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Abstract 

Fusion first-wall and blanket materials need to withstand the synergistic effects of atomic 

displacements, transmutation products such as helium, and elevated temperatures. Particularly, 

helium can have significant effects on the microstructural evolution of materials under irradiation, 

including increased cavity swelling, changes in solute segregation, altered secondary phase 

evolution, and/or altered point defect transport  [1–6]. Methods for mitigating helium effects, 

which can in turn improve swelling resistance, include the introduction of microstructural sinks to 

disperse and sequester helium homogeneously. This delays the localized accumulation of helium 

to a single or few sites within the microstructure, such as in each cavity, and lengthens the onset 

to steady-state swelling. One such microstructural sink is secondary phases and precipitates [7]. 

Previous studies have shown the interfaces of Ti-rich MX precipitates in Ti-modified 316 

austenitic stainless steel were able to sequester most or all of helium generated during neutron 

irradiation and extend the onset of steady-state swelling [3]. In addition, helium has also been 

shown to bind to solute atoms [5]. Hence, helium is predicted to have strong interactions with 

solutes and precipitate-matrix interfaces and to have significant consequences for the swelling 

behavior of steels. 

However, there exists no conclusive experimental evidence in literature that semi-coherent 

nanoprecipitates in current fusion candidate materials will act as sites for helium sequestration. 

The objective of this work centers on filling the knowledge gap on the evolution of such 

precipitates and their interfaces under simultaneous atomic displacements and helium 
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transmutation. This research aims to understand the co-evolution of helium and MX-TiC semi-

coherent precipitates using dual-beam ion irradiations on a reduced activation ferritic/martensitic 

(RAFM) Fe-9Cr alloy that is a candidate fusion first-wall and blanket material. This work 

examines the precipitate behavior under ion irradiation without helium and then with helium to 

assess the helium effects on precipitate stability as well as on the precipitate interface.  

This work found that co-injected helium suppressed the radiation-assisted coarsening 

response of precipitates. This is hypothesized to occur due to helium atoms binding to solutes in 

the matrix and rendering those helium-solute clusters immobile. MX-TiC precipitates were also 

found to sequester helium atoms in the form of nano-scale bubbles on the precipitate-matrix 

interface as a function of temperature prior to precipitate dissolution. Such helium sequestration is 

desired for greater swelling resistance, but it was found that the MX-TiC precipitates were not 

present at high enough densities or stable to high enough damage levels to affect the onset of 

steady-state swelling or the steady-state swelling rate, as compared with prior generations of 

RAFM steels. 

This work provides insights into the single and combined effects of damage rate, damage, 

temperature, and helium co-injection on the stability of nanoprecipitates and their effect on 

swelling resistance in an advanced RAFM Fe-9Cr steel alloy. The consequences of this research 

are to assess the current state of advanced fusion structural materials and to inform future alloy 

designers on the relationship of precipitation and swelling. This work will pave a roadmap for 

understanding the irradiation stability and function of secondary phases that have been specifically 

designed to provide radiation resistance during fusion operation. 
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Chapter 1 Introduction 

Nuclear energy has held the promise of being a reliable, near-inexhaustible energy source 

since its initial entrance into the commercial power sector in the 1950s. The fulfillment of this 

promise is needed especially now, as a growing world population demands low-carbon, 

sustainable, 24/7 energy production. Though great strides have been made in light-water and 

advanced non-light-water nuclear fission energy technologies, fusion energy remains the gold 

standard to be achieved. Fusion energy does not require the mining of uranium, emits no carbon 

during operation, cannot melt down, has reduced radioactive waste, and has the greatest theoretical 

capacity for power output achievable from any energy source [8]. However, just as with fission 

technology, designing and manufacturing structural materials that can operate optimally in the 

harsh environment of a fusion reactor core for long life spans has eluded scientists thus far. As 

such, it is of extreme importance to dedicate resources to the research of designing and 

manufacturing the next generation of structural materials for fusion energy reactors. In particular, 

this work focuses on the materials needs of a first of a kind (FOAK) fusion reactor such as the 

International Thermonuclear Experimental Reactor (ITER) Tokamak fusion reactor. 

As no fusion reactors with the relevant neutron flux and temperature are in operation today, 

it is necessary to build from the historical legacy of fission neutron and ion irradiation data of 

structural materials and combine this knowledge with the design specifications of materials for 

fusion reactors. Austenitic steels have been used as structural materials in light water reactors, but 

these materials have unacceptable irradiation creep and void swelling for non-light-water fission 

reactor applications. Materials in fast fission reactors need to withstand the synergistic effects of 
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atomic displacements, elevated temperatures, irradiation creep, and void swelling from helium 

transmutation. As such, ferritic/martensitic (FM) steels are the leading candidate structural 

materials for fast fission reactors. FM steels have a body-centered cubic (BCC) structure and 

typically contain 7-15 weight % Cr with 1-3 weight % alloying solutes. The remaining composition 

is Fe. FM steels have a complex, hierarchical structure consisting of prior austenite grains, sub-

grains, martensitic laths, secondary phases, and a high dislocation density. Beneficial secondary 

phases induced by heat treatment(s) include MX (M=metal, X=C and/or N) precipitates. The 

complexity of FM materials is theorized to provide greater radiation resistance than austenitic 

steels [9]. The higher expected radiation resistance of FM steels, as determined by steady-state 

swelling and mechanical properties under irradiation, and the similarities between the end-of-life 

dose between fission and fusion reactors means FM steels are also being adopted as primary 

candidates for structural materials in fusion energy applications.  

FM steels in fusion reactors need to withstand the environmental stressors listed for 

advanced fission reactors, but they must also withstand an increased level of helium transmutation 

(~10-20 appm He/dpa) due to the unique neutron spectrum in fusion reactors. The effects from 

helium-induced degradation can be lifetime-limiting for materials, including void swelling, helium 

embrittlement at grain boundaries, and alteration of phase stabilities. This work focuses on the 

effects of helium on swelling and how to mitigate swelling during fusion operation. Methods for 

improving swelling resistance include the introduction of microstructural sinks to sequester helium 

in a homogeneous fashion, thereby delaying the rate of helium accumulation in each cavity and 

lengthening the onset of swelling [10–12]. Precipitates, such as MX precipitates in FM steels, are 

one such microstructural sink to sequester helium. MX precipitates have also been shown to 

improve creep strength [13]. While MX precipitates have been studied in detail in austenitic steels, 
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particularly MX-TiC precipitates, the stability of MX precipitates and their helium sequestration 

ability has not been systematically documented in FM steels under fusion-relevant irradiation 

conditions. In addition, the ability of these precipitates to sequester helium and prevent matrix void 

swelling has also not been conclusively proven in FM steels across all possible irradiation 

environments for a fusion reactor. This work is the first to provide a systematic roadmap of MX 

precipitate stability and helium sequestration ability in FM steels.  

This research aims to understand the co-evolution of helium and MX-TiC precipitates 

under ion irradiation in an advanced engineering Fe-9Cr alloy that is an analogue for a more 

complex candidate fusion structural material. This work will look at the precipitate behavior under 

ion irradiation with and without helium co-injection to assess helium effects on precipitate 

stability. A combination of ion irradiation experiments, with careful post-irradiation 

characterization techniques coupled with computational models were used to achieve this 

objective. Chapter 2 provides a background on FM alloys and the effects of irradiation on their 

microstructures, with a focus on the development of advanced FM steels in the United States and 

current knowledge on precipitation and helium evolution. Chapter 3 summarizes the objective of 

the thesis and the approach taken to achieve the objective. Chapter 4 describes the experimental 

procedures and techniques used for ion and electron irradiation experiments and post-irradiation 

characterization. Chapter 5 summarizes the results gathered from the experiments. Chapter 6 offers 

an interpretation and discussion of the experimental results and address the objective. Chapter 7 

provides the conclusions drawn from the thesis and suggests future work. 
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Chapter 2 Background 

This chapter will provide the background necessary to understand the outcomes of this 

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

FeCr alloys will be provided followed by a comprehensive review of the existing experimental 

and theoretical work regarding MX precipitate evolution and helium effects on the microstructural 

evolution of Fe-based alloys under neutron and ion irradiation. Various factors affecting MX 

precipitate evolution under irradiation as well as thermal stability will be considered. 

2.1 Fusion Environment 

 The fusion environment represents one of the most extreme man-made devices for 

materials to operate in (Table 2.1) [14]. In a tokamak type fusion reactor, the deuterium-tritium 

(D-T) plasma at the core of the reactor has the following reaction: 

 =! + =" → =-" 	(3.5	&-F) + H	(14.1	&-F) Eq. 2.1 

The products of this reaction interact with the surrounding first wall and blanket structures 

(Figure 2.1). These structures support heat extraction for energy production and tritium breeding 

for continued operation. Current candidate materials for plasma-facing components of the first 

wall structure include beryllium and tungsten [15]. Materials for the underlying structure that 

support the plasma-facing components and for the blanket structure need to be able to withstand 

high temperatures, high neutron fluxes causing radiation damage, degradation from transmutation 

products, creep, and fatigue cycling. Several structural alloys have been considered for these 
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components such as austenitic alloys, Ni-based alloys, and ferritic/martensitic (FM) steels [16]. 

Due to studies on mechanical property evolution and neutron flux activation concerns, the 

development of reduced activation FM (RAFM) steels began in the 1980s and continue today.  

Open questions on the role of atomic displacements and helium transmutation on RAFM 

steel performance remain. This work addresses the combined effects of atomic displacements and 

helium transmutation in an advanced Fe-9Cr RAFM steel that is a candidate material for the 

underlying structure that support the plasma-facing components and for the blanket structure. The 

manufacturing and development of such steels for fusion applications will now be discussed. 

 

Table 2.1 Environmental design considerations for FM steels as first wall and blanket structures in a tokamak fusion 
reactor [14,16]. 

System Temperature (°C) Neutron Flux (m-2s-1) 
(E>0.1 MeV) Heat Flux (MW/m2) Transmutation 

Products 
First Wall 300-600 3×1017 ~1-5 2H, 3H, 4He 

Blanket Structure 300-600 2×1017 ~0.1 2H, 3H, 4He 
 

 

 

Figure 2.1 Schematic of the materials in a tokamak fusion reactor. Adapted from [17]. 
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2.2 Overview of FM Steels 

2.2.1 General Metallurgy of FM Steels 

FM steels have better thermal conductivity, lower thermal expansion ratio, and superior 

swelling resistance than austenitic steels [16]. FM steels are commonly produced using traditional 

ingot metallurgy and forging processes. They are preferred to be used in the normalized and 

tempered condition as this condition provides good strength, ductility, and toughness [18]. 

Normalization consists of annealing above the austenitizing temperature (AC1), which is the 

equilibrium temperature where ferrite with a body centered cubic structure (BCC) transforms to 

austenite with a face centered cubic structure (FCC). Normalization is often followed by air 

cooling. Typically for 9-12 weight % Cr FM steels, the AC1 is between 950o-1150oC. 

Normalization temperature and time primarily dictates the final prior austenite grain size and 

precipitate kinetics.  

Upon cooling from the austenitizing temperature, the austenite should fully transform into 

martensite. Martensite is formed from austenite by quenching from a temperature above the AC1 

temperature. It is a diffusion-less process. As such, transformations that require diffusion, such as 

austenite to ferrite, are suppressed. The martensite transformation involves the martensite start 

temperature (Ms) and the martensite finish temperature (Mf), which are dependent on the carbon 

content in the alloy. The Ms temperature is highly dependent on the C and N content of the steel 

[19]. After the transformation to as-quenched martensite is complete, the C and N contents will be 

interstitials in solid solution and they provide the main contribution to the hardness of the material 

at this point [19]. 

After normalization and air cooling, the tempering process takes place to increase 

toughness and ductility. The tempered microstructure and the precipitate sequence that take place 
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during tempering determine the pre-irradiation microstructure and the corresponding strength of 

the material [3]. Tempering will remove interstitials like C and N by forming various complex 

carbide, nitride, and carbonitride compounds and precipitates. The removal of the C and N also 

reduces lattice strain thus decreasing hardness. Tempering typically takes place around 700-750°C 

to provide the optimal properties. For instance, Vitek et al. found that a temperature range of 700-

780°C is necessary to complete the precipitation process during tempering for 1 hour in a 9Cr-

1Mo-V-Nb alloy [20]. Alamo et al. found that tempering above 700°C in RAFM steels resulted in 

optimal impact properties [21]. The resulting microstructure, if tempered around ~750oC, consists 

of a body centered cubic lattice with a fully tempered martensite microstructure. M23C6 precipitates 

(60–200 nm) and smaller MX precipitates (20–80 nm) are located on and within lath and prior 

austenite grain boundaries [22]. Tempering also reduces the high number density of dislocations 

present in the normalized condition [23]. Normalized and tempered specimens typically contain a 

dislocation density in the range of 1013-14 m−2 [18,24]. The general microstructure of an FM steel 

is shown in Figure 2.2. 

The effects of heat treatment on microstructure and mechanical properties of FeCr steels 

have been well documented [7,9,10]. Parameters that affect the final material properties include 

composition, time at temperature, and cooling rates. Alloying elements have significant effects on 

the phase transformation temperatures. Figure 2.3 shows the AC1 (As) and AC3 (Af) transformation 

temperatures for ferrite/martensite into austenite for seven RAFM steels. W and Cr were found to 

have significant effects on the austenite transformation temperatures. Continuous Cooling 

Temperature (CCT) and Time-Temperature-Transformation (TTT) diagrams are shown for the 

same alloys in Figure 2.4 and Figure 2.5. Such diagrams are useful in determining optimal heat 

treatment schedules given specific compositions of alloys. Care should also be taken to consider 
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the geometry of the material being heat treated, as the heating and cooling rates can be quite 

different from the various points in a large geometry material, such as in an ingot of a commercially 

fabricated steel alloy. 

 
 

 
 
 
 
 
 
 
 
 

500 nm V Cr 

(b) Unirradiated HT9 
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(CrMoVW)
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(a) Schematic of FM steel 
microstructure 

Figure 2.2 Microstructure of normalized and tempered FM steel taken from [97]. (b) Example electron 
microscope micrograph and corresponding composition map of a traditional Fe12Cr FM steel called HT9 
(unpublished data from Green, Li, Allen). 
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Figure 2.3 Austenite start (As, AC1) and finish (Af, AC3) temperatures for various RAFM steels [21]. 

Figure 2.4 CCT diagram of F82H steel after austenitization for 30 minutes at 1050°C [21]. 
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2.2.2 Development of Advanced FM Steels – Reduced Activation FM Steels and Castable 

Nanostructured Alloys 

 Traditional FM steels with 7-15 weight % Cr, such as Grade 91 and HT9, have been studied 

for decades. In the 1980s, research began on developing reduced activation FM steels (RAFM) to 

achieve superior mechanical properties and reduced radioactivity during operation for fusion 

applications over traditional FM steels [16]. As such, computational thermodynamics to tailor the 

composition of RAFM steels and optimized thermomechanical treatments (TMT) to improve 

properties were utilized [12]. For instance, Mo was replaced with W and Nb with Ta to meet the 

Figure 2.5 TTT diagrams for several steels. T* represents the shift of the temperature of isothermal transformation 
from starting temperature [21]. 
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activation limits of shallow land burials for radioactive waste. The most promising compositions 

of RAFM steels included 7-9 weight % Cr, including the steels known as (F82H Fe–8Cr–2W–

0.2V–0.04Ta) and EUROFER97 (Fe–9Cr–1W–0.2V–0.12Ta), due to this Cr content range 

minimizing the radiation-induced ductile-brittle transition temperature (DBTT) while preserving 

beneficial corrosion resistance [16,27]. These steels also draw from the literature of fossil energy 

and other advanced steel research programs [13,28–30]. The performance of these steels is 

benchmarked by comparing their properties, such as tensile, creep, and Charpy impact properties, 

to those of Grade 91(Fe–9Cr–1Mo–V–Nb) and similar FM steels. 

The properties of RAFM steels are derived from their high dislocation density, fine 

martensite lath structure, and high number density of precipitates – effectively, identical key 

features to FM steels. Precipitates include M23C6 and MX precipitates on and within grain 

boundaries. The MX precipitate populations will vary based on steel composition and heat 

treatment. Particularly, computational thermodynamics and TMT, such as hot working, have been 

used to increase the density of desirable MX precipitates. The MX precipitates are typically either 

(V,Ta)N (i.e., MN) or TaC (i.e., MC) [31]. However, while F82H and EUROFER97 have achieved 

comparable yield stresses to Grade 91, they still suffer from poor high temperature creep resistance 

as compared to Grade 91 [16,27]. This is partially due to the presence of M23C6 carbides, which 

do not effectively pin the grain boundaries during creep due to their ease of coarsening above 

550°C [32]. MX precipitates have been shown to pin grain boundaries effectively in thermal 

conditions, but they are not present in high enough densities in F82H or EUROFER97 to provide 

the necessary level of creep strength at high temperature (>500°C) [33]. Hence, a greater density 

of fine, stable MX precipitates is desired to provide improved creep strength.  
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Precipitates are also used to increase radiation resistance. Precipitate-matrix interfaces can 

serve as trapping sites for point defects, thereby decreasing the overall point defect concentration 

during irradiation and limiting the negative effects of irradiation. Such interfaces are called sinks. 

Microstructural features that can efficiently accommodate a high flux of point defects by trapping 

and/or annihilating them during irradiation are considered to have a high sink strength. MX 

precipitates in RAFM steels are therefore desired to provide both creep and sink strengthening 

attributes [12]. Oxide dispersion strengthened (ODS) RAFM steels have also been investigated to 

provide elevated creep resistance and sink strength [12]. However, the typical manufacturing 

process of ODS alloys, which includes ball milling and extrusion, is expensive and results in 

anisotropic mechanical properties and low toughness.  

Thus, an effort spearheaded by Oak Ridge National Laboratory aimed to increase the MX 

precipitation in RAFM steels through computational thermodynamics and traditional 

manufacturing methods with TMT. This new family of steels was called Castable Nanostructured 

Alloys (CNAs) and they use traditional TMT methods to achieve the desired microstructural 

features [27,34]. CNAs are designed to have a volume fraction of MX precipitates of ~0.5 vol%, 

which is lower than the oxide clusters in ODS steels (≳0.7 vol%) but greater than the MX phase 

fraction in traditional RAFM steels (<0.2 vol%) and in Grade 91 (~0.4%). CNAs are also designed 

to have a reduced fraction of M23C6 carbides [27]. CNAs have been developed over the past 7 

years with several different generations and heats studied. Here, the development strategy over 

these different generations is presented in detail. 

Two methods for increasing the amount of MX nanoprecipitates in CNAs over traditional 

RAFM steels were considered for the first set of CNAs (CNA1, CNA2, and CNA3): 1) increasing 

V, Ta, and N content to promote the formation of (V,Ta)N and 2) adding Ti and restricting N to 
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promote formation of (Ti,Ta)C [27]. Nitride-strengthened CNA1 contained (V,Ta)N while 

carbide-strengthened CNA2 and CNA3 contained (Ti,Ta)C. A reduction in M23C6 precipitates is 

expected in CNA2/3 as compared to CNA1 due to C being consumed by the MC precipitates prior 

to the later phase formation of M23C6 precipitates [31]. In addition, the N content in CNA1 was 

expected to result in the formation of the detrimental Laves and Z phases during operation. CNA1-

3 were normalized at 1150°C and tempered at 750°C for 1 hour and fabricated in laboratory-scale 

heats. CNA1-3 underwent tensile tests in air from room temperature up to 800°C, creep tests at 

600 and 650°C, and Charpy impact tests. The tests helped determine which MX precipitate type, 

nitride or carbide, provided better mechanical properties. CNA1-CNA3 displayed a yield strength 

100-300 MPa higher than traditional RAFM and FM steels up to 800°C with a slight reduction in 

ductility. CNA2 had the greatest yield strength at all temperatures tested followed by CNA3 and 

then CNA1, but CNA1 had slightly greater ductility than CNA2 and CNA3. CNAs exhibited 

improved Charpy impact toughness as compared to Grade 91 and ODS RAFM steels. CNA3 had 

the highest upper shelf energy (USE) of the three CNAs tested, followed by CNA2 and CNA1. 

The CNAs also had improved creep resistance from preliminary tests at 600 and 650°C, 

particularly at higher stresses. The overall sink strength of the initial generations of CNA steels 

was one order of magnitude greater than previous RAFM steels mainly due to dislocations and 

MX precipitates. The results of the testing concluded that the MX carbides in CNA2 and CNA3 

provided better mechanical properties than the MX nitrides in CNA1. It was also determined that 

the carbide-strengthened CNA3 tended to have better helium management capability than the 

carbonitride-strengthened CNA1 based on deuterium retention studies [35]. In addition, CNA3 

demonstrated greater Charpy impact energies. Figure 2.6, Figure 2.7, and Figure 2.8 provide the 

mechanical property data of CNAs as compared to FM and RAFM steels. 
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Hence, three more generations of CNAs were then fabricated in laboratory-scale heats, 

CNA4-CNA6 [34] strengthened with MX carbides. TiC and TaC or complex (Ti,Ta)C precipitates 

were chosen over nitrides based on the previous work on CNA1-CNA3 and due to data on the 

stability of TaC, TiC, and VN precipitates under ion irradiation [36,37] (see Section 2.4.2). CNA4-

6 were normalized at 1150°C and tempered at 750°C for 1 hour. The six generations of CNAs 

exhibited comparable yield and tensile strength to one another, which was ~200-300 MPa greater 

than Grade 91 and EUROFER97. The CNAs also had creep resistance comparable to ODS- 

EUROFER97. The impact toughness of the CNAs was also improved, with USE values ~2.5 times 

greater than Grade 91, F82H, and EUROFER97. 

CNA7 was produced but limited results or details have been published in open literature 

and thus is not discussed within this work [38]. Two additional heats of CNAs, CNA8 and CNA9, 

were developed to test the effects of C content on M23C6 precipitate formation while maintaining 

the MX carbide level constant [39]. CNA8 has twice the amount of C than CNA9. CNA8 was 

estimated with computational thermodynamics to contain ~1.05 mol% of M23C6 carbides where 

CNA9 is estimated to have <0.1 mol%. As will be detailed in future chapter, no M23C6 precipitates 

were found in CNA9 experimentally. Both CNA8 and CNA9 were designed to have ~0.5 mol% 

of TiC precipitates [39]. EBSD investigations found that CNA9 has a coarser grain structure than 

CNA8, which led to CNA8 having a lower DBTT ( 

Figure 2.9). The C content also led the CNA9 to have a higher upper shelf energy (USE) 

than CNA8 [39]. CNA1-9 were fabricated as lab scale heats. Currently, ORNL is generating a new 

CNA heat that is produced using conventional steel making at industrial heat scales >1/4 ton but 

results on this variant are limited at the time of this work.  
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In summary, composition tailoring, computational thermodynamics, and TMT have been 

used to develop advanced RAFM and CNA steels for fusion applications. In particular, the 

increases in precipitate number density (1021-1022 m-3, which is ~2-3 orders of magnitude greater 

than earlier generations of 9Cr RAFM steels [27,34]) in combination with smaller grain sizes and 

higher dislocation densities in CNA steels have led to greatest improvements in mechanical 

properties over traditional FM steels. As such, CNA steels are promising as the leading candidate 

materials for fusion energy applications. However, data on the stability of MX nanoprecipitates 

under irradiation in the CNA materials is sparse. The MX nanoprecipitates are the main source of 

the improved mechanical properties and radiation resistance in the CNA steels, and therefore their 

stability is of the utmost scientific and engineering interest. The next section will discuss 

irradiation effects in steels, including a general overview of phase stability and examples of MX 

phase stability in austenitic, FM, RAFM, and CNA steels. An emphasis on the literature gap in 

phase stability under irradiation for RAFM and CNA steels will be highlighted.  

 
Table 2.2 Summary of the various generations of CNA steels. 

 MX Type MX Phase Percentage 
(%) 

M23C6 Phase Percentage 
(%) 

Mechanical 
Testing 

CNA1 (V,Ta)N [27] 0.47 [35] 1.8 [35] 

Tensile tests, 
creep tests, and 
Charpy impact 

tests 

CC22 (V,Ta)(C,N) [35]  1.3 [35] 
CNA2 (Ti,Ta)C [27] 0.43 [35] 1.5 [35] 
CNA3 (Ti,W,Ta)C [35] 0.41 [35] 1.3 [35] 

CNA4 TiC and TaC or 
complex (Ti,Ta)C 0.40 [35] 1.4 [35] 

CNA5 TiC and TaC or 
complex (Ti,Ta)C 0.32 [35] 1.4 [35] 

CNA6 TiC and TaC or 
complex (Ti,Ta)C 0.44 [35] 2.1 [35] 

CNA7 Carbides 0.84 [35] 1.4 [35] 

CNA8 TiC (not 
published) 0.3 (this work) Not published 

CNA9 TiC and (Ti,W)C 
(this work) 0.3 (this work) 0 (this work) 
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Figure 2.6 (a) Yield strength, (b) tensile strength, (c) uniform elongation, and (d) total elongation of CNA1 through 
CNA6 compared with literature data of Grade 91, EUROFER97, ODS-EUROFER, and PM2000 [34].  
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Figure 2.7 (a) Temperature-dependent Charpy impact absorbed energy of CNA1 through CNA6 compared with 
Grade 91, EUROFER97, and ODS-EUROFER; (b) Normalized USE to nominal fracture volume and (c) DBTT at 
USE/2 as a function of room-temperature yield strength of the CNAs compared with Grade 91, F82H, Eurofer97, 
CLAM, and ODS-EUROFER [34].  
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Figure 2.9 Inverse pole figure for (a) CNA8 and (b) CNA9 [40]. 

 

 

Figure 2.8 Stress as a function of time to rupture of CNAs compared with T91, F82H, EUROFER97 
and ODS-EUROFER creep-tested at 600 and 650°C [34]. 
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2.3 Irradiation Effects: Phase Instability and Dimensional Instability  

Radiation damage phenomena will alter the microstructure in two main ways [41]: 

• Bombarding particles transfer recoil energy to lattice atoms, which will cause displacement 

and a Frenkel pair defect to be created if the recoil energy exceeds the threshold energy of 

displacement. 

• Bombarding particles can cause transmutation reactions leading to new elements, such as 

helium. 

This section will discuss the above interconnected effects of radiation damage on phase 

stability in steels (both austenitic and FM steels) as well as discuss how helium affects phase 

stability. A generalized theory of phases under irradiation will be provided. Then general effects 

of helium on the microstructure will be discussed. Specific examples of phase and dimensional 

instability will be offered, as well as comparing the phase stability under irradiation at temperature 

versus thermal annealing. 

2.3.1 Radiation Damage 

Bombarding high energy particles such as heavy ions, neutrons, electrons, and protons have 

extreme effects on the microstructure and properties of materials. If the energy of an impinging 

particle exceeds the threshold displacement energy for a lattice atom, that atom will be knocked 

off its original lattice site. This atom is known as a primary knock-on atom (PKA). The PKA will 

initiate a branching damage cascade event where lattice atoms will be knocked off their lattice 

sites by other recoiling lattice atoms if the displacement energy threshold is exceeded. Eventually, 

the atoms will come to rest in new sites in the lattice as their energy decreases with increasing 

numbers of lattice atom interactions. This process creates Frenkel pairs of vacancies and 



 20 

interstitials. The amount of displacements per atom (dpa) is the general model used for describing 

the extent of the damage inflicted on the lattice. The annihilation, clustering, and diffusion of 

Frenkel pairs determines the altered properties of materials under irradiation. The ability of 

materials to resist negative changes to their microstructure from radiation damage is termed 

radiation resistance. The damage cascade event proceeds in the following steps [1]:  

• Collisional: Primary recoil atom kicks off atomic displacements until no further 

displacements occur (<0.1 ps) 

• Thermal spike: the collisional energy causes a high density of deposited energy in 

surrounding lattice atoms (0.1 ps) 

• Quenching: thermodynamic equilibrium is established (~10 ps) 

• Annealing: thermally activated diffusion of lattice defects which lasts until the defects 

escape the cascade region and leads to observable effects of irradiation (nanoseconds 

to months) 

 Importantly, the cascade size and the effects of radiation damage are based on the energy, 

mass, and fluence of the particles. Electron irradiation creates Frenkel pairs but does not produce 

damage cascades. Protons, due to their light mass, produce small damage clusters with isolated 

Frenkel pairs. Heavy ions and neutrons, on the other hand, produce dense damage cascades. One 

method of comparing effects from bombarding particles of different mass and energy is the 

primary recoil spectrum. The primary recoil spectrum refers to the density of recoil atoms with 

energies in a certain range created during radiation damage and is dependent on projectile mass 

and energy. The concept describes the density of displacement damage occurring during 

irradiation. The weighted recoil spectra, W(T), refers to the recoil density weighted by the damage 

energy produced in each recoil, which describes defect production. W(T) for various ions can be 
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assessed and compared to neutron data. From Figure 2.10, it can be seen that heavy ions mimic 

the shape of the curve for neutrons but have different W(T) magnitudes and different behaviors at 

higher energy.  

As can be seen from Table 2.3, each type of irradiation has its advantages and 

disadvantages when studying radiation effects in materials. As fusion reactors are not yet in 

operation, researchers must rely on fission neutron and ion irradiations to simulate fusion 

environments. Fission neutron irradiations, however, take long times (on the order of months to 

years) to achieve the desired damage levels (<50 dpa), activate the materials such that they cannot 

be studied for months to years after irradiation, do not allow for simple single effects studies, and 

have lower rates of helium production via transmutation reactions than those expected for a fusion 

reactor. Ion irradiations, on the other hand, allow for fast experiments (hours to days) and highly 

controllable single effects studies (including the desired helium co-injection rates for fusion 

operation). Ions have a long history of being able to replicate key radiation phenomena such as 

swelling, segregation, and dislocation loop formation [42–45]. But direct comparisons from ion 

and neutron data is difficult and thus trends either in dose, temperature, dose rate, and composition 

are best to elucidate key mechanisms controlling radiation resistance. Hence, this work will utilize 

heavy ion irradiations for these reasons and because its weighted recoil spectra is similar to that of 

neutrons. Radiation effects phenomena in steel alloys such as RAFM steels include effects to 

secondary phases, which is the topic of the next section. 
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Table 2.3 Overview of the damage induced from various bombarding particles. Table content extracted from Ref. 
[1]. 

Particle Damage Induced 
Displacement efficiency 

(Frenkel pairs that survive 
the cascade quench) 

Advantages Disadvantages 

Electrons 
Isolated Frenkel 

pairs 
No damage cascade 

50-100% 

Simple source 
High dose rate 

Short irradiation times 
Single effects study 

No cascades 
No transmutation 

No activation 
Convoluted results from 

surface effects of thin 
foils 

Protons 

Small, low density 
cascades with 

isolated Frenkel 
pairs 

25% 

Intermediate dose rate 
Moderate irradiation 

times 
Relatively flat damage 

profile 
Single effects study 

Limited transmutation 
Minor activation 

Heavy ions Large, dense 
cascades 4% 

High dose rate 
Short irradiation times 

Dense cascade production 
No activation 

Single effects study 

No transmutation 
Depth-dependent 
damage profile 

 

Neutrons Large, dense 
cascades 2% 

Best simulation of 
commercial power 

operation environments 

High activation 
Convoluted data from 

multiple effects 
Low dose rate 

Long irradiation times 
  

 

 
 
 
 

Figure 2.10 Weighted recoil spectra (W(T)) for 1 MeV protons, Ne ions, Kr ions, and neutrons in copper. 
Reproduced from Ref. [1]. 
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2.3.2 Phase stability under irradiation 

Phase stability under irradiation is a complex phenomenon that includes [46,47]: 

• Precipitation of phases that are not thermally stable without irradiation 

• Dissolution of thermally stable precipitates 

• Disordering of ordered precipitates 

• Amorphization of crystalline phases 

• Coarsening via Ostwald ripening or inverse Ostwald ripening 

• Solute segregation causing phase formation or dissolution 

This work will focus on two main factors that are theorized to control phase stability under 

irradiation: radiation-enhanced diffusion (RED) and ballistic dissolution (or recoil resolution). 

Diffusion of solutes under irradiation is enhanced compared to thermal diffusion due to the excess 

amount of point defects. As solute diffusion is often coupled to point defects, these species diffuse 

faster. Hence, material phenomena that could only occur at very high temperatures under thermal 

conditions, or perhaps would never occur under thermal conditions, can occur under irradiation 

conditions at lower temperatures. The concentration gradients at the interface can also influence 

back diffusion of elements away from precipitates. Alternatively, concentration gradients can 

cause solutes to flow to the precipitates [48]. 

Ballistic dissolution refers to the solute atoms in a precipitate being ballistically ejected 

during a damage cascade event from the precipitate to the matrix. The rate of this process is 

proportional to the surface area of the precipitate and the damage rate [48]. This is not to be 

confused with the flux of atoms which may recoil from the particle to the matrix [48]. Generally, 

it is theorized that ballistic dissolution acts to dissolve precipitates under irradiation while RED 

acts to stabilize precipitates by causing the back diffusion of solute atoms from the matrix to 
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precipitates. This theory will be explored further with experimental examples of phase stability in 

steels and with theoretical frameworks for predicting phase stability under irradiation.  

2.3.3 Dimensional stability under irradiation 

Radiation damage also causes the transmutation of new elements, most importantly that of 

helium through the (n,α) reaction [49]. Helium has been shown to cause changes in precipitation 

during irradiation, such as radiation-induced precipitation, alteration in kinetics of phase 

transformations, and changes in phase composition [2,3,7,48]. Helium also causes changes to 

cavity pressurization, atomic transport, microstructural sink strengths, and localized compositions 

which can lead to helium embrittlement and enhanced void swelling. This work focuses on the 

effects of helium on swelling and how to mitigate swelling during fusion operation. 

Helium has been shown to reduce the critical cavity size needed to reach vacancy biased-

driven cavity growth. Excess vacancies, caused by interstitial bias of dislocations, migrate and 

form clusters. Helium has a strong binding to vacancies and stabilizes these clusters. Once these 

clusters reach a critical size, vacancy biased-driven cavity growth occurs. The resultant swelling 

is an important phenomenon in the range of 0.3Tm ≲ T ≲	0.5Tm, where Tm is the melting point of 

the steel. Below 0.3Tm, slow diffusion causes the recombination of interstitials and vacancies to 

dominate and swelling does not occur. Above 0.5Tm, the thermal vacancy concentration is greater 

than the radiation-induced concentration and cavities thermally emit vacancies [42].  

Swelling occurs in three regimes: an incubation regime, a transient regime, and a linear or 

steady-state swelling regime. Swelling is generally negligible in the incubation regime [50]. The 

nucleation of cavities is dominant in the transient regime. BCC FM steels exhibit a longer transient 

regime than FCC austenitic steels (Figure 2.11). After the transient regime, steady-state swelling 

at a linear rate is reached at a certain critical damage level and is dominated by cavity growth. The 
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steady-state swelling rate in FM steels is quoted at ~0.2%/dpa and in austenitic steels at ~1%/dpa 

[50]. Steady-state swelling is determined by intrinsic material properties and microstructural 

evolution, but the duration of the transient regime can be changed depending on microstructural 

features, temperature, and damage rate. 

One method to increase swelling resistance is to introduce a high density of traps for helium 

such as precipitate-matrix interfaces to increase the number of cavities and slow the accumulation 

rate of helium in each cavity, increasing the critical dose to the onset of swelling [7]. This is akin 

to studies on grain size effects on steady-state swelling rates in 304 stainless steel. The average 

swelling rate in coarse-grained 304 stainless steel was ~0.18%/dpa whereas ultra-fine grained 304 

stainless steel had a rate of ~0.03%/dpa [50]. Examples of the evolution of secondary phases and 

the interdependent effects of helium in literature will now be described. 

 

 
 

Figure 2.11 Comparison of transient and steady-state swelling regimes in austenitic and FM steels [50]. 
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2.3.4 Coupling of helium and phase stability  

Due to the increased level of helium transmutation in fusion reactors over fission reactors, 

helium is theorized to be as important as displacement damage for materials operation. Helium 

and precipitation evolution are theorized to be coupled in a manner of ways [48,51]: 

• Direct processes that control the nucleation and growth of cavities at precipitate-matrix 

interfaces through: 

- The trapping of helium at the precipitate-matrix interfaces, due to the cavity-

precipitate pair being a larger sink than a cavity alone, and possible diffusion of 

point defects to attached cavity. 

- Interactions between point defects and the precipitate-matrix interfaces (for 

instance, the interfacial energy of the attached cavity may be different than the 

matrix cavity). 

- The development of precipitate shells at cavity surfaces. 

• Indirect processes that affect the sink strengths of features besides cavities, such as through: 

- Precipitation causing a change in the overall sink strength and hence a change in 

the partitioning of point defects. 

- The alteration of dislocation capture efficiencies through precipitation on 

dislocations, which changes the net point defect bias. 

- The preferential bias of precipitation for interstitials or vacancies. 

• Mediating processes such that the chemical composition and diffusion of solutes and point 

defects is affected, such as through: 

- Changes in concentration of major and minor alloying elements in the matrix due 

to precipitation formation or dissolution. 
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The following sections discuss the interrelated evolution and effects between secondary 

phases and helium under irradiation in austenitic steels, traditional FM and RAFM steels, and CNA 

steels. Emphasis will be placed on MX-type precipitation, but other relevant phases will also be 

discussed to understand the relationship of helium with precipitates, though this review is not 

meant to be an exhaustive look at all possible secondary phases. 

2.4 Examples of Phase and Dimensional stability under irradiation 

2.4.1 Austenitic Steels 

Most historical data on the stability of MX precipitates derives from austenitic steels. 

Though the same mechanisms of phase stability may not be present in austenitic and FM steels, it 

is still instructive to understand the history of phase stability in the literature of austenitic steels. 

The stability of MX precipitates, G phase, and Laves phase have been extensively studied in Ti-

modified austenitic stainless steel. These precipitates are theorized to have different effects on 

swelling based on the nature of their interfaces. The MX precipitates are found to form and evolve 

with the cold-worked dislocation structure and are typically MX-TiC precipitates [52]. Thermal 

aging at and above 600°C will also result in the formation or coarsening of MX particles, but its 

formation and evolution will be altered under irradiation [53]. The stability of the MX phase in 

austenitic steels is dependent on changes in matrix composition (such as caused by irradiation-

induced precipitation of other secondary phases) and to the generation rate of helium. 

In Ref. [48,54], a Ti-modified stainless steel was neutron irradiated to 35 dpa over a 

temperature range of 425-650°C. The G and Laves phases had attached cavities to their interfaces 

at every temperature considered. The attached cavities were larger than the matrix cavities and 

accounted for the majority of the swelling, suggesting the importance of the particle interface for 

cavity nucleation and subsequent growth [52]. This experimental result was viewed to back up a 
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theory put forward by Mansur, that precipitate interfaces can act to collect point defects and 

channel them to the attached cavity (see Section 2.5.3). This causes the attached cavity to grow at 

a faster rate than the matrix cavities. 

To test Mansur’s theory, stainless steel was irradiated to a dose of 70 dpa, at which point 

G phase particles formed [3,52,55] (Figure 2.12). Then, the steel was injected with 400 appm 

helium. Helium-filled bubbles nucleated at the G phase interfaces and on dislocations. The material 

was then subjected to another irradiation to a further 20 dpa. During this last stage of irradiation, 

the cavities attached to the G phase particles grew faster than those on the dislocations. These 

results were viewed as consistent with Mansur’s point defector collector theory of precipitates and 

cavities. This work and further work with G phase particles created a theory for the sequence of 

precipitate and attached cavity evolution: the particle-matrix interface traps mobile helium atoms, 

point defects accumulate with the helium atoms and form bubbles at the interface, and the bubbles 

coarsen under bias-driven growth at a rate faster than the matrix cavities as the dislocation network 

evolves [48].  

In contrast to the evolution of helium with G phase particles, Maziasz found that MX-TiC 

particles in Ti-modified stainless steel are associated with 1-2 bubbles each after irradiation [52]. 

As such, the transition to bias-driven growth of the attached cavities is delayed as compared to the 

observed transition for G phase particles due to the MX-TiC particle-interface not exerting a strong 

point defect collector effect due to their small size (<10 nm). It is theorized that if the MX-TiC 

particles coarsen, the attached cavities will likewise grow. Mansur theorized that geometrically 

enhanced collection would not be important for TiC particles due to their small size but rather the 

bias modification function due to their high misfit with the matrix would be important [56]. 
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The rate of helium generation was also found to affect the MX-TiC particle stability [3,57]. 

Austenitic Ti-modified type 316 stainless steel irradiated with Ni ions to 70 dpa at 675°C with 

either 0.4 appm He/dpa or 20 appm He/dpa. The increased helium co-injection rate prevented the 

formation of G phase and increased the stability of the MX-TiC phase. Small bubbles were found 

attached to the MX-TiC particle-matrix interfaces. It was theorized this was due to the greater 

helium co-injection rate creating a greater overall sink strength from the enhanced numbers of 

helium-vacancy clusters, hence affecting the diffusion of solutes and reducing the solute 

segregation per site needed to form the G phase. Importantly, the migration of Ti from MX-TiC 

particles to G phase leads to MX-TiC precipitate dissolution, but helium prevented that in this 

study. 

Pulsed ion irradiation studies of modified 316 stainless steels [2,58] have shown that MX-

TiC particles without helium co-injection form at damage levels less than 10 dpa due to thermal 

affects or radiation-enhanced effects at 675°C. The MX-TiC particle volume fraction is maximized 

around 40 dpa before dissolving in favor of Ti solutes migrating to G phase particles. With helium 

co-injection, the MX-TiC particles have small helium bubbles attached to their interfaces by 10 

dpa. The number density of MX-TiC particles is greater with helium co-injection, suggesting 

helium influenced the nucleation process of the MX particles. The process of the replacement of 

MX-TiC particles with G phase was also slowed, as the MX-TiC particles were still present at 70 

dpa with helium co-injection. At 70 dpa, the bubbles attached to MX-TiC particles remained small 

whereas the bubbles attached to the G phase grew relatively larger. 

The behavior of MX-TiC precipitates was also reported in Ref. [59] for proton irradiated 

cold-worked Ti-modified 316 stainless steel. The MX-TiC precipitates were not initially formed 

during manufacturing, but nucleated and grew at low dose (0-10 dpa) during irradiations at 600°C, 
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and then gradually began to dissolve between 10 and 45 dpa. The dissolution of the MX-TiC 

precipitates coincided with the nucleation and growth of the Ti-containing Fe2P phase. Hence, Ti 

solute redistribution was the reason for MX-TiC precipitate dissolution between intermediate and 

high dose. The dissolution of MX-TiC precipitates and the subsequent loss of sink strength was 

theorized to cause greater void swelling. This work did not study the correlation of bubbles at 

precipitate-matrix interfaces. 

The stability of the TiC phase in relation to helium was also addressed in Ref. [48]. Ti-

modified stainless steel was irradiated with 4 MeV Ni ions at 675°C to 100 dpa with a damage rate 

of 6×10-3 dpa/s and a helium co-injection rate of 4 appm He/dpa. The pre-existing cuboidal TiC 

precipitates (edge length of ~85 nm) were surrounded by fine MX-TiC particles of diameter ~3 

nm. Each small MX-TiC particle had a helium bubble attached to it. This effect was not found at 

20 dpa. Hence, displacement cascades at high damage levels may have caused solute atoms within 

MX-TiC particles to recoil into the matrix, where they renucleated with or on helium bubbles.  

Maziasz found that the helium trapping at the MX-TiC precipitate-matrix interface minimized 

swelling in solution-annealed stainless steel and cold-worked Ti-modified steel irradiated in the 

High Flux Isotope Reactor (HFIR) from 550-680°C between 30-57 dpa [6]. The final helium 

concentrations were 1,850-3,600 appm helium. It was found that 90% of the overall cavity density 

was located at or close to the MX-TiC particle interfaces, with the cavities decreasing in size with 

decreasing proximity to the interface. The matrix and Laves phase were denude of cavities. The 

cold-worked Ti-modified steel contained two variants of MX-TiC precipitates: an equiaxed variant 

with a cube-on-cube orientation relationship and a rod-shaped variant, which was dominant. TEM 

observations showed that the helium trapping ability did not depend on the precipitate variant, but 

rather on the nature of the interfacial structure. Both precipitates were found to be incoherent. In 
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the solution-annealed stainless steel before irradiation, the equiaxed MX-TiC precipitates were 

heterogeneously dispersed in the matrix with a density of (1-4)×1019 particles/m3. After irradiation, 

the rod variant dominated and increased in number density. It was also uniformly distributed, 

suggesting the pre-existing equiaxed MX-TiC precipitates dissolved during irradiation. Maziasz 

summarizes that the trapping ability of MX-TiC precipitates in general is effective over a range of 

damage rate, fluence, irradiation temperature, and He/dpa ratio. Trapping occurred in the following 

irradiation environments for Ti-modified 316 stainless steel: 

• Lower temperature and lower fluence for HFIR irradiation  

• Pre-injection of 30 appm helium followed by creep testing at 800°C and 120 mPa for 

100 hours 

• High temperature dual beam ion irradiation at 600°C and 70:1 appm He/dpa to 2.5 dpa 

• High temperature EBR-II irradiation at 650°C to 39 dpa and 19 appm helium 

Based on this knowledge, Ref. [6] concludes that all helium being generated during the HFIR 

irradiation was trapped in bubbles at the MX-TiC-matrix interface. This was possibly due to the 

interfacial dislocations on the MX-TiC-matrix interface providing nucleation sites for helium 

bubbles. It is assumed that helium-vacancy clusters migrate long distances and have preferential 

accumulation at the interfaces due to the TiC precipitates being biased for vacancies and helium-

vacancy complexes. The TiC phase’s volume misfit allows it to resist interstitial absorption. The 

presence of bubble nucleation but absence of growth at the TiC particles is due to the high 

helium/low vacancy concentrations in the adjacent matrix.   

