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Abstract

Nickel-based superalloys are promising structural material candidates for molten salt
reactors and other advanced nuclear reactors. However, traditional Ni alloys exhibit severe
mechanical degradation after neutron irradiation, and the gamma-prime precipitates in
these alloys are susceptible to dissolution during irradiation. This study focuses on the
microstructure evolution and mechanical property changes of Ni-based superalloys subjected
to ion irradiation at different temperatures and doses. Several high-performance commercial
Ni-base superalloys (solid solution-strengthened Haynes 244, Haynes 214, and Hastelloy C-
276, precipitation-strengthened Haynes 244 and Haynes 282) were irradiated with 8 MeV Ni
ions to midrange doses of 1 and 10 dpa at 600 °C and 750 °C.

During 750 °C irradiation to 10 dpa, the Niy(Mo, Cr, W) precipitates in aged Haynes
244 exhibited remarkable stability. In contrast, such precipitates were partially dissolved
in the 600 °C samples. For solid solution treated Haynes 244, the Niy(Mo, Cr) grew
in both irradiated regions (500-1000 nm depth from the sample surface) and pristine
regions subjected to long time high-temperature exposure, except in the 750 °C, 1 dpa
sample, suggesting longer nucleation time is required at the high temperature close to
the critical transformation temperature from short-range ordering to long-range ordering.
~" — NizAl precipitates grew in the solution annealed Haynes 214 under irradiation and
thermal exposure. A high number density of Cry3C4 carbides was exclusively observed in the
irradiated region of the 750 °C, 1 dpa sample, attached to the dislocation lines originating
from mechanical polishing. " — Niz(Al, Ti) in Haynes 282 showed remarkable radiation
resistance and thermal stability at 600 °C and 750 °C. No statistical difference in size and
number density of precipitates was observed after irradiation. Hastelloy C-276 demonstrates

superior metallurgy stability since there is no precipitation of Nis(Mo, Cr), p phase, and



Mo-enriched carbides within the matrix after irradiation. The modified NHM model and
the Ostwald ripening LSEM model were employed to predict precipitate evolution under
thermal exposure and irradiation conditions. Factors that might impact the accuracy of
models were discussed. The post-irradiation nanoindentation analysis revealed significant
hardening for both solution-annealed Haynes 214 and Haynes 244. The superposition method
and dispersed barrier hardening model were applied to correlate the microstructures with
the mechanical properties. Tan’s and Zhu'’s methods are applied to derive the yield strength
from nanoindentation hardness. Overall, the yield strength predictions showed acceptable

agreement with experimental data.
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Chapter 1

Introduction

Generation IV fission reactors and fusion reactors are expected to bring significant
advancements in terms of economics, safety, and reliability compared to existing light and
heavy water reactors. Structural materials play a crucial role in maintaining integrity
in extreme operating conditions like such as higher operating temperatures above 600°C
and higher doses up to hundreds of dpa [11]. Nickel-based superalloys exhibit numerous
promising properties that make them attractive for these demanding applications. They
possess superior high temperature strength, good high temperature thermal creep resistance,
good corrosion resistance and chemical compatibility with molten chloride/fluoride salts and
sodium. Some Ni-based alloys are applied in present nuclear systems. Currently, some
nickel-based alloys, such as Nimonic alloy PE 16 and Inconel 706, are already employed as
fuel cladding materials in European nuclear systems [12]. Furthermore, the extensive non-
nuclear industrial use of nickel-based alloys in sectors like aerospace and chemical processing
provides a well-established foundation for their fabrication and joining techniques [13].
However, it has been reported that conventional nickel-based alloys experience a signif-
icant reduction in tensile ductility and a breakdown in swelling resistance as neutron doses
increase, particularly below 650 °C. As the operating temperature rises, high-temperature
helium embrittlement emerges as the dominant radiation degradation mechanism, especially
in Ni alloys. This phenomenon significantly deteriorates the mechanical properties of

structural materials, leading to a reduction in rupture strains and fatigue life cycles.



Consequently, the upper operating temperature of both fission and fusion reactors is
constrained by this degradation mechanism.

Ni is a major source of He in thermal reactors due to the large cross section of interacting
with thermal neutrons by the two-step reaction % Ni (ny,, )" Ni (n4, o) * Fe. Researchers
widely believe that the high temperature embrittlement and the transformation of fracture
mode from transgranular to intergranular can be attributed to the accumulation of helium
at grain boundaries [12]. To address this issue, one of the most promising approaches is to
introduce a high number density of nanoscale precipitates uniformly distributed throughout
the material matrix. Consequently, the resistance to helium embrittlement is improved.
These precipitates act as trapping sites for helium, preventing its migration towards grain
boundaries. Moreover, the presence of high-density nano-features not only enhances the
creep strength of materials but also facilitates the recombination of point defects. Therefore,
both thermal stability under pure thermal conditions and irradiation stability, which occurs
far from equilibrium, are critical factors that warrant further investigation [14].

Researchers have turned to ion beam irradiation to expedite the post-irradiation
measurement process. lon beam irradiation can also provide the possibility to systemically
control irradiation conditions to explore some single effects [15]. In this paper, 8 MeV Ni**
ions will be utilized to examine the radiation-induced damage and phase instabilities. These
ion irradiation experiments serve as an alternative for neutron irradiation, offering valuable
insights into the behavior of materials under radiation exposure in a more efficient manner.

Besides, the database of radiation effects on commercial Ni base alloys is relatively limited
compared with stainless steels [11, 16]. Therefore, our objective is to expand the scope
of investigation by exploring a wide range of novel commercial alloys through screening
tests. This approach will allow us to systematically examine the interrelationships among
chemical composition, phase stability, microstructure evolution, and mechanical behavior
under radiation conditions. By conducting these comprehensive investigations, we aim to

gain a deeper understanding of the radiation response of these novel commercial Ni alloys.



Chapter 2

Literature Review

2.1 Nickel-based superalloys as candidates for next-
generation fission reactors

Ni alloys have been proposed for various in-core components in Gen IV reactor systems
owing to their exceptional properties, like high-temperature strength higher creep strength
than austenitic and ferritic-martensitic steels [11, 12]. In European nuclear systems,
the successful utilization of Nimonic alloy PE16 and Inconel 706 as fuel cladding further
highlights the capabilities of Ni-based alloys. Moreover, these alloys have an extensive non-
nuclear industrial base, particularly in aerospace and chemical processing industries, where
they are widely employed for fabrication and joining purposes [12]. Given these promising
attributes, Ni-based alloys are well-suited for critical reactor components including piping,
heat exchangers, and reactor vessel materials.

Notably, nickel-based superalloys emerge as one of the most promising candidates for a
range of molten salt reactor (MSR) concepts. MSRs encompass primarily two subclasses:
salt-fueled and salt-cooled designs. In salt-fueled MSRs, the fuel is dissolved within the
liquid salt. On the other hand, salt-cooled MSRs, such as the Fluoride-Salt-Cooled High-
Temperature Reactors (FHR), utilize liquid salt as a coolant instead of water or gas to a

Tri-Structural Isotropic (TRISO) particle fuel [17].



Salt-fueled and salt-cooled MSRs have some shared advantages, offering a potentially
safer and more efficient form of nuclear power. Large saferty margins due to high boiling
points and high volumetric heat capacities of molten salts [17], high operating temperature
(up to 750 °C [18, 19, 20]), high fuel utilization, and near atmospheric system pressure
[21, 22, 23].

One big difference between salt-fueled MSRs and FHR is radiation resistance. Salt-fueled
MSRs suffer from high radiation dose levels from 100 to 200 dpa at the end of their lifetime
[24, 25]. In contrast, the reactor vessel of FHRs is designed to experience substantially
lower levels of radiation damage, with expected doses typically remaining below 0.1 dpa
throughout its operational lifetime [18]. Moreover, structural materials used in salt-fueled
and salt-cooled MSRs must meet specific requirements beyond traditional reactors. In
addition to the standard mechanical strength demands placed on reactor materials, such
as high temperature strength and creep resistance, MSRs necessitate characteristics tailored
to their unique operating environments, including moderate oxidation and salt corrosion
resistance [24].

It has been reported that Mo, Ni, Nb, Fe, and Cr can approach near-equilibrium with
commonly used salts like LiF and UF,. However, Cr is the most active alloying component
among them, corresponding to the free energy of formation of specific compounds [20, 26].
The rapid cracking and material degradation was observed due to the outward dissolution
of Cr [27]. Consequently, efforts are directed towards minimizing the Cr content to maintain
suitable high-temperature oxidation resistance properties. Therefore, alloy development has
focused on high-Mo (for strengthening), low-Cr advanced Ni alloys, exemplified by Hastelloy
N [26, 28].

In addition to concerns regarding salt corrosion of structural components, high-dose
irradiation damage poses another significant challenge in salt-fueled MSRs. Research into
the effects of irradiation on nickel-based alloys reached its zenith during the fast reactor
development programs of the 1970s and 1980s [12]. Numerous studies were conducted to
investigate the radiation-induced effects, including microstructural changes and mechanical

property degradation to ensure the safe and reliable operation of fast reactors.



However, the database of radiation effects on Ni based alloys is relatively limited
compared with austenitic and ferritic-martensitic steels [11] and many alloys have little
or no associated data [29]. Additionally, Ni exhibits a significant nuclear interaction cross
section with thermal neutrons through a two-step reaction Ni (ny,,7)" Ni (g, a)  Fe,
resulting in a substantial production of helium. Additionally, the presence of transmutation
product tellurium can potentially result in intergranular embrittlement, further restricting
the application of this material [30].

According the screening tests, Hastelloy N (Ni-16Mo-7Cr-5Fe-0.05C wt%) shows excellent
flexibility and compatibility with different salt systems and presents remarkable corrosion
resistance [20]. However, Hastelloy N suffered from high temperature helium embrittlement
at the grain boundaries and severe intergranular embrittlement due to the selective diffusion
of tellurium [31]. Nb and Ti additions are used to form fine scale MC-type carbides to trap
He and Te atoms. However, the modified Hastelloy N is still questionable if the service
temperature is above 650 °C due to the carbide coarsening. HN8OMTY (Ni-13Mo-7Cr-1Ti-
1A1-0.02C wt%) showed even better corrosion resistance than standard Hastelloy at 600 °C
while the severe intergrannular cracking occurred at 750 °C [32, 33].

Nowadays, novel commercial Ni-Mo-W-Cr-Al-X alloys are being proposed for new MSR
concepts for higher operation temperature (up to 750 °C) [20, 21]. Further research is
essential to investigate their high temperature corrosion and radiation resistance, aiming to
gain valuable insights into their performance and limitations within extreme environments
and ensure their optimal utilization in relevant applications. For the scope of this study, we
will exclusively concentrate on investigating the radiation effects on these novel advanced

commercial alloys.



2.2 Radiation effects on the microstructure and me-
chanical properties of Nickel alloys

The US Cladding and Duct Program conducted extensive neutron irradiation experiments on
Ni alloys over the range of 450 - 700°C and 10 - 40 dpa during the 1960s and 1970s[11]. Post-
irradiation tensile testing revealed a notable decrease in ductility. This decrease was thought
to be caused by helium embrittlement, although conclusive evidence from microscopy was
scarce or absent [11, 29]. Further investigation included swelling behavior, microstructure
evolution of dislocation and voids, radiation-enhanced and radiation-induced changes of

precipitates. We will delve into these aspects in this section.

2.2.1 Common mechanical property degradation

2.2.1.1 Tensile property

Nimonic PE16 shows the slight increase in the yield strength but great decrease in total
elongation from 40% to 10% tested at 600 °C, with the neutron (E > 0.1 MeV) exposure up
to 1.6 x 10%°n/m? at around 627 °C [13]. Hastelloy X-280 and Inconel 702 were irradiated by
1 MeV fast neutron at 700°C with the exposure levels between 2.5 x 10' and 1.2 x 10?! nvt
(time-integrated flux of neutron/cm?) [1]. When examining the ductility of Hastelloy X-280,
there was minimal change observed in terms of total elongation during room temperature
testing. However, during high temperature tensile testing at 700 °C, the elongation decreased
from 48 % to 5 % after 1.2 x 10?! nvt exporsure. On the other hand, significant strength
degradation was observed in Inconel 702 during the 700 °C testing. The yield strength
decreased from 90,000 psi in the unirradiated condition to 5,000 psi after higher level
exposure. Similar reductions in the ultimate strength values were identified as shown in
Fig.2.1. The decrease in high-temperature ductility might be attributed to several factors,
including intergranular fracture caused by the precipitation of intermetallic compounds and
carbides, segregation of impurity elements (such as S and P) induced by radiation, and the

stress-driven growth of helium bubbles, along grain boundaries [11].
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Figure 2.1: Tensile property changes of (a) Hastelloy X-280 and (b) Inconel 702 depending
on the test temperature and neutron exposure level [1].

2.2.1.2 Fracture toughness

Inconel 600 and Incoloy 800 were irradiated at temperature around 400-427 °C with the
neutron exposure of 2.2 x 1022n/m?. Prior to irradiation, the fracture toughness values for
Inconel 600 and Incoloy 800 were 575 kJ/m? and 605 kJ/m?, respectively. However, after
neutron irradiation, these values decreased significantly to 68 kJ/m? and 71 kJ/m?. This
decrease indicates that the irradiated materials became more prone to flaws and exhibited a
shift in fracture behavior from homogeneous plastic deformation to a heterogeneous slip and
localized channel fracture mechanism, derived from the scanning electron microscopy (SEM)

fractographs [34]. Fracture toughness data are scarce for irradiated Ni alloys.

2.2.1.3 Swelling

Ni concentration plays an important role in the suppression of swelling. Ternary alloys
consisting of iron, nickel, and 15 % chromium were irradiated in a fast reactor up to 100 dpa
at the temperature ranges of 538 °C to 650 °C. The observed swelling was constrained to 5
% within the nickel concentration range of 40-50 wt%. However, for compositions outside
this range, once the incubation dose was surpassed, the steady state swelling rates reached 1
% per dpa [35]. The critical dose of swelling breakout is influenced by a multitude of factors,

encompassing alloy composition, temperature, microstructure and neutron spectrum [29].



The relationship between temperature and dose may be closely tied to the formation of
helium bubbles. Inconel 600 was irradiated in the high flux isotope reactor(HFIR) at 55 -
700 °C, reaching a total dose within 4 to 9 dpa and helium content from 600 to 1800 appm
[36]. Within the temperature range of 55 to 600 °C, swelling was found to be relatively
unaffected by temperature, remaining at approximately 1 %. However, beyond 600 °C,
swelling increased significantly with increasing dose.

The attempts to use cold working as a means to reduce swelling has been proved to
be ineffective in Inconel 600 during irradiation with high-helium production rates [36]. It
was reported that swelling in solution annealed materials was lower than in aged samples.
The remaining minor elements in solution can suppress swelling by interacting with point
defects; Subsequent precipitation will reduce this benefit during irradiation [12]. On the
other hand, nano-structured precipitates have emerged as a promising approach to enhance
resistance against radiation-induced embrittlement and swelling. These precipitates act as
effective traps for helium, hydrogen, and undesirable elements, preventing their migration
towards grain boundaries. They hinder the coalescence of vacancies by enhancing the mutual
annihilation of point defects at the particle-matrix interface, thereby impeding the formation
of voids. Consequently, this leads to a higher swelling incubation dose and retarding swelling.
However, it is important to note that they can have detrimental effects if the precipitates
are large in size but low in density [37, 12].

Solution annealed Hastelloy X and Inconel 625 were irradiated in a fast flux reactor (EBR-
II) (E > 0.1 MeV) at the temperature range between 600 and 650 °C with a total dose of
5x10%*n/cm? [38]. After neutron irradiation, Hastelloy X exhibited significant growth of rod-
shaped precipitates, tentatively identified as MgC. These precipitates had an average length
of 700 nm and a thickness of 100 nm. The material also showed a relatively low void number
density of approximately 102 /cm? with an average void size of around 300 nm, leading to 2
% swelling. The relatively large and sparsely distributed isolated carbides worked as efficient
sinks and nucleation points, favorable for facilitating rapid helium-stabilized cavity growth.

In contrast, Inconel 625 exhibited a different response, as no voids and only a few
dislocations were observed. Instead, a high number density of finely dispersed, disk-shaped

semi-coherent precipitates was present. These precipitates were tentatively identified as



NizNb, with diameters ranging from 100 to 200 nm and thicknesses of approximately 10 to
20 nm [38]. Similar effective suppression of swelling has also been observed in other alloys
such as Nimonic PE-16 and Inconel X-750. These alloys have a homogeneous distribution
of nano-scaled intragranular precipitates known as 7/, specifically Nig(Al,Ti) precipitates
[29, 39]. It is believed that the interface between the closely spaced, coherent precipitates
and the matrix played a role in enhancing the mutual annihilation of point defects, leading
to the absence of void formation.

Furthermore, Williams et al. conducted three distinct heat treatments on PE-16
in order to induce various sizes of precipitates. Subsequently, electron irradiation at 1
MeV was performed within a temperature range of 500 to 650 °C using a high voltage
electron microscope [2]. In the condition where the particles had an average diameter of
approximately 20 nm, the swelling rate demonstrated the least magnitude when compared
to precipitates larger than 70 nm or smaller than 3 nm, as depicted in Fig.2.2. One proposed
mechanism suggests that the optimal condition for effective point defect trapping lies within
an intermediate particle size range, where dislocation pinning is strongest. Conversely, an
alternative mechanism proposes that smaller particle sizes, which correspond to higher
precipitate-matrix interface areas at the same volume fraction, exhibit greater defect-
trapping capabilities [12]. More relevant investigation is needed to gain a comprehensive

understanding.

2.2.1.4 Radiation induced segregation

Radiation-induced segregation (RIS) is often observed in alloys where different elements
have different diffusion properties and associated atomistic sizes. Radiation generates
abundant point defects which are far away from equilibrium states. These defects can
migrate towards low-energy locations or preferentially towards certain types of solute atoms
at high temperature, leading to enrichment or depletion of such elements at grain boundaries.
The segregation of elements due to radiation can have significant implications for the
properties and performance of materials. The segregation of impurity solutes, like sulphur(S),

phosphorus(P),and silicon(Si), and the formation of secondary phases, like continuous films
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Figure 2.2: Dose dependence of void swelling at several particle sizes. The irradiation
condition was 1072 dpa/s and 600°C [2].

of gamma-prime Niz(Al Ti), which will greatly embrittle the grain boundaries and reduce

the strength of particle-matrix interfaces, leading to lower ductility [11, 13, 40].

2.2.2 Precipitate stability under irradiation

The attributes of second-phase particles, including size, density, morphology, and com-
position, play a crucial role in achieving the desired mechanical properties of materials.
Notably, the distribution of these second-phase particles and their stability under irradiation
conditions significantly influence the suppression of void swelling at low to intermediate
temperatures, as well as the alleviation of high temperature helium embrittlement. The
high number density small precipitates function as effective sinks, facilitating the mutual
recombination of point defects, and serve as traps for helium atoms at the interface between
the particles and the matrix, preventing the migration of helium atoms towards grain
boundaries. However, when these precipitates grow excessively in size, they can facilitate
nucleation for gas-stabilized cavities and the precipitate-cavity pair will undergo synchronized
growth. Furthermore, radiation-induced segregation of minor elements, such as C and Si,and

formation of carbides or intermetallic might aggregate void swelling, since these elements tend
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to hinder swelling when they are maintained in solution within the matrix[11]. Thus, it is

crucial to investigate phase instabilities under irradiation conditions.

