0.006 0.03 0.003 0.008 <0.01  0.24 

T91 Bal. 8.76 0.44 0.086 0.86 0.10 0.25 0.23 0.091 0.052 0.0004 0.002 0.007 0.003 0.062 0.004 
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Table 4.2: Experimental details for ion irradiations conducted as part of this thesis. 

Date of 

Completion 
Material 

Damage Level (Quick 

Kinchin-Pease dpa) 

Temperature 

(°C) 

Damage Rate 

(dpa/s) 

Helium Co-injection 

Rate (appm He/dpa) 

He Injected 

(appm He) 

May 13, 2017 T91 17 445 7.0 × 10-4 0 0 

May 15, 2019 T91 50 (17 + 33) 445 7.1 × 10-4 0 0 

Aug. 15, 2019 T91 150 (50 + 100) 445 8.0 × 10-4 0 0 

Oct. 21, 2019 T91 17 445 7.6 × 10-4 0.02 0.34 

Nov. 14, 2019 T91 50 (17 + 33) 445 7.8 × 10-4 0.02 1 

Dec. 20, 2019 T91 
150 (50 + 100) 

445 8.0 × 10-4 0.02 
3 

100 2 

Feb. 24, 2020 T91 
150 (100 + 50) 

445 7.7 × 10-4 0.02 
3 

50 1 

Dec. 7, 2018 T91 17 445 7.2 × 10-4 0.2 3.4 

May 23, 2019 T91 50 (17 + 33) 445 7.8 × 10-4 0.2 10 

Aug. 6, 2019 T91 150 (50 + 100) 445 8.0 × 10-4 0.2 30 

Sep. 9, 2019 T91 17 445 8.0 × 10-4 4 68 

Sep. 19, 2019 T91 50 (17 + 33) 445 8.0 × 10-4 4 200 

Dec. 14, 2019 T91 
150 (50 + 100) 

445 8.2 × 10-4 4 
600 

100 400 

Jan. 17, 2020 T91 
150 (100 + 50) 

445 7.8 × 10-4 4 
600 

50 200 

Feb. 28, 2020 T91 
200 (150 + 50) 

445 8.3 × 10-4 4 
800 

100 (50 + 50) 400 

Oct. 21, 2016 HT9 188 460 8.4 × 10-4 0.06 11.28 

May 17, 2017 HT9 188 460 7.5 × 10-4 0 0 

Dec. 19, 2016 HT9 
188 

460 6.4 × 10-4 0.06 
11.28 

375 22.5 

Apr. 3, 2017 HT9 188 460 8.6 × 10-4 4 752 

Jan. 15, 2018 HT9 350 460 7.7 × 10-4 4 1400 

Apr. 16, 2018 HT9 450 460 8.2 × 10-4 4 1800 

Jul. 27, 2018 HT9 550 460 7.2 × 10-4 4 2200 

Mar. 5, 2019 HT9 650 460 8.5 × 10-4 4 2600 
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Table 4.3: Table of input parameters for calculating the cavity growth rate equation. 

Parameter  Value Reference 

Temperature, T Input parameter This work 

Damage Rate, K0 Input parameter This work 

Helium Co-Injection Rate Input parameter This work 

N 8.34 × 1022 at/cm3 [10] 

Lattice parameter (a) 0.288 nm [10,97] 

Sink strength From microstructure This work and [90] 

ωi 2.9 × 1012 s-1 [10] 

ωv 1.6 × 1013 s-1 [10] 

Γ 1.75 J/m2 [97] 

Evm 0.63 eV [97] 

Evf 1.6 eV [10] 

Eim 0.35 eV [10] 

Sf 2.17k [38] 

Dislocation Bias 5% See text. 
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Figure 4.1: A schematic of the electropolishing setup [90]. 
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Figure 4.2: Multi-beam chamber with connecting beamlines. Each beamline is equipped with Faraday cups to record the ion beam 

current, slit apertures to define the irradiation area and a beam profile monitor (BPM) to assess the beam shape [99]. 
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Figure 4.3: Schematic drawing of the stage used for dual ion irradiation in this work. 
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Figure 4.4: A picture of a fully assembled dual-ion irradiation stage. 
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Figure 4.5: The damage profile and injected ion concentration as a function of depth for 5 MeV Fe2+ in HT9 as calculated by SRIM 

for a damage level of 100 dpa at 600 nm from the surface. 
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Figure 4.6: A schematic of the foil degrader geometry considered for SRIM based calculations based on the foil rotation angle, θ, 

position of the ions after degradation, r, and direction of the ions relative to the original trajectory, φ [90]. 
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Figure 4.7: The helium injection profile, damage profile and injected ion concentration as a function of depth for 5 MeV Fe2+ in 

HT9 as calculated by SRIM for a damage level of 100 dpa at 600 nm from the surface for 4 appm He/dpa with a non-uniform 

helium-to-dpa profile. 
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Figure 4.8: The helium injection profile, damage profile and injected ion concentration as a function of depth for 5 MeV Fe2+ in 

T91 as calculated by SRIM for a damage level of 100 dpa at 600 nm from the surface for 4 appm He/dpa with a flat helium-to-dpa 

profile. 
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Figure 4.9: Pictures of the alignment verification process showing (a) the diffuse laser on the irradiation stage, (b) the same diffuse 

laser on an alumina piece in front of the irradiation stage and (c) fluorescence of the alumina piece from the 5 MeV Fe2+ ions [90]. 
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Figure 4.10: A typical thermal image with AOIs on a heated irradiation stage. The middle AOIs are in the ion irradiated area struck 

by both the 5 MeV Fe2+ beam and the energy degraded He2+ beam. The outer four AOIs are present to ensure the beam does not 

shift during irradiation. 
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Figure 4.11: A schematic of the FIB process, showing a) platinum deposition on the surface, b) trenching around the platinum 

deposition, c) undercut of the sample at 52°, d) attaching of the Omniprobe to the sample, e) attaching of the sample to the copper 

grid, f) thinning the specimen prior to window formation, g) after window formation, and h) after final thinning [90]. 
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Figure 4.12: STEM BF (left) and STEM HAADF (right) micrographs of the same area on a T91 specimen irradiated to 16.6 dpa at 

445°C with 4 appm He/dpa and 7.1 × 10-4 dpa/s . 
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Figure 4.13: CTEM BF overfocused (left) and CTEM BF underfocused (right) micrographs of the same area on a T91 specimen irradiated to 50 dpa at 445°C with 4 appm He/dpa 

and 7.1 × 10-4 dpa/s. The circled areas highlight some of the small cavities observed with CTEM. 
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Figure 4.14: An example of profiling cavities through depth in T91 irradiated to 16.6 dpa at 445°C with 4 appm He/dpa at 7.1 × 

10-4 dpa/s for (a) number density, (b) average diameter and (c) swelling from STEM imaging. The resulting combined STEM and 

CTEM cavity size distribution from the 500-700 nm region is shown in (d) [90]. 
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Figure 4.15: The error in diameter, number density and welling is plotted as a function of cavity diameter. 
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Chapter 5  Results 

This chapter presents the results from the characterization of the ion irradiation 

experiments detailed in Chapter 4  The results are divided into two sections based on both the alloy 

and the irradiation campaign undertaken. The first section focuses on the results of the T91 

irradiations conducted across a wide range of damage levels and helium injection rates. The second 

section features the characterization of the irradiations of alloy HT9 at a single damage level with 

varied helium injection rates, and at two helium levels across a significant range of damage levels. 

As mentioned in Chapter 4 the nomenclature adopted to break the cavities into groups is based on 

the size distribution of the cavities with “bubbles” referring to features in the first peak of the 

bimodal distribution, typically smaller than 5 nm in diameter, and “voids” referring to features in 

the second peak of the bimodal distribution, typically larger than 5 nm in diameter. While the 

cutoff between the two is arbitrary, it simplifies the discussion without affecting the results or the 

conclusions drawn. 

5.1 Microstructural Evolution in T91 Across a Range of Helium Co-injection Rates and 

Damage Levels 

This section of the results will be further broken up into three subsections: non-irradiated 

microstructure, swelling and cavity evolution, and dislocation loop evoluation. 

5.1.1 Non-irradiated Microstructure Characterization of T91 

Prior to irradiation, FIB liftouts of the as-tempered samples were prepared and 

characterized to establish the baseline microstructure. Measurements of grain size, precipitates 

(M23C6 carbides and V,Cr-nitrides) size and density and dislocation line length were measured and 
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presented in this section. The effective lath diameter and dislocation line length were measured 

from STEM bright field images while the precipitate diameters and densities were measured using 

EDS-based spectrum images. The M23C6 carbides were typically observed on grain boundaries 

while the V,Cr-nitrides were more uniformly distributed within the grains. 

As reported in [116], the effective grain diameter was 800 nm for a sink strength of 4 x 

1013 m-2. The average size of M23C6 was ~100 nm with an estimated number density between 1018 

and 1019 m-3 yielding a sink strength of ~1 x 1012 m-3. The average size of V,Cr-nitrides was ~40 

nm, again with an estimated number density of 1018 and 1019 m-3 yielding a sink strength of ~1 x 

1012 m-3. Finally, the network dislocation density varied slightly from area-to-area, but was 

estimated to be ~1015 m-2. Overall, the dislocations were the dominant sink strength in the non-

irradiated microstructure. 

5.1.2 Swelling and Cavity Evolution in T91 

At least a few voids were observed at all damage levels and helium co-injection rates. The 

damage level dependence of the void diameter, number density and swelling are tabulated in Table 

5.1 and plotted in Figure 5.1. The average void diameter started out at a similar value of 6-8 ± 1 

nm for all helium injection levels at 17 dpa, but then became dependent on He level as the damage 

increased with a final average diameter of 30 ± 1 nm without any injected helium to 18 ± 1 nm 

with 4 appm He/dpa at 150 dpa. The void number density exhibited two different trends with the 

lower helium levels of 0 and 0.02 appm He/dpa exhibiting monotonic growth in the density with 

increasing damage level, and the higher helium levels of 0.2 and 4 appm He/dpa showing a peaked 

behavior with the maximum occurring at an intermediate damage level. Cavity swelling started 

out low for all helium conditions at the lowest damage level ranging from 0.00014 ± 0.00002 % 

with 0 appm He/dpa to 0.0073 ± 0.001 % with 4 appm He/dpa at 17 dpa. All the conditions 
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exhibited growth with increasing damage level. However, the condition without helium exhibited 

the largest increase reaching 0.60 ± 0.09 % at 150 dpa while the condition with the most helium, 

4 appm He/dpa, exhibited the least growth only reaching 0.082 ± 0.01 % at 150 dpa. The size 

distributions are plotted for each damage level in Figure 5.2-Figure 5.6. Bimodal size distributions 

are observed for all conditions in which helium was injected for all damage levels. In addition, 

consistent with the observed increase in average void diameter, the width of the size distribution 

increases with increasing damage level. 

The void evolution dependence can be seen more clearly when the data is plotted as a 

function of helium co-injection rate for each of the damage levels for which all conditions have 

data (17, 50 and 150 dpa). Figure 5.7 shows the replotted data. Since the exact numbers have 

already been mentioned, only the trends will be examined here. As shown in Figure 5.7(a), the 

average void diameter is relatively constant with helium co-injection rate at 17 dpa. At 50 dpa, a 

slight negative slope is observed with a higher average at 0 appm He/dpa and a slow drop off to 4 

appm He/dpa. Finally, at the highest damage level, the difference becomes more extreme, 

particularly with the transition from no helium to some helium. As seen in Figure 5.7(b), the void 

density for the first two damage levels of 17 and 50 dpa increases monotonically with increasing 

damage level. At 150 dpa, the trend changes slightly as the density at the highest helium co-

injection rate of 4 appm He/dpa decreases below the density of the second highest helium co-

injection rate. This relates to another trend that was touched upon in previous paragraph in that, 

with the exception of 100 dpa (not shown in Figure 5.7(b)), the void density at 4 appm He/dpa 

decreased with increasing helium level. Finally, swelling is plotted in Figure 5.7(c). The trend in 

the data shows the maximum swelling occurring at the highest helium co-injection rates at 17 dpa. 
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The trend then starts to become more uniform across helium co-injection rates at 50 dpa. Finally, 

the trend reverses with the highest swelling observed without helium at 150 dpa. 

The bubble evolution with damage level for each helium co-injection rate is plotted in 

Figure 5.8 (a similar plot of bubble behavior with helium co-injection rate is plotted in Figure 5.9, 

but the trends are obvious enough that it will not be broken out in the same way that voids were 

above). To begin with, no bubbles were observed for the case without any injected helium. While 

bubble diameter has been plotted in Figure 5.8(a), the trends are not consistent with a monotonic 

decrease in diameter observed at 0.02 appm He/dpa and 4 appm He/dpa, but a u-shaped profile for 

0.2 appm He/dpa. The bubble density in Figure 5.8(b) shows more consistent trends. All of the 

helium co-injection rates that had bubbles showed a monotonic increase in density with increasing 

damage level. The increase was more pronounced in the 17-50 dpa region than at higher damage 

levels. Of particular interest is the change in the relative bubble density. At 17 dpa, the bubble 

density increases monotonically with increasing helium co-injection rate. At 50 and 150 dpa, the 

swelling is minimized for 0.2 appm He/dpa with 0.02 appm He/dpa and 4 appm He/dpa both 

exhibiting a higher bubble density. 