Kesternich [57] studied the role of interfaces and dislocations on helium trapping in two 

austenitic stainless steels that contained large (~100 nm) TiC precipitates, small (~6 nm) MX-TiC 

precipitates distributed on dislocation networks, and M23C6 carbides. The steels were implanted 
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with helium concentrations from 30 to 1,000 appm and subsequently annealed at 700, 750 and 

800°C with and without applied tensile stress. As helium becomes mobile above 700°C by the 

detrapping mechanism or diffusion via interstitial or vacancy mechanism, helium bubbles formed 

after annealing. Overall, a greater dislocation density was found to correlate to greater helium 

bubble density and smaller helium bubble sizes. A M23C6 carbide at a triple grain boundary 

junction was imaged in TEM. It had one semi-coherent interface (cube-on-cube orientation 

relationship) with one grain and was incoherent with the other two grains (with no interfacial 

dislocations observable). Bubbles in higher density and smaller sizes were found preferentially 

decorated at the interfacial mismatch dislocations on the semi-coherent interface versus the 

incoherent interfaces. Small MX-TiC precipitates, located on dislocations, were found to have 2-

3 bubbles attached to their interfaces per precipitate. These precipitate-attached bubbles were 

smaller than bubbles associated with only dislocations. No noticeable differences were found 

between bubbles associated with the smaller MX-TiC precipitates and the larger TiC precipitates, 

which was not hypothesized by Mansur [56]. Kesternich concluded that the interfacial dislocations 

did not determine the helium trapping ability of the TiC-matrix interfaces. Rather, the helium 

sequestration ability arose from the large lattice mismatch between TiC precipitates and the matrix 

(~20%) which causes a high interfacial energy. A high interfacial energy corresponds to a greater 

likelihood of bubble nucleation. In addition, the volume of helium bubbles (average volume per 

bubble times the bubble density) was higher at the TiC-matrix interfaces than the M23C6 carbide-

matrix interfaces. Kesternich hypothesized this was due to the interfacial energy as well, driving 

the Ostwald ripening process of helium bubbles. The bubbles at higher energy interfaces (i.e., the 

TiC interfaces) have lower pressure due to the gain of energy from the interface, causing the 

bubbles at higher energy interfaces to grow at the expense of bubbles on lower energy interfaces. 
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Kesternich concluded that finely dispersed TiC precipitation can strongly suppress the adverse 

effects of helium [57]. 

In summary, MX precipitates formed either during cold-working in Ti-modified stainless 

steel or during low dose irradiation (<10d pa) were found to dissolve around intermediate dose 

(~40 dpa) as the Ti solute atoms in the MX precipitates redistributed, perhaps through a combined 

effect of displacements into the matrix and radiation-enhanced diffusion, in favor of the formation 

of new particles such as G phase or phosphides. This process was prevented or slowed with the 

presence of helium, the effect increasing in magnitude as the helium implantation rate also 

increased. Small helium bubbles attached to the TiC precipitate-matrix interface also had longer 

transient regimes than matrix cavities or cavities attached to other particles such as G phase. 

Helium, therefore, affected solute transport and segregation of elements and led to greater stability 

of MX-TiC precipitates in austenitic steels. Helium also had unique interactions with different 

precipitates, with the MX-TiC precipitates providing the most stable interfaces for the creation of 

a high density of small bubbles, thereby preventing void swelling. Thus far, there are a number of 

theories regarding MX precipitation in relation to helium in austenitic steel, including MX phase 

stability and helium accumulation at MX interfaces. The most notable and relevant to this work 

are listed in Table 2.4. 
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Table 2.4 Summary of the work conducted on MX precipitate stability and helium sequestration in austenitic steels. 

 

 

 
 
 
 

 
 
 

Ref. Theory 
MX Phase instability with helium 

[3,57] Alteration of solute diffusion and segregation, leading to reduced radiation-induced precipitate formation 

[48,59] 

A disturbance in the balance between loss of Ti atoms by cascade dissolution and back diffusion of Ti 
causes MX-TiC dissolution. For instance, this could occur if Ti solutes are diverted to the formation of a 

new phase as cascade dissolution dominates.  
 

[48,59] If dissolution of MX particles occurs, MX particles may renucleate with the help of helium, since helium 
bubbles lower the interfacial energy of the MC particle-interface. 

Preferential helium accumulation and Cavity Development at the MX precipitate-matrix interfaces 

[3,56] 

Point defect collection - The precipitate-matrix interface may serve as a sink for point defects and provide an 
easy diffusion path for the collected point defects to the attached cavity. The size of the precipitate radius 
governs the geometric enhancement factor, and thus allows for greater point defect collection and greater 

growth of precipitate-attached cavities as compares to matrix cavities. 
[3] Helium trapping 

[3,60] Surface energy credit - Work has already been done to create the particle-matrix interface and a cavity created 
at this interface yields that energy to help create a particle-cavity pair at the interface. 

[61] Interfacial dislocations serve as preferred storage sites for helium, leading to the formation of helium bubbles 
on interfacial dislocations on the MX precipitate-matrix interface. 

[57] 
Interfacial dislocations do not determine the helium trapping ability of the TiC-matrix interfaces. Rather, the 
helium sequestration ability arises from the large lattice mismatch between TiC precipitates and the matrix 

(~20%) which causes a high interfacial energy. 

[6] 
TiC particles are strongly biased for vacancies (due to a large positive volume misfit with the austenite matrix) 

and since helium-vacancy complexes are more likely the migrating species than vacancy-only complexes, 
helium will also accumulate at the TiC interface. 

Figure 2.12 Summary and corresponding TEM micrographs showing the effect of helium co-injection rate 
on phase stability under irradiation in a Ti-modified austenitic steel [3,57]. 
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2.4.2 Traditional FM and RAFM Steels 

 MX precipitation in FM steels has garnered considerably less research interest than 

austenitic steels. In their normalized-and-tempered state in FM steels, MX precipitates are 

typically 5-10 nm in diameter but upwards of ~30 nm in EUROFER97 [62]. MX precipitates can 

exist as VN, TaC, TiC, and or NbC depending on the composition of the steel and are typically 

present with a number density of 1019-1021 particles/m3. The ageing effects on MX precipitates in 

F82H have been studied at 400-650°C with 100,000 hours of ageing. MX precipitates were found 

to coarsen after ageing at these conditions [31]. MX precipitates have also been found to be 

unstable at high temperature creep testing, where TaN and TaC precipitates have been shown to 

coarsen under high temperature creep [63]. For instance, TaC precipitates were ~5 nm before creep 

testing. After creep testing, the TaC precipitates became cuboidal and rod-like in morphology and 

ranged in size from 6-40 nm. 

Ref. [62] studied the irradiation effects of MX precipitates in EUROFER97 steel irradiated 

at 300°C to ~20 dpa using the Swiss Spallation Neutron Source (SINQ). The number density of 

MX precipitates was not assessed, but atom probe tomography (APT) was used to assess the 

composition modifications of MX precipitates under irradiation. MX precipitates in EUROFER97 

contained less V and Ta but more Cr, Fe, Mn, and W after irradiation. A broadening interface at 

the VN precipitate-matrix, with greater levels of V and N in the matrix, interface suggested 

dissolution of VN in EUROFER97. In general, undersized solutes (Mn, Si, and Cu) were found 

enriched at the interface and oversized elements (W, V and Ta) were found depleted at the interface 

between the MX precipitate and the matrix. 

A 9Cr-1MoVNb and a Ni-doped 9Cr-1MoVNb steel was irradiated in HFIR to 39 dpa at 

300-600°C [64]. After tempering at 760°C for 1 hour, fine MC particles (both VC and (V,Nb)C) 
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with a phase fraction of 15% were on and within subgrain boundaries. Between 300-500°C, the 

smallest MC particles had dissolved by 39 dpa but coarser ones were present in both steels. In 

addition, the Ni-doped 9Cr-1MoVNb steel had radiation-induced precipitation of M23C6 carbides, 

M6C (η), M2X rods, and coarse χ particles. Irradiation also caused a change in MC composition in 

both steels. V-rich MX precipitates were dominant after irradiation. Both the VC and (V,Nb)C 

precipitates contained less V and more Cr, Mo, Fe, and Si after irradiation.  

The composition of MC carbides was found unchanged using TEM-EDS analysis of carbon 

extraction replicas of a modified 9Cr–1Mo FM steel exposed at 32–57°C to a mixed 

proton/neutron particle flux and spectrum at the Los Alamos Neutron Science Center (LANSCE) 

to 0.5–9.6 dpa [65]. The initial size of the Nb-rich MC precipitates (~50 nm) was unchanged by 

irradiation and remained crystalline. Number densities were not reported. 

Ref. [66] irradiated F82H, JLF-1, aged F82H-IEA (600°C at 30,000 hours) and Fe–Ta–C 

model alloy (700°C at 500 hours) to 10 or 20 dpa at 300°C or 500°C with 6.4 MeV Fe3+ ions for 

single beam irradiations or with 6.4 MeV Fe3+ ions + degraded 1 MeV He+ ions (15 appm He/dpa) 

for dual beam irradiations. In the single beam irradiation at 300°C to 10 dpa, the smaller MX 

precipitates became dominant and decreased in number in F82H as compared to the unirradiated 

condition. But in the JLF-1 specimen, while the precipitate size distribution overall became 

smaller, the smallest of the MX precipitates had dissolved. This was also observed in JLF-1 and 

ORNL9Cr steel specimens neutron irradiated to 5 dpa at 300°C [67]. The MX-TaC precipitates in 

the Fe–Ta–C model alloy dissolved in all conditions. The authors suggest that the resolution of 

TaC precipitates is from radiation-enhanced diffusion. In addition, the authors of [67] suggest that 

TaC precipitates do not dissolve thermally and that dissolution under neutron irradiation may occur 
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due to irradiation-induced changes to the solubility limit of Ta or the C concentration in the matrix 

being changed by irradiation. 

In response to Ref. [66], Ref. [68,69] fabricated a model alloy (Fe-0.2 wt.% TaC) to 

simulate the MX precipitate behavior in F82H steel under high energy electron irradiations (0.75 

to 2.5 MeV) in a high voltage electron microscope (HVEM). Irradiations were conducted at 400°C 

to simulate the environment of first wall materials in fusion reactors. The TaC precipitates were 

stable under irradiation with 0.75 MeV electrons, but their size and number density decreased with 

electron energies above 1 MeV. Electron energies above 1 MeV cause atomic displacements in Fe 

and hence cause radiation-enhanced diffusion. Due to the gradient in atomic displacements in the 

Fe matrix caused by the gradient in electron flux of the 1 MeV electron beam, vacancies are 

expected to flow from the beam center (higher flux of electrons) to the outer (lower flux of 

electrons). The authors concluded that displacements within the TaC precipitates caused direct 

dissolution of the precipitates (by Ta dissolving into the matrix) at high electron energies and that 

radiation-induced vacancies in the matrix enhanced Ta diffusion away from the TaC precipitates 

through vacancy-type diffusion. The displacement of Ta may have also caused the formation of 

non-stoichiometric unstable Ta1-xC precipitates. It was concluded that displacements of Ta atoms 

destabilize the TaC precipitates, but C has no effect.  

Ref. [70] studied ion irradiation effects in two heats of F82H steel, F82H-BA12 and F82H-

IEA, at 400°C to 20 or 50 dpa using 2.8 MeV Fe2+ ions at a rate of 1.4×10-3 dpa/s. This study 

aimed to further the findings in Ref. [68], where the disappearance and decreasing size of MX 

precipitates was observed with increasing displacement damage due to enhanced vacancy 

diffusion. In this study, the F82H-IEA sample did not have pre-existing MX precipitates. The 

shrinkage rate of MX precipitates in the F82H-BA12 sample was 0.06 nm/dpa under irradiation, 
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meaning it resisted radiation-induced size instability. The Ta-rich MX precipitates had a number 

density 2.5 times greater than the V-rich MX precipitates after irradiation. (Ta,V)-rich MX 

precipitates were not found. The MX precipitates were less than 40 nm in all irradiated specimens. 

The MX precipitate size remained stable under irradiation, changing from an average size of 26 

nm in the control specimen to 23 nm at 50 dpa.  

MX precipitates in EUROFER97 underwent significant growth but had no changes in 

number density after irradiation to 32 dpa at 332°C in the irradiation experiment ARBOR [71]. 

Pre-existing spherical Ta(C,N) precipitates were distributed in the matrix. A low amount of V-rich 

MX precipitates was also detected. No differences in precipitate type or composition were detected 

before and after irradiation. Before irradiation, MX precipitates had a diameter of 21.1 nm and 

after irradiation at 332°C the MX precipitates had a diameter of 29.7 nm. 

Ref. [72] studied MX precipitate density and size distribution in EUROFER97 after 

irradiation to 15 dpa at 300°C in the mixed spectrum HFIR and in the BOR-60 reactor. Pre-existing 

MX precipitates were enriched with Ta and V. The mean MX precipitate diameter after irradiation 

to 15 dpa at 300°C in HFIR was 27 nm and in BOR 60 was 29 nm, which represent increases in 

size over the control specimen size of ~21 nm. The HFIR samples had a total precipitate density 

of 7.9×1019 m−3 and a volume fraction of visible precipitates of 1.71%, including both MX and 

M23C6 precipitates. The BOR-60 samples had a total precipitate density of 9.5×1019 m−3 and a 

volume fraction of visible precipitates of 2.89%, including both MX and M23C6 precipitates. It was 

suggested by the authors, though not numerically verified, that irradiation caused the growth of 

pre-existing MX precipitates and hence increased their volume fraction. Samples in the BOR-60 

reactor were also irradiated up to 32 dpa, and the MX precipitates did not show considerable 

changes in size or density changes from the 15 dpa condition in BOR 60. 
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To further gauge the stability of MX precipitates, three model alloys were fabricated 

labeled TaC, TaN, and VN and irradiated under 5 MeV Fe2+ ion irradiation at 500°C for damage 

levels up to 49 dpa with a dose rate in the range of (1.2–7.6)×10-4 dpa/s [36]. The precipitates were 

analyzed with S/TEM. Irradiation caused: 

• Moderate reprecipitation (number density increase) and slight dissolution (size decrease) 

of the oval-shaped TaC precipitates 

• Significant dissolution and moderate size changes (decreased particle length but increased 

thickness) of the disc-shaped TaN precipitates 

• Slight reprecipitation and moderate growth in particle length (no change in thickness) of 

the disc-shaped VN precipitates 

Hence, TaC was concluded to have the best radiation stability. Irradiation did not alter the 

crystallinity of any precipitate type. This work also indicated that displacement rate is an important 

factor in precipitate evolution, with a higher displacement rate inducing precipitate dissolution 

[37]. This work concluded that the morphology of the precipitates governed their stability under 

irradiation [18]. The stability of the TaC, TaN and VN nanoprecipitates was also studied under 

thermal aging (600 and 700°C) and creep (600°C) [37]. TaC was also found to have the best 

resistance to thermal aging-induced and creep-induced instability, including resistance to 

dissolution and coarsening. 

Ref. [73] investigated HT9 irradiated in the Advanced Test Reactor up to 4.16 dpa from 

300 to 600°C. The pre-existing VN precipitates were found to be enriched in Cr after irradiation 

due to radiation-induced segregation (RIS). VN precipitates have been shown to be 

thermodynamically unstable and morph into Cr-rich Z phase when annealed at elevated 



 40 

temperatures. It is hypothesized that RIS enhances the transformation of VN precipitates into Cr-

rich precipitates.  

 In summary, MX particles in FM steels have been shown to coarsen at elevated temperature 

ageing and creep testing and have been shown to either coarsen or dissolve under irradiation. But 

sparse systematic research on the mechanisms governing MX precipitate stability in FM steels has 

been conducted, especially in relation to helium. This is partially due to the low density of MX 

precipitates present in FM and RAFM steels, making their behavior statistically difficult to 

characterize.  

 
 

Figure 2.13 (a) Density, (b,c) diameter, and (c) volume fraction of loops, voids, MX precipitates, and M23C6 carbides 
in EUROFER97 after irradiation [72]. 
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2.4.3 CNA Steels 

 Though there are currently nine generations of CNA steels, only CNA1 and CNA3 have 

been tested for helium and/or radiation damage effects at the time of this work. A summary of the 

experiments conducts on CNAs is given in Table 2.5. 

CNA3 underwent single, dual, and triple beam irradiation at 400-600 °C to a damage level 

of 50 dpa at a damage rate of 1×10−3 dpa/s with He and H injection rates of 10 and 40 appm/dpa, 

respectively [39,74]. In all conditions, the MX-(Ti,W,Ta)C precipitates in CNA3 were partially or 

fully dissolved. CNA3 had a greater swelling than F82H, which was co-irradiated with CNA3, at 

500°C, which was the peak swelling temperature studied.  

In Ref. [75], the precipitates in CNA3 survived Fe + He dual ion beam irradiation to 50 

dpa at 650°C with 15 appm He/dpa. Bubbles in the matrix had a mean radius of 8.4±2.9 nm and a 

density of ~5×1021 m-3. Bubbles associated with precipitates had a mean radius of 4.6±1.8 nm and 

a density of 143 m-3. Hence, the bubbles on the precipitates were smaller than those in the matrix. 

A total of 32% of cavities were found associated with precipitates, though not all of these 

precipitates were the MX-(Ti,W,Ta)C precipitates. There were also Cr-rich precipitates and 

oxycarbides present. This percentage of cavity population attached to cavities was on par with the 

other materials investigated, including a FeCrAl alloy and an ODS alloy.  

Helium bubble formation was examined in CNA3 and 14YWT with in-situ and ex-situ 

helium implantation to 10,000 appm He at 500-900°C [76]. The bubble number densities were 

comparable to the nanoparticle densities in both alloys. Helium bubbles at the MX precipitate 

interfaces were observed. The bubble size in CNA3 was greater than in 14YWT, and the bubble 

density in CNA3 was smaller than in 14YWT. This difference was greater with increasing 

temperature, suggesting that CNA3 did not contain enough precipitates to suppress swelling at 
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higher temperatures. The sink strength of precipitates in CNA3 was estimated to be 2×1015 m-2, 

but this was derived from MX and M23C6 precipitates. The MX carbides in CNA3 were shown to 

have favorable binding energies for helium up to a temperature of 600°C. The paper concluded the 

nanoparticles in both alloys were beneficial at sequestering helium and suppressing swelling. 

Helium bubble formation was also investigated in CNA1 as well as 9YWT and 14YWT 

after helium ion irradiation to ~7,500 appm He and ~0.3 dpa at 500 and 700°C [77]. All materials 

had small spherical bubbles at the precipitate-matrix interfaces, but 9YWT and 14YWT exhibited 

better trapping ability than CNA1 at 700°C. The authors suggest that MX precipitate binding 

energy with helium may be insufficient at elevated temperatures or that the sink strength of MX 

precipitates at higher temperature is not enough to sequester all of the helium due to a greater 

helium migration rate. The sink strength of precipitates in CNA1 was estimated to be ~1015 m-2, 

but this was derived from MX and M23C6 precipitates. It was estimated that a sink strength of 1016 

m-2 is needed to resist swelling at higher temperatures. 

 
Table 2.5 Summary of irradiation and helium implantation experiments conducted for CNA alloys. 

CNA Irradiation Conditions Irradiation Results 

CNA3 Dual beam (Fe3+ + He+) irradiation at 650°C 
[35,75] 

• 32% carbide-bubble association in CNA3 compared 
with ~40% cluster-bubble association in ODS alloys 
[35,75] 

CNA3 

Single ion beam (Fe2+), dual ion beam (Fe2+ + 
He2+), and triple ion beam (Fe2+ + He2+ + H+) 

irradiations were conducted at 500°C to a 
damage level of 50 dpa and dual and triple 

beam irradiation experiments were conducted at 
450°C to 50 dpa at a damage rate of ~1×10-3 

dpa/s [39,74] 

• 500°C had greater swelling than 450°C [39,74] 
• Average cavity size, density, and swelling were on 

par between CNA3 and F82H [39,74] 
• Precipitates partially or fully dissolved in CNA3 

[39,74] 
• CNA3 swelling was 0.56% and F82H was 0.88% as 

450°C [39,74] 
• CNA3 swelling was 1.6% and F82H was 0.95% as 

500°C [39,74] 
 

CNA1, 
CNA3 He implantation at elevated temperature [76,77] 

• Bubbles were found attached to MX particles but the 
MX particles did not maintain high helium 
sequestration ability above 600°C [76,77] 
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2.5 Models of Phase Stability and Helium Effects on Precipitation 

Based on the experimental literature, numerous models for precipitate stability under 

irradiation and the role of helium on cavity co-development with precipitates have been developed. 

Below, relevant models are described. 

2.5.1 Frost and Russell Model of Recoil Resolution 

Frost and Russell described a method for modelling the behavior and dissolution of 

precipitates under irradiation [78]. The model considers the competing mechanisms of resolution 

by radiation recoil and thermal coarsening. Resolution by radiation recoil describes the process of 

solute atoms in a precipitate recoiling into the matrix as a result of radiation damage, causing the 

eventual dissolution of the precipitate. This is identical to later references in literature on ballistic 

dissolution. On the other hand, thermal coarsening hastens the growth of precipitates by causing 

the recoiled solute atom to return to the precipitate. A steady-state is reached when a balance 

between these two processes occurs. This model was an expansion of the work by Nelson [46] and 

considers the solute deposition rate to be a function of proximity to the precipitate, which was not 

previously included in Nelson’s model [47]. To the author’s knowledge, the Frost and Russell 

model has not previously been explicitly applied to understand experimental results of precipitate 

stability. 

The applicability of recoil resolution to precipitate behavior can be inferred from the solute 

matrix concentration, since dissolution and growth is dependent on the solute concentration 

profile. Thermal coarsening is assumed to be driven by the differences in solute concentration near 

large and small precipitates. The deviation from equilibrium solute concentration determines the 

dominant factor on precipitate behavior: dissolution via recoil resolution or growth via thermal 

coarsening. For instance, if the matrix concentration under irradiation is close to thermal 
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equilibrium, thermal coarsening will proceed, which is expected to occur at higher temperatures. 

To make this assessment, Frost and Russell derived an equation to compare the matrix 

concentration of solute in thermal equilibrium with the precipitates to the maximum matrix solute 

concentration attained from recoil resolution. The equation is derived by solving the steady-state 

concentration profile from the diffusion equation, modified by the rate of recoil resolution: 
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where R is the recoil distance, S is the recoil rate (in dpa/s), D is the diffusion of the rate-limiting 

species (in m2/s), rp is the mean precipitate radii (in m), and ce is the thermal concentration (in 

atom fraction). The recoil distance R refers to the distance that the recoil solute atom travels outside 

of the precipitate after a collision. 

Frost and Russell furthered the model by explicitly determining the dominant precipitate 

behavior operating at given irradiation conditions, thermal coarsening or dissolution by recoil 

resolution, by taking account of the matrix solute concentration from thermal coarsening and from 

recoil resolution. Frost and Russell derived the following equation for the concentration in the 

matrix as a function of particle size, ,N4&O: 
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The first term in the equation, ,' R1 +
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S, is the Ti concentration in the matrix from the 

Gibbs-Thomson equation [79]. The Ostwald ripening process is an example of Gibbs-Thomson 

effect, where concentration gradients cause larger precipitates to grow at the expense of the smaller 

precipitates. The second term, 01
$
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S, is the the concentration from recoil resolution. ,N4&O 

changes sign when: 



 45 

 . = ,'
962PF#
/"(Q(9)

 Eq. 2.4 

where P is the surface tension of the precipitate-matrix interface and F# is the molar volume of the 

precipitates (m3/mol). P is taken to be the standard value of 0.5 J/m2 [80]. The reason to ascertain 

when ,N4&O is negative or positive is because concentration gradients cause coarsening or 

dissolution. This equation can be plotted as a function of temperature. The curve delineates the 

boundary of the dominant mechanism on precipitate behavior (Figure 2.14). Below the curve, 

thermal coarsening is dominant. Above the curve, recoil resolution is dominant. 

 In summary, Frost and Russell’s model of recoil resolution predicts that the matrix 

concentration of solute tends to a steady-state value dictated by recoil resolution and thermal 

equilibrium considerations. Recoil resolution becomes an important factor in precipitate stability 

when the equilibrium solute concentration differs from the steady-state concentration under 

irradiation. Otherwise, thermal coarsening proceeds. A summary of resultant precipitate behavior 

based on the steady-state concentration of solute under irradiation is given in Table 2.6. 

 

 
Table 2.6 Summary of findings from the recoil resolution model on concentration effects on precipitate stability 
under irradiation. 

Steady-state concentration Resultant Precipitate Behavior 

Differs little from the equilibrium solute concentration Recoil resolution is not important and thermal coarsening 
will proceed normally 

Large compared to the equilibrium solute concentration but 
not high enough to nucleate new particles 

Recoil resolution will produce an inverse coarsening in which 
all particles tend toward the same size 

Large compared to the concentration needed to nucleate new 
second-phase particles but lower than the volume fraction Re-precipitation will become an important process 

Exceeds the volume fraction of particles present Dispersion will be entirely dissolved at steady-state 
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2.5.2 Muroga, Kitajima, and Ishino (MKI) Model on Recoil Resolution 

Another model developed by Muroga, Kitajima, and Ishino (MKI) extended Frost and 

Russell’s work [81]. The MKI model quantitatively predicts the size change and dissolution of 

precipitates under irradiation using recoil resolution as a guiding principle [81]. The MKI model 

uses computer simulations to obtain recoil range distributions from collisional cascades of primary 

recoils with precipitates atoms. The recoil distribution is then used to calculate the recoil resolution 

efficiency, εres. The recoil resolution efficiency is defined as the number of atoms moved from 

inside to outside the precipitate with collision cascades divided by the number of atomic 

displacements within the precipitate: 

 
V150 =

W−/4 12X + 4&!/!YZ. /X
4Z4&".

3[
 

Eq. 2.5 

 
V150 =

12 W/ 4&X Y −	W/ 4&X Y
"

16  
Eq. 2.6 

Hence, the recoil resolution efficiency is a function of damage rate, recoil range, and 

precipitate size. As the recoil range increases, more solute atoms are moved from inside to outside 

the precipitate and the recoil resolution efficiency increases. As the precipitate size increases, the 

fraction of recoil atoms that stop within the precipitate also increases and the recoil resolution 

efficiency decreases. A decreased recoil resolution efficiency translates to enhanced precipitate 

stability. An increased recoil resolution efficiency translates to more solute atoms recoiling away 

from the precipitate and hence more precipitate dissolution.  

The rate of change in the initial size distribution of the precipitates, assumed to be unimodal 

in the paper, can be derived from the precipitate volumetric change as a function of recoil 

resolution efficiency: 
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Eq. 2.7 

From here, the final precipitate size as a function of irradiation damage level can be calculated 

using integration, ensuring that V150 is a function of rp: 
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Eq. 2.9 

The recoil range distribution, R, can be calculated computationally. The MKI model used the 

MARLOWE code. R is physically a range of values since it represents recoils resulting from 

primary knock-on atoms as well as from atoms at the end of cascade branches.  

A more accurate model of V150 to describe precipitate dissolution via recoil resolution and 

growth via solute back diffusion can be developed with the use of an effective range, Reff. Reff 

considers the recoil range, R (solute displacements outside of the precipitates as calculated by 

MARLOWE or more recently by SRIM), and the capture radius, rcap (solutes diffusion back to 

precipitate from the matrix). The MKI model does not explicitly explain how to calculate Reff from 

R and rcap but explains that rcap is a function of solute size, irradiation environments (such as 

temperature), precipitate coherency, and stress fields. Ref. [81] used survey calculations of 

representative values of Reff to understand precipitate behavior under irradiation. The results of 

these calculations are shown in Figure 2.15, which show the estimated precipitate radius as a 

function of damage level for four conditions. It is observed that pre-existing small precipitates 

(with radius <1 nm) dissolve by several tens of dpa. This suggests the importance of carrying out 



 48 

experiments to damage levels greater than 10 dpa to understand the dissolution behavior of 

dispersoids. It also suggests that the starting size distribution of precipitates is a key factor in the 

resulting size distribution at transient precipitate dose regimes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.14 Prediction calculated by the Frost and Russell model of when thermal coarsening or recoil resolution 
will determine TiC precipitate stability [81]. 



 49 

 

2.5.3 Mansur’s Theory on Precipitation and Cavities under Irradiation 

Mansur studied the relationship of precipitate-matrix interfaces to cavity development, 

theorizing that the rate of growth of the matrix cavities versus the precipitate-attached cavities is 

governed by the sizes of the precipitate-attached cavities and the precipitates, a bias modification 

Figure 2.15 Dose dependence of precipitate radius calculated with the MKI model of recoil resolution [81]. 



 50 

function that addresses the capture efficiencies and sink strengths of cavities and precipitate-cavity 

pairs, and a sink strength modification variable to allow comparison between microstructures with 

different sink strengths [56]: 
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 Eq. 2.10 

where the first term in brackets is the geometric enhancement term, the second term is the 

composite bias modification term, and the third term is the sink strength modification term. The 

superscripts (1) and (2) refer to two materials systems that can be compared with this equation. If 

comparisons are being made in one system, these simplify to .9
(2) = .9

(!) = .9 and .8
(2) = .8

(!) =

.8 and the sink strength modification term simplifies to unity. The variable rb is the composite sink 

radius of a precipitate (rp) with an attached cavity (rcp). The variable rc is the radius of a matrix 

cavity. rb is given by [56]: 
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Eq. 2.11 

Hence, the theory also suggests that swelling is influenced by the size of the precipitates 

through the geometric enhancement term, as long as cavities are not the dominant sink in the 

material and is influenced by the biases (capture efficiencies and sink strengths) of the precipitate-

cavity pair and the matrix cavity through the bias modification term. The bias modification term 

would be unity if c8( = c8(7 and c9( = c9(7. Mansur theorized this would be the case if the 

absorption of point defects was diffusion-controlled at both the precipitate-cavity pairs and the 
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matrix cavities, but not the case if absorption was interface-controlled. The bias modification term 

is expected to be unity if the precipitates are not highly misfitting with the matrix [48].  

2.6 Summary 

 In summary, a systematic understanding of the mechanisms of MX phase stability under 

irradiation and the co-evolution of MX precipitates and cavities under irradiation, particularly in 

FM and RAFM steels, is lacking in the literature. In addition, theoretical frameworks for 

precipitate stability and for the relationship between precipitates and cavities have been put 

forward, but experimental validation in FM and RAFM steels has not been conducted. Such 

experimental work is necessary to understand degradation mechanisms in steels and to better 

design future advanced steels for fusion power plants. In addition, while studies of helium 

implantation effects on MX precipitates in CNA steels have been reported, there is no literature on 

the combined effects of helium co-implantation and ion irradiation damage of precipitation in such 

steels. These gaps in knowledge will be addressed in this work through single effects ion irradiation 

experiments of a CNA steel. 
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Chapter 3 Objectives 

The overarching objective of this work is to inform advanced alloy design and manufacturing 

for structural materials in nuclear power applications through the evaluation of key microstructural 

features for alloy performance. This objective will be accomplished through accelerated fusion 

power plant-relevant radiation environmental exposures via ion irradiation experiments at 

temperature with co-injected helium of an advanced Fe-9Cr steel alloy called CNA9, which is an 

engineering alloy in the leading RAFM steel class developed by the United States. Specifically, 

the stability of pre-existing TiC nanoprecipitates and the development of cavities with co-injected 

helium will be assessed. Two related hypotheses, one tailored towards a scientific objective and 

one towards an engineering centric objective, were developed to guide the investigation into the 

behavior of TiC precipitates in the presence of helium and to examine the effects of TiC 

precipitation on the swelling response of CNA9. The objectives as outlined below were met 

through a systematic study using accelerated ion irradiations and advanced characterization as 

outlined in Chapter 4. 

The hypothesis for the scientific objective is:  

Co-injected helium will prevent the radiation-enhanced growth of pre-existing TiC 

nanoprecipitation within ion irradiation environments at temperatures of 0.3 to 0.4 of the melting 

point of advanced steels. This will occur due to injected helium atoms binding to Ti solute atoms 

in the matrix, of which could have been already present in the matrix or which were recoiled into 

the matrix from irradiation-produced cascades. Helium is known to suppress the diffusion of 
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helium-solute complexes by increasing the energy activation barrier needed to be overcome for 

movement of the complex [3–5,82–84]. Hence, the helium-Ti solute clusters formed under dual 

beam irradiation will suppress Ti solute diffusion, thereby preventing the growth of pre-existing 

TiC nanoprecipitates in comparison to single beam irradiations without co-injected helium. 

However, helium is hypothesized to have no effect on the ballistic dissolution of precipitates, as it 

is not expected to affect the cascade behavior leading to the ballistic ejection of Ti into the matrix 

from TiC precipitates. But the suppressed diffusion of Ti solutes by helium co-injection may lead 

to a quicker onset of dissolution. 

To achieve the scientific objective and to either confirm or refute the hypothesis, further 

sub-objectives were established. The first scientific sub-objective was aimed at determining the 

single and combined effects of damage level, damage rate, temperature, and co-injected helium 

on the pre-existing size distribution and number density of TiC precipitates. To complete this sub-

objective, a series of experiments were performed in the laboratory with varying conditions. This 

required the establishment of a controlled and consistent process of performing the experiments as 

well as analyzing and processing the experimental data. The development of the following methods 

was essential in acquiring the relevant experiment data: 

• A method for consistent and controlled ion irradiation experiments at temperature. 

• Development of proper procedures for the extraction of electron transparent samples from 

both the ion irradiated and thermally exposed regions of the bulk CNA9 specimens. 

• Coupled and complimentary post-characterization techniques using scanning transmission 

electron microscopy (STEM) equipped with energy dispersive spectroscopy (EDS) ability 

for spatially correlated composition information. 
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• A method for consistent quantification of the TiC precipitation evolution, both the 

evolution that resulted from irradiation at temperature and from only thermal annealing at 

the same temperature to differentiate between thermal and radiation effects.  

The second scientific sub-objective was aimed at understanding why a change in irradiation 

parameters did or did not result in changes to the pre-existing and/or formed TiC precipitate 

population. A detailed analysis of the TiC precipitate size distributions in the control specimen, 

irradiated specimens (with and without helium), and in the thermally annealed regions of the 

irradiated specimens accomplished this sub-objective. Evaluation of the precipitate populations 

after different environmental exposures, such as irradiation at temperature or just thermal 

exposure, enables decoupling of thermal coarsening responses from combined influence of 

temperature and radiation. Existing radiation precipitate stability models including the Frost and 

Russell model [78] and the MKI model [81] were applied to the data from this work to provide 

insight into the roles of displacement damage, temperature, and helium on ballistic dissolution and 

growth of precipitates. In addition, this work sheds light on the validity of such models to TiC 

precipitates in advanced Fe-9Cr steel engineering alloys. This is a critical step in establishing a 

fundamental understanding and predictive model of MX-type precipitate stability in RAFM steels 

for fusion applications.  

The hypothesis for the engineering objective is:  

Precipitates will sequester helium atoms during irradiations with co-injected helium in the 

form of individual nano-scale bubbles on the precipitate-matrix interface as a function of 

temperature. In line with previous theoretical work, it is hypothesized that this occurs due to the 

attraction of helium to misfitting dislocations at the precipitate-matrix interfaces [61,85,86]. 

However, the relatively low density of pre-existing TiC precipitates is hypothesized to not prevent 
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the overall un-constrained helium-driven swelling in the matrix. The helium sequestration 

response of the precipitate-attached cavities is hypothesized to be dependent on: 

a) Temperature – Temperature may cause increased diffusion of helium and vacancies 

to the helium-filled bubbles attached to the TiC interfaces, thereby decreasing the 

time to reach the onset of biased-driven void growth. 

b) Coherency of interfaces – Semi-coherent platelets such as those studied within have 

misfitting dislocations on the precipitate-matrix interface to relieve stress at the 

interface. It is hypothesized that these interfacial dislocations will sequester helium 

in small bubbles and will serve as sites of growth for voids. 

c) Level of helium co-implantation – A greater helium co-implantation rate is expected 

to cause the nucleation of greater amounts of cavities in the matrix and at the 

precipitate-matrix interfaces due to the greater driving force from higher helium 

concentrations. 

The first engineering sub-objective was aimed at determining the helium and vacancy 

sequestration ability of TiC precipitates. To complete this sub-objective, a subset of the irradiation 

experiments as described above were used. These irradiations varied temperature and the level of 

helium co-injection. The development of the following methods was essential in acquiring the 

relevant experiment data: 

• A method for consistent and controlled ion irradiation experiments at temperature 

• Development of proper procedures for the extraction of electron transparent 

samples from both the ion irradiated and thermally exposed regions of the bulk 

CNA9 specimens 
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• Coupled and complimentary post-characterization techniques utilizing STEM 

equipped with EDS ability and conventional off zone axis bright field TEM imaging 

for spatially correlated composition and cavity development information 

• A method for consistent quantification of the TiC precipitation evolution and cavity 

development.  

The second engineering sub-objective was aimed at understanding why a change in 

irradiation parameters did or did not result in changes to the helium sequestration ability at the TiC 

precipitate-matrix interface and how those changes affect the overall swelling behavior of the steel. 

A detailed analysis of cavities attached to precipitates and cavities located in the matrix provided 

a comprehensive picture of the relative importance of precipitate interfacial characteristics to 

helium sequestration and their influences to swelling. 

Hence, the scientific-relevant hypothesis will explore the helium-mediated mechanisms on 

precipitate size, number density, and volume fraction as a function of varying thermal and 

irradiation conditions, while the engineering-relevant hypothesis will investigate how helium 

sequestration evolves at the precipitate-matrix interface as a function of temperature and 

coherency. The hypotheses were tested via a combination of heavy ion irradiation experiments 

with and without co-injected helium followed by detailed characterization of the microstructure 

using advanced scanning transmission electron microscopy (S/TEM) techniques. 

 



 57 

Chapter 4 Experimental Procedures and Methodology 

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

and characterize a model advanced reduced activation ferric/martensitic (RAFM) steel to address 

the hypotheses presented in Chapter 3. 

4.1 Alloy and Sample Preparation 

This work used a model alloy variant of the U.S. developed advanced ferritic/martensitic 

steel class deemed Castable Nanostructured Alloys, or CNA(s) for short [39,40,87,88]. 

Specifically, the laboratory-scale Castable Nanostructured Alloy #9 (CNA9) was used within. The 

composition in weight percent is reported in Table 4.1. The bulk chemistry evaluation was 

performed by Dirats Laboratories using quantitative analysis by inductively coupled plasma 

spectroscopy optical emission spectroscopy (ICP OES) for metallic elements, combustion for C 

and S, and inert gas fusion (IGF) for O and N. According to Dirats Laboratories, the uncertainty 

of each measurement was determined to be either 1% of the absolute composition value or two in 

the last reported digit, whichever is least. This method was used to determine the error of the 

analysis in Table 4.1. The alloy and compositional information were provided by Oak Ridge 

National Laboratory (ORNL). CNAs were developed primarily at ORNL to achieve high number 

densities of MX-type precipitates using traditional steel manufacturing methods, resulting in 

improved mechanical properties and radiation tolerance [12,27,31,34,36,89–92]. CNAs are 

considered in the family of advanced reduced activation ferritic/martensitic (RAFM) steels. Prior 

to this work, there were seven previous generations of laboratory-scale CNAs, CNA1-CNA7, 
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where each CNA generation was tailored to evaluate specific properties or environmental 

responses – see Chapter 2 for additional details. At the inception of this work, CNA8 and CNA9 

were created as advanced engineering alloys to test the effects of C content on nanoprecipitation 

development, based on current understanding from the prior CNA generations. Please refer to 

Chapter 2 for an in-depth description of CNA properties and development. CNA8 was also 

irradiated in the experiments conducted for this work, but its characterization was out of the scope 

of this work because this work hypotheses, and thus scope, does not consider the effects of carbon 

on microstructural evolution under irradiation and is left for future studies. Due to having twice 

the amount of carbon, CNA8 contained M23C6 precipitation whereas CNA9 did not. See Appendix 

A for details. CNA9 was chosen for work because it did not contain M23C6 precipitation. CNA9 

was selected to avoid any possible influence that the M23C6 precipitation may have on the MX-

TiC precipitate stability by either increasing or decreasing the free carbon in the alloy under 

irradiation. Thus, eliminating the role of M23C6 precipitates simplifies the evaluation of precipitate 

behavior and enables the detailed evaluations of the hypotheses proposed in Chapter 3.  

CNA9 was normalized at 1050°C for 1 h in Ar atmosphere then hot-rolled at 1050°C to 0.3 

inch-thick with ~21% reduction per pass. It was briefly reheated at 1050°C if needed followed by 

water quenching. The ingot of CNA9 was then cut into two halves, top and bottom. The bottom 

half was tempered at 750°C for 30 min, air cooled, and de-scaled. A 1 cm piece from the top half 

was used for composition analysis [39,40,87,88]. 

Samples in the form of 1.5 × 1.5 × 10 mm3 bars were cut from the laboratory-scale ingot 

of CNA9 using electrical discharge machining (EDM) and shipped to the University of Michigan 

for ion irradiation studies. The samples were mounted on a puck with crystal bond and 

mechanically ground and polished using successively finer grits with each step. The samples were 
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bonded to the puck as flat as possible to ensure a uniformly flat surface of all samples on the puck, 

which is important to obtain a uniform ion implantation depth (or ion range) during the irradiation 

experiments and hence have confidence in the measurements of ion damage beneath the sample 

surface Mechanical grinding consisted of using 400, 600, 800, and 1200 grit in succession. 

Polishing consisted of using pads with 3, 1, and 0.25 µm polycrystalline diamond suspension (Pace 

Technologies item numbers PC-1003-500, PC-1001-500, and PC-0125-500, respectively) 

resulting in a mirror-like surface finish. An optical microscope was used after each step to ensure 

the damage layer from the previous grit was removed by observing the absence of prior polishing 

step scratches. On average, the samples retained a thickness of 1 mm after the final mechanical 

polishing step. CNA9 samples were prepared simultaneously with three other FM steel bars of the 

same geometry as well as two FM guide bars. The three other FM steels were CNA8, additively 

nanostructured alloy # 2b (ANA2b), and ANA2a. The guide bars served as points of contact for 

thermocouples during irradiations for temperature control. The guide bars had dimensions of 1.5 

× 1.5 × 20 mm3 before undergoing identical grinding and polishing steps to the target samples. 

Each set of six samples, CNA9 plus the three other FM steels and the two FM guide bars, were 

irradiated side-by-side during experiments Figure 4.1. CNA9, the three other FM steel alloys, and 

the FM guide bars will be referred to as the irradiation stage. It was important to polish the samples 

in the same configuration that would be used in the irradiation experiment to ensure uniform 

thickness across samples and good contact with the stage. The FM bars were chosen because they 

had similar thermal conductivity to the FM steels being irradiated, which is important as only 

thermocouples for temperature monitoring during irradiation experiments were welded to the 

guide bars. Thus, a similar thermal conductivity ensures a similar temperature distribution during 

experimentation. 
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Electropolishing was then performed on all samples to remove any remaining deformation 

layers from grinding and polishing. The electropolishing solution was 10% perchloric acid 

solution, 90% methanol solution, cooled to -45°C using a methanol bath with dry ice. The 

perchloric acid solution was 70% perchloric acid and 30% water. Typical volumetric ratios used 

in the electropolishing step were 50 mL of perchloric acid and 450 mL of methanol solution mixed 

in a 1,000 mL beaker to enable sufficient solution to electropolish all samples simultaneously. A 

magnetic stirrer was used to create a ~20 mm in diameter vortex in the electropolishing solution. 