2.2.2.1 Theoretical background

The understanding of thermodynamic and kinetic models of precipitation in metals
under thermal activation conditions has undergone extensive research for many decades.
In such conditions, the stability of precipitates is determined by two critical factors:
the diffusion rate of solute atoms to the precipitate, and the dissolution rate where
atoms are thermally activated and subsequently released from the precipitate surface
[11]. Exploring phase stability in precipitates and phase transformations under extreme,
far-from-equilibrium conditions, such as irradiation, demands further investigation and
development. Irradiation induces a disturbance in the equilibrium state, giving rise to
competing effects: radiation-enhanced dissolution on precipitates versus radiation-enhanced
precipitation/Ostwald ripening within the matrix. Other phase instabilities, like vacancy-
induced dissolution, radiation-induced precipitation, and radiation-modified precipitation

[41] are not described in detail in this study.

2.2.2.1.1 Radiation-induced dissolution The high-energy particles cause atoms in
the material to be displaced from their initial positions during energy transfer. These
recoiled atoms are continuously generated during collision cascades. As a result, atoms from
the surface of precipitates can be recoiled into the surrounding matrix, leading to ballistic
dissolution. In the case of precipitates with long-range ordering, the original order of atomic
arrangement is disrupted by neutron and ion beam mixing. Within these precipitates,
disordered regions have the potential to re-order during diffusion. Meanwhile, the high
concentration of solute atoms in the disordered areas near the precipitate surface will diffuse

into the matrix, resulting in disordering dissolution [5].

2.2.2.1.2 Radiation-enhanced diffusion Irradiation can create a much higher con-
centration of interstitials and vacancies at intermediate temperatures. For example, at

600 °C, the steady-state vacancy concentration produced by 0.001 dpa/s irradiation was
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approximately seven orders of magnitude higher than the thermally activated vacancy
concentration in pure Haynes 282. The diffusion rate under irradiationD,.4 can be written

as,

Dred = fUDUC’U + szzCz (21)

where D,, D; and C,, C; are the self-diffusion coefficients and concentrations of vacancies
and interstitials, respectively. f, and f; are corresponding correlation factors (f, = f; = 1
in Was’s book[3], while f, = 0.78, f; = 0.44 is used in Chen’s simulation [42]). The point
defect balance equations, which follow standard kinetic rate theory, vary across different
temperature ranges. Fig.2.3 illustrates the overall trend of the diffusion rate. This study
focuses on the intermediate temperature ranges where both dose rate and temperature play
significant roles, as well as the high-temperature range where thermal equilibrium vacancy

predominates. A more detailed investigation will be discussed in the later session.

2.2.2.2 Experimental background

~" precipitates are the primary strengthening source in many commercial Nickel-based
superalloys. Thus, in this part, we briefly summarize the relevant studies about the +/
phase stability as an example.

It was reported that pre-existing 7/ precipitates in PE 16 underwent redistribution
towards sinks, such as dislocation network, leading to the formation of a skeletal structure
of 7/ under fast neutron irradiation in EBR-II, at temperatures ranging from 513 to 636 °C,
as shown in Fig.2.4 [39]. Comparable findings of initial «' precipitates redistribution were
observed in Ni-Al alloys when exposed to irradiation with Ni ions, at 550 °C with a dose rate
of 1072 dpa/s [5]. Large pre-existing +' (25 nm) dissolved, and new 7' precipitates nucleated
on a very fine scale, ultimately reaching uniform size across all precipitates as illustrated in
Fig. 2.5. In Fe-Cr-Ni alloys, +' precipitates also exhibited notable stability at 593 °C under
fast neutron irradiation up to 1.7 x 10??neutrons/cm?, while a propensity for cellular-shaped

precipitate transformation spherical shape emerged under 3 MeV Ni ion irradiation at 0.005

dpa/s.
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Figure 2.3: Diffusion coefficients as a function of 1/T for a nickel-based alloy during
irradiation at a displacement rate of 1078 dpa/s. D, is the radiation enhanced diffusion
coefficient calculated from rate theory equations for various sink annihilation probabilities,
p. D,, and Dy, are diffusion coefficients from radiation mixing and thermal diffusion,

respectively [3].

Figure 2.4: The «/ precipitate evolution in aged PE16(a, ¢) and overaged PE16(b, d) during
neutron irradiation at 600°C. (a) and (b) presented the initial precipitate distribution before
irradiation; (c¢) and (d) depicted the precipitates morphology after irradiation to the total
dose of 5.4 x 10*?n/cm?. Reproduced from Ref.[4].
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Figure 2.5: The change in 7/ precipitate size and density in Ni-Al alloy as a function of size.
The sample was irradiated by charge particles with the dose rate of 1072 dpa/s at 550°C [5].
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Thus, the phase stability under irradiation is closely related to the historical heat
treatment, the dose rate, the chemical composition of the matrix, the Ti/Al ratio of
precipitates, precipitate size, and the degree of coherency of precipitates, other sinks
(like intrinsic dislocation lines), irradiation conditions, and needs more investigation

[5, 43, 44, 45, 46).

2.3 lon-irradiation alternative to neutron irradiation

To facilitate the development of materials for next-generation fission and fusion reactors, the
most optimal and direct approach is to investigate neutron irradiation damage on candidate
materials either in test reactors or real reactors in operation. However, the dose rate within
these reactors is exceedingly low (1077 dpa/s), potentially requiring several decades to reach
the desired dose. Additionally, the materials become activated through nuclear reactions,
resulting in inevitable high radioactivity. It is quite time-consuming to wait for a long decay
period until the neutron-irradiated materials can be characterized. Moreover, the limited
availability of facilities capable of handling activated samples, and the high costs associated
with such experiments, have prompted researchers to seek more efficient approaches to
studying irradiation effects.

Charged particle irradiation has been widely utilized as an alternative to neutron
irradiation for several decades. It can significantly accelerate the process because of its
high dose rate range of 107 — 1073 dpa/s and the absence of radioactive production [47].
This technique also offers unique capabilities, like allowing careful and systematic control
of irradiation conditions to explore fundamental specific single-effects [15]. However, there
are still several limitations and differences between ion and neutron irradiation. Charged
particles have limited penetration depth, resulting in a restricted volume for post-irradiation
characterization, particularly in mechanical testing. Gradient damage level with depth
further complicates the extraction of bulk property information.

Moreover, the analysis region for ’safe’ radiation assessment, where ion irradiation-
induced artifacts are minimal, is constrained by near-surface and injected ion phenomena, as

depicted in Fig.2.6. Near the surface, the concentration of vacancies and interstitials is much
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Figure 2.6: Calculated temperature- and depth-dependent regions affected by the free
surface and injected ions for Fe-10%Cr steel irradiated with 5 MeV Fe*t
ions at 1072 dpa/s to dose levels of 50-500 dpa. [15]

lower compared to the intermediate range. Free surfaces (including grain boundaries) acts
as effective sinks for point defects, altering the local microstructural evolution and leading
to regions depleted of dislocation loops and voids [48]. Injected ions play a significant role
in suppressing precipitation during irradiation [6]. In Fe-15 at.% Cr alloys irradiated with
2 MeV Fe?" ions irradiated at 300 °C the depth dependence of o is closely associated
with the concentration of injected Fe ions rather than the damage level, as illustrated
in Fig.2.7. The bombarding ions are deposited near the region of peak displacement
damage, resulting in a localized surplus of interstitial atoms and the formation of high-
density interstitial clusters. This disrupts the balance of vacancy supersaturation, leading
to increased vacancy annihilation through enhanced recombination. Consequently, fewer
vacancies are available to interact with essential elements, which retards the diffusion process
and the formation of precipitates [15, 6]. Moreover, when the atomic fraction of implanted
ions exceeds 5 x 107° and 1073, it is likely to suppress void swelling at high temperature

and promote amorphization at low temperature, respectively [49]. During high-temperature
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Figure 2.7: Damage and implantation profiles of Fe-15 at.% Cr alloys irradiated with 2
MeV Fe?T ions irradiated at 300°C calculated with SRIM 2013 and the 3D distribution of
Cr atoms observed using APT at different depths [6].

irradiation, radiation-enhanced diffusion, along with thermal diffusion, can significantly
broaden the profile of implanted ions and further reduce the mid-range safe radiation analysis
region [50, 51]. Therefore, it is crucial to comprehend these artifacts, establish meticulous

experimental designs, and exercise caution when interpreting data.
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Chapter 3

Materials and Methods

3.1 Materials and sample preparation

All commercial nickel-based superalloys used in this study were provided by Dr. Vijay
Vasudevan from the University of North Texas, USA. HAYNES ® alloys are designed
for high-temperature applications, such as aircraft gas turbine engines [52]. The nominal
composition and thermomechanical heat treatment conditions of each alloy is listed in Table.
3.1 in unit of weight percentage and Table. 3.2, respectively. We will briefly introduce

promising properties and microstructures before irradiation for each sample separately.

e Haynes 282

Haynes® 282® was provided in the solution-annealed condition, with the typical
solution-annealing temperature range falling between 1121 and 1149 °C, which
contained a moderate density of heterogeneous dislocation lines with the dislocation
density of (8.8 & 1.8) x 10'¥/m?. The standard two-step aging process involves 1010
°C / 2 hours/ air cooling and 788 °C / 8 hours / air cooling, subsequently performed
at the University of Tennessee, Knoxville (UTK). The intrinsic dislocation line density
decreased to (1.2 £ 0.3) x 10 /m? after the standard two-step aging process, and
the remaining dislocation lines primarily accumulated at the sample surface due
to mechanical polishing. Some Cr-enriched precipitates are sporadically dispersed

throughout the matrix in both the annealed solution sample and the aged sample.
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Table 3.1: Nominal composition of Ni-based superalloys in weight percentage(wt%)

Alloy Ni Cr | Mo | W | Al | Fe | Co C Mg Si B Other
Haynes 244 7lbal | 80 | 225 6.0 | 0.5% | 2¥ | / ]0.03%|0.8* / / /
Haynes 214 75 bal | 16.0 | 0.5% | 0.5% | 4.5 | 3.0 | 2* | 0.04 | 0.5% | 0.2* | 0.01* | Ti 0.5%, Zr 0.1*, Nb 0,15*
Haynes 282 57 bal | 20.0 | 8.5 / 1.5 | / [10.0| 0.06 | 0.3* | 0.15* | 0.005 Ti2.1
Hastelloy C-276 | 57 bal | 16.0 | 16.0 | 4.0 | / |5.0| 2.5% | 0.01* | 1* | 0.08* / Co 0.5%, V 0.35%

Table 3.2: Heat treatment conditions of Nickel based superalloys before irradiation

Heat treatment condition

Aged Haynes 244 (STD)

As-received plate (AR)
+ 760 °C/ 16 hours/ furnace cooling (FC)
+ 650 °C/ 32 hours/ air cooling (AC)

Solutionized Haynes 244 (SHT)

AR + 1150 °C/ 24 hours/ slow cooling

Haynes 214

AR + 1095 °C/ 0.5 hour/ water quenching

Aged Haynes 282

AR + 1010 °C/ 2 hours/ AC + 788 °C/ 8 hours/ AC

Hastelloy C-276

As-received plate
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Haynes 282 demonstrates a remarkable combination of superior creep strength (649
°C - 923 °C), thermal stability, weldability, and fabricability [53]. The primary source
of strength enhancement is the gamma prime phase 7/ — Niz(Al,Ti) with the L1,
ordered crystal structure, which is coherent with the ~-disordered matrix. The ~/
precipitates uniformly distributed within the matrix in the aged sample. The initial
average precipitate diameter of 7/ precipitates was 29 + 5 nm with the number density
of (5+1) x 102! /m3. The calculated volume fraction was about 7%. The measured
Vickers hardness values (0.5 kg load) for solid solution annealed and aged unirradiated

Haynes 282 were 2.5 4+ 0.2 GPa and 3.7 & 0.2 GPa, respectively.

Haynes 244

Haynes® 244 ® alloys were provided in the solution-annealed condition (1150 °C / 1
hour/ air cooling). For the solutionized sample (SHT'), an additional solution annealing
treatment was carried out at 1150 °C for another 24 hours with a slow cooling rate
to avoid precipitation by reducing vacancy concentration. For the 244 aged sample
(STD), the sample was held at 1150 °C for 1 hour followed by two-step standard
aging, including 760 °C/ 16 hours/ furnace cooling and 650 °C/ 32 hours/ air cooling.
These heat treatments were performed at the University of North Texas. The intrinsic
dislocation density was (4.3 +4.0) x 10" /m? and (3.3 £ 0.8) x 10'*/m? for SHT and
STD samples, respectively. The measured Vickers hardness values (0.5 kg load) were

4.76 + 0.10 GPa and 1.92 + 0.06 GPa for the Haynes 244 STD and SHT, respectively.

Haynes 244 offers an extended operating temperature range of up to 760 °C, coupled
with low thermal expansion and excellent low-cycle fatigue resistance, along with good
oxidation resistance [16, 52]. The primary strengthening phase in Haynes 244 alloys is
Niy(Mo, Cr, W), which is a long-range-ordered metastable phase with a PtoMo-type
orthorhombic crystal structure, coherent with the ~-disordered matrix [7]. It has been
reported that Niy(Mo, Cr, W) precipitates form in Haynes 242 (Ni-25Mo-8Cr wt%)
during isothermal aging between 550 °C and 750 °C. However, no precipitation or
significant hardening occurs at 775 °C, suggesting that this temperature may represent

the critical transformation point from short-range to long-range ordering [54]. Two
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ordering mechanisms occur at different ranges: Continuous ordering works below 700
°C, while the first order nucleation and growth mechanism dominates above 700 °C
[54, 55].

The lattice parameter of Nix(Mo, Cr, W) can be estimated as a, = 1.5v2ay,, b, =
0.5\/§aM,cp = ays, where the subscripts p and M refer to precipitate and matrix,
respectively.  The schematic crystallographic relationship between the coherent
precipitate and disordered FCC matrix is shown in Fig. 3.1(a). Under typical thermal
aging conditions, six variants can form randomly. The c-axis of the orthorhombic unit
cell can align with any of the three a-axes of the disordered FCC unit cell, while the
a and b axes align along the corresponding (110) directions, leading to the different
orientational variants as plotted in Fig. 3.1(b). Since the precipitate is either ellipsoid
or disk-shaped, we use the aligned thin-plate model. The long axis shows the thin-plate

diameter and the short axis shows the thin-plate thickness.

However, getting the accurate size and number density is a great challenge. It should
be noted that due to the limited thickness of the foil, some of large precipitates are
truncated in images. As a result, the projected or measured length of these truncated
precipitates is smaller than their true diameter. This truncation effect can lead to a
higher number density of precipitates, and consequently, the histograms of measured

particle sizes may exhibit a bias towards smaller sizes. This effect was discussed in the
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Figure 3.1: (a) Schematic of the unit cell for the Pty Mo-type structure within an FCC
matrix; (b) Schematic electron diffraction patterns of the FCC matrix, showing six different
orientation variants along various FCC matrix zone axes [7].
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Appendix A.1. The uncorrected and corrected average diameters were 77.4 and 71.1
nm, respectively. The difference between these values was relatively small compared to
the standard deviation, suggesting that the correction to the remaining samples may
not be necessary. Overall, the average diameter of precipitates in the unirradiated
sample was approximately 73.8 4+ 31.2 nm, and the average thickness was about 20.1 +
6.1 nm. It is even more tricky to estimate the number density, as only two variants
are visible along the [001] zone axis in the dark-field TEM images (see Fig. 3.1(b)). A
common approach is multiplying the observed number density by three, assuming that
six variants are equivalent and randomly distributed on the macro-scale. However, our
later analysis suggests a competitive relationship between the variants, indicating that
this assumption may not hold in all cases. Therefore, a more accurate method for
estimating the number density may be required rather than simply applying a factor
of three across all cases. We will revisit this issue after thoroughly reviewing all data

related to Niy(Mo, Cr, W) precipitates.

e Haynes 214

Haynes® 214 ® alloy was provided in the solution-annealed condition. Since we
observed that the surface hardness was not uniform, we performed the solution-
annealing treatment at 1095 °C for half an hour with water quenching at UTK.
No precipitation or elemental segregation around the dislocation lines were observed
before irradiation. The dislocation density was about (1.5 #+ 1.7) x 10'3/m?. The
Vickers hardness values (measured with a 0.5 kg load) for Haynes 214 were found to

be 1.73 £ 0.08 GPa.

Solutionized Haynes 214 exhibits unparalleled oxidation resistance at very high
operating temperature (> 950 °C ) [52]. 7' — NizgAl grows rapidly in the intermediate
temperature range of 595 °C to 925 °C, which is not recommended due to the probability
of strain-age cracking [52]. This sample is part of a screening test to evaluate the

performance of + precipitates in Ni alloys under irradiation

e Hastelloy C-276
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Hastelloy® C-276® alloy was provided in the solution-annealed condition, with the
initial dislocation line density of (1.5 4 0.5) x 10'3/m?. Renowned for its exceptional
corrosion resistance across a wide range of severe environments, this alloy is highly
suitable for numerous chemical process applications [56] and serves as one of the main

candidates for the component of supercritical-water-cooled reactor [57].

e Haynes 230

Haynes 230 is a solid solution strengthened superalloy, decorated with MC, MgC and
M353Cg. Decomposition of primary carbides would occur between 650 °C and 900 °C
after long-term thermal exposure [58]. This sample was irradiated, but since the main
strengthening phases are carbides, not intermetallics. This sample is excluded in this
dissertation and can be explored to compare the carbides and intermetallic secondary

phase stability in future research.

3.2 Methods

3.2.1 Ion irradiation

Before irradiation, the front and back sides of all samples underwent sandpaper grounding
up to 1500 grits to achieve a flat surface. Subsequently, the front side was polished using
diamond suspension, gradually reducing the surface roughness to 0.5 um, and finally finished
with 0.05 pum colloidal silica to attain a mirror surface. The samples were attached to the
Ni-base plate with the high vacuum-compatible silver paste and cured for 2 hours. Samples
were plasma cleaned for 2 hours in the chamber one night before irradiation.

Ion irradiation was performed at the Michigan Ion Beam Laboratory with a 3 MeV
tandem accelerator. Each sample has the dimension of 2 x 3 x 1 mm?®. Fig.3.2 shows
the mounted sample configuration. The irradiation matrix receives a total of 4 irradiation
exposures with 8 MeV Ni*T broad ion beam up to 1 and 10 dpa with a dose rate of 0.001
dpa/s at 600 °C and 750 °C. Table.3.3 presents all the irradiation conditions. The heating
period and irradiation timeline is listed in Fig. 3.3. Four thermocouples were attached to

the sample plate, and one infrared camera was also used to monitor the temperature of
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3 mm

#1 Haynes 244 #2 Haynes 244
- with standard with solution
aging heat treatment
#3 Haynes 214 #4 Haynes 230
#5 Haynes 282 #6 Hastelloy
C-276

Figure 3.2: The mounted sample configuration consists of six samples. The defocused
beam fully covered all samples.

