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ABSTRACT

In the nuclear reactor core, materials perform under harsh operating environments, including
high temperature, high stress, and severe radiation damage. These conditions weaken the oper-
ational performance of the material. Radiation-induced segregation (RIS) is one of the primary
material degradation problems in nuclear reactors. Irradiation creates excess vacancy and inter-
stitial point defects in alloys. These point defects can be canceled by mutual recombination or
annihilation of defects at grain boundaries, surfaces, or dislocations. Consequently, irradiation
gives rise to point defect fluxes toward the sinks, leading to enrichment or depletion of alloying
elements at defect sinks. For Ni-Cr alloys, the depletion of Cr at grain boundaries can cause
irradiation-assisted stress corrosion cracking (IASCC). This is one of the problems associated with
RIS. Thus, a quantitative understanding of RIS is crucial for the design and development of nu-
clear materials. To better understand RIS in Ni—Cr alloys, the rate theory approach is employed.
The balance equations for point defects and alloy atoms were solved simultaneously using a fully-
coupled and fully-implicit scheme implemented in the Multiphysics Object-Oriented Simulation
Environment (MOOSE) framework, considering the combined effects of dose rate, temperature,
grain size, sink density, and production bias. Simulations have been conducted and compared with
the experimental data. We demonstrate a strong dependence of RIS on size, production bias, and
temperature. It was shown that the magnitude of enrichment/depletion of Ni/Cr at the boundary
increases with size, and the width of the enrichment/depletion layer also increases with size. As the
temperature decreases, RIS becomes more apparent with higher segregation of Ni and depletion
of Cr at the boundary as the production bias increases. It is also noteworthy to the point that RIS
shows dependency on the irradiation type and conditions. Adding different sink density tend to
alter the width of the enrichment/depletion layer of RIS. Moreover, when surface and size effects
are considered, qualitative differences in the irradiation response of materials to different irradia-
tion types are expected. Here, we proved that, in addition to its known dependence on material and

size/microstructure, the surface/boundary sink strength is dependent on irradiation type.
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1. INTRODUCTION

1.1 Motivation and Objectives

Nuclear power reactors are not directly emitting carbon dioxide and therefore, they are a fun-
damental element of a clean energy strategy. Over the past two decades, nuclear energy has con-
tributed 20 percent of electrical generation in the US [7]. Global energy demand is proliferating,
exceptionally cleanly generated energy. While nuclear power plays a vital role in the reliable and
sustainable energy that the world demands, understanding long-term environmental degradation
and predicting material performance are essential.

Most nuclear reactors were completed between 1970 and 1980, nearing their lifetimes. Nuclear
Regulatory Commission (NRC) issues licenses for commercial nuclear reactors to operate for 40
years, and these licenses can be extended for 20 years more. Building new nuclear reactors are
costly, and their long construction times are challenging. Additionally, extending the operating
lifetimes of those reactors beyond 60 years is vital to support energy demands [7]. Therefore,
the industry is concentrating on renewals to operate beyond their lifetime. For example, in 2019,
Florida Power&Light’s renewal process application for Turkey Point Nuclear Units is approved by
NRC. This approval allows the utility to operate units 3 and 4 until 2052 and 2053, respectively
[8]. It should be noted that it was the first time NRC had issued renewed licenses allowing reactor
operation from 60 to 80 years.

To sustain the safety and reliability of nuclear reactors, predict and measure changes in materi-
als is more critical than ever. In the nuclear reactor core, materials perform under harsh operating
environments, including high temperature, high stress, and severe radiation damage. These condi-
tions decrease the operating performance of the material and cause failures in the alloy systems.
Developing efficient and more reliable nuclear power systems depends on the proper choice of
materials that work under harsh conditions [9] [10] [11] [12] [13] .