The bars were connected to an anode (the sample itself then becoming the anode) and the surface 

of the bars to be irradiated were submerged next to the vortex in the electrolyte solution facing a 

Pt mesh (the cathode). The samples were electropolished at an applied voltage of -40 V for 

approximately 20 seconds. Voltage was applied using a Circuit Specialists CSI6010X power 

supply. A diagram of the electropolishing set-up is shown in Figure 4.2. The samples were 

electropolished for approximately 20 seconds, timed using a simple handheld digital timer. This 

procedure removed an estimated 2 μm of material resulting in final sample geometries of 

approximately 1.5 × 1× 10 mm3 and 1.5 × 1 × 20 mm3 for the irradiation samples and guide bars, 

respectively. The sample preparation was completed with cleaning samples in beakers of acetone, 

methanol, and ethanol in succession for 20 seconds minimum in each beaker. The quality of the 

samples were visually inspected to verify no significant scratches, discoloration, surface pitting, 

or other irregularities existed after the final electropolishing procedure [93].  

All samples were labeled to ensure proper tracking. Each material had their own unique 

marking that would be engraved on the middle of the back side of the sample. The side to be 

irradiated would be engraved with a ‘+’ on the back side of the sample, and the side to only be 

thermally exposed would be marked with a ‘-’ on the back side. 
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Table 4.1 Chemical compositions (wt%) of CNA9 provided by Dirats Laboratories. 

 

 
 
 
 
 

 

 

 
 
 
 
 

Element CNA9 (wt.%) 

Fe 89.27±0.02 

Cr 8.688±0.08688 

W 1.026±0.0126 

Mn 0.516±0.00516 

Si 0.141±0.00141 

Ta 0.090±0.0009 

Ti 0.141±0.00141 

V 0.049±0.00049 

C 0.049±0.00049 

Al <0.002±0.0002 

B <0.0005±0.00005 

Co <0.005±0.0005 

Cu <0.002±0.0002 

Mo 0.004±0.0004 

Nb <0.002±0.0004 

Ni <0.007±0.0007 

P 0.004±0.0004 

Zr <0.002±0.0002 

S 0.002±0.0002 

O 0.0012±0.00012 

N 0.0013±0.00013 
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Figure 4.1 An example of a set of samples to be irradiated simultaneously on an irradiation stage. CNA9 and 
three other FM steels were irradiated side-by-side in each experiment in this configuration. FM guide bars 
served as sites for thermocouple placement for temperature control. 

 

Figure 4.2 Schematic of the electropolishing set-up from [93]. 
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4.2 Ex-Situ Dual Ion Irradiations 

4.2.1 Ion Irradiation Experiments 

All ex-situ ion irradiation experiments were performed at the University of Michigan-Ann 

Arbor’s Michigan Ion Beam Laboratory (MIBL) (Table 4.2). A total of 16 ex-situ irradiation 

experiments were completed. Each irradiation consisted of one sample of CNA9, three other FM 

steels, and two FM guide bars as described in the previous section. The irradiation experiments 

were split into five series that each tested the effects of a single irradiation parameter on the 

behavior of TiC precipitates (Table 4.3): the dose rate series, dose series, temperature series, helium 

co-injection series at various temperatures, and helium co-injection series at various helium rate. 

The parameters chosen were motivated by fusion relevant conditions [94,95] while balancing 

incremental variations in single effects for fundamental studies of precipitate behavior. The target 

damage rates were 7×10-4 or 1×10-4 dpa/s. The dose rate of 7×10-4 dpa/s was chosen because 

previous work showed that it creates a neutron-like swelling response in FM steels for advanced 

fission reactors [42] and 1×10-4 dpa/s was chosen as a reasonably low dose rate to study dose rate 

effects. The target damage levels ranged were 1, 5, 15, 50, and 100 dpa. First-wall and blanket 

structures are expected to undergo damage more than 100 dpa [11,12,94,96]. Hence, a damage 

level of 100 dpa was used to assess the effects of fusion-relevant high damage levels on CNA9. 

Target damage levels of 1, 5, 15, and 50 dpa were used to gain a fundamental and mechanistic 

understanding of CNA9’s evolution. The target temperatures used were 300, 400, 500, and 600°C. 

This range encompasses fusion-relevant temperatures and allows for a granular understanding of 

thermal effects by encompassing regimes that are expected to have different mechanisms 

governing CNA9’s evolution (i.e., dissolution at the two lower temperatures and thermal diffusion 

at the two higher temperatures). In addition, the temperatures tested encompass the peak swelling 
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regime for FM steels, which is around 420-440°C for neutron irradiations at 450-500 for ion 

irradiations [42]. The peak swelling temperature for heavy ion irradiations occurs at higher 

temperatures than for neutron irradiations due to the higher displacement rates used ion irradiations 

[18]. The target helium co-injection rates were 0, 10, and 25 appm He/dpa. A rate of 0 appm He/dpa 

was used to establish the effects of damage without helium co-injection first. Rates of 10 and 25 

appm He/dpa were then used to assess how helium changed CNA9’s evolution as compared to the 

single beam experiments. The helium co-injection rates of 10 and 25 appm He/dpa were chosen 

because they represent the fusion-relevant helium rates for FM steels [11,95,96]. The rate of 25 

appm He/dpa is the maximum rate attainable experimentally to assess helium rate effects. 
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Table 4.2 Ex-situ ion irradiation parameters for the project organized by Sample ID name. All irradiations were 
completed with 9 MeV Fe3+. The cells are filled as follows: target parameter/achieved parameter experimentally. For 
simplicity, the target experimental parameters for each irradiation will be shown in the rest of this work. Tirr = 
temperature of irradiation. 

Sample 
ID 

Total dpa Dose rate (dpa/s) Tirr (°C) Helium co-
injection rate 

(appm 
He/dpa) 

Time at 
temperature 

(h) 

Completion 
date 

A1 15/15.1 7×10-4/7×10-4 300/298.2 0 ~6 1/4/2023 
A2 50/50.4 7×10-4/7×10-4 300/294 0 ~20 4/25/2022-

4/26/2022 
A3 50/50 1×10-4/9.97×10-5 300/300 0 ~139 5/25/2021-

6/1/2021 
B1 15/15 7×10-4/7.2×10-4 400/399 0 ~6 8/4/2022 
B4 15/15.1 7×10-4/7.1×10-4 400/401.6 10/10.3 ~6 1/30/2023 
C1 1/1.1 7×10-4/7.4×10-4 500/503 0 ~0.4 9/7/2022 
C2 5/5.3 7×10-4/6.8×10-4 500/502 0 ~2 8/1/2022 
C3 15/15 7×10-4/7.1×10-4 500/500.6 0 ~6 1/6/2023 
C4 50/50 7×10-4/7.3×10-4 500/499.8 0 ~6 7/19/21-

7/29/21 
C5 100/100 7×10-4/7.4×10-4 500/499.6 0 ~6 7/14/21 
C6 15/15 7×10-4/7.3×10-4 500/498 10/9.96 ~6 7/29/21 
C7 50/50.1 7×10-4/7.4×10-4 500/499 10/9.96 ~6 7/19/21-

7/29/21 
C8 100/100 7×10-4/7.3×10-4 500/500 10/10.1 ~6 6/19/2021 
C9 15/15.4 7×10-4/7.2×10-4 500/504.5 25/25.4 ~6 2/3/2023 
D1 15/15.4 7×10-4/6.9×10-4 600/601 0 ~6 8/29/2022 
D2 15/15.1 7×10-4/7.1×10-4 600/599.5 10/9.8 ~6 2/1/2023 

 
Table 4.3 Ex-situ ion irradiation parameters for the project organized by single effects testing. Tirr = temperature of 
irradiation. 

Series Sample ID 
Total dpa 
achieved 

Dose rate 
(dpa/s) Tirr (°C) 

Helium co-
injection rate 

(appm 
He/dpa) 

Dose Rate 
A2 50 7×10-4 300 0 
A3 50 1×10-4 300 0 

Dose 

C1 1 7×10-4 500 0 
C2 5 7×10-4 500 0 
C3 15 7×10-4 500 0 
C4 50 7×10-4 500 0 
C5 100 7×10-4 500 0 

Temperature 

A1 15 7×10-4 300 0 
B1 15 7×10-4 400 0 
C3 15 7×10-4 500 0 
D1 15 7×10-4 600 0 

Helium (at various 
temperatures) 

B4 15 7×10-4 400 10 
C6 15 7×10-4 500 10 
D2 15 7×10-4 600 10 

Helium (at different co-
injection levels) 

C3 15 7×10-4 500 0 
C6 15 7×10-4 500 10 
C9 15 7×10-4 500 25 
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4.2.2 Ion Damage and Helium Co-implantation Calculations 

A valid region of analysis in the irradiated samples must be determined to avoid surface-

related and injected interstitial effects. This was evaluated by reviewing previous work completed 

on similar FM steel and ion irradiation conditions. Specifically, Getto [97] and Getto et al. [43] 

explains that near the surface (~300 nm or less) there is a larger vacancy-to-interstitial ratio due to 

the preferential loss of interstitials because of their higher mobility and increased survival 

efficiency of vacancies to interstitials near the surface in damage cascades. The excess vacancies 

promote void nucleation and hence induce artifacts into the analysis within the near-surface 

regime. The width of the near-surface zone also increases with increasing temperature, 

approaching widths of ~1 μm at high temperatures [98]. On the other hand, injected interstitials at 

the end of the heavy ion implantation can also artificially change the microstructural evolution by 

suppressing swelling with excessive interstitials and/or chemical effects. Ref. [99] found that the 

implanted ion profile can also broaden due to both thermal and radiation-enhanced diffusion. The 

longer the irradiation time or the greater the temperature, the greater the reduction of the region 

available for safe analysis due to the broadening. The authors concluded that ion energies in excess 

of 8 MeV are needed to create a broad enough region for safe analysis. Hence, 9 MeV Fe3+ ions 

were used to create a profile of injected ions such that the valid region of interest did not suffer 

from surface or injected interstitial effects. 3.42 MeV He2+ ions were used for helium co-

implantation to obtain the desired helium concentration profile that matched the 9 MeV Fe3+ safe 

region damage profile. 

Depth-dependent damage of 9 MeV Fe3+ ions and implantation of 3.42 MeV He2+ into 

CNA9 was calculated using the Stopping and Range of Ions in Matter (SRIM 2013) [100]. SRIM 

takes the ion type, ion energy, incident angle of ions, composition of the sample target in atomic 
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percent, and the thickness of the sample target as inputs to calculate the damage and implantation 

of ions. The SRIM damage calculations were conducted using “quick” Kinchin-Pease (KP) mode 

which has been documented to more accurately calculate damage levels of heavy ion irradiation 

experiments than other methods [101,102] The simulation used to calculate damage and helium 

implantation on CNA9 was developed based on previous studies in Grade 91 [42]. The simulation 

by Taller was run for 85,000 ions to obtain a visually smooth damage curves and adequate counting 

statistics. The compositions between CNA9 and Grade 91 are similar enough to create the same 

results from SRIM. Both CNA9 and Grade 91 have a Cr content of ~8.7% and both contain minor 

alloying elements less than 2%, with the rest of the content being Fe. Thus, it was assumed on first 

evaluation that variation in the calculated dose rates were to be within the error of the assumptions 

accounted for in SRIM, such as not incorporating temperature or lattice structure effects. The 

validity of this assumption was confirmed by running a shorter SRIM calculation within this work 

to 10,000 ions into CNA9 (Figure 4.3). This was done because a full SRIM calculation with 85,000 

ions is computationally expensive. Figure 4.3 shows that it is indeed accurate to use the SRIM 

calculation of Grade 91 for CNA9 when accounting for simulation inaccuracies using SRIM 

including factors such as crystal structure. A displacement energy of 40 eV was used for Fe, Cr, 

Ni, V, and Mn, and 60 eV for Nb and Mo for both the initial simulation using Grade 91 and for the 

shorter CNA9 simulation. For all other elements, a displacement energy of 25 eV was used [1,42]. 

Figure 4.4a shows the damage curve of Fe ions and the level of helium implantation as a 

function from the surface of CNA9. Both are depth dependent. As such, the depth range of 1,100-

1,300 nm beneath the surface of the sample was chosen as the nominal damage and helium co-

implantation region to be assessed for microstructural characterization. At this depth range, the 

target irradiation parameters for dose, dose rate, and helium co-implantation are met. This region 
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is also far enough from the surface to avoid surface-related artifacts while avoiding artifacts from 

the injected Fe ions (Figure 4.4b). All microstructural characterization probing irradiation effects 

was carried out at this depth range. To probe only thermal effects on precipitate behavior, 

microstructural characterization was completed past a depth of 3 µm which is past the ion range 

(2.5 µm) and thus limited to no effects from irradiation exist past this range or characterization 

was completed on liftouts taken from the thermal-only region of the bulk sample that was 

irradiated. 

Eq. 4.1 was used to achieve the desired experimental damage dose and dose rate. The 

damage rate due to the ion flux was attained from SRIM simulation and had a value of 0.3589 

displacements/Å-ion for the 9.0 MeV Fe3+ ion beam used in all experiments. The desired ion beam 

current was calculated to achieve the desired damage rate and was configured by MIBL staff for 

each experiment. An estimation of the total ion fluence was calculated through periodic 

measurements of the Fe3+ beam current during irradiations and integrating it over the time of 

irradiation. The damage rate from the energy degraded helium ions was determined to be several 

orders of magnitude lower than the damage rate for the 9.0 MeV Fe3+ ion beam and considered 

negligible [103,104]. Ref. [97] pre-implanted helium with energies of 80, 140, 220, 310 and 420 

keV into HT9. The damage caused by pre-implantation of 1000 appm helium was estimated to be 

0.02 dpa. The 3.42 MeV He2+ ions after the foil degrader were between 520 keV and 1.26 MeV. 

While these energies are higher than used in Ref. [97], they are not expected to cause significant 

levels of damage due to the light mass of helium [1]. 

\5r =
(./s&	\rtru-	4r7-)∑($wH	x-rt	,y44-H7 × 7$t-)

(Hytx-4	\-H#$7{	w<	#rt5|-)($wH	,ℎr4u-)(#5-,$t-H	r4-r	$44r\$r7-\) Eq. 4.1 

For dual ion irradiations, the rate of helium co-implantation was controlled by an aluminum 

foil degrader in the MBC. The implementation of, design of, and calculations for the use of this 
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foil degrader was completed by a previous student, Dr. Stephen Taller, and is now part of standard 

MIBL procedures for dual ion irradiations with helium co-injection [42,105]. Dr. Taller used SRIM 

to calculate the energy, E, position vector in three dimensions, r, and direction vector (φ) in three 

dimensions for each ion exiting the aluminum foil degrader and for each angle of the foil rotation 

(θ) in one-degree increments. The direction vectors calculated with SRIM were used to simulate 

the trajectory of individual helium ions from the foil to the sample surface. A schematic of this 

description is shown in Figure 4.5. The foil degrader was controlled by a LabView™ script during 

irradiations. The result of the degrader system is the helium/dpa ratio can be maintained constant 

in the nominal damage region, as seen in Figure 4.4. 

 

 

 

 

 

 

 

 
Figure 4.3 A quick KP SRIM calculation was run using 10,000 incident 9 MeV Fe3+ 
ions into CNA9 to check that the SRIM results from running 85,000 ions into Grade 
91 could be used. 
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(b) 

Figure 4.4 (a) Plot showing the damage curve for Fe ions (blue, left axis) and the level of He 
implantation (black, right axis), both as a function of depth beneath CNA9's surface. (b) The 
percent of Fe interstitials implanted from irradiation with Fe ions. 
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4.2.3 Ion Irradiation Details and Set-Up 

Irradiations were conducted in two different beamlines of the MIBL facility, chosen based 

off of experimental parameters and facility scheduling. Irradiation A3 was conducted using 

Beamline 2 while all other irradiations used the multi-beam chamber (MBC) connected to 

Beamlines 4, 5, and 7 (Figure 4.6). Beamline 2 is a single-beam chamber with no helium co-

implantation ability. The MBC chamber is connected to three beamlines but only Beamlines 4 and 

7 were used. Beamline 4 delivered 9 MeV Fe3+ ions from the NEC Pelletron accelerator normal to 

the surface of the samples to induce the highest range of ions into the samples possible. Beamline 

7 delivered 3.42 MeV He2+ ions from the 1.7 MV General Ionex Tandem Accelerator for dual 

beam irradiations at an angle of 60° from the surface of the samples. Since helium is a light 

Figure 4.5 A schematic of the foil degrader geometry used for helium co-
implantation during dual ion irradiations, taken from [42]. 
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element, an off normal configuration for the helium beam enables similar ranges to the on-axis 

Fe3+ implantation. 

A photo of a completed irradiation stage and a schematic of an irradiation stage mounted in 

the MBC is given in Figure 4.7. After the samples finished the polishing process as described 

previously, they were loaded onto the appropriate irradiation stage. The samples were arranged on 

top of a copper foil and Au paste to ensure good thermal conductivity with the irradiation stage. A 

hold down bar, as shown in Figure 4.7, was used to keep the samples in place during the 

experiment. The area for irradiation (4×6 mm2) was marked by an engraver. Type J thermocouples 

were made by weaving Fe and Constantan (Cn) metal wires through ceramic pieces, taking care 

that the wires did not touch at any point. One side of the wires were connected to a feedthrough 

port on the irradiation stage to allow for digital control and the other side of the wires were spot 

welded onto a guide bar. The only point at which the Fe and Cn wires touched was at the point of 

welding on the guide bar surface. Each guide bar had two sets of thermocouples. The irradiation 

stage was then loaded into the appropriate chamber using a copper gasket and tightly bolted to 

ensure good vacuum. A cartridge heater was inserted to the back of the stage for temperature 

control. Cables from a computer readout were attached to thermocouple feedthroughs. The 

thermocouple cables connect to a National Instruments Module NI-9213 and the module is plugged 

into a National Instruments cRIO cRIO-9074. The Thermocouple Voltage Signal is digitized in the 

module and converted to Celsius in the cRIO's Real Time OS running LabVIEW™. These values 

are saved to the laboratory network and are available to save and are shown on available PC's. The 

chamber with the loaded stage was pumped down to ~10-1 torr using an Edwards Model nXDS10i 

roughing pump and plasma cleaned for 2-3 hours using an Evactron EP Series Plasma De-

Contaminator to prevent C contamination. Typically, the stage would also be heated to ~150°C to 
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allow for outgassing of the stage during the plasma cleaning step. The chamber would then be 

brought down to room temperature and pumped down further overnight using a CTI-

CRYOGENICS Model TORR 8 Cryopump turbomolecular pump to achieve a pressure in the 

range of ~1×10-7 torr. Standard procedures for starting the irradiation would begin the following 

day. 
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 Figure 4.6 (a) Layout of the MIBL facility showing the various beamlines, accelerators, and 

sources. (b) Schematic showing the MBC chamber used for the majority of irradiations. 
Schematics taken from [42]. 
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Figure 4.7 (a) Picture of an actual irradiation stage used for an experiment for this work with a schematic 
showing the samples irradiated. (b) Schematic of the MBC chamber used for the majority of irradiations, 
taken from [42]. 
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4.2.4 Details on the Day of Ion Irradiation Experiments and Running the Experiments 

On the day of the irradiation before the experiment started, the alignment of the beams and 

heating of the stage to approximately 5°C below the target temperature of the irradiation would be 

completed to compensate for beam heating once the beam was set onto the samples. The beams 

were aligned to hit the desired area on the samples using high-powered lasers that were directed 

down the ion beamlines parallel to the directions of the beams (Figure 4.9). The laser would 

illuminate the samples and the markings from the engraver would allow for precise alignment of 

the beams. A ceramic piece was also used for final adjustments of the alignments for the 

irradiations conducted in the MBC. The ceramic piece located in the chamber can be positioned 

directly in front of the samples for alignment of the ion beams, then positioned below the stage so 

as not to block the beams from hitting the samples. 

The temperature on the stage was maintained using a 2D FLIR® infrared thermal pyrometer 

(Teledyne Model A655sc) which was focused onto the stage through a  

Ge window. The thermocouple readings were used to calibrate the 2D FLIR® before the start of 

the irradiation. The heating process before the start of the irradiation would take several hours to 

allow for the entirety of the stage to reach steady-state at elevated temperature. If the target 

temperature was not held constant for at least 45 minutes, the 2D FLIR® calibrations would drift 

during the irradiation as the entire stage continued to heat up. The time at temperature before 

irradiation is not expected to have any noticeable effects on the microstructure of the FM steels. 

This can be ascertained by the fact that the precipitates in the thermally exposed portions of CNA9 

during irradiations at 300, 400, 500, and 600°C that were at temperature for ~6 hours during the 

irradiation, plus however long it took to reach temperature before the irradiation started, had no 

significant differences in size, density, or volume fraction to the precipitates in the control sample 
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(refer to Chapter 5). The 2D FLIR® was calibrated to the thermocouple readings using areas of 

interest (AOI) drawn on the samples in the LabView™ program (Figure 4.8). The emissivity of 

the AOIs was adjusted to achieve agreement with the thermocouples before irradiation was started.  

In parallel, MIBL staff would prepare the sources and accelerators to achieve the desired 

energy and current of the Fe and He ions. The area of irradiation was controlled with a slit aperture 

system for each beamline. The width of the apertures in the X and Y directions were set to define 

the desired irradiation area on the samples. Note, X direction denotes the direction parallel to the 

floor of the laboratory and Y perpendicular to X. The slits also measured the current of the beam 

incident on them and could be monitored during the irradiation. A slit aperture was used for both 

the Fe and He beams, but the 60° incident angle of the He beam to the Fe beam had to be taken 

into consideration when setting the slit apertures to create a 10×10 mm2 over scanning area of the 

helium beam. The slit apertures for both beams were positioned approximately 1,000 mm from the 

sample surface. The helium ions were delivered via a rastered beam. The Fe beam, however, was 

defocused to achieve a uniform damage profile on the samples (within 10%). In addition, previous 

work has shown that defocused beams represent neutron irradiations more accurately and in 

particular do not induce experimental artifacts to precipitate responses that rastered Fe beams may 

induce [106]. 

While the sources were being prepared, the cold trap was started. A copper piece in the beam 

chamber, called the cold trap, encircles the irradiation stage. The cold trap is cooled internally with 

a liquid nitrogen tank and serves to prevent contamination during irradiation and achieve better 

pressure. On average, the cold trap was replenished with LN2 every 1 h to ensure proper cooling 

and prevent outgassing of the cold trap during the irradiations. Replenishing was controlled by a 

LabView™ program. 
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Once the stage was at temperature and the beams were ready, the beams were allowed to 

impinge on to the samples. During the irradiations, temperature, pressure, beam current, and beam 

profiles were recorded and displayed on computers using custom built LabView™ programs. The 

temperature was monitored using the 2D FLIR® and thermocouple readings. The irradiations were 

maintained within ±10°C of the desired target temperature. The temperature could be changed 

using the digitally controlled heater cartridge. The partial pressure of each gas species in the 

vacuum was monitored using an Inficon Transpector® MPS Residual Gas Analyzer. The beam 

current on each slit was constantly monitored with current readings and a live beam profile (Figure 

4.8). The slit on the currents could be adjusted if needed to maintain a flat profile of the defocused 

Fe beam. The current on the source could also be digitally controlled to maintain the desired 

current on the stage. In addition, Faraday cups were inserted into the iron and helium beamlines in 

front of the stage periodically (typically every 30 min or every 1 h, depending on stability of the 

beam and irradiation length) and measurements of the iron and helium total currents impacting the 

stage were recorded. These measurements were inserted into an Excel sheet that calculated the 

dose achieved, He/dpa ratio, and time left in the irradiation. If the temperature, slit current, or stage 

current deviated from a set tolerance, the LabView™ programs controlling these parameters would 

trigger an alarm. The pressure in the vacuum chamber was monitored using an InstruTech Inc. 

model IGM402 hot cathode ionization vacuum gauge. The target pressure for all irradiations was 

below 1×10-7 torr. However, this was hard to achieve with the high temperature experiments at 

600°C. These experiments were started around 3×10-7 torr. The only samples to have oxidation 

layers develop were irradiations C8, C9, and D2. At higher temperatures, the helium beam will 

cause oxidation even if the pressure is kept at ~1×10-7 torr. The oxidation layers were not expected 

to significantly affect the results, as no significant differences in the microstructure were found in 



 79 

areas of oxidation and in areas of no oxidation. Typical irradiation parameters are shown in Table 

4.4. 

Once the desired damage level was reached, the irradiation was stopped and shutdown 

procedures were followed. The beams were blocked from hitting the stage. The heater was set to 

0 V and a supply of air was set to maximum flow rate to quickly cool the samples to reach below 

100°C within 10 minutes. The samples would be unloaded the next day and then prepared for 

characterization. Data from all experiments can be found in Appendix B. 

 
Table 4.4 Various parameters measured during all irradiations and their typical values. 

 
 
 

9 MeV Fe3+ Current (measured with a Faraday inserted directly in 
front of the irradiation stage) 189.9 nA 

Typical average Fe3+ current on the X slits 0.15 μA 

Typical average Fe3+ current on the Y slits 0.15 μA 

3.42 MeV He2+ Current (measured with a Faraday inserted directly 
in front of the irradiation stage) 

707.4 nA (25 appm He/dpa) 
279.3 nA (10 appm He/dpa) 

Typical average He2+ current on the X slits 0.05 μA 

Typical average He2+ current on the X slits 0.05 μA 

He/Fe Ratio 1.47 

Typical pressure < 3×10-7 torr  
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(a) (b) 

(c) (d) 

Figure 4.9 (a) Image showing the irradiation stage from Irradiation D2 with the green laser 
simulating the location of the Fe beam on the samples. (b) Image showing the ceramic piece 
that is inserted in front of the samples to be irradiated in the MBC. (c) Close up image of (b). 
(d) The purple laser simulates the He beam location on the samples. The purple laser was 
aligned to the location of the green laser (Fe beam) to ensure that both beams hit the samples 
simultaneously in the same region. 

(a) 

(b) 
6 mm 4 mm 

Figure 4.8 (a) Example of AOIs located on each sample in the 2D FLIR program to 
record temperature during irradiations. (b) Example of the defocused Fe beam profile. 
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4.3 S/TEM Sample Preparation 

This section details the preparation and analysis methods used to examine the microstructure 

of CNA9 after it was irradiated. It consists of TEM sample preparation, imaging with TEM and 

STEM, and the characterization and analysis of the images. 

All TEM sample preparation was conducted on dual Scanning Electron and Focused Ion 

Beam Instruments (SEM/FIB) at the Michigan Center for Materials Characterization (MC)2 at 

University of Michigan-Ann Arbor. The (MC)2 facility houses three FIB/SEM instruments: the 

Thermo Fisher Nova 200 Nanolab SEM/FIB, the Thermo Fisher Helios 650 Nanolab SEM/FIB, 

and the Thermo Fisher Helios G4 PFIB UXe. All instruments were used to create TEM samples 

using the same procedures, except for slight variations in ion beam energy and current which is 

dependent on the instrument used. All instruments have an electron beam (used mainly for 

imaging) perpendicular to the surface of the bulk sample at 0° and a gallium (Thermo Fisher Nova 

200 Nanolab SEM/FIB, the Thermo Fisher Helios 650 Nanolab SEM/FIB) or Xenon (Thermo 

Fisher Helios G4 PFIB UXe) ion gun 52° from the electron beam for imaging and milling. 

A typical TEM sample preparation methodology was used for the extraction of cross-

sectional slices of material penetrating a few microns beneath the irradiated sample surface, 

encompassing the full damage region from irradiation and past the ion implantation depth (Figure 

4.10). After irradiation, the bulk sample of CNA9 was cleaned in acetone, methanol, and ethanol 

and mounted on a stub with conductive adhesive (either Cu tape or Au paste) with the irradiated 

side facing up. The stub containing the bulk sample of CNA9 was loaded into a dual SEM/FIB 

and pumped down. A thin layer of carbon ((12-25µm)X × 2µmY × 0.3µmZ) was deposited at 0° 

(perpendicular to the electron beam) using a 3-5keV/6nA carbon beam within the irradiated region 

to define the location of the lift-out. The carbon layer protected that area from potential milling 
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from the ion beam, which would affect accurate estimations of the nominal damage region. The 

stage was then tilted to 52° (perpendicular to the ion beam) and a layer of 100% platinum or a 

layer of 80% platinum/20% carbon was deposited on top of the carbon layer using a gallium or 

Xenon beam with a current of about 0.3-1nA and ion energy of 12-15keV. Using a higher current 

of 20-60nA and energy of 30 keV, the gallium or Xenon beam was used to create trenches parallel 

to the long sides of the C/Pt layer using a regular cross section pattern about 8 µm deep. The long 

sides of the deposition were cleaned up using successively lower currents (0.3-4nA) with the 

cleaning cross section pattern. The stage was then tilted back to 7° and the gallium or Xenon beam 

was used to cut underneath the lift-out in a U-cut shape. After this was completed on both sides of 

the lift-out, the lift-out was only connected to the bulk sample on one side. A micromanipulator 

(called an Omniprobe™ needle) was inserted and positioned such that it was just next to the free-

standing edge of the lift-out. A small amount of platinum (deposition of ~0.125 µm3) was used to 

weld the Omniprobe™ needle to the sample. The connecting edge was cut through with the gallium 

beam to free the TEM specimen from the bulk sample and the Omniprobe™ needle with the lift-

out was retracted to its original position. The dual SEM/FIB was then vented, the bulk sample 

removed, and FIB grid holder with an empty FIB grid was loaded into the chamber and pumped 

down. The Omniprobe™ needle with the lift-out was lowered to the FIB grid position and the two 

lower corners of the lift-out sample were welded to the grid. The needle was cut free from the 

sample and retracted from the chamber. The stage was then rotated 180° to weld the back sides of 

the connected lift-out.  

After this procedure, the resulting lift-out was about 2 µm thick and 6-8 µm long. Thinning 

procedures were then commenced to thin the sample from 2 µm thick to the desired thickness 

through successive milling steps at various angles, ion energies, and ion currents. The long sides 
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of the lift-out were first cleaned using a gallium or Xenon beam with 30keV energy and 0.3-4nA 

current with a rectangular milling box. This was done at 52° on both sides of the lift-out until the 

lift-out was approximately 1 µm thick. The sample was then tilted to 54° and windows of 

dimensions (3-8)µmX × (4-8)µmY were milled on the side of the lift-out, viewable in the electron 

beam. The sample was rotated 180° and the same window-making procedure was completed. 

Windows were used to prevent bending of the liftout as it reached its target thickness of 

approximately 100 nm. The windows were thinned further at 56° and 48° using ~30 keV/1nA and 

~16 keV/ 0.2nA until the sample contrast in the electron beam became slightly white in the area 

of interest when viewed at 5 keV/0.4 nA. The procedure to create lift-outs used only for 

compositional analysis with STEM-EDS was completed here. Otherwise, samples underwent final 

cleaning steps to mill away as much FIB-induced damage as possible. Each side of the lift-out was 

cleaned at 57° and 47° for 10-20 minutes per side using both 5keV and 2keV beams. The final 

thickness of the foil was approximately 80-130 nm in the nominal damage region. A completed 

liftout and general microstructure of CNA9 at various conditions is shown in Figure 4.11. 
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Figure 4.10 Various steps in the TEM sample-making process: (a) C deposition perpendicular to the 
electron beam on an irradiated sample surface, (b) Pt/C cap deposition on top of the C layer 
perpendicular to the ion beam, (c) trenching on either side of the protective Pt/C layer to penetrate 
the ion irradiated material, (d) successive thinning steps tothin the TEM sample to ~1 μm, (e) 
creating a U-cut so the sample is only connected to the bulk specimen on one side, and (f) rotating 
180° to ensure that the U-cut is complete. After step (f), the sample was removed from the bulk 
specimen with a Pt-welded needle and placed in a valley on a grid. The grid was then successively 
thinned to electron transparency, as shown in (g). 
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4.4 S/TEM Sample Thickness Measurements  

The thicknesses of the lift-outs were obtained with the use of energy-filtered TEM 

(EFTEM)-based thickness mapping [107] (Figure 4.12). EFTEM is an analytical technique based 

off the inelastic scattering that occurs when a monoenergetic beam of electrons passes through an 

Figure 4.11 (a) Example of a TEM sample after final thinning procedures. This liftout was taken from the 
control specimen. It was thinned to 20-50 nm for high resolution imaging of TiC precipitates. Examples of 
the CNA9 grain structure taken from thermally annealed portions of two different conditions (b,c). The grain 
structure did not noticeably change from the control specimen as a function of irradiation. 
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electron transparent sample. During inelastic interactions of the monoenergetic electron beam 

produced by the electron gun with the TEM lift-out, inelastically scattered electrons will lose a 

finite amount of energy based off the composition and thickness of the sample. This results in an 

energy spread of the electron beam exiting the sample. EFTEM uses an energy filter to choose 

which electrons will contribute to the final image. Thickness maps using EFTEM are formed by 

filtering the final electron spectrum to consist of only electrons that were inelastically scattered 

but only lost a small amount of energy. 

Thickness mapping was completed on the Thermo Fisher Tecnai G2 F30 TWIN Electron 

Microscope (TF30) as part of the (MC)2 facility. The TF30 is equipped with a Gatan® Imaging 

Filter (GIF) for electron energy loss spectroscopy (EELS) and EFTEM. The GIF was controlled 

by Gatan’s Digital Micrograph® (DM) user interface for EFTEM. At the beginning of every 

session, the TEM was aligned and then put in EFTEM mode. An optimal objective lens strength 

of 89.9022% (vendor indicated) was used. The GIF was calibrated using DM’s automatic 

procedures. A 1024×1024-pixel thickness map was acquired using the built-in function in DM. 

DM would obtain an elastic image and an unfiltered image. From the total intensity in the 

unfiltered image, It, and the zero-loss intensity in the elastic image, I0, DM calculated the thickness 

of the sample. User inputs for the software calculation consisted of the collection angle (defined 

by the apertures) and the mean free path of inelastic electron scattering, λ. λ was estimated for pure 

Fe and found to be 121 nm. The thickness, t, was calculated using the following equation: 

 7 = 	−} ln R
s6
s;
S Eq. 4.2 

where } was estimated from the following equations taken from Ref. [108] using E0 = 300 kV for 

the electron beam, Z=26 for Fe, and β=10 mrad for the collection angle: 
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 :# = 7.6c;."= Eq. 4.3 

 
Å =

1 + :; 1022X

W1 + :; 511X Y
! Eq. 4.4 

 } =
106Å:;

:# ln R
2É:;
:#

S
 Eq. 4.5 

 

 

 

 

 

 

 

 

4.5 S/TEM-EDS Composition Mapping of TiC Precipitates 

Characterization of the TiC precipitates was completed through compositional mapping 

using STEM equipped with Energy Dispersive X-ray Spectroscopy (EDS) capability. During EDS 

acquisition, the incident electron beam from the TEM hits the sample and excites electrons in the 

inner electron shells of atoms, such that these electrons get ejected from their lower energy shells. 

Outer shell electrons will fill the electron holes left in the inner shell electrons. X-rays with energy 

equal to the difference between the higher and lower energy shells will be ejected in the process 

and absorbed by the EDS detectors. These characteristic X-rays allow for elemental identification 

with high accuracy. STEM-EDS acquisition was carried out on the Thermo Fisher Talos F200X 

G2 S/TEM within the (MC)2 facility using the high-visibility low-background double-tilt (α = 

(a) Elastic (b) Unfiltered (c) Thickness Map 

Nominal d
amage re

gion 

Figure 4.12 Example of an (a) elastic image, (b) unfiltered image, and (c) thickness map taken with EFTEM 
from the B4 irradiation condition. 
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±35°, β = ±30°) holder for optimized EDS acquisition and the Velox software. The EDS system 

on the Talos is equipped with a Super-X window-less detector consisting of four equal crystals 

with an active area of 4 × 30 mm2 and a solid angle of 0.9 mrad. The resolution of STEM on the 

Talos is <0.16 nm. If TEM samples for EDS analysis are too thin, statistics will suffer from a lack 

of counts. If TEM samples are too thick, the X-rays may be absorbed by the sample before hitting 

the detectors. Hence, all samples (except for one) for EDS were between 80-130 nm thick. 

Parameters for STEM-EDS acquisition are shown in Table 4.5. TiC precipitates were identified 

by their Ti composition. Due to detector limitations of accurately identifying light elements, carbon 

can be identified with EDS but it is not as reliable as heavier elements like Ti. Hence, Ti was used 

for best and most consistent results.  

 

Table 4.5 Parameters used for STEM-EDS acquisitions. 

Parameter Average Values 
Sample Thickness 80-130 nm (one sample was 150 nm) 

Pixel Size 519.0 pm 
Dwell Time 8-20 μs, depending on drift 
Count rate ~80-140 kcps 
Dead time ~10-20% 

Screen current 0.6-1.2 nA 
Map time 45 min – 1 h 

Gun 3 
Spot Size 2 

Camera Length 205 mm 
Post-processing Net filter, 3×3-pixel average filtering 

Image Size 512×512 

Magnification 
450kx, except for a few 320 and 245kx 

maps 
 

4.6 Characterization of TiC Precipitates 

Individual STEM-EDS maps were characterized to ascertain TiC precipitate diameter, 

number density, and volume fraction as a function of irradiation parameters. The number of maps 
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per condition varied as a function of the density of precipitates. A minimum of two lift-outs per 

condition were taken to account for material heterogeneity.  

The location of each STEM-EDS map was correlated to its location in the appropriate 

EFTEM thickness map and the average thickness of the area of the EDS map was extracted. 

Precipitates in the nominal damage region on each map were identified. The major axis, a, and 

minor axis, b, of each precipitate was measured in a freely available image processing suite called 

FIJI, or ImageJ. An example of a counted map, including the manual labels, is shown in Figure 

4.13. The equivalent diameter was then calculated as: 

                                                  \'> = √r × x     Eq. 4.6 

The major axes, minor axes, and equivalent diameters of each STEM-EDS map were 

digitally recorded. The mean equivalent diameters of the precipitates present in each map for a 

given condition were calculated, and the final average equivalent diameter for each condition was 

calculated as the average of the mean equivalent diameters of each map. The same was done for 

the equivalent radii. The error was calculated as the standard error of the mean equivalent 

diameters of each map. The volume of each precipitate in every map was summed and divided by 

the total volume assessed per map. Final values for the volume fraction of each condition were 

calculated as the average and standard error of the volume fractions of each map. The number 

density of each map was calculated as the number of precipitates counted divided by the total 

volume assessed for each map. Final values for the number density of each condition were 

calculated as the average and standard error of the number densities of each map for that condition. 

This method of error analysis allows for a quantitative understanding of the heterogeneity present 

in the precipitate size, number density, and volume fraction for each condition. 
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Outlier analysis was also conducted for all precipitates in each condition. Outliers for each 

condition were found by calculating the interquartile range. Any measured diameters outside of 

the interquartile range were removed from the analysis (Figure 4.14). All data presented within for 

precipitate equivalent diameter (e.g., size), number density, and volume fraction reflect data free 

from outliers. 

Precipitate size distributions were calculated using Gaussian kernel density estimation with 

the built-in Python 3.7 Seaborn violin plot function. The violin plots were scaled by the number 

of observations present for each condition. The optimal bandwidths for the violin plots were 

assessed individually for each condition using the built-in Scott criterion [109]. Box plots showing 

the mean diameters and interquartile range were also calculated with the built-in Python 3.7 

Seaborn box plot function overlaid onto the violin plots. Individual measurements of precipitate 

diameters were also overlaid onto the violin and box plots using markers. 

 
 
 
 
 
 
 
 
 
 

Ions 

Figure 4.13 An example of a STEM-EDS map for Ti showing TiC precipitates in the nominal damage region 
(in between yellow brackets). Only precipitates in this region or touching the edges of this region were 
counted for the irradiation conditions. 
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4.7 Characterization of Size and Density of Cavities  

Imaging of cavities in the matrix and on precipitates in dual ion irradiated CNA9 specimens 

was also completed on the Thermo Fisher Talos F200X G2 S/TEM. Conventional TEM off-zone 

bright-field (BF) imaging using Fresnel contrast was utilized to image cavities. A standard 

procedure for consistent imaging of cavities across all samples was used. Cavity images were taken 

with Gatan One View bottom mount camera at 245kx with an acquisition time of 2-8 μs and a 

resolution of 4k. The magnification at 245kx allowed for a field of view of 250.2 nm × 250.2 nm 

and a resolution of 0.061 nm/pixel. Cavity imaging occurred in regions of interest that had been 

compositionally mapped with STEM-EDS to allow for spatial correlations to be made between 

location of cavities (in the matrix or on the precipitate-matrix interface) to the size and density of 

cavities.  

Figure 4.14 Outlier analysis was conducted on each condition studied. This is an example of the analysis for the 
single beam 15 dpa condition at 300°C, where one only outlier (the white circle in (a)) was removed. 
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A series of underfocused and overfocused images were collected in each region of interest 

from a focus value of -1 μm to +1 μm in incremental 0.5 μm steps. Cavities do not have noticeable 

contrast when imaged in focus. However, deviating the focus value from the in-focus condition 

causes contrast of the cavities to become noticeable due to their mass difference with the Fe matrix. 

In underfocused images, cavities appear as lighter features with a darker fringe around them. In 

overfocused images, the cavities appear as darker features with a lighter rim around them. The 

underfocused images taken at -0.5 μm were used to estimate the size and density of the cavities 

per condition. The images taken at -0.5 μm, +1 μm, and -1 μm were used to help verify that the 

feature identified as a cavity in the -0.5 μm image was indeed a cavity. Example images of 

underfocused and overfocused cavities in the matrix are shown in Figure 4.15. This region of 

interest in the C9 condition had no MX-TiC precipitates present. Cavities on the precipitate-matrix 

interface were observed by overlaying CTEM BF images on top of STEM-EDS maps of Ti. This 

way TiC precipitates, and any correlated cavities, could be assessed. An example of a CTEM BF 

image in the -1 μm underfocused condition overlaid on top of a STEM-EDS map of Ti is shown 

in Figure 4.16. The diameters of the cavities in the matrix and on the TiC precipitate-matrix 

interfaces were assessed with ImageJ.  

Cavity size distributions were plotted in two different manners. In the first method, the 

distribution was calculated using a Gaussian kernel density estimation with the built-in Python 3.7 

Seaborn violin plot function. The violin plots were scaled by width. Width, instead of the number 

of counts as was done for precipitates, was used to scale the plots because the number of matrix 

cavities greatly outnumbered those attached to precipitates. Hence, the width of the size 

distribution would be too small to properly observe if the number of counts was used to scale the 

distributions. The optimal bandwidths for the violin plots were assessed individually for each 
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condition using the built-in Scott criterion [109]. The second method to visualize the cavity 

distributions of both matrix and precipitate-attached cavities was completed by plotting a log-log 

scale of the cavity sizes versus the cavity density. The density bins were calculated with a 0.5nm 

size resolution per bin below 5 nm and a 1 nm size per bin for cavities greater than 5 nm in 

diameter. The distribution was calculated using the built-in Matplotlib histogram function in 

Python 3.7. A smoothed curve was then plotted to outline the shape of the histogram.  

To assess swelling from the total number of cavities, the volume of each cavity assessed in 

the nominal damage region of each map was calculated assuming all cavities were spheres. The 

total volume of all cavities in each map was summed and divided by the total volume of the map 

assessed: 

 .o-||$Hu	(%) = 	
ΔF7$8969'?

ΔF#$& − ΔF7$8969'?
× 100% Eq. 4.7 
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(a) In focus 

(d) -1 µm 

(b) -0.5 µm (c) +0.5 µm 

(e) +1 µm 

Figure 4.15 CTEM BF micrographs (a) in focus, (b) underfocused by 0.5 µm, (c) 
overfocused by 0.5 µm, (d) underfocused by1 µm, and (e) overfocused by 1µm in the 
same area on a CNA9 specimen irradiated to 15 dpa at 500°C with 10 appm He/dpa 
and 7×10-4 dpa/s. 
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4.8 Further Considerations of Error Analysis 

Error for the precipitate size was previously discussed. The standard errors of precipitate 

diameter provide a measurement of heterogeneity of precipitate sizes between maps of the same 

condition. Another method of deriving error comes from resolution of the EDS maps used for 

precipitate analysis. The resolution was approximately 0.5 nm/pixel in ImageJ. Hence, the error 

for each diameter could also be calculated as: 

 á@9$#'6'+ =
0.52
\  Eq. 4.8 

where d is the diameter of the precipitate. This method of error was calculated for the control 

condition. All error propagations were completed with the uncertainties package (version 3.1.6) in 

Python. The error for each precipitate diameter measurement was calculated and was propagated. 

First, the average diameter of each EDS map was calculated. Then, the average of those averages 

Figure 4.16 An example showing how cavities in the matrix and on precipitate-matrix interfaces were identified. A 
CTEM BF image in the underfocused condition was carefully aligned to match the same region of interest from a 
STEM-EDS map of Ti. 
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was taken. The final precipitate diameter for the control condition was 7.8 ± 0.008 nm. The value 

calculated using the other method described in section 4.2.8 was 7.8 ± 0.3 nm.  