5.1.3 Dislocation Loop Evolution in T91 

Dislocations loops were observed to form under all irradiation conditions in T91. STEM-

BF images of dislocation loops were collected for each helium co-injection rate irradiated at 445°C 

to 17 dpa and for all damage levels at 0.2 appm He/dpa. The summary of the average dislocation 

loops diameter and number density tabulated in Table 5.2 and plotted in Figure 5.10. The primary 

dislocation loops observed at each helium co-injection rate were a<100> dislocation loops with 

very few a/2<111> dislocation loops observed. The average dislocation loop diameter did not 

change significantly with helium co-injection rate at 17 dpa from 18 ± 3 nm to 25 ± 3 nm or with 
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damage level at 0.2 appm He/dpa from 18 ± 3 nm to 22 ± 3 nm. The dislocation loop density did 

not significantly change with helium co-injection rate at 17 dpa in the range of 3.1 ± 0.5 × 1021 m-

3 to 3.9 ± 0.5 × 1021 m-3 or with damage level at 0.2 appm He/dpa in the range of 2.9 ± 0.5 × 1021 

m-3 to 3.9 ± 0.5 × 1021 m-3. Because the dislocation loop microstructure was not observed to change 

significantly with damage level at 0.2 appm He/dpa, it was not measured at any other helium level. 

Dislocation lines were observed at all helium co-injection rates and no significant alteration of the 

existing network dislocation density was noted compared to the as-tempered condition. 

5.2 Microstructure Evolution Behavior in HT9 

This section of the results will be further broken up into three subsections: non-irradiated 

microstructure, swelling and cavity evolution, and dislocation loop evoluation. 

5.2.1 Non-irradiated Microstructure Characterization of HT9 

Prior to irradiation, FIB liftouts of the as-received samples were prepared and characterized 

to establish the baseline microstructure. Measurements of grain size, precipitates (M23C6 carbides) 

size and density and dislocation line length were measured and presented in this section. The 

effective lath diameter, precipitate diameter and density, and dislocation line length were measured 

from STEM bright field images. The M23C6 carbides were typically observed on grain boundaries 

while the V,Cr-nitrides were more uniformly distributed within the grains. 

As reported in [97], the effective grain diameter was ~530 nm for a sink strength of 8.6 x 

1013 m-2. The average size of M23C6 was ~50 nm with a number density of 1.7 x 1019 m-3 yielding 

a sink strength of 5 x 1012 m-2. Finally, the network dislocation density varied slightly from area-

to-area but was estimated to be ~2 x 1014 m-2. Overall, the grain boundaries and dislocations 

dominated the sink strength for a combined strength of ~3 x 1014 m-2. It should be noted that there 

was ~10% retained δ-ferrite in the microstructure. 
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5.2.2 Cavity and Swelling Evolution in HT9 

Because of the limited number of irradiations performed with HT9, the results will be 

presented in two sections. In the first, the behavior will be shown at a single damage level with 

three different helium co-injection rates. In the second, the behavior will be shown with increasing 

damage at a single helium co-injection rate. 

5.2.2.1 Constant Damage Level with Varied Helium Co-injection Rate 

Voids were observed to form under all three helium implantation modes in HT9 at 188 dpa 

and 460°C while bubbles were only observed for the two conditions under which helium was 

injected: 0.06 appm He/dpa and 4 appm He/dpa. The average behavior for voids is plotted in Figure 

5.11 with the swelling and recorded in Table 5.3. The average void diameter was highest at 0 appm 

He/dpa with a value of 44 ± 1 nm. It dropped to 31 ± 1 nm at 0.06 appm He/dpa and reached a 

minimum of 24 ± 1 nm with 4 appm He/dpa. Void density exhibited the opposite trend with helium 

co-injection rate with a value of 6.9 x 1020 m-3 at 0 appm He/dpa, increasing to 13 x 1020 m-3 at 

0.06 appm He/dpa and reaching a maximum of 17 x 1020 m-3 at 4 appm He/dpa. Swelling followed 

a similar trend to void diameter with a maximum of 4.7% with 0 appm He/dpa, decreasing to 3.7% 

at 0.06 appm He/dpa and reaching a minimum of 1.8% at 4 appm He/dpa. As shown in Table 5.3, 

even with the differences in void evolution, the void sink strength was relatively constant varying 

between 1.9-2.6 x 1014 m-2. 

The average behavior for bubbles is plotted in Figure 5.12 and also tabulated in Table 5.3. 

No bubbles were observed without the injection of helium. With increasing helium co-injection 

rate, both the average bubble diameter and the bubble density increased from 0.5 nm and 130 x 

1020 m-3 at 0.06 appm He/dpa to 3 nm and 440 x 1020 m-3 at 4 appm He/dpa. In contrast to the void 

sink strength, these differences in bubble evolution significantly changed the bubble sink strength, 
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starting with no sink strength without the bubbles at 0 appm He/dpa, increasing to a small value 

of 0.39 x 1014 m-2 at 0.06 appm He/dpa and then surpassing the void sink strength with a value of 

8.3 x 1014 m-2 at 4 appm He/dpa. 

The size distributions for these irradiations are plotted in Figure 5.13. Without the addition 

of helium, a unimodal distribution develops. With the addition of a small amount of helium (0.06 

appm He/dpa), a narrow lower peak develops producing a bimodal distribution. With the addition 

of helium at higher rates (4 appm He/dpa), the peak both increases in height and broadens. The 

trends for the second peak of the distribution (or the single mode of the 0 appm He/dpa condition) 

follow a slightly different trend. With the addition of helium, the second mode shrinks in width, 

spanning a range of ~60 nm without any helium, but only ~40 nm at the highest helium injection 

rate. Conversely, the height of the distribution increases with increasing helium co-injection rate. 

5.2.2.2 Varied Damage Level with Constant Helium Co-injection Rate 

The evolution of the cavities and swelling was tracked as a function of damage level for 

the highest helium level of 4 appm He/dpa in HT9. The results are plotted in Figure 5.14-Figure 

5.16 and tabulated in Table 5.3. As seen in Figure 5.14, the voids grew with increasing damage 

level starting at 24 nm at 188 dpa and increasing to 34 nm at 650 dpa. The void density followed 

the opposite trend with a slight decrease in density as the damage level increased, starting at 17 x 

1020 m-3 at 188 dpa and dropping to 11 x 1020 m-3 at 650 dpa. Swelling increase mostly linearly 

from 1.8% at 188 dpa to 6.5% at 650 dpa. 

The average behavior of the bubbles is plotted in Figure 5.15. In general, the average 

bubble diameter decreased with increasing damage level. The one exception was 350 dpa where 

there was a significant drop in the average diameter, but everything else follows a consistent trend. 
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Similarly, the higher damage levels showed a consistent decrease in bubble density, but 188 dpa 

was lower than the other observed densities and 350 dpa showed a higher density. 

The size distributions are plotted in Figure 5.16 with the full distribution shown in (a) and 

the bubble region expanded in (b). All of the distributions show a clear bimodal distribution with 

a high density of bubbles at low sizes (<~7 nm). The second peak of the distribution follows 

consistent trends with increasing damage level, the height of the peak drops as the tail at higher 

sizes extends slowly. The swelling is driven by an increase in the length of the tail to higher sizes. 

Looking at the enhanced view of the bubble end of the distribution, the peak does not change 

much. The main difference occurs for 350 dpa where there is a significantly higher density of 

bubbles in the 0-2 nm size range than in any other distribution. 

5.2.3 Dislocation Loop Evolution in HT9 

Dislocations loops were observed to form under all irradiation conditions in HT9. STEM-

BF images of dislocation loops were collected for each irradiation condition. The summary of the 

average dislocation loops diameter and number density tabulated in Table 5.4 and plotted in Figure 

5.17. The primary dislocation loops observed at each helium co-injection rate were a<100> 

dislocation loops with very few a/2<111> dislocation loops observed. The average dislocation 

loop diameter did not change significantly with helium co-injection rate at 188 dpa from 34 ± 4 

nm to 37 ± 5 nm or with damage level at 4 appm He/dpa from 32 ± 4 nm to 38 ± 4 nm. The 

dislocation loop density changed a little bit more with helium co-injection rate at 188 dpa in the 

range of 0.31 ± 0.1 × 1021 m-3 to 1.6 ± 0.5 × 1021 m-3 and with damage level at 4 appm He/dpa in 

the range of 0.43 ± 0.1 × 1021 m-3 to 1.3 ± 0.5 × 1021 m-3, but it was likely due to local variation 

and the relatively limited number of counted loops. Dislocation lines were observed at all helium 
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co-injection rates and no significant alteration of the existing network dislocation density was 

noted compared to the as-tempered condition. 
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Table 5.1: Summary of characterization results for cavities in dual ion irradiated T91 at 445°C with a damage rate of 7-8 x 10-4 dpa/s. N.O. indicates that the feature was not observed. 

N.M. indicates that the condition was not characterized for this feature. 

Damage 

(dpa) 

Helium 

Co-Injection 

Rate 

(appm He/dpa) 

Sample # Number 

Of 

Bubbles 

Examined 

Average 

Bubble 

Diameter 

(nm) 

Bubble 

Density 

(1020 m-3) 

Bubble 

Sink Strength 

(1014 m-2) 

Number 

of Voids 

Examined 

Average 

Void 

Diameter 

(nm) 

Void 

Density 

(1020 m-3) 

Swelling 

(%) 

Void 

Sink Strength 

(1014 m-2) 

17 0 1 0 N.O. N.O. N.O. 4 6.9  1 0.082 0.00014 0.0036 

50 0 1 0 N.O. N.O. N.O. 15 11  1 0.53 0.016 0.037 

150 0 1 0 N.O. N.O. N.O. 117 30  1 2.7 0.6 0.51 

17 0.02 1 27 3.1 3.0 0.058 47 5.8  1 1.1 0.0044 0.057 

50 0.02 1 25 1.6 190 1.9 12 8.6  1 0.82 0.0035 0.044 

50 0.02 3 152 N.M. N.M. N.M. 65 7.5  1 2.4 0.01 0.11 

100 0.02 2 93 1 3000 19 114 14  1 3.3 0.084 0.29 

150 0.02 1 152 0.73 4000 18 54 16  1 2.6 0.1 0.26 

150 0.02 2 25 N.M. N.M. N.M. 40 18  1 3.1 0.18 0.36 

17 0.2 1 32 2.5 7.0 0.11 238 5.9  1 3.4 0.0051 0.13 

50 0.2 1 6 1.8 26 0.29 425 9.9  1 8.0 0.078 0.50 

150 0.2 1 27 3.2 97 2.0 237 21  1 4.6 0.38 0.61 

17 4 1 85 2.6 320 5.2 167 5.6  1 4.9 0.0073 0.17 

50 4 1 103 2.1 270 3.6 166 7.5  1 4.5 0.021 0.21 

50 4 3 200 1.6 2700 27 147 8.5  1 6.4 0.043 0.34 

100 4 2 180 1.6 2800 28 766 12  1 10 0.17 0.75 

100 4 3 211 1 10000 63 81 9.6  1 11 0.16 0.66 

150 4 1 102 1.2 6100 46 232 12  1 2.5 0.066 0.18 

150 4 2 229 1.2 9790 74 77 18  1 2.2 0.098 0.25 

200 4 2 229 0.86 27000 150 227 17  1 3.5 0.14 0.37 
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Table 5.2: Summary of characterization results for dislocation loops in dual ion irradiated T91 at 445°C. N.O. indicates that the 

feature was not observed. N.M. indicates the condition was not characterized for this feature. Negl. indicates the feature was 

observed but not in a large enough quantity to characterize for a representative value. 17 dpa data from [117]. 

Helium Co-

Injection 

Rate (appm 

/dpa) 

Damage 

Level (dpa) 

Number of 

Dislocation 

Loops 

Examined 

Dislocation 

Loop Density 

(1021 m-3) 

Average 

Dislocation 

Loop 

Diameter 

(nm) 

Dislocation 

Loop Line 

Density (1013 

m-2) 

Total 

Dislocation 

Loop Sink 

Strength 

(1014 m-2) 

0 17 156 3.8 19 ± 2 2.3 2.8 

0.02 17 141 3.1 19 ± 2 1.8 2.3 

0.22 17 104 3.9 18 ± 2 2.1 2.7 

0.22 50 113 2.9 22 ± 3 2.1 2.6 

0.22 150 107 3.3 22 ± 3 2.3 2.8 

4.3 17 103 3.5 25 ± 3 2.8 2.5 
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Table 5.3: Summary of characterization results for cavities in dual ion irradiated HT9 at 460°C. N.O. indicates that the feature was not observed. N.M. indicates that the condition 

was not characterized for this feature. 

Damage 

(dpa) 

Helium 

Co-Injection 

Rate 

(appm He/dpa) 

Number 

Of 

Bubbles 

Examined 

Average 

Bubble 

Diameter 

(nm) 

Bubble 

Density 

(1020 m-3) 

Bubble 

Sink Strength 

(1014 m-2) 

Number 

of Voids 

Examined 

Average 

Void 

Diameter 

(nm) 

Void 

Density 

(1020 m-3) 

Swelling 

(%) 

Void 

Sink Strength 

(1014 m-2) 

188 0 0 N.O. N.O. N.O. 308 44 ± 1 6.9 4.7 1.9 

188 0.06 134 0.5 130 0.39 1343 31 ± 1 13 3.7 2.4 

188 4 264 3 440 8.3 1774 24 ± 1 17 1.8 2.6 

350 4 892 1.6 2000 20 573 27 ± 1 16 3 2.7 

450 4 771 2.5 1290 20 724 30 ± 1 12 3.5 2.3 

550 4 507 2.4 1100 17 604 33 ± 1 18 5.4 3.7 

650 4 237 2.1 870 11 679 34 ± 1 11 6.5 2.3 
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Table 5.4: Summary of characterization results for dislocation loops in dual ion irradiated HT9 at 460°C. N.O. indicates that the 

feature was not observed. N.M. indicates the condition was not characterized for this feature. Negl. indicates the feature was 

observed but not in a large enough quantity to characterize for a representative value. 