Table 3.3: Irradiation matrix of the Ni-based superalloys

Tons Midrange Dose (dpa) | Fluence (ions/cm?) | Flux (ions/cm?s) | Temperature (K)
1 2E15 600 °C
10 2E16 600 °C
3+
8 MeV Ni 1 SRS 2E12 =50 °C
10 2E16 750 °C

24




Set 1: 600°C 1dpa Set 2: 600°C 10dpa

- 1h from 500 °C to 600 °C - 35 mins from 500 °C to 600 °C

- stayed at 600 °C for 20 mins before irradiation - stayed at 600 °C for 4h before irradiation

- 16.7 mins during irradiation - 167 mins during irradiation

- 5 mins to cool the sample from 600 °C to 400 - 5 mins to cool the sample from 600 °C to 400
°C after the irradiation °C after the irradiation

- Total : about 102 mins. - Total : about 447 mins.

Set 3: 750°C 1dpa Set 4: 750°C 10dpa

- 30 mins from 400 °C to 500 °C
- 20 mins from 500 °C to 600 °C

- No heating data available
- 16.7 mins during irradiation

- 4 mins to cool the sample from 750 °C to 400 °C - 25 mins from 600 °C to 750 °C
- 167 mins during irradiation

- 6 mins to cool the sample from 750 °C to 400 °C
after the irradiation
Total : about 248 mins.

after the irradiation.

Figure 3.3: Detailed duration at each temperature. Heating and cooling rates are not
available.
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the specimen during irradiation. The temperature variation was within 10 °C of the design
values.

In this study, SRIM 2013 was used to determine the fluences required to achieve the
desired damage levels. The damage profile was calculated using the 'Full-Cascades’ mode
with 10000 iterations, employing the damage energy method [59]. For Nickel (Ni), the
effective displacement threshold was determined to be 40 eV [60]. It was observed that the
measured implanted Ni profile deviated by approximately 700 nm towards the surface of 8
MeV Ni ions in pure Fe. This shift was attributed to the overestimation of the stopping
power of Ni as implemented in SRIM 2013 [61]. To address this discrepancy, we applied a
correction factor to modify the predicted ion profile in SRIM. In our investigation, we chose
a correction factor 1.5 for this purpose as suggested in Ref.[61]. Fig. 3.4 shows the SRIM
calculated damage profile for the Ni alloys. The desired dose was 1 dpa and 10 dpa at a

mid-range depth of 1 ym from the surface.

3.2.2 Nanoindentation

Hardness testing is a valuable technique used to evaluate the increase in hardness and

estimate the yield strength based on empirical correlations associated with radiation

- Correct dose

Corrected .
implanted ion - 04 .
=== SRIM default ion

3)

Analysis

region - 0.3

- 02

Dose(dpa)

Ni ion concentration(1E20 ions/cm

~~- |00

0.0 0.5 10 15 20 25 30
Depth(um)

Figure 3.4: SRIM estimated profiles of 8 MeV Ni ion with fluence of 2 x 10'® ions/nm? in
Ni target. The correction factor is 1.5.
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embrittlement at low temperatures and helium embrittlement at high temperatures. The
presence of radiation-induced defects, such as dislocations, precipitates and helium bubbles,
serves as obstacles that impede the dislocation movement, resulting in an increased yield

stress and reduced ductility [62]. Hardness is calculated by a simple equation:
H=P/A (3.1)

where P refers to the peak load, A is the projected area of the indentation impression, which
is equal to the maximal contact area.

Nanoindentation provides an efficient method for measuring the hardness of irradiated
samples due to its small sampling volume requirement. However, there are four inevitable
effects that occur in nanoindentation of heavy ion irradiated samples:(1) indentation size
effect(ISE) where the hardness decreases with the increasing indentation depth; (2) pileup
effect which is pronounced in relatively soft materials with the high ratio of elastic modulus
and yield strength (E/o,)and low work hardening capacity [63]; (3) damage gradient
effect(DGE) due to the heterogeneous damage profile of heavy ion irradiation; (4) soft
substrate effect (SSE) due to the shallow irradiation depth of heavy ions. The first two
is common phenomenon in all nanoindentation testing while the other two artifacts often
occurs in ion irradiated or film/substrate materials.

Nix-Gao model is widely applied to correct the ISE and extract the estimated bulk-
equivalent hardness Hy [64].

% i+ % (3.2)
where H is the measured hardness, H, is the hardness in the infinite depth, h is the
indentation depth and h* is the characteristic length dependent on the given material and
the indenter geometry. Notably, the plastic zone within irradiated materials extends 5-10
times beyond the actual indent, implying that a wide dose range is sampled even with a
shallow indentation [65]. To address this, Kasada et al. [8] employed a film/substrate model

to estimate the ‘true’ hardness of the irradiated region alone. They achieved this by plotting

a bilinear curve of H? vs. 1/h as shown in Fig.3.5. In this paper, the depth of irradiation
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Figure 3.5: Example of bi-linear fitting: Plot of H? versus 1/h for Fe-1.4Mn before and
after 6.4 MeV Fe’' ion irradiation at 290 °C [§]

layer is about 2 pm, corresponding to the available region for estimating HJ* is from 200
nm to 400 nm.

In this study, the nanoindentation testing was performed at room temperature with a
KLA nano-indenter with a Berkovich tip at IAMM. Before testing, indenter tip calibration
was performed on a fused silica sample using the Oliver-Pharr method [66]. The indentation
direction was vertical to the sample irradiated surface. The continuous stiffness measurement
(CSM) was carried out with 0.05/s strain rate and 2 nm oscillation at 45 Hz. Twenty-five
indents were performed as at least a 5 x 5 square matrix pattern for each sample, including
irradiated and unirradiated Ni-based superalloys, to get the average depth profile of hardness
with a peaking loading penetration depth of 1000 nm. The distance between adjacent indents
was set as 40 pum to avoid the interference from adjacent indents. All nanoindentation data
obtained below 100 nm were excluded due to unsolvable indentation size effects [67] and

reverse indentation size effects [8].
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Figure 3.6: (a) The AFM image of a 1000 nm indent of 300 h aged Fel8Cr [9]. (b) The
schematic diagram of the indent and the cross section. the semi ellipse with short axis a;
refers to the estimated contact periphery of the indenter with material [10]. The red dotted
line shows the sinusoidal approximation of the pileup periphery. The blue dashed line shows
the pileup shape with an equivalent area to the sinusoidal shape [9].

3.2.3 Atomic force microscopy

Atomic force microscopy (AFM) Cypher AFM at IAMM was employed to examine the three-
dimensional topography of a sample surface with high resolution at the nanoscale level. The
air topography technique was chosen to scan an area measuring 20 pym x 20 pgm around
the indents, using a scanning rate of 1 Hz and capturing 128 lines per figure. To enhance
accuracy and minimize surrounding noises and artifacts, a mask-applied histogram method
was implemented before recording the pileup height on each side of the residual indents.
This measurement was crucial for correcting the contact area of the indentation impression
A, as shown in Fig. 3.6(a) and expressed in Equ.3.3. The more accurate hardness can be

obtained by this pileup correction.

Ac=A+165VAY A (3.3)

where Ah; is the peak pileup height measured from each side of the indent.

3.2.4 Atom probe tomography

Atom Probe Tomography (APT) enables high-resolution three-dimensional maps depicting

the distribution of atoms in the sample from two-dimensional histograms through data
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reconstruction. Additionally, this technique provides precise and accurate quantitative
measurements of elemental concentrations within nanoscale region of materials. By
harnessing the power of APT, scientists can delve into the intricate atomic structures of
materials, unlocking valuable insights for various scientific and engineering applications.

APT specimens were prepared by a standard lift-out process with a Ga beam in the FEI
Nova 200 dual-beam scanning electron microscope at the Center for Nanophase Materials
Sciences (CNMS) of the Oak Ridge National Laboratory (ORNL). Two specific detection
depths were chosen: (1) a depth of 500 nm and (2) a depth of 3000 nm below the platinum
protection layer. These depths were targeted to investigate the mid-range irradiated and
pristine regions, respectively. Samples were analyzed using a LEAP 4000X HR model APT.
The temperature was carefully cooled to 31.5 K to avoid evaporation between pulses and
reduce noises. The evaporation of tips was laser pulsed with an energy range of 50-60 pJ
and a pulse repetition rate of 200 kHz. The rate was set between 0.005 and 0.01 atoms per
pulse for detection purposes.

The data reconstruction was operated by the Integrated Visualization and Analysis
Software(IVAS) 3.8.16. Each detection depth was probed utilizing one to two tips, each
containing approximately 8 to 17 million atoms. Other vital parameters were the image
compression factor(1.65) and the detector efficiency of the atom probe (0.36) for this study.
The determination of elements relies on their respective mass-to-charge ratios, expressed in
units of Dalton (Da). When two isotopes share an identical mass-to-charge ratio, it becomes
unfeasible to differentiate the individual contributions of these isotopes within a single peak
on the mass spectrum. This occurrence is called isotope peak overlapping, which always
leads to imprecise chemical composition measurements. For example, in Haynes 214, Cr
atoms exhibit isotopes with mass values of 50, 52, 53, and 54 atomic mass units (amu),
whereas Fe atoms have isotopes with masses of 54, 56, 57, and 58 amu. On the other hand,
aluminum (Al) atoms possess only a single isotope with a mass of 27 amu. Both Fe and Cr
atoms are likely to be detected at a charge state of 2+, resulting in a peak overlap occurring
at 27 Da when mixed with aluminum (Al) in the analysis.

A correction factor based on the natural abundance of each isotope is introduced for

precise quantification of chemical composition. If the peak at 27 Da was initially assigned
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to Al, the correction factors for Cr and Fe can be calculated as follows,

_ ACr50 + ACrSZ + ACr53 + ACT54

FCr
Acrso + Acrse + Acss

= 1.024 (3.4)

_ Aresa + Arese + Aresr + Aress
Aress + Apest + Aress

Fr. = 1.062 (3.5)

where A represents the natural abundance of each isotope, denoted by the atom name

and mass in subscripts. The corrected concentrations of Cr, Fe, and Al are calculated with:

CCrfc = CCrfuc X FCr (36)

CFefc = CFefuc X FFe (37)

where Cg,_. and Cg,_,. are the corrected and uncorrected Cr concentrations, respec-
tively. The same naming style applies to Fe and Al. Given that the total concentration of
three elements should remain consistent before and after correction, as illustrated in Equ.3.8,

the corrected Al concentrations can be written as follows.

CAl—c + OCr—c + C'Fe—c - CAl—uc + CCT‘—’ZLC + CFe—uc (38)

C’Al—c = C’Al—uc - CCT—UC (FC’I‘ - 1) - CFe—uc (FFe - 1) (39)

3.2.5 Transmission electron microscopy

Transmission electron microscopy (TEM) is a widely used technique in materials science for
understanding the relationship between microstructure and macro-mechanical properties.
The quantitative analysis of defects, such as dislocations, precipitates, and cavities,
is essential for understanding the properties of various types of materials for nuclear

applications.

31



The TEM specimens for the ion-irradiated Ni-based superalloys were prepared with fo-
cused ion beam (FIB) techniques, utilizing the advanced capabilities of the Zeiss Auriga dual-
beam scanning electron microscope at IAMM. A suite of Transmission Electron Microscopy
(TEM) instruments was employed for comprehensive microstructure characterization. These
included the Thermo Fisher Scientific Spectra 300 and Zeiss Libra 200 S/TEM at IAMM,
the FEI Talos F200X, and the JEOL 2100F at ORNL. Electron beam diffraction (EBSD)
was employed to verify the positioning of the lamella lift-out near the target zone axes,
primarily <001> zone axes, using the Thermo Fisher Helios PFIB dual-beam scanning
electron microscope at IAMM. Minor adjustments were made to tilt the specimens after
loading them into the TEM for further characterization.

The dislocation loops in the FCC materials were characterized using scanning trans-
mission microscopy (STEM) and conventional TEM under a two-beam condition. Under
STEM bright field (BF) conditions, theoretically all types of dislocation loops are visible
along the <001> zone axis for FCC materials [68]. However, due to irradiation-induced
stress, these loops may undergo deformation and tend to interact with other loops, leading
to the formation of dislocation networks during their evolution. To accurately investigate
the distorted loops, two-beam TEM analysis is necessary to determine their Burgers’ vector
and habit planes.

Figure 3.7 provides an illustrative example of the procedure used to quantify the
dislocation density. Ham first proposed a method in the 1960s for calculating network
dislocation density in a dislocation network within a thin film, as described in Equ. 3.10

[69).
2N

=7 (3.10)

P

where N is the number of intersections, L is the total length of a set of random lines in
the measured area, and t is the thickness of TEM sample. To simplify the determination
of the total line length L, Meng et al. introduced a meshed grid to replace the original set
of random lines [70]. The difference in dislocation density calculated based on the random

lines and meshed grid was about 5 %.

32



The precipitates were analyzed using STEM-energy dispersive X-ray spectroscopy
(STEM-EDS) and dark field (DF) techniques in conventional TEM. STEM-EDS provides
high-resolution imaging and chemical composition information simultaneously, and it can
capture all orientated precipitates in a single image. However, in cases where the precipitate
sizes are very small and the number density is high, the elemental mapping can become
noisy, making it difficult to directly distinguish precipitates from the background. In such
situations, the DF image serves as a valuable complementary method to visualize precipitates

and collect statistical information about them.

Figure 3.7: The magnified region of implanted ion region with red meshes to calculate the
dislocation network density in irradiated Haynes 282 (600 °C, 10 dpa). Tiny dots in green
are the intersections between the dislocation network and mesh grids.
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Chapter 4

Results

4.1 Phase stability under ion irradiation

4.1.1 ~ — Nig(Al, Ti)
4.1.1.1 Haynes 282

The STEM-EDS technique was applied to analyze the distribution of elements within
the sample, profiling from the surface to a depth of approximately 3 pum to investigate
the evolution of precipitates under varying radiation damage levels. As an illustrative
example, Fig. 4.1 presents the resulting depth dependence for EDS mapping of Ti-enriched
precipitates in Haynes 282 irradiated at 600 °C to a dose of 10 dpa, and Fig. 4.2 displays
the corresponding number and size distribution of observed Ti-enriched precipitates. These
two figures showcase how we track the overall trends in precipitate evolution. Precipitates
were categorized into distinct groups with a bin depth interval of 200 nm, and precipitates
situated at the boundary of two bins were assigned to the bin where they first appeared.
It is worth noting that regardless of whether we characterize the precipitates with enriched
elements (e.g., Ti) or depleted elements (e.g., Cr) if the elements within precipitates show
strong contrast with the matrix, the statistical counting results will be consistent. In this

case, the deviations in size and number density were less than 1 %.
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Pt Ti
1600 nm
2800 nm
1400 nm
200 nm

Figure 4.1: Titanium EDS maps highlighting the precipitate distribution in aged Haynes
282 irradiated by Ni ions to a midrange dose of 10 dpa at 600 °C: Profiling from the
surface (Pt protective layer) to 3um depth. Annotated in blue ellipsoids, we provide a
representative example, illustrating one group with depths between 1200 nm and 1400 nm,
for a comprehensive understanding of precipitate distribution.
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Figure 4.2: The statistical depth dependence of 4/ precipitates in irradiated aged Haynes
282 (600 °C, 10 dpa).
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We conducted the same analysis for the three other investigated conditions, as illustrated
in Figure A.3 in the Appendix A.2.1. Fig. 4.3 presents a comprehensive overview of the
statistical distribution for size and number density of +' precipitates in Haynes 282 across
varying irradiation conditions. When combined with the results presented in Appendix A.2.1
Table A.1, it becomes evident that neither precipitate size nor number density exhibits a clear
dose or irradiation temperature dependence; all of the precipitate parameters remain more or
less unchanged (within experimental uncertainties and the precipitate size range of Haynes
282 with two-step standard aging treatment in the relevant references [71, 72, 73]) irrespective
of exposure temperature, dose, and whether the region was irradiated or unirradiated. It is
essential to note that the primary source of error in number density arises from the estimation
of TEM sample thickness, which is about 25 %. When including statistical counting errors,
the total relative number density error amounts to roughly 26 %. The relative error in size
distribution stands at approximately 15 %, which introduces large uncertainty when used
in volume fraction calculations. Consequently, we provide only an approximate value for

volume fraction estimation.

T T : 12 ; :
a5 | B’ Joseph et al. 2017 A 600°C ldpa 1 l A 600°C ldpa
—_ W Pike 2018 » 600°C 10dpa ! ! > 500°C 10dp8
g o W' Kruger et al. 2017 750°C ldpa : : 750°C 1dpa
T a0 # | Unirradiated 750°C 10dpa m o 104 ! ! 750°C 10dpa
g i i g I I * Unirradiated
@ I I ~ H H
E | H b i .
T ! ' — B i i
| i X | i
% 30 ! ! - ke el
= | i = | |
[=% ] 1 ] 6 I 1
S i H 5 i |
L 254 | 1 © I |
= e e O s o N : :
& : i 2
@ 20 | I H H £ 41 H :
e
a I I 3 ] 1
z : : < : :
151 : ! : :
1 1 2 - - 1 . . 1 — n
() Unirradiated  Irradiated region  Pristine region Unirradiated Irradiated region Pristine region
sample (500-1000 nm)  (2200-2700 nm) (b)  sample  (500-1000 nm) (2200-2700 nm)

Figure 4.3: The summary of a statistical distribution (a) precipitate size and (b) number
density of +' precipitates in Haynes 282 under various conditions. The solid circles represent
the data calculated from irradiated regions, and the hollow circles are based on the pristine
regions in the same irradiated sample.
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In subsequent parts of this paper, our analysis focused on the irradiated region spanning
from 500 to 1000 nanometers in depth to minimize being affected by ion irradiation-induced

artifacts. The data of the pristine region was measured beyond 2.2 pum.

4.1.1.2 Haynes 214

Figure 4.4 shows the distribution of NigAl — +/ precipitates in the irradiated region after
exposure to 600 °C for 1 and 10 dpa doses. The +' precipitates were uniformly distributed
within the top 1.3 pum of the irradiated region. From 1.5 pm to 2 um, corresponding to
the peak damage/implanted ion region, v’ precipitates continued to grow, even though their
number density appeared lower compared to other regions. The +' precipitates also grew
in the pristine region, even after a short thermal exposure of 16 minutes at 600 °C, as
shown in Fig.4.5(a), although the precipitate signal was weaker. Additional reflections of +/
precipitates were observed in both the irradiated region and pristine region along the [001]
zone, as seen in Fig. 4.5(b) and (c). Larger but fewer 4/ precipitates grew in 750 °C. Fig. 4.6
presents a comprehensive overview of the statistical distribution for size and number density
of ~' precipitates in Haynes 214 across varying irradiation conditions. The corresponding
precipitate information is listed in the Appendix A.2.1 Table. A.2. We observed a higher
number density but smaller «' precipitates in Haynes 214 irradiated at 750 °C with a dose of
1 dpa, compared to the 10 dpa sample, which might suggest that Ostwald ripening occurred,
where larger precipitates grow at the expense of smaller ones. However, the 600 °C samples
did not clearly observe this trend. In the 600 °C, 1 dpa sample, many precipitates were
likely missed during manual counting due to weak contrast and blurry boundaries in the
early stages, which may have led to an underestimated number density. Additionally, as
shown in Fig. 3.3, the holding time in the furnace waiting for a good vacuum status before
irradiation varied between samples, resulting in unplanned thermal exposure that may have

greatly affected the intended experimental conditions.