Since the fractional error is dependent on the size of the measurement, this analysis was 

also carried out for the D1 condition, as it had the largest precipitate sizes. The value of the average 

diameter calculated using the error from the ED resolution was 14.9 ± 0.01 nm, whereas an error 

of 14.9 ± 2.2 nm was derived from the heterogeneity between EDS maps. As can be clearly seen, 

the error derived from the heterogeneity between EDS maps is significantly greater than that from 

the EDS map resolution. As such, the error from the EDS map resolution was ignored and thus not 

reported in further quantification of the microstructures. 

Error for void swelling values were calculated as follows. For each irradiation condition, 

multiple CTEM images were taken to assess the cavity structure. The cavity diameters in each 

image were measured and stored digitally. The volume of each image was also calculated and 

stored. The error associated with the cavity diameters was calculated by taking the TEM resolution 

into consideration. The TEM used for cavity imaging as a 0.25 nm point-to-point resolution. 

Hence, the fractional error for each diameter was calculated as: 

 á@9$#'6'+ =
0.25
\  Eq. 4.9  

where d is the diameter of the cavity. The error for each cavity diameter was calculated. The error 

associated with the volume of each image derived from the EFTEM thickness mapping. An error 

of 10% is assumed to account for the error in this method of obtaining TEM lamellae thickness 

[110]. The error in the cavity number density also derives from the 10% thickness measurement 

error. Since swelling depends on both the errors associated with the cavity diameter and the volume 

of the images, the final error for swelling was propagated with the uncertainties Python package 

during swelling calculations. 
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One further point to consider is the grain-to-grain variability of CNA9, which adds 

additional uncertainty in a bulk-like measurement of cavity-induced swelling. Swelling was not 

found to significantly vary from grain to grain, but the number density of TiC precipitates could 

vary significantly at times. It is thought this variation is due to the variation of Ti present from 

grain-to-grain and is a result of the material fabrication process. To minimize this uncertainty, a 

minimum of two TEM specimens were extracted for each condition from different regions of the 

irradiated sample characterization was completed in multiple grains per lift-out. However, only 

one liftout was taken for conditions with no precipitates and only one liftout used for the control 

specimen characterization. Additional control specimen characterization was completed prior to 

this work by ORNL collaborators. 

4.9 Calculation of Interstitials and Vacancies under Irradiation and Sink Strength 

To calculate the point defect concentrations, a standard rate equation for the change in 

defect concentration for interstitials and vacancies with time was used from [1]:  

 \à8
\7 = 6â; −	â98à9à8 −	â8?à8à? 

Eq. 4.10 

 \à9
\7 = 6â; −	â98à9à8 −	â9?à9à? Eq. 4.11 

where Cv is the vacancy concentration, Ci is the interstitial concentration, 6 is the production 

efficiency for heavy ion irradiations (shown to be ~ 0.1 [111]), K0 is the defect production rate, Kiv 

is the vacancy–interstitial recombination rate coefficient, Kvs is the vacancy–sink reaction rate 

coefficient, Kis is the interstitial–sink reaction rate coefficient, and Cs is the sink concentration. 

Hence, the second term in the equations represents the annihilation of point defects due to mutual 

recombination and the final terms represent the loss of point defects (interstitials or vacancies) to 

sinks.  
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The vacancy–interstitial recombination rate coefficient is defined as: 

 
â98 =

ä98Ω(29 + 28)
r!  Eq. 4.12 

where ä98 is the combinatorial factor equal to 500, Ω is the atomic volume of the matrix, and r is 

the lattice parameter of the matrix.  

The reaction rate constants (â(9,8)%) describe the reaction between an interstitial or vacancy 

with a sink. The reaction rate constants are a function of the diffusion coefficient of point defects 

and the tendency of the reaction to occur, called the sink strength (Q(9,8)%! ): 

 â(9,8)%à(9,8)à% =	Q(9,8)%! à(9,8)2(9,8) Eq. 4.13 

The point defect rate equations can be rewritten to include sink strengths by substituting 

the definition of the reaction rate constants into Eq. 4.10 and Eq. 4.11: 

 \à(9,8)
\7 = 6â; −	â98à9à8 −	Q(9,8)! 2(9,8)à(9,8) 

Eq. 4.14 

where	Q(9,8)!  is the sink strength for either vacancies or interstitials and 2(!,") is the diffusion 

coefficient for either vacancies or interstitials. The sink strengths for interstitials and vacancies 

were calculated for each irradiation condition using the measured values of cavities and 

precipitates (given in Chapter 5) from this work and the measured values of dislocation lines and 

loops, prior austenite grains (PAGs), and laths from [42] and [33] for Grade 91. The total sink 

strengths (Q!) for interstitials and vacancies are the sum of the sink strengths of the individually 

measured sinks, accounting for the bias of interstitials for dislocations: 

 Q8! =	åQ8?!
?

= QB(! + Q7$8! + Q&&6?! + Q@9?!  Eq. 4.15 

 Q9! =	åQ9?!
?

= QB(! + Q7$8! + Q&&6?! + Q@9?!  Eq. 4.16 
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 Q! = Q8! + Q9! Eq. 4.17 

where QB(!  is the grain boundary sink strength from PAGs and laths, Q7$8!  is the sink strength 

from voids and bubbles, Q&&6?!  is the precipitate sink strength from the MX-TiC precipitates, and 

Q@9?!  is the dislocation sink strength. 

The sink strength of cavities was calculated by assuming all cavities below 5 nm are 

helium-pressurized bubbles and all cavities over 5 nm are voids: 

 Q7$8! =	Q(C(! +	Q8D9@!  Eq. 4.18 

 Q(C(! =	Q(C(,9! + Q(C(,8!  Eq. 4.19 

 Q(C(,9! = 	4ç9Zé(C(4(C( Eq. 4.20 

 Q(C(,8! = 	4ç8Zé(C(4(C( Eq. 4.21 

 
ç9 =

EF',)*'+,-GF+,)*'+,-HI.! .: J
% .⁄

+'K+#0#KF#0#,'I.! .: J
% .⁄   Eq. 4.22 

 ç8 = 1 Eq. 4.23 

 Q8D9@! = 	4Zé8D9@48D9@ Eq. 4.24 

where Q(C(,9!  is the sink strength of bubbles for interstitials, Q(C(,8!  is the sink strength of bubbles 

for vacancies, Q(C(!  is the total bubble sink strength, é(C( is the number density of bubbles, 4(C( 

is the average radius of bubbles, ç9 is the bias of bubbles for interstitials, ç8 is the bias of bubbles 

for vacancies, 48 is the radius of a vacancy (taken as the radius of an Fe atom), and è8,7$896L and 

è9,7$896L are fitting parameters derived from Ref. [112]. è8,7$896L and è9,7$896L are equal to 0.83Å 

and 3.19 Å, respectively. Voids are assumed to be neutral sinks. 

The sink strength of MX-TiC precipitates was calculated as [61]: 
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 Q&&6! = 	4Zé&&64&&6 Eq. 4.25 

where é&&6	is the number density of precipitates and 4&&6 is the average equivalent radius of the 

precipitates [1].  

The sink strength of dislocations was calculated as: 

 Q@9?! =	QMDD&! + QM9N'!  Eq. 4.26 

 Q(MDD&,M9N'),9! = 2ê9Zé(MDD&,M9N')4(MDD&,M9N') Eq. 4.27 

 Q(MDD&,M9N'),8! = 2ê8Zé(MDD&,M9N')4(MDD&,M9N') Eq. 4.28 

 Q(MDD&,M9N')! = Q(MDD&,M9N'),9! + Q(MDD&,M9N'),8!  Eq. 4.29 

where QMDD&!  is the sink strength of dislocation loops, QM9N'!  is the sink strength of dislocation lines, 

ê9 is the bias factor of dislocations for interstitials, and ê8 is the bias factor of dislocations for 

vacancies. ê8 is assumed to be 1, meaning dislocations are not biased toward vacancies, based off 

of literature [1]. ê9 was calculated to be 8% from Ref. [112]. ê9 was calculated by using the bias-

driven criterion to determine the critical bubble radius. The bias-driven criterion in Ref. [112] is 

defined as a model of cavity behavior in which growth of small cavities is driven by helium 

accumulation until a critical radius is reached, whereby cavities grow via bias-driven partitioning 

of point defects. The critical bubble radius is the radius of cavities where the cavities transition 

from being stabilized by helium gas to a vacancy-biased growth regime. The critical bubble radius 

is solved for by setting the biases for dislocations and cavities equal and solving for the cavity 

radius that allows this criterion to be true: 

47+96(9$?G@+98'N

= 	
Nè9,7$896L − è8,7$896LO(9# 9⁄ )2 "⁄ 	 − 	ê9N48$7 + è8,7$896L(9# 9⁄ )2 "⁄ O

ê9
	 

Eq. 4.30 
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It was determined that the critical bubble radius from this equation matched experimental data at 

500°C if ê9 was equal to 8%. 

 The sink strength of grain boundaries was calculated using the following equation: 

 QB(! = QPQR! + QM$6S!  Eq. 4.31 

where   

 

QPQR,M$6S! =
6íQ9N?9@'	B+$9N!

\PQR,M$6S
 

Eq. 4.32 

 Q9N?9@'	B+$9N! = Q7$8! + Q&&6?! + Q@9?!  (SI) Eq. 4.33 

 Q9N?9@'	B+$9N! = Q7$8! + Q&&6?! + Q@9?!  +Q(C(!  +Q8D9@!  (DI) Eq. 4.34 

 

The diffusion of interstitials and vacancies were assumed to have an Arrhenius 

dependence: 

 
2(9,8) = è(9,8)ì(9,8)-

UG5!
(+,')

-.
V W

 
Eq. 4.35 

where è is 1/6 for interstitials and 1 for vacancies, ì is the jump frequency for either vacancies or 

interstitials, Q is the Boltzmann constant, 9 is the temperature, and :# is the migration energy of 

interstitials or vacancies [1,42].  

 The previous equations were used to solve for the point defect concentration from Eq. 4.14 

by setting @X(+,')@6 = 0 to solve for steady-state from Ref. [1]: 

 
!8?? =	

−Q9?!29
2â98

+	î
6â;Q9?!29
â98Q8?! 28

+	
(Q9?! )!29!

4â98!
 Eq. 4.36 
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!9?? =	

−Q8?! 28
2â98

+	î
6â;Q8?! 28
â98Q9?!29

+	
(Q8?! )!28!

4â98!
 Eq. 4.37 

The vacancy and interstitial fractions present at certain irradiation conditions are: 

 à8?? =
!8??

!#$6+9%
 Eq. 4.38 

 
à9?? =

!9??

!#$6+9%
 Eq. 4.39 

All error associated with the input values to the equations above were propagated with the 

use of the uncertainties Python package. The results of the calculations for point defect 

concentrations are shown in Table 4.6. Sink strength calculations for select single ion irradiation 

experiments are shown in Table 4.7and for dual ion irradiation experiments in Table 4.8. 

The same values for dislocation loops and lines were used for the single and dual beam 

calculations. Dislocation loop size and density for 300°C was taken from Ref. [113]. Ref. [113] 

irradiated Grade 91 to 30 dpa at 300°C with a dose rate 2×10-3 dpa/s. As dislocation loop size and 

density are a function of temperature, dose, and dose rate, it can be assumed that the value used 

here will not exactly match CNA9’s value at 300°C but were appropriate for use due to lack of 

literature data [114]. Values for dislocation loop size and density and for dislocation line density 

for all temperatures besides 300°C were taken from Ref. [42]. Dislocation line density for 300°C 

assumed to be same as at 400°C, as data was lacking from literature. Values from Ref. [42] did not 

match the experimental conditions in this work exactly. Ref. [42] used Grade 91 irradiated at 

406°C-16.6dpa-7×10-4 dpa/s-4.3 appm He/dpa, 480°C-16.6dap-7×10-4 dpa/s-4.3 appm He/dpa, 

and 570°C-15.4dpa-7×10-4 dpa/s-4.3 appm He/dpa. Hence, values from Ref. [42] input for 400°C 

in these calculations were taken from the experiment run at 406°C. Values input for 500°C in these 

calculations were taken from the experiment run at 480°C. Values input for 600°C in these 
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calculations were taken from the experiment run at 570°C. Errors for dislocation loop size and 

density from Ref. [42] were reported in the reference. As explained in Section 4.2.2 Grade 91 is 

an appropriate surrogate material due to the similarity in composition to CNA9 and the similar 

grain and lattice structures. Hence, it is assumed that values of dislocation line densities of Grade 

91 can be used for CNA9, within appropriate reason. However, the helium rate used in this thesis 

was 2.3× greater than used in Ref. [42]. Helium implantation level has been shown to affect the 

dislocation structure by altering the ratio of dislocation loop type in BCC Fe-Cr steel alloys, but 

not by altering the number density of total dislocation loops [115]. Hence, it is assumed that using 

the dislocation loop size and densities from Ref. [42] is appropriate within reason. 

Values for the prior austenite grain (PAG) size was taken from Ref. [42] and the martensite 

lath size was taken from Ref. [24]. Error for the lath size was assumed to be 10% to cover the 

spread of lath sizes found in literature [33]. Values for MX-TiC precipitates, bubbles, and voids 

were from this work. The errors for MX-TiC precipitates, bubbles, and voids have been explained 

previously in this chapter.  

It can be observed from Table 4.7 that sink strength is mainly derived from the dislocations 

in single ion irradiated samples. In samples that underwent dual beam irradiation (Table 4.8), 

bubbles contributed the most significantly to the sink strength of the samples. This led to total sink 

strengths 8-9 orders of magnitude greater than the total sink strengths calculated for the single 

beam conditions. The MX-TiC precipitates contributed minimally to the total overall sink strength 

in all conditions. It can also be noticed that the precipitates contributed a greater percentage to the 

overall sink strength as temperature increased, due to the increase in volume fraction of precipitates 

with temperature. A comparison between the precipitate sink strength and total sink strengths in 

single and dual ion irradiated conditions are shown in Figure 4.18 and Figure 4.17. 
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Table 4.6 Calculated vacancy (!344) and interstitial (!544) concentrations for the irradiation conditions in the single 
and dual ion temperature series. 

Temperature 

Irradiation 
Parameters 
for Single 
and Dual 

Ion 
Conditions 

!8; 
(Vacancy) 

!8?? 
(Vacancy 

concentration in 
vac/m3) 

!9; 
(interstitial) 

!9?? 
(interstitial 

concentration in 
int/m3) 

300°C 15 dpa, 
7×10-4 dpa/s 6.3×1015 (52.5±112.4)×1019 9.1×10-16 (7.0±1.7)×1019 

400°C 

15 dpa, 
7×10-4 dpa/s 

7.7×1017 

(10.1±0.6)×1019 

3.1×10-9 

(3.1±0.2)×1019 

15 dpa, 
7×10-4 

dpa/s, 10 
appm 

He/dpa 

(9.0±0.5)×1019 (2.6±0.1)×1019 

500°C 

15 dpa, 
7×10-4 dpa/s 

2.7×1019 

(9.5±0.6)×1019 

2.1×10-4 

(5.3±0.3)×1019 

15 dpa, 
7×10-4 

dpa/s, 10 
appm 

He/dpa 

(5.0±0.2)×1019 (2.6±0.1)×1019 

600°C 

15 dpa, 
7×10-4 dpa/s 

4.3×1020 

(6.1±0.6)×1019 

1.2×100 

(5.6±0.5)×1019 

15 dpa, 
7×10-4 

dpa/s, 10 
appm 

He/dpa 

(3.2±0.2)×1019 (2.6±0.1)×1019 
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Table 4.7 Values input to calculate sink strength for single ion irradiation conditions in the temperature series to 15 
dpa with 7×10-4 dpa/s. N.C. means not calculated. 

Dislocation 
Lines 

Number 
density 
(m-3) 

300°C: 3.8×1014 
400°C: 3.8×1014 
500°C: 0.4×1014 

600°C: N.O. 
!$%&'( 	(m-2) 

300°C: 7.9×1014 
400°C: 7.9×1014 
500°C: 8.7×1013 

600°C: N.C. 

Dislocation 
Loops 

Number 
density 
(m-3) 

300°C: 4.1×1022 
400°C: 12×1021 

500°C: 0.46×1022 
600°C: N.O. !$))*( 	(m-2) 

300°C: (2.3±1.1)×1015 
400°C: (1.6±0.2)×1015 
500°C: (1.7±0.2)×1014 

600°C: N.C. Radius 
(nm) 

300°C: 4.3±2.1 
400°C: 10.1±1.2 
500°C: 29±3.8 
600°C: N.O. 

MX-TiC 
precipitates 

Number 
density 
(m-3) 

300°C: (8.8±1.8)×1020 
400°C: (1.4±0.2)×1021 
500°C: (1.7±0.3)×1021 
600°C: (1.3±0.2)×1021 !+,(  (m-2) 

300°C: (4.8±1.0)×1013 
400°C: (6.9±1.0)×1013 
500°C: (1.1±0.2)×1014 
600°C: (1.2±0.2)×1014 Radius 

(nm) 

300°C: 4.4±0.09 
400°C: 3.8±0.06 
500°C: 5.2±0.1 
600°C: 7.4±0.4 

Grain 
Boundaries 

Diameter of 
PAGs 
(μm) 

15 

!-.(  (m-2) 

300°C: (7.0±0.7)×1014 
400°C: (6.1±0.6)×1014 
500°C: (2.4±0.2)×1014 
600°C: (1.4±0.1)×1014 

Diameter of 
laths 
(nm) 

500±50 

Total !/)/(  (m-2) 

300°C: (4.6±1.1)×1015 
400°C: (3.7±0.2)×1015 
500°C: (9.7±0.6)×1014 
600°C: (5.1±0.5)×1014 
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Table 4.8 Values input to calculate sink strength for dual ion irradiation conditions in the temperature series to 15 
dpa with 7×10-4 dpa/s and 10 appm He/dpa. N.C. means not calculated. 

Dislocation 
Lines 

Number 
density 
(m-3) 

400°C: 3.8×1014 
500°C: 0.4×1014 

600°C: N.O. 
!$%&'( 	(m-2) 

400°C: 7.9×1014 
500°C: 8.7×1013 

600°C: N.C. 

Dislocation 
Loops 

Number 
density 
(m-3) 

400°C: 12×1021 
500°C: 0.46×1022 

600°C: N.O. !$))*( 	(m-2) 
400°C: (1.6±0.2)×1015 
500°C: (1.7±0.2)×1014 

600°C: N.C. Radius 
(nm) 

400°C: 10.1±1.2 
500°C: 29±3.8 
600°C: N.O. 

MX-TiC 
precipitates 

Number 
density 
(m-3) 

400°C: (9.2±1.8)×1020 
500°C: (1.8±0.1)×1021 
600°C: (1.6±0.2)×1021 !+,(  (m-2) 

400°C: (4.9±0.9)×1013 
500°C: (8.5±0.7)×1013 
600°C: (1.1±0.2)×1014 Radius 

(nm) 

400°C: 4.2±0.07 
500°C: 3.8±0.06 
600°C: 5.6±0.2 

Grain 
Boundaries 

Diameter of 
PAGs 
(μm) 

15 

!-.(  (m-2) 
400°C: (6.6±0.6)×1014 
500°C: (3.7±0.4)×1014 
600°C: (2.4±0.2)×1014 Diameter of 

laths 
(nm) 

500±50 

Bubbles 

Number 
density 
(m-3) 

400°C: (3.3±0.2)×1022 
500°C: (1.8±0.07)×1022 
600°C: (1.9±0.07)×1022 !010(  (m-2) 

400°C: (4.8±0.3)×1014 
500°C: (5.5±0.2)×1014 
600°C: (3.6±0.1)×1014 Radius 

(nm) 

400°C: 0.47±0.0049 
500°C: 0.99±0.0039 
600°C: 0.65±0.0040 

Voids 

Number 
density 
(m-3) 

400°C: N.O. 
500°C: (1.4±0.05)×1021 

600°C: N.O. !2)%3(  (m-2) 
400°C: N.O. 

500°C: (1.0±0.0)×1014 
600°C: N.O. Radius 

(nm) 

400°C: N.O. 
500°C: 5.70±0.0019 

600°C: N.O. 

Total !/)/(  (m-2) 
400°C: (4.3±0.2)×1015 
500°C: (1.9±0.1)×1015 
600°C: (1.1±0.1)×1015 
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Figure 4.17 Calculated total sink strength values for single ion irradiation experiments and dual ion 
irradiations. All irradiations were completed with a damage rate of 7×10-4 dpa/s to 15 dpa. All dual beam 
irradiations were completed with 10 appm He/dpa. 

Figure 4.18 Calculated MX precipitate sink strength values for single ion irradiation experiments and dual 
ion irradiations. All irradiations were completed with a damage rate of 7×10-4 dpa/s to 15 dpa. All dual 
beam irradiations were completed with 10 appm He/dpa. 
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Chapter 5 Results 

 
This chapter presents the results of the microstructural characterization of the samples 

irradiated in the experiments described in Chapter 4. The following sub-sections summarize the 

significant findings of the nanoprecipitate evolution in CNA9 as a function of damage rate, damage 

level, irradiation temperature, and helium co-implantation rate. The results are separated into four 

sections based on the five series of irradiation experiments explained in Chapter 4, each probing a 

single irradiation parameter response. The five series of irradiation experiments were damage rate, 

damage, temperature, constant helium implantation rate at various temperatures, and various 

helium implantation rates at constant temperature (Table 4.3). The first section describes the results 

of the damage rate series to establish damage rate effects and to choose an appropriate damage rate 

for the remaining irradiation series. The second section describes the results of the damage level 

series to determine the significance of damage level to precipitate stability. The third series 

assesses the effects of temperature on nanoprecipitate behavior with a fixed dose rate and dose. 

The three remaining series explore the effects of helium rate on the microstructure and how helium 

interplays with temperature and dose, including the effects of various helium co-injection rates. 

Quantitative cavity results and corresponding discussion will only be provided for the dual beam 

conditions, as no cavities and thus swelling was observed in the single beam conditions studied.  

STEM-EDS micrographs of Ti showing the TiC nanoprecipitates and precipitate size 

distributions in the form of violin plots will be shown for each condition. In addition, the number 

of STEM-EDS maps taken, the number of precipitates counted, the number density of precipitates, 
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the equivalent diameters of precipitates, and the volume fraction of precipitates are given in 

Appendix C. These statistics will also be shown in the appropriate sections. Refer to Chapter 4 for 

a complete explanation of how these values and their errors were calculated for each 

condition/sample. TEM-BF micrographs of cavities and cavity size distributions will also be 

shown. The methods of quantification for cavities were also explained in Chapter 4.  

It is important to first understand the size and density of the TiC precipitates before irradiation 

to better understand how irradiation can alter precipitates, if at all. STEM-EDS micrographs and 

corresponding STEM-BF images of the control specimen are shown in Figure 5.1. Precipitate size 

distributions and statistics derived from the analyzed STEM-EDS micrographs of the control 

sample are shown in Figure 5.2. The control sample was never irradiated or thermally annealed 

and was in the as-received condition. Figure 5.2 shows the number of precipitates counted per map 

(N), number density of precipitates (ρ), average equivalent diameter (d), and volume fraction (f) 

for each map. The size distribution labeled ‘Control’ was created from all precipitates counted in 

the control sample from all four maps. The errors for the statistics of the individual maps of the 

control sample are the standard errors of the average values of each map. The circular markers on 

Figure 5.2 are the individual precipitate diameter measurements. The mean solid and dashed 

interquartile lines are shown via box plots overlaid onto the violin plots. 

In this chapter, the statistical parameters of the precipitates in each irradiated condition will 

be compared to those of the control specimen by taking ratios of the number density, size, and 

volume fraction of precipitates in the irradiated condition to those in the control specimen. For 

instance, the ratio of the average equivalent diameter of precipitates in each irradiation condition 

to the average equivalent diameter of precipitates of the control specimen will be used to interpret 

the precipitate size response. However, it is important to carefully analyze the error values 



 110 

associated with the resulting ratio parameters to avoid falsely claiming statistical significance. This 

can be done through careful error analysis and propagation and by understanding the inherent 

variability in individual parameters in the control specimen itself.  

To try to understand and quantify the variability present in the control sample, the number 

density, size, and volume fraction of precipitates of each individual STEM-EDS map of the control 

specimen were compared to the same parameter calculated from the average of all maps (shown 

in the ‘Control’ column in Figure 5.2). The resulting ratios are shown in Figure 5.2 labeled as 

ρ/ρCTRL d/dCTRL, and f/fCTRL. These parameters represent the range of values that ratios calculated 

from irradiated samples must be smaller than or larger than to be considered statistically 

significant. For instance, a calculated ratio of ρIRRADIATED/ρCTRL equal to 2 would be considered 

statistically significant as it is larger than the largest value of ρ/ρCTRL in Figure 5.2 

It should be justified why the comparison of irradiated precipitate statistical parameters to the 

control specimen was chosen instead of the comparison of the irradiated size distributions to the 

corresponding thermally annealed size distributions. An assessment of the TiC precipitates in each 

thermally exposed areas of the bars used for irradiation experiments at each temperature used in 

irradiation experiments (300, 400, 500, and 600°C) was conducted. Figure 5.3 shows the analysis 

between the control and thermally annealed precipitate size distributions. The samples were 

annealed for approximately 6 h, which is the time to complete a 15 dpa irradiation with damage 

rate of 7×10-4 dpa/s (Table 4.2). No significant deviation in number density or equivalent diameter 

from the control specimen was found (Figure 5.3). As such, it was determined that the most 

accurate and consistent representation of the evolution of TiC precipitates under irradiation would 

be to compare irradiated size distributions to the aggregated control size distribution. 

Just as explained for Figure 5.2, the ratios of number density, size, and volume fraction 
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between the thermally annealed and control specimens represent the limit of statistical 

significance. Hence, the conservative values will be chosen from Figure 5.2 and Figure 5.3 to 

determine statistical significance of the changes in irradiated precipitate response. The ratios of 

number density, size, and volume fraction between the irradiated and control specimens will be 

deemed significant if they differ by more than the most conservative value of that parameter from 

Figure 5.2 and Figure 5.3. Those values are shown in Table 5.1. 

 

Table 5.1 Tabulated values from Figure 5.2 and Figure 5.3 that represent the range of statistical significance for 
future ratio calculations between irradiated and control specimens. 

Ratio Significant if less than/Lower bound Significant if greater than/Upper bound 
! !!"#$"  0.61 2 
# #!"#$"  0.87 1.3 

$% $%!"#$"  0.63 3.2 
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Figure 5.1 STEM-EDS micrographs of Ti (a,c,e,g) and corresponding 
STEM-ABF micrographs (b,d,f,g) taken from the control CNA9 
specimen, which was never irradiated or thermally annealed. 
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Figure 5.2 Size distribution plots of precipitates counted in each STEM-EDS map of the control sample. Number of 
precipitates counted per map (N), number density of precipitates (ρ), average equivalent diameter (deq), and volume 
fraction (f) are shown for each map. 
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Figure 5.3 STEM-EDS micrographs with corresponding size distributions and precipitation statistics for thermally 
annealed conditions at 300, 400, 500, and 600°C. Each condition was annealed for 6 hours. 
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5.1 Microstructure Evolution with Variable Damage Rate for Fixed Temperature and 

Damage Level 

For heavy ion irradiation, ballistic dissolution has been shown to be a function of dose rate 

when the energy of the incoming projectile is greater than the displacement energy of the 

precipitate atoms [1]. Back diffusion is mainly a function of temperature. To isolate the effects of 

ballistic dissolution and to minimize the effects of back diffusion on precipitate stability, two low 

temperature/high dose irradiation conditions were chosen: A2 (300°C, 50 dpa, 1×10-4 dpa/s) and 

A3 (300°C, 50 dpa, 7×10-4 dpa/s). The only target irradiation parameter that was varied was dose 

rate. The dose rate of 7×10-4 dpa/s was chosen because previous work showed that it creates a 

neutron-like swelling response in FM steels for advanced fission reactors [42] and 1×10-4 dpa/s 

was chosen as a reasonably low dose rate to study dose rate effects. 50 dpa was chosen as a 

reasonable damage level to be able to ascertain ballistic dissolution effects. Refer to Chapter 4 for 

a full discussion of how parameters were chosen. 

5.1.1 MX-TiC Precipitation Results 

The MX-type TiC precipitates dissolved in both conditions. This can be seen in the STEM-

EDS maps taken in the nominal damage region in Figure 5.4. To isolate the effects of irradiation 

versus temperature, STEM-EDS maps were taken in the region beneath the ion implantation depth 

where only thermal effects were present in the A2 condition. As can be observed in Figure 5.5, the 

MX-type TiC precipitates were still present in the thermal region. It was assumed that MX-TiC 

precipitates were also present in the A3 condition, as the precipitates past the implantation depth 

were annealed for ~19.8 h as opposed to ~138.9 h in the A2 condition. Hence, damage level had a 
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dominant effect over damage rate in determining the precipitate stability for the specific conditions 

studied in this series. In particular, it can be assumed that the MX-TiC precipitates dissolve at 

higher damage levels (such as at 50 dpa), and that assumption will be tested in the next series. 

Hence, all future experiments used a dose rate of 7×10-4 dpa/s to allow for faster irradiation 

experiments. It should be noted that damage rate may have an effect on precipitate behavior at 

other conditions, such as at higher temperatures and lower damage levels. However, that is not the 

focus of this work and is left to future work. Refer to Section 6.1.1 for an in-depth discussion of 

damage rate effects found in literature. 

 

Figure 5.4 (a) STEM-EDS map of Ti with corresponding (b) STEM-BF and (c) STEM-HAADF micrographs for the 
A2 irradiation condition (300°C, 50 dpa, 1×10-4 dpa/s). (d) STEM-EDS map of Ti with corresponding (e) STEM-BF 
and (f) STEM-HAADF micrographs for the A3 irradiation condition (300°C, 50 dpa, 7×10-4 dpa/s). Images 
encompass the nominal damage region that is 1.1-1.3 µm beneath the sample surface, as outlined in Chapter 4. 
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5.2 Microstructure Evolution with Variable Damage Level for Fixed Temperature and 

Damage Rate 

Based on the previous set of experiments that showed dissolution at 50 dpa at both 1×10-4 

dpa/s and 7×10-4 dpa/s at 300°C, the effects of dose were singled out for further study. In this set 

of experiments, the doses studied were 1, 5, 15, 50, and 100 dpa, which correspond to conditions 

C1-C5 in Table 4.2, respectively. Temperature and dose rate were kept constant at 500°C and 7×10-

4 dpa/s for all irradiations in this series. The temperature of 500°C was used, as opposed to the 

previously used 300°C, to assess the effect of back diffusion which was assumed to be more 

dominate at 500°C compared to 300°C. Chapter 4 also discussed the reasoning for choosing these 

irradiation parameters. This series will help to establish the damage level to use in future dual beam 

irradiations with helium co-injection to understand the role of helium on precipitate and cavity 

evolution. 

 

Figure 5.5 (a) STEM-EDS map of Ti with corresponding (b) STEM-BF and (c) STEM-HAADF micrographs for the 
unirradiated portion of the A2 irradiation condition (300°C, 50 dpa, 1×10-4 dpa/s). The micrographs show the effects 
of thermal aging of MX-TiC precipitates after exposure to 300°C for 19.8 hours. This is the time of the irradiation for 
the condition shown in Figure 5.2 (a-c). The MX-TiC precipitates remained. 

(a) Ti (b) STEM-BF (c) STEM-HAADF 
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5.2.1 MX-TiC Precipitation Results 

It can be observed from Figure 5.6 that damage level plays a critical role in precipitate 

dissolution. In the low to intermediate dose regimes (1, 5, and 15 dpa) the precipitates maintained 

a similar number density to the control specimen. The precipitates at low doses (1 and 5 dpa) 

maintained a similar size distribution to the control specimen as well, but precipitates at the 

intermediate dose of 15 dpa displayed growth. This is reflected in the size distributions of the 

conditions irradiated to 1, 5, and 15 dpa as compared to the size distribution of the control 

specimen. The size distributions of the 1 and 5 dpa conditions are nearly the same as that of the 

control condition, with near exact size statistics. But the size distribution of the 15 dpa sample 

shifted upward toward larger diameters. This trend is reflected in the increase in equivalent 

diameter and the resulting increase in volume fraction of the precipitates in the 15 dpa sample as 

compared to the control condition (Figure 5.6). The average equivalent diameter increased by a 

factor of 1.3±0.1 and the volume fraction increased by a factor of 1.6±0.4 in the 15 dpa sample 

over the control sample. It should be noted that the average number density increased over the 

control specimen in the 1 and 5 dpa samples, though the increase was within the standard error 

and hence was deemed insignificant. The average number density of the 15 dpa sample decreased 

from that of the control sample but was also within error. 

However, by 50 dpa and 100 dpa the MX-TiC precipitates completely dissolved. The only 

type of precipitate that remains at these high damage levels is the large non-MX-TiC precipitate 

with a diameter of about 90 nm. They remain stable most likely due to their larger size shielding 

them from dissolution. Solutes in the precipitate are less likely to ballistically eject from the 

precipitate and more likely to be displaced within the precipitate at larger precipitate sizes. For 
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future investigations of temperature effects, a dose of 15 dpa will be used because it encompasses 

an observed change but with the precipitates still being present. 

 

 

  

Figure 5.6 STEM-EDS micrographs of Ti with corresponding MX-TiC precipitate size distributions and statistics 
for the control specimen and specimens irradiated at 500°C with 7×10-4 dpa/s to 1 dpa, 5 dpa, 15 dpa, 50 dpa, and 
100 dpa. Individual measurements of precipitates are shown by markers overlaid on the violin plot size 
distributions. Circles represent precipitate sizes from the control specimen and diamonds represent precipitate sizes 
from the irradiated specimens. N.O. means not observed. 
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5.3 Microstructure Evolution with Variable Temperature for Fixed Damage Rate and 

Damage Level 

The third series assesses the effects of temperature at 300, 400, 500, and 600°C with a dose 

rate of 7×10-4 dpa/s to 15 dpa. These correspond to conditions A1, B1, C3, and D1. By analyzing 

the STEM-EDS maps of TiC precipitates for each condition to obtain and compare the size 

distributions, number densities, and volume fractions, an understanding of how single beam ion 

irradiation affects the precipitate stability as a function of temperature is established. Refer to 

Chapter 4 for a discussion on how these temperatures were chosen. 

5.3.1 MX-TiC Precipitation Results 

The results of these series are visualized with Figure 5.7 and Figure 5.8. Figure 5.7 shows the 

size distributions with a mirrored violin plot for each condition. Corresponding number of 

precipitates counted, precipitate number density, precipitate equivalent diameter, and precipitate 

volume fraction per condition are shown. Figure 5.8 shows the STEM-EDS micrographs for the 

control specimen and each irradiated condition in this series, along with the corresponding split 

violin plots displaying how the irradiation conditions changed the size distribution of TiC 

precipitates. The split violin plots show the same control size distribution on the left-hand sides 

coupled with the various irradiated conditions on the right-hand sides. The ratios of the number 

densities (ρ), equivalent diameters (d), and volume fractions (f) of the irradiated conditions to those 

of the control condition are shown at the bottom of the figure. The ratios show the irradiation 

response as compared to the control specimen. The interquartile lines on the violin plots are shown 

as dashed lines. The mean sizes and associated standard error are shown points with error bars. 

The counts of the precipitates are overlaid on the violin plots with symbols. 
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As can be seen in Figure 5.8, the ratios of the irradiated precipitate number densities to the 

control precipitate number densities (ρ/ρCTRL) at 300 and 400°C are less than 1 for each 

temperature (0.4±0.1 and 0.6±0.1, respectively), meaning that the number density decreased 

significantly with irradiation. At 300 and 400°C, the ratios of the irradiated precipitate diameters 

to the thermal precipitate diameters (d/dCTRL) are equal to about 1 (1.1±0.1 and 1.0±0.1, 

respectively), meaning the precipitate sizes did not change significantly after irradiation. Hence, 

the ratios of the volume fractions (f/fCTRL) at 300 and 400°C show there was a nominal decrease 

in volume fraction of TiC precipitates after irradiation resulting from the decrease in number 

density and stable sizes. 

Similarly, the precipitate number densities in the 500 and 600°C conditions decreased in 

comparison to the control precipitate number density (0.8±0.2 and 0.6±0.1, respectively), though 

it was not a significant decrease at 500°C. On the other hand, the volume fractions in the 500 and 

600°C conditions increased with irradiation, most notably at 600°C. The increase in the ratio of 

equivalent diameters for both 500 and 600°C was significant (1.4±0.1 and 1.9±0.3, respectively), 

but only the volume fraction increase at 600°C (6.2±1.7) can be deemed significant as it is greater 

than the aforementioned cutoff (Table 5.1). The volume fraction ratio for 500°C was 1.6±0.4, 

which is less than the cutoff for significance at 3.2. However, there is a clear lengthening of the 

tail of the size distribution at 500°C as shown in Figure 5.8. In addition, the interquartile lines of 

the 500°C size distribution have shifted upward with irradiation, most noticeably the 75% 

interquartile line. The shift upward of the distribution and interquartile lines are more pronounced 

in the 600°C condition, which is interpreted to be consistent with coarsening.  

The precipitate size behavior at 500 and 600°C may be consistent with radiation-enhanced 

Ostwald ripening, where solutes from smaller precipitates migrate to larger precipitates [19]. This 
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may be shown from the shift upward in both the 500 and 600°C size distributions of the smallest 

precipitate sizes, evident from the shift upward of the interquartile range and the mean sizes at 

those temperatures. It is also possible that solutes from TiC nanoclusters and precipitates smaller 

than the STEM-EDS resolution are migrating to larger TiC precipitates. Even if radiation-induced 

Ostwald ripening is not occurring, diffusion-mediated coarsening seems to be the dominant factor 

in precipitate stability at 500 and 600°C. Though importantly other mechanisms like ballistic 

dissolution are still operating. This will be discussed in depth in Chapter 6. This series established 

the importance of temperature to TiC precipitate stability under irradiation to intermediate dose 

(15 dpa).  

 

 

 

Figure 5.7 Size distributions and corresponding statistics for the control specimen and specimens irradiated to 15 
dpa with 7×10-4 dpa/s at 300, 400, 500, and 600°C. Size increased with increased temperature. 
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5.4 Microstructure Evolution with Variable Damage Level for Fixed Temperature, 

Damage Rate, and Helium Co-Implantation  

5.4.1 MX-TiC Precipitation Results 

As can be seen in Figure 5.9, helium had no observable effect on the MX-TiC precipitate 

dissolution at 50 or 100 dpa at 500°C and a displacement rate of 7×10-4 dpa/s. All MX-TiC 

precipitates dissolved at these high damage levels regardless of helium level, solidifying that 

Figure 5.8 STEM-EDS micrographs for the control specimen and each irradiated condition in the single beam 
temperature series, along with the corresponding split violin plots and ratios of number density (ρ), average 
equivalent diameter (d), and volume fraction (f). 
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damage level is the dominant effect on precipitate stability above 15 dpa for the conditions studied. 

However, there were differences in precipitate evolution as a function of helium at 15 dpa. These 

results will be discussed in detail in Section 5.5. 
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Figure 5.9 STEM-EDS micrographs of Ti for single beam conditions irradiated to (a) 15, (b) 50, and (c) 100 dpa. 
STEM-EDS micrographs of Ti for dual beam conditions irradiated to (d) 15, (e) 50, and (r) 100 dpa with 10 appm 
He/dpa. All conditions were irradiated at 500°C and rate 7×10-4 dpa/s. 
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5.4.2 Cavity Results 

Figure 5.10 shows representative TEM-BF micrographs of cavities for the dual beam 

irradiations at 500°C to 15, 50, and 100 dpa with 10 appm He/dpa and 7×10-4 dpa/s. The number 

of cavities counted, diameter of cavities, and the swelling values are tabulated in Table 5.2. From 

the table, these conditions exhibited bimodal cavity distributions. 

 

Table 5.2 Statistics of cavity analysis for select dual beam irradiations at 500°C to 15, 50, and 100 dpa with 10 appm 
He/dpa and 7×10-4 dpa/s. The 15 dpa condition includes cavities in the matrix and attached to TiC precipitates. See 
Table 5.3 for a detailed analysis of cavities in the 15 dpa condition. 

Parameter 15 dpa 50 dpa 100 dpa 

Number of total cavities 
792 total 

738 (<5nm) 
54 (>5nm) 

568 total 
539 (<5nm) 
29 (>5nm) 

619 total 
548 (<5nm) 
71 (>5nm) 

Diameter of matrix 
cavities 

1.3±0.01 nm (<5nm) 
10.1±0.4 nm (>5nm) 

1.6±0.07 nm (<5nm) 
11.8±0.6 nm (>5nm) 

1.9±0.02 nm (<5nm) 
16.3±0.8 nm (>5nm) 

Density of cavities  
(2.1±0.08)×1022 m-3 total 

(1.8±0.07)×1022 m-3 (<5nm) 
(0.1±0.01)×1022 m-3 (>5nm) 

(2.5±0.2)×1022 m-3 total  
(2.3±0.2)×1022 m-3 (<5nm) 
(0.1±0.01)×1022 m-3 (>5nm) 

(3.2±0.3)×1022 m-3 total  
(2.8±0.3)×1022 m-3 (<5nm) 
(0.4±0.02)×1022 m-3 (>5nm) 

Swelling from all cavities 0.2±0.01% 0.2±0.03% 1.9±0.4% 

Swelling per dpa 0.01±0.0007 %/dpa 0.004±0.0006 %/dpa 0.02±0.004 %/dpa 

 

 

Figure 5.10 Cavity results for dual beam irradiations irradiated to (a) 15, (b) 50, and (c) 100 dpa. All conditions 
irradiated with 10 appm He/dpa at 500°C with a dose rate of 7×10-4 dpa/s. Images are TEM-BF micrographs in the -
0.5 μm underfocused condition. 
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5.5 Microstructure Evolution with Variable Temperature for Fixed Helium Co-

Implantation, Damage Rate, and Damage Level 

The second set of helium experiments held the variable of dose, dose rate, and helium co-

implantation constant (15 dpa, 7×10-4 dpa/s, 10 appm He/dpa) with varying temperature (400, 500, 

and 600°C) to explore the interaction of helium and temperature. These conditions correspond to 

B4, C6, and D2. The damage level of 15 dpa was chosen because it was shown to encompass 

effects of precipitate dissolution with single beam irradiation and the effects of helium co-injection 

at this damage level can be explored. 

5.5.1 MX-TiC Precipitation Results 

Figure 5.11 and Figure 5.12 shows the dual beam precipitate responses at various 

temperatures as compared to the control specimen. The response of the TiC precipitates at 400°C 

with 10 appm He/dpa co-implanted is nearly identical to the response found at 400°C with no 

helium co-implanted: the number density of precipitates decreased, the size of precipitates 

remained stable, and volume fraction decreased with irradiation.  

However, helium did influence the responses at 500 and 600°C. The helium appears to 

have decreased the irradiation-enhanced growth of the TiC precipitates as compared to the single 

beam conditions as shown by the tail of the size distribution in Figure 5.12. At 500°C, the average 

equivalent diameter remained stable after the dual beam irradiation. The ratio of the average size 

of the precipitates at 500°C under dual beam irradiation compared to the control specimen was 

1.0±0.1. Whereas the single beam response at 500°C of this parameter was 1.4±0.1. This is also 

reflected in the size distribution at 500°C. In Figure 5.12, the distribution of the dual beam 500°C 

is almost the same as the control size distribution. This was not the case for the single beam 

irradiation at 500°C, which skewed to larger sizes. As already described, the change in average 
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equivalent diameter in the single beam irradiation at 500°C to 15 dpa was significant, but the 

change in diameter in the corresponding dual beam condition was not. 

The difference in responses between the single and dual beam conditions at 500°C can also 

be observed in Figure 5.13. This figure compares the size distributions of the single and dual beam 

irradiations as well as the ratios of the number densities, equivalent diameters, and volume 

fractions of the dual beam to the single beam conditions. The ratio between the number densities 

of the single and dual beam conditions at 500°C (1.0±0.2) shows that this parameter was not 

affected by the presence of helium and hence helium co-injection is not significantly affecting the 

dissolution. However, the average size did decrease with helium at 500°C (0.7±0.1), leading to a 

reduction in the volume fraction (0.5±0.1). This can be observed in the shortening of the tail of the 

dual beam irradiation at 500°C as compared to the single beam irradiation, as shown by the black 

arrow in Figure 5.13.  