Helium Co-

Injection 

Rate (appm 

/dpa) 

Damage 

Level (dpa) 

Number of 

Dislocation 

Loops 

Examined 

Dislocation 

Loop Density 

(1021 m-3) 

Average 

Dislocation 

Loop 

Diameter 

(nm) 

Dislocation 

Loop Line 

Density (1014 

m-2) 

Total 

Dislocation 

Loop Sink 

Strength 

(1014 m-2) 

0 188 31 1.6 34 ± 4 1.7 2.2 

0.06 188 47 0.31 37 ± 5 0.36 0.46 

4 188 29 0.73 35 ± 5 0.80 1.0 

4 350 36 1.2 36 ± 5 1.4 1.7 

4 450 47 0.83 32 ± 4 0.83 1.1 

4 550 56 0.43 35 ± 5 0.47 0.60 

4 650 38 1.3 38 ± 5 1.6 2.0 
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(a) 

 

(b) 

 

(c) 

 

 

Figure 5.1: Void Diameter (a), Void Density (b) and Swelling (c) in T91 as a function of damage level for 0 Helium/dpa (blue), 

0.02 Helium/dpa (red), 0.2 Helium/dpa (orange) and 4 Helium per dpa (black) at 445°C with 7-8 x 10-4 dpa/s. 
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Figure 5.2: Cavity size distributions for dual ion irradiated T91 to 17 dpa at 445°C as a function of helium co-injection rate: 0 appm 

He/dpa (red), 0.02 appm He/dpa (blue), 0.2 appm He/dpa (orange) and 4 appm He/dpa (black). 
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Figure 5.3: Cavity size distributions for dual ion irradiated T91 to 50 dpa at 445°C as a function of helium co-injection rate: 0 appm 

He/dpa (red), 0.02 appm He/dpa (blue), 0.2 appm He/dpa (orange) and 4 appm He/dpa (black). 
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Figure 5.4: Cavity size distributions for dual ion irradiated T91 to 100 dpa at 445°C as a function of helium co-injection rate: 0.02 

appm He/dpa (blue), and 4 appm He/dpa (black). 
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Figure 5.5: Cavity size distributions for dual ion irradiated T91 to 150 dpa at 445°C as a function of helium co-injection rate: 0 

appm He/dpa (red), 0.02 appm He/dpa (blue), 0.2 appm He/dpa (orange) and 4 appm He/dpa (black). 
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Figure 5.6: Cavity size distributions for dual ion irradiated T91 to 200 dpa at 445°C as a function of helium co-injection rate: 4 

appm He/dpa (black). 
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Figure 5.7: Void Diameter (a), Void Density (b) and Swelling (c) in T91 as a function of helium co-injection rate (appm He/dpa) 

for 17 dpa (blue), 50 dpa (red) and 150 dpa (black) at 445°C with 7-8 x 10-4 dpa/s. 
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(b) 

 

Figure 5.8: Bubble Diameter (a) and Bubble Density (b) in T91 as a function of damage level for 0 Helium/dpa (blue), 0.02 

Helium/dpa (red), 0.2 Helium/dpa (orange) and 4 Helium per dpa (black) at 445°C with 7-8 x 10-4 dpa/s. 
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(a) 

 
(b) 

 

Figure 5.9: Bubble Diameter (a) and Bubble Density (b) in T91 as a function of helium co-injection rate for 17 dpa (blue), 50 dpa 

(red) and 150 dpa (black) at 445°C with 7-8 x 10-4 dpa/s. 
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(a) 

 

 
(b) 

Figure 5.10: Average dislocation loop diameter (a) and dislocation loop density (b) as a function of helium-to-dpa ratio for 17 dpa 

(blue), 50 dpa (red) and 150 dpa (black) for dual ion irradiated T91 at 445°C. Multiple damage levels were only examined for 0.2 

appm He/dpa because little change was observed in the dislocation loop microstructure after 17 dpa. 
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Figure 5.11: Average void diameter (blue, left axis), void density (red, right axis) and swelling (black, right axis) for dual ion 

irradiated HT9 at 460°C to 188 dpa with helium co-injection rates of 0 appm He/dpa, 0.06 appm He/dpa and 4 appm He/dpa. 
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Figure 5.12: Average bubble diameter (blue diamonds, left axis), bubble density (red squares, right axis) and swelling (black 

triangles, left axis) for dual ion irradiated HT9 at 460°C to 188 dpa with helium co-injection rates of 0 appm He/dpa, 0.06 appm 

He/dpa and 4 appm He/dpa. Note that no bubbles were observed for the 0 appm He/dpa case, so the two points lie on top of each 

other at 0. 
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Figure 5.13: Size distributions for dual ion irradiated HT9 at 445°C to 188 dpa with helium co-injection rates of 0 appm He/dpa 

(red), 0.06 appm He/dpa (blue) and 4 appm He/dpa (green). 
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Figure 5.14: Average void diameter (blue, left axis), void density (red, left axis) and swelling (black, right axis) for dual ion 

irradiated HT9 at 460°C and 4 appm He/dpa. 
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Figure 5.15: Average bubble diameter (blue, left axis) and bubble density (red, right axis) for dual ion irradiated HT9 at 460°C and 

4 appm He/dpa. 
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 (a) 

 
(b) 

Figure 5.16: (a) Size distributions for dual ion irradiated HT9 at 460°C with 4 appm He/dpa at multiple damage levels. (b) An 

enhanced plot of the red region in (a) showing the fine details in the bubble region.  
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(a) 

 

 
(b) 

Figure 5.17: Average dislocation loop diameter (a) and dislocation loop density (b) as a function of helium-to-dpa ratio for 188 dpa 

(blue), 350 dpa (red), 450 dpa (orange), 550 dpa (purple) and 650 dpa (black) for dual ion irradiated HT9 at 460°C. 
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Chapter 6  Discussion 

The results from Chapter 5 will be discussed in light of the existing understanding of the 

effect of helium on swelling. As mentioned in section 2.3, swelling can be broken into three 

damage level regimes [4,29]. At low damage levels, swelling is in the nucleation regime in which 

the increase in cavity density drives the swelling. At high damage levels, swelling is in the growth-

dominated regime in which cavity growth drives swelling. At intermediate damage levels, both 

effects are active in the so-called transition regime. Helium is known to increase cavity nucleation, 

but its effect on cavity growth has not been studied in depth, particularly in ferritic-martensitic 

steels [90]. The primary conclusion of this thesis was that the relative swelling between different 

helium co-injection rates changes with increasing damage until the maximum swelling is observed 

without any helium co-injection as seen in Figure 6.1. While the data is sparse and spans a fairly 

broad temperature range for dual ion irradiated ferritic-martensitic steels, the data follows a 

consistent trend. In contrast, pre-injected irradiations show more complicated behavior. As seen in 

Figure 6.2, the maximum swelling still shifts to lower helium values as the damage level increases 

in both T91 and HT9 at 460°C. However, swelling is not maximized at 0 He even at the highest 

damage levels in HT9, but the maximum swelling does occur at lower He levels as the damage 

level increases. Both the co-implanted and pre-implanted data contrast with the behavior seen in 

other alloys such as copper and austenitic stainless steels (Figure 6.3). The swelling process was 

examined at each damage level to understand why the swelling behaves differently in FM alloys 

than in austenitics. The simple cavity growth rate equation based on point defect accumulation at 

a cavity was then used to demonstrate that the bubble sink strength due to stabilization from helium 
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is sufficient to capture the shift in the helium-to-dpa ratio at which maximum swelling is observed. 

To maintain consistency with the results section, cavities in the second peak of the bimodal size 

distribution, typically with diameters greater than 5 nm, will be referred to as voids and cavities in 

the first peak of the bimodal size distribution, typically with diameters less than 5 nm, will be 

referred to as bubbles. 

6.1 Swelling and Cavity Evolution in Ferritic-Martensitic Steels under Helium Co-Injection 

This section will examine the effects of helium co-injection rate on swelling in ferritic-

martensitic steels. Helium will be shown to have a direct effect on swelling at low damage levels 

by enhancing the nucleation of cavities. The effect of helium then transitions to an indirect effect 

at high damage levels when cavity growth begins to drive swelling. Specifically, helium stabilizes 

bubbles and accelerates the transition from bubble to void. At low damage levels, this results the 

highest swelling levels at the highest helium level because the cavity (both bubble and void) 

density is higher. As the damage level increases, the stable bubble density increases which 

increases the sink density and results in a reduction in the swelling rate, such that at high enough 

damage levels, the swelling without helium overtakes that with any helium. 

6.1.1 Effect of Helium Co-Injection Rate at a Low Damage Level 

Helium stabilizes bubbles and promotes the transition of bubbles to voids. This process has 

been analyzed extensively in the T91 samples at 17 dpa [90]. At this damage level the maximum 

swelling was observed at the highest helium co-injection rate of 4 appm He/dpa and decreased 

monotonically with decreasing helium co-injection rate as seen in Figure 6.4. The trends in bubble 

density, void diameter and void density shown in Figures 5.7 and 5.9 illustrate the different 

swelling rates. The density of both bubbles and voids increased with increasing helium-to-dpa ratio 
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which is expected as helium has been shown to increase cavity nucleation. In contrast, the bubble 

and void diameter is relatively constant with increasing helium-to-dpa ratio. 

The resulting swelling distributions for each helium level at 17 dpa are shown in Figure 

6.5. To produce this plot, the swelling was calculated for each size bin using Eq. 4.4. Because the 

bins had different widths, the swelling was then normalized to the bin width to allow for direct 

comparison of the swelling between the bins. To calculate the total swelling, multiply the height 

of each bin by its width and then sum over all bins. One important note to interpreting this plot is 

that the difference in height (or lack thereof) within a bin is strictly due to density differences 

within the bin. Looking at the plot, two trends become obvious. First, as the helium co-injection 

rate increases, both the width and the height of the cavity sizes increase. The broadening 

distribution is important because it shows that the density is driving the swelling because of the 

increase in the number of cavities in every size class. The second important feature is the first 

hump in the distribution for the highest helium co-injection rate of 4 appm He/dpa. The hump is 

important because it shows that the bubbles are also contributing to the swelling at this helium 

level in a way that is not seen for the other helium levels. Taking these two features (the first peak 

in the 4 appm He/dpa case and the broadening and rising distributions) together, the trend of 

increasing swelling at higher helium co-injection rates is clearly the result of nucleation of a high 

density of cavities at the highest helium-to-dpa ratios. For the highest helium co-injection rates, 

the bubbles contribute significantly to the swelling while at the other helium levels, the voids 

dominate the swelling. Considering that 4 appm He/dpa was the highest co-injection rate examined 

in this study, maximizing swelling at the highest co-injection rate does not conflict with the 

existing experimental data for F82H. Figure 2.19(a) shows a direct comparison between this work 

and the results from Yamamoto in which he examined swelling in F82H at helium-to-dpa ratios 
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between 15 and 55 appm He/dpa at both 10 and 26 dpa at 500°C [49]. The data from this work 

continues to increase as it approaches the helium levels used by Yamamoto. However, there is no 

overlap between the helium co-injection rates. Figure 2.19(b) shows a zoomed in view of 

Yamamoto’s data for clarity, the maximum swelling was observed at an intermediate helium co-

injection rate of 40 appm He/dpa. 

The swelling dependence on the cavity density at a damage level of 17 dpa is consistent 

with the work of Getto, Monterrosa, and others who have examined swelling in ferritic-martensitic 

steels and observed an incubation regime that lasts for tens of dpa [29,118,119] and suggests that 

the lowest damage level observed here is still in the incubation regime. While the critical bubble 

model is a rough approximation in that it only considers motion of single defects or a single helium 

atom, it still captures the basic trends observed during swelling as they relate to helium [90].  Under 

the critical bubble model, some helium is assumed to be required to stabilize bubbles and promote 

bubbles to voids. At low damage levels, this means that the highest swelling is observed at higher 

helium levels where more cavities are nucleated [90]. These predictions match the behavior 

observed in this thesis as described in the previous paragraph. 

Taken together, the evidence shows that at low damage levels, the effect of helium is to 

stabilizes bubbles and accelerate the transition from bubble to void. These two effects result in the 

highest swelling at the highest helium injection rates because the cavity density is highest. 

6.1.2 Effect of Helium Co-Injection Rate at an Intermediate Damage Level 

As the damage level is increased, the swelling transitions from a nucleation-dominated 

regime in which cavity density drives the increase in swelling to a growth-dominated regime in 

which cavity growth and maximum size drive the increase in swelling. Thus, it would be expected 

that the effect of helium on swelling would change as well. The shift in maximum swelling from 
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4 appm He/dpa at 17 dpa to 0.2 appm He/dpa at 50 dpa as seen in Figure 6.7 demonstrates that this 

is in fact true. The purpose of this section is to examine how the microstructure evolved and 

determine the influence of helium on the swelling process. 

The first step for the intermediate damage level of 50 dpa is to determine whether the 

swelling has transitioned to a regime in which cavity growth drives swelling. A few different 

parameters give an indication about whether this is the case or not. The first indication would be 

if the cavity density, and more importantly, the void density was constant while increasing from 

17 to 50 dpa. The void densities were plotted in Figure 5.7b and the bubble densities were plotted 

in Figure 5.9b. Looking at both of these figures, it is clear that the density of all cavities at all 

helium co-injection rates increased with the increase from 17 to 50 dpa. Specifically, the void 

density increased by about a factor of 2 while the bubble density increased by 1-2 orders of 

magnitude. The increase in density indicates that nucleation is still occurring at a measurable level, 

so the cavity growth must be examined to determine whether swelling is still nucleation-dominated 

or in transition. Figure 5.7a shows the average void diameter for each helium level. In contrast to 

the 17 dpa case, the void diameters at 50 dpa damage level start to show some variation as the 

helium co-injection rate changes. The change in average diameter is also apparent in the size 

distributions plotted in Figure 5.3. With both the diameter and density changing, it can be difficult 

to determine which, if either, is driving swelling more. To try to establish which is more important, 

the size distribution was converted to a swelling distribution in Figure 6.8.  