4.1.1.3 Summary of 7/ phase stability

The +' precipitates in Haynes 282 and Haynes 214 demonstrated strong resistance to

irradiation-induced ballistic mixing under the current irradiation conditions. The high
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Figure 4.4: TEM dark field images of Haynes 214 irradiated at 600 °C with a dose of (a)
1 dpa and (b) 10 dpa, captured along zone [011].

(c) Pristine

Figure 4.5: Micrographs of Haynes 214 irradiated at 600 °C with a mid-range dose of 1
dpa: (a) The magnified TEM dark field image captured from the pristine region; (b) and (c)
are electron diffraction patterns from the irradiated region and pristine region, respectively.
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Figure 4.6: The summary of a statistical distribution (a) precipitate size and (b) number
density of +' precipitates in Haynes 214 under various conditions. The solid circles represent
the data calculated from irradiated regions, and the hollow circles are based on the pristine
regions in the same irradiated sample.

40



diffusivity of solute atoms within the precipitates may contribute to radiation-enhanced
diffusion and thermal recovery to avoid dissolution. Since Haynes 282 is specifically designed
to contain + precipitates, whereas Haynes 214 is intended to operate without them, Haynes

282 exhibits superior structural integrity under irradiation.

4.1.2 Niy(Mo, Cr, W) precipitates

4.1.2.1 Aged Haynes 244 STD

Figure 4.7(a) shows a TEM dark-field image of the Niy(Mo, Cr, W) precipitate distribution in
aged Haynes 244 after irradiation at 600 °C to a dose of 1 dpa. The precipitates display sharp
contrast within the top 500 nm, maintaining their original shape in the radiation-safe analysis
region between 500 nm and 1 pm depth. A clear transition is observed in Fig. 4.7(b), from
well-defined precipitate boundaries to more diffuse contrast. Precipitate-enriched elements,
such as Mo, diffuse into the matrix, while Cr and Fe diffuse more uniformly with increasing
depth. Many precipitates dissolve in the implanted ion region, resulting in a lower number
density than in other regions. Besides, W atoms did replace a certain amount of Mo and
Cr during thermal aging, forming Niy(Mo, Cr, W) precipitates, although the segregation
level is not as pronounced as that of Mo. The 10 dpa sample exhibits the same tendency
as the 1 dpa sample, as shown in Fig.A.4 in Appendix A.2.2. Almost no precipitates are
visible in the implanted ion region, between 1.5 ym and 2 pum, suggesting significant ballistic
mixing and dissolution occurred. The precipitates cannot recover thermally, likely due to
limited diffusivity or chemical composition changes resulting from the higher Ni content in
this region.

Figure 4.8(a) shows the elemental mapping of aged Haynes 244 irradiated at 750 °C
to a mid-range dose of 10 dpa. The Niy(Mo, Cr, W) precipitates retained their original
shapes, with no clear evidence of diffusion mixing, even in the peak dose region. The
corresponding elemental concentrations are plotted in Figure 4.8(b). Considering potential
errors from the STEM-EDS measurements and regional concentration differences, the Mo,

Cr, and W content in the Niy(Mo, Cr, W) precipitates in the irradiated region remained
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Figure 4.7: (a) Dark-field image showing the precipitate distribution in aged Haynes 244
irradiated by Ni ions to a midrange dose of 1 dpa at 600 °C. Profiling extends from the
surface (Pt protective layer) to a depth of approximately 4 nm; (b) Detailed STEM-EDS
analysis reveals that the element distribution varies with radiation damage as a function of
depth. The yellow rectangle highlights the W atoms enriched in the precipitates.
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Figure 4.8: (a) STEM-EDS mapping of aged Haynes 244 irradiated at 750 °C with
a mid-range dose of 10 dpa; (b) the corresponding atomic fraction of key elements in
Niy (Mo, Cr, W) at different depths.
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relatively unchanged compared to the pristine region. There was no noticeable radiation-
induced effect on the distribution of Niy(Mo, Cr, W) precipitates, and fluctuations in the

number density fell within the margin of error.

Figures 4.9(a) and (b) further confirm the presence of a competitive relationship among
different variant types, leading to heterogeneous distributions. Additional quantification
across different grains may help to mitigate this variability. As previously mentioned,
estimating the number density remains a big challenge. While STEM-HAADF can reveal
all variants—unlike TEM dark-field images, which typically show only two or three—it
is limited to specific conditions. These conditions include precipitates with well-defined
contours, minimal interference from other features, and the need to adjust detector angles
carefully. In theory, STEM-EDS should be able to detect all precipitates, but in practice,
contrast differences between variants are often observed. This is likely caused by differences
in variant orientation, which affect detector efficiency due to varying X-ray emission angles
or changes in the interaction volume between the precipitates and the transmitted electrons.
Consequently, some variants may be present but exhibit weak intensity in the elemental maps,
making them difficult to distinguish. Employing multi-grain samples and using multiple
zone axes for observation could provide more comprehensive information on the precipitates,
which are costly and time-consuming. Therefore, a more accurate and efficient method for
estimating number density from limited data is needed. After analyzing all available data,
especially the precipitates in pristine regions in the STEM-HAADF images, we observed a
correlation between the precipitate number density and the area ratio, defined as the ratio
of pixels covered by precipitates to the total pixels in the image.

When all variants are visible, the area ratio ranges from 0.30 to 0.35. Based on this,
we assume that all variants occupy approximately 30 % of the total image area in the aged
Haynes 244 samples. In this study, we estimate the density of the number mainly using
dark field images. We first measure the area ratio 7.oyereq in the pristine region to get the
correction ratio Cupreq = 0.3/Teopered, and then apply the correction ratio ¢y, in the irradiated
region. The precipitate number densities Ny, is adjusted based on this assumption from
the measure number density Ncasured, that is Nigtar = Carea X Nimeasureq- 1 he information of

corrected precipitate size and number density is listed in the Appendix A.2.2 Table. A.3.
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Figure 4.9: Dark field images of (a)Variant I and (b) variant II taken along zone [001]
axis of 750 °C, 10 dpa irradiated aged Haynes 244 sample; (c) and (d) are the corresponding
depth dependence of the precipitate size and number density distribution.
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Overall, aged Haynes 244 exhibited good phase stability under high-temperature (750
°C) and high-dose (10 dpa) irradiation, while precipitates dissolved under low-temperature

(600 °C) irradiation, even at a dose as low as 1 dpa.

4.1.2.2 Solutionized Haynes 244 SHT

In the Fig.4.10(a), apparent precipitate growth is observed in the irradiation-safe analysis
region at the depth from 500 nm to 1 pm in the 600 °C, 1 dpa Haynes 244SHT, driven
by radiation-enhanced diffusion. The diffraction pattern from the irradiated region exhibits
sharp, long-range ordering reflections from the Niy(Mo, Cr) precipitates. In contrast, the
diffraction pattern from the pristine region shows similar long-range ordering reflections but
with an additional diffraction ring indicative of nanocrystalline. However, distinguishing
between the precipitates and noise in the camera image is challenging via the TEM dark
field technique.

Therefore, the precipitate growth was verified using atom probe tomography. In the
pristine region, Mo-enriched clusters are visible on the 18 at.% Mo iso-concentration surface,
as shown in Fig. 4.11. The atomic composition and radius of these clusters were determined
from the proxigram at the cluster-matrix interface. The composition of the Mo-enriched
clusters, 64Ni-10Cr-22Mo at.%, aligns with the Niy(Mo, Cr) precipitates. The approximate
radius of the 15 largest precipitates in the pristine region is about 1.5 nm, which is near the
resolution limit of TEM, leading to uncertainty and difficulty in observing them via TEM.

The precipitate size continued to grow with increasing doses at 600 °C. In three randomly
selected grains, Nig(Mo, Cr) precipitates were observed along the [001] zone axis, as shown
in Fig. 4.12. The number density varied across the grains, reflecting competition between
variants and their heterogeneous distribution, as previously discussed for aged Haynes 244.
This variation in number density and precipitate size could result in significant differences
in precipitate strengthening within the material.

Significant solute segregation was observed from the APT atom maps of various elements
of 600 °C, 10 dpa 244 SHT, as shown in Fig. 4.13(a). Elemental depletion, particularly
of W and Al, is evident in the top left corner, highlighted by the red rectangle. The

corresponding region in the Mo iso-concentration surface is identified as a Mo-enriched
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Figure 4.10: TEM micrographs of 244SHT irradiated at 600 °C with a mid-range dose of 1
dpa; (b) and (c) are the corresponding electron diffraction patterns of the irradiated region
and pristine region, respectively.
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Figure 4.12: Dark-field images of different grains selected from irradiated 244 SHT at 600
°C with a mid-range dose of 10 dpa. (b) and (c) are annotated images.
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Figure 4.13: (a) APT atom maps of various elements in the irradiated region of 244 SHT
after irradiation at 600 °C to a mid-range dose of 10 dpa; (b) Si distribution and (c) Mo
iso-concentration surface of the same region.

precipitate, confirmed to be Niy(Mo, Cr) based on its atomic composition of 67Ni-11Cr-
18.5Mo at.% derived from the proxigram at the matrix-precipitate interface. The large
Niy (Mo, Cr)precipitates don’t have clear boundaries, which may correlate with the patchy
and discontinuous contrast seen in TEM dark field images. In Fig.4.14(a), no obvious
concentration increment of W can be observed around the Niy(Mo, Cr) precipitates, which
is unlike the enrichment of Niy(Mo, Cr, W) precipitates formed during the standard thermal
aging process. From the plot of nearest neighbor distribution of W in order 10 as shown in
Figd.14(b), the experimental data just overlapped on the randomized data, suggesting no
obvious segregation occurred, probably due to the slow diffusion rate of W. One hypothesis
is that Niy(Mo, Cr) precipitates form during the early stages of precipitation, with W atoms
gradually substituting some Cr or Mo atoms over prolonged isothermal aging and forming
Niy(Mo, Cr, W) precipitates in the standard-aged 244 STD. In contrast, Al shows a strong
tendency to cluster. However, the bulk concentration of Al is too low to form a crystalline

structure (e.g. L1s), or be detected via TEM diffraction patterns. Besides, radiation induced
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dislocation loops are Si enriched, which have been observed in many APT studies of irradiated
materials [74, 75].

Fig.4.15(a) shows the STEM bright filed image of 244 SHT, following the irradiation to
1 dpa at 750 °C, where only a few stacking faults are visible. No additional reflections from
long-range ordered Niy(Mo, Cr) phases are present. However, a peak at the 1%0 reciprocal
lattice position in the corresponding electron diffraction, captured in the irradiated region,
indicates that a local short-range ordering occurred in the disordered v matrix [54, 76].
In both irradiated and pristine regions characterized by APT, the Pearson coefficients p
of element frequency distribution analysis for each element remain below 0.1, indicating
uniform distribution and the absence of significant segregation during short-term irradiation.
Both APT and TEM results confirm that no clustering occurred in either the irradiated or
pristine regions of the 750 °C, 1 dpa Haynes 244SHT sample, which is likely because the
irradiation temperature is close to the critical transformation temperature (~ 775 °C [54]),
which requires more time for nucleation in the kinetic ordering transformation from short-
range ordering to long-range ordering [54, 55, 76].

In contrast to the low-dose (1 dpa) Haynes 244SHT irradiated at 750 °C, numerous

precipitates formed in both the irradiated and pristine regions of the 10 dpa sample, except

3 iy e IR B -

Figure 4.15: (a)STEM bright field image and (b) the electron diffraction of 244SHT
irradiated at 750 °C with a mid-range dose of 1 dpa.
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in the implanted ion region, as shown in Fig.4.16. In this region, the injected ions may
have altered the local chemical composition, suppressing precipitation, or strong ballistic
mixing in the radiation damage peak may have dissolved the precipitates. Since it is unclear
which mechanism is predominant, data from the radiation-safe analysis region (located at a
depth of 500-1000 nm beneath the Pt protective layer) was used to assess radiation effects
while minimizing artifacts from ion irradiation. The precipitates were large but sparse in the
radiation-safe analysis region where irradiation-enhanced diffusion dominated. In contrast,
they were small but dense in the pristine region, suggesting that the coarsening mechanism
could be Ostwald ripening. The detailed summary of precipitates is listed in the Appendix
A.2.2 Table. A.4.

4.1.2.3 Summary of Niy(Mo, Cr, W)/Niy(Mo, Cr) phase stability

Nip(Mo, Cr, W) are sensitive to both radiation damage and thermal effects. At 600 °C, these
precipitates in pre-aged Haynes 244STD partially dissolved or shrunk at low doses, and were
completely dissolved in the implanted ion region. In contrast, at 750 °C, Niy(Mo, Cr, W)

precipitates in the aged sample demonstrate remarkable stability, with size and number

Figure 4.16: STEM-EDX results of irradiated Haynes 244-SHT (750 °C, 10 dpa). The first
two are the high-angle annular dark field (HAADF) image and bright field image; the others
are the Ni, Mo, Cr, and W EDX maps.
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density remaining consistent post-irradiation. For solutionized Haynes 244SHT samples, the
Niy(Mo, Cr) grew in both irradiated regions and pristine regions subjected to long time high
temperature exposure except for 750 °C, 1 dpa sample. In the irradiated regions, precipitates
appear larger but are relatively sparse. Unlike the pre-aged samples, no W segregation was
observed in precipitates in the solutionized samples, likely due to the slow diffusion rate of

W.

4.1.3 Other secondary phases

4.1.3.1 Cr2306

In Fig.4.17(c), a new diffraction pattern is observed in the irradiated region of Haynes 214
irradiated at 750 °C, with a mid-range dose of 1 dpa. Despite using the smallest objective
lens in the Spectra 300, five reflection spots are still selected, as shown in the red circle
in Fig.4.17(c). Blocky precipitates exhibit stronger contrast compared to the spherical
precipitates. The yellow rectangle in Fig.4.17(a) and (b) exemplify how precipitates might
be closely related to dislocation lines, though not all dislocations nucleate precipitates, as
indicated by the purple rectangle. The magnified images and corresponding STEM-EDS
mapping are plotted in Fig.4.18, suggesting the new secondary phase is Cr and C enriched.
Since EDS technique is not sensitive to light atoms like carbon, atom probe tomography
(APT) is applied for more accurate chemical quantification.

The atomic distribution of major elements at the depth from 500 to 800 nm in irradiated
Haynes 214 (750 °C, 1 dpa) is depicted in Fig.4.19. The atomic composition of the cluster is
identified as 85Cr-5Ni-10C, which is close to the Cry3Cg carbides. The carbon concentration
is likely underestimated via the APT technique, commonly due to the laser evaporation mode
with a relatively high pulse energy. The phase identification of Cro3Cs¢ is further verified in
the Appendix A.2.3.

Under four different irradiation conditions in Haynes 214, dense dislocation lines and
Cryo3Cg carbides were only observed in 750 °C, 1 dpa sample. By rotating the zone axis
from [001] to [103] zone, the precipitates continued to overlap with the dislocation lines.

Although the rotation angle is only about 18.5°, the tendency of Cr carbides to attach on
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Figure 4.17: (a) TEM dark field image with a 10 g m objective aperture along [001] zone
axis, as highlighted by the red circle in (¢); (b) STEM bright field image showing dislocation
distribution; (c¢) and (d) show electron diffraction patterns, captured from the irradiated and
pristine regions, respectively.
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Figure 4.18: (a)STEM bright field image, (b)STEM HAADF, and (c)-(f) EDS results of

various elements.
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Figure 4.19: APT atom maps of Haynes 214 following irradiation to 1 dpa at 750°in the
irradiated region at a depth of 500 nm from the sample surface, showing the presence of two
distinct precipitates.
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dislocations remained evident. This observation can be further verified by preparing a TEM
lift-out along zone < 013 > to increase the available rotation space in o/ tilting in TEM,
allowing for a more comprehensive analysis of the dislocation-precipitate relationship. Since
the heating data for this sample is missing, it remains unclear whether the initial dislocation
lines were not fully annealed in this sample before the irradiation started. Without this
information, it is difficult to determine the mutually complementary symbiotic relationship

between dislocation lines, carbides, temperature, irradiation, and thermal exposure time.

4.1.3.2 p phase and M;3C

In Hastelloy C-276, the electron diffraction pattern remained unchanged across all irradiation
conditions, whether captured from the irradiated or pristine regions, suggesting that the
~v—disordered FCC structure remained the dominant phase within the matrix, as exampled
in Fig.4.20(b). We focused on a small area of radiation-safe analysis region of Hastelloy
C-276 with a midrange dose of 10 dpa at 600 °C, as shown in Fig.4.20. Radiation-induced
element segregation was observed only at dislocations where Ni was enriched, and Cr, Mo
were depleted. This element distribution confirms that no secondary Mo-enriched phase,
including Niy(Mo, Cr), u, and carbides, were produced due to irradiation-enhanced diffusion.

Since no precipitation was observed within the matrix, the grain boundaries were rapidly
examined in the 10 dpa samples, as shown in Fig.4.21. No precipitates were observed along
the grain boundaries in the 600 °C sample, and minimal elemental segregation (particularly
of Ni) was observed, likely due to radiation-induced mixing. In the 750 °C, 10 dpa
sample, Mo-enriched precipitates were found to form along grain boundaries heterogeneously.
Additionally, changes in grain boundary morphology were evident in the irradiated region,
with precipitates dissolving at the peak damage region and diffusing into the matrix in
other irradiated areas. Considering that secondary phases in the matrix could increase
susceptibility to stress corrosion cracking and negatively impact mechanical properties [77],
Hastelloy C-276 exhibits superior metallurgical stability compared to other Ni-Cr-Mo alloys

under high-temperature conditions, both with and without irradiation exposure.
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Figure 4.20: (a) BF-STEM and (b) SAED images of the region at a depth of 650 nm to
900 nm in Hastelloy C-276 to a midrange dose of 10 dpa at 600 °C, and (c)-(f) detailed
STEM-EDS results showing the distribution of various elements.