The dual beam response at 600°C as compared to the single beam response at 600°C 

followed the same pattern as observed at 500°C: no change in number density, decrease in average 

size, decrease in volume fraction, and shortening of the tail of the size distribution with helium co-

injection. Next, the general cavity behavior will be discussed. Figure 5.14 summarizes the size, 

number density, and volume fraction of for all single and dual beam conditions (10 appm He/dpa) 

irradiated to 15 dpa with a damage rate of 7×10-4 dpa/s. 
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Figure 5.11 Size distributions and corresponding statistics for the control specimen and specimens irradiated to 15 
dpa with 7×10-4 dpa/s and 10 appm He/dpa at 400, 500, and 600°C. 
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Figure 5.12 STEM-EDS micrographs for the control specimen and each irradiated condition in the dual beam 
temperature series, along with the corresponding split violin plots and ratios of number density (ρ), average 
equivalent diameter (d), and volume fraction (f). 
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Figure 5.13 The comparison in responses between the single and dual beam conditions at 500°C. The ratios now 
show the change in parameters from the dual to the single beam conditions. Diamonds represent precipitates from 
single beam irradiations and squares from dual beam irradiations. 
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Figure 5.14 Overview of (a) equivalent diameter, (b) number density, and (c) volume fraction of MX precipitates in 
CNA9 under single and dual ion beam conditions. If no error bars are visible for markers, the error was smaller than 
the size of the marker at that condition.  
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5.5.2 Cavity Results 

The general cavity behavior was assessed at each temperature tested with 10 appm He/dpa 

(Figure 5.15). Small, spherical cavities (~1-2 nm in diameter) were found in the 400°C (Figure 

5.15a) and 600°C (Figure 5.15c) dual beam conditions homogeneously dispersed in the matrix. 

The peak swelling condition for the temperatures tested occurred at 500°C, where a bimodal cavity 

size distribution was evident (Figure 5.15b). The bimodal size distribution is explained in 

literature, which describes the occurrence of a critical cavity size above which the cavity is stable 

enough to grow with vacancy accumulation and below which is stabilized through the amount of 

gas pressure from helium [20]. Cavity statistics for three conditions are shown in Table 5.3. 

In addition, the TiC-matrix interface was studied to assess the TiC precipitates’ ability to 

trap helium in the form of helium-filled bubbles. Representative STEM-EDS maps of Ti and 

corresponding TEM-BF micrographs in the underfocused condition are shown for 400°C, 500°C, 

and 600°C in Figure 5.16, Figure 5.17, and Figure 5.18, respectively. As described in Chapter 4, 

the STEM-EDS maps and TEM-BF images were taken in the same location so as to allow for 

spatial correlation of the cavities (i.e., in the matrix or attached to precipitates). This allowed for 

accurate counting and measuring of the precipitate-attached cavities. It should be noted that TEM-

BF images are 2D projections of the 3D volume of the TEM lamellae. As such, it is possible to 

incorrectly identify cavities in the volume of the lamellae as being attached to a precipitate, if the 

2D projection renders the distance between the cavity in the matrix and the precipitate flat. 

However, typically a clear ‘halo’ of cavities around the circumference of precipitates was 

observed. The possibility of miscounting cavities in the matrix as being being attached to 

precipitates cannot be fully accounted for, however. It is assumed that this error is small such as 

not to affect the overall results of the analysis.  
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It was found that the interfaces of TiC precipitates sequestered helium in the form of 

bubbles at all temperatures tested, but that the most efficient helium sequestration occurred at 500 

and 600°C. Only 14 precipitate-attached cavities were observed in the 400°C condition, which is 

not enough to be statistically relevant. On the other hand, 162 and 366 precipitate-attached cavities 

were observed for the dual beam conditions at 500 and 600°C. This resulted in an average of 

5.3±0.4 and 4.8±0.4 TiC-attached bubbles per precipitate respectively for the dual beam conditions 

at 500 and 600°C. All precipitate-attached cavities were spherical and less than 5 nm in diameter, 

and hence were considered helium-filled bubbles.  

The size distributions of the cavities attached to precipitates and cavities in the matrix are 

shown in Figure 5.19. The uniform distributions of small matrix (<5 nm) cavities are displayed for 

the 400°C-15 dpa-7×10-4 dpa/s-10 appm He/dpa condition (irradiation condition B4, Table 4.2) 

and in the 600°C-15 dpa-7×10-4 dpa/s-10 appm He/dpa condition (irradiation condition D2, Table 

4.2). A bimodal cavity size distribution was found in the 500°C-15 dpa-7×10-4 dpa/s-10 appm 

He/dpa condition, which can be inferred from the lengthened size of matrix cavities in the 500°C 

condition in Figure 5.19 and can be more clearly seen in the log-log plot in Figure 5.20. Figure 

5.20 shows the size distribution of the precipitate-attached cavities (light blue) and the matrix 

cavities (dark blue) in 500°C-15 dpa-7×10-4 dpa/s-10 appm He/dpa condition. The precipitate-

attached cavities remain small (below 5 nm) while the matrix cavities display a bimodal 

distribution. The precipitate-attached bubbles also remained smaller than the critical bubble radius 

at 500°C. Refer to Section 4.9 for a detailed description of how the critical bubble radius was 

determined. 
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Table 5.3 Statistics of cavity analysis for select dual beam irradiations at 400, 500, and 600°C to 15 dpa with 10 
appm He/dpa and 7×10-4 dpa/s. N.M. means not measured. 

Parameter 400°C 500°C 600°C 

Number of total cavities 856 total 792 total 926 total 

Number of TiC-attached 
cavities 

14 (<5nm) 
0 (>5nm) 

162 (<5nm) 
0 (>5nm) 

366 (<5nm) 
0 (>5nm) 

Number of matrix cavities 842 (<5nm) 
0 (>5nm) 

576 (<5nm) 
54 (>5nm) 

560 (<5nm) 
0 (>5nm) 

Diameter of TiC-attached 
cavities 1.0±0.1 nm (<5nm) 1.2±0.03 nm (<5nm) 1.6±0.04 nm (<5nm) 

Diameter of matrix 
cavities 

1.0±0.04 nm (<5nm) 
0 (>5nm) 

1.3±0.02 nm (<5nm) 
10.1±0.4 nm (>5nm) 1.2±0.02 nm (<5nm) 

Density of TiC-attached 
bubbles 

(0.06±0.02)×1022 m-3 

(<5nm) (0.5±0.05)×1022 m-3 (<5nm) (0.8±0.07)×1022 m-3 (<5nm) 
0 (>5nm) 

Density of matrix cavities 
(3.3±0.1)×1022 m-3 (<5nm) 

0 (>5nm) 
(1.7±0.06)×1022 m-3 (<5nm) 
(0.1±0.01)×1022 m-3 (>5nm) 

(1.3±0.08)×1022 m-3 (<5nm) 
0 (>5nm) 

Ratio of TiC-attached 
bubbles to the number of 
TiC precipitates observed 

0.4±0.1 5.3±0.4 4.8±0.4 

Fraction of precipitate-
attached bubbles to total 

bubble count 
0.02±0.006 0.3±0.03 0.5±0.04 

Swelling from all cavities 0.002±0.0002% 0.2±0.01% 0.005±0.0002% 

 

Figure 5.15 TEM-BF micrographs in the underfocused condition showing cavities at (a) 400°C, (b) 500°C, and (c) 
600°C irradiated to 15 dpa with 7×10-4 dpa/s and 10 appm He/dpa. 
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Figure 5.16 Two sets of representative STEM-EDS maps of Ti with corresponding STEM-ABF and TEM-BF 
micrographs in the underfocused condition for the 400°C-15 dpa-7×10-4 dpa/s-10 appm He/dpa condition. The 
spatial relationship between cavities and MX-TiC precipitates was established by carefully overlaying the STEM-
EDS images of Ti over the underfocused TEM-BF micrographs. These overlays are shown in the insets outlined by 
yellow and blue. 
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Figure 5.17 Two sets of representative STEM-EDS maps of Ti with corresponding STEM-ABF and TEM-BF 
micrographs in the underfocused condition for the 500°C-15 dpa-7×10-4 dpa/s-10 appm He/dpa condition. The 
spatial relationship between cavities and MX-TiC precipitates was established by carefully overlaying the STEM-
EDS images of Ti over the underfocused TEM-BF micrographs. These overlays are shown in the insets outlined by 
yellow, blue, and purple. 
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Figure 5.18 Two sets of representative STEM-EDS maps of Ti with corresponding STEM-ABF and TEM-BF 
micrographs in the underfocused condition for the 600°C-15 dpa-7×10-4 dpa/s-10 appm He/dpa condition. The 
spatial relationship between cavities and MX-TiC precipitates was established by carefully overlaying the STEM-
EDS images of Ti over the underfocused TEM-BF micrographs. These overlays are shown in the insets outlined by 
yellow and blue. 
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Figure 5.19 Comparison of the size distributions of the cavities attached to precipitates (left-hand side of 
each split violin plot, circles) and cavities in the matrix (right-hand side of each split violin plot, squares) 
for 400°C (purple),  500°C (blue), and 600°C (green) irradiated to 15 dpa with 7×10-4 dpa/s and 10 appm 
He/dpa. 
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5.6 Microstructure Evolution with Variable Helium Co-Implantation for Fixed 

Temperature, Damage Rate, and Damage Level 

The last set of experiments assessed the effects of helium rate on precipitate stability. The 

variables of dose (15 dpa), dose rate (7×10-4 dpa/s), and temperature (500°C) were held constant 

while helium co-implantation varied (0, 10, and 25 appm He/dpa). These conditions correspond to 

C3, C6, and C9. The helium co-injection rate of 25 appm He/dpa was chosen because it 

encompasses the fusion-relevant helium rate regime for FM steels and because it was the 

maximum rate attainable experimentally to assess the effects of helium rate. 

 

500°C 
15dpa 

10 appm He/dpa 
7×10-4 dpa/s 

TEM Resolution 

Figure 5.20 A log-log plot showing the cavity density per bin width as a function of cavity diameter for 
the 500°C-15 dpa-7×10-4 dpa/s-10 appm He/dpa condition. 
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5.6.1 MX-TiC Precipitation Results 

Representative STEM-EDS maps of Ti for the 500°C-15 dpa-7×10-4 dpa/s-25 appm He/dpa 

condition is shown in Figure 5.21. Statistics for each condition in this irradiation series is shown 

in Figure 5.22. The results of the control specimen and conditions C3 and C6 have already been 

presented. The TiC precipitation structure of condition C9 (500°C-15 dpa-7×10-4 dpa/s-25 appm 

He/dpa) was nearly exactly that of the condition C6 (500°C-15 dpa-7×10-4 dpa/s-10 appm He/dpa). 

The larger precipitate sizes present in the single beam 500°C-15 dpa-7×10-4 dpa/s condition were 

not observed in either of the dual beam conditions, regardless of helium co-injection rate. 

Most likely, the helium co-injection rates (10 and 25 appm He/dpa) were not significantly 

different enough to result in different observable precipitation behavior. CNA9 has a high intrinsic 

sink strength and hence a greater difference in helium co-injection rate would most likely be 

necessary to notice effects on precipitate evolution. However, 25 appm He/dpa was the upper limit 

achievable in MIBL and hence no further studies could take place at MIBL to increase the helium 

co-injection rate to observe the effects of helium rates greater than 25 appm He/dpa. However, as 

25 appm He/dpa is within the calculated helium generation range for structural steels for fusion 

reactors, this implantation rate is relevant to fusion studies. A greater helium rate would be more 

suitable for fundamental studies. Future work could utilize other ex-situ ion beam laboratories and 

in-situ ion irradiation facilities that are able to achieve greater helium co-injection rates. Pre-

implantation may also be used to achieve the desired greater helium concentrations, however pre-

implantation can cause cavity swelling results that are not consistent with reactor-relevant 

irradiations and hence a dynamic understand of precipitates and cavity development may not be 

able to be garnered [3,116], though one study found that precipitates in HT9 were not affected by 

the method of helium implantation [117]. 
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5.6.2 Cavity Results 

The general cavity behavior of the 500°C-15 dpa-7×10-4 dpa/s-25 appm He/dpa condition can 

be seen in Figure 5.23. The sequestration of helium at the precipitate-matrix interfaces is also 

shown in Figure 5.24. Table 5.4 shows that there is no statistically significant difference in the 

density or size of cavities in the 25 appm He/dpa condition versus in the 10 appm He/dpa condition. 

Hence, the MX-TiC precipitates remain efficient helium sequestration sites at 25 appm He/dpa 

condition.  

 

500°C, 15 dpa, 25 appm He/dpa 

STEM-EDS 

Ti 

STEM-EDS 

Ti 

Figure 5.21 Representative STEM-EDS maps of Ti for the 500°C -15 dpa-7×10-4 dpa/s-25 appm He/dpa condition. 
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Figure 5.22 Statistics for the helium co-injection series at 500°C (0, 10, 25 appm He/dpa) as compared to the control 
specimen. 
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Table 5.4 Statistics of cavity analysis for select dual beam irradiations at 500°C to 15 dpa with 25 appm He/dpa and 
7×10-4 dpa/s. 

Parameter 15 dpa 
25 appm He/dpa 

Number of total cavities 896 total 

Number of TiC-attached cavities 173 (<5nm) 
0 (>5nm) 

Number of matrix cavities 670 (<5nm) 
53 (>5nm) 

Diameter of TiC-attached cavities 1.4±0.04 nm (<5nm) 

Diameter of matrix cavities 1.5±0.01 nm (<5nm) 
11.7±0.4 nm (>5nm) 

Density of TiC-attached bubbles (0.7±0.1)×1022 m-3 (<5nm) 

Density of matrix cavities 
(3.1±0.1)×1022 m-3 (<5nm) 
(0.2±0.03)×1022 m-3 (>5nm) 

Ratio of TiC-attached bubbles to the 
number of TiC precipitates observed 5.6±0.0.3 

Fraction of precipitate-attached 
bubbles to total bubble count 

0.2±0.0.007 

Swelling from all cavities 0.3±0.05% 

 

 
 
 

500°C, 15 dpa, 25 appm He/dpa 

TEM-BF 
-0.5 µm 

50 nm 

Figure 5.23 The general cavity behavior in the nominal damage region of the 500°C-15 dpa-7×10-4 dpa/s-25 appm 
He/dpa condition. 
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Figure 5.24 Two sets of representative STEM-EDS maps of Ti with corresponding STEM-ABF and TEM-BF 
micrographs in the underfocused condition for the 500°C-15 dpa-7×10-4 dpa/s-25 appm He/dpa condition. The 
spatial relationship between cavities and MX-TiC precipitates was established by carefully overlaying the STEM-
EDS images of Ti over the underfocused TEM-BF micrographs. These overlays are shown in the insets outlined by 
yellow and blue. 
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Chapter 6 Discussion 

The discussion of the results presented in Chapter 5 will be divided into two main sections. 

The first section will assess the results in the context of the scientific hypothesis as described in 

Chapter 3, that co-injected helium will suppress the growth of the pre-existing TiC precipitates 

versus ion irradiations conducted without co-injected helium due to helium-solute binding. The 

sub-sections will describe helium’s role on precipitate coarsening and dissolution. The effects of 

damage, damage rate, and temperature will also be discussed. The second section will assess the 

results in the context of the engineering hypothesis to understand the helium sequestration ability 

of TiC precipitates and its effect on swelling. 

An important note is that the irradiations described in Chapters 4 and 5 were conducted to 

varying damage levels of 1, 5, 15, 50, and 100 dpa and varying damage rates of 1×10-4 dpa/s and 

7×10-4 dpa/s. However, these values were calculated for the CNA9 matrix (which is mostly 

composed of Fe) and not for the MX-TiC precipitates. As such, a SRIM calculation was conducted 

to find the equivalent damage rate and damage level for TiC. For now on, the damage rate and 

levels will be referred to in the following format: XXTiC or YYmatrix where XX refers to the value 

of the damage rate or level for the MX-TiC precipitates and YY for the matrix (Table 6.1). See 

Appendix D for full details. In addition, the helium rate is expected to be different within the MX-

TiC precipitates as compared to the matrix value. However, this value is not relevant as it is 

assumed that helium migration to the surface from the matrix is greater than the helium 

accumulation and transport within the nanoscale precipitates. 
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Table 6.1 Equivalent damage levels and damage rates for the CNA9 matrix and the MX-TiC precipitates. 

 

6.1 Precipitate Stability under Ion Irradiation 

6.1.1 Overview of MX Precipitate Stability at Various Damage Levels 

The MX-TiC precipitates dissolved by 23TiC/50matrix dpa in all single beam experiments and 

remained dissolved by 47TiC/100matrix dpa, no matter the damage rate ((0.5×10-4 dpa/s)TiC/(1×10-4 

dpa/s)matrix, (3.3×10-4 dpa/s)TiC/(7×10-4 dpa/s)matrix) or temperature (300, 500°C) tested. It should 

be noted that it is possible that not all the TiC precipitates dissolved, but that their density was so 

low as to not be observed in the volume of material assessed or their sizes so small as to not be 

detectable given the resolution of STEM-EDS (~0.5 nm). It was expected that the precipitates 

would undergo less ballistic dissolution at the lower dose rate, meaning the rate of dissolution 

would be less [111]. Likewise, it was expected that for the same damage rate and damage level the 

small MX-TiC precipitates may fully or partially succumb to ballistic dissolution at lower 

temperature (300°C) but that back diffusion would prevent such dissolution at higher temperature 

(500°C), due to the increased diffusion with temperature. The experiments conducted proved these 

hypotheses to be incorrect for these conditions. It is possible that at higher temperatures than 500°C 

the precipitates may be stable at 23TiC/50matrix dpa, but determination of that critical temperature is 

left to future work. As a reference, MX-(Ti,W,Ta)C precipitates in CNA3 were stable under 

irradiation to 50 dpa at 650°C (damage rate was not reported) [75]. This irradiation condition was 

Damage Level for CNA9 Matrix (dpa) 1 5 15 50 100 

Equivalent Damage Level for MX-TiC Precipitates (dpa) 0.5 2.3 7 23 47 

Damage Rate for CNA9 Matrix (dpa/s) 1×10-4 7×10-4 

Equivalent Damage Rate for MX-TiC Precipitates (dpa/s) 0.5×10-4 3.3×10-4 
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not conducted here as experimental conditions were constrained to those relevant to first wall and 

blanket environments and the evaluation of precipitate-helium evolution at and near peak swelling. 

These experiments show that damage level is the dominant factor in precipitate stability at and 

above 23TiC/50matrix dpa for the temperatures (300, 500°C) and damage rates ((0.5×10-4 

dpa/s)TiC/(1×10-4 dpa/s)matrix, (3.3×10-4 dpa/s)TiC/(7×10-4 dpa/s)matrix) studied. 

It should be noted that though the different damage rates tested here did not result in 

observable precipitate differences, literature highlights the importance of damage rate on phase 

stability in ion irradiation studies. The complete dissolution of MX-(Ti,W,Ta)C precipitates by 50 

dpa was observed in heavy ion irradiation of CNA3 at 450 and 500°C using a damage rate of 1×10-

3 dpa/s [74]. TaN, TaC, and VN experienced slight to significant dissolution under irradiation to 

~49 dpa with ~5×10-4 dpa/s at 500°C. As damage rate is increased in heavy ion irradiation of FM 

steels containing the a¢ phase, a¢ becomes unstable and eventually dissolves or not capable of 

forming under irradiation [111,118]. A critical damage rate can also be determined at which a¢ is 

unstable, related to the temperature of the irradiation. This critical damage rate was determined to 

be around 10-4 dpa/s for a¢ [111,118]. There is most likely a critical damage rate for MX 

precipitates in FM steels as well. This work mapped out the stability at irradiation conditions 

relevant to fusion structural materials for dose, temperature, and helium injection rate using two 

different damage rates, but determination of the critical damage rate is left to future fundamental 

studies such as in-situ TEM ion irradiations and/or neutron irradiations in materials test reactors. 

It can be ascertained from this work that the critical damage rate for precipitate stability is below 

1×10-4 dpa/smatrix for temperatures between 300-500°C, which is pushing the limits of what is 

achievable with ion irradiation experiments due to time and resource constraints. Relatedly, 

damage rate will also affect the point defect concentrations under irradiation and thus can affect 
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various phenomena related to precipitation, such as radiation induced segregation [119]. Thus, 

careful consideration of the full range of damage rate effects should be accounted for when 

mapping the stability of MX precipitates as a function of damage rate. Another related 

consideration is the applicability of MX precipitate stability under heavy ion irradiation to their 

stability in a fusion environment. Levine et al. considered this by irradiating a FeCrNi austenitic 

steel in the BOR60 fission reactor at 9.4×10-7 dpa/s to 318°C to ~5, 10, and 50 dpa [120]. An 

additional ~5 and 40 dpa were added to the BOR60-irradiated 5 dpa material with heavy ion 

irradiation at ~10-3 dpa/s from 320-420°C to compare the evolution of the microstructure. The 

study analyzed the stability of radiation-enhanced Cu-rich and radiation-induced Ni-Si-Mn-rich 

nanoclusters, not MX precipitates. The analysis showed that the accelerated damage rate under ion 

irradiation altered the development of nanoclusters. Cu nanoclusters remained after neutron 

irradiation to 50 dpa but dissolved under ion irradiation to the same dose. Ni-Si-Mn-rich 

nanoclusters, however, remained present in both types of irradiations, though the clusters grew 

into G phase precipitates under neutron irradiation whereas the cluster evolution under ion 

irradiation was dependent on temperature. Using a cluster stability model, Levine et al. found that 

the size of nanoclusters evolved in a similar fashion under both kinds of irradiation, however the 

behavior of the nanoclusters with ion irradiation was shifted to high temperatures. However, the 

size of nanoclusters under both types of irradiations converged as temperature increased and was 

nearly the same at an elevated temperature of 500°C. Levine et al. further highlights the importance 

of damage rate and temperature on phase stability [120]. Understanding the evolution of MX 

precipitates in FM steels requires low damage rate neutron irradiations. Work is ongoing on this 

front, as CNA9 was part of an irradiation campaign in the High Flux Isotope Reactor. 
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In addition, helium co-injection did not prevent the dissolution of the MX-TiC precipitates at 

23TiC/50matrix dpa or 47TiC/100matrix dpa nor did helium cause re-precipitation, as had been 

hypothesized in Refs. [48,59]. This suggests that damage level is the dominant factor over helium 

co-injection for the MX-TiC precipitate dissolution in CNA9 at the lab conditions studied, or 

effectively helium does not impact the final stability of MX-TiC precipitates. Importantly, helium 

co-injection may have affected the onset of dissolution, but it did not affect the complete 

dissolution of precipitates by 23TiC/50matrix dpa. 

While precipitate dissolution occurred at high damage levels, precipitates were still present in 

the intermediate dose regime at 7TiC/15matrix dpa at 300, 400, 500, and 600°C with and without 

helium co-injection. The precipitate response at low to intermediate damage level was governed 

by temperature and helium co-injection. At lower temperatures (300,400°C) in either single or dual 

beam irradiations, no coarsening of precipitates was observed. Rather ballistic dissolution is 

assumed to have played a dominant role, as the size distributions remained the same as the control 

specimen but there were significant reductions in precipitate number density. Helium co-injection 

had no effect on this response. However, the pre-existing size distributions of the MX-TiC 

precipitates coarsened under single beam irradiations to 7TiC/15matrix dpa at 500 and 600°C, 

suggesting radiation-enhanced growth of MX-TiC precipitates occurred at elevated temperatures 

without helium co-injection (Figure 5.13). In contrast to the single beam conditions, the coarsening 

of the size distributions of the dual beam conditions at 500 and 600°C was suppressed (Figure 

5.13). Hence, the co-injection of helium appears to have suppressed the radiation-enhanced growth 

of MX-TiC precipitates at 500 and 600°C and 7TiC/15matrix dpa. 

It is hypothesized that the effects of helium co-injection on the size responses of precipitates 

were temperature-dependent because of its effect on diffusion. Diffusion was already suppressed 
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to sufficiently low values at the lower temperature in the single beam irradiations and hence a 

further suppression of diffusion with helium co-injection had no observable effect on the 

precipitate size. Whereas radiation-enhanced diffusion was operational at elevated temperatures 

and hence helium had noticeable effects on diffusion and therefore on precipitate sizes. 

Literature shows that helium suppresses the diffusion of solutes by binding to them and 

increasing the activation barrier that needs to be overcome for solute diffusion to occur [4–9]. Ref. 

[5] discusses the interactions of helium with alloying solute atoms and interstitial carbon (C). Ref. 

[5] found that both Ti and C individually had significant binding (attraction) to both interstitial and 

substitutional helium. Though Ref. [5] did not investigate the binding of Ti-C-helium complexes, 

it did find that the binding of helium to Y2Ti2O7 nanoclusters (1.8-2.5 eV) was significantly greater 

than the binding energy values of helium with isolated Y (1.24eV), Ti (0.34eV), and O (0.33eV) 

atoms. Ref. [6] found that helium-vacancy clusters also have a positive binding energy associated 

with them based on the number of vacancies and helium atoms present. Ref. [4] suggests that C 

would have an attractive binding energy with a solute-helium complexes, but the authors did not 

specifically study Ti as a solute. Ref. [9] discusses helium interactions with 27 substitutional solute 

elements in vanadium, including Ti. The authors found that Ti solute enhances the stability of 

helium-solute–vacancy complexes, further impeding the diffusion of the vacancy-helium clusters. 

Though CNA9 is primarily composed of iron and not vanadium, they are both BCC alloys and the 

paper can provide insights into the behavior of helium in CNA9. Particularly, there is no data to 

the author’s knowledge on Ti-helium-vacancy binding in an iron matrix, and as such Ti-helium-

vacancy binding in vanadium can shed some initial insights into how this complex may behave in 

iron (i.e., increased binding with a vacancy). Based on the established literature, it is assumed that 

helium will have a positive attraction to both Ti and C and may form stable Ti-C-helium complexes, 
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most likely with vacancies as well. Table 6.2 shows the binding energies for various solute, helium, 

and vacancy complexes. For reference, the binding energies between HemVn complexes in BCC 

Fe are also shown. Calculations in this work will be done with a range of binding energies for 

helium-solute complexes that represent the low and high ends of the binding energy range in BCC 

systems found in literature as represented in Table 6.2. Future computational work, which would 

increase the fidelity of the work presented within, should focus on obtaining an accurate value for 

the binding energy of helium with Ti, C, and vacancy complexes in BCC FeCr alloys, but the 

values used here are representative of the best available data from computational literature. 

Based on the previous discussion of helium binding energies, the diffusion of various 

migrating species in CNA9 can be calculated to better evaluate the helium suppressed coarsening 

observed in 500 and 600°C precipitation results. Calculations used standard diffusion theory where 

first the thermal diffusion of Ti solutes was determined based on the microscopic diffusion 

parameters [1]: 

 26S'+#$M.9 =	28,6S'+#$M.9 à8; +	29,6S'+#$M.9 à9; Eq. 6.1 
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The diffusion of Ti under single beam irradiation was calculated from the equation for 

radiation-enhanced diffusion of a solute [121]: 

 
2153.9 = 28,6S'+#$M.9 à89++

à8;
+ 29,6S'+#$M.9 à99++

à9;
 Eq. 6.4 

where à8;, à9;, à89++, and à99++ were determined in Chapter 4 (Table 4.6). 

The diffusion of Ti in the presence of helium can be calculated from: 
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 2153,'YY.9G[ = 36789+

2KX:'%&U
7#
9+;<

=9
W
 [9] Eq. 6.5 

where range of values was chosen for the binding energy of helium, :(\', to represent the values 

in Table 6.2. The values input for :(.9G[ were 0.34 eV (Ti-1NN Hesub in BCC Fe)(	

:(.9G\' , 2153,'YY.9G\' ) and 1.3 eV (Ti-V-1NN Heoct in vanadium)(	:(.9G\'G8 , 2153,'YY.9G\'G8). The value of 

0.34 eV (Ti-1NN Hesub in BCC Fe) was chosen because it is the most attractive binding energy for 

the simple Ti-helium complex in an Fe matrix and 1.3 eV (Ti-V-1NN Heoct in vanadium) was 

chosen to represent an upper limit on the effects of helium on diffusion found in literature – but, it 

is recognized this value is derived from a different materials system and thus may not be fully 

accurate for the system studied within. In future sections, :(.9G\'=0.34 eV may be referred to as 

“weak” binding and :(.9G\'G8=1.3 eV may be referred to as “strong” binding. The descriptive 

words of “weak” and “strong” serve to compare the binding effects between :(.9G\' and :(.9G\'G8 

and not to describe them as the weakest or strongest binding found in literature.  

The diffusion of Ti was used because it is assumed to govern the evolution of the TiC 

precipitates as the rate-limiting species. This was determined by calculating the diffusivities 

(product of diffusion and concentration of the species) of both Ti and C. Ti had a smaller diffusivity 

than C, and hence is considered the rate-limiting species. For a full analysis, see Appendix E. 

Figure 6.1 plots the calculated diffusion values for all temperatures tested. The orange line 

in Figure 6.1 represents the radiation-enhanced diffusion under single beam conditions (2153.9 ), the 

black line represents thermal diffusion (26S.9), and the blue lines represent radiation-enhanced 

diffusion under dual beam conditions accounting for the effects of helium (2153,'YY.9G\' , 2153,'YY.9G\'G8 ). 

Figure 6.1 then shows that helium can suppress the diffusion of Ti complexes as shown by the blue 

curves (2153,'YY.9G\' , 2153,'YY.9G\'G8 ) being pushed to lower diffusion values beneath the orange curve 
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(2153.9 ). If only weak binding is present (represented by 2153,'YY.9G\'  with :(.9G\'=0.34 eV), then the 

diffusion of Ti under dual beam irradiation is nearly the same as under single beam irradiation. 

Strong binding is represented in Figure 6.1 by 2153,'YY.9G\'G8 with :(.9G\'G8=1.3 eV. The filled-in gray 

area between the two blue curves represents the possible values of diffusion under dual beam 

conditions, as the blue curves represent the extreme low and high regimes of helium solute binding 

from literature. Note, that the diffusion for a dual beam condition at 300°C is not shown because 

a dual beam irradiation was not completed in this work. Thus, there is no data on cavities at 300°C 

to be used in determining à89++ 	and à99++ and in determining diffusion. 

The values of à89++ and à99++ used in the diffusion calculations are dependent on the 

dislocation line and loop densities, since the dislocation lines and loops represent the greatest sink 

in the material (Figure 4.17). These values were ascertained from literature (Section 4.9). As such, 

it is important to understand if a variation in dislocation line and loop densities would alter the 

results of the diffusion calculations. An analysis was conducted that varied the dislocation line and 

loop densities by 10× less than or 10× greater than the values from literature given in Section 4.9. 

It was concluded that a variation in dislocation line and loop densities did not alter the conclusions 

presented within. See Appendix F for details.  

The suppression of Ti diffusion resulting from the binding of Ti with helium complexes 

(possibly containing C and vacancies) is hypothesized to explain the reduced growth of the MX-

TiC precipitate size distributions in the elevated temperature (≥500°C) dual beam conditions. 

Binding with helium renders Ti solutes and Ti solute complexes less likely to partake in the back 

diffusion necessary for precipitate growth. The helium-solute binding was not enough to prevent 

some growth of the precipitates at 600°C due to the greater radiation-enhanced diffusion over the 

lower temperature irradiations. There was, however, a 20% reduction in the maximum MX 
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precipitate size, a 25% reduction in the mean MX precipitate size, and 25% reduction in the upper 

quartile of the size distribution in the dual beam condition over the single beam condition at 600°C, 

indicating that helium solute binding was still significant at 600°C. 

By looking at Figure 6.1, the thermal diffusion of Ti under single beam irradiation and the 

radiation-enhanced diffusion of Ti are very similar at 600°C, with the thermal diffusion only 

slightly greater. This is due to the thermal concentration of vacancies being nearly equal to those 

produced from radiation damage at 600°C. The thermal vacancy concentration at 600°C is 

4.3×1020 vac/m3, the concentration under single beam irradiation is (6.1±0.2)×1019 vac/m3, and the 

concentration under dual beam irradiation is (3.2±0.2)×1019 vac/m3. However, under thermal 

annealing conditions at 600°C for the same amount of time as it took to reach 7TiC/15matrix dpa (~6 

h), there were no significant changes in the size distribution of pre-existing TiC precipitates. 

Hence, it can be assumed that radiation is the main influence on the coarsening of the precipitates 

in the single beam 600°C irradiation, perhaps due to combined effects of ballistic dissolution 

increasing the solute matrix concentration and of diffusion, and that helium co-injection is the main 

influence on the suppression of solute species diffusivities leading to the suppression of coarsening 

in the dual beam 600°C irradiation. 

It can be concluded that helium co-implantation reduces the growth of precipitates during 

ion irradiation experiments at temperatures where precipitate size distributions are controlled by 

diffusion-mediated processes in single beam conditions (500, 600°C). This occurs by helium atoms 

binding to Ti solutes and suppressing the long-range motion of the helium-Ti complex. The 

complexes decrease the effective diffusion of Ti in the matrix, thus decreasing the contribution of 

thermal coarsening of precipitates under irradiation. This effect is observable at 500 and 600°C, 

where radiation-enhanced precipitate coarsening was either dominant or a major contribution 
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during single beam irradiation to precipitate evolution. This helps to explain why helium shifted 

TiC size distributions to lower precipitate sizes at elevated temperature and intermediate dose, 

before ballistic dissolution effects became dominant at higher damage levels. 

It should be noted that this analysis of helium’s effect on diffusion is a rather simplified 

analysis of very complex processes that occur simultaneously. Nevertheless, this approach garners 

useful information on understanding helium’s effects on the microstructure. Future work should 

consider the effects of various sites of interstitial and substitutional helium (i.e., octahedral site for 

an interstitial helium or second nearest neighbor of a substitutional helium) on the overall binding 

energy landscape, the de-trapping of helium from C-Ti-helium complexes to ascertain a dynamic 

understanding of helium’s effects on diffusion, and how vacancies and C may affect the binding 

of Ti-helium complexes in BCC FeCr systems. Particularly, Ti diffuses by the vacancy mechanism 

so understanding how the flow of Ti in regard to vacancies changes with point defect-solute 

binding would be useful information. In-depth modelling studies, and likely an expansion of the 

experimental irradiation conditions, are needed to ascertain this information.  

Future experiments could test the precipitate stability at and above 23TiC/50matrix dpa at higher 

temperatures to see if radiation-enhanced diffusion begins to play the dominant factor in precipitate 

stability at such damage levels. For instance, MX-(Ti,W,Ta)C precipitates were still present in 

CNA3 after dual beam irradiation to 50 dpa at 650°C [122]. But this work did not provide the 

damage rate used nor did it assess the stability effects at various temperatures. Hence, it is difficult 

to draw conclusions from this study due to the limited conditions as well the possibility of different 

initial MX precipitate composition, size distribution, and density. Future work could also assess if 

helium has effects on other diffusion-mediated mechanisms, such as radiation-induced 

segregation, as this would further the results of this work but was outside of its scope. In addition, 
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it is hypothesized that helium co-injection did not alter the number density of MX precipitates 

because no new MX precipitates nucleated under irradiation. This contrasts with austenitic steels, 

where MX precipitates may nucleate in the low dose regime under irradiation. The number density 

in austenitic steels is changed by helium co-implantation due to helium changing the dislocation 

loop structure which in turn affects MX precipitate nucleation and density [123]. Lastly, these 

experiments show that there is a critical dose to dissolution between 7TiC/15matrix and 23TiC/50matrix 

dpa. However, the determination of that critical dose value would take an excessive amount of 

time and resources and hence is left for future work, perhaps for in-situ irradiation experiments 

which are better suited to that type of experiment [124]. In addition, knowing the exact onset of 

dissolution is unnecessary for the practical operation of fusion power plants, as the critical dose 

between 7TiC/15matrix and 23TiC/50matrix dpa represents a small fraction of the expected desired 

lifetime of a commercial fusion power plant. Whether the precipitates dissolve at 7TiC/15matrix or 

23TiC/50matrix dpa, they are not lasting the desired lifetime of the reactor, and hence from a practical 

aspect exact determination of the onset of dissolution is not necessary.  

 
 
Table 6.2 The binding energies for various solute, helium, and vacancy complexes. 

Matrix Complex Binding/Attraction (eV) Reference 
BCC Fe Ti-1NN Hesub 

Ti-1NN Hetet 
C-1NN Hesub 
C-1NN Hetet 

0.34 
0.16 
0.33 
0.15 

[5] 

Vanadium Ti-1NN Hesub 
Ti-1NN Hetet 
Ti-1NN Heoct 
He-V 
Ti-V-1NN Heoct 

- 
0.22 
0.03 
1.01 
1.3 

[9] 

BCC Fe He-V 
He2V 
He3V 
He4V 
He2V4 
He3V4 
He4V4 

2.3 
1.84 
1.83 
1.91 
3.12 
3.16 
3.05 

[10] 
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Table 6.3 Variables and their values used in the diffusion calculations. 

Variable [10,11] Symbol Value 

Jump frequency & Vacancies: 1.6×1013 Hz 
Interstitials: 2.9×1012 Hz 

Lattice parameter of the 
matrix a 2.96 Å 

Interstitial formation 
entropy '%& 2.17 ev/K 

Vacancy formation entropy ''(  0 eV/K 
Interstitial formation energy (%& 1.6 eV 
Vacancy formation energy (%(  5 eV 

Interstitial migration energy ('&  0.62 eV 
Vacancy migration energy ('(  0.35 eV 

 

Figure 6.1 Thermal diffusion (">?@5, black line), radiation-enhanced diffusion in single beam conditions ("ABC@5 , 
orange line), and helium-suppressed diffusion in dual beam conditions ("ABC,DEE@5FGD  and "ABC,DEE@5FGDF3, blue lines). The 
solid blue line refers to strong Ti-helium-vacancy binding and the dashed blue line refers to weak Ti-helium binding. 
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6.1.2 Radiation-enhanced diffusion at intermediate damage levels 

Diffusion is an important aspect to precipitate stability and coarsening, as was ascertained 

from the previous section. Diffusion is a determining factor of growth kinetics in a commonly 

observed precipitate coarsening phenomena called Ostwald ripening, by which a diffusive flux of 

atoms from smaller particles to larger particles results in coarsening [47]. To try to understand if 

the coarsening observed in the single beam 7TiC/15matrix dpa irradiations at elevated temperatures 

was due to diffusion-mediated radiation-enhanced Ostwald ripening, a simple analysis was 

performed. Ostwald ripening refers to the process by which larger particles grow at the expense of 

smaller ones [79]. The coarsening of particles under irradiation up to 7TiC/15matrix dpa at 500°C 

with no helium, with 10 appm He/dpa, and with 25 appm He/dpa was modeled using the equation 

for Ostwald ripening [79]: 

 
4"(7) − 4;"(0) = 	

8PΩ!2,'
9/9  Eq. 6.6 

where 4;"(0) is the mean radius of the control specimen, P is the interfacial energy (J/m2), Ω is the 

molar volume of the precipitate (m3/mol), D is the diffusion coefficient of Ti (m2/s), à' is the 

matrix concentration of Ti in equilibrium (atom fraction), / is the universal gas constant J/mol-

K), and T is temperature (K). The thermal diffusion of the Ti solute atom occurs via the vacancy 

mechanism, and the diffusion of Ti under single beam irradiation can be calculated from the 

equation for radiation-enhanced diffusion of a solute given in Eq. 6.4 and the diffusion in the 

presence of helium was calculated with Eq. 6.5. 

A range of values was chosen for the binding energy of helium, :(\', to represent the values 

in Table 6.2. The values input for :(\'were 0.34 eV (Ti-1NN Hesub in BCC Fe) and 1.3 eV (Ti-V-

1NN Heoct in vanadium). The value of 0.34 eV (Ti-1NN Hesub in BCC Fe) was chosen because it 

is the most attractive binding energy for the simple Ti-helium complex in an Fe matrix and 1.3 eV 
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(Ti-V-1NN Heoct in vanadium) was chosen to represent an upper limit on the effects of helium on 

diffusion. 

Values for these parameters can be inputted into Eq. 6.6 to calculate the mean precipitate 

radius as a function of time, 4"(7). A plot of 4"(7) versus t can be seen in Figure 6.2. In this plot, 

time is represented by the damage level of the irradiations using a dose rate of 7´10-4 dpa/s. A 

linear dependence of the 4"(7) with t is indicative that diffusion-controlled Ostwald ripening is 

occurring. A linear dependence of the 4!(7) with t is indicative that interface-controlled Ostwald 

ripening is occurring. The simulated coarsening for the single beam irradiation calculated with Eq. 

6.6 is shown with the dashed orange line in Figure 6.2a,b. The theoretical values of coarsening for 

the 10 appm He/dpa (dashed black line) and 25 appm He/dpa (dashed gray line) conditions were 

nearly identical, and their curves overlap in Figure 6.2a,b. The calculated values of the diffusion 

coefficient using 0.34 and 1.3 eV were nearly identical and also overlap for both helium co-

injection rates. In addition, a linear dependence with time would be expected for the inverse of the 

number density of precipitates if either kind of Ostwald ripening was occurring (Figure 6.2c). The 

linear fits between the control specimen and the single beam 7TiC/15matrix dpa specimen for the radii 

and density changes are shown by the dashed blue curves. 

Figure 6.2 shows that experimental values for the single beam set of irradiations to 

0.5TiC/1matrix, 2.3TiC/5matrix, and 7TiC/15matrix dpa at 500°C (solid orange lines with markers) for the 

relationships of 4"(7) versus t, 4!(7) versus t, and ρ-1 versus t deviate from linear behavior. A 

decrease in the cube (Figure 6.2a) and square (Figure 6.2b) of the mean size appears to take place 

experimentally from the control specimen to the 0.5TiC/1matrix and 2.3TiC/5matrix dpa conditions 

before an increase in size is reached by 7TiC/15matrix dpa. However, the values of the mean radii at 

0.5TiC/1matrix and 2.3TiC/5matrix dpa are so close to the control specimen, it was previously deduced 
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that irradiation had no statistically significant effect on the size distributions and number densities 

at these low dpa values. Indeed, the mean sizes of the 0.5TiC/1matrix and 2.3TiC/5matrix conditions are 

nearly within or are within the standard error bars of the means as compared to the control 

specimen (Figure 5.6). It is possible that re-precipitation of TiC precipitates occurred at low doses 

and that is the reason for the decrease in the cube and square of the mean size initially, but this was 

not backed up experimentally with statistically significant changes in size and density.  

The cube of the mean size does increase somewhat linearly from 0.5TiC/1matrix to 

2.3TiC/5matrix dpa and also from 2.3TiC/5matrix to 7TiC/15matrix dpa. However, the rate of increase is 

different between the values. The slope is steeper from 2.3TiC/5matrix to 7TiC/15matrix dpa. This could 

be a negligible artifact of the analysis, but it is possible the different slopes represent a physical 

change in the coarsening. The rate of coarsening is dependent on the interfacial energy, the 

equilibrium concentration of Ti in the matrix, and the diffusion of Ti. The interfacial energy may 

have changed with damage level due to coherency changes of the TiC precipitates or due to the 

ratio of Ti and C changing, and the concentration of Ti in the matrix may have changed with 

irradiation. These changes would cause deviation from the simulated coarsening of the single beam 

irradiations. The square of the mean size increases linearly from 0.5TiC/1matrix to 7TiC/15matrix dpa 

but does not have the same slope as the simulated coarsening (dashed orange line, Figure 6.2b). It 

is inconclusive if the behavior of precipitates is in line with radiation-enhanced Ostwald ripening 

for the single beam conditions, but the deviation from linear behavior suggests the coarsening was 

not in line with Ostwald ripening or multiple complex mechanisms including Ostwald ripening are 

at play. 

What is conclusive from Figure 6.2a,b is that the suppressed diffusion of Ti with helium 

co-injection in the dual beam conditions to 7TiC/15matrix dpa caused a reduction in the simulated 
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Ostwald ripening. A reduction in coarsening with helium co-injection bore out with experimental 

results as well. The experimental radii values for the dual beam conditions in Figure 6.2a,b are 

also very similar to the simulated thermal coarsening. Hence, it is possible that radiation-enhanced 

Ostwald ripening is taking place and that helium co-injection is slowing the coarsening process by 

suppressing diffusivity of point defects and Ti solutes, but these results are inconclusive. Future 

thermal annealing experiments should be conducted to observe if Ostwald ripening happens in 

thermal conditions at longer annealing times than were available in this work, in excess of 100 h.  

Another reason for the observed coarsening in the single beam 7TiC/15matrix dpa sample at 

elevated temperatures may be radiation-enhanced diffusivity. Vacancies in excess of thermal 

equilibrium concentration are present under irradiation in these conditions. This was shown in 

Table 4.6, where the vacancy concentration in the single beam irradiation at 500°C was calculated 

to be ~36× greater than the thermal vacancy concentration. Vacancies are known to result in faster 

diffusion of solute atoms [125]. In particular, Ti mainly diffuses through the vacancy-assisted 

mechanism and its diffusivity increases with the increase in vacancy concentration under 

irradiation. Hence, the greater point defect concentration and the resulting greater Ti diffusivity 

may have led to coarsening of the MX-TiC size distribution at 7TiC/15matrix dpa. This would also 

explain the reduction in mean size of the precipitates with helium co-injection, as helium would 

suppress Ti diffusion and possible vacancy diffusion as well and lessen the effect of radiation-

enhanced point defects on the coarsening of TiC precipitates. Due to the increased sink strength 

under helium co-injection, the vacancy concentration was also lower in the dual beam conditions. 