A comparison between Figure 6.5 and Figure 6.8 shows that the swelling due to bubbles 

has not changed significantly between these two damage levels even though the bubble density 

has increased. Thus, the increase in swelling is due to changes in the void microstructure. 

Comparing the swelling contribution at the larger sizes, it is apparent that both nucleation and 



 142 

growth are contributing to the increase in swelling. As discussed in the previous section, an 

increase in the amount of swelling within a given bin is due to an increase in density. Since the 

swelling contribution of each of the bins in the void range increased, nucleation is still clearly 

having an effect on the swelling. Growth is also playing a role however as demonstrated by the 

fact that the swelling distribution is extending to larger sizes. The fact that nucleation and growth 

are both influencing swelling will be critical for understanding why the maximum swelling shifted 

to only slightly lower helium co-injection rates. 

Having established that both nucleation and growth are occurring, it is reasonable to ask 

why growth is occurring more slowly for the higher helium co-injection rates as compared to the 

lower helium co-injection rates. The simple cavity growth rate equation and the critical bubble 

model provide a framework that can be used to explore which parameters or microstructural 

features are most likely to explain the change in swelling rate. As a reminder, the cavity growth 

rate equation is 

𝑑𝑟

𝑑𝑡
=

𝛺

𝑟
[𝐷𝑣𝐶𝑣 − 𝐷𝑖𝐶𝑖 − 𝐷𝑣𝐶𝑣,𝑇exp⁡ (

2𝛾

𝑟
− 𝑝𝑔)],    Eq. 6.1 

where r is the radius of a cavity, t is time (and can be converted to dpa using the damage rate), Ω 

is the atomic volume of the alloy, Dx is the diffusion rate for vacancies (v) or interstitials (i), Cx is 

the concentration of vacancies (v) or interstitials (i), Cv,T is the thermal concentration of vacancies, 

γ is the surface energy of the alloy and pg is the gas pressure (assumed to be 0 for voids). The point 

defect concentrations can be calculated using the steady-state point defect equations 

0 = 𝐾0 − 𝐾𝑖𝑣𝐶𝑖(𝐶𝑣 + 𝐶𝑣,𝑇) − 𝑘(𝑖,𝑣)
2 𝐷(𝑖,𝑣)𝐶(𝑖,𝑣),    Eq. 6.2 

where K0 is the damage rate, Kiv is the recombination coefficient and kx
2 is the sink strength for 

vacancies (v) or interstitials (i). The inputs for these equations are provided in Table 4.3. The sink 

strengths for dislocations can be calculated from the size distributions using 
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𝑘𝑑𝑖𝑠
2 = ∑ 2𝜋𝑟𝑗𝜌𝑗𝑗 ,      Eq. 6.3 

where rj is the average radius of and ρj is the dislocation density in bin j. Similarly, the cavity sink 

strength can be calculated from the size distribution using 

𝑘𝑐𝑎𝑣
2 = ∑ 4𝜋𝑟𝑗𝜌𝑗𝑗 ,      Eq. 6.4 

where rj is the average radius of and ρj is the cavity density in bin j. The sink strengths for the 

microstructure in each irradiation were calculated and tabulated in Table 6.2. Finally, the swelling 

rate can be calculated from the growth rate using the equation 

𝑑𝑆

𝑑𝑡
= 4𝜋𝑟2𝜌

𝑑𝑟

𝑑𝑡
= ∑ 4𝜋𝑟𝑗

2𝜌𝑗
𝑑𝑟𝑗

𝑑𝑡𝑗 ,     Eq. 6.5 

where the summation has been added to allow for calculation using the size distribution. An 

example of the calculated growth rate overlaid with the size distribution is shown in Figure 6.9. 

After calculating the swelling rate for each bin, the results were summed to calculate the overall 

swelling rate. 

The 50 dpa, 0.2 appm He/dpa irradiation of T91 was chosen as a reference case to test the 

significance the change in the cavity and dislocation sink strengths on the cavity growth rate 

because this irradiation condition was close to median in terms of helium co-injection rate and 

overall sink strength. The cavity and dislocation sink strengths were perturbed by 1% to determine 

their effect on the overall cavity growth rate because these were the primary variables that varied 

between irradiations. Because the cavity growth rate changes as a function of the cavity size, the 

swelling rate is not linearly proportional to the change in cavity growth rate and instead must be 

weighted by the cavity size distribution. Since the cavity size distribution varies between 

irradiation conditions, the significance of the cavity and dislocation sink strengths will be 

calculated on the cavity growth rate as a function of cavity size rather than on the swelling rate as 

a function of damage level or helium co-injection rate and the results were plotted in Figure 6.10. 
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Sizes that had negative growth rates in the reference case were ignored. A 1% increase in the cavity 

sink strength resulted in a drop in the cavity growth rate of ~0.37% at the larger cavity sizes. 

Similarly, a 1% increase in the dislocation sink strength resulted in a drop of ~0.30% in the cavity 

growth rate at larger cavity sizes. Both of the sink strengths had a significance approaching ~1% 

for cavities less than 10 nm in diameter. The changing significance of cavity and dislocation sink 

strengths on the cavity growth rate with cavity diameter is the reason that the significance cannot 

easily be converted to a significance in the swelling rate because the cavity size distribution starts 

to play an important role. The cavity and dislocation sink strengths can clearly play a significant 

role if the change is sufficiently larger, so the next questions are whether the model accurately 

captures the swelling rate or not, and if so, which parameter explains the difference between 

irradiation conditions. 

Clearly, as seen in Figure 6.7, the maximum swelling shifts from 4 appm He/dpa to 0.2 

appm He/dpa as the damage level is increased from 17 to 50 dpa, so a difference in swelling rate 

must exist. To determine whether the differences in the cavity and dislocation sink strengths were 

sufficient to explain the different swelling rates, the swelling rates were calculated for each of the 

irradiation conditions at 50 dpa and plotted alongside the measured swelling rates in Figure 6.11. 

Immediately, it is apparent that the model follows the measured swelling rate reasonably well 

although it does tend to overestimate the swelling rate slightly. With this knowledge, the variation 

in the temperature, damage rate, cavity sink strength and dislocation sink strength can all be 

examined to determine which of these four factors have the largest impact on the swelling rate. 

Figure 6.12 shows the cavity and dislocation sink strengths for these irradiation conditions. The 

dislocation sink strength had a maximum variation of 6.5 x 1014 m-2 to 7.7 x 1014 m-2 or 19%. This 

is much smaller than the difference in cavity sink strength which varied from 3.66 x 1012 m-2 
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without helium to 1.56 x 1015 m-2 with 4 appm He/dpa. These sink strengths represent a change of 

three orders of magnitude which is significantly higher than the change for any other factor. Thus, 

since the calculated swelling rates match well with the measured swelling rates and the cavity sink 

strength is the most significant difference between each of the irradiation conditions, the shift in 

the maximum swelling from 4 appm He/dpa to 0.2 appm He/dpa can be explained by the difference 

in cavity sink strength. 

One point that has not been addressed explicitly yet is how helium affected swelling in this 

regime besides the enhanced nucleation observed at 17 dpa. To determine that, the cavity sink 

strength must be broken down into the bubble contribution and the void contribution. Without 

helium, the cavity sink strength is due exclusively to voids and is 3.66 x 1012 m-2. At 0.02 appm 

He/dpa, some bubbles are observed and the bubble sink strength at 1.91 x 1014 m-2 starts to 

dominate the overall cavity sink strength of 1.95 x 1014 m-2. The bubbles also dominate the sink 

strength at 0.2 appm He/dpa (bubble sink strength of 2.47 x 1014 m-2 out of a total cavity sink 

strength of 2.96 x 1014 m-2) and 4 appm He/dpa (bubble sink strength of 1.54 x 1015 m-2 out of a 

total cavity sink strength of 1.56 x 1015 m-2). So, in addition to continuing to nucleate cavities, the 

stable bubble density increases which increases the sink density and results in a reduction in the 

swelling rate. The combined effects of the two processes results in a shift in maximum swelling 

toward a lower helium co-injection rate at intermediate damage levels. 

6.1.3 Effect of Helium Co-Injection Rate at High Damage Level 

The influence of helium on cavity growth is expected to continue as the damage level 

continues to increase while the impact of increased nucleation is expected to drop off. As seen in 

Figure 6.13, the maximum swelling has shifted fully from 4 appm He/dpa at 17 dpa to 0 appm 

He/dpa at 150 dpa. A similar analysis of cavity nucleation and growth that was performed at the 
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beginning of the previous section can be performed here to determine whether nucleation still plays 

a large role at 150 dpa. First, the bubble density increased slightly as seen in Figure 5.9b. In 

contrast, the cavity density in Figure 5.7b has either decreased or remained the same between 50 

and 150 dpa for all helium co-injection rates except 0 appm He/dpa (which does not have any 

helium). On the other hand, the average void diameter as seen in Figure 5.7a shows that the voids 

have grown even more at the lower helium co-injection rates relative to the 50 dpa irradiations. 

The increase in void diameter is also obvious when comparing the size distributions at 50 dpa 

(Figure 5.3) and at 150 dpa (Figure 5.5).  Finally, the swelling contribution as a function of cavity 

size was plotted for 150 dpa in Figure 6.14. As compared to the other swelling contribution plots 

(17 dpa in Figure 6.5 and 50 dpa in Figure 6.8), the obvious difference is the extension of the 

swelling contribution to larger sizes as opposed to an increase in the height for any given bin. This 

is a strong indication that cavity growth has become the driving factor for swelling. 

Having established that the swelling is in the growth-dominated regime, the cavity growth 

equation and critical bubble model can be used again to determine which factors are most 

important for influencing swelling. The measured and calculated swelling rates were plotted in 

Figure 6.15. While the swelling rate is overestimated for most helium-to-dpa ratios, the trend still 

follows the data reasonably well indicating that the model is capturing the swelling behavior. 

Following a similar process to what was done for the intermediate damage level, the most 

important factor between the cavity and dislocation sink strengths that drive the change in swelling 

rate as a function of helium co-injection rate can be examined. Figure 6.16 shows the cavity and 

dislocation sink strengths for these irradiation conditions. The dislocation sink strength had a 

maximum variation of 6.5 x 1014 m-2 to 7.7 x 1014 m-2 or 19%. This is decent, but it is much smaller 

than the difference in cavity sink strength which varied from 5.09 x 1013 m-2 without helium to 
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6.01 x 1015 m-2 with 4 appm He/dpa. These sink strengths represent a change of two orders of 

magnitude which is significantly higher than the change for any other factor that changed in the 

calculation. Thus, the difference in swelling can be explained almost exclusively by the difference 

in cavity sink strength. 

Using a similar comparison to the intermediate damage level, the cavity sink strength can 

be shown to be comprised almost exclusively by the bubble sink strength. Without helium, the 

cavity sink strength is exclusively to voids and is 5.09 x 1013 m-2. At 0.02 appm He/dpa, some 

bubbles are observed and the bubble sink strength at 1.83 x 1015 m-2 dominates the overall cavity 

sink strength of 1.87 x 1015 m-2. The bubbles also dominate the sink strength at 0.2 appm He/dpa 

(bubble sink strength of 5.03 x 1015 m-2 out of a total cavity sink strength of 5.09 x 1015 m-2) and 

4 appm He/dpa (bubble sink strength of 5.99 x 1015 m-2 out of a total cavity sink strength of 6.01 

x 1015 m-2). 

One final piece of supporting evidence that the helium-stabilized bubble density shifts the 

maximum swelling to a condition without helium comes from the irradiations of HT9 to 188 dpa. 

Figure 6.17 shows that the maximum swelling for HT9 irradiated at 460°C to 188 dpa is observed 

for the case without helium. The swelling rate for each of these conditions can be calculated using 

the cavity and dislocation sink strengths tabulated in Table 6.2 and plotted in Figure 6.19. 

Unfortunately, a direct comparison cannot be made between the measured and calculated swelling 

rates because only one damage level exists for the HT9 irradiations, so any measured swelling rate 

would inherently under-estimate the swelling rate at 188 dpa because it includes the nucleation 

regime. However, the calculated swelling rate can still be used to determine whether the high 

cavity sink strength at 4 appm He/dpa does in fact explain the lower swelling rate. Although the 

calculated swelling rate at 0.06 appm He/dpa is slightly higher than the calculated swelling rate at 
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0 appm He/dpa, the two values are well within error of each other. In contrast, the calculated 

swelling rate at 4 appm He/dpa is well below the two other helium co-injection rates. So while the 

equation does not completely capture the real swelling rates, the difference is likely due to error in 

the input parameters rather than an issue with the model. The maximum swelling at 0 appm He/dpa 

combined with the results of the cavity growth rate equation in HT9 provide one more piece of 

evidence that the helium-stabilized bubble microstructure reduces the swelling rate at high damage 

levels pushing the maximum swelling to the irradiation condition without any injected helium. 