Nuclear fission is the primary process of generating nuclear energy. Fission gives rise to various



radiation (i.e., fission products, neutrons, and gamma rays), affecting materials. Fission product
damage is limited to the fuel due to where they originated. Gamma radiation can raise the temper-
atures of components and cause corrosion problems. However, they have insignificant importance
for displacement damage. Neutrons are the main source of displacement damage. Displacement
damage eventually can induce local microstructure and composition changes near grain bound-
aries, voids, defects and dislocations, and this phenomenon is known as radiation induced segrega-
tion (RIS). These changes can degrade materials inside the nuclear reactor core and its construction
components [14] [9] [15] [16] [4].

The main purpose of this study is to model and simulate radiation induced segregation (RIS)
to better understand microstructure changes in materials and investigate the effect of size, dose
rate, production bias, and temperature on the response of materials to irradiation. In this study,
we utilize Ni-Cr alloys as a model system. Ni-Cr binary alloys provide significant strength and
toughness advantages at high temperatures, moreover excellent corrosion resistance [7]. Due to
their excellent corrosion resistance at high temperatures, Ni-Cr alloys are used for steam generator
tubes and core internals. This highlights the importance of Ni-Cr alloys. Nevertheless, despite
its numerous advantages, radiation can lead to the degradation of Ni-Cr alloys mechanical prop-
erties. To take the most striking example, Ni-Cr alloys contain a high amount of Cr to strengthen
corrosion resistance, and Cr depletion may drastically alter the corrosion resistance. The deple-
tion of Cr at grain boundaries due to radiation is suspected of playing a role in irradiation-assisted
stress corrosion cracking (IASCC) [17]. Significantly, IASCC is increasing concern in commercial
nuclear reactors. Since corrosion is a significant factor considering the operation time of nuclear
reactors, understanding the mechanism of radiation-induced segregation is required to guide the

development of mitigation approaches [18] [3] [7][19] [20] [21] [22].



1.2 Contribution to Research

This work focuses on radiation-induced segregation (RIS) and calculates the concentration
profiles of the components of a binary Ni-Cr alloy system and point defects. In this study, we utilize
the spatially-resolved rate-theory modeling approach. Additionally, we applied the production
bias model (PBM) to investigate radiation-induced segregation (RIS) and its effect on radiation
damage. Moreover, we consider the effects of dose rate, temperature, defects recombination, and
reactions with sinks in addition to production bias. In contrast to previous studies, we demonstrate
that heterogeneous patterns can be developed in the steady-state concentrations of point defects,
which in turn can trigger the formation of non-uniform distributions of solute atoms and extended
defects. Therefore, we showed the importance of resolving the spatial dependence of both the
underlying microstructure and irradiation defects to better understand the behavior of materials
under irradiation. The present study makes noteworthy contributions to the dependence of RIS on
size, production bias, and temperature.

Additionally, adding different sink density tend to alter the width of the enrichment/depletion
layer of RIS. The magnitude of enrichment/depletion of Ni/Cr at the boundary increases with
size, and the width of the enrichment/depletion layer also increases with size. As the tempera-
ture decreases, RIS becomes more apparent with higher segregation of Ni and depletion of Cr at
the boundary as the production bias increases. It is also noteworthy to the point that RIS shows
dependency on the irradiation type and conditions.

This work presents the importance of considering the combined effects of size, dose rate, pro-
duction bias, and temperature on the response of materials to irradiation. This work will contribute
to our understanding of radiation-induced segregation in order to determine better design and de-

velopment of nuclear materials.



1.3 Thesis Layout

This work is organized as follows. In Section 2, background information regarding radiation-
induced segregation is reviewed. In the first part of Section 2, radiation damage and characteri-
zation of irradiation was discussed in detail. Further, literature models which were developed to
investigate radiation-induced segregation were summarized. Finally, Section 2 explains the simu-
lation and models for understanding and predicting radiation-induced segregation in materials.

In Section 3, we introduced the development of the spatially-resolved rate-theory modeling
approach. First, general equations and their definitions were presented, and then we discussed the
initial and boundary conditions and model parameters.