It is assumed that radiation-enhanced diffusivity is the dominant mechanism affecting the behavior 

of precipitates at 600°C as well.   
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In addition, non-primary solute atoms segregated in MX precipitates may be of importance 

to morphological changes and coarsening under irradiation. Ref. [126] found that greater amounts 

of Mo was segregated in TiC precipitates than in NbC precipitates found in austenitic stainless 

steel. The TiC precipitates had a slower coarsening rate than the NbC precipitates under heavy ion 

irradiation to 80 dpa at 600°C due to the slow-diffusing nature of Mo. The TiC precipitates, hence, 

also remained spherical whereas the NbC precipitates became elongated and platelet-shaped with 

their growth. The level of binding of C and/or N to the main solute element in the MX precipitates 

(i.e., Ti or Nb) may also affect the MX precipitate dissolution. Also, B additions to austenitic steel 

delayed the onset of morphological change in MX precipitates to higher damage levels under 

irradiation. Other research on M23C6 carbides found that B and W reduced the coarsening rate of 

M23C6 carbides by decreasing the interfacial energy and reducing diffusivities, respectively [127]. 

The TiC precipitates in this work were found to be enriched in W. This was not induced by radiation 

but rather the pre-existing precipitates contained W as well. W may have had an effect on the 

coarsening rate of the TiC precipitates. Future work may focus on ascertaining the effects of non-

primary solute concentrations in MX precipitates on coarsening. 
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6.1.3 Mechanisms of Precipitate Stability 

As described in Section 2.5.1., Frost and Russell described a method for modelling the 

behavior and dissolution of precipitates under irradiation [78,128]. The model considers the 

competing mechanisms of resolution by radiation recoil and thermal coarsening. Resolution by 

radiation recoil describes the process of solute atoms in a precipitate recoiling into the matrix as a 

result of radiation damage, causing the eventual dissolution of the precipitate. On the other hand, 

thermal coarsening hastens the growth of precipitates by causing the recoiled solute atom to return 

to the precipitate. A steady state is reached when a balance between these two processes occurs. 

This model will be used to assess the mechanism of MX-TiC precipitate stability, first at 

Figure 6.2 Plots for (a) r3 versus time (diffusion-controlled Ostwald ripening), (b) r2 versus time (interface-
controlled Ostwald ripening), and (c) 1/ρ versus t (generic Ostwald ripening) for the single and dual beam 
conditions at 500°C. 
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7TiC/15matrix dpa at various temperatures with and without helium co-implantation. However, as 

discussed in the beginning of Chapter 5, no thermal coarsening was observed in the thermally 

annealed conditions. As such, it can be assumed that if coarsening is occurring in the irradiated 

conditions at intermediate damage level, it is due to radiation-enhanced coarsening mechanisms 

and not due to thermal coarsening. There are various mechanisms for radiation-enhanced 

coarsening, such as radiation-enhanced Ostwald ripening and enhanced coarsening due to the 

combined effects of solutes being ejected into the matrix from recoil resolution and enhanced 

solute diffusivity under irradiation (Section 6.1.2). In this analysis, if coarsening occurs it will be 

assumed to be radiation-enhanced coarsening and not thermal coarsening, as in the original Frost 

and Russell model. 

The applicability of recoil resolution to precipitate behavior can be inferred from the solute 

matrix concentration near the precipitate interface, since dissolution and growth is dependent on 

the solute concentration profile: 

 
,#$%(4& + /) = ,' +

./!

122 L1 −
/
44&

M Eq. 6.7 

where R is the recoil distance, S is the recoil rate (in dpa/s), D is the diffusion of the rate-limiting 

species (Ti in this analysis), rp is the mean precipitate radii determined experimentally at 

7TiC/15matrix, and ce is the thermal concentration (in atom fraction) of Ti calculated from Thermo-

Calc. The recoil distance R refers to the distance that the recoil solute atom travels outside of the 

precipitate after a collision. This value was determined with SRIM. A layer of CNA9 was created 

in SRIM from the surface to 1200 nm below the surface followed by a small layer of 50% Ti and 

50% C to model a precipitate. The TiC layer was varied from 3 to 15 nm, but no significant 

differences were found in the final values of the range. After the TiC layer, the final layer created 

in SRIM was CNA9 and went to a depth of 2.5 µm total beneath the surface. The impinging ions 
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were set to 9 MeV Fe3+ ions and a full cascade was run to obtain the range of Ti and C atoms after 

irradiation. The weighted average of the range distribution of Ti atoms outside of the initial TiC 

layer was calculated and found to be 0.7 nm. See Appendix G for full details. The recoil rate was 

determined by converting the displacement rate of CNA9 (7×10-4 dpa/s) to that for TiC. The recoil 

rate for TiC was determined to be 3.3×10-4 dpa/s (Appendix D). The diffusion of Ti used for single 

beam irradiations was 2153.9 . The diffusions of Ti used for dual beam irradiations were 2'YY.9G\' and 

2'YY.9G\'G8 to encompass helium effects. In Figure 6.3, the matrix concentration in thermal 

equilibrium, ce (black line), was plotted versus the concentration from recoil resolution, 

01$
2!3 R1 −

1
4+"
S (orange line for single beam and blue lines for dual beam). Figure 6.4 plots a 

deconstructed version of Figure 6.3, where Figure 6.4a shows thermal equilibrium versus single 

beam recoil resolution concentrations and Figure 6.4b shows thermal equilibrium versus dual beam 

recoil resolution concentrations. In addition, Figure 6.4 only shows weak Ti-helium binding, as 

this best matches the experimental results, as will be discussed.  

At 500 and 600°C, the magnitude of the concentration from recoil resolution for single beam 

irradiations (orange line) is ~2-10× less to that from the thermal equilibrium concentration (black 

line). This similarity in contributions to the Ti matrix concentration suggests recoil resolution as 

well as radiation-enhanced coarsening may be operational during single beam irradiations, but 

radiation-enhanced coarsening has a greater influence. The single beam experimental results at 

7TiC/15matrix dpa back this modelling result up as the dominant mechanism of precipitate stability 

was determined to be radiation-enhanced coarsening for the 500 and 600°C for single beam 

conditions (Figure 5.8).  

For dual beam irradiations, there is a range of possible precipitate behaviors deriving from the 

range of possible values of recoil resolution concentration between the bounds for strong and weak 
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Ti-helium binding (gray area between the solid and dashed blue lines). Though the exact binding 

is unknown, we can use the experimental results at dual beam conditions to help guide the 

interpretation of the model. Experimental results showed that the size distribution of MX-TiC 

precipitates underwent no significant changes with dual beam irradiation at 500°C to 7TiC/15matrix 

dpa and no significant changes in number density (Figure 5.12). Hence, experimental results 

suggest that the influence of recoil resolution and radiation-enhanced coarsening are about equal 

and a condition of stability has been met. For the weakest Ti-helium binding shown in Figure 6.3 

and Figure 6.4b (dashed blue line), the model predicts equality of recoil resolution and radiation-

enhanced coarsening influences for the 500°C dual beam condition as the concentration 

contributions from both are equal. This prediction from the model matches with the described 

experimental results. In contrast, for the strongest Ti-helium binding shown in Figure 6.3 (solid 

blue line), the model predicts recoil resolution dominance at the 500°C dual beam condition as the 

concentration from recoil resolution at this point is ~104 × greater than the thermal equilibrium 

concentration. Significant dissolution of precipitates would have been observed if this was the 

case, and hence strong binding is assumed to not be operational. 

Experimental results showed that the size distribution of MX-TiC precipitates underwent a 

significant increase in average size with dual beam irradiation at 600°C to 7TiC/15matrix dpa, though 

the size increase was suppressed as compared to the single beam irradiation at 600°C (Figure 5.13). 

This would suggest that radiation-enhanced coarsening was still dominant, but that there was 

increased influence of recoil resolution with helium addition. The influence from recoil resolution 

was significant enough to suppress coarsening across the entire precipitate size distribution but not 

enough to cause the significant dissolution of precipitates. It may be reasonably assumed that the 

influence of recoil resolution is less than the influence at 500°C, in which a complete suppression 
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of coarsening was observed, due to the greater diffusion of solutes at 600°C. For the weakest Ti-

helium binding shown in Figure 6.3 and Figure 6.4b (dashed blue line), the model predicts that 

both recoil resolution and radiation-enhanced coarsening are operational on precipitate behavior 

for the 600°C dual beam condition as the concentration from thermal equilibrium at this point is 

~5 × greater than the recoil resolution concentration. The magnitude difference between the recoil 

resolution and thermal equilibrium concentrations is similar to the difference observed in 600°C 

single beam condition, but there is a slightly greater influence from recoil resolution with dual 

beam irradiation. This prediction matches the described experimental results for the 600°C dual 

beam condition (i.e., partial coarsening suppression). The physical Ti-helium solute binding in the 

matrix is expected to be similar to the weakest binding modelled from literature (dashed blue line). 

In contrast, the strongest Ti-helium binding shown in Figure 6.3 (solid blue line) predicts that recoil 

resolution is the dominant operating mechanism for the 600°C dual beam condition as the 

concentration from recoil resolution concentration at this point is ~103 × greater than the thermal 

equilibrium concentration. Significant dissolution would have been observed if this was the case.  

Summarizing the results at high temperatures, the modelling and experimental results indicate 

for both 500 and 600°C to 7TiC/15matrix dpa that helium co-injection suppressed radiation-enhanced 

coarsening (i.e., increased the relative effects of recoil resolution) by suppressing diffusion of Ti 

solutes. It can be inferred from Figure 6.3 and Figure 6.4 that the model accurately simulates the 

experimental results with the use of a weak Ti-helium binding value from literature (i.e., :(.9G\'= 

0.34 eV).  

At 300 and 400°C, the magnitude of the concentration from recoil resolution for single beam 

irradiations (orange line) is ~5-10× greater than that from the thermal equilibrium concentration 

(black line). This suggests that, though both radiation-enhanced coarsening and recoil resolution 
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may be operating, recoil resolution is the dominant influence on particle stability. This was also 

seen in experimental results for the low temperature single beam irradiations to 7TiC/15matrix dpa. 

The precipitates in these conditions had no significant changes in size, but did have partial 

dissolution (i.e., significant decrease in number density). Thus, modelling and experimental results 

suggest recoil resolution was dominant enough to prevent size changes and cause partial 

dissolution, but not dominant enough to completely dissolve precipitates at (15 dpa)matrix. 

At 400°C, the magnitude of the concentration from recoil resolution for dual beam irradiation 

using the weakest Ti-helium binding (dashed blue line) is ~5× greater to that from the thermal 

equilibrium concentration (black line). This similarity in contributions to the Ti matrix 

concentration suggests recoil resolution as well as radiation-enhanced coarsening may be 

operational, but recoil resolution has a greater influence. This modelling result matches with 

experimental results for the 400°C dual beam condition to 7TiC/15matrix dpa, where no significant 

changes in size but significant decreases in precipitate number density were observed. Thus, 

modelling and experimental results suggest recoil resolution was dominant enough to prevent size 

changes and cause partial dissolution, but not dominant enough to completely dissolve precipitates 

at (15 dpa)matrix. In addition, the difference in magnitude between the contributions from dual beam 

recoil resolution and radiation-enhanced coarsening was the same as that between the contributions 

from single beam recoil resolution and radiation-enhanced coarsening at 400°C. Hence, identical 

precipitation responses are predicted by the model for the single and dual beam conditions at 

400°C. As shown in Figure 5.13, this was also backed up by experimental results. 

In contrast, for the strongest Ti-helium binding shown in Figure 6.3 (dashed blue line), the 

model predicts the complete dominance of recoil resolution, with the concentration from recoil 

resolution being ~106 × greater than the thermal equilibrium concentration. This would suggest re-
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precipitation of sub-particles around the original particles to occur. This was not experimentally 

observed though it is possible that the sub-particles were below the STEM-EDS resolution or that 

the particles were constantly dissolving and re-precipitating, a dynamic process that cannot be 

observed via ex-situ irradiation studies. Hence, the experimentally observed precipitate behavior 

for the 400°C dual beam condition is best simulated with the model using the weakest Ti-helium 

binding. 

Summarizing the results at low temperatures, the modelling and experimental results indicate 

that helium co-injection had no effect on the precipitate behavior. The 400°C single and dual beam 

irradiations had nearly the exact same precipitate responses (i.e., size, density, and volume fraction 

changes) (Figure 5.7). This was simulated in the model with the use of the weak Ti-helium binding, 

where the matrix concentration from the recoil resolution using weak binding (dashed blue line) 

and from recoil resolution without helium (orange line) were nearly the same.  

Thus far we have accurately approximated the dominant mechanism on precipitate behavior 

by comparing the contributions from recoil resolution and radiation-enhanced coarsening to the 

solute matrix concentrations. Frost and Russell furthered the model by explicitly determining the 

dominant precipitate behavior operating at given irradiation conditions with the following 

equation: 

 . = ,'
962PF#
/"(Q(9)

 Eq. 6.8 

where P is the surface tension of the precipitate-matrix interface and F# is the molar volume of the 

precipitates. P is taken to be the standard value of 0.5 J/m2 [80]. This equation can be plotted as a 

function of temperature. The curve delineates the boundary of the dominant mechanism on 

precipitate behavior. If the precipitate recoil rate (S = (3.3´10-4 dpa/s)TiC) is below the curve, 

radiation-enhanced coarsening is dominant. If the precipitate recoil rate (S = (3.3´10-4 dpa/s)TiC) 
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is above the curve, recoil resolution is dominant. The curve is plotted in Figure 6.5 using the proper 

diffusion coefficients for single and dual beam conditions, as explained previously. The orange 

lines represent the calculations for single beam irradiations and the blue lines represent the 

calculations for dual beam conditions. The gray area in represents the range of recoil resolution 

influence during dual beam irradiation, sandwiched between the maximum and minimum effects 

of helium on Ti diffusion. The experimental S value is shown with the gray horizontal line at 

(3.3´10-4 dpa/s)TiC. 

Figure 6.5a predicts that radiation-enhanced coarsening is slightly dominant at 300 and 

400°C during single beam irradiations, but the magnitude is so small that it can be assumed that 

radiation-enhanced coarsening and recoil resolution are predicted to be on par. This was not backed 

up with experimental results, as slight recoil resolution dominance was shown. This can be 

assumed to be an incorrect outcome of the model, given the experimental results. However, the 

precipitates are in a radiation-enhanced coarsening dominant regime in single beam irradiations 

(orange line) at 500 and 600°C, which is backed up by experimental results.  

With weak Ti-helium binding, helium co-injection only slightly shifts the orange line down 

at 400, 500, and 600°C (dashed blue line, Figure 6.5b,c). The precipitates in the dual beam 

irradiations at these temperatures are modelled to be in a radiation-enhanced coarsening dominated 

regime of stability. The modelled suppression of radiation-enhanced coarsening effects while still 

remaining in a radiation-enhanced coarsening dominant regime was shown experimentally for the 

600°C dual beam condition. However, experimental results for the 500°C dual beam condition 

suggest this temperature should be near the crossover point of where the dominant mode of 

stability changes, which is not the case with the use of the weak Ti-helium binding in the model. 

See Appendix F for additional discussion on the crossover point. In addition, the 400°C dual beam 
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condition was shown to be in a recoil resolution dominant regime experimentally. Thus, the weak 

Ti-helium binding does not accurately predict the behavior at the 400 and 500°C dual beam 

conditions. 

With strong helium-solute binding, helium co-injection shifts the orange line at 400, 500, 

and 600°C downward and causes precipitates to enter a recoil resolution dominant regime (solid 

blue line in Figure 6.5b,c). The 400°C dual beam condition was shown to be in a recoil resolution 

dominant regime experimentally, but the conditions at 500 and 600°C were not. Neither of these 

results from weak or strong Ti-helium binding are entirely in line with Figure 6.3 and Figure 6.4 

or satisfactorily in line with the experimental results for these dual beam conditions.  

In summary, the conclusions in Section 6.1.1 were furthered with the use of the recoil 

resolution model. The relative influence of recoil resolution during dual beam irradiations was 

theoretically modelled with the strength of the binding of Ti and helium complexes and its effect 

on Ti solute diffusion, guided by experimental results. Through robust analyses of the modelling 

predictions and comparisons to experimental results, it was concluded that Ti-helium binding of 

the order ~0.34 eV existed during irradiations in these experiments. This binding is not expected 

to change significantly as a function of temperature. Rather, its influence as a function of 

temperature is derived from its effect on diffusion. The Ti-helium binding changed the value and 

slope of the diffusion curve (Figure 6.1) and also acted to affect the crossover point by which 

radiation-enhanced coarsening or recoil resolution became dominant. For single beam irradiation, 

that crossover point is approximately at 460°C (Figure 6.3, Figure 6.4a). For dual beam irradiation 

with :(.9G\'= 0.34 eV, the crossover point is approximately at 490°C (Figure 6.3, Figure 6.4b). 

This is in line with the experimental results for the 500°C dual beam condition, where the near 

exact contributions from recoil resolution and radiation-enhanced coarsening caused there to be 
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no significant changes in the precipitate size or number density. Hence, the strength of binding 

determined the level of suppression of Ti back diffusion via helium-solute binding. As Ti-helium 

binding caused decreased diffusion, diffusion-mediated processes that were present at elevated 

temperatures were inhibited. Since diffusion had no minimal effects on precipitate stability at lower 

temperatures, helium had no effect at those conditions. Experimental results were accurately 

matched with the model by assessing the matrix concentration contributions from recoil resolution 

and thermal equilibrium (Figure 6.3, Figure 6.4), but were not accurately simulated using Eq. 6.8 

(Figure 6.5). 

Thus far, this analysis taken from Frost and Russell has provided useful descriptions for the 

mechanisms of MX-TiC precipitate stability in CNA9 and furthered the conclusion that helium 

suppresses diffusion at elevated temperatures and hence decreases radiation-enhanced coarsening. 

There are a few shortcomings in the model though, including the assumption of perfectly 

homogeneous distribution of spherical particles, a stationary particle interface, and an unchanging 

thermal matrix solute concentration and unchanging precipitate volume fraction.  In the original 

paper [78], the model used C to assess the effects of irradiation on TiC precipitate stability in 

austenite. Hence, the model may not be fully applicable in its current state to substitutional solutes 

and to different lattice structures. In addition, the results of the model rest heavily on the method 

used to calculate à8?? and à9??, which determine the level of diffusion under irradiation. For 

instance, Eq. 4.10 and Eq. 4.11 used a production efficiency,	6, of 0.1. Other production efficiency 

values may garner different results than found in this section (Appendix H). However, other 

production efficiency values for proton and electron irradiations could be used to assess precipitate 

stability with the Frost and Russell model as a function of cascade size. This analysis would be in 

line with Refs. [111,118], which performed such analyses with the NHM model. In conclusion, the 
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usefulness of this model is apparent in its ability to help understand the operational regime of 

precipitate stability and test the proposed effects of helium on microstructural development. The 

experimental results also served to better understand the shortcomings of the model for this system.  

Another model developed by Muroga, Kitajima, and Ishino (MKI) extended Frost and 

Russell’s work (see Section 2.5.2). The MKI model quantitatively predicts the size change and 

dissolution of precipitates under irradiation using recoil resolution as the guiding principle [129]. 

The MKI model uses computer simulations to obtain recoil range distributions from collisional 

cascades of primary recoils with precipitates atoms. The recoil distribution is then used to calculate 

the recoil resolution efficiency, εres. The recoil resolution efficiency is defined as the number of 

atoms moved from inside to outside the precipitate with collision cascades divided by the number 

of atomic displacements within the precipitate: 
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The rate of change in the initial size distribution of the precipitates, assumed to be unimodal 

in the MKI model, can be derived from the precipitate volumetric change as a function of recoil 

resolution efficiency: 

 \4&
\7 =

−4&.V150
3  Eq. 6.11 

From here, the final precipitate size as a function of irradiation damage level can be calculated 

using integration, ensuring that V150 is a function of rp: 
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Eq. 6.13 

This equation was solved using the solve_ivp function as part of the SciPy package in Python. 

The code was programmed to calculate rp as a function of time up to a value of r1 that corresponded 

to a value of t1, the time it took to get to 47TiC/100matrix dpa. r0 is the initial precipitate size in the 

control specimen. As described previously, an R value of 0.7 nm was determined with the use of 

SRIM. A sensitivity analysis was performed that found this value nearly the same for all precipitate 

sizes tested from 3 to 90 nm (Appendix G). 

A more accurate model of V150 to describe precipitate dissolution via recoil resolution and 

growth via solute back diffusion can be developed with the use of an effective range, Reff. Reff takes 

into account the recoil range, R (solute displacements outside of the precipitates as calculated by 

SRIM), and the capture radius, rcap (solute diffusion back to precipitate from the matrix). rcap 

describes the likelihood of a recoiling solute to return to the original precipitate it recoiled from. 

If a solute recoils from the precipitate beyond the rcap, the solute remains in the matrix. If a solute 

recoils from the precipitate wihtin the rcap, the solute migrates back to the precipitate. As the MKI 

model is a diffusion-less model, rcap represents a method to account for solute and defect migration 

as a function of irradiation parameters and precipitate characteristics. rcap is affected by factors 

such as precipitate coherency (i.e., stress fields) and solute matrix diffusion. For instance, if a 

precipitate induces a large stress in the surrounding matrix, solute and defect diffusion may be 

altered in localized region surrounding the precipitate and be more likely to drift to the precipitate 

interface. Also, if temperature is increased, the resulting increased solute and defect diffusion may 

cause greater amounts of solutes and/or defects to migrate to the precipitate interface as compared 

to a low temperature condition. The MKI model does not explicitly define how to calculate Reff 
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from R and rcap. In this work, the following relationship was assumed, graphically shown in Figure 

6.6: 

 /'YY = / − 47$& Eq. 6.14 

Reff is a positive value when the magnitude of rcap is less than the magnitude of R, translating 

to a positive V150	where more solutes will leave the precipitate than are replenished and the 

precipitates will tend toward dissolution. Reff is a negative value when the magnitude of rcap is 

greater than the magnitude of R, translating to a negative V150	where more solutes will enter the 

precipitate than leave and the precipitates will tend toward growth. As Reff is the effective range of 

recoiling precipitate solute atoms it may not at first be intuitive to have a negative range of atoms. 

However, forcing a negative Reff with a large 47$& simulates coarsening by simulating a positive 

concentration gradient at the precipitate interface. In addition, the recoil resolution efficiency was 

previously defined as the number of atoms moved from inside to outside the precipitate divided 

by the number of atomic displacements within the precipitate. Hence, a negative value of Reff 

predicts that more atoms from outside the precipitate are moved to within the precipitate, 

simulating growth.  

There are various factors that affect rcap, and hence Reff and V150. However, no quantitative 

formalisms exist in literature to determine the values of rcap based on the various factors. As such, 

survey calculations of different values of physically relevant Reff  were chosen to simulate the effect 

of rcap on V150. Then, an analysis of the effects on precipitate stability from literature and their 

possible relationships to rcap on V150 will be discussed to understand the results.  

Values of Reff were chosen to encompass different behaviors of precipitates: 

• Growth of precipitates: rcap > R and hence Reff is negative, which leads to a negative 

value of V150 (more solutes enter than leave the precipitate) 
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• Dissolution of precipitates: rcap < R and hence Reff is positive, which leads to a 

positive value of V150 (more solutes leave the precipitate than are replenished) 

The values of Reff chosen were -0.05, -0.8, 0.05, and 0.8 nm. These values are the same order of 

magnitude as the values of Reff used in the MKI model and represent reasonable limits of growth 

and dissolution for this system, based on the results. The model calculates and integrates V150 as a 

function of rp. 

The results are shown in Figure 6.7 with four subplots. All solid lines in all subplots represent 

the radius value of the precipitates, rp, calculated with a positive Reff. The black dashed lines 

represent Reff = 0.05 nm, the gray solid lines represent Reff = 0.8 nm, the black dotted lines represent 

Reff = -0.05 nm, the gray dotted lines represent Reff = -0.8 nm, and the black solid lines represent 

Reff = 0 nm. The four subplots correspond to the different temperatures of irradiations conducted: 

(a) 300°C, (b) 400°C, (c) 500°C, and (d) 600°C. The box plots represent experimental data. The 

box plots with lighter colors represent the experimental data for the single beam conditions at that 

temperature and dose. The box plots with darker colors represent the range of equivalent radii for 

the dual beam conditions at that temperature and dose. Figure 6.7a for 300°C only has a single 

beam irradiation. The dissolution by 23TiC/50matrix dpa at 300 and 500°C are shown with square 

markers. 

The MKI model does not account for differences in the initial precipitate size distribution, 

as it assumes a unimodal size for all precipitates. To account for this, multiple initial precipitate 

radii were input as r0 into the model that correspond to the minimum, maximum, interquartile 

range, and mean precipitate radii calculated for the control specimen. The boxplot of the control 

specimen is shown in each subplot at 0 dpa (white color boxplot). While this method captures the 
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dissolution behavior of precipitates with different initial radii, it does not capture the physical 

mechanistic effects of coarsening of an initially polydisperse distribution of precipitates [79]. 

The value of Reff = 0.05 nm (black dashed line) best simulates the precipitate size 

distributions and dissolution behaviors of the low temperature irradiations to 7TiC/15matrix dpa. 

Experimentally, the single and dual beam irradiations at 300 and 400°C irradiation did not have 

statistically significant changes in size distribution from the control specimen at the 7TiC/15matrix 

dpa mark but did display statistically significant dissolution. The value of Reff= 0.05 nm 

corresponds to an intermediate, positive value of rcap and a small, positive value of V150, with 

slightly more solutes leaving the precipitate than are replenished. As such, partial dissolution of 

precipitates would be expected, which was experimentally observed. At low temperatures and 

intermediate damage level, the value of rcap is hypothesized to be most influenced by low diffusion 

of solute atoms back to the precipitate. The value of Reff is not expected to significantly change 

with helium co-injection at 400°C to 7TiC/15matrix dpa because diffusion is already suppressed by 

the low temperature, as explained in the discussion using the Frost and Russell model. 

For high temperature single beam irradiations, no positive value of Reff could simulate the 

precipitate coarsening observed at 7TiC/15matrix dpa at 500 and 600°C. A value of Reff = -0.05 nm 

(dotted black line) appears to accurately capture the coarsening at 500°C, except for the maximum 

value of the control specimen. Reff = -0.8 nm (dotted gray line), better captures the size change for 

the maximum value of the control specimen at 500°C. However, a larger magnitude of a negative 

value of Reff is needed to simulate the greater coarsening in the 600°C condition as compared to 

the single beam condition at 500°C to 7TiC/15matrix dpa. Reff = -0.8 nm (dotted gray line) 

underestimates the coarsening of the largest of initial precipitates (maximum, Q3, and mean of the 

control specimen) but overestimates the coarsening of the smallest of initial precipitates in the 
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600°C condition. Reff = -0.05 nm (dotted black line) also underestimates the coarsening of the 

largest of initial precipitates but does accurately capture the coarsening of the smallest of initial 

precipitates (minimum, Q1 of the control specimen) in the 600°C condition. Hence, at high 

temperatures and intermediate damage level for single beam irradiations, the value of rcap is 

hypothesized to be most greatly influenced by the high diffusion of solute atoms back to the 

precipitate caused by the greater diffusivity at elevated temperatures. This led to the condition of 

rcap > R. This also explains why greater coarsening was observed at 600°C than at 500°C, caused 

by a greater diffusivity of Ti solutes as temperature increased. 

For the dual beam irradiation to 7TiC/15matrix dpa at 500°C, a condition of stability is expected, 

as no statistically significant changes in size distribution or density with the control specimen were 

experimentally observed. The value of Reff = 0 nm (solid black line) accurately simulates this 

condition, translating to rcap = R and V150 = 0. Here, rcap is expected to be suppressed as compared 

to the single beam 500°C condition by the addition of helium to the matrix, which suppresses Ti 

diffusion and hence suppresses solute back diffusion to the precipitates. Thus, helium co-injection 

effectively decreases rcap by decreasing the diffusion of solutes to the precipitate. The value of Reff 

= 0 nm (solid black line) also accurately simulates the stable precipitation present in the single 

beam irradiations at 500°C to 0.5TiC/1matrix and 2.3TiC/5matrix dpa. 

Just as in the dual beam condition for 500°C, helium experimentally suppressed the growth 

of precipitates in the dual beam condition for 600°C. However, the size distribution still coarsened 

in the dual beam condition for 600°C (due to the greater diffusivity of solutes at the higher 

temperature) and a negative value of Reff with a smaller magnitude of rcap as compared to the dual 

beam 500°C condition is more applicable to simulate the partially suppressed coarsening in the 

dual beam condition at 600°C. Hence, at high temperatures and intermediate damage level for dual 
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beam irradiations, the value of rcap is hypothesized to be most influenced by helium-coinjection 

suppressing the diffusion of Ti solute atoms back to the precipitate, thereby decreasing the 

magnitude of rcap as compared to the corresponding single beam conditions.  

Thus far, the values of rcap assessed simulate and further explain the behavior of precipitates 

at intermediate damage level, but none encompass the complete dissolution of precipitates by 

23TiC/50matrix dpa. The dissolution of precipitates at all temperatures by 23TiC/50matrix dpa (with and 

without helium co-injection) is accurately captured by Reff = 0.8 nm (solid gray line), 

corresponding to rcap = 0. Hence, rcap is a function of damage level at all temperatures tested and 

tends toward zero as damage level is increased.  

This analysis suggests that with positive values of Reff (whether large or small in magnitude), 

initially smaller precipitates dissolve before larger precipitates. This is explained by this model 

because smaller precipitates have greater values of V150 than larger precipitates. It is easier for 

solutes to be recoiled into the matrix from smaller precipitates given their smaller surface area. 

This is also predicted by the Gibbs-Thomson effect, which predicts that the equilibrium solute 

concentration in the matrix next to a particle is smaller for small particles, hence they act as solute 

sources for large particles [79]. In addition, solute atoms are less tightly bound to smaller 

precipitates and tend to diffuse to larger precipitates, leading to coarsening. However, the Frost 

and Russell model and the MKI model do not factor in the dissolution of smaller precipitates acting 

as solute sources for large particles.  

In summary, the results of the model suggest that at lower temperatures (300, 400°C) to 

intermediate dose (7TiC/15matrix dpa) with and without helium co-injection, a small, positive V150 

(intermediate, positive rcap) is operating that results in minimal changes to the original size 

distribution of precipitates but results in partial dissolution of precipitates. This is in line with the 
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Frost and Russell model, which predicted recoil resolution was dominant for these conditions. At 

higher temperatures (500, 600°C) to intermediate dose (7TiC/15matrix dpa) without helium co-

injection, a negative value of V150 (large rcap, rcap > R), the magnitude of which increases with 

increasing temperature, is operational that results in coarsening of the original size distribution 

of precipitates. Helium co-injection causes rcap to decrease in magnitude (rcap = R at 500°C, rcap 

à R at 600°C) as it suppresses diffusion and hence suppresses coarsening, causing V150 to 

decrease in magnitude as well. This is in line with the Frost and Russell model, which predicted 

radiation-enhanced coarsening was dominant for high temperature single beam irradiations, but 

that the coarsening was fully or partially suppressed with helium co-injection. However, at any 

temperature and level of helium co-injection past an intermediate damage level, all precipitates 

dissolve experimentally. This is modeled by rcap = 0 which causes the V150 to become large and 

positive in all conditions by 23TiC/50matrix dpa. Hence, the experimental work suggests that V150 is 

a function of damage level, and that it reaches an asymptotic value with increasing damage level 

no matter the temperature tested in these experiments, which leads to the observed complete 

dissolution of precipitates. These results are summarized in Table 6.5. The question then, alluded 

to in previous sections, is why V150 changes as a function of dose. There are a few reasons this 

may be the case, which will now be discussed. 

First, the precipitates may not be able to withstand the number of displacements per solute 

atom of the precipitate that occurs with increased dose. It is a well-established theory that 

precipitates coarsen under irradiation due to solute back diffusion, enhanced by radiation [1]. 

Therefore, precipitates are expected to coarsen with increasing temperature as solutes in the matrix 

have greater diffusivity and can reach the precipitate. It is reasonable to assume that rcap would 

increase with increasing temperature, leading to decreased Reff and V150 and increased precipitate 
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stability (and possibly growth). However, the diffusional recovery may not be enough to combat 

the displacements per the surface area of the precipitate occurring with increasing damage level, 

thereby outweighing the ability of the MX-TiC precipitates to remain stable. The initial influence 

of recoil resolution may be lower than the influence of back diffusion during single beam 

irradiation at elevated temperature. Precipitates may coarsen initially at elevated temperatures, 

though the coarsening is moderated by the effects of recoil resolution. The rate of influence of 

recoil resolution with dose, however, becomes steeper than that of back diffusion and recoil 

resolution takes over as the dominant factor in precipitate stability after an initial coarsening has 

taken place. The recoil resolution efficiency, therefore, increases with dose (i.e., more precipitates 

are more likely to move from inside to outside the precipitate as the amount of dpa increases). The 

temperature of 500°C is not enough to bring back these displaced atoms. Future work could 

conduct a 23TiC/50matrix dpa irradiation at 600°C or above to see if this theory applies at higher 

temperatures. For instance, MX precipitates in CNA3 were stable up to 50 dpa at 650°C with a 

dose rate of 1´10-3 dpa/s [75]. 

The second variable to discuss is the helium concentration in the matrix. Helium co-injection 

increases the sink strength of materials by providing sites for point defect annihilation in the 

matrix, thus decreasing the point defect concentration. As previously discussed, helium can also 

bind with solutes and decrease their mobility. With the resulting reduction in point defect 

concentration and in diffusion, the capture radius is expected to effectively decrease and hence 

increase Reff and increase the tendency for precipitates to dissolve or at least to not coarsen. 

However, helium concentration in the matrix seemed to only affect the coarsening behavior of 

precipitates at intermediate damage level and not affect the complete dissolution at high damage 

levels. 
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Another possible reason is the effect that dose has on precipitate coherency. The coherency of 

an interface has been hypothesized to affect the ability of the interface to sequester defects. A fully 

coherent interface is continuous with the surrounding lattice, typically with some strains induced 

to ensure lattice continuity. The lattice strains allow for long-range interaction with point defects 

[124]. As interstitials have a larger perturbation in the matrix, they may be more likely to interact 

with the coherent precipitate’s strain field and be attracted to the coherent interface [124,130,131]. 

Coherent particles are theorized to have a high sink strength, which is the average net effect that 

the entire population of precipitates has on the entire population of radiation-defect concentrations 

in the material [86,131]. Coherent particles would, however, have a low sink efficiency, which 

describes the ability of one single precipitate to absorb point defects at the interface and hence 

alter the localized point defect concentrations. This is because coherent interfaces are thought to 

be trapping sites for point defects and do not absorb point defects into their atomic structure 

[61,132,133]. Trapping of point defects at coherent interfaces enhances recombination of point 

defects. On the other hand, incoherent interfaces have no continuity with the lattice. Instead of 

being trapping sites for point defects, incoherent interfaces have been theorized to allow for 

interfacial rearrangement to absorb the incoming point defects into their lattice structure. Such an 

interface exerts either no strain field or a minimal strain field in the matrix and is considered a 

neutral sink. Incoherent particles have a low sink strength but a high sink efficiency. Semi-coherent 

interfaces have misfitting dislocations on their interface to relieve some lattice strain at the 

interface. Their sink strength and sink efficiency has not been decisively documented though the 

misfitting dislocations on the in the semi-coherent interface are believed to be efficient defect 

trapping sites for point defects [61,85,131,134]. For instance, Ref. [134] found that the elastic 

strains induced from semi-coherent planar interfaces induce a preferential point defect drift to the 
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interface via a non-random walk diffusion process that increases the interface sink strength, though 

the work did not consider semi-coherent precipitates. The elastic strain fields from the misfit 

dislocations at planar interfaces acted to change the diffusivity of point defects. The diffusion of 

defects in a strain field is then different than diffusion in the absence of a strain field: diffusivity 

would then become a function of spatial location and a drift term would be added to the continuum 

diffusion equation. Vacancies were shown to preferentially migrates to dislocation lines and 

interstitials were preferentially absorbed between dislocations, but the entirety of the interface was 

found to interact more with interstitials. Both this work and Ref. [131] showed that elastic strains 

greatly influenced the sink strength of the interfaces studied, particularly the sink strength for 

interstitials increases with greater interfacial strains. Hence, point defect (and therefore solute) 

diffusion may change in the presence of precipitates based on the stress induced in the matrix 

lattice by the precipitate and the bias of the interface. Increasing strains around a precipitate could 

cause the rcap to increase. 

Irradiation has been shown to cause a reduction in coherency [15,32,33]. The onset to the 

reduction of coherency was found to be a function of the precipitate sink strength in Ref. [15] 

which performed in-situ ion irradiations of coherent precipitates in model Cu alloys. A greater sink 

strength pushed the onset of the loss of coherency to higher damage levels. Precipitates with a sink 

strength on the order of ~1013 m-2 had an onset of coherency loss at 0.01 dpa, while precipitates 

with a sink strength on the order of ~1014 m-2 had an onset of coherency loss at 1 dpa. Ref. [136] 

found that both ordered, coherent and disordered, semi-coherent precipitates lost coherency under 

irradiation as dose increased. Precipitates began to dissolve when the interfacial dislocation 

structure became unstable with increased dose levels, and this process was not dependent on 

temperature. Ref. [135] observed that the stability of oxide-dispersions in a 12Cr-ODS steel was 
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dependent on the initial interface coherency of the dispersoids. The authors observed size changes 

with the initially coherent ODS particles dependent on irradiation conditions but observed that 

initially incoherent particles dissolved at lower temperatures and shrunk in size at higher 

irradiation temperatures. The authors suggested the coherent particles were more stable against 

radiation dissolution due to their lower interfacial energy as compared to semi-coherent and 

incoherent particles, given identical irradiation conditions. Coherency loss of precipitates has been 

documented to occur via a few different mechanisms. The first is by interaction with matrix 

dislocations, which are attracted to the precipitate interface. The second is the formation of 

dislocation loops within the precipitate, and the third mechanism is prismatic punching of 

dislocation loops for plate-shaped coherent particles [137]. 

This work suggests that rcap may change as a function of these precipitate characteristics 

under irradiation. The effects of precipitate coherency on Reff are expected to change as a function 

of dose as increased dose causes precipitates to lose coherency and possibly decrease rcap. As 

precipitate coherency is lost with the matrix, the effect of coherency on rcap may be diminished 

leading to a greater Reff and hence a quickened pace of dissolution. This process may have a 

complex interplay with the interfacial energy of the interface as well. It is possible that the 

misfitting dislocations at the TiC precipitate-interface remained stable to a critical dose between 

7TiC/15matrix and 23TiC/50matrix dpa. The aspect ratio of the precipitates in the 7TiC/15matrix dpa and 10 

appm He/dpa conditions did not significantly change as compared to the control specimen, and 

hence it is assumed that the coherency also did not significantly change at this irradiation condition 

[126]. Once the onset of the loss of these interfacial dislocations occurred, the precipitates could 

have rapidly dissolved. This may be because the misfitting dislocations were sources of attraction 

for Ti solute replenishment from the matrix, or that they changed the bias of the precipitates 
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(through a change in the strain energy surrounding the precipitate) such that vacancies became 

preferentially attracted away from the interface of the precipitate where Ti solutes could diffuse 

away via the vacancy mechanism to the precipitate. The loss of interfacial dislocations may have 

decreased rcap. 

While this is a possible mechanism of TiC precipitate dissolution, proving or disproving this 

theory is very difficult experimentally. The small size of the precipitates makes it difficult to isolate 

the precipitate-matrix interface from the matrix in S/TEM. Numerous attempts were made to do 

this but were not successful. The precipitates are fully embedded in the matrix and hence the matrix 

obstructs a clear view of the interfacial dislocations. Future work could focus on larger precipitates 

in model alloys to understand their evolution via in-situ irradiations with and without helium co-

injection at various damage levels. It should be noted though that these precipitates would still 

need to be embedded in the matrix for in-situ experiments to avoid surface related effects, imaging 

the coherency of larger precipitates is still more practical than precipitates smaller than ~ 10 nm 

and further thinning of the TEM lamellae could occur after irradiation to image the non-embedded 

precipitate-matrix interface. This type of experiment could also determine if helium co-injection 

plays a role in the onset of coherency loss as a function of dose. Modelling would then be needed 

to understand the mechanisms at play, particularly to understand the dynamic bias of the precipitate 

interface as a function of irradiation conditions. 

In addition, similar though not exact behavior of MX-TiC precipitates was reported in Ref. 

[59] for proton irradiated cold-worked Ti-modified 316 stainless steel. The MX-TiC precipitates 

were not initially formed during manufacturing, but nucleated and grew at low dose (0-10 dpa) 

during irradiations at 600°C, and then gradually began to dissolve between 10 and 45 dpa. The 

dissolution of the MX-TiC precipitates coincided with the nucleation and growth of the Ti-
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containing Fe2P phase. Hence, Ti solute redistribution was the reason for MX-TiC precipitate 

dissolution between intermediate and high dose. Ti solute redistribution from MX-TiC precipitates 

to the G phase was also reported in numerous papers, leading to MX-TiC precipitate dissolution 

[48]. Ref. [138] found that γ’ precipitates coarsened according to Ostwald ripening under 

irradiation with the third power of the precipitate diameter proportional to the damage level. The 

γ’ precipitate size reached a maximum at a certain dose once redistribution of precipitate solute 

atoms occurred and γ’ precipitates changed morphology. Though a morphological change in the 

MX-TiC precipitates did not occur in this work nor did the radiation-induced nucleation of a new 

Ti-containing phase, a redistribution of Ti solute atoms may have occurred during irradiation that 

could have affected the TiC solubility limit. The dynamic nature of precipitation is based on the 

concentration gradients of the constituent atoms in the precipitates. As solute is depleted from the 

matrix, a concentration gradient is established that may cause depletion of the solutes from the 

precipitates back to the matrix in a dynamic environment of changing solubility limits with 

radiation-induced point defects and temperature affecting the evolution. If the solute concentration 

gradient is positive at the precipitate interface, the precipitate will be expected to grow. If the solute 

concentration gradient is negative at the precipitate interface, the precipitate will be expected to 

dissolve. A larger solute concentration gradient predicts a larger magnitude of V150, where growth 

is expected for a negative V150 and dissolution for a positive V150. However, it may be expected 

that the Ti and C, once diffusing away from precipitates and causing their dissolution by 

23TiC/50matrix dpa, may re-precipitate at higher damage levels. This did not happen by 47TiC/100matrix 

dpa in these experiments, though it may occur at higher doses. The Ti may be diffusing to other 

features in the microstructure such as the larger TiC precipitates (which did not dissolve) or grain 

boundaries or remain stable in a supersaturated solid solution if the solubility limit is not reached 
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under irradiation. Grain boundaries were assessed for solute segregation, but no conclusive 

evidence of Ti segregation was found (Appendix I). 

The interparticle spacing of MX-TiC precipitates are shown in Table 6.4 for all 7TiC/15matrix 

dpa conditions at 300, 400, 500, and 600°C along with the mean distance traveled by a point defect 

before being captured by a MX precipitate (Q][G2 ) or any microstructural feature (Q6D6G2 ). As can be 

seen, point defects are more likely to be trapped or absorbed by features other than precipitates 

due to the low density of MX precipitates leading to a high interparticle spacing. This also may 

have repercussions for MX-TiC precipitate dissolution, as Ti solutes are more likely to encounter 

other features besides MX-TiC precipitates after recoil resolution. The stability of MX-TiC 

precipitates may also depend on their ability to exchange Ti solutes, which would require a smaller 

interparticle spacing [139]. In fact, the Frost and Russell model implies that for a low volume 

fraction of ~10-3 and a precipitate displacement rate (S) of ~10-4 dpa/s, particles would be dissolved 

by ~100 dpa around 400°C [78,140]. This work may prove the effects of volume fraction, and 

hence interparticle spacing, are more severe than predicted as particles were observed to dissolve 

in these experiments at half that damage level at 500°C. Further research into the number density 

and interparticle spacing effects on precipitate stability is needed. 