At this point, it is also worthwhile to step back, look at the difference in swelling and 

swelling rate between the two alloys, and determine whether the initial microsctructure provides 

any insight into the behavior of helium. As mentioned in sections 5.1.1 and 5.2.1, the non-

irradiated sink strengths of T91 and HT9 were 1 x 1015 m-2 and 3 x 1014 m-2, respectively. Breaking 

it down further, network dislocations were the largest contributor for both systems (1 x 1015 m-2 

for T91 and 2 x 1014 m-2 for HT9), grain boundaries were significant for HT9, but not T91 (4 x 

1013 m-2 for T91 and 9 x 1013 m-2 for HT9), and precipitates were negligible for both (on the order 

of 1012 m-2). Of note, the precipitates in HT9 were almost exclusively on the grain boundaries 

while T91 had small V,Cr-nitrides distributed throughout the matrix. The swelling of T91 at 150 

dpa and 445°C and HT9 at 188 dpa and 445°C is plotted as a function of helium-to-dpa ratio in 

Figure 6.20(a). It is immediately clear that the HT9 swells to a much higher level that cannot be 

explained by just the difference in damage which indicates that the starting microstructure, 

specifically the large difference in dislocation sink strength, is playing a large role. Another 

question that can be asked is whether the starting microstructure influences the behavior of helium. 

Figure 6.20(b) shows the bubble density as a function of helium-to-dpa ratio for the same 

conditions in T91 and HT9. The bubble density in T91 is about an order of magnitude higher than 
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that observed in HT9 for all conditions in which bubbles nucleated. Dislocations and precipitates 

are known to be traps for helium, and T91 had almost an order of magnitude higher dislocation 

density as compared to HT9. While the factor being exactly the same is likely a coincidence, the 

fact that the bubble density is correlated well with the sinks, and dislocations specifically, indicates 

that the dislocations do serve as a trap for helium. This would also help to explain why bubbles 

continued to nucleate as the damage level increased because the dislocations continued to absorb 

helium.    

In conclusion, as the damage level increases, the stable bubble density increases due to the 

continued addition of helium which increases the sink density and results in a reduction in the 

swelling rate, such that at high enough damage levels, the swelling without helium overtakes that 

with any helium as seen in Figure 6.13. 

6.2 Application of the Effects of Helium to the Difference Between Co-Injection and Pre-

Injection of Helium 

In this section, the effects of helium at high damage will be applied to the analyze the 

differences between pre-injected and co-injected helium irradiations. The most direct comparison 

that can be made is between the T91 using co-injected helium from this work and the T91 irradiated 

using pre-injected helium by Monterrosa in [119]. There are a few minor differences, specifically, 

this work used heat 30176 while Monterrosa used heat C2269. The compositions of heat 30176 

and heat C2269 are provided in Table 4.1. Because both alloys are T91, they have similar 

compositions. The primary differences are higher nickel and copper concentrations in C2269 as 

compared to 30176. Both elements are expected to precipitate, nickel as g-phase and copper as 

small copper precipitates. However, the compositional differences are not expected to be high 

enough to lead to a significant difference in precipitation or an effect on swelling. The other 
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important difference is the heat treatment which determines the average lath diameter and the 

network dislocation density. Heat C2269 was normalized at 1066°C for 46 minutes followed by 

tempering at 790°C for 42 minutes. Heat 30176 was normalized at 1038°C for 30 minutes followed 

by tempering at 760°C for 30 minutes. Both heats were air cooled both between the normalizing 

and tempering steps and after tempering. These heat treatments lead to slightly different starting 

microstructures. Heat 30176 had an average effective lath diameter of 0.8 µm with a dislocation 

density of ~5 x 1014 m-2 while heat C2269 had an average effective lath diameter of 1.6 µm with a 

dislocation density of ~3 x 1014 m-2. From these numbers, it is clear that heat 30176 had a slightly 

higher initial sink strength although this is not expected to change the effects of helium. Another 

difference between the irradiations was the temperature. The irradiations performed for this work 

were at 445°C used in this work while Monterrosa used a temperature of 460°C. The swelling from 

both sets of data are plotted in Figure 6.21(a) as a function of helium-to-dpa ratio (appm He/dpa) 

and Figure 6.21(b) as a function of helium concentration (appm He). In both cases, it is clear that 

swelling follows a similar trend with helium as the damage level increases. As established by this 

work under co-injection, the maximum swelling shifts to lower helium co-injection rates as the 

damage level is increased. Similar behavior is seen under pre-injection. The maximum swelling is 

observed in the sample that was pre-implanted with 10 appm He at the lowest damage level of 50 

dpa (for a helium-to-dpa ratio of 0.2 appm He/dpa). As the damage level was increased to 150 and 

300 dpa, the maximum swelling shifted to the condition without any helium pre-injected. Even 

though the trends with helium are consistent, more information can be determined by examining 

the two different irradiation types in more detail. 

To explore whether these behaviors are consistent independent of helium injection mode, 

the cavity growth equation can be applied to the work by Monterrosa. The sink strengths and 
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microstructural values were taken from the work by Monterrosa and input into the model with the 

appropriate irradiation parameters (for exact details, see [90]). The measured and calculated 

swelling rates from both this work and Monterrosa’s work have been plotted for multiple damage 

levels as a function of helium-to-dpa ratio in Figure 6.22(a) and Figure 6.22(b). Note that the 

helium content in the pre-injected samples did not change with damage level, so the data points 

for a given single ion condition gradually shift toward lower helium-to-dpa ratios. As discussed 

previously, the measured and calculated swelling rates were in reasonable agreement in both 

magnitude and trend for the co-injected samples. The maximum swelling was to be at the 

intermediate helium co-injection rate of 0.2 appm He/dpa at 50 dpa with a shift to 0 appm He/dpa 

as the damage level increased to 150 dpa. The swelling rate for the pre-injected samples followed 

similar trends, but the magnitudes did not match as well. Both the measured and calculated 

swelling rates were maximized 10 appm He (0.2 appm He/dpa) at 50 dpa. However, the value 

differed by about two orders of magnitude. As the damage level was increased, the maximum 

swelling rate (both measured and calculated) shifted down to 0 appm He (0 appm He/dpa) at 150 

and 300 dpa. Overall, both systems show similar trends in both the measured and calculated 

swelling rates. 

The two order of magnitude discrepancy between measured and calculated swelling rates 

in the pre-injected samples as seen in Figure 6.22(b) is worth more examination since the model 

captures the behavior with co-injected helium well in Figure 6.22(a). Part of the observed 

difference can be attributed to the method used to image cavities for the pre-injected helium 

conditions. Only traditional STEM imaging was performed on those samples which has the 

potential to miss the smaller cavities that through-focus BFTEM or Integrated Differential Phase 

Contrast STEM (iDPC-STEM) can capture. So, it is possible that some of the smaller features 
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were missed resulting in a lower calculated sink strength that actually existed in the samples. 

Rerunning the calculations using a higher sink strength indicates that a sink strength of 1-2 x 1015 

m-2 would be required to match the swelling rate observed in the samples. Assuming an average 

diameter of 1 nm, this corresponds to a bubble or feature density of ~2 x 1023 m-3. As a point of 

comparison, the co-injected helium irradiation at 150 dpa and 0.02 appm He/dpa had a helium 

concentration was 3 appm He. The sink strength measured in that sample was 1.87 x 1015 m-2 from 

a bubble density of 4 x 1023 m-3. Since more of the helium would be expected to go to bubbles 

under pre-implantation (since radiation induced microstructural changes have not produced other 

sinks for the helium), it is reasonable to conclude that the discrepancy in swelling rate is due to 

small features that were missed due to the imaging technique. 

One final piece of evidence can be extracted by comparing the evolution of swelling in 

HT9, heat 84425, under co-injection at 4 appm He/dpa and pre-injection of 10 appm He. Figure 

6.23 shows both (a) the swelling and (b) the sink strengths for single-ion irradiations with pre-

injected helium (PI) and dual-ion irradiations with co-injected helium (CI) as a function of damage 

level. Before jumping into a discussion of the data and the implications of the observed swelling, 

it is important to acknowledge that the helium concentration between the two irradiations varied 

by almost two orders of magnitude (at 188 dpa, the total helium concentration with 4 appm He/dpa 

is ~750 appm He, by 650 dpa, this jumps to ~2600 appm He). Starting with the swelling depicted 

in Figure 6.23(a), both irradiation methods display a similar amount of swelling at 188 dpa, but 

the pre-injected samples swell more quickly (~0.03 %/dpa) as compared to the co-injected samples 

(~0.01 %/dpa). Furthermore, the incubation damage (or the damage level at which the linear fit to 

the data intersects the x-axis which has traditionally been defined to be the onset of growth-

dominated swelling), is ~120 dpa for the pre-injected samples and only ~50 dpa for the co-injected 
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samples indicating that the samples with co-injected helium entered the growth-dominated 

swelling regime earlier, but did not grow as quickly afterwards. 

Moving to the sink strengths, an examination of the sink strength in Figure 6.23(b) was 

performed to determine whether it fit the trends observed in the T91 samples. The total sink 

strength of the microstructure is ~2.5 times larger in the co-injected helium case as compared to 

the pre-injected helium case. So the condition with the higher sink strength exhibits a lower 

swelling rate consistent with the behavior observed in T91. Breaking the sink strength into 

components (ignoring the grain boundaries and splitting up cavities into bubbles and voids), the 

dislocation sink strength and void sink strength is similar magnitude between the two. On the other 

hand, the pre-injected condition has a much higher precipitate sink strength (driven primarily by 

M2X precipitates) while the co-injected condition has a much higher bubble sink strength. By using 

these sink strengths in the cavity growth rate equation (and treating precipitates as unbiased sinks), 

a swelling rate of 0.31 %/dpa was calculated for the single-ion irradiated samples as compared to 

a measured swelling rate of 0.03 %/dpa for about a factor of ten difference. For the dual-ion 

irradiated samples, the calculated swelling rate was 0.05 %/dpa as compared to a measured 

swelling rate of 0.01 %/dpa for a factor of 5 difference. There are a few possible explanations for 

this discrepancy. The most obvious one would be the existence of bubbles that were below the 

resolution of the microscope used to image the samples. A higher bubble density would increase 

the sink strength and correspondingly reduce the amount of swelling. Further simulations indicate 

that a difference in sink strength of about a factor of two results in a change in swelling rate of 

about a factor of five. That would require a very high density of additional bubbles, so there are 

likely other underlying factors. While the exact numbers did not match, they were off by similar 
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amounts in the same direction. This provides confidence that the microstructure changes explain 

the difference in swelling rather than an effect of the helium content. 

The final, and perhaps most important question from the of HT9 analysis is whether the 

difference in cavities, and specifically bubbles, is due to the helium injection method or the 

significant difference in helium concentration. Unfortunately, this study does not have enough data 

to draw a conclusion to that regard, but Packan et Al. looked at the effects of helium implantation 

method in an Fe-17Ni-17Cr-2.5Mo austenitic stainless steel [73]. In this work, irradiations were 

with helium co-injected at a rate of 20 appm He/dpa and with helium pre-injected at room 

temperature to a level equivalent to 20 appm He/dpa (20 appm He at 1 dpa, 200 appm He at 10 

dpa and 1400 appm He at 70 dpa) at three different damage levels. (No injection, hot pre-injection 

and triple beam irradiation were also performed, but are irrelevant to this discussion.) At all 

damage levels, the swelling was lower, the cavity diameter was lower, and the density was higher 

in the cold pre-injected condition relative to the co-injected condition. At the highest damage level 

of 70 dpa, Packan was able to see the formation of a bimodal size distribution in the pre-injected 

condition, but not the co-injected condition. These results indicate that, for the same final helium 

concentration, helium pre-injection should produce a cavity microstructure with a higher sink 

strength and lower swelling overall. Applying Packan’s results to the swelling behavior observed 

in HT9 in Figure 6.23(a), it becomes clear that the difference in the bubble microstructure is due 

to the difference in helium concentration rather than the helium injection method. If the irradiations 

were performed with the same helium concentration at each damage level, it would be expected 

that the pre-injected samples would exhibit a larger bubble microstructure and lower swelling rate. 

To wrap everything up, plots of the helium-to-dpa ratio and total helium concentration at 

which the maximum swelling was observed are shown in Figure 6.24. Across three different alloys 
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(F82H, HT9 and T91), four different heats and two modes of helium injection the effect of helium 

with increasing damage level shows a very clear trend. At low damage levels during nucleation 

dominated swelling, the maximum swelling is observed at a relatively high helium-to-dpa ratios 

and concentrations. As the damage level is increased and swelling entered the transition and then 

growth-dominated regimes, the maximum swelling shifted toward lower and lower helium-to-dpa 

ratios and concentrations. Ultimately, the maximum swelling was observed to occur without any 

helium at all. Furthermore, for the damage levels at which the two irradiation types overlapped (50 

and 150 dpa), the maximum swelling was observed to occur at the same helium-to-dpa ratio/total 

helium concentration (0.2 appm He/dpa and 10 appm He at 50 dpa and 0 appm He/dpa and 0 appm 

He at 150 dpa). This also extends to the HT9 with co-injected helium at 188 dpa which is similar 

in damage level to 150 dpa and had the maximum swelling at 0 appm He/dpa as well. The fact that 

the shift in maximum swelling toward lower helium-to-dpa ratios and concentrations occurs across 

multiple ferritic-martensitic alloys and under both pre-injection and co-injection provides strong 

evidence that this process occurs for all ferritic-martensitic steels and is not just an artifact of a 

single alloy, heat or irradiation method. 
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Table 6.1: Table of input parameters for calculating the cavity growth rate equation. 