In Section 4, the results obtained by solving the balance equations for point defects and alloy
atoms using a fully-coupled and fully-implicit scheme implemented in the Multiphysics Object-
Oriented Simulation Environment (MOOSE) framework presented and discussed.

Lastly, in Section 5, summary and concluding observations are represented, and recommenda-

tions for future studies are given.



2. TECHNICAL BACKGROUND

2.1 Radiation Damage

Radiation damage describes the state of the material irradiated by energetic neutrons, ions or
electrons. Energy and mass of bombarding species make effect on displacement per atom which is
related to radiation damage in material. The collisions between lattice atoms and energy particles
lead to atoms displace from its site. Moreover, this displaced atoms leave a vacancies behind and
rest in the lattice as an interstitial atoms. Vacancies and interstitial atoms are produced in this way
in equal numbers are called Frenkel Pairs. Frenkel Pairs can be eliminated by mutual annihilation.
However, recombination is not perfect all the time. TEM image captured from irradiated elemental
Ni shows void microstructure in elemental Ni after 1.5 MeV Ni+ ion bombardment at 773 K to
a fluence of 1.5e16 ions/cm? is illustrated in Fig. 2.1 [1]. Interstitials are exceptionally mobile

than vacancies, hence they can interact with sinks before vacancies. Vacancies that are less mobile

than interstitials can interact with each other and cause void swelling problem [14] [3] [9].
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Figure 2.1: Void structure in elemental Nickel. Reprinted with permission from [1]



Fig.2.2 shows void structures of irradiated Ni-5Cr and Ni-18Cr alloys. [2].
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Figure 2.2: Void structures of irradiated Ni-Cr binary alloys. Reprinted with permission from [2]



2.1.1 Grain Size Effect on Radiation Tolerance

Singh et al. [23] carried out several experiments on austenitic stainless steel with the dis-
persions of fine aluminum oxide particles and without in order to show grain size effect on void
volume swelling. They showed that the void formation is strongly influenced by grain size. In ad-
dition to that, void volume swelling is smaller in the samples containing particles. Therefore, their
findings suggested that the presence of particles makes an additional contribution to the grain size
effect. Moreover, the effect of grain size is more significant than the only considering void-denuded
zone in the vicinity of the grain boundary. It is because void number density that away from the
denuded zone decreases with decreasing grain size, and it could not be attributed to the void de-
nuded zone. Furthermore, the reduction of point defects arises from not only the denuded zone
but also from the entire grain due to the presence of grain boundary. Their work draws attention
to grain refinement, which can lead to material profoundly resistant to swelling. In a comprehen-
sive study of austenitic stainless steel, Singh et al. [24]. found that the void number density in
the grain center under irradiation decreases considerably with decreasing grain size at any dose
level. Together these studies provide important insights into the void number density is significant
in larger grain than in smaller grain. Additionally, their results showed that void volume swelling
decreases by reducing the grain size in electron irradiated austenitic stainless steel. Nevertheless,
here, it is important to mention that the effect of the grain size on void swelling for electron irra-
diation and higher recoil energies generate different qualitative patterns. For example, for higher
recoil energy cases, void swelling was observed to be considerably intensified in the vicinity of
the void-denuded zone [25][26] [27]. Previous studies implied that the irradiation-induced defects
diffuse and precipitated randomly in the form of dislocation loops and voids. However, experi-
mental studies showed that the irradiation-induced defects precipitate highly heterogeneous during
the low dose neutron irradiations [28]. Moreover, the microstructure is heterogeneous and also it
is segregated. In other words, the dislocation and void densities are segregated from each other
[29]. Nevertheless, understanding the mechanism of the early stages of irradiation-induced defects

toward voids and dislocations is limited.