600 °C, 10 dpa

750 °C, 10 dpa

Figure 4.21: (a) and (c) are the SEM images, (b) and (d) are the EDS mappings for
grain boundaries in Hastelloy C-276 irradiated at 600 °C and 750 °C, respectively, with a
mid-range dose of 10 dpa.
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4.1.4 Dislocation evolution

Radiation-induced dislocations were observed exclusively in the samples irradiated at 600
°C. Figure 4.22 shows a TEM cross-section overview of the overall dislocation distribution in
irradiated Haynes 282 (600 °C, 10 dpa), compared with the SRIM profiles for dose and
implanted ions. The depth profile reveals distinct microstructural regions with varying
dislocation characteristics. Generally, in the near-surface region (0-500 nm), the density of
dislocation loops was noticeably lower compared to other irradiated areas. The point defects
can easily escape or annihilate at the free sample surface. Moving into the "radiation-safe”
analysis region (500-1000 nm), we observed a prevalence of < 111 > type faulted loops
along with some < 011 > perfect loops. During long-time high-temperature irradiation,
the dislocation microstructure experienced the simultaneous formation of new < 111 >
loops and the growth of existing ones. Notably, faulted loops might undergo unfaulting
processes, transforming into perfect loops through interactions with < 112 > Shockley partial
dislocations. Some loops undergoing a transformation process were captured in this region.
In the transition region (1-1.5 pm), we observe < 111 > faulted loops as the dominant
dislocation type, similar to the radiation-safe analysis region. However, the density of these
loops was notably higher due to the increased radiation doses. In the implanted ion region
(1.5-2 pm), the dislocation structures evolved into larger loops and complex dislocation
tangles. This region marked the initiation of dislocation network formation, primarily driven
by loop interactions. The bombarding ions are deposited near the region of peak displacement
damage, resulting in a localized surplus of interstitial atoms and disrupting the balance of
vacancy supersaturation.

In this study, we focus on the region 500-1000 nm beneath the sample surface, designated
as the irradiation-safe analysis region, to minimize artifacts from near-surface and implanted
ion effects [15, 48, 6]. The dislocation distributions of materials irradiated at 600 °C, within
this depth range, are shown in Figures 4.23 to 4.24. No radiation-induced dislocation loops
were observed in this region of irradiated Haynes 214. Thus, the summarized STEM-BF
image of Haynes 214 is excluded here. The detailed information of dislocation loop size,

number density and dislocation line density is listed in the tables A.1 to A.4 in the Appendix.
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Figure 4.22: Comparison of (a) calculated SRIM profile and (b) experimental dislocation
distribution of irradiated Haynes 282 (600 °C, 10 dpa).
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Figure 4.23: Bright-field STEM (BF-STEM) images of Haynes 244 irradiated at 600 °C:
(a—b) aged STD samples and (c—d) solutionized SHT samples, with (a, ¢) at 1 dpa and (b,
d) at 10 dpa.
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Figure 4.24: BF-STEM images of samples irradiated at 600 °C: (a—b) aged Haynes 282
and (c—d) Hastelloy C-276, with (a, ¢) at 1 dpa and (b, d) at 10 dpa.
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Surprisingly, our observations revealed that radiation-induced dislocation loops were
closely associated with or encircled the 4/ precipitates in irradiated Haynes 282, as illustrated
in Figure 4.25. These precipitates served as strong sinks that attracted point defects,
implying that +' precipitates can facilitate the recombination of point defects. They can
also potentially trap helium atoms produced during neutron nuclear reactions in actual
reactor operations and other detrimental solutes, preventing their migration toward grain
boundaries. Further investigations into the interaction between precipitates and radiation-

induced dislocations are required in future work.

4.2 Nanoindentation hardness

Nix-Gao fitting and the pileup correction via atomic force microscopy (AFM) are applied to
get the bulk equivalent hardness. Data from the indent depth from 200 nm to 400 nm with
a bilinear fitting is used to get the bulk equivalent hardness from the irradiated region, and

depth from 200 to 1000 nm with a single linear fitting is used to derive the hardness of the

unirradiated sample. The summary of pileup-corrected Hy and h* are are listed in Tables

from A.5 to A.8 in the Appendix A.3.

Figure 4.25: The STEM-EDS results of irradiation safe analysis region in irradiated Haynes
282 (600 °C, 10 dpa): (a) STEM dark field image, (b) aluminum (Al) elemental mapping
and (c) overlapping of (a) on (b).
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The hardness profile of irradiated aged Haynes 282 is illustrated in Fig.4.26(b). Only
slight hardening (no statistically significant difference compared to unirradiated bulk
equivalent hardness) was observed after ion irradiation.

The bulk equivalent hardness Hy of Haynes 214, derived from pileup-corrected nanoin-
dentation data, is presented in Fig.4.27. The H, of Haynes 214 gradually increased with
the growth of 7' precipitates, further confirms that Haynes 214 is not suitable for long-term
operation within the tested temperature range, as the continuous precipitate growth could
lead to undesirable changes in mechanical properties over time.

The bulk equivalent hardness of aged Haynes 244 derived from pileup-corrected nanoin-
dentation is plotted in Fig.4.28. Only slight softening was observed after irradiation, with
no statistically significant difference in hardness compared to the unirradiated bulk sample,
except in the 750 °C, 1 dpa sample. Although high-temperature thermal annealing reduced
the intrinsic dislocation network density, the primary contributor to the lower hardness may
be the smaller and fewer precipitates existing in this sample before irradiation due to the
heterogeneous precipitate growth. Although all irradiated bulk samples were cut randomly
from the same plate, it cannot be guaranteed that each sample contained an equivalent
volume fraction of precipitates following the aging treatment. Overall, aged Haynes 244
demonstrated excellent stability in its mechanical properties under irradiation.

The bulk equivalent hardness of solutionized Haynes 244, derived from pileup-corrected
nanoindentation data, is presented in Fig.4.29.  Significant hardening was observed
after irradiation in most cases, except for the 750 °C, 1 dpa sample, which remained
in the solutionized state without noticeable precipitation. A detailed analysis of how
microstructural evolution impacts these mechanical property changes will be provided in
the next chapter.

Overall, a reduction in characteristic depths h* was observed after irradiation, indicating
diminished sensitivity to the indentation size effect in the irradiated samples. Additionally, a
larger bulk-equivalent hardness Hj, corresponding to the lower hA*, was consistently observed

across all selected Ni alloys, as shown in Fig.4.30.
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Figure 4.26: (a) An example of the Nix-Gao fitting of the depth-dependent hardness of
irradiated aged Haynes 282 (600 °C, 10 dpa); (b)The bulk equivalent hardness H, after
pileup correction of various conditions.
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Figure 4.27: (a) Hardness vs. depth, and (b)the bulk equivalent hardness Hy after pileup
correction of Haynes 214 under various conditions.
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Figure 4.29: (a) Hardness vs. depth, and (b)the bulk equivalent hardness Hy after pileup
correction of Haynes 244 SHT under various conditions.
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Figure 4.30: Plot of A* values versus H, for all measured Ni alloys.
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Chapter 5

Discussion

5.1 Correlation between microstructure and mechani-
cal properties

Understanding the behavior of structural materials under high temperature irradiation
conditions is imperative for advancing their durability and reliability of nuclear materials
in the evolving landscape of nuclear reactor technologies. In this study, the microstructure is
correlated to the mechanical properties obtained via the nano-hardness test on nickel-based
superalloys. Tabor first proposed that a linear relationship between Vickers hardness Hy

and flow stress at a strain of approximately 0.08 [78],
HV = 000.08 (51)

where C' = 2.9 — 3.0, 0908 and H, are both expressed in MPa. Cahoon et.al found a good
relation between 0.2% offset yield strength o, and hardness H for different heat treatment
conditions including tempered, aged or cold worked conditions by including adjustments for

strain hardening as expressed below [79],

oy = IV (0.1yn (5.2)

65



Where n is the strain hardening coefficient. To determine the value of n, we utilized the
experimental stress-strain data within the plastic region (strain from 2 % to 10 %) of selected
nickel based superalloys [80, 81, 82], and fitted them with Equ. 5.3,

o=Ke" (5.3)

where o and ¢ is the true stress and true strain, respectively, and K is a constant. We
employed a curve fitting technique to obtain the strain hardening coefficient, n. The n values
of unirradiated materials are listed in Table. 5.1. The strain hardening coefficient typically
exhibits an apparent decrease in irradiated metals from a simplistic analysis of engineering
tensile stress-strain curves (particularly for irradiation temperatures below 40 % of the
absolute melting temperature). However, the strain hardening coefficient obtained from true
stress vs. true strain tensile curves produces a value comparable to the unirradiated n value
[83, 84]. For the estimation of work hardening effects on the calculated yield strength vs
the 8% flow stress corresponding to the indentation experimental conditions, we assume the
value of n for the high temperature irradiation conditions is comparable to the unirradiated
value if there is no apparent secondary phase changes.

An ideal geometric factor of 0.0945 exists between Vickers hardness (units of kg f/mm?)
and pileup-corrected bulk equivalent hardness Hy obtained from Berkovich nanoindentation
tests (units of MPa) [9]. Since 1kgf/mm? is equal to 9.81 MPa, the ratio of the Vickers
hardness to nanoindentation pileup-corrected Hy where both hardness values use SI units

(MPa) is written below:

HRe = 0.927H, (5.4)
Table 5.1: Key parameters of selected nickel based superalloys
Aged Haynes 244 (STD) | Solutionized Haynes 244 (SHT) | Haynes 214 | Haynes 282
Strain hardening coefficient n 0.2073 [80] 0.2495 [80] 0.2827[81] | 0.1631 [82]
Shear modulus G (GPa) 85 [85] 85 [85) 83 [86] 82 [53]
Poisson’s ratio 0.31 [85] 0.31 [85] 0.31 0.32 [53]
Grain size (um) 65 200 125 65
G grain size (MPa) 414 33.0 35.9 414
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This slight difference in geometry factor is mainly due to historical reasons where Vickers
hardness is based on the actual contact area of the indenter, whereas hardness is
conventionally defined as the load divided by the projected contact area. In this case, we
select C' as 3 and apply Equ.5.2 to calculate the yield strength o, from the pileup-corrected

bulk equivalent hardness:
~ 0.927H,

(01" (5.5)

Oy

Another method for estimating the yield strength from hardness is also based on Tabor’s
equation (Equ. 5.1), which corresponds to 3.27 Hy (kgf/mm?) = 003 (MPa). However, the
yield strength o, is expected to be slightly lower than 8%, with the correlation factor for o,
and Hy being less than 3.27. After reviewing various studies on the relationship between
the yield stress (MPa) vs. hardness (kgf/mm?) with a non-zero intercept, Zhu et al. finally
selected a factor of 3, which yields the corresponding relationship between the yield strength

o, and the pileup-corrected bulk equivalent hardness H as written below: [9, 87]:
o, = 0.285H, (5.6)

where o, and Hy are both in the unit of MPa. We will compare these two equations (Equ.5.5
and 5.6) with the predicted yield strength derived from microstructure features in the later
session.

This study considered strength contributions from the base metal strength (pure nickel),
grain boundary strengthening, solute hardening, precipitates (including +’, Niy(Mo, Cr, W)
and Cry3Cg), dislocation loops, and dislocation lines. The room temperature yield strength
of pure nickel oy; is about 63 MPa [88]. The solution strengthening contribution oy is

calculated with the Equ.5.7 as written below,

0o = (Sh2e;)'? (5.7)

where k; is strengthening constant, in the unit of MPa atomic fraction '/?, as listed in

Table.5.2 [89].
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Table 5.2: Strengthening constants for solution strengthening in Nickel

Cr| Mo | W | Ti | Al | Co | Fe C
337 | 1015 | 977 | 775 | 225 | 39.4 | 153 | 1061

Strength constant
(MPa at.fraction )

The calculated yield strength contribution of solution strengthening is mainly based on
the nominal chemical composition of the solution annealed samples. The average grain size
and corresponding yield stress increment due to Hall-Petch grain boundary hardening [90],

Ograin, calculated using Equ. 5.8, are listed in the Table.5.1.

0.158

S 5.8
\/grain size (5:8)

Ograin = 21.8 +

where 04,4, and grain size are presented in the unit of MPa and m, respectively.

For other strengthening components, the dispersed barrier hardening (DBH) model
is selected to predict the yield strength increment contribution resulting from arbitrary
obstacles with an average glide plane spacing of L ~ v/Nd by impeding the motion of
gliding dislocations, as depicted in Equ.5.9 [91, 92].

O'DBH:MCYGbVNd (59)

where M = 3.06 is the Taylor factor for FCC polycrystalline metals, G is the shear
modulus of the matrix as listed in Table.5.1, b = 0.253 nm is the glide dislocation
Burgers vector magnitude[93], d and N is the diameter and the number density of defects,
respectively, « is the defect barrier strength (typically from 0.25 to 1, depending on obstacle
size and type [94]). The defect barrier strength of loops e, is selected from the fitting
curve of the calculated size-dependent strength factor at room temperature for Frank loops
[93]. The dislocation line ;. is set as 0.56 and replaced the V/Nd with the square root of
the network density ,/p [95].

Precipitate strengthening during dislocation-precipitate interactions in alloys is governed
by two distinct mechanisms. The dislocation shearing mechanism operates for small coherent
precipitates, while the Orowan mechanism dominates for larger coherent or incoherent

precipitates [93]. Since 4’ precipitates are fully coherent with the matrix, many previous
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studies have described the dislocation-precipitate interactions in Haynes 282 as primarily
following the shearing mechanism [93, 45, 96]. The yield strength increment is the
combination of coherency hardening, modulus mismatch hardening, and order strengthening

[96]. Tan et al. proposed the equation for the strength factor calculation as written below,

| 0.816d L I\ 125 A\ L
a/zs)]i;tearmg _ Tep + 1.7 (—) gl + 0.0044 (—> (_M) (510)
pb?(1 — 0.816dv/Nd) b b s

where 7,,, € and Ay represent the interfacial energy, lattice parameter mismatch, and
shear modulus mismatch of the y—matrix and y'—precipitates. 7., is 0.102 J/m? [93]. The
lattice mismatch € ~ 2/3Aa/a is around 0.003 at the temperature range between 600 °C
and 750 °C [97]. The shear modulus of 4/ —precipitates at room temperature are measured
to be 79 GPa [98]. In this way, the yield strength contribution of precipitation hardening
is up to 780 MPa, and the calculated a;];fm"g is 1.02 for the unirradiated, aged Haynes

282, slightly surpassing the prescribed strength factor limit of 1. Moreover, the contribution

of coherency strengthening (the second term of oz;z:“rmg ) is significantly undervalued. This
underestimation comes from the calculation derived from Aoy’ = 2.6 M pet? 0'8})6‘# = 34

MPa. Notably, this equation is tailored for small coherent precipitates in unaged alloys. No
analytical approximation of the critical resolved shear stress is available for large coherent
precipitates, capable of bending the dislocation through large angles [96]. According to
Fig.4.25(c), almost all of the dislocation loops are surrounding or are attached on +/
precipitates, suggesting that the Orowan mechanism is more suitable for this case. Thus,

the strength contribution for large spherical precipitates is given as:

Orowan—spherical 0. 135M,Ub V Nd 0.816d
O ppt = In (511)
(1 — v)Y/2(1 — 0.816dV/Nd) ro

where v = 0.319 is the Poisson’s ratio [53]; 7 is the dislocation core radius within the range
b < ro < 4b, a parameter unaffected by the dislocation’s surrounding environment [96]. In
this study, we chose 2.5 b as the fitted core radii. The calculated yield stress contribution

of 4" precipitates due to the Orowan mechanism is 653 MPa, and the corresponding barrier
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strength factor is 0.84 (i.e., slightly below the Orowan limit). Thus, for the ~" precipitates
in this study, the large precipitates (size > 25 nm) in Haynes 282 and 750 °C, 10 dpa
Haynes 214, we select Orowan bowing mechanism to predict the yield strength contribution.
In contrast, the shearing mechanism is selected for the small precipitates in other Haynes
214. However, unlike 7/ precipitates, which have been extensively studied in numerous
research, the investigation of Niy(Mo, Cr, W) precipitates is still in its early stages. Key
parameters, such as interfacial energy and shear modulus mismatch, have yet to be reported.
Additionally, the lattice mismatch between the FCC crystal structure and the orthorhombic
crystal structure remains unexplored. Thus, we applied the Orowan bowing mechanism for
all precipitates in Haynes 244, which may overestimate the yield strength contribution for
those small coherent precipitates in solutionized Haynes 244 irradiated at 600 °C to a dose of
1 dpa. The yield strength contribution for large thin-plate shaped precipitates g&5owen—plate

ppt

is written as [93]:

271M pubA 637D
Orowan—plate _ 0.27 'ub ) In (O 637 ) (512)

Trpt (1—v)Y/2(16 — wtA o

with A = V16t ND +4ND? — 72N Dt, where D and t are the diameter and thickness of
the thin plate.

Zhu et al. recently noted that the traditional method of linear addition for estimating
hardening changes to the unirradiated strength implicitly assumes linear superposition of
the individual hardening components, which in general is an incorrect assumption. They
noted that it is generally necessary to amalgamate all hardening components to accurately
assess the overall strength, as opposed to only considering the change in microstructural
features [87]. The proposed approach first categorizes all obstacles into weak (a < 0.25)
and strong (a > 0.25) groups. Subsequently, a root sum square superposition method is
employed for each weak and strong group, and their grouped strengths are combined using

a linear superposition technique, as shown in Equ.5.13 [99, 100, 101],

Oy = \/ Zo.\?veak + \/ ZUSQtrong (513>
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where 0yeqr and Ogpong refer to different types of weak and strong obstacles, respectively.
The base metal strength contributions from pure Ni and solid solution strengthening are
categorized within the weak barrier group, and others are strong components based on their

« values.

. _ 2 2 2 2 2 2
Opredicted = \/O-Ni toss+ \/Ugrain + O ppt t Oline T Tloop (514)

The detailed predicted yield strength contribution for each components and the
correlation between the model-predicted yield strengths and the measured strengths derived
from nanoindentation and Vickers hardness test based on the Equ.5.5 and 5.6 are shown in

the following subsections.