Parameter  Value Reference 

Temperature, T Input parameter This work 

Damage Rate, K0 Input parameter This work 

Helium Co-Injection Rate Input parameter This work 

N 8.34 × 1022 at/cm3 [10] 

Lattice parameter (a) 0.288 nm [10,97] 

Sink strength From microstructure This work and [117] 

ωi 2.9 × 1012 s-1 [10] 

ωv 1.6 × 1013 s-1 [10] 

γ 1.75 J/m2 [97] 

Evm 0.63 eV [97] 

Evf 1.6 eV [10] 

Eim 0.35 eV [10] 

Sf 2.17k [38] 

Dislocation Bias 5% See text. 
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Table 6.2: Sink strengths, measured and calculated swelling rates, and the ratio of the two for ferritic-martensitic steels irradiated in MIBL under the listed conditions. Dislocations 

sink strengths marked with an * were not measured directly, but instead used the sink strength measured at the same damage level but different helium content.  

Material 

Helium 

Injection 

Method 

Damage 

Level 

(dpa) 

Helium-to-dpa 

Ratio 

(appm He/dpa) 

Helium 

Concentration 

(appm He) 

Temperature 

(°C) 

Cavity Sink 

Strength 

(m-2) 

Dislocation 

Sink Strength 

(1014 m-2) 

Measured 

Swelling Rate 

(%/dpa) 

Calculated 

Swelling 

Rate (%/dpa) 

Ratio of Calculated 

To Measured 

Swelling 

HT9 Co-Injected 188 0.000 0.00 460 1.91 x 1014 3.5 x 1014 0.025 0.510 20.4 

HT9 Co-Injected 188 0.060 11.28 460 3.14 x 1014 3.7 x 1014 0.568 0.568 28.9 

HT9 Co-Injected 188 4.000 752.00 460 1.09 x 1015 3.2 x 1014 0.010 0.119 12.4 

HT9 Co-Injected 350 4.000 1400.00 460 2.28 x 1015 3.3 x 1014 0.007 0.046 6.2 

HT9 Co-Injected 450 4.000 1800.00 460 2.25 x 1015 3.2 x 1014 0.005 0.038 7.6 

HT9 Co-Injected 550 4.000 2200.00 460 2.03 x 1015 3.5 x 1014 0.019 0.028 1.5 

HT9 Co-Injected 650 4.000 2600.00 460 1.38 x 1015 3.7 x 1014 0.011 0.018 1.7 

HT9 Pre-Injected 188 0.053 10.00 460 2.25 x 1014 3.2 x 1014 0.015 0.349 22.6 

HT9 Pre-Injected 350 0.029 10.00 460 2.67 x 1014 3.2 x 1014 0.019 0.303 15.8 

HT9 Pre-Injected 450 0.022 10.00 460 3.37 x 1014 3.5 x 1014 0.028 0.258 9.2 

HT9 Pre-Injected 550 0.018 10.00 460 2.97 x 1014 4.6 x 1014 0.045 0.313 7.0 

HT9 Pre-Injected 650 0.015 10.00 460 2.67 x 1014 4.5 x 1014 0.027 0.318 11.8 

T91 Co-Injected 17 0.000 0.00 445 3.55 x 1011 7.3 x 1014 0.0008 0.0033 392.0 

T91 Co-Injected 50 0.000 0.00 445 3.66 x 1012 *6.5 x 1014 0.0318 0.0415 0.9 

T91 Co-Injected 150 0.000 0.00 445 5.09 x 1013 *7.0 x 1014 0.4067 0.6197 1.0 

T91 Co-Injected 17 0.020 0.34 445 1.16 x 1013 6.8 x 1014 0.0012 0.0599 49.5 

T91 Co-Injected 50 0.020 1.00 445 1.95 x 1014 *6.5 x 1014 0.0150 0.0220 1.5 

T91 Co-Injected 150 0.020 3.00 445 1.87 x 1015 *7.0 x 1014 0.1448 0.2028 1.5 

T91 Co-Injected 17 0.200 3.40 445 2.36 x 1013 7.1 x 1014 0.0300 0.1818 6.1 

T91 Co-Injected 50 0.200 10.00 445 2.96 x 1014 6.5 x 1014 0.2218 0.5240 2.4 

T91 Co-Injected 150 0.200 30.00 445 5.09 x 1015 7.0 x 1014 0.3034 0.8980 3.0 

T91 Co-Injected 17 4.000 68.00 445 5.40 x 1014 7.7 x 1014 0.0647 0.0756 1.2 

T91 Co-Injected 50 4.000 200.00 445 1.56 x 1015 *6.5 x 1014 0.0581 0.1200 2.1 

T91 Co-Injected 150 4.000 600.00 445 6.01 x 1015 *7.0 x 1014 0.0596 0.0107 0.2 

T91 Pre-Injected 50 0.000 0.00 460 7.40 x 1013 *1.1 x 1015 0.0018 0.2024 111.0 

T91 Pre-Injected 150 0.000 0.00 460 2.12 x 1014 9.9 x 1014 0.0083 0.5531 66.7 

T91 Pre-Injected 300 0.000 0.00 460 3.70 x 1014 *5.7 x 1014 0.0199 0.8978 45.2 

T91 Pre-Injected 50 0.020 1.00 460 1.10 x 1014 *1.1 x 1015 0.0021 0.2559 120.0 

T91 Pre-Injected 150 0.007 1.00 460 1.99 x 1014 6.0 x 1014 0.0047 0.6433 136.0 

T91 Pre-Injected 300 0.003 1.00 460 3.83 x 1014 *5.7 x 1014 0.0221 0.8996 40.6 

T91 Pre-Injected 50 0.200 10.00 460 1.29 x 1014 1.1 x 1015 0.0024 0.2880 116.0 

T91 Pre-Injected 150 0.067 10.00 460 2.16 x 1014 6.9 x 1014 0.0044 0.6327 145.0 

T91 Pre-Injected 300 0.033 10.00 460 3.14 x 1014 5.7 x 1014 0.0143 0.8473 59.0 

T91 Pre-Injected 50 2.000 100.00 460 1.82 x 1014 *1.1 x 1015 0.0010 0.0000 0.0 

T91 Pre-Injected 150 0.667 100.00 460 2.31 x 1014 6.5 x 1014 0.0015 0.2270 153.0 

T91 Pre-Injected 300 0.333 100.00 460 2.07 x 1014 *5.7 x 1014 0.0027 0.2762 101.0 

T91 Pre-Injected 50 20.000 1000.00 460 8.89 x 1014 *1.1 x 1015 0.0012 0.0000 0.0 

T91 Pre-Injected 150 6.667 1000.00 460 8.69 x 1014 5.5 x 1014 0.0005 0.0000 0.0 

T91 Pre-Injected 300 3.333 1000.00 460 8.51 x 1014 *6.5 x 1014 0.0001 0.0000 0.0 
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Table 6.3: Chemical Composition (wt%) of HT9, heat 84425, and T91, heat 30176 [9,127]. 

Heat Fe Cr Mn Nb Mo Ni Si V C N Al S P Ti Cu W 

30176 Bal. 8.76 0.44 0.086 0.86 0.10 0.25 0.23 0.091 0.052 0.0004 0.002 0.007 0.003 0.062 0.004 

C2269 Bal. 8.37 0.45 - 0.90 0.21 0.28 0.22 0.10 - - - - - 0.17 - 
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Figure 6.1: Helium-to-dpa ratio at which the maximum swelling was recorded for dual-ion irradiated T91 at 445°C (blue), HT9 at 

460°C (red) and F82H at 500°C (black, [49]) as a function of damage level. The lines have been added to guide the eyes and 

represent rough bounding curves based on the available data. 
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Figure 6.2: Pre-injected helium level at which the maximum swelling was recorded for single-ion irradiated ferritic-martensitic 

steels as a function of damage level. The lines have been added to guide the eyes and represent rough bounding curves based on 

the available data. 
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Figure 6.3: Normalized cavity swelling as a function of He/dpa ratio for copper irradiated between 373 and 410C. Figure produced 

by S. Zinkle from [63,67–72]. 
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(a) 

 

(b) 

 
Figure 6.4: Swelling as a function of damage level (a) and helium co-injection rate (b) for T91 dual ion irradiated at 445°C. Lines have been added to guide the eyes. 



 163 

 

Figure 6.5: Swelling contribution as a function of cavity diameter in T91, heat 30176, irradiated at 445°C to 17 dpa with co-injected 

helium. Of note, only the highest helium co-injection rate had a higher contribution to swelling by bubbles as opposed to voids. 

For the other helium co-injection rates, the bubbles contributed a similar amount of swelling per size bin. Note that height 

differences at a specific size are due solely to differences in densities at those sizes. 
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(a) (b) 

  

Figure 6.6: Swelling as a function of helium-to-dpa ratio for (a) T91 at 445°C at 17 dpa and F82H at 500°C at 10 and 26 dpa, both under dual-ion irradiation [49]. (b) shows a zoomed 

in image of the orange box from (a) to illustrate the influence of helium-to-dpa ratio in F82H. 
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(a) 

 

(b) 

 
Figure 6.7: Swelling as a function of damage level (a) and helium co-injection rate (b) for T91 dual ion irradiated at 445°C. Lines have been added to guide the eyes. 
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Figure 6.8: Swelling contribution as a function of cavity diameter in T91, heat 30176, irradiated at 445°C to 50 dpa with co-injected 

helium. Of note, only the highest helium co-injection rate had a higher contribution to swelling by bubbles as opposed to voids. 

For the other helium co-injection rates, the bubbles contributed a similar amount of swelling per size bin. Note that height 

differences at a specific size are due solely to differences in densities at those sizes. 

 

  

1 x 10
-6

1 x 10
-5

0.0001

0.001

0.01

0.1

0 5 10 15 20 25 30

0 appm He/dpa
0.02 appm He/dpa
0.2 appm He/dpa
4 appm He/dpa

S
w

el
li

n
g
 (

%
/n

m
)

Cavity Diameter (nm)



 167 

 

Figure 6.9: Cavity size distribution and calculated cavity growth rate for dual ion irradiation T91 at 445C with 0.2 appm He/dpa at 

50 dpa. The swelling rate was calculated by applying Eq. 6.5 to the size distributions and then summing the results. 
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Figure 6.10: Significance of cavity (blue) and dislocation (red) sink strengths on the cavity growth rate for the cavity growth rate 

equation with a reference case of dual ion irradiated T91 at 445°C with 0.2 appm He/dpa at 50 dpa. The reference cavity sink 

strength was 2.96 x 1014 m-2. The reference dislocation sink strength was 7.14 x 1014 m-2. One at a time, these values were perturbed 

by 1% and the calculation was performed again (for values of cavity sink strength = 2.99 x 1014 m-2 and dislocation sink strength 

= 7.21 x 1014 m-2). The percent change in the calculated growth rate was then plotted as a function of cavity size. The reference 

case is included as a black line at 0. 
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Figure 6.11: Measured (blue, filled circles, solid line) and calculated (red open circles, dashed line) swelling rates for T91 dual ion 

irradiated at 445°C at 50 dpa. The lines have been added to guide the eyes. 
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Figure 6.12: Cavity (blue triangles) and dislocation (red diamonds) sink strengths for dual-ion irradiated T91 at 445°C at 50 dpa 

The dislocation microstructure was measured at a single damage level for all helium-to-dpa ratios and then at multiple damage 

levels for a single helium-to-dpa ratio because helium was not observed to change the microstructure significantly. Lines are not 

trendlines and have only been added to guide the eyes. 
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(a) 

 

(b) 

 
Figure 6.13: Swelling as a function of damage level (a) and helium co-injection rate (b) for T91 dual ion irradiated at 445°C. Lines have been added to guide the eyes. 
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Figure 6.14: Swelling contribution as a function of cavity diameter in T91, heat 30176, irradiated at 445°C to 150 dpa with co-

injected helium. Of note, only the highest helium co-injection rate had a higher contribution to swelling by bubbles as opposed to 

voids. For the other helium co-injection rates, the bubbles contributed a similar amount of swelling per size bin. Note that height 

differences at a specific size are due solely to differences in densities at those sizes. 
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Figure 6.15: Measured (blue, filled circles, solid line) and calculated (red open circles, dashed line) swelling rates for T91 dual ion 

irradiated at 445°C at 150 dpa. The lines have been added to guide the eyes. 
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Figure 6.16: Cavity (blue triangles) and dislocation (red diamonds) sink strengths for dual-ion irradiated T91 at 445°C at 150 dpa 

The dislocation microstructure was measured at a single damage level for all helium-to-dpa ratios and then at multiple damage 

levels for a single helium-to-dpa ratio because helium was not observed to change the microstructure significantly. Lines are not 

trendlines and have only been added to guide the eyes. 
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Figure 6.17: Swelling as a function of helium-to-dpa ratio for HT9 dual ion irradiated at 460°C to 188 dpa. Lines have been added 

to guide the eyes. 
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Figure 6.18: Calculated swelling rates for HT9 dual ion irradiated at 460°C to 188 dpa. The lines have been added to guide the 

eyes. 