Now that the effects of precipitate interfacial characteristics, diffusion and diffusional 

recovery, helium concentration, solute redistribution, concentration gradients, and interparticle 

spacing on rcap and Reff have been discussed, an assessment of the likelihood of the dominant 

factor(s) on precipitate stability at high damage levels may be given. As precipitates dissolved at 

high damage levels no matter the damage rate or temperatures tested, the effects of increasing 

recoils within the precipitate and the effects of diffusional recovery are assumed to be secondary 

in the conditions tested. It is assumed that Ti solute redistribution occurred concurrently with a 
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loss of initial precipitate interfacial characteristics. This, combined with a high interparticle 

spacing, caused the dissolution of precipitates at high damage levels. Future work should focus on 

attempting to parse out the influence of these three effects on precipitate stability.  

Lastly, the fidelity and applicability of the damage level calculations of the matrix and the 

MX-TiC precipitates should be discussed as the analysis of both the Frost and Russell and MKI 

models rests heavily on the calculated damage level. As described in 4.2.2, Chapter 6, and 

Appendix D, quick-KP SRIM calculations were used to ascertain the damage levels (in dpa) of 

both the matrix and the MX-TiC precipitates. This method has known errors associated with it, 

such as overpredicting the damage level and underpredicting the atomic mixing [141]. An 

improved method for calculating damage accounts for athermal recombination corrected dpa (arc-

dpa) and atomic mixing (replacements per atoms, rpa) [141]. The arc-dpa reduces the number of 

point defects as compared to the SRIM-generated damage calculation. The rpa model accounts for 

the cascade size of damage, which can affect phase stability. Thus, how damage is calculated may 

affect the results of the Frost and Russell and MKI models. However, it is assumed that the general 

conclusions will remain the same, despite if the exact magnitude of Reff may be different to match 

experimental results: it is assumed that Reff will still change as a function of damage level and Reff’s 

variability will still affect the growth and dissolution prediction of precipitates. It is important in 

future work to explain the method of damage calculation and how that might affect comparisons 

to this work. 

In conclusion, the models employed by Frost and Russell and MKI are simple for such a 

complex phenomenon as precipitate evolution under irradiation. The factors discussed here 

(helium, precipitate interfacial characteristics, temperature, concentration gradients, solubility 

limits, and interparticle spacing) all change the diffusion of point defects and solutes under 
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irradiation, which cause a dynamic sink strength under irradiation. Table 6.5 provides a summary 

of the discussion on the recoil resolution model of MX-TiC precipitates in CNA9. A more 

comprehensive model is needed to account for these factors in a spatially sensitive manner (i.e., 

proximity to precipitates and the number density of all sinks) to properly account for the 

phenomena of precipitate coarsening and dissolution. In addition, this analysis considered Ti for 

MX-TiC phase stability due to Ti being the rate-limiting species. However, the loss of C to other 

microstructural sinks during irradiation may be a factor as well. Future work could focus on 

quantitatively calculating the value of rcap, especially as a function of damage level. The analysis 

resulted in the finding that the ability of MX-TiC precipitates to resist dissolution decreased with 

increasing damage levels, and hence any benefit to mechanical properties or resistance to radiation 

damage garnered by these precipitates would be lost in the early lifetime of fusion power plants. 

Importantly, this analysis considered an environment free of creep, stress, and fatigue, all effects 

that would be operational in a power plant. The single effects of these variables under irradiation 

as well as their combined effects on MX-TiC precipitates are unknown. 

 

Table 6.4 Mean MX interparticle spacing and mean distance traveled by a point defect before being captured by a 
MX precipitate ())*+, ) or any microstructural feature ()-.-+,). 

Condition 
MX Precipitate 

Interparticle 
Spacing 

))*+,  )-.-+,  

(300°C-15 dpa-7´10-4 dpa/s)matrix 180 nm 144 nm 18 nm 

(400°C-15 dpa-7´10-4 dpa/s)matrix 150 nm 120 nm 20 nm 

(500°C-15 dpa-7´10-4 dpa/s)matrix 118 nm 94 nm 52 nm 

(600°C-15 dpa-7´10-4 dpa/s)matrix 115 nm 92 nm 92 nm 

(400°C-15 dpa-7´10-4 dpa/s-10 appm He/dpa)matrix 180 nm 143 nm 19 nm 

(500°C-15 dpa-7´10-4 dpa/s-10 appm He/dpa)matrix 136 nm 108 nm 32 nm 

(600°C-15 dpa-7´10-4 dpa/s-10 appm He/dpa)matrix 119 nm 95 nm 46 nm 
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Table 6.5 Summary of mechanisms affecting precipitate behavior using the MKI model and literature assessments 
on factors affecting precipitate dissolution. The effective range, Reff, is the physical range of recoiling solutes, as 
calculated with SRIM, minus the capture radius of the solutes, rcap. Reff accounts for the possible mechanisms that 
may change rcap and hence change the diffusion of point defects and solutes to precipitates. The recoil resolution 
efficiency, εRES, refers to the likelihood of precipitate dissolution, with large, positive values of εRES describing more 
atoms leaving the precipitates than entering, leading to dissolution. 

Damage Level 
Regime 

Temperature 
and Helium 

Regime 

Suggested 
dominant 

mechanism 
affecting rcap 

Precipitate 
behavior 

Capture 
Radius 
(rcap) 

Effective 
range 
(Reff) 

Recoil 
resolution 
efficiency 

(εRES) 

Intermediate 
damage level 
(~5-15 dpa) 

Low 
temperatures 

 
Single and dual 

beam 
 

Low diffusion of Ti 
due to low 

temperature 
causing less solute 
migration back to 

precipitates  

No size changes, 
but partial 
dissolution 

Intermediate 
(0 < rcap < R) 

 Small, 
positive 

Small, 
positive 

High 
temperatures 

 
Single beam 

High diffusion of 
Ti Precipitate growth 

Large 
(rcap > R) Large, 

negative 
Large, 

negative 

High 
temperatures 

 
Dual beam 

Lower diffusion of 
Ti due to helium 

co-injection 

Complete or 
partially 

suppressed 
growth 

Large but 
suppressed 
(rcap à R) 

Small, 
positive 

Small, 
positive 

High damage 
level (>50 dpa) 

All temperatures 
 

Single and dual 
beam 

Ti solute 
redistribution, loss 

of initial  
precipitate 
interfacial 

characteristics, and 
high interparticle 

spacing 

Complete 
dissolution 

Minimum 
(rcap = 0) 

Large, 
positive 

Large, 
positive 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 191 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

~103 
~104 

~106 

~101 

~100 
~100 

~101 

ú^ + L M	

~101 
~100 

~101 

Figure 6.3 The matrix concentration in thermal equilibrium (#D, black line) was plotted versus the concentration 
from recoil resolution (HA

!

IJC
$1 − A

KL"
', orange line for single beam and blue lines for dual beam). The solid blue line 

refers to strong Ti-helium-vacancy binding and the dashed blue line refers to weak Ti-helium binding. The 
radiation-enhanced diffusion, "ABC@5 , was used to calculated the recoil resolution contribution for single beam 
irradiations. The effective helium-suppressed radiation-enhanced diffusion, "ABC,DEE@5FGD  and "ABC,DEE@5FGDF3, was used to 
calculated the recoil resolution contribution for dual beam irradiations. 
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Figure 6.4 This figure is a deconstructed version of Figure 6.3. The matrix concentration in thermal equilibrium (#D, 
black line) was plotted versus the concentration from recoil resolution, HA

!

IJC
$1 − A

KL"
' , for (a) single beam, orange 

line, and for (b) dual beam, blue line. The dashed blue line refers to weak Ti-helium binding, which was found to 
match best with experimental results. Strong Ti-helium-vacancy binding is not shown, as in Figure 6.3. 
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Figure 6.5 Dominant mechanisms for precipitate stability under irradiation for (a) single beam and (b) dual 
beam conditions. (c) Comparison of single and dual beam conditions. Recoil resolution is dominant above the 
dividing lines and radiation-enahnced coarsening below. The gray horizontal lines represent the recoil rate, S, 
at experimental conditions, (3.3´10-4 dpa/s)TiC. The solid blue line refers to strong Ti-helium-vacancy binding 
and the dashed blue line refers to weak Ti-helium binding. The orange line refers to single beam conditions. 
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Figure 6.6 Schematic showing the relationships between the precipitate radius (rp), the recoil distance (R), and 
the capture radius (rcap) on the effective range (Reff) and the recoil resolution efficiency (εRES). The concentration 
gradients are shown as well, showing the effect of Ti solute gradients at the precipitate-matrix interfaces on 
precipitate solute behavior. 
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Figure 6.7 Plots showing the theoretical behavior of TiC precipitates under irradiation as modelled by the MKI 
model of recoil resolution. Each plot shows the same four simulated curves of coarsening or dissolution as modelled 
with four values of Reff: -0.05 nm (dotted black line), -0.8 nm (dotted gray line), 0.05 nm (dashed black line), 0 nm 
(solid black line), and 0.8 nm (solid gray line). The box plot (white) showing the size distribution of the control 
specimen is shown on each plot at 0 dpa. The box plots for the single (lighter colors) and dual (darker colors) are 
shown on each plot for (a) 300, (b) 400, (c) 500, and (d) 600°C. The x axis represents the damage level received by 
the TiC precipitates. 
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6.1.4 Summary of the Results of the Scientific Objective  

The scientific objective outlined in Chapter 3 sought to determine if the following 

hypothesis was correct: 

Co-injected helium will prevent the radiation-enhanced growth of pre-existing TiC 

nanoprecipitation within ion irradiation environments. This will occur due to injected helium 

atoms binding to Ti solute atoms in the matrix. 

Through detailed studies assessing the roles of damage level, damage rate, temperature, 

and co-injected helium on the pre-existing size distribution and number density of TiC precipitates, 

it can be concluded that this hypothesis was correct at elevated temperatures (500, 600°C). It can 

be concluded that helium co-implantation reduces the growth of precipitates during ion irradiation 

experiments at temperatures where precipitate size distributions are controlled by diffusion-

mediated processes in single beam conditions. This occurs by helium atoms binding to Ti solutes 

and suppressing the long-range motion of the helium-Ti complex. The complexes decrease the 

effective diffusion of Ti in the matrix, thus decreasing the contribution of radiation-enhanced 

coarsening of precipitates under irradiation. This was simulated with the use of the recoil resolution 

model of precipitate stability, where helium’s effects on Ti diffusion translated to a relative increase 

in the influence of recoil resolution on precipitates. Helium co-injection had no effect at lower 

temperatures (400°C) where diffusion was not a dominant process on precipitate stability. 

In addition, damage level was observed to greatly influence precipitate stability, with the 

MX-TiC precipitates dissolving by 50 dpamatrix. The influence of damage level was assessed with 

the recoil resolution model as well and it was concluded that the efficiency of dissolution increases 

with damage level. It was hypothesized that various factors caused this, but further work is needed 

to definitively determine the main causes of dissolution. 
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6.2 Helium Sequestration Ability of TiC Precipitates and its Effect on Cavity Behavior 

This section will explore the effects of temperature, helium co-injection rates, and 

coherency on the behavior of precipitate-attached cavities and the effect of precipitates on 

swelling. 

6.2.1 Effects of Temperature on Helium Sequestration at the TiC-Matrix Interface 

The ability to sequester helium at the precipitate-matrix interface, and hence to control 

nucleation and subsequent growth of matrix cavities, was found to be dependent on temperature. 

Helium was sequestered most efficiently in the form of cavities at 500 and 600°C, whereas there 

were not enough cavities observed on precipitate-matrix interfaces at 400°C to be statistically 

relevant. It is assumed that all cavities at the precipitate-matrix interfaces are helium- filled because 

they are small (<5 nm) and spherical in TEM images, suggesting an over-pressurization from 

helium before biased-driven growth is achieved. Cavities are considered bubbles when the gas 

inside the cavity causes it to become spherical [1]. However, faceted cavities may look spherical 

in TEM images if they approach a small enough size. It is, however, common practice to assume 

visually small, spherical cavities are bubbles [42,142,143]. This analysis is in line with literature 

that describes small, spherical bubbles as being stabilized by helium gas pressure [143–146]. The 

size of 5 nm was chosen as the cutoff between the bimodal cavity size distributions at 500°C 

(Figure 5.20) [42].  

As previously mentioned, a uniform distribution of small (<5 nm) helium-filled cavities were 

found homogeneously dispersed in the matrix in the (400°C-7 dpa-3.3×10-4 dpa/s-10 appm 

He/dpa)TiC / (400°C-15 dpa-7×10-4 dpa/s-10 appm He/dpa)matrix condition. There are a few possible 

reasons why cavities were observed to develop in the matrix but not on the precipitate-matrix 

interfaces. It is possible that ballistic dissolution caused the precipitate-matrix interface to become  



 198 

unstable and hence no clearly defined interface was available for cavities to form. Another reason 

could be that helium had such a low diffusion at 400°C that it was effectively trapped within the 

matrix due to immobility before making it to precipitate-matrix interfaces and being able to 

nucleate on the interfaces. There was a significant reduction in number density of precipitates at 

this condition due to recoil resolution, which would further decrease the trapping ability of MX-

TiC precipitates having a greater interparticle spacing.  

At the conditions tested, peak swelling occurred at 500°C. Hence, the sequestration ability of 

the MX-TiC precipitates is most important at this temperature to prevent the negative effects of 

unconstrained swelling. Figure 5.17 clearly indicates helium sequestration by the MX-TiC 

precipitates in the (500°C-7 dpa-3.3×10-4 dpa/s-10 appm He/dpa)TiC / (500°C-15 dpa-7×10-4 dpa/s-

10 appm He/dpa)matrix condition. Importantly, all cavities attached to the precipitates remained 

smaller than the critical bubble radius at this temperature, which was ~4 nm (see Section 4.9 for 

how this was determined). This would suggest that the semi-coherent MX-TiC precipitates can act 

to sequester helium in FM steels before their dissolution during irradiation near the peak swelling 

temperature. The MX-TiC precipitates did not act as sites of enhanced point defect collection, 

which would lead to precipitate-attached cavities larger than matrix cavities [56]. To the authors 

knowledge, this is the first work to prove helium sequestration capabilities for semi-coherent 

precipitates in FM steels under fusion-relevant ion irradiation conditions. The distribution of 

precipitate-attached bubbles and matrix cavities is shown in Figure 5.19.  

The effect of the precipitates on swelling at 500°C and 7TiC/15matrix dpa may be assessed by 

observing the cavity distribution in grains with a higher number of MX-TiC precipitates versus 

grains with no precipitates. Figure 6.8 shows the size distribution of cavities, with the 

corresponding swelling value of matrix cavities, between various grains. As can be seen, there is 
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no clear trend of swelling between grains with MX-TiC precipitates (with densities ranging from 

0.2 to 2.2 ×1021 m-3) and grains with no precipitation. This is most likely because the number 

density of MX-TiC precipitates is still too low to have effects on the engineering level. In 

reviewing the available literature, Zinkle et al. found that oxide dispersions in ODS steels present 

in approximately 100× greater density than cavities result in low void swelling even up to 500 dpa 

(<5% volume change) in single beam ion irradiations. In addition, Zinkle et al. determined that an 

ultra-high oxide particle density of 1024 m-3 (resulting in an overall sink strength of ~1016 m-2) was 

needed to suppress radiation-induced hardening. The improved radiation resistance of the oxide 

particles relies on their small average interparticle spacing, making point defects and helium atoms 

more likely to interact with a particle than with another [11]. The effect of sink strength on helium 

bubbles was further studied by Yan et al. in CNA1, CNA3, and two ODS alloys (9YWTV and 

14YWTV) [77]. These materials were implanted with 7500 appm helium at 500 and 700°C. CNA1 

and CNA3 contained particle densities on the order of ~1021-1022 m-3, including both MX ((V,Ta)N 

in CNA1 and (Ti,Ta)C in CNA3) and M23C6 precipitates (translating to a sink strength of ~1015 m-

2). 14YWT contained a ODS particle density on the order of ~1024 m-3 (translating to a sink strength 

of ~1016 m-2). A sink strength of ~1016 m-2 was needed at peak helium effects to suppress bubble 

growth, leading to the conclusion that CNA1 and CNA2 did not contain enough MX precipitates 

to suppress peak bubble growth. Future CNAs and other advanced FM steels need to ensure a 

greater number density of precipitates than present in CNA9 to have an effect on properties under 

irradiation. In addition, MX precipitates that remain stable to damage levels at and greater than 

23TiC/50matrix dpa should be assessed for their trapping ability of helium and their effect on the 

overall swelling at high damage levels. 
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The (600°C-7 dpa-3.3×10-4 dpa/s-10 appm He/dpa)TiC / (600°C-15 dpa-7×10-4 dpa/s-10 appm 

He/dpa)matrix condition displayed a uniform distribution of small (<5 nm) helium-filled cavities 

homogeneously dispersed within the matrix. However, unlike at 400°C, cavities attached to 

precipitate-matrix interfaces were found at this higher temperature. Like the condition at 500°C, 

all cavities attached to the precipitates remained smaller than the critical bubble size of 4 nm. 

However, cavities in the matrix also remained small and there was only a ~0.4 nm difference in 

the size distributions of the matrix and precipitate-attached cavities.  

The size distributions between the precipitate-attached cavities in the (500°C-7 dpa-3.3×10-4 

dpa/s-10 appm He/dpa)TiC / (500°C-15 dpa-7×10-4 dpa/s-10 appm He/dpa)matrix and (600°C-7 dpa-

3.3×10-4 dpa/s-10 appm He/dpa)TiC / (600°C-15 dpa-7×10-4 dpa/s-10 appm He/dpa)matrix conditions 

will now be discussed (Figure 6.9, Figure 6.10). The matrix bubbles in the 500°C condition had 

an average diameter of 1.3±0.02 nm and the matrix bubbles in the 600°C condition had an average 

diameter of 1.2±0.02 nm. The precipitate-attached bubbles in the 500°C condition had an average 

diameter of 1.2±0.03 nm and the precipitate-attached bubbles in the 600°C condition had an 

average diameter of 1.6±0.04 nm. There is a greater size difference between the precipitate-

attached bubbles at 600 and 500°C (0.4±0.05 nm) versus the size difference between matrix 

bubbles (-0.1±0.03 nm). In addition, there were no voids in the 600°C condition. The precipitate-

attached bubbles grew to larger sizes at 600°C than at 500°C, whereas the matrix cavities shrunk 

to smaller sizes at 600°C than at 500°C. The larger average diameter of the precipitate-attached 

bubbles in the 600°C condition is reflected in the longer tail of its size distribution. This would 

suggest that even at 600°C the precipitate-attached bubbles were not thermally disassociating or 

de-trapping from the interface but that the matrix cavities were thermally disassociating at 600°C. 

Thermal disassociation of vacancies from matrix bubbles is predicted as temperature increases, so 
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it is interesting that this did not occur for the precipitate-attached bubbles [1]. This is in line with 

research on CNA1 and CNA3, where MX precipitates were shown to effectively trap helium at 

their interfaces up to 600°C under elevated temperature helium implantation [76,77]. Hence, the 

bubbles on the semi-coherent MX-TiC precipitate-matrix interfaces in CNA9 had greater binding 

for helium than matrix cavities that prevented the thermal release of helium and vacancies. Perhaps 

this combined with the greater diffusion of helium and vacancies at 600°C caused a slightly greater 

average size of precipitate-attached bubbles than at 500°C. To the author’s knowledge, this is the 

first of a kind finding for the precipitate-matrix effect on the size of cavities.  

The thermal emission probability, P, for a vacancy to leave a bubble is [147]: 

 § = 	-G5'*);#0#M -#.:  Eq. 6.15 

where the vacancy-bubble binding energy (:8$7G(C(j ) is evaluated as the work done in emitting a 

vacancy and is calculated as: 

 :8$7G(C(j =	:8
Y −	R

2l(C(
/ − 52SΩ Eq. 6.16 

where :8
Yis the formation energy of a vacancy in eV, l(C( is the surface energy of the bubble in 

eV/m2, R is the universal gas constant, 52 is the gas pressure of the bubble determined by the Van 

der Waal’s equation, and Ω is the atomic volume in m3.  

Hence, the probability of the thermal emission of a vacancy from a bubble is a function of 

temperature (in a reliance on :8
Y), l(C(, and 52. These values may have changed between the 

precipitate-attached cavities and the matrix cavities at 600°C. Other work calculated that high 

surface tension and the presence of stress fields at the precipitate interface lends to strong binding 

of a bubble and a precipitate [148,149]. Pressure may also have changed in the bubbles at the 

precipitate-matrix interfaces as the pressure of the bubble compensates for the surface energy of 

the precipitate. This binding may be dependent on the composition of the MX particles, and hence 
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modelling could be done to calculate which MX precipitates have the greatest helium binding 

under fusion relevant temperature conditions. 

The behavior of bubbles at the precipitate-matrix interfaces can also be related to the 

precipitate stability mechanisms as discussed in Section 6.1. In that section, it was discussed that 

radiation-enhanced diffusion of Ti caused the coarsening of MX-TiC precipitates at 500 and 600°C 

to 7TiC/15matrix dpa under single beam irradiations. At the same conditions with 10 appm He/dpa, 

helium suppressed Ti diffusion through helium-Ti binding and hence suppressed the precipitate 

coarsening observed. Though diffusion was suppressed, helium-Ti solutes were still mobile at 

these elevated temperatures, as were single helium atoms and helium-vacancy clusters. The 

attachment of bubbles to precipitate-matrix interfaces at these elevated temperatures suggest that 

there was still sufficient diffusion of helium complexes to migrate and form on precipitate-matrix 

interfaces, though the low density of precipitates did not prevent matrix cavity development. This 

would suggest that diffusion at higher temperatures plays an important role in the motion of helium 

to precipitate-matrix interfaces as well where it becomes trapped and can accumulate into bubbles, 

compared to the dual beam condition at 400°C that had minimal bubble attachment to precipitates 

and where it was determined that helium complexes had low diffusive ability.  
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Figure 6.8 Comparison of swelling and precipitate number density in various grains in (500°C-15 dpa-7×10-4 
dpa/s-10 appm He/dpa)matrix condition. No clear trend was established. The violin plots are normalized by 
width. 
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Figure 6.9 Comparison of matrix cavities (square symbols) to precipitate-attached cavities (circle 
symbols) for the dual beam conditions at 500 (blue) and 600°C (green). 
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6.2.2 Effects of Helium Co-Injection Rate on Helium Sequestration at the TiC-Matrix Interface 

Figure 6.11 shows the size distributions of TiC-attached bubbles and matrix cavities in 

the dual beam conditions at 500°C with (3.3×10-4 dpa/s)TiC/(7×10-4 dpa/s)matrix to 7TiC/15matrix dpa 

with either 10 appm He/dpa or 25 appm He/dpa. The size distributions are nearly exact.  

 

 

 

 

 

 

 

Figure 6.10 (a) Bubble diameter and (b) and bubble density of matrix bubbles (solid lines) and precipitate-attached 
bubbles (dotted lines) as a function of temperature for dual beam conditions. 
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Figure 6.12 shows the grain-to-grain variability of swelling as a function of precipitate 

density. No clear trend in precipitate number density and swelling could be established. In addition, 

Figure 6.13 shows the binned cavity density as a function of cavity diameter for both conditions 

and the distributions are nearly overlapping at all points, except the 25 appm He/dpa condition 

with went to slightly greater maximum matrix void sizes. As swelling is greatly affected by the 

size of cavities, this was reflected in the swelling values of the conditions. The swelling from all 

cavities in the 10 appm He/dpa condition was 0.2±0.01% and in the 25 appm He/dpa condition 

was 0.3±0.05%. the ratio of precipitate-attached bubbles to the number density of TiC precipitates 

for the 10 appm He/dpa condition was 5.3±0.4 and in the 25 appm He/dpa condition was 5.6±0.0.3. 

The fraction of precipitate-attached bubbles to the total bubble count for the 10 appm He/dpa 

condition was 0.3±0.03 and in the 25 appm He/dpa condition was 0.2±0.0.007. Hence, the TiC 

precipitates maintained a constant helium sequestration ability at the various helium co-injection 

rates tested and no significant differences were detected.  

To the author’s knowledge, no systematic studies on helium rate effects on cavities attached 

to precipitates have been conducted on MX precipitates in FeCr steels. However, CNA3 was 

irradiated to 50 dpa at 650°C with 15 appm He/dpa. CNA3 displayed a total cavity density of 

5´1021 m-3. Approximately 30% of all cavities were associated with the MX precipitates in CNA3 

[122]. Approximately 22% and 38% of all cavities in the dual beam irradiations at 500 and 600°C, 

respectively, with 10 appm He/dpa to 7TiC/15matrix dpa were associated with the MX-TiC 

precipitates in CNA9. Approximately 18% of all cavities in the dual beam irradiations at 500°C 

with 25 appm He/dpa to 7TiC/15matrix dpa were associated with the MX-TiC precipitates in CNA9. 

This would suggest that temperature has a greater effect on sequestering effects for cavities in the 

range of 10-25 appm He/dpa of CNAs than the effect from the difference between helium co-
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injection rates at 10 and 25 appm He/dpa. In addition, helium implantation studies at 500-800°C 

to 7500 appm helium showed that MX precipitates in CNA1 and CNA3 sequestered helium in the 

form of bubbles on their interfaces, but no quantification of precipitate-attached bubbles was given 

[77,150]. Comparatively, this work studied MX precipitate sequestration ability up to 375 appm 

helium at 500°C. Thus, it is shown that MX precipitates can sequester up to 7500 appm He in 

CNAs at elevated temperature, but the efficiency of that sequestration under irradiation is unknown 

above 375 appm helium.  

A few studies on helium rate effects on cavities attached to oxide particles have been 

conducted in ODS steels. A 14YWT alloy containing oxides of various sizes was implanted to a 

peak implantation of ~4,000 appm helium at 700°C. Oxides of diameter ~2 nm had one attached 

bubble per oxide of about the same diameter. Larger oxides of diameter ~6 nm or greater had larger 

bubble(s) attached, either one or two in number [151]. In PM2000 and 14YW, all voids present in 

the materials after neutrons irradiation to <20 dpa at 500°C were associated with oxide particles 

[143]. To better understand these results, Emelyanova et al. conducted an ion irradiation study to 

understand the effects of helium rate on the bubble co-evolution with oxides in ODS EUROFER 

steel [143]. A 4 MeV Au2+ + 10 keV He+ dual ion in-situ irradiation to a damage level of ~27 dpa 

with a helium rate of ~354 appm He/dpa was conducted at 550°C with a damage rate of ~2.4´10-

3 dpa/s were used. A 10 keV He+ single ion ex-situ irradiation was also conducted at 550°C. The 

damage level achieved was negligible in the ex-situ irradiation (~0.4 dpa), thus providing a 

significantly different He/dpa ratio than the in-situ irradiation. A one-to-one associated of bubbles 

with oxides was found in both irradiated samples. It was found in the single ion ex-situ irradiated 

sample larger oxides were associated with larger cavities, but that the oxide-attached cavities were 

generally smaller than the host oxides. This was typically the case for the dual ion in-situ irradiated 
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oxide-cavity pairs as well, though a group of oxides had voids associated with them. Hence, the 

oxide-attached cavities in the dual ion irradiated specimen displayed a bimodal distribution, just 

like matrix cavities display in high He/dpa regimes where some bubbles undergo transition to 

voids. Emelyanova et al. hypothesized that the bubble-to-void transition occurred on oxide 

particles because the helium bubbles on the oxide interface require less helium atoms for the 

transition to occur as compared to bubbles in the bulk and that the increased effective vacancy 

supersaturation from the increased damage rate in the dual ion irradiation condition assisted the 

process. However, only relatively large particles affected the critical gas content in oxide-attached 

bubbles, leading to the transition. The He/dpa ratio may also affect the onset of the bubble-to-void 

transition.  

Though there are additional considerations that should be taken when interpreting these 

results, such as the vastly different damage levels between the in-situ and ex-situ irradiations and 

the viability of comparing in-situ and ex-situ irradiation results one-to-one, some insight can still 

be drawn for this work from the conclusions reached. One, as previously described, the He/dpa 

ratios may be too similar in the 10 and 25 appm He/dpa conditions at 500°C to cause any 

differences in the MX precipitate-attached bubbles, particularly their transition to voids. At a larger 

He/dpa rate with a high enough vacancy supersaturation, a bubble-to-void transition may occur on 

MX-TiC precipitates in CNA9. However, MX precipitate-attached bubbles were shown to be more 

robust against this transition than matrix bubbles with the parameters used in this work. Second, 

no significant average differences in the values of bubbles sequestered per precipitate were found 

between the 10 appm He/dpa conditions at 500 and 600°C to 7TiC/15matrix dpa, though the average 

precipitate sizes of precipitates differed. This may suggest that there is a critical precipitate size 

larger than sizes reached in this work (~35 nm) that when reached under the proper helium and 
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effective vacancy supersaturation conditions may promote the bubble-to-void transition. Third, the 

interfacial characteristics of various precipitates, such as surface energy or interfacial dislocations, 

may affect the critical number of helium atoms needed to promote the bubble-to-void transition. 

Thus, various kinds of MX precipitates may display different bubbles associations at the same 

irradiation conditions. This point ties back to the discussion on precipitate stability, where the 

precipitate interfacial characteristics may also affect the stability of the precipitates under 

irradiation. 

Systematic studies on helium rate effects of matrix cavities have also been conducted that can 

be referenced. Dual ion irradiation studies of F82H and 14YWT alloys showed that a greater 

helium co-injection rate resulted in increased volume fraction of matrix cavities after a dose of ~30 

dpa (Figure 6.14a) [152]. The matrix cavity effects were described by splitting the effects of helium 

rates to ranges of ~15-25 appm He/dpa, ~25-35 appm He/dpa, ~35-45 appm He/dpa, and ~45-55 

appm He/dpa. Within each range, cavities followed the same trend. However, the effects of helium 

rates will be dependent on the sink strength of the material: with increasing sink strength, effects 

on matrix cavities with increasing helium rates become less noticeable (Figure 6.14b) [153]. 

Bhattacharya and Zinkle presented results for the dependence of swelling on helium rate in 

irradiated copper and irradiated austenitic stainless steel (Figure 6.15) [10]. A bell curve 

dependence of swelling on helium rate was found, with maximum swelling occurring at helium 

rates around ~10-15 appm He/dpa. In CNA9, the rates of 10 and 25 appm He/dpa did not result in 

any significant differences in matrix cavity sizes or densities at 7TiC/15matrix dpa. Hence, it is likely 

that the helium rates tested in CNA9 are within the same range and same area of the peak of the 

bell curve dependence and did not probe various helium rate regimes. 
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It is assumed that the response of MX precipitate-attached cavities in CNA9 will follow the 

general trend shown in literature for matrix cavities – no differences will be detected at 

intermediate damage levels between similar helium co-injection rates. It is possible, however, that 

the helium co-injection rate at which matrix cavities begin to show significant differences in 

behavior may be different than the critical helium co-injection rate for MX precipitate-attached 

cavities due to different cavity pressurization, surface energies, and binding of cavities to 

precipitates versus cavities in the matrix. 

Thus far, analysis suggests that the microstructure of FM steels, including the MX precipitates, 

are robust under helium co-injection ranges relevant to fusion operation under high damage rate 

heavy ion irradiations. Previously in Section 6.1, it was discussed that precipitate stability may be 

different in fusion (or advanced fission) reactors versus ion irradiations because of the lower 

damage rates in reactor. Similarly, the behavior of helium sequestration may be influenced by 

different combinations of helium rates and damage rates during irradiation. Taller et al. showed 

that helium trapping and repartitioning at various sinks was dependent on damage rate, helium 

rate, and temperature in Grade 91 steel [142]. However, the saturation of traps other than cavities 

still occurred in both the reactor irradiated (low damage rate/low helium rate/low temperature) and 

ion irradiated (high damage rate/intermediate helium rate/high temperature, relative to the reactor 

irradiation) samples, though the saturation occurred at a higher damage level in the reactor 

irradiated samples. Thus, it is assumed that various combinations of damage rate, helium rate, and 

temperature may alter the initial partitioning of helium and point defects to sinks (including to MX 

precipitates), but that saturation would occur by intermediate to high damage levels. In addition, 

it was previously shown in Section 6.2.1 that MX precipitates had strong binding with helium 

bubbles up to 600°C. Thus, it is still expected that MX precipitates will sequester helium and 
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maintain helium-filled bubbles at their interface in other conditions, though the bubble evolution 

may differ. 
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Figure 6.11 Comparison of matrix cavities (square symbols) to precipitate-attached cavities (circle 
symbols) for the dual beam conditions at 500°C for 10 appm He/dpa (left side of the violin plots) and 25 
apppm He/dpa (right side of the violin plots). 
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Figure 6.12 Comparison of swelling and precipitate number density in various grains in (500°C-15 dpa-7×10-4 dpa/s-
10 appm He/dpa)matrix condition. No clear trend was established. The violin plots are normalized by width. 



 213 

 

Figure 6.13 Cavity density versus cavity diameter for the 500°C dual beam conditions with 10 appm He/dpa and 25 
appm He/dpa. 
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Figure 6.14 (a) The volume fraction of cavities larger than 4 nm as a function of dpa and helium co-injection rate in 
dual ion irradiated F82H at 500°C. Reproduced from [152]. (b) The volume fraction of cavities in Eurofer97, F82H, 
and MA957. MA957 contains a high density of oxide particles, with a volume fraction of particles on par with the 
volume fraction of cavities. Reproduced from [153]. 

 
Figure 6.15 Swelling dependence on the He/dpa ratio in (a) irradiated copper (~1-10 dpa) and in (b) austenitic 
stainless steel. Reproduced from [10]. 

 

6.2.3 Effects of Coherency on Helium Sequestration at the TiC-Matrix Interface 

Previous experimental research has shown that some types of precipitation in steel have 

cavities attached to their interfaces that grow larger than the matrix cavities [7,28,43,44], thus 
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accounting partially or for the majority of void swelling. Mansur has hypothesized that this is 

because these precipitates act as point defect collection sites for helium and vacancies and serve 

as fast pathways of diffusion for these defects along the precipitate-matrix interface to aid the 

accumulation of such defects into large cavities [56] (see Section 2.5.3).  

Brailsford and Mansur further expounded upon this by differentiating the effects of coherent 

and incoherent precipitation on point defection trapping and collection [61]. The coherent interface 

is defined as a saturable trap, where defects are trapped and then annihilated by the anti-defects. 

The incoherent interface, on the other hand, is described as an unsaturable trap that acts as a site 

of enhanced point defect accumulation. Relatedly, the incoherent interface is assumed to be a fast 

diffusion pathway, like high angle grain boundaries, that serves to channel point defects collected 

by the interface into extended defects. Though the work underscores the importance of precipitate 

interfacial character to cavity development, it also concludes that experimental literature does not 

sufficiently back up the claim that precipitation reduces swelling. 

Brailsford and Mansur also postulate that the misfitting dislocations present at semi-coherent 

precipitate-matrix interfaces may act as fast diffusion paths and lead to enhanced defect growth. 

Recent work computationally investigated the effects of semi-coherency on point defect collection 

and concluded that the interfacial misfitting dislocations attract point defects, namely helium, and 

act as stable storage sites for helium [85,86,134,155]. Shao et al. investigated coherency effects of 

oxide particles in MA956 irradiated with single ion Fe2+ irradiation to 60, 120, and 180 peak dpas 

corresponding to 10-3 dpa/s. All voids were found attached to the semi-coherent particle-matrix 

interfaces. The authors hypothesized this was due to the relatively higher strain energy of the 

oxides due to their larger size, resulting in point defect collection [156].  
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This work experimentally investigated the effects of semi-coherency on point defect collection 

with MX-TiC Precipitation present in CNA9. However, CNA9 also lent a natural experiment in 

that large, fully incoherent TiC precipitates were also present in the microstructure. By 

investigating the nature of the precipitate-attached cavity development on the small, semi-coherent 

MX-TiC precipitates and the large, fully incoherent TiC precipitates, the theorized effects of 

precipitate size and coherency on cavity growth can be studied.  

Figure 6.16 shows the structure and corresponding diffraction pattern of the small MX-TiC 

precipitates. The small, semi-coherent MX-TiC precipitates have a lattice parameter twice the size 

of the matrix and an FCC structure that had a cube-on-cube orientation relationship with the matrix. 

The broad faces of the precipitate are coherent with the matrix and the edges are incoherent or 

semi-coherent with the matrix. The d-spacings for \{!!;}.9X  and \{22;}#$6+9% were identical but the d-

spacing for \{!;;}.9X  was found to be twice as large as for that of the \{!;;}#$6+9%. Hence, the parallel 

planes of the {200}matrix and the{200}TiC are the incoherent or semi-coherent interfaces of the TiC 

nanoprecipitates and the parallel planes of the {110}matrix and the{220}TiC are the coherent 

interfaces. For a plate-like precipitate like the MX-TiC precipitate, the coherent edges are assumed 

to induce large coherency strains, but there will not be such strains at the edges [157]. The aspect 

ratio of the precipitates in the 7TiC/15matrix dpa and 10 appm He/dpa conditions did not significantly 

change as compared to the control specimen, and hence it is assumed that the coherency also did 

not significantly change at this irradiation condition [126]. This is a simplified analysis, and future 

work could assess the coherency as a function of temperature and irradiation conditions. No 

difference in size of the attached bubbles on the short or long sides on the precipitate was observed. 

The misfitting dislocations could have attracted point defects which then diffused to various atomic 

sites on the precipitate interface and equally grew into spherical helium bubbles. The bubbles 
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attached to the MX-TiC precipitates can only be assessed at 7TiC/15matrix dpa, as they dissolve at 

some point past this damage level. Future experiments should assess semi-coherent precipitates 

that are stable up to higher damage levels, or even to ~25 dpamatrix, to see if the semi-coherent 

interfaces remain as trapping sites for helium or act as sites of enhanced cavity growth. Swelling 

becomes more important as damage level increases, so MX precipitate’s ability to sequester helium 

is important to high damage levels. 

The large TiC precipitates were determined to have a lattice parameter of 16.5Å and an FCC 

structure (Figure 6.17). Figure 6.18 shows the large non-MX TiC precipitates irradiated to 

7TiC/15matrix, 23TiC/50matrix, and 47TiC/100matrix dpa at 500°C with 10 appm He/dpa. As expected, 

they remain fully incoherent after irradiation to 47TiC/100matrix dpa. The incoherent TiC precipitates 

remained stable at all conditions tested, unlike the smaller MX-TiC precipitates. They remain 

stable most likely due to their larger size shielding them from dissolution. Solutes in the precipitate 

are less likely to ballistically eject from the precipitate and more likely to be displaced within the 

precipitate at larger precipitate sizes. This translates to a smaller recoil resolution efficiency 

(Section 6.1.3). As can also be observed, the large TiC precipitates sequester helium at all damage 

levels in the form of small bubbles. As the damage level increases, so do the number of bubbles 

attached to the large TiC precipitate-matrix interface. However, the attached bubbles remain small 

(≲1.5 nm in diameter). Instead of serving as sites of enhanced cavity growth as theory has 

suggested, the interface of these fully incoherent precipitates acted as traps for helium.  

This work then suggests that the simplistic view of large, incoherent precipitates as enhanced 

point defect collection sites needs further modification for FM steels. Large TiC incoherent 

precipitates, though having a low overall sink strength due to their low density, appear to have a 

high interfacial sink efficiency that prevents the growth of large cavities on their interfaces [86]. 
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The exact reasons for this rebuttal to previous theory on incoherent precipitation are unknown and 

warrant further research. One reason may be that though the large TiC incoherent precipitates in 

CNA9 act as point defect collection sites, the incoherent interface does not act as a fast diffusion 

pathway for those point defects to accumulate and grow. Another reason may be that the larger 

lattice parameter of the incoherent TiC precipitates may lend to more efficient helium sequestration 

in stable orientations (such as platelets) that are precursors to the spherical helium-filled bubbles 

observed in TEM. The interfacial energy and coherency have complicated interactions that produce 

the final cavity behavior at the interface, and this result suggests further work is needed.  

In addition, Mansur’s theory discusses precipitation’s effects matrix cavities, but does not 

differentiate effects on matrix bubbles or voids. Bubbles and voids have different biases for point 

defects and hence may be affected differently [112]. In addition, taking the mean matrix cavity 

radius to include both radii from bubbles and voids skews the matrix cavity radius to larger values 

that are not representative of the bimodal size distribution of cavities. The theory also needs to be 

updated to account for a bimodal size distribution of cavities.  
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Figure 6.16 (a) HR STEM-BF image, (b) STEM-HAADF image, and (c) the diffraction pattern of a MX-TiC 
nanoprecipitate from the control specimen of CNA9. 
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Figure 6.17 HR STEM-BF and -HAADF images with correspoinding diffraction patterns showing the 
incoherent nature of the large TiC precipitates. 
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6.2.4 Effects of MX-TiC Precipitation on Swelling 

Figure 6.19 shows the comparison of cavities for the dual beam irradiations at 500°C to 

7TiC/15matrix, 23TiC/50matrix, and 47TiC/100matrix dpa with 10 appm He/dpa and (3.3×10-4 

dpa/s)TiC/(7×10-4 dpa/s)matrix. This figure shows that the bubbles distribution was mostly unchanged 

by increasing damage level, but that the matrix cavities grew to larger sizes with increasing damage 

level which led to greater swelling. The swelling data for these conditions as well as for the (500°C-

7 dpa-3.3×10-4 dpa/s-25 appm He/dpa)TiC /(500°C-15 dpa-7×10-4 dpa/s-25 appm He/dpa)matrix 

condition is shown along swelling data from literature for FeCr steel alloys, including RAFM steels 

and Grade 91, in Figure 6.20. All dpa values are considered for the matrix. Numerical data for 

literature values shown in Figure 6.20 are tabulated in Table 6.6. 

Dual and triple ion beam irradiations produced greater amounts of swelling than single ion 

beam irradiations. The model Fe-9Cr alloy swelled more at 50 dpa than the other steels, regardless 

of irradiation type. Dual ion irradiated CNA3 and CNA9 had similar swelling values at 50 dpa, 

despite differences in irradiation temperature. CNA9 remained on the lower end of swelling as 
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Figure 6.18 Cavities attached to large TiC precipitates at 500°C with 10 appm He/dpa for (a) 15 dpamatrix, (b) 50 dpamatrix, 
and (c) 100 dpamatrix. 
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compared to the other alloys by 50 dpa, and from 50 to 100 dpa displayed a swelling rate of 

0.03%/dpa. This value is higher than observed for neutron irradiated Grade 91 steel (~ 0.01%/dpa), 

but lower than JLF-1 steel that underwent dual ion irradiation. It is also lower than the generally 

accepted post-transient steady-state swelling in neutron irradiated FM steels of 0.2%/dpa [158]. 

Overall, CNA9 displays similar swelling behavior to traditional FM steels and RAFM steels based 

on the limited swelling data of CNA9. CNA9 had a swelling value of ~0.2% at both 15 and 50 

dpamatrix, and a swelling value of ~2% at 100 dpamatrix. 

CNA9 remained in the incubation and transient regimes at a damage level of 23TiC/50matrix 

dpa, even though the MX-TiC precipitates had dissolved. The dissolution of the precipitates before 

23TiC/50matrix dpa does not appear to have triggered steady-state swelling at this damage level in 

CNA9. This may be because the precipitates represent only a miniscule fraction of the total sink 

strength of CNA9. For example, the condition at 7TiC/15matrix dpa at 500°C with 10 appm He/dpa, 

the MX precipitates only represent ~5% of the entire sink strength (Table 4.8). Xiu showed that 

the steady-state swelling changes as a function of the sink strength of the material, both the onset 

of steady-state swelling and the steady-state swelling rate [159]. Xiu’s work used the same ion 

irradiation facility and the same damage rate used in this study of 7´10-4 dpa/smatrix Data points 

from Ref. [159] for three HT9 materials are shown in the Figure 6.20 (orange lines). The HT9 

materials had different processing histories which led to different starting sink strengths and hence 

different sink strengths under irradiation. At 100 dpa, ASB-HT9 had a sink strength of ~1.1×1016 

m-2 and swelling rate of 0.002%/dpa (though ASB-HT9 was most likely still in the incubation and 

transient regime), FCRD-HT9 had a sink strength of ~7.1×1015 m-2 and swelling rate of 

0.003%/dpa, and ACO3-HT9 had a sink strength of ~6.3×1015 m-2 and swelling rate of 0.02%/dpa. 

Hence, a greater sink strength was shown to translate to lengthened onset to steady-state swelling 
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and smaller swelling rate values. As the precipitates in CNA9 represent such a small fraction of 

the overall sink strength than this, their dissolution is assumed to not significantly affect the overall 

sink strength of CNA9 and does not alter the cavity development with increasing damage level. 

However, this analysis is based on only three data points for CNA9, and a finer resolution of 

damage levels would be needed for a full assessment. In addition, it is possible that the precipitates 

dissolved close to 50 dpamatrix and hence there was not enough time for the onset of steady-state 

swelling to begin and be observed in the 50dpamatrix condition. 

Another assessment of the effect of MX precipitate density on sink strength was completed. 