5.1.1 Haynes 282

The detailed numerical values of measured yield strengths converted from nanoindentation
are listed in Table 5.3. The major contribution to solution strengthening in Haynes 282
comes from Cr and Mo, which remained dissolved within the matrix after a two-step aging
process. To calculated yield strength contribution of solution strengthening of aged samples,
we simply assumed that Ti and Al atoms underwent nucleation into precipitates. Since the
indentation depth of Vickers hardness is much larger than the irradiated region, Vickers
hardness can only provide the measured yield strength of unirradiated Haynes 282 in the
solutionized (572 MPa) and aged (847 MPa) condition, respectively, calculated with Cahoon
method. As reported in the literature, the yield strength obtained from tensile tests of
unirradiated annealed solutionized Haynes 282 is recorded at 384 and 605 MPa with a slight
cold work hardening of 10 % [102]. The measured yield strength derived from Vickers
hardness testing falls within this range. However, it is noteworthy that the yield strength
measured from tensile tests of unirradiated two-step aged Haynes 282 is approximately 715
MPa [102]. This disparity may be attributed to differences in the dislocation density between
our laboratory-aged samples and those processed by Haynes Inc., where the aging process
was initiated immediately after solution annealing. Overall, the yield strength prediction

shows good agreement with experimental data as plotted in Fig. 5.1.
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Table 5.3: Summary of the strengthening contribution, the superposed model strengths,
and the measured strength converted from nanoindentation results for Haynes 282

Haynes 282 Pristine SHT | Pristine aged | 600 °C, 1 dpa | 600 °C, 10 dpa | 750 °C, 1 dpa | 750 °C, 10 dpa
0ss(MPa) 313 285 285 285 285 285
Oweak(MPa) 322 295 295 295 295 295
Qppt 0.83 0.96 0.73 0.87 0.82
oppt(MPa) 644 710 637 655 710
Oloop(MPa) 168 351
Oline(MPa) 334 125 71 100
O strong(MPa) 337 665 741 925 669 744
Opredicted( MPa) 659 959 1036 1031 967 1013
oZhu  (MPa) 912 1254 1322 1362 1302 1228
gCahoon  (\[Pa) 679 934 985 1014 970 915
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Figure 5.1: Comparison of the model-predicted strength with the measured strength
converted from nanoindentation and Vickers hardness for unirradiated and ion irradiated
Haynes 282.
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5.1.2 Haynes 214

The detailed numerical values of measured yield strengths converted from nanoindentation
are listed in Table 5.4. The primary contribution to solution strengthening in Haynes 214
comes from Al, Cr, and C. It is assumed that 20% of three elements nucleated into '
precipitates and Cry3Cg during the precipitation process, based on the estimated remaining
concentrations measured by atom probe tomography. As mentioned in the Results chapter
for irradiated Haynes 214, no dislocation loops were observed in the irradiation-safe analysis
region. The radiation-induced supersaturation of vacancies likely promotes vacancy-atom
exchange diffusion of Al, rather than being captured by loops. High number density of
Cry3Cg carbides were only observed in 750 °C, 1 dpa sample. The aligned thin-plate model
was applied due to the blocky shape of carbides, and the yield strength increment due to
the carbide is 381 MPa with the obstacle strength « value of 0.55. Currently we calculate
the yield strength increment separately for dislocation lines and carbides, which may lead
to an overestimation, as the carbides are attached to the dislocation lines. Haynes 214 is a
strain-rate sensitive material [81]. In this case, we chose an n value of 0.2827, derived from
the true stress-strain curve tested at room temperature with a strain rate of 0.01 /s [81],
which corresponds to the closer strain rate used in the nanoindentation test (0.05 /s).
Aside from the 750 °C, 1 dpa sample, another significant discrepancy between the
predicted yield strength and the value measured via nanoindentation using the Cahoon
method occurred at 750 °C, 10 dpa, as shown in Fig.5.2 in the Appendix A.3. This
discrepancy may be attributed to the large uncertainty in nanoindentation at shallow indent
depths in this sample, as illustrated in Fig. 4.27 (a). Moreover, one reported values for
the critical parameters, the interfacial energy ~., between v and +', varies from 0.0089
J/m? [103] to 0.154 J/m?[104]. This wide range can lead to substantial differences in yield
strength predictions. For example, using a low interfacial energy value of 0.0089 J/m?,
the strength factor of precipitates in irradiated samples was less than 0.25, except in the
case of the 750 °C, 10 dpa sample (0.36), where the strengthening effects are significantly
underestimated. Another concern is the difference in n values between the solution-annealed

and aged conditions, while no stress-strain curve is available for the aged Haynes 214. This
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Table 5.4: Summary of the strengthening contribution, the superposed model strengths,
and the measured strength converted from nanoindentation results for Haynes 214

Haynes 214 Pristine | 600 °C, 1 dpa | 600 °C, 10 dpa | 750 °C, 1 dpa | 750 °C, 10 dpa
0ss(MPa) 162 160 160 148 160
Oweak(MPa) 177 176 176 165 176
Qppt 0.27 0.38 0.44 0.84
Uppt(MPa) 362 o970 427 798
Oline(MPa) 140 296
Ustmng(MPa) 172 376 579 652 863
Upredicted(MPa) 349 553 755 817 1040
Uﬁ’éé’“sured(MPa) 687 943 1077 1168 1220
Ug‘;gggﬁed(MPa) 388 533 609 661 690
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Figure 5.2: Comparison of the model-predicted strength with the measured strength
converted from nanoindentation and Vickers hardness for unirradiated and ion irradiated
Haynes 214.
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absence of a more suitable n value could partly explain the larger discrepancy between the
measured and predicted values at higher hardness levels—essentially, in conditions with a

high detected volume fraction of precipitates.

5.1.3 Haynes 244

The detailed numerical values of measured yield strengths converted from nanoindentation
of Haynes 244 STD are listed in Table 5.5.The main solid-solution strengthening element in
Haynes 244 is Mo. According to the atomic concentration of Mo in the matrix measured
by the STEM-EDS, 80 % to 90 % Mo remained within the matrix after aging treatment.
Thus, we assume that 20 at.% Mo atoms nucleate into the precipitates. Since no distinct
difference in the Mo concentration was observed between the irradiated and pristine regions,
the yield strength increment due to solid-solution strengthening in Haynes 244 (STD) is
consistently estimated at 408 MPa. The strength factor of Niy(Mo, Cr, W) precipitates were
1.27 and 1.09 in the pristine and 600 °C, 1 dpa samples, respectively, using with the aligned
thin-plate model. However, the maximum allowable strength factor is one (impenetrable
Orowan obstacle). Thus, in this study, we use the calculated strength factor when the «
value is less than 1; otherwise, we we set the strength factor to 1. Unlike Haynes 282 and 214,
where the yield strength derived from bulk-equivalent hardness using the Cahoon method
closely aligns with predictions, the Zhu method appears to be more suitable in this case
as shown in Fig. 5.3. However, the 0.2 % yield stress of aged Haynes 244 is reported to
be 836 MPa tested at room temperature with a strain rate of 10™* /s [80], which is lower
than both the predicted value and the yield strengths derived using either Cahoon’s or Zhu'’s
method. One possible explanation is that the contribution from the precipitates may have
been overestimated. Figure. 5.4 shows an example of patchy contrast in precipitates of aged
Haynes 244, which might suggest a complex internal structure of precipitates. Currently,
we consider the Niy(Mo, Cr, W) as non-shearable large particles and estimate the stress
increment using the Orowan bowing mechanism. However, the regions highlighted in yellow
rectangles in Fig. 5.4 suggest that dislocations may be shearing through the precipitates
in these areas. This indicates that Niy(Mo, Cr, W) precipitates might be shearable and the

strength factor would be lower than the values calculated using the Orowan mechanism.
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Table 5.5: Summary of the strengthening contribution, the superposed model strengths,
and the measured strength converted from nanoindentation results for aged Haynes 244

Haynes 244 STD | Pristine STD | 600 °C, 1 dpa | 600 °C, 10 dpa | 750 °C, 1 dpa | 750 °C, 10 dpa
o4s(MPa) 408 408 408 408 408
Oweak(MPa) 415 415 415 415 415
Qppt 1 1 0.73 0.61 0.97
oppt(MPa) 850 799 354 286 735
Tlo0p(MPa) 136 192
Oline(MPa) 664 731 560 516 381
Tstrong(MPa) 1084 1096 698 600 835
O predicted(MPa) 1499 1511 1113 1015 1250
oZhu  (MPa) 1419 1385 1328 1177 1328
gCahoon  (\[Pa) 955 932 893 792 893
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Figure 5.3: Comparison of the model-predicted strength with the measured strength
converted from nanoindentation and Vickers hardness for unirradiated and ion irradiated

aged Haynes 244.
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Figure 5.4: Dark field image of aged Haynes 244 along the [001] zone axis. The yellow
rectangles highlight regions where dislocation shearing may have occurred.

The detailed numerical values of measured yield strengths converted from nanoinden-
tation of Haynes 244SHT are listed in Table 5.6 and the correlation between the model-
predicted yield strengths and the measured strengths derived from nanoindentation and
Vickers hardness tests are plotted in Fig.5.5. Since many precipitates grew during the
irradiation, we only apply n = 0.2495 for solid-solution condition samples (unirradiated
and 750 °C, 1 dpa). Other samples are used with n = 0.2073 as aged samples. The yield
strength derived from Vickers hardness using Cahoon’s method is 360 £ 18 MPa, which is
close to the reported 0.2 % yield stress tested at room temperature with a strain rate of 10~*
/s [80]. However, the prediction for solutionized Haynes 244 with precipitation growth during
irradiation is more challenging. As mentioned in the results section, the tiny precipitate size,
which is close to the limit of TEM resolution, makes it difficult to accurately measure the
precipitate number density and area ratio using TEM images. Therefore, the correction based
on the assumed area ratio of 0.3 in the pristine region is not applicable to solution-annealed
Haynes 244. Moreover, significant variations in precipitate size and number density were

observed across different grains, especially in the 600 °C, 10 dpa sample. The strength factor
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Table 5.6: Summary of the strengthening contribution, the superposed model strengths,
and the measured strength converted from nanoindentation results for solutionized Haynes

244 SHT

Haynes 244 SHT | Pristine SHT | 600 °C, 1 dpa | 600 °C, 10 dpa | 750 °C, 1 dpa | 750 °C, 10 dpa
oss(MPa) 441 408 408 441 408
Oweak(MPa) 445 413 413 445 413
ppt 0.55 0.81 1
oppt(MPa) 576 895 681
Tloop(MPa) 65 43
Oline(MPa) 7 354
O strong(MPa) 123 686 901 688
O predicted( MPa) 568 1099 1314 541 1100
oZhu  o(MPa)) 883 1063 1362 940 1254
gCahoon (MPa) 539 717 919 574 866
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Figure 5.5: Comparison of the model-predicted strength with the measured strength
converted from nanoindentation and Vickers hardness for unirradiated and ion irradiated
solutionized Haynes 244.

78



ranged from 0.54 to 1, resulting in yield strength contributions varying from 301 MPa to
994 MPa. In this study, we use the average precipitate size and number density to correlate
with the macro-scale mechanical properties. We must admit that a large discrepancy in
the yield strength increment could not be avoidable due to the heterogeneous precipitate
distribution. Moreover, when the precipitate size is small, precipitates could be sheared by
the dislocations. The critical diameter of the thin-plate-shaped particles, at which maximum
strengthening, ranges from 8 nm to 30 nm [105]. Thus, the dislocation-precipitate interaction
mechanism could change under different irradiation conditions. For 750 °C, 10 dpa, which
precipitate sizes are close to those in the standard aged samples. The uncertainty discussed
about the Haynes 244 STD also exists. Although Zhu’s method looks fit more like Haynes
244 STD, it could be caused by the overestimated prediction values.

In this study, we investigated four sets of samples and compared the predicted yield
strength values from microstructural analysis with the derived yield strength from mechanical
testing. We found that the Cahoon method aligns well when the predicted values are lower,
while Zhu’s method is closer to higher predicted values. The Cahoon method is highly
dependent on the strain hardening coefficient (n), which varies with different strain rates or
testing methods (e.g., quasi-compressive vs. tensile testing [106, 107]). On the other hand,
Zhu’s method is more straightforward and works effectively when the material is near a fully
work-hardened condition. However, the yield strength may be overestimated if the material
has yet to undergo complete work hardening. Further research is needed to fully understand

the applicability and limitations of these two methods across different conditions.

5.2 Phase stability and precipitate size prediction un-

der irradiation conditions

5.2.1 +/ precipitates

The present study has led to new findings showing the remarkable stability of 4" precipitates
in the Haynes 282 nickel-base superalloy and a strong precipitation tendency in Haynes 214

under ion irradiation at high temperatures to 750 °C.
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In the past few decades, many studies have been carried out regarding the irradiation
stability of 4" precipitates, which are the primary strengthening source in many commercial
nickel-based superalloys. In general, it is observed that 7' disordering and/or ballistic
dissolution occurs below a critical temperature and above a threshold dose. For example,
it was reported that +' precipitates became completely disordered in Inconel 718 for doses
around 0.6 dpa subjected to mixed irradiation with high energy protons and spallation
neutrons below 72 °C [108] and 4" precipitates completely dissolved after a dose of 10
dpa at room temperature under heavy ion irradiation [43]. Below 250 °C, the superlattice
reflection of 7/ precipitates in the electron diffraction pattern disappeared after 3 dpa doses,
and the precipitates partially dissolved in irradiation to 10 dpa dose [43, 109, 110]. The
reported critical temperature of ordering/disordering Ty /* varies from 267 to 500 °C [43, 44].
Meanwhile, an early study on 5 MeV Ni ion irradiated Inconel X-750 reported " precipitates
disordering still occurred at temperatures as high as 550-650 °C after 2 dpa [111]. Thus, the
T greatly depends on the dose rate, chemical composition of the matrix, Ti/Al ratio of
precipitates, precipitate size, and the degree of coherency of precipitates [44, 43, 5, 45, 46].
Above T / d, the irradiated precipitates typically display a steady state of partial disordering,
where the intensity of superlattice reflection is slightly reduced compared with the initial
unirradiated state, but the superlattice spots do not disappear, regardless of the increasing
doses. Moreover, helium atoms were reported to have a positive effect on retarding the
disordering and dissolution process of 7 and ~" precipitates in Inconel 718 subjected to
irradiation with 3.5 MeV Fet and 370 keV He™ at 200 °C [112]. During Fe ion irradiation at 1
dpa, the superlattice diffraction spots of 4" and " precipitates vanished. The precipitates lost
coherency, and no clear precipitate shapes could be observed in centered dark field images.
In contrast, under He irradiation at doses up to 10 dpa, the superlattice of precipitates
maintained slight intensity and precipitates only partially dissolved back into solution [110].
Similarly delayed disordering of 4/ precipitates was observed in Inconel X-750 subjected to
simultaneous dual-beam irradiation of helium and nickel self-ions at 400°C [113]. When
helium atoms trap vacancies and form cavities, more interstitials survive the annihilation
and promote a dynamic reordering process. Dual-beam conditions (combining helium and

heavy ions) are more relevant for neutron irradiation than single heavy ion irradiation
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conditions. The enhanced reordering contributes to improved stability of precipitates in
dual-beam scenarios, highlighting the potential of 4’ precipitates in practical applications
within nuclear reactor environments. In Fig.4.25, it is evident that dislocation loops surround
the ~/ precipitates, suggesting such precipitates possess strong sink strength. Helium atoms
produced via (n,«) reactions are likely to be trapped by the 4’ precipitates, preventing the
migration of helium atoms towards grain boundaries. The complex synergistic relationship
between helium and precipitates will be explored in future research. At temperatures ranging
from 513 to 636 °C, pre-existing + precipitates in Ni alloy PE 16 underwent redistribution
towards sinks, such as dislocation network, leading to the formation of a skeletal structure
of 4/ under fast neutron irradiation in EBR-II [39, 5]. Comparable findings of initial +'
precipitates redistribution were observed in Ni-Al alloys when exposed to irradiation with Ni
ions, at 550 °C with a dose rate of 1072 dpa/s [5]. Large pre-existing 7/ (25 nm) dissolved,
and new 7/ precipitates nucleated on a very fine scale, ultimately reaching uniform size across
all precipitates. Conversely, 7/ precipitates kept good stability at 500 °C under 1 MeV Kr*
ion irradiation with a dose rate of 0.001 dpa/s [44]. The +/ precipitates in a FeCoNiCrTig o
high entropy alloy irradiated with 6.4 MeV Fe3" ions to ~5 dpa were fully disordered at
400-500 °C and partially disordered at 600 °C. Some solute mixing was observed at the
precipitate-matrix interface but overall the precipitate size and density were stable [? ]. In
Fe-Cr-Ni alloys, v precipitates also exhibited notable stability at 593 °C under fast neutron
irradiation up to 1.7 x 10*2n/cm?(~ 8dpa), while a propensity for cellular-shaped precipitate
transformation spherical shape emerged under 3 MeV Ni-ion irradiation at 750 and 600 °C
with a dose rate of 0.005 dpa/s up to 100 dpa. In our studies of Haynes 282 exposed to ~ 1073
dpa/s Ni ion irradiation at 600°C or 750°C, no discernible dissolution or redistribution of 7/

precipitates was evident.

5.2.2 Niy(Mo, Cr, W) precipitates

It is reported that that the long-range ordered Niy(Mo, Cr) phase homogeneously precipitates
within the matrix of Hastelloy C-276, without preferential precipitation at the grain
boundaries, at temperatures ranging from 300 °C to 650 °C [114]. However, in this study, no

such precipitation was observed within the matrix, which is consistent with some previous
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studies, such as the absence of a hardening phase in Hastelloy C-276 after 240 hours of
aging treatment [115]. Gdowski et al. also suggested that the critical temperature of
transformation from short range to long range in this alloy is about 600 °C [116, 77].
Below the critical transformation temperature, ordering occurs prior to the precipitation
of intermetallic phases. Interestingly, Nis(Mo, Cr) does precipitate in Hastelloy C-22HS,
whose nominal composition is Ni-21Cr-17Mo (wt%), closely resembling the Hastelloy C-
276 with Ni-16Cr-16Mo(wt%). A high number density of Niy(Mo, Cr) precipitates were
produced during the two-step aging process, including 705 °C/16 hours/furnace cooling
and 605 °C/32 hours/air cooling [117]. Pai et al. provided a prediction for the solvus
temperature Ty of Niy(Mo, Cr) phase in Niy(Mo, Cr) alloys, given by the equation Ty =
625.8 + 217410/ — 70x?\/lo/0r, where x is the Mo/Cr ratio and T} is in the unit of °C.
Following this equation, TJ?QHS is 707.7 °C and Tf ~276 i 723.9 °C, where Hastelloy C-276
even has a higher solvus temperature of Niz(Mo, Cr) phase. Considering that the highest
temperature for formation of Niy(Mo, Cr) is about 37 °C lower than its solvus temperature
[118], Niy(Mo, Cr) is likely to be formed at 600 °C. In addition to the Mo/Cr ratio, the total
atomic fraction of Mo and Cr, denoted as X ¢4 170, matters. According to TEM observations,
the formation boundary of Niy(Mo, Cr) precipitates in Niy(Mo, Cr) alloys shifts with changes
in Xcrymo[119]. The upper limit of formation temperature rises with the increasing Xc,1 as0-
For Hastelloy C-276, where the X, /0 is 29.8 at%, the formation boundary corresponds to
around 635 °C [119]. This temperature exceeds the current irradiation temperature of 600 °C,
not to mention that there also exists 1.4 at% of W, which can substitute for Mo, potentially
forming Niy(Mo, Cr, W) precipitates. W substitution may increase both the formation
temperature and solvus temperature. Thus, some other factors might impact the ordering
mechanism in Ni-Cr-Mo alloys, leading to the low transition of Hastelloy C-276, and needs
more investigation. Given that the potential for this phase to be vulnerable to stress corrosion
cracking, induce notable lattice distortion, and generate significant internal stresses that
negatively affect mechanical properties, Hastelloy C-276 demonstrates superior metallurgy
stability compared to many other Ni-Cr-Mo alloys, such as Haynes 242 [54], Haynes 244
[120], Hastelloy N [121] under high temperature with/without irradiation exposure.
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5.2.3 1 phase and Mo-enriched carbides

In Hastelloy C-276, MzC carbides are highly prone to form over a broad temperature range,
from 550 °C to 870 °C, even within a short duration, such as just 10 minutes at 870 °C [75, 122,
123, 124]. p phase requires relatively higher temperature (more than 650 °C for precipitation)
(124, 115, 77]. Typically, both carbides and p phase initially nucleate heterogeneously at
grain boundaries, forming discrete precipitates. As time progresses, a continuous layer forms
along grain boundaries, with the precipitates growing perpendicular to the boundary. Over
prolonged exposure, p phases further intermix with carbides within the matrix. In this study,
we only observed the Mo-enriched precipitation along some grain boundaries and the matrix
remained disorder v phase.