 

  



 177 

 

Figure 6.19: Cavity (blue triangles) and dislocation (red circles) sink strengths for dual-ion irradiated T91 at 445°C at 150 dpa The 

dislocation microstructure was measured at a single damage level for all helium-to-dpa ratios and then at multiple damage levels 

for a single helium-to-dpa ratio because helium was not observed to change the microstructure significantly. Lines are not trendlines 

and have only been added to guide the eyes. 
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(a) (b) 

Figure 6.20: Comparison of swelling (a) and bubble density (b) for dual ion irradiated T91 at 150 dpa and 445C (blue) and HT9 at 188 dpa and 460C (red). Lines have been added 

to guide the eyes. 
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(a) 

 
(b) 

Figure 6.21: Swelling as a function of helium-to-dpa ratio, appm He/dpa, (a) and helium concentration, appm He, (b) for pre-injected (PI), single ion irradiated T91, heat C2269, at 

460°C (circles, solid lines) and co-injected (CI), dual ion irradiated T91, heat 30176, at 445°C (triangles, dashed lines) at multiple damage levels [119]. Lines have been added to 

guide the eyes. 
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(a) 
 

(b) 

 

Figure 6.22: Measured (filled circles, solid lines) and calculated (open circles, dashed lines) swelling rates for (a) T91, heat 30176, dual-ion irradiated with co-injected helium at 

445°C and (b) T91, heat C2269, single-ion irradiated with pre-injected helium at 460°C. The lines are added to guide the eye and are not fits to the data. SI refers to the single-ion 

pre-injected irradiations, DI refers to the dual-ion co-injected irradiations. The 17 dpa case has not been included because the system is still in the nucleation regime of swelling. 
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(a) (b) 

Figure 6.23: Swelling (a) and sink strengths (b) for HT9 at 460°C under both single-ion irradiation with 10 appm He pre-injected helium (PI, open symbols, dashed lines, [29]) and 

dual-ion irradiation with 4 appm He/dpa co-injected helium (CI, filled symbols, solid lines). The linear fit to the swelling is shown in (a) for both irradiation conditions. The sink 

strengths in (b) are broken out by void (red), dislocation (blue), precipitates (green), bubbles (sky blue) and total (black). 
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(a) 

 

 
(b) 

Figure 6.24: Helium-to-dpa ratio (a) and total helium concentration (b) at which the maximum swelling was recorded for helium co-injected (CI), dual-ion irradiated T91 at 445°C 

(blue triangles), HT9 at 460°C (blue circles), F82H at 500°C (blue half-squares, [49]) and helium pre-injected (PI) single-ion irradiated T91 at 460°C (red triangles, [119]) as a 

function of damage level. The lines have been added to guide the eyes. Pre-injected, single-ion irradiated HT9 has been omitted from this plot since most conditions were only 

irradiated at two helium concentrations. 
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Chapter 7  Conclusions 

The following conclusions have been reached regarding the influence of helium on 

swelling in ion irradiated ferritic-martensitic steels T91 and HT9. 

 

Helium stabilizes bubbles and accelerates the transition from bubble to void. At low 

damage levels, this results in the highest swelling levels at the highest helium level because the 

cavity (both bubble and void) density is highest and in the nucleation regime swelling is dominated 

by the cavity density rather than cavity size. 

 

As the damage level increases, the stable bubble density increases which increases the sink 

density that causes a reduction in the swelling rate. Thus, the maximum swelling shifts to a lower 

helium co-injection rate. 

 

As the damage level increases, the stable bubble density increases which increases the sink 

density and results in a reduction in the swelling rate, such that at high damage levels, the swelling 

without helium overtakes that with any helium, resulting in the maximum swelling occurring with 

no helium co-injection. 

 

Irradiations with pre-injected helium show the same effect of helium on swelling as seen 

during irradiations with co-injected helium. For the same amount of helium, pre-injection results 

in a larger bubble sink strength early in the irradiation. This sink strength reduces the vacancy 
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supersaturation which in turn reduces the cavity growth rate and, consequently, swelling. 

Nevertheless, in both pre-injected and co-injected cases, the peak in swelling shifts to lower helium 

levels with increasing damage level in both T91 and HT9. 
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Chapter 8  Future Work 

The results and findings of this dissertation provided insight into the role helium co-

injection rate on cavity growth. However, there are many unanswered questions and areas which 

merit further study.  

The role of heterogeneous nucleation on cavity nucleation. In this work, the mechanism of 

nucleation was ignored due to the complex underlying processes. However, to better understand 

the effects of helium on swelling at all stages, early nucleation must be examined. Much work has 

been performed using a homogeneous critical bubble model. However, that does not allow for 

precise modeling of the early stages of nucleation. Early in an irradiation, the roles of precipitate-

matrix interfaces, dislocations, and solute impurities are likely to play a larger role in cavity 

nucleation. The heterogenous nucleation sites are expected to lower the barrier for bubbles to 

transition to unstably growing voids and will be relevant at lower vacancy supersaturation values, 

such as those for reactor irradiation. Additional studies on other possible nucleation sites for 

cavities and the spatial heterogeneity of the microstructure need to be performed. 

The effects of hydrogen implantation on cavity growth. In this work, helium was the only 

gas responsible for the nucleation and growth of cavities. In reactor, other gases are produced, 

including hydrogen through (n,p) reactions. The hydrogen can also serve to nucleate and stabilize 

cavities through the formation of H2 gas inside a vacancy cluster 

[120,121][120,121][120,121][120,121][120,121][120,121][120,121]or through chemical bonding 

between the alloying elements and hydrogen. Additional dual ion irradiations using iron ions and 

hydrogen co-implantation can isolate the role of hydrogen on cavity nucleation. Furthermore, 
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hydrogen gas accumulation with helium gas accumulation appears to have a synergistic effect on 

cavity growth that is poorly understood. Triple ion beam irradiations with iron ions, helium co-

injection, and hydrogen co-injection simultaneously will assess the roles of these gases on cavity 

nucleation in an environment closer to reactor irradiation. 

Utilize advanced STEM techniques to improve microstructure characterization results. In 

this work, basic HAADF STEM imaging was used to characterize the larger cavities while 

through-focus BF TEM was used to characterize the smaller features. HAADF STEM depends on 

z-contrast imaging, so smaller features are hard to observe while BF TEM can result in 

enlargement of features. Recent advancements such as 4D-STEM and integrated differential phase 

contrast STEM allow for a hybrid of the two methods allowing for the imaging of smaller features 

in focus, preventing any enlargement. EELS measurement of helium in bubbles was a technique 

that was attempted unsuccessfully in this work that could also be used to further our understanding 

of the effect of helium on cavity development and subsequent swelling. 
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Appendices  

 IRRADIATION PARAMETERS 

The iron current, helium current, temperature and pressure for each irradiation performed 

as part of this thesis are presented in this appendix. 
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Figure A.1: Current and temperature for the dual ion irradiation of HT9 to 188 dpa at 460°C with 0 appm He/dpa co-injected 

helium. 
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Figure A.2: Current and temperature for the dual ion irradiation of HT9 to 188 dpa at 460°C with 0.06 appm He/dpa co-injected 

helium. 
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Figure A.3: Current and temperature for the dual ion irradiation of HT9 to 188 dpa at 460°C with 4 appm He/dpa co-injected 

helium. 
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Figure A.4: Current and temperature for the dual ion irradiation of HT9 to 350 dpa at 460°C with 4 appm He/dpa co-injected 

helium. 
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Figure A.5: Current and temperature for the dual ion irradiation of HT9 to 450 dpa at 460°C with 4 appm He/dpa co-injected 

helium. 
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Figure A.6: Current and temperature for the dual ion irradiation of HT9 to 550 dpa at 460°C with 4 appm He/dpa co-injected 

helium. 
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Figure A.7: Current and temperature for the dual ion irradiation of HT9 to 650 dpa at 460°C with 4 appm He/dpa co-injected 

helium. 
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Figure A.8: Current and temperature for the dual ion irradiation of T91 to 17 dpa at 445°C with 0 appm He/dpa co-injected helium. 
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Figure A.9: Current and temperature for the dual ion irradiation of T91 to 17 dpa at 445°C with 0 appm He/dpa co-injected helium. 

  

0

0.05

0.1

0.15

0 2 4 6 8 10 12 14

Current History

(DDI22, 33 dpa, 445
o
C, 0.710 x 10

-3
 dpa/s,

0 appm He/dpa, 05/14/19)

F
e 

C
u
rr

en
t 

(u
A

)

Time (hr)

Time-Averaged

Fe Current:

0.136 uA

0

500

1000

1500

2000

2500

3000

3500

425 430 435 440 445 450 455 460 465

Temperature Distributions-T91, coated

(DDI22, 33/50 dpa, 445
o
C, 0.710 x 10

-3
 dpa/s,

0 appm He/dpa, 05/15/19)

T91-C-U
T91-C-M
T91-C-L

F
re

q
u

e
n
c
y

Temperature (
o
C)

T
ave

 = 445+/-4
o
C

0

500

1000

1500

2000

2500

3000

3500

425 430 435 440 445 450 455 460 465

Temperature Distributions-T91, bare

(DDI22, 33/50 dpa, 445
o
C, 0.710 x 10

-3
 dpa/s,

0 appm He/dpa, 05/15/19)

T91-B-U
T91-B-M
T91-B-L

F
re

q
u

e
n
c
y

Temperature (
o
C)

T
ave

 = 445+/-3
o
C



197 

 

  

Figure A.10: Current and temperature for the dual ion irradiation of T91 to 17 dpa at 445°C with 0.02 appm He/dpa co-injected 

helium. 
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Figure A.11: Current and temperature for the dual ion irradiation of T91 to 17 dpa at 445°C with 0 appm He/dpa co-injected helium. 
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Figure A.12: Current and temperature for the dual ion irradiation of T91 to 100 dpa at 445°C with 0.02 appm He/dpa co-injected 

helium. 

  

0

0.05

0.1

0.15

0.2

0

0.0002

0.0004

0.0006

0.0008

0.001

0 5 10 15 20 25 30 35 40

Current History

(DDI33, 100 dpa, 445
o
C, 0.795 x 10

-3
 dpa/s,

0.02 appm He/dpa, 12/20/19)

F
e
 C

u
rr

en
t 

(u
A

) H
e C

u
rren

t (u
A

)

Time (hr)

Time-Averaged

He Current:

0.00052 uA

Time-Averaged

Fe Current:

0.152 uA

0

2000

4000

6000

8000

10000

430 435 440 445 450 455 460

Temperature Distribution

(DDI33, 100/150 dpa, 445
o
C, 0.795 x 10

-3
 dpa/s,

0.02 appm He/dpa, 12/20/19)

Top
Middle
Bottom

F
re

q
u

e
n
c
y

Temperature (
o
C)

T
ave

 = 445+/-5
o
C



200 

 

 

  

Figure A.13: Current and temperature for the dual ion irradiation of T91 to 50 dpa at 445°C with 0.02 appm He/dpa co-injected 

helium. 
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Figure A.14: Current and temperature for the dual ion irradiation of T91 to 33 dpa at 445°C with 0.2 appm He/dpa co-injected 

helium. 
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Figure A.15: Current and temperature for the dual ion irradiation of T91 to 100 dpa at 445°C with 0.2 appm He/dpa co-injected 

helium. 
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Figure A.16: Current and temperature for the dual ion irradiation of T91 to 17 dpa at 445°C with 4 appm He/dpa co-injected helium. 
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Figure A.17: Current and temperature for the dual ion irradiation of T91 to 33 dpa at 445°C with 4 appm He/dpa co-injected helium. 
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Figure A.18: Current and temperature for the dual ion irradiation of T91 to 100 dpa at 445°C with 4 appm He/dpa co-injected 

helium. 
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Figure A.19: Current and temperature for the first dual ion irradiation of T91 to 50 dpa at 445°C with 4 appm He/dpa co-injected 

helium. 
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Figure A.20: Current and temperature for the second dual ion irradiation of T91 to 50 dpa at 445°C with 4 appm He/dpa co-injected 

helium. 

0

1000

2000

3000

4000

5000

430 435 440 445 450 455 460

Temperature Distribution

(DDI36, 50/100 dpa, 445
o
C, 0.834 x 10

-3
 dpa/s,

4 appm He/dpa, 02/28/20)

Top
Middle
Bottom

F
re

q
u

e
n
c
y

Temperature (
o
C)

T
ave

 = 443+/-4
o
C

0

1000

2000

3000

4000

5000

430 435 440 445 450 455 460

Temperature Distribution

(DDI36, 50/200 dpa, 445
o
C, 0.834 x 10

-3
 dpa/s,

4 appm He/dpa, 02/28/20)

Top
Middle
Bottom

F
re

q
u

e
n
c
y

Temperature (
o
C)

T
ave

 = 445+/-4
o
C



208 

 

 LIFTOUT IMAGES 

High angle annular dark field images (HAADF) STEM images for each irradiated 

condition are presented in this appendix. 
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Figure B.1: STEM HAADF Images for liftouts from the irradiation of HT9 at 460°C with 0 appm He/dpa to 188 dpa. 
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Figure B.2: STEM HAADF Images for liftouts from the first irradiation of HT9 at 460°C with 0.06 appm He/dpa to 188 dpa. 
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Figure B.3: STEM HAADF Images for liftouts from the second irradiation of HT9 at 460°C with 0.06 appm He/dpa to 188 dpa. 
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Figure B.4: STEM HAADF Images for liftouts from the irradiation of HT9 at 460°C with 4 appm He/dpa to 188 dpa. 
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Figure B.5: STEM HAADF Images for liftouts from the irradiation of HT9 at 460°C with 4 appm He/dpa to 350 dpa.  
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Figure B.6: STEM HAADF Images for liftouts from the irradiation of HT9 at 460°C with 4 appm He/dpa to 450 dpa. 
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Figure B.7: STEM HAADF Images for liftouts from the irradiation of HT9 at 460°C with 4 appm He/dpa to 550 dpa. 
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Figure B.8: STEM HAADF Images for liftouts from the irradiation of HT9 at 460°C with 4 appm He/dpa to 650 dpa. 
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Figure B.9: STEM HAADF Images for liftouts from the irradiation of T91 at 445°C with 0 appm He/dpa to 50 dpa. 
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Figure B.10: STEM HAADF Images for liftouts from the irradiation of T91 at 445°C with 0 appm He/dpa to 150 dpa. 
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Figure B.11: STEM HAADF Images for liftouts from the irradiation of T91 at 445°C with 0.02 appm He/dpa to 17 dpa. 
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Figure B.12: STEM HAADF Images for liftouts from the irradiation of T91 at 445°C with 0.02 appm He/dpa to 50 dpa. 
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Figure B.13: STEM HAADF Images for liftouts from the irradiation of T91 at 445°C with 0.02 appm He/dpa to 100 dpa. 
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Figure B.14: STEM HAADF Images for liftouts from the irradiation of T91 at 445°C with 0.02 appm He/dpa to 150 dpa. 
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Figure B.15: STEM HAADF Images for liftouts from the irradiation of T91 at 445°C with 0.2 appm He/dpa to 50 dpa. 
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Figure B.16: STEM HAADF Images for liftouts from the irradiation of T91 at 445°C with 0.2 appm He/dpa to 150 dpa. 
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Figure B.17: STEM HAADF Images for liftouts from the irradiation of T91 at 445°C with 4 appm He/dpa to 17 dpa. 
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Figure B.18: STEM HAADF Images for liftouts from the irradiation of T91 at 445°C with 4 appm He/dpa to 50 dpa. 
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Figure B.19: STEM HAADF Images for liftouts from the irradiation of T91 at 445°C with 4 appm He/dpa to 100 dpa. 
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Figure B.20: STEM HAADF Images for liftouts from the irradiation of T91 at 445°C with 4 appm He/dpa to 150 dpa. 