Ref. [160] suggests that a dramatic reduction in void swelling for fission reactors occurs when the 

average spacing between matrix cavities is greater than 10 × the average spacing between defect 

sinks. The average spacing between defect sinks is calculated as one over the square root of the 

total sink strength and represents the mean distance a free defect travels before becoming trapped. 

This analysis was carried out for the (500°C-7 dpa-3.3×10-4 dpa/s-10 appm He/dpa)TiC /(500°C-15 

dpa-7×10-4 dpa/s-10 appm He/dpa)matrix condition and is shown in  

 

 

 
 
 
 
 
 
 

Table 6.7. The analysis was conducted using three different values for precipitate number 

density: no precipitates, the density observed experimentally, and an ultra-high density of 1024 m-

3 [11,12]. The calculated average spacing between matrix cavities is 5-7 × less than 10× the average 

spacing calculated with conditions of no precipitate density and the experimentally observed 
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density. There are no significant differences between these precipitate number densities on the 

average spacing between defect sinks. This suggests that precipitates present experimentally are 

not enough to suppress void swelling. However, if the average spacing between defect sinks was 

calculated using an ultra-high number density of 1024 m-3 MX precipitates, then the calculated 

average spacing between matrix cavities is on par with 10× the average spacing between defect 

sinks ( 

 

 

 
 
 
 
 
 
 

Table 6.7).  

As can be seen, sink strength is greatly tied to swelling. As FM steels have a high overall sink 

strength, precipitates are theorized to only significantly affect swelling (either through a 

lengthened transient regime or a slower rate of steady-state swelling) if they represent a large 

percentage of the overall sink strength (~50%). This analysis suggests that for fusion reactors, a 

greater sink strength derived from precipitates is needed versus what is needed for fission reactors. 

This analysis is similar to that conducted in Ref. [77], which suggested that a sink strength of ~1016 

m-2 derived from precipitates is needed for optimal resistance to swelling in extreme conditions. A 

shortcoming of this analysis is that the matrix bubble density was unchanging as the precipitate 

density was changed. Importantly, these precipitates would need to remain stable to damage levels 

above 100 dpa in order to provide swelling resistance during the lifetime of the fusion power plant, 

and the MX-TiC precipitates were shown to dissolve before that point. 
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The prior simple analysis has showed that an ultra-high density of 1024 m-3 precipitates is 

optimal to suppress swelling. However, one more value should be calculated to understand the full 

effect of precipitates on swelling. Mansur also theorized that the swelling rate of materials under 

irradiation could be calculated as the ratio of the sink strength of dislocations to that of cavities: 

 
• =

Q@!

Q7!
 Eq. 6.17 

 As pointed out in Ref. [159], this analysis does not consider other important microstructural 

features, such as precipitates and grains boundaries, nor does it differentiate between the 

interstitial-biased bubbles and the neutral-biased voids. Hence, the Q value was calculated as the 

ratio of the total interstitial sink strength to the total vacancy sink strength: 

 
• =

Q9!

Q8!
 Eq. 6.18 

 The Q value was calculated for the hypothetical condition of an ultra-high precipitate 

density of 1024 m-3 assuming the precipitates have no bias, have a 10% bias for interstitials, and 

assuming the precipitates have a 10% bias for vacancies. The results are shown in  

 

 

Table 6.8. Mansur hypothesized that a Q value of ~1, when biased and neutral sink strengths 

are approximately equal, results in the maximum swelling. A Q value less than or greater than 1 

results in less swelling due to the reduction in the super saturation of vacancies in the matrix. A Q 

value of 1 is achieved when the ultra-high density of precipitates was assumed to be neutral sinks, 

but a Q value deviating from 1 is achieved when the precipitates are biased toward interstitials or 

vacancies. This analysis is simply to show that designing a high amount of precipitates to occur in 

a material may not be enough to limit swelling. Rather, the interface itself may need to be 
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engineered in order to maintain a particular flow of point defects. The bias of precipitates is an 

important factor. It may be possible to have a lower density of precipitates that have a high bias 

and hence effectively separate helium from vacancies and prevent their evolution into voids. 

Ultimately, the lowered concentration of freely migrating helium and vacancies and the disparate 

partitioning of helium and vacancies to different sinks are desired. 

 This section has concluded that the MX-TiC precipitates in CNA9 were not present in high 

enough density to prevent matrix swelling at intermediate damage levels at the peak swelling 

temperature assessed for fusion-relevant helium co-injection rates. The precipitates were not able 

to capture all of the freely migrating helium and prevent their agglomeration together and with 

vacancies in the matrix. However, the MX-TiC precipitates may be able to prevent unconstrained 

matrix swelling in advanced fission reactor relevant conditions. Advanced fission reactor operation 

will cause a helium generation rate of about 0.2 appm He/dpa, though Taller found that a helium 

co-injection rate of ~4 appm He/dpa (using the same ion irradiation facility and the same damage 

rate used in this study of 7´10-4 dpa/smatrix) was needed in ion irradiated Grade 91 steel to simulate 

the matrix cavity behavior observed in neutron irradiated Grade 91 [142]. In advanced fission-

relevant ion irradiation conditions with ~4 appm He/dpa, the MX-TiC precipitates in CNA9 may 

be able to sequester enough helium at their interfaces to lower the overall free helium concentration 

in the matrix, preventing the association of helium and vacancies together that leads to matrix 

cavity growth. Hence, the MX precipitates in CNA9 may play a key role for mitigating swelling 

at lower helium rates. Section 6.2.2 discussed the possible effects of different helium rates and 

damage rates in more detail. 
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Table 6.6 Literature data shown in Figure 6.20 for swelling behavior in FeCr FM alloys under various irradiation 
conditions. 

Ref. Material Type 
Swelling Damage and 

Implantation Rates 
Temperature 

(°C) 

Damage 
Level 
(dpa) 

[161] 

F82H 
Dual Ion 

10.5 MeV Fe3+ 

1.05 MeV He+ 

470°C: 0.1% 
510°C: 0.05% 

1.6×10-3 dpa/s 
18 appm He/dpa 
70 appm H/dpa 

470 
510 50 

F82H 

Triple Ion 
10.5 MeV Fe3+ 

1.05 MeV He+ 

0.38 MeV H+ 

470°C: 3.2% 
510°C: 0.14% 

[74] 

F82H Single Ion 
5 MeV Fe2+ 

0% 

1×10-3 dpa/s 
10 appm He/dpa 
40 appm H/dpa 

500 50 

F82H 
Dual Ion 

5 MeV Fe2+ 

2.85 MeV He2+ 

0.7% 

F82H 
Dual Ion 

5 MeV Fe2+ 

0.4 MeV H+ 

0.04% 

F82H 

Triple Ion 
5 MeV Fe2+ 

2.85 MeV He2+ 

0.4 MeV H+ 

0.9% 

[162] F82H Reactor 
FFTF 

0.1%  430 67 

[163] 

F82H Reactor 
HFIR 

0.52% 1.1×1023 n/cm2 
0.5 appm He/dpa 

400 51 F82H Reactor 
HFIR+10B 

1.1% 1.1×1023 n/cm2 
6.5 appm He/dpa 

F82H Reactor 
HFIR+58Ni 

0.002% 1.1×1023 n/cm2 
9.9 appm He/dpa 

[74] 

Fe8Cr2W Single Ion 
5 MeV Fe2+ 

0.19% 

1×10-3 dpa/s 
10 appm He/dpa 
40 appm H/dpa 

500 50 

Fe8Cr2W 
Dual Ion 

5 MeV Fe2+ 

2.85 MeV He2+ 

0.69% 

Fe8Cr2W 
Dual Ion 

5 MeV Fe2+ 

0.4 MeV H+ 

1.04% 

Fe8Cr2W 
Triple Ion 

5 MeV Fe2+ 

2.85 MeV He2+ 

2.62% 
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0.4 MeV H+ 

[164] Fe-9Cr 

Single Ion 
10.5 MeV Fe3+ 

510°C: 0.5% 

1.6×10-3 dpa/s 
10 appm He/dpa 
40 appm H/dpa 

470 
510 50 

Dual Ion 
10.5 MeV Fe3+ 

1.05 MeV He+ 

510°C: 0.1% 

Dual Ion 
10.5 MeV Fe3+ 

0.38 MeV H+ 

510°C: 5% 

Triple Ion 
10.5 MeV Fe3+ 

1.05 MeV He+ 

0.38 MeV H+ 

510°C: % 

[165] 

JLF-1 
(9Cr–
2.0W–
V,Ta) 

Single Ion 
6.4 MeV Fe3+ 
1.0 MeV He+ 

40: 0.3% 
50: 1.5% 
62: 3.2% 
79: 2.3% 

1×10-3 dpa/s 
15 appm He/dpa 470 40-79 

[74] CNA3 

Single Ion 
5 MeV Fe2+ 

0.02% 

1×10-3 dpa/s 
10 appm He/dpa 
40 appm H/dpa 

500 50 

Dual Ion 
5 MeV Fe2+ 

2.85 MeV He2+ 

0.5% 

Dual Ion 
5 MeV Fe2+ 

0.4 MeV H+ 

0% 

Triple Ion 
5 MeV Fe2+ 

2.85 MeV He2+ 

0.4 MeV H+ 

1.6% 

[75] CNA3 
Dual Ion 

6.4 MeV Fe2+ 

He 

N.R. 5.2×1020 Fe3+/ m2 
15 appm He/dpa 650 50 

[10] Grade 91 Reactor 

35: 0.5% 
185: 1.6% 
205: 1.8% 
210: 1.9% 
210: 2.0% 
210: 2.5% 
210: 2.6% 

 400-420  

[10] Grade 91 
Dual Ion 

5 MeV Fe2+ 

3.42 MeV He2+ 

0.004% 7×10-4 dpa/s 
4 appm He/dpa 480 16.6 

[159] ASB-
HT9 

Dual Ion 
5 MeV Fe2+ 

16.6: 0% 
50: 0% 

5.8×10-4 dpa/s 
4 appm He/dpa 445 16.6 

50 
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3.42 MeV He2+ 75: 0% 
100: 0.01% 
150: 0.11% 
250: 0.15% 

75 
100 
150 
250 

FCRD-
HT9 

16.6: 0.01% 
50: 0.15% 
75: 0.08% 
100: 0.51% 
150: 0.64% 
250: 0.74% 

ACO3-
HT9 

16.6: 0.07% 
50:0.48 % 
75: 0.25% 
100: 0.40% 
150: 1.54% 
250: 4.51% 

 
 

 
 
 
 
 
 
 
 
 
Table 6.7 The relationship between sink strength of precipitates, overall sink strength of CNA9, cavity development, 
and average distance travelled by defects. 

Condition 

Experimental 
average 
spacing 
between 

cavities in 
the matrix 
(./01+, 2⁄ ) 

ρMX )456  )-.-6  

Percentage of 
sink strength 

from 
precipitates 

/0 × )-.-+,  

Simulated values for MX 
Precipitates 

38.8 nm 

0 0 1.4×1015 m-2 0% 264 nm 

Experimental values for 
MX Precipitates 1.8×1021 m-3 8.5×1013 m-2 1.7×1015 m-2 5% 243 nm 

Simulated values for MX 
Precipitates 1024 m-3 4.8×1016 m-2 1.0×1017 m-2 48% 31 nm 
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Table 6.8 Relationship between neutral and biased sinks on swelling behavior as a function of three different 
precipitate number density. 

Simulated – 1024 m-3 of MX 
Precipitates, No Bias Simulated – 1024 m-3 of MX 

Precipitates, Interstitial Bias of 
10% 

Simulated – 1024 m-3 of MX 
Precipitates, Vacancy Bias of 10% 

)78+, 
(nm) )18+, 

(nm) Q = )786 /)186  )78+, 
(nm) )18+, 

(nm) Q = )786 /
)186  )78+, 

(nm) )18+, 
(nm) Q = )786 /

)186  
4.4±0.03 4.4±0.03 1.0±0.00008 4.2±0.03 4.4±0.03 1.1±0.001 4.4±0.03 4.2±0.03 0.9±0.001 

 

 
Figure 6.19 Cavity density versus cavity diameter for the 500°C dual beam conditions with 10 appm He/dpa at (a) 
15 dpamatrix, (b) 50 dpamatrix, and (c) 100 dpamatrix. 
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6.2.5 Summary of the Results of the Engineering Objective 

The engineering objective outlined in Chapter 3 sought to determine if the following 

hypothesis was correct: 

Precipitates will sequester helium atoms during irradiations with co-injected helium in the 

form of individual nano-scale bubbles on the precipitate-matrix interface as a function of 

temperature, coherency, and level of helium co-implantation. However, the relatively low density 

of pre-existing TiC precipitates is hypothesized to not prevent the overall un-constrained helium-

driven swelling in the matrix.  

Single ion Dual ion Triple ion Reactor 

Figure 6.20 Comparison of swelling as a function of damage level (dpa) for FM and RAFM steels, including 
CNA9 irradiated in this work. See Table 6.6 for references. Adapted from Ref. [12]. 
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It was found that precipitates effectively sequestered helium in the form of nanoscale 

helium-filled bubbles at 500 and 600°C but not at 400°C, most likely due to the diffusion of helium 

being too low at 400°C for helium to migrate to the precipitate-matrix interfaces. It was also found 

that both the semi-coherent MX-TiC precipitates and the incoherent TiC sequestered nanoscale 

helium-filled bubbles, though the exact reasons why the different interfaces displayed similar 

behavior could not be determined and warrants further work. Further experimental work is also 

needed to assess if the misfitting dislocations at the interface of the precipitates are serving as 

helium sequestration sites. Additionally, it was found that the two helium co-injection rates 

assessed did not caused any significant different in the precipitates’ ability to sequester helium. 

Most likely this was because the helium co-injection rates used were too similar to warrant 

different responses.  

Importantly, the hypothesis that the relatively low density of pre-existing TiC precipitates 

will not prevent the overall un-constrained helium-driven swelling in the matrix was also proven 

correct. The precipitates also dissolved at intermediate damage level and hence could not provide 

any sites for helium trapping to high damage levels.  
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Chapter 7 Conclusions and Future Work 

The following conclusions have been reached in this work: 

Radiation-enhanced diffusion is the dominant mechanism affecting MX-TiC precipitate 

stability at elevated temperatures and intermediate damage level (7TiC/15matrix dpa), while ballistic 

dissolution is dominant at low temperatures and intermediate damage level. Radiation-enhanced 

diffusion led to precipitate coarsening at elevated temperatures before ballistic dissolution became 

the dominant mechanism at higher damage levels. 

Ballistic dissolution is the dominant mechanism affecting MX-TiC precipitate stability at 

high damage levels (≥ 23TiC/50matrix dpa), no matter the temperature or damage rate tested. The 

dissolution of precipitates was theorized to occur from a complicated combination of effects such 

as the back diffusion of solutes, precipitate interparticle spacing, precipitate coherency and 

interfacial dislocation structure, and solute concentration gradients at the precipitate-matrix 

interfaces. It is unknown if the MX-TiC precipitate dissolution under irradiation will also occur 

with other types of MX precipitates in FM steels, such as VN precipitates. This is because 

morphology and composition differences of the precipitates will alter interfacial characteristics 

such as interfacial energy and misfitting dislocation structures, lattice strains, coarsening rates, 

solute recoil distances, interparticle spacing, binding between the constituent atoms of the 

precipitate, and solute solubility limits under irradiation. Future work could focus on narrowing 

down the most important effects on the stability of various MX precipitates.  
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Helium co-injection influenced the precipitate size evolution when diffusion-assisted 

growth of precipitates was on par with or more significant than ballistic dissolution during single 

beam irradiation at the same conditions. Thus, helium co-injection caused a reduction in radiation-

enhanced precipitate growth at elevated temperatures and intermediate damage level by 

suppressing radiation-enhanced diffusion but had no effect at low temperatures. Further modelling 

work is necessary, though, to understand exactly how helium is binding with solutes, interstitials, 

and vacancies in FeCr steels with MX precipitates. 

The mechanistic roles of ballistic dissolution and radiation-enhanced diffusion were 

mapped out with accuracy at using the recoil resolution model of precipitate stability under 

irradiation. Further modeling studies are needed to accurately predict precipitate coarsening and 

dissolution under irradiation. Experimental studies on semi-coherent precipitates in model alloy 

systems could also occur simultaneously with modelling studies to inform models on why 

precipitates dissolve under irradiation. Future work could also assess precipitate behavior as a 

function of other variables in the model, such as precipitate interfacial energy effects on dissolution 

and coarsening. 

The co-injection of helium is not needed to ascertain the complete dissolution of 

precipitates under high dose and high dose rate ion irradiation conditions. Helium co-injection 

had no effect on the complete precipitate dissolution or on precipitate number density. As the 

stability of the MX precipitates are paramount to the properties of structural materials for fusion 

plants, their complete dissolution is the important factor to understand. However, future work is 

needed to understand if helium affects the onset of precipitate dissolution in high sink strength FM 

steels and if helium and hydrogen have combined effects on precipitate stability. In addition, the 

precipitates in neutron irradiated CNA9 should be characterized and compared to this work to 
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better understand the differences in precipitate stability under ion versus neutron irradiation. 

Importantly, this work also did not assess the stability of nanoprecipitates under creep, fatigue, or 

cycling conditions. Such work should be conducted as these environmental factors may have 

significant influences on precipitate behavior. 

Semi-coherent MX-TiC precipitates can act to effectively sequester helium in FM steels 

before their dissolution during irradiation at the peak swelling temperature at fusion relevant ion 

irradiations conditions. MX-TiC precipitates in CNA9 were found to sequester ~5 helium-filled 

bubbles per precipitate at peak swelling temperature with 10 and 25 appm He/dpa before their 

dissolution. The precipitate-attached bubbles remained smaller than the critical bubble radius, 

proving the MX precipitates to elongate the incubation and transient regime of swelling for the 

precipitate-attached cavities versus the matrix cavities. However, future work could focus on 

similar precipitates that remain stable to higher damage levels in order to understand if MX 

precipitates are able to effectively sequester helium to high damage levels.  

Large, incoherent TiC precipitates were found to have a high sink efficiency. These 

precipitates sequestered large amounts of helium in the form of nanoscale bubbles that remained 

smaller than the critical bubbles radius. Hence, the theory that large and incoherent precipitates 

are sites for enhanced cavity growth is incomplete. Future work is needed to understand what 

governs the nucleation and growth of precipitate-attached cavities in complex FM steels. The 

diffusion of helium on the precipitate-matrix interface, the ability of the lattice of the precipitate 

to accommodate irradiation-induced point defects, and the interfacial characteristics including 

interfacial energy and misfitting dislocation arrays are expected to impact the sink efficiency of 

the precipitation and cavity development on the precipitate-matrix interface. 
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The MX-TiC precipitates did not affect the overall swelling behavior of CNA9 due to their 

low sink strength derived from a low number density of ~1021 m-3. To lengthen the onset of steady-

state swelling and to decrease the steady-state swelling rate, an ultra-high density of precipitates 

~1024 m-3 is needed for future RAFM steels for fusion applications. Future work should be 

conducted to understand if such a high density of precipitates is feasible to create with traditional 

manufacturing methods and what consequences such a high density of precipitates may have on 

the hardening and creep behavior of the steel. In addition, engineering a high density of precipitates 

that remain stable to high damage levels is key to garnering the benefits of nanoprecipitation for 

helium mitigation during the lifetime of a fusion power plant. 
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Appendix A: M23C6 Precipitates in CNA8 and CNA9 

Due to having twice the amount of carbon, CNA8 contained M23C6 precipitation whereas 

CNA9 did not. Appendix Figure A.1 shows SEM micrographs and STEM-EDS composition maps 

from Oak Ridge National Laboratory [38]. No M23C6 precipitates are present in CNA9. 

 

Appendix Figure A.1 SEM micrographs in (a) CNA8 and (c) CNA9. STEM-EDS composition maps of (b) CNA8 
and (d) CNA9. 
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Appendix B: Ex-Situ Irradiation Data 

Section 4.2 described the irradiation parameters that were measured during experiments 

and how they were measured. Chamber pressure history, thermocouple (TC) history, and Fe3+ 

stage current histories for single beam irradiations are shown in Appendix Figure B.1. Chamber 

pressure history, thermocouple (TC) history, Fe3+ stage current, and He2+ stage current histories 

for dual beam irradiations are shown in Appendix Figure B.2. Refer Table 4.3 to for the irradiation 

parameters for each experiment. Data for irradiations C6 and C8 are not shown because these 

irradiations were conducted by another person and data could not be recovered at the time of 

reporting. 
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Appendix Figure B.1 Pressure (left column), temperature (middle column), and Fe3+ current histories for irradiations 
A1 (a-c), A2 (b-f), A3 (g-i), and B1. (j-l)  
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Appendix Figure B.2 Pressure (left column), temperature (middle column), and Fe3+ current histories for irradiations 
C1 (a-c), C2 (d-f), C3 (g-i), and C4 (j-l). 
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Appendix Figure B.3 Pressure (left column), temperature (middle column), and Fe3+ current histories for irradiations 
C5 (a-c) and D1 (d-f). 
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Appendix Figure B.4 Pressure (left column), temperature (middle-left column), Fe3+ current (middle-right column), 
and He2+ current histories for irradiations B4 (a-d), C7 (i-k), C9 (e-h), and D2 (l-o).
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Appendix C: Precipitate Data 

This appendix provides the data on the number of liftouts taken, the number of STEM-

EDS maps taken, the number of precipitates counted, the number density of precipitates, the 

equivalent diameters of precipitates, and the volume fraction of precipitates for each irradiation 

condition in Table 4.3.  

 
Appendix Table C.1 Data on the number of liftouts taken, the number of STEM-EDS maps taken, the number of 
precipitates counted (N), the number density of precipitates (ρ), the equivalent diameters of precipitates (deq), and 
the volume fraction of precipitates (f) for each irradiation condition. 

 
 

 
 
 

Sample 
ID 

# of 
Liftouts 
Taken 

# of EDS 
Maps 
Taken 

N ρ (m-3) deq(nm) f 

Control 1 5 90 (2.3±0.3)×1021 7.8±0.3 (6.8±0.6)×10-4 
A1 3 11 49 (0.9±0.2)×1021 8.7±0.6 (3.9±1.0)×10-4 
A2 1 5 N.O. N.O. N.O. N.O. 
A3 1 4 N.O. N.O. N.O. N.O. 
B1 3 9 67 (1.5±0.2)×1021 7.6±0.4 (4.4±0.9)×10-4 
B4 2 9 56 (0.9±0.2)×1021 8.4±0.4 (3.8±0.9)×10-4 
C1 1 5 106 (3.3±0.9)×1021 6.6±0.4 (6.9±0.2)×10-4 
C2 1 5 86 (2.9±0.9)×1021 7.4±0.4 (9.3±3.4)×10-4 
C3 3 12 109 (1.7±0.3)×1021 10.4±0.9 (11.1±2.3)×10-4 
C4 2 9 N.O. N.O. N.O. N.O. 
C5 2 6 N.O. N.O. N.O. N.O. 
C6 2 11 122 (1.8±0.1)×1021 7.6±0.4 (5.3±0.5)×10-4 
C7 1 4 N.O. N.O. N.O. N.O. 
C8 2 4 N.O. N.O. N.O. N.O. 
C9 2 7 63 (1.5±0.2)×1021 8.3±0.4 (6.1±1.1)×10-4 
D1 3 9 69 (1.3±0.2)×1021 14.9±2.2 (42.0±11.0)×10-4 
D2 4 14 142 (1.6±0.2)×1021 11.2±1.2 11.2±1.2 
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Appendix D: Determination of Recoil Rate (dpa/s) of TiC Precipitates Under Irradiation 

The recoil rate was determined by converting the displacement rate of CNA9 (7×10-4 dpa/s) 

to that for TiC. A quick KP calculation in SRIM was run with 5,000 ions into CNA9. A layer of 

CNA9 was simulated from the surface of the bulk sample to 1200 nm beneath the surface of the 

bulk sample. Then a layer of TiC was simulated, the layer having a width of 20 nm. Another Layer 

of CNA9 was simulated from the end of the TiC layer to 2500 nm beneath the surface. The results 

of this calculation are shown in Appendix Figure D.1. The damage for the TiC layer is ~7 dpa and 

the damage for the CNA9 matrix is ~15 dpa around the nominal damage region. This translates to 

a 0.467 difference between the damage levels of the TiC precipitates and the CNA9 matrix. This 

ratio can be used to estimate the equivalent damage rate for the TiC precipitates as well. The matrix 

had a damage rate of 7´10-4 dpa/s, which translates to 3.3´10-4 dpa/s for the TiC precipitates. 
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Appendix Figure D.1 SRIM calculation of damage into CNA9 with a layer of Ti and C at 1200 nm, 
simulating the damage that would occur in a TiC precipitate (star). 
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Appendix E: Titanium and Carbon Diffusivities 

The diffusivities of Ti and C were determined to find the rate-limiting species for TiC 

precipitate evolution under irradiation. Appendix Table E.1 shows the calculations of the 

diffusivities of Ti and C as a function of temperature. The amount of Ti and C in the BCC CNA9 

matrix were calculated from Thermo-Calc. Calculations were made assuming the amount of Ti and 

C in the matrix does not significantly alter under irradiation. Radiation-enhanced diffusion will 

increase the diffusion of Ti versus thermal conditions because it diffuses as a substitutional solute. 

However, radiation will not affect C as C is an interstitial and already diffuses quickly [128]. The 

diffusion of Ti was calculated using the equations outlined for single beam and dual beam 

irradiations in Eq. 6.1-Eq. 6.5. Since a range of 2'YY.9  values were calculated, as explained in the 

preceding paragraphs, the average value of 2'YY,$8'.9  was used. The diffusion of C in single beam 

irradiations was calculated using:  

 26S'+#$MX = 2;X-ñ5 W−
∆\8
-#.

Y [9] Eq. E.0.1 

where 2;X  is the frequency factor of diffusion of C atoms equal to 6.2×10-7 m2/s and ∆=3 is the 

carbon diffusion activation energy equal to 80 kJ/mol. The diffusion of C in dual beam irradiations 

was calculated using: 

 
2'YYX =

26S'+#$MX

1 + à'-ñ5 L
:(XG\'
Q9 M

 
Eq. E.0.2 
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The value of 0.33 eV (C-1NN Hesub in BCC Fe) was chosen for :(XG\' because it is the 

most attractive binding energy for the simple C-He complex and hence the most conservative. 

Diffusivity was calculated as the diffusion of the diffusing species (Ti or C) multiplied by its 

concentration in the matrix. As Appendix Table E.1 shows, the diffusivity values at all conditions 

for Ti are significantly lower than those of C. Hence, using the diffusion values for Ti instead of 

for C are justified.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix Table E.1 This table shows the diffusivity calculations for Ti and C. Refer to the text for the equations 
used to calculate the values. This table justifies the use of Ti, as the rate-limiting species, for diffusion calculations 
regarding precipitate stability in the proceeding sections. 

Temperat
ure (°C) 

C 
concentrati
on in the 
matrix 
(atom 

fraction) 

Ti 
concentrati
on in the 
matrix 
(atom 

fraction) 

DC in the matrix  
(×10-7 m2/s) 

DTi in the matrix  
(×10-19 m2/s) 

Diffusivity of 
C in the matrix 

(m2/s) 

Diffusivity of Ti in the 
matrix 

(×10-22 m2/s) 

300 3×10-12 9.14×10-6 

SI 
(

39:;<'=>!

) 

DI 
(

3;%%!

) 

SI 
 (3#?@"( ) 

DI 
(

3;%%,=&;"(

) 

SI DI SI DI 

6.1 - 5.1±0.0
09 - 1.8×1

0-18 - 0.05±0.000
09 - 

400 1.21×10-9 3.53×10-5 6.1 5.9 8.8±0.0
2 

3.5±0.0
2 

7.4×1
0-16 

7.1×1
0-16 0.3±0.001 0.1±0.00

07 

500 9.75×10-8 1.06×10-4 6.1 6.0 13.4±0.
1 .0±0.02 6.0×1

0-14 
5.8×1
0-14 1.4±0.01 0.5±0.00

2 

600 2.22×10-6 2.41×10-4 6.1 6.1 12.3±0.
4 5.3±0.1 1.4×1

0-12 
1.3×1
0-12 3.0±0.09 1.3±0.03 
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Appendix F: The Effects of Dislocation Line and Loop Densities on Diffusion and Recoil 

Resolution Calculations 

An analysis was conducted that varied the dislocation line and loop densities by 10× less 

than or 10× greater than the values given in Section 4.9 to understand how dislocation density 

affected the calculated values of à89++ and à99++. The values of à89++ and à99++ are used in the 

calculations of diffusion and hence also in the recoil resolution calculations. This appendix 

provided the results of the diffusion and recoil resolution calculations with varied dislocation line 

and loop densities.  

Appendix Table F.1 shows the dominant mechanism of precipitate stability predicted using the Frost and Russell 
model of precipitate stability with the various dislocation densities.  

Appendix Table F.2 shows the crossover temperature by which the dominant mechanism 

of precipitate stability changes as a function of dislocation line and loop densities. Appendix Figure 

F.1 shows the calculated values of diffusion with the varied dislocation line and loop densities. 

Appendix Figure F.2a shows the Ti matrix concentration values calculated with the varied 

dislocation line and loop densities. 

Using the low dislocation density of 10× less than used in Section 4.9 (Appendix Figure 

F.2b) causes the single beam recoil resolution concentration to be less dominant at 300 and 400°C. 

The low dislocation density also causes the dual beam recoil resolution with weak Ti-helium 

binding to be lower than the single beam recoil resolution at all temperatures, which would affect 

the analysis of the relative influence of recoil resolution with helium. Using the high dislocation 

density (Appendix Figure F.2c) causes the single beam recoil resolution concentration to be more 
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dominant at 300, 400, and 500°C. The effects of dual beam recoil resolution with weak binding 

became less significant at 500 and 600°C, also affecting the analytical results discussed in Chapter 

6. Both high and low dislocation densities change the crossover temperature by which the 

dominant mechanism of stability changes. However, the best match to experimental results was 

obtained with the literature values of dislocation densities used in the text. 

Overall, variations in the dislocation density do affect the results of the Frost and Russell 

model. However, it is not expected that the dislocation density varies as much as 10× less or more 

than the values used from literatures and most likely the effects are minimal on the analysis. 

However, the best matches between the model and experimental data are obtained using the 

dislocation density values given in Section 4.9. 

Appendix Table F.1 The dominant mechanism on precipitate stability using the Frost and Russell model of 
precipitate stability with dislocation line and loop densities derived from literature as well as 10´ greater than and 
10´ less than this densities. Red text indicates a different dominant mechanism than predicted using the dislocation 
densities from literature. 

 

Dominant mechanism 

400°C 500°C 600°C 

Single 
beam 

Dual beam 
((N@5FGD) Single beam Dual beam 

((N@5FGD) Single beam Dual beam 
((N@5FGD) 

Dislocation 
density used 

Recoil 
resolution 

Recoil 
resolution 

Thermal 
equilibrium Equal Thermal 

equilibrium 
Thermal 

equilibrium 

10× less than 
dislocation 

density 

Equal 
(~4× 

smaller) 

Thermal 
equilibrium 

(~20× 
smaller) 

Thermal 
equilibrium 

Thermal 
equilibrium 

(~10× 
smaller) 

Thermal 
equilibrium 

Thermal 
equilibrium 

10× greater 
than dislocation 

density 

Recoil 
resolution 

Recoil 
resolution 

Equal 
(~10× 

greater) 

Thermal 
equilibrium 

(~4× smaller) 

Thermal 
equilibrium 

Thermal 
equilibrium 

 

 

Appendix Table F.2 The crossover temperature by which the dominant mechanism of precipitate stability changes as 
a function of dislocation line and loop densities. Red text indicates a different dominant mechanism than predicted 
using the dislocation densities from literature. 
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Crossover point 

Single beam Dual beam ((N@5FGD) 

Dislocation density used ~460°C ~490°C 

10× less than dislocation density ~410°C ~300°C 

10× greater than dislocation 
density ~500°C ~415°C 

 

 

Appendix Figure F.1 Thermal diffusion (">?@5, black line), radiation-enhanced diffusion in single beam 
conditions ("ABC@5 , orange line), and helium-suppressed diffusion in dual beam conditions ("ABC,DEE@5FGD  and 
"ABC,DEE@5FGDFO, blue lines). Three lines are shown for each type of diffusion that corresponds to low, nominal, and 
high dislocation density. 
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a) All results 

b) 10´ less dislocations 

Appendix Figure F.2 The matrix concentration in thermal equilibrium (#D, black line) was plotted versus the 
concentration from recoil resolution, HA

!

IJC
$1 − A

KL"
', orange line for single beam and blue lines for dual beam. (a) The 

results using the dislocation values given in Chapter 4 are shown with the darker blue and orange lines. This plot 
was shown in Figure 6.3. The filled in blue and orange areas represent the results of using 10´ more or less than the 
dislocation density values used in Chapter 4. (b) The lines now represent the calculations using the low dislocation 
density (10´ less than the dislocation density values used in Chapter 4). (c) The lines now represent the calculations 
using the high dislocation density (10´ more than the dislocation density values used in Chapter 4). 

c) 10´ more dislocations 
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Appendix G: Recoil Range Calculation of Ti Atoms from TiC Precipitates and Recoil Rate 

of TiC Precipitates using SRIM 

To estimate the recoil range of Ti atoms from TiC precipitates under irradiation, a SRIM 

analysis was performed. Multiple SRIM calculations were run to estimate recoil ranges of Ti atoms 

from various sized precipitates and precipitates located in different areas of the nominal damage 

region. The TiC precipitates were modelled as layers of Ti and C atoms. The nominal damage 

region occurred 1100-1300 nm beneath the surface of the bulk sample of CNA9, with the exact 

nominal damage and damage rate occurring at 1200 nm beneath the surface. The “Detailed 

Calculation with Full Damage Cascades” mode of SRIM with 1,000 ions was used in order to 

obtain the range of Ti atoms from the TiC layer. The displacement energies of atoms were listed 

in Section 4.2.2. 

First, a sensitivity analysis of the range dependence on TiC precipitate size was calculated. 

The SRIM calculation was set up as follows. A layer of CNA9 was simulated from the surface of 

the bulk sample to 1200 nm beneath the surface of the bulk sample. Then a layer of TiC was 

simulated, the layer having a width of 3, 5, 7, 10, or 90 nm. Another Layer of CNA9 was simulated 

from the end of the TiC layer to 2500 nm beneath the surface, where the 9 MeV Fe3+ ions were 

shown to come to rest (Figure 4.4). A TiC precipitate was modelled as a layer of 40% Ti and 60% 

C atoms. The ratio of Ti and C atoms in the layer was garnered from Thermo-Calc estimations of 

the ratio of Ti and C in the precipitates. The various widths simulated precipitates of various sizes. 

The values were chosen to represent the observed sizes for the MX-TiC and non-MX TiC 

precipitates in the control specimen.  
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The weighted average recoil range was then calculated from the SRIM results from each 

SRIM run. The weighted average of the recoil distance of a Ti solute outside of a TiC layer was 

calculated as follows, using a TiC layer located at 1200-1205 nm as an example: 

 
/ = 	

∑ ,wyH7#	$H	-r,ℎ	x$H/100	 × 	(x$H − 1205Ht)@'&6S	$6	'N@	DY	.9	+$NB'
9n@'&6S	DY	2!;oN#

∑ ,wyH7#	$H	-r,ℎ	x$H/100@'&6S	$6	'N@	DY	.9	+$NB'
9n@'&6S	DY	2!;oN#

 Eq. G.1 

The counts represent the percentage of Ti in a bin. The bin represents the depth, and 

subtracting 1205 nm from the bin will obtain the projected range from the edge of the precipitate. 

The bin resolution was set by the viewing window parameter in SRIM and was equal to 0.3 nm. 

This way, the amount of Ti atom recoils within and outside the precipitate edge are calculated. As 

such, R represents the range outside the precipitate edge. 

Appendix Table G.1 summarizes the results of this analysis. Appendix Figure G.1 shows 

the distributions of Ti atoms as a function of depth for TiC layers of 3, 5, 7, 10, and 90 nm. The 

weighted recoil ranges are approximately 0.5-0.7 nm. The recoil resolution efficiency was 

calculated as the ratio of the number of Ti atoms that recoiled outside the precipitate to those that 

recoiled within. As the MKI model suggests, this value increases for decreasing precipitate sizes 

(see Section 6.1.3). A layer of 7 nm was then chosen to continue with, as the ranges did not 

significantly change between the various layers and because the 7 nm represents the average size 

of the MX-TiC precipitates in the control specimen best, thus providing an average estimate of the 

range for MX-TiC precipitates.  

Second, a sensitivity analysis of the range dependence on the location of the TiC layer was 

calculated. A 7 nm layer of TiC was placed at 1100-1107, 1200-1207, and 1293-1300 nm to cover 

the full range of the nominal damage region. Appendix Table G.2 and Appendix Figure G.2 display 

the results of these calculations. The weighted recoil ranges 0.9, 0.5, and 0.7 nm for layers at 1100-
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1107, 1200-1207, and 1293-1300 nm, respectively. The average of these values is 0.7 nm. This is 

the final value used for the range in the calculations for Chapter 6. 

A final analysis was completed to understand how helium bubbles attached to the MX-TiC 

precipitate interface might affect the range of recoiling Ti solutes. Another SRIM calculation with 

the same parameters as previously described was run with a 1200 nm layer of CNA9, followed by 

a 1.5 nm layer of helium, followed by a 7 nm layer of TiC, followed by another 1.5 nn layer of 

helium, and finally a 1290 nm layer of CNA9. The widths of the helium layers were chosen to be 

1.5 nm as this was about the average size of the helium bubbles attached to the MX-TiC precipitate-

matrix interfaces for the 500 and 600°C conditions with 10 appm He/dpa to 7TiC/15matrix dpa with 

3.3´10-4 dpa/sTiC and 7´10-4 dpa/smatrix (Table 5.3). The average weighted recoil range was found 

to be ~2.2 nm (Appendix Figure G.3). A larger range than the previous calculations is expected, 

as helium has a lower density than TiC and CNA9 and thus a recoiling Ti solute will travel further 

outside the initial TiC layer if helium is surrounding it. Using this range value of 2.2 nm, it can be 

calculated that a recoiling Ti solute would travel through the surrounding 1.5 nm layer of helium 

and then the average weighted distance travelled in the CNA9 matrix would be 0.7 nm. This value 

of 0.7 nm travelled in the matrix, after travelling through the helium layer, is equal to the average 

weighted range in the previous calculations without helium. The density of CNA9 was 7.8 g/cm3, 

of TiC was 2.06 g/cm3, and of helium was 0.18´10-3g/cm3. This range value of 2.2 nm was not 

used in calculations, as it was found from experimental observations (Figure 5.16, Figure 5.17, 

Figure 5.18) that the entirety of the MX-TiC precipitate interfaces were not surrounded by helium 

bubbles and hence this represents a conservative case for the upper limit of the range value. Rather, 

this calculation could be used in future work to assess the effects of different range values on 

precipitate stability and also shows how helium can alter solute behavior in complicated ways. 
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Appendix Table G.1 Summary of results from SRIM calculations to obtain the recoil distance of Ti atoms from 
different sized precipitates under irradiation in CNA9. 

 
 
 
 
 
 
 

 
 
 
 
 

 

Width of TiC Layer Location of Layer Weighted Recoil 
Distance 

Recoil Resolution 
Efficiency 

3 nm 1200-1203 nm 0.6 nm 20.7% 
5 nm 1200-1205 nm 0.7 nm 11.3% 
7 nm 1200-1207 nm 0.5 nm 10.1% 
10 nm 1200-1210 nm 0.5 nm 8.7% 
90 nm 1200-1290 nm 0.5 nm 2.8% 

Appendix Table G.2 Summary of results from SRIM calculations to obtain the dependence of the recoil distance of 
Ti atoms from same sized precipitates located at different locations in the nominal damage region under irradiation 
in CNA9. 

Width of TiC Layer Location of Layer Weighted Recoil 
Distance 

Recoil Resolution 
Efficiency 

7 nm 1100-1107 nm 0.9 nm 15.2% 
7 nm 1200-1207 nm 0.5 nm 10.1% 
7 nm 1293-1300 nm 0.7 nm 17.5% 
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Appendix Figure G.1 SRIM analysis of recoiling Ti atoms from a TiC layer with widths of (a) 3nm, (b) 5nm, (c) 
7 nm, (d) 10 nm, and (e) 90 nm. 
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Appendix Figure G.2 SRIM analysis of 7 nm layers of TiC located at positions of (a) 1100-1107 
nm, (b) 1200-1207 nm, and (c) 1293-1300 nm. 
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Appendix Figure G.3 SRIM analysis of a 7 nm layer of TiC located at a position of 1201.5-1208.5 nm, sandwiched 
between two 1.5 nm layers helium. 
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Appendix H: Effect of Production Efficiency on Results of Frost and Russell Model of 

Precipitate Stability  

 As described in Section 4.9, the production efficiency, 6, is used to describe the freely 

migrating defects during irradiation as a function of irradiation type. For heavy ion irradiations, 6 

is typically equal to ~0.1, which was used in Section 4.9 to calculate the concentrations of 

interstitials and vacancies under irradiation. However, this value will affect the results of the Frost 

and Russell model presented in Section 6.1.3 by affecting the diffusion of Ti solutes under 

irradiation. To assess the sensitivity of the Frost and Russell analysis to 6, two values of 6 were 

compared: 6 = 0.1, typical value for heavy ion irradiations, and	6 = 1, typical value for electron 

irradiations [111]. A greater value of 6 corresponds to less freely migrating defects, and hence 

lower diffusion. As can be seen in Appendix Figure I.1, 6 = 0.1 leads to greater relative influences 

of recoil resolution than 6 = 1. This analysis shows that the choice for the value of 6 will determine 

the results of the Frost and Russell model, and that the Frost and Russell model can be used to 

assess mechanisms of precipitate stability between different kinds of irradiations. 
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ξ=0.1:	

ξ=1:	

Appendix Table H.1 The matrix concentration in thermal equilibrium (#D, black line) was plotted versus the 
concentration from recoil resolution (HA

!

IJC
$1 − A

KL"
', orange lines for single beam and blue lines for dual beam). 

The dotted lines represent the calculations using a value for defect production efficiency of )=1. The dashed and 
solid lines represent the calculations using a value for defect production efficiency of )=0.1, which was used in 
the thesis work. 
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Appendix I: Segregation at Grain Boundaries 

Grain boundaries were assessed for segregation by observing solute behavior at grain 

boundaries present in EDS maps that had been taken to understand precipitate behavior. As such, 

the grain boundaries were not in the ideal condition for segregation assessment, i.e., they were not 

edge-on and magnified on. However, the maps were assessed to try to understand if radiation-

induced segregation (RIS) was taking place under irradiation. Cr and W appeared to have been 

depleted from grain boundaries in the dual beam conditions. In addition, W was found in the MX-

TiC precipitates, but that was not caused by irradiation as the control specimen displayed this as 

well. It is possible that dual beam irradiation conditions caused Cr and W depletion at grain 

boundaries, but this analysis is inconclusive. 

 
Appendix Table I.1 Summary of grain boundary segregation results. 

 400°C 500°C 500C 600°C 600C 
Unirradiated No enrichment/depletion at GBs 

15 dpamatrix No enrichment/depletion at GBs 
W segregation at MX-TiC precipitates 

15 dpamatrix 
10 appm He/dpa 

Minimal Cr, W depletion at GBs 
Minimal Cr, W segregation at MX-TiC precipitates 

15 dpamatrix 
25 appm He/dpa Not conducted 

Minimal Cr, W depletion 
at GBs 

Minimal Cr, W 
segregation at MX-TiC 

precipitates 

Not conducted 
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Appendix Figure I.1 STEM-EDS maps encompassing the nominal damage region in the (400°C-15 dpa-7´10-4 
dpa/s)matrix condition. 
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Appendix Figure I.2 STEM-EDS maps encompassing the nominal damage region in the (400°C-15 dpa-7´10-4 
dpa/s-10 appm He/dpa)matrix condition. 



 265 

 

Appendix Figure I.3 STEM-EDS maps encompassing the nominal damage region in the (500°C-15 dpa-7´10-4 
dpa/s)matrix condition. 

 
 

Appendix Figure I.4 STEM-EDS maps encompassing the nominal damage region in the (500°C-15 dpa-7´10-4 
dpa/s-10 appm He/dpa)matrix condition. 
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Appendix Figure I.5 STEM-EDS maps encompassing the nominal damage region in the (500°C-15 dpa-7´10-4 
dpa/s-25 appm He/dpa)matrix condition. 

 

 
Appendix Figure I.6 STEM-EDS maps encompassing the nominal damage region in the (600°C-15 dpa-7´10-4 
dpa/s)matrix condition. 
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Appendix Figure I.7 STEM-EDS maps encompassing the nominal damage region in the (600°C-15 dpa-7´10-4 
dpa/s-10 appm He/dpa)matrix condition. 
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