According to the simplified diffusion controlled precipitate growth, the particle size can

be predicted by the following equation [125, 126]:
r~ VDt (5.15)

Where 3 is the growth rate coefficient, correlated to the difference of solute concentration in
precipitate and matrix, we simply consider it a constant; D is the diffusivity of Mo, and t is

diffusion time. Under the thermal aging condition, the thermally activated diffusivity of Mo

in Ni, DX° can be written in the form of the Arrhenius equation D}° = D}° exp (—%}Zf),
where D2 and Q*° is the diffusion pre-factor and diffusion activation energies of Mo in Ni,
respectively. The detailed relevant parameters are listed in Table. 5.7.

Liu reported the presence of the u phase and MgC phase within the matrix at 700 °C
after 2160 hours of thermal exposure [122]. Similarly, Hodge noted the formation of both
phases at 800 °C after 100 hours of aging [124]. Akhter observed the p phase within the
grain at 850 °C after just 5 hours [115]. The values of v/Dt are all within the same range,
varying from 2.6 x 10~7 to 5.6 x 10~" m. Although we can only estimate the diffusivity of Mo
solutes within the matrix and are unable to simulate the nucleation of secondary phases at
the grain boundaries during the early stages, the simplified model still shows good agreement

with experimental observations. This suggests that the model effectively captures the critical

diffusion behaviors and can be used to estimate the precipitation time by diffusivity, even
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Table 5.7: Material parameters related diffusivity used in this work

Parameters Value Reference
Activation energy of Ni self-diffusion, Q** 2.91 eV [127, 42]
Ni self-diffusion pre-factor, D} 0.92 x 10™*m?/s | [127, 42]
Lattice parameter of Ni, aq 0.352 nm [42]
Boltzmann constant, kg 8.617 x 10°

Attempt frequency for vacancy exchange, p 0.5 x 101 /s [42]
Geometrical correlation factors of vacancies, f, | 0.78 [51, 42]
Annihilation radius for -
vacancies/interstitial at sinks, r,s = 7 o 51, 42]
[-V recombination radius, 7, 1.94ag [128]
Vacancy migration energy in Ni, £ 1.04 eV [129]
Vacancy formation energy in Ni, E}ff 1.79 eV [129]
Interstitial migration energy in Ni, E.V! 0.14 eV [130]
Interstitial formation energy in Ni, Ef 4.69 eV [130]
Activation energy of

Mo thermal acti}zfated diffusion in Ni, Qo~Ni 3.13 eV [131]
Pre-factor of Mo diffusion in Ni, DJ7*~* 4.32 x 107*m? /s | [131]

without accounting for more complex nucleation processes. Under the irradiation conditions,
the total diffusivity D* can be calculated using the equation provided below,

D* = Dyix + DMo Do (5.16)

where diffusivity due to atomic mixing Dy, = 1/12a3nK [132, 3], the lattice parameter of
matrix is ag = 3.572A [42], K denotes the dose rate (10~% dpa/s), and 7 is the replacement
per displacement atomic mixing constant (RPA) derived from experimental data or MD
simulations, set to a value of 100 for our heavy ion irradiation conditions [133].

According to the point defect balance equations [3], the vacancy concentration C7%? at,

steady state can be expressed as follows,

KoD; D?S? D;S
Crad — v i o v
v \/Kiva TURT K,

Where K, denotes the effective point defect production rate.

(5.17)

For those materials
irradiated at temperatures where vacancies are mobile, the thermally-activated correlated

defect recombination corrections to DPA (CRC-DPA) should be employed as the parameter
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for assessing defect production [134], leading to Ky = 0.1K in this case. The vacancy
diffusion coefficient D, = advgexp (—Eﬁj/kBT), where vy denotes the vacancy jump
frequency, EN! represents the vacancy migration energy [42], and kp is the Boltzmann
constant. The interstitial diffusion coefficient D, is calculated in the same way. K, denotes
the interstitial-vacancy recombination rate coefficient, K;, = 4nry, (D; + Dy ), where r;, is
the spontaneous recombination radii of Frenkel pairs in Ni. S denotes sink strength. In this

case, S is 1.5 x 103 /m? in Hastelloy C276 prior to the irradiation.

Mo

o, can be treated as [135],

The irradiation enhanced diffusivity of Mo in Ni matrix, D

rad
Mo Ov

DMO — D
red th C«Sq

(5.18)

where C5? is the concentration under thermal equilibrium condition.

The calculated diffusion coefficients of Ni in aged Haynes 282 under thermal and 103
dpa/s self-ion irradiation are plotted in Fig.5.6. The total diffusivity coefficients are 2.76 x
107¥m? /s and 1.33 x 10717 m?/s, at temperatures of 600 °C and 750 °C, respectively. The
corresponding pure thermal diffusivity is 3.70x 1072 m? /s and 1.64x 107 m? /s, respectively.
This suggests that the radiation-enhanced diffusion is predominant at both temperatures
and could help accelerate the diffusion-controlled precipitate growth. Using Equation 5.15
and Liu’s data (700 °C, 2160 hours) as a reference, since 700°C falls within the irradiation
temperature ranges, the equivalent times for p phase and/or MgC' precipitates to form
in the matrix are calculated to be 20.8 hours at 600 °C and 4.3 hours at 750 °C, which
explains why no precipitation was observed within the grains during the up-to-160-minute

high-temperature irradiation in this study.

5.2.4 Models to predict precipitate evolution under irradiation

5.2.4.1 Modified NHM Model

The Nelson-Hudson-Mazey (NHM) model is widely used to predict precipitate stability by
assessing radiation-induced dissolution and radiation-enhanced diffusion [5]. However, the

original NHM model exhibits limitations, including overestimating the solute concentration
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Figure 5.6: The diffusion coefficients for Mo in Ni matrix under Ni ion irradiation at a

steady state are presented as functions of reciprocal temperature, considering a damage rate
of 1073 dpa/s.

within matrix and the steady-state vacancy concentration. Addressing these shortcomings,
Zhao et al. proposed science-based modifications to the NHM model, leading to more
accurate estimations of precipitate size evolution under particle irradiation [136]. The
modified equations for precipitate growth and dissolution are written in Equ.5.19 and
Equ.5.21, respectively.

av

= = AT Dyeqer/p (5.19)

where % is the volume changing rate. D,.q4 is the radiation enhanced diffusivity of solute. r is
the precipitate radius. ¢ and p is the atomic fraction of solute in the matrix and precipitates,

respectively. The boundary condition of constant solute concentration is:
4 4 4 4
pxgﬂrnjtcx 1—§7T7"n =C (5.20)

where n is the number density of precipitates and C' is the total solute concentration.
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AV dmr?¢
dt Ny

(5.21)

where N, is the atomic density of the matrix sample.The recoil flux of solute atoms from
precipitates to matrix ¢ can be approximated as f,, K, where f,, is the multiplication factor
(in the magnification of 10'® — 10'7atoms/cm?) [136]. K is the dose rate of 0.001 dpa/s.
The disordering dissolution, where each cascade intersection with the surface leads to the
dissolution of a volume of precipitates, is neglected in Equ.5.21. Overall, the revised equation

to calculate the changing rate of precipitate radius is written below [136].

dr  fuK | DpaC y 3 _ Dred y 4rrinp
dt Ny rp 3 — 4mnr3 rp 3 —4nrin

(5.22)

One of the main limitations of the NHM model is that it does not account for changes
in precipitate number density during growth. As a result, it is not well-suited for cases
where precipitates grow through Ostwald ripening. To address this, we began with aged
Haynes 282, which contains some large precipitates and exhibits a relatively stable number
density unaffected by irradiation. The ~' precipitates are enriched in Al and Ti. Although
precipitate growth is diffusion-controlled and governed by the slowest element, Al and Ti have
comparable diffusivities in Ni [137]. Therefore, Ti diffusivity is selected as the representative
value. The solute concentration in the matrix C' and the atomic concentration of solute in
precipitate p are 0.057 and 0.25, respectively, representing the combined concentrations of
Al and Ti atoms. Since the diffusion pre-factor D"~ and activation energy Q""" of Ti
solutes in Ni matrix may vary depending on the Al/Ti ratio and total concentration, we
chose the values most closely matching the composition of Haynes 282, where D =Nt and
QT =Nt are 3.9 x 107*m?/s and 2.37 eV [137], even though the diffusivity changes due to
composition is relatively small.

After a two-step aging process before the radiation, the radius and number density of '
precipitates in Haynes 282 is 14.5 nm and 5.1 x 10*' /m?. TEM observations revealed that
irradiation did not significantly alter the size or number density of the 4" precipitates. As
shown in Fig. 5.7, the precipitate size remained unchanged under pure thermal exposure

at 600 °C. However, under thermal exposure at 750 °C for 10,000 seconds (approximately
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Figure 5.7: Calculated «/ precipitate radius as a function of time in Haynes 282 at 600 and
750 °C with different ballistic dissolution factor: (a) f,, = 1.17 x 10 7atoms/cm? x dpa, (b)
fm = 8 x 10%%atoms/cm? x dpa, and (c) f,, = 1.4 x 10atoms/cm? x dpa.

167 minutes), the precipitate radius increased to 16.6 nm. However, the precipitate size
dramatically decreased under ion irradiation if we first chose f,,, as 1.17x 107 atoms/cm?*x dpa
as the ballistic dissolution factor [136] as shown in Fig.5.7(a). The final simulated precipitate
radii for 10 dpa samples were 2.4 nm and 9.0 nm for 600 °C and 750 °C, separately,
suggesting that the ballistic mixing effect may be overestimated at this f,, value. By
adjusting the ballistic dissolution factor to f,, = 0.8 x 10! atoms/cm?-dpa, as recommended
for recombination-dominant conditions [136], the final precipitate radii increased to 3.3 nm
and 10.6 nm for 600 °C and 750 °C with doses to 10 dpa, respectively. In contrast, using
fm = 1.4 x 10'%atoms/cm? x dpa, the corresponding radii was 10.0 nm and 17.0 nm for
the same temperatures and dose. Regardless of the selected ballistic dissolution factor, the
simulated precipitate radius under 600 °C irradiation appears under-estimated, probably
due to the underestimated Ti diffusivity. The Ti diffusion pre-factor and activation energy
were based on testing results between 900 and 1200 °C, which may not fully cover the lower
temperature behavior [137].

The standard aged Haynes 244 has a disk-shaped, while the modified NHM model only
works for the spherical particles. Thus, we calculated the equivalent radius r., using the
Equ. 5.23, as written below:

Feg = %th (5.23)

where d and ¢ are the diameter and thickness of the Niy(Mo, Cr, W) precipitates, separately.
The equivalent radii before irradiation is 27.4 nm. The Mo concentration was 22 at.%

(p)and 15.5 at.% (C') within precipitates and matrix, respectively. We tested the different
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Table 5.8: Summary of TEM results and NHM simulated precipitate size in aged Haynes
244 under different irradiation conditions

Irradiated region Pristine region
600 °C, 10 dpa | 750 °C, 10 dpa | 600 °C, 10 dpa | 750 °C, 10 dpa

Diameter (nm) 52.1 61.7 59.0 72.7

TEM Thickness (nm) 23.1 17.1 174 15.7

22.7 23.0 22.5 24.9

Jm =0 27.4 33.8
M Sinmdation fm = 1.4 x 10'S | Equivalent radius (nm) 31.8 37.7
fm =8.0x 1016 17.4 26.0
fm =117 x 10%7 13.8 22.2

ballistic dissolution factors and listed the corresponding equivalent radii in the Table. 5.8.
As mentioned in the results for aged Haynes 244, the 750 °C, 1 dpa sample is notably distinct
from the others. Excluding this sample, the equivalent average precipitate radius under pure
thermal exposure ranged from 22.6 nm to 27.9 nm based on TEM observations. In contrast,
the simulated equivalent precipitate radius under 750 °C thermal exposure for 10,000 seconds
reached 33.8 nm, which is larger than the TEM data, as shown in Fig. 5.8. This suggests that
the solute diffusivity of Mo at 750 °C could be slightly overestimated. As reported in [136],
using a ballistic dissolution factor of f,, = 1.4 x 10'%atoms/cm? x dpa leads to overestimated
steady-state radii in ion-irradiated conditions, while f,, = 1.17 x 10atoms/cm? x dpa
neglects in-cascade recombination, resulting in smaller precipitate sizes. The factor f,, =
8x10'%atoms/cm? x dpa appears to fit both aged Haynes 244 and Haynes 282 best. Moreover,
the actual growth of Niy(Mo, Cr, W) precipitates in a Ni matrix may encounter varying strain
fields, suggesting that assuming spherical, isotropic growth might not be suitable for Haynes
244. The precipitate growth rate term in the modified NHM model could be refined to

account for the precipitate shape in future study, as described by Ham’s mechanism [125].

5.2.4.2 LSW model

One of the main limitations of the NHM model is that it cannot adjust the number density of
precipitates during their growth, making it particularly unsuitable for cases where nucleation
is a key factor. This limitation becomes especially problematic when dealing with solution-

annealed samples, e.g., Haynes 214, that start without existing precipitates. We observed a
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Figure 5.8: Calculated Niy(Mo, Cr, W) precipitate radius as a function of time in Haynes
244 STD at 600 and 750 °C with different ballistic dissolution factor: (a) f, = 1.17 X
10Yatoms/cm? xdpa, (b) fn = 8x10%atoms/cm? x dpa and (¢) f, = 1.4x10%atoms/cm? x
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higher number density but smaller +' precipitates in Haynes 214 irradiated at 750 °C with a
dose of 1 dpa, compared to the 10 dpa sample. This phenomenon, known as Ostwald ripening,
involves the growth of larger precipitates at the expense of smaller ones. It typically occurs
when a secondary phase nucleates and grows from a supersaturated solution, leading to
coarsening over time. Lifshitz, Slyozof, and Wagner (LSW) developed the theory of Ostwald
ripening [138, 139]. Many researchers kept developing based on LSW theory and extended

the theory to non-zero volume fraction (). The corresponding growth law follows [140]:

R(t) = [R*(0) + K(Q)1] " (5.24)

where R(0) represents the average radius of the spherical precipitates at the onset
of coarsening, while R(t) denotes the average radius as a function of time ¢ during the
coarsening process. K (@) is the coarsening rate, which increases monotonically with the
volume fraction @ [140]. In this study, we utilize a modified version of the Lifshitz-
Slyozov-Wagner (LSW) theory, known as the LSEM model, which has been validated as
a good fit for the experimental particle size distribution of 4’ precipitates in Ni-Co-Al alloys
[141, 103]. The primary distinction between LSW theory and LSEM lies in the treatment of
particle interactions. LSW theory assumes that particles remain fixed in space and grow
independently. In contrast, LSEM allows for the possibility of particle encounters and
coalescence due to diffusion fields, leading to a more dynamic interaction between particles

during coarsening.
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The coarsening rate constant K(Q) of LSEM is written as:

_ 6”ychCeDefff’3

K(Q) RoTY

(5.25)

where 7., is the interfacial energy, equal to 0.102 J/m? [93] for 4/ precipitates. 2 is the
molar volume of precipitates, 6.85 x 1075m3 /mol , derived from the lattice parameters. C, is
equilibrium concentration of solute within the matrix. D,z is the effective solute diffusivity,
which changes with the sink strength from the growing precipitates. Rg = 8.3135.J/(mol- K)
is the ideal gas constant. ¥ and Y are the parameters obtained from the LSEM analysis,
depending on the volume fraction. The default value K(0) is determined by 7 = 1 and
Y = 2 when the volume fraction is zero [140]. The K(Q) value is then selected based on
the plotting of the function of the ratio of K(Q)/K(0) with @, as reported in the ref.[140].

If we simply assumed that D, is not related to the precipitate radius and considering the

dissolution term from the NHM model, the precipitate radius evolution rate of the modified

LSEM model is written below derived from Equ.5.24 and 5.25,

K(Q)
3R2

R
B kG
pri i L

(5.26)

For Haynes 214, the solute concentration of Al away from precipitates was about 0.08,
measured by APT analysis. The diffusion pre-factor D" and activation energy Q4N
of Al solutes in Ni matrix was 2.3 x 107*m?/s and 2.31 eV [137]. R(0) set as 0.1 nm.
Although the observed volume fraction for 600 °C samples varies from about 1% to 5%
under TEM observation, we assume a single volume fraction—the largest observed at that
temperature—for each case. For 600 °C, the volume fraction Q is taken as 5 %, with the
corresponding ratio of K(Q)/K(0) being 1.1. Similarly, for 750 °C, Q is assumed to be 10 %,
with the corresponding K(Q)/K(0) ratio being 1.3. We selected f,, = 8 x 10%atoms/cm? x
dpa as the ballistic dissolution in all analyses. If we use f,, = 1.17 x 10 7atoms/cm? x dpa,
the predicted precipitate growth rate under pure thermal diffusion would exceed that under
irradiation, which contradicts our experimental observations.

The detailed comparison between the TEM observation and modified LSEM prediction

data about precipitate size and number density is listed in Table.5.9 and plotted in Fig. 5.9.
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Table 5.9: The detailed comparison of precipitate size and number density between TEM
observation and modified LSEM model in irradiation Haynes 214
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Figure 5.9: Calculated (a) diameters and (b) number density of 4" precipitate as a function
of time in Haynes 214 at 600 °C and 750 °C

92



Verifying the kinetics of Ostwald ripening is always a challenging task, primarily because
the theory is based on small volume fractions, which are difficult to accurately assess using
TEM or other techniques. In the current simulation, the input volume fraction does not
match the observed values from TEM analysis. The most significant deviation was noted in
the irradiated region of 600 °C sample, where the simulated precipitate diameter was much
larger than the TEM observations, while the number density was approximately two orders
of magnitude higher than what was measured.

The relationship between simulated precipitate size and diffusivity over time for the 600
°C, 1 dpa sample is depicted in Fig. 5.10. A significant jump in precipitate size is observed
due to the overestimated diffusivity from using the steady-state vacancy concentration at
the beginning of irradiation. The current simulation setup has almost no nucleation period,
which contradicts real-world conditions. Although the simulated size and number density
deviate from the experimental data and the coarsening onset is too simplified, the overall
precipitate growth rate remains slower than that predicted by the modified NHM model, as
shown in Fig. 5.11. Unlike the LSEM model, the input number density for the modified NHM
model is based on the final experimentally observed TEM data. It only takes 99 seconds
for precipitates in irradiated Haynes 214 at 750 °C to reach the steady state diameter of the
precipitate of 45 nm. While this restricted number density results in a predicted precipitate
size relatively close to the experimental data, it remains about two times larger than the
actual observed size.