  



229 

 

 

 

Figure B.21: STEM HAADF Images for liftouts from the irradiation of T91 at 445°C with 4 appm He/dpa to 200 dpa. 



230 

 

 CAVITY SIZE DISTRIBUTION DATA 

Cavity size distribution data is included in the tables in this appendix for each irradiation 

performed as part of this thesis. 

Table C.1: Cavity size distribution data for dual-ion irradiated T91, heat 30176, at 445°C and 17 dpa with co-injected helium. 

Cavity 

Diameter (nm) 
Dislocation Density (1020 m-3) 

Helium-to-dpa Ratio 

(appm He/dpa) 
0 appm He/dpa 0.02 appm He/dpa 0.2 appm He/dpa 4 appm He/dpa 

0 0 0 0 0 

1 0 0 0 0.02 

2 0 0 0.21 73.15 

3 0 0.03 3.61 179.00 

4 0 0.06 2.14 19.43 

5 0 0.02 1.01 1.16 

6 0.04 0.03 0.67 0.76 

7 0.04 0.05 0.48 0.76 

8 0 0.02 0.68 0.71 

9 0 0 0.34 0.36 

10 0 0 0.26 0.27 

11 0 0.03 0.14 0.36 

12 0 0 0.06 0.04 

13 0 0 0.04 0 

14 0 0 0.01 0 

15 0 0 0 0 

16 0 0 0.01 0 

17 0 0 0 0 

18 0 0 0 0 

19 0 0 0 0 

20 0 0 0 0 
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Table C.2: Cavity size distribution data for dual-ion irradiated T91, heat 30176, at 445°C and 50 dpa with co-injected helium. 

Cavity 

Diameter (nm) 
Dislocation Density (1020 m-3) 

Helium-to-dpa Ratio 

(appm He/dpa) 
0 appm He/dpa 0.02 appm He/dpa 0.2 appm He/dpa 4 appm He/dpa 

0 0 0 0 0 

1 0.07 118.00 167.00 202.00 

2 0.07 23.20 50.80 1020.00 

3 0.04 0.12 0.51 127.00 

4 0.04 0.15 0.53 9.57 

5 0.04 0.15 0.68 7.04 

6 0.04 0.12 0.79 0.55 

7 0 0.13 0.49 0.41 

8 0.04 0.28 0.57 0.19 

9 0 0.03 0.55 0.36 

10 0.07 0.10 0.53 0.29 

11 0 0.15 0.30 0.41 

12 0 0.12 0.55 0.23 

13 0 0 0.36 0.19 

14 0 0.06 0.40 0.30 

15 0 0.06 0.32 0.18 

16 0 0 0.28 0.19 

17 0 0 0.17 0.08 

18 0 0.03 0.19 0.11 

19 0 0 0.21 0.03 

20 0 0 0.25 0.01 

21 0 0 0.06 0.03 

22 0 0 0.06 0.04 

23 0 0 0 0 

24 0 0 0.08 0 

25 0 0 0.02 0 

26 0.04 0 0 0 

27 0 0 0 0 

28 0.11 0 0 0 

29 0 0 0 0 

30 0 0 0 0 
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Table C.3: Cavity size distribution data for dual-ion irradiated T91, heat 30176, at 445°C and 150 dpa with co-injected helium. 

Cavity 

Diameter (nm) 
Dislocation Density (1020 m-3) 

Helium-to-dpa Ratio 

(appm He/dpa) 
0 appm He/dpa 0.02 appm He/dpa 0.2 appm He/dpa 4 appm He/dpa 

0 0 0 0 0 

1 0 2190.00 3500.00 2660.00 

2 0.02 242.00 2510.00 5010.00 

3 0.05 0.04 0.04 169.00 

4 0.02 0 0 77.10 

5 0.02 0.02 0.08 0.10 

6 0 0.09 0.04 0.10 

7 0.02 0.08 0 0.10 

8 0.02 0.19 0.20 0.05 

9 0.02 0.16 0.08 0.05 

10 0.05 0.06 0.16 0.06 

11 0.07 0.26 0.16 0.08 

12 0.05 0.09 0.20 0.13 

13 0.02 0.09 0.08 0.10 

14 0.02 0.14 0.23 0.12 

15 0.02 0.09 0.20 0.08 

16 0 0.11 0.08 0.05 

17 0.09 0.13 0.12 0.07 

18 0.02 0.08 0.31 0.07 

19 0.07 0.13 0.20 0.05 

20 0.05 0.11 0.23 0.12 

21 0.07 0 0.20 0.06 

22 0.05 0.05 0.27 0.13 

23 0.05 0.10 0.27 0.11 

24 0.07 0.15 0.23 0.03 

25 0.07 0.09 0.12 0.10 

26 0.09 0.07 0.08 0.05 

27 0.02 0.09 0.23 0.04 

28 0.05 0.05 0.08 0 

29 0.07 0.05 0.12 0.02 

30 0.05 0.05 0.20 0.02 

31 0.07 0.02 0.20 0.04 

32 0.05 0.06 0.16 0.01 

33 0.11 0.04 0.12 0.01 

34 0.09 0.03 0.20 0 

35 0.05 0.03 0.12 0.01 

36 0.07 0.02 0.12 0.01 

37 0.21 0 0.04 0 

38 0.09 0.03 0.16 0 

39 0.05 0.03 0.08 0 

40 0.11 0 0.04 0 

41 0.07 0.03 0.04 0 

42 0.05 0 0 0 

43 0.07 0 0 0 

44 0 0 0 0 

45 0.02 0 0 0 

46 0.11 0 0 0 

47 0.07 0 0 0 

48 0.05 0 0 0 

49 0 0 0 0.01 

50 0.02 0 0 0 

51 0.02 0 0 0 

52 0.02 0 0 0 

53 0.02 0 0 0 
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54 0 0 0 0 

55 0 0 0 0 

56 0 0 0 0 

57 0 0 0 0 

58 0 0 0 0 

59 0 0 0 0 

60 0.02 0 0 0 
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Table C.4: Size distribution data for cavities in dual-ion irradiated HT9, heat 84425, at 460°C and 188 dpa with co-injected helium. 

Dislocation 

Diameter (nm) 
Dislocation Density (1020 m-3) 

Helium-to-dpa Ratio 

(appm He/dpa) 
0 appm He/dpa 0.006 appm He/dpa 4 appm He/dpa 

0 0 0 0 

5 0.001 49.400 166.000 

10 0.015 0.080 14.100 

15 0.033 0.109 0.261 

20 0.030 0.109 0.301 

25 0.045 0.163 0.353 

30 0.052 0.153 0.332 

35 0.044 0.161 0.246 

40 0.068 0.142 0.161 

45 0.076 0.096 0.062 

50 0.067 0.074 0.024 

55 0.062 0.054 0.006 

60 0.059 0.033 0 

65 0.055 0.021 0.001 

70 0.050 0.012 0 

75 0.013 0.015 0 

80 0.007 0.007 0 

85 0.008 0.003 0 

90 0.003 0.002 0 

95 0 0 0 

100 0.002 0 0 
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Table C.5: Size distribution data for cavities in dual-ion irradiated HT9, heat 84425, at 460°C with 4 appm He/dpa co-injected 

helium. 

Cavity 

Diameter (nm) 
Dislocation Density (1020 m-3 nm-1) 

Damage Level 

(dpa) 
188 dpa 350 dpa 450 dpa 550 dpa 650 dpa 

0 0 0 0 0 0 

1 34.500 657.000 73.700 58.300 42.800 

2 436.000 797.000 377.000 387.000 398.000 

3 186.000 356.000 519.000 401.000 283.000 

4 87.300 126.000 253.000 227.000 202.000 

5 48.300 52.100 65.700 63.000 60.300 

6 0.737 14.900 17.100 8.620 0.137 

7 0.718 1.120 1.240 0.687 0.137 

8 0.621 0.630 0.653 0.477 0.301 

9 0.572 0.794 0.721 0.388 0.055 

10 0.495 0.411 0.395 0.266 0.137 

15 0.588 0.570 0.374 0.204 0.041 

20 0.644 0.531 0.323 0.175 0.046 

25 0.741 0.509 0.347 0.184 0.037 

30 0.654 0.466 0.457 0.242 0.046 

35 0.407 0.389 0.368 0.203 0.064 

40 0.264 0.257 0.254 0.168 0.082 

45 0.093 0.186 0.151 0.095 0.048 

50 0.039 0.110 0.089 0.067 0.073 

55 0.013 0.071 0.038 0.044 0.049 

60 0 0.027 0.039 0.026 0.027 

65 0.010 0.027 0.034 0.033 0.055 

70 0 0.027 0.029 0.011 0.027 

75 0 0.027 0.026 0.013 0 

80 0 0.027 0 0 0 

85 0 0 0 0.014 0.027 

90 0 0.014 0 0 0 

95 0 0 0.017 0.011 0.027 

100 0 0 0 0 0 

105 0 0 0 0 0 

110 0 0 0 0 0 

115 0 0 0.017 0.018 0.027 

120 0 0 0 0 0 

125 0 0 0 0 0 

130 0 0 0 0 0 

135 0 0 0 0 0 

140 0 0 0 0 0 

145 0.005 0 0 0 0 

150 0 0 0 0 0 
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 DISLOCATION LOOP SIZE DISTRIBUTION DATA 

Dislocation loop size distribution data is included in the tables in this appendix for each 

irradiation performed as part of this thesis. 

Table D.6: Dislocation loop size distribution data for dual-ion irradiated T91, heat 30176, at 445°C and 17 dpa with co-injected 

helium. 

Dislocation Loop 

Diameter (nm) 
Dislocation Density (1020 m-3) 

Helium-to-dpa Ratio 

(appm He/dpa) 
0 appm He/dpa 0.02 appm He/dpa 0.2 appm He/dpa 4 appm He/dpa 

0 0 0 0 0 

5 1.44 0.65 1.86 0 

10 8.18 6.50 9.29 0.75 

15 7.94 6.29 8.18 4.02 

20 6.02 6.29 7.81 3.77 

25 3.85 3.47 2.97 3.77 

30 4.09 3.25 4.09 4.78 

35 3.13 1.73 1.86 3.52 

40 0.48 0.87 1.12 4.27 

45 0.96 0.43 0.37 0.25 

50 0.24 0.22 0.74 0.25 

55 0.72 0.43 0 0 

60 0 0.22 0 0 

65 0.24 0 0 0 

70 0.24 0.22 0 0 

75 0 0 0.37 0.50 
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Table D.7: Dislocation loop size distribution data for dual-ion irradiated T91, heat 30176, at 445°C with 0.2 appm He/dpa co-

injected helium. 

Dislocation Loop 

Diameter (nm) 
Dislocation Density (1020 m-3) 

Helium-to-dpa Ratio 

(appm He/dpa) 
17 dpa 50 dpa 150 dpa 

0 0 0 0 

5 1.86 0 1.90 

10 9.29 4.27 6.84 

15 8.18 6.60 7.60 

20 7.81 5.82 6.84 

25 2.97 3.88 3.04 

30 4.09 2.72 2.66 

35 1.86 0.78 1.14 

40 1.12 1.94 1.14 

45 0.37 0.78 0.38 

50 0.74 0.78 0.76 

55 0 1.16 0 

60 0 0 0 

65 0 0.39 0 

70 0 0 0.38 

75 0.37 0 0 
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Table D.8: Dislocation loop size distribution data for dual-ion irradiated HT9, heat 84425, at 460°C and 188 dpa with co-injected 

helium. 

Dislocation Loop 

Diameter (nm) 
Dislocation Loop Density (1020 m-3) 

Helium-to-dpa Ratio 

(appm He/dpa) 
0 appm He/dpa 0.06 appm He/dpa 4 appm He/dpa 

0 0 0 0 

5 0 0 0 

10 0.42 0 0 

15 0.42 0 0 

20 2.53 0.05 0 

25 2.95 0.16 0.99 

30 4.22 0.57 1.98 

35 4.64 0.57 2.31 

40 2.53 0.47 2.31 

45 2.11 0.16 0.66 

50 0.84 0.10 0.33 

55 0.84 0.26 0.66 

60 0 0 0.33 

65 0 0 0 

70 0 0 0 

75 0 0.05 0 

80 0 0 0 

85 0 0.05 0 
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