Both the NHM model and the LSEM demonstrate limitations in accurately predicting
precipitate evolution. Further modifications are needed to refine these models, or alternative
approaches may need to be explored to improve the accuracy of precipitate growth
predictions under such conditions. Due to the poor predictive performance of the modified
LSEM model for the uniformly distributed spherical 4" precipitates in Haynes 214, no further
predictions are made for solutionized Haynes 244, where requires a long time nucleation
period. The Niy(Mo, Cr) precipitates exhibit a broad size distribution and non-spherical
shapes, which further complicates the modeling process. Given the limitations of the LSEM
model in handling such complex precipitate morphologies, its use in this context likely results

in inaccurate predictions.
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solutes in Haynes 214 600 °C, 1 dpa sample, simulated by the modified LSEM model with a
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Chapter 6

Conclusions

This study delves into understanding the effects of alloy processing on the microstructure
evolution and hardness changes of Ni-based superalloys (NBS) subjected to ion irradiation
at different temperatures and doses. Our research goals encompass (1) investigating phase
instabilities in extreme irradiation environments, (2) establishing correlations between yield
strength predictions based on microstructure evolution and hardness measurements.

We have chosen several high-performance commercial Ni-base superalloys for this
research, including solid solution-strengthened Haynes 244, Haynes 214, Hastelloy C-276,
and precipitation-strengthened Haynes 244, and Haynes 282. The key observations and

conclusions are listed below.

e The precipitation-strengthened Haynes 282 showed remarkable radiation resistance and
thermal stability at 600 °C and 750 °C. No statistical difference in size and number
density of v — Nig(Al, Ti) precipitates was observed after irradiation. Radiation-
induced dislocation loops only appeared in the 600 °C irradiation conditions. Implanted
ions enhanced the growth of 1/3 < 111 > type loops and facilitated more 1/2 < 011 >
type loop evolution into dislocation tangles. Despite dislocations being strong obstacles
that impede dislocation movements and increase the sample hardness, 7/ precipitates

remained the primary strengthening source in irradiated Haynes 282.

e The primary strengthening phase in Haynes 244 alloys is Niy(Mo, Cr, W), which

is a long-range-ordered metastable phase with a PtoMo type orthorhombic crystal
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structure. Size correction was applied to the pristine precipitates, although the
difference between the corrected and uncorrected values was relatively small compared
to the standard deviation. After reviewing all data on Haynes 244, an assumption
was made that the area ratio of all variants occupies approximately 30 % of the total
image area in the aged Haynes 244 samples. This assumption was used to estimate the
total number density of precipitates observed from STEM-EDS or TEM-DF images,
providing a more comprehensive view of precipitate distribution and number density
across the sample. Such precipitates are sensitive to both radiation damage and
thermal effects. At 600 °C, Niy(Mo, Cr, W) precipitates in pre-aged samples partially
dissolved or shrunk at low doses and completely dissolved in the implanted ion region.
In contrast, at 750 °C, Niy(Mo, Cr, W) precipitates in the aged sample exhibit great
stability, maintaining consistent size and number density after irradiation. For solid
solution treated Haynes 244, the Niy(Mo, Cr) grew in both irradiation mid-range
safe analysis regions and pristine regions subjected to long time high temperature
exposure except for 750 °C, 1 dpa sample. The precipitates in the irradiated region
are relatively sparse yet larger in size. Due to the slow diffusion rate of W, unlike the
pre-aged samples, no W segregation was observed in precipitates in the solutionized
samples. Interestingly, no precipitates were observed between 1.35 pum and 1.85 um
from the surface. The complex interactions among ballistic mixing, radiation-enhanced

precipitation, and implanted ion effect need more investigation.

~" — NizAl precipitates were found to grow in both irradiated and pristine regions in
Haynes 214. In contrast to the absence of precipitation in the ion-implanted region of
solutionized Haynes 244, the 4" precipitates remained distributed in this region, though
their number density was lower compared to other regions under 600 °C irradiation.
Interestingly, no such depth-dependent statistical differences in size or number density
were observed under 750 °C irradiation. Radiation-induced dislocation loops and
networks were only observed in the implanted regions of the 600 °C samples. Dense
intrinsic dislocation lines, likely originating from mechanical polishing, were solely

observed in the unirradiated sample and the sample irradiated at 750 °C with a dose
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of 1 dpa. A high number density of Cro3Cq carbides was exclusively observed in the
irradiated region of the 750 °C, 1 dpa sample. These carbides are likely attached to

the dislocation lines.

No precipitation of Nig(Mo, Cr), u phase, and Mo-enriched carbides were observed
within the matrix of Hastelloy C-276. Due to the absence of precipitates as competitors,
dislocations evolved more rapidly, forming larger loops and dislocation tangles.
Although some precipitates nucleated at the grain boundaries, less element segregation
at grain boundaries suggests that ballistic mixing makes the precipitate more uniform
within the matrix. Given that the potential secondary phases in the matrix would
increase the potential of stress corrosion cracking and negatively affect mechanical
properties, Hastelloy C-276 demonstrates superior metallurgy stability compared to

other Ni-Cr-Mo alloys under high temperatures with/without irradiation exposure.

The superposition method and dispersed barrier hardening model were applied to
predict the yield strength increment from various obstacles in the material. Two
methods were used to derive the yield strength from nanoindentation hardness: Tan’s
method, which performed well when the hardness was low, and Zhu’s method, which
gave closer predictions to experimental data as the hardness increased or approached
work-hardening conditions. Several key hyper-parameters significantly impacted the
prediction accuracy, including the strain work hardening coefficient, shear modulus
mismatch, and interfacial energy between the precipitates and the matrix. Overall,
the yield strength predictions showed acceptable agreement with experimental data.
However, further validation is required using additional data to verify the conversion

model from hardness to yield strength.

The modified NHM model and the Ostwald ripening LSEM model were employed to
predict precipitate evolution under thermal exposure and irradiation conditions. A
critical factor in these predictions is solute diffusivity. However, the available data on
solute diffusivity in Ni-based matrices is limited, particularly at temperatures much
below the solvus temperature. The pre-diffusion factor and activation energy reported

in different studies vary significantly, sometimes resulting in more than two orders
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of magnitude difference in calculated diffusivity. The modified NHM model performs
well for samples with 'mature’ pre-existing precipitates, where the number density
remains relatively stable over time. However, for solution-annealed samples subjected
to irradiation, the model struggles. The final density observed through TEM often
significantly differs from the actual number density in the early stages of irradiation,
causing the precipitates to grow too quickly and prematurely reach the steady-state
size. This discrepancy highlights the need for improved modeling approaches or
additional experimental data to capture precipitate evolution in such cases accurately.
The modified LSEM model accounts for changes in the number density of precipitates
during the growth period due to coalescence. However, overestimating the number
density—resulting from assuming a fixed volume fraction—Ileads to excessively high
solute diffusivity and unrealistic precipitate growth rates in the early stages. A more
carefully tuned precipitate radius at the onset of coarsening is needed to improve
accuracy. Other LSW models that can handle non-spherical precipitates should be
explored, as they may offer a more realistic depiction of precipitate evolution, especially

in alloys with complex precipitate morphologies.
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Appendix A

Additional information

A.1 Large precipitate size correction

Many efforts have been made to correct the distribution of the disk-shaped precipitates
of two-dimensional projected images since the 1960s [142, 143, 144, 145]. In this study,
we adopted the concept of a probability matrix proposed by Dorin [145] and incorporated
modifications inspired by Crompton’s derivation [142].

The key parameters are defined below:
k: Number of classes
A: Width of each class, A = (Dyaz — Dimin) /k
D;: The observed diameter of the long axis of projected particles, D; = D, + (1 + 1/2)A
Y Distance of the particle centred outside the slide
P;;: Probability of a particle whose projected diameter falls into D; with a true diameter
D;.
N : Number of particles in 7 class measured from the TEM image
N!: Number of particles in 4 class after correction
t: TEM sample thickness

The schematic side view of the intersection effect on precipitates is shown in Fig.A.1.

The probability of a precipitate centred outside the slice leading to smaller observed sizes

j > 1 is described in Equ.A.1.
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The probability of a precipitate that the observed size and true diameter belong to the

P(i, j)

(A.1)

same class is described in Equ.A.2, including two terms:(1) the center of precipitates located
inside sample, and (2) the center of the precipitates slightly located outside the Tem sample

while the observed size and true size still falling into the same group.

t 1

D; D
= —d
t+Di+t+Di/Di—;A /D2 — D2 )
c (A.2)
2

t 1 1
= D?—(D;—=A
t+Di+t+Di\/ ’ ( 2 )

The measured number N,, and corrected number N, are presented as vectors. They

P(i,1)

can transform to each other by possibility matrix as shown in Equ.A.3. Thus, the number

density of precipitates after correction can be calculated by N, = P~ x N,,.

L Tem sample

Figure A.1: The schematic representation of precipitates from side view.
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Figure A.2: An example of the size distribution of Nis(Mo, Cr, W)
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In Fig. ??(b), the maximum diameter is approximately 200 nm, while the TEM lamella
thickness ranges from 85 to 100 nm, making it appropriate for the correction of the truncation
and intersection effects. Figure.A.2 illustrates the initial and corrected size distribution of
one variant of Niy(Mo,Cr, W) precipitates along the long direction in the unirradiated
aged Haynes 244. The uncorrected and corrected average diameters are 77.4 and 71.1 nm,
respectively. The difference between these values is relatively small compared to the standard
deviation, suggesting that the correction to the remaining samples may not be necessary.
Overall, the average diameter of precipitates in the unirradiated sample is approximately

73.8 £ 31.2 nm, and the average thickness is about 20.1 4+ 6.1 nm.
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Figure A.3: The statistical depth dependence of (a)-(c) precipitate counts and (d)-(f) size
distribution of 4/ precipitates in irradiated Haynes 282. Subfigures (a) and (d) correspond
to the 600 °C, 1 dpa sample; (b) and (e) represent the 750 °C, 1 dpa sample; (c¢) and (f)
depict the 750 °C, 10 dpa sample.

A.2 Phase stability

A.2.1 + precipitates

The depth dependence for EDS mapping of Ti-enriched precipitates in Haynes 282 under
different irradiation conditions is plotted in Fig.A.3. We did not observe a discernible dose-
dependent trend in the size and count of + precipitates, except for the first 200 nm from
the sample surface, where precipitate counts were notably lower than in other depth groups
since the element label partially blocked the images. The fluctuations observed may be
attributed to human counting errors and sample thickness variation. The detailed statistical
information on precipitates in Haynes 282 is listed in Table. A.1.

Unlike the aged Haynes 282 containing ~' precipitates before the irradiation, precipitation
occurred during irradiation and thermal exposure in Haynes 214. The relevant precipitate

information is listed in Table. A.2.
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Table A.1: Results of STEM-EDS analysis showing the size (average diameter), number
density and volume fraction of 4/ precipitates

Irradiated region (500-1000nm) Pristine region (2200-2700nm)

Dose | Temperature Average Number density Volume Average Number density Volume
(dpa) (°C) diameter (nm) (102 /m3) fraction (%) | diameter (nm) (10% /m3) fraction (%)

1 600 25.3 £4.0 54+ 1.2 4.5 25.16 £ 4.3 5.6 £ 1.5 4.7

10 600 294 £+ 4.0 6.5+ 1.7 8.7 275+ 3.5 6.7+ 1.7 7.3

1 750 28.3 £4.9 5.0 £ 1.3 5.3 274 +£4.3 5.6 £ 1.5 5.9

10 750 25.3 £ 3.7 74+£19 6.3 24.1 £ 3.5 6.8 + 1.8 5.1

0 RT 293 £4.8 51+£13 6.8

Table A.2: Size and number density of precipitates in Haynes 214 under various irradiation

conditions
Precipitate
Counting region | Irradiation condition Number density
Diameter (nm)

(/x10%'m3)

600 °C, 1 dpa 104 £ 1.5 40.9 + 8.57

Irradiated region 600 °C, 10 dpa 13.0 £ 2.3 42.3 + 9.23
500 -1000 nm 750 °C, 1 dpa 16.5 £ 3.25 14.2 £ 3.5
750 °C, 10 dpa 29.1 £ 4.3 83 £ 18

600 °C, 1 dpa 9.1+ 2.1 32.1 £ 7.2

Pristine region 600 °C, 10 dpa 8.6 + 1.3 65.2 + 14.5
>2500 nm 750 °C, 1 dpa 11.8 £ 2.5 147 £ 04
750 °C, 10 dpa 271 +£5.9 73 £1.6
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A.2.2 Niy(Mo, Cr, W) precipitates

The detailed STEM-EDS results of 600 °C, 10 dpa sample and 750 °C, 1 dpa Haynes 244
STD are plotted in Fig. A.4 and Fig. A.5, respectively.
The corresponding data of precipitates under all irradiation conditions in aged Haynes

2448TD and solutionized Haynes 244SHT are listed in the Table. A.3 and A .4, respectively.

A.2.3 Simulation of electron diffraction pattern

Considering Cr carbides were also observed in the pristine region, as shown in Fig.4.17(a),
it suggest that this phase is thermodynamically favorable in the phase diagram. The two
possible phases that meet the high Cr content requirement are Cro3Cg and Cr;Cs. However,
Cr;C3 has a hexagonal crystal structure, which is coherent with the FCC Ni matrix. Thus,
we finally focused on simulating with Ni, 7/ and Cry3Cgphases. The crystal structural
information of each phase is obtained from the ICSD database for completely identified
inorganic crystal structures. Minor deviations in lattice parameters may exist compared
to real-world samples. The simulated multi-phase electron diffraction pattern is plotted in
Fig.A.6, where the indices correspond to each phase and are color-coded for clarity. All
phases are observed along the [001] zone axis and the final simulated multi-phase diffraction
pattern matches precisely with the experimental diffraction pattern observed in the irradiated
region of 750 °C, 1 dpa Haynes 214. This confirms the presence and identification of these

phases in Haynes 214 irradiated at this condition.

A.3 Nanoindentation hardness

The summary of the pileup-corrected Hy and h* are listed in Tables from A.5 to A.8.
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Figure A.4: (a) Micrographs showing the evolution of precipitates in aged Haynes 244
under Ni ion irradiation at 600 °C, up to a midrange dose of 10 dpa; (b) and (c) are selected
area electron diffraction patterns captured from the region of the irradiated region (at a
depth of 1 pum) and pristine region (at 3 pum.)
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Irradiated (1 um)

Pristine (3 um)

Figure A.5: (a)STEM-bright field image and (b) TEM-dark field image of aged Haynes 244
irradiated at 750 °C with a mid-range dose of 1 dpa. (c) and (d) are selected area electron
diffraction patterns captured from the region of the irradiated region (at a depth of 1 pum)
and pristine region (at 3 pm.)
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Table A.3: Size and number density of features observed in aged Haynes 244 under various
irradiation conditions

Precipitate Dislocation loop Dislocation Line
. . o . Number | Approximate Number Dislocation
Counting region | Irradiation condition | Diameter | Thickness
density volume Diameter (nm) | density density

(nm) (nm) ) ) _

(/x10%m3)|  fraction (/102m3) | (/x10Mm?2)

600 °C, 1 dpa 67.0£389|192£86| 22406 0.15 1344+£59 |[114+02 39+09

Irradiated region 600 °C, 10 dpa 521 +£16.0| 23.1+43 | 1.0x£02 0.05 26.3+£108 |0.9+02 20£04
500 -1000 nm 750 °C, 1 dpa 36.1 £ 15.7] 9.6 £ 25 1.4 £0.3 0.01 204 0.5
750 °C, 10 dpa 61.7+31.2 | 171 £8.0 | 21 £04 0.11 1.1+£02

600 °C, 1 dpa 76.9 + 45.1119.7248.49| 1.9+ 0.5 0.18 34+08

Pristine region 600 °C, 10 dpa  |59.0 &£ 22.9 | 17.37£5.71| 2.9+ 0.6 0.14 29+0.14
>2500 nm 750 °C, 1 dpa 495 + 24211174334 | 49+ 1.1 0.11 20+ 04
750 °C, 10 dpa 72.7 £ 35.9| 15.69£5.5 | 23 £ 0.5 0.15 1.8+ 04

Entire region | Unirradiated sample | 73.8 £ 31.2| 20.1 £ 6.1 | 23 £ 0.5 0.19 33+£038

Table A.4: Size and number density of features observed in solutionized Haynes 244 under
various irradiation conditions

Precipitate Dislocation loop Dislocation Line
. . L " Number Number Dislocation
Counting region | Irradiation condition | Diameter | Thickness Diameter
density density density
(nm) (nm) (nm) . ,
(/x10%m?) (/10%'m3) (101 /m?)

600 °C, 1 dpa 217 £65 | 6714 | 129+ 28 108 £2.4]0.37£0.09 09=£13

[rradiated region 600 °C, 10 dpa 344 +£200121£59] 83+£02 | 9.5£4.1 |0.18£0.04

500 -1000 nm 750 °C 1 dpa

750 °C, 10 dpa 73.9 £15.1] 20 £ 3.6 14£03
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Figure A.6: (a) The selected area electron diffraction pattern of irradiated Haynes 214
(750 °C, 1 dpa); (b) The simulated multi-phase electron diffraction pattern consists of Ni,
7' — NizAl and Cry3Cs phases. All separate phases are observed from the [001] zone axis,
simulated with SingleCrystal software.
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Table A.5: Nanoindenation summary of Haynes 282 under various conditions

Heat Treatment Condition Hy (GPa) | A* (nm)
Solution treatment | Unirradiated 3.2+04 171
Unirradiated 41+04 108
600 °C, 1 dpa | 4.24+0.5 65
Aging 600 °C, 10 dpa | 4.7£04 34
750 °C, 1 dpa | 4.6 0.5 54
750 °C, 10 dpa | 4.6 £0.3 56

Table A.6: Nanoindentation summary of Haynes 214 under various conditions

Condition Hy (GPa) | h* (nm)
Unirradiated 244+0.2 | 553 2
600 °C, 1 dpa | 3.34+0.4 | 124+£5
600 °C, 10 dpa | 3.8 0.4 | 60+£3
750 °C, 1 dpa | 4.14+0.5 | 60+4
750 °C, 10 dpa | 4.3£0.5 | 61+4

Condition H, (GPa) | h* (nm)
Unirradiated | 5.0£0.3 | 99+1
600 °C. T dpa | 49+05 | 62+3

600 °C. 10 dpa | 47£04 | 30+£2
750 °C, 1 dpa | 41+ 04 | 48+2
750 °C, 10 dpa | 4.7£0.3 | 18+1

Condition H, (GPa) | h* (nm)
Unirradiated 3.1+£04 | 123+4
600 °C, 1 dpa | 3.7+ 0.7 | 148 £ 17
600 °C, 10 dpa | 4.8 £0.6 62+ 4
750 °C, 1 dpa | 3.3£0.3 98 +5
750 °C, 10 dpa | 4.4£0.4 38+1
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Table A.7: Nanoindentation summary of aged Haynes 244 under various conditions

Table A.8: Nanoindentation summary of aged Haynes 244 under various conditions
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