Standard rate theory (SRT) calculations of the steady-state point defect distributions near the
planar perfect sink have been implemented by many researchers. These implementations also
included internal sink density and the dislocation bias effects. Their results showed that the su-
persaturation of vacancy in the vicinity of the grain boundary increases quickly with increasing
length from the grain boundary. Therefore, vacancy supersaturation reaches an asymptotic value
at a certain length from the grain boundary [30] [31]. Grain size effect on void swelling under
electron irradiation was attributed to the dislocation bias effect, i.e., the preferential absorption of
interstitials by dislocations. Moreover, vacancy absorption at grain boundary creates a decrease in
the vacancy concentration in the grain interior. Therefore, vacancy absorption generates a decrease
in voids concentration and swelling. However, the dislocation bias model failed in explaining
void swelling under neutron and ion irradiation, where cascade damage is dominant. Later, Woo
and Singh showed that considering SIAs intracascade clustering is crucial for understanding void
swelling under cascade damage conditions. Moreover, they demonstrated that such effect can be
incorporated into SRT via the utilization of the concept of production bias [32] [33]. Addition-
ally, Singh and Foreman pointed that the one-dimensional glide of SIA clusters plays an important
role in the removal of SIA clusters that is necessary to maintain the driving force for the void
swelling in the production bias model [34]. Singh et al. performed numerical calculations with the
production bias model (PBM) to determine the grain size dependence of the local void swelling
only in the grain interiors, excluding the void-denuded zone. In addition to this, they performed
calculations for average void swelling, including the void denuded zone. Their results reveal that
the model predictions for the grain size dependence of local void swelling and the average void
swelling agree well with the experimental data [35]. Trinkaus demonstrated that consideration of
production bias and one-dimensional glide of SIA clusters can reveal the enhanced swelling near
the grain boundary under the cascade damage. Therefore, their results showed that this consid-
eration creates a great depletion of SIAs and a corresponding vacancy increase in the region of a
specific width near the void-denuded zone along the grain boundary. This was attributed to the

source of the enhanced swelling in the peak zone in the vicinity of the grain boundary [36] [37].



2.2 Characterization of Irradiation

Run-in-reactor experiments are costly, and the handling of the radioactive material requires
special treatment and equipment. Furthermore, it is complicated to set up reactor experiments
to simulate the response of the material to transient and abnormal conditions such as in accident
circumstances. Finally, the data collected from the experiments carried out in a specific reactor
might be irrelevant to new reactor designs with different working conditions.

Radiation-induced segregation is a process that depends on the temperature and displacement
rate. Results from earlier studies have indicated that ion irradiation is utilized to mimic neutron
irradiation. However, due to their high dose rate, accelerated irradiation experiments can be com-
pleted in a matter of hours/days [38] [39]. A notable amount of radiation-induced segregation data
has been investigated by electrons and heavy ions irradiations [40] [2] [4] [41] [21].

Fig. 2.3 should be treated with caution. A couple of points are worth mentioning here: Firstly,
the proton damage rate is still flat after several grain boundaries and a large irradiated volume.
Secondly, the dose rate of proton irradiation is approximately two orders of magnitude lower than
the dose rate of electrons or ions. Therefore, these irradiations occur at different displacement
rates, and the irradiation occurring at the same temperature will not display the same segregation
results. Examining data from neutron irradiations and data from other particle irradiations must be
considered carefully. Although different types of irradiation are used in studies since they show
similar segregation results, each kind of irradiation has advantages and disadvantages compared to

each other [3].
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Figure 2.3: 3.2 MeV protons and 5 MeV Ni++ ions damage profiles in stainless steel. Reprinted
with permission from [3]

2.2.1 Neutron Irradiation

The purpose of studying radiation-induced segregation (RIS) is to understand material degra-
dation problems in nuclear reactors. For this reason, the most consistent data would come from
neutron irradiations. However, producing neutron irradiation data for RIS is a time-consuming
method because neutron irradiation experiments need years of exposure to reach the significant
flux of the specific reactor. Moreover, the necessity of special sample handling is very high for
neutron irradiation experiments due to high residual radioactivity. As a consequence, obtaining

new data and developing new designs poses a challenge for researchers [9].
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Figure 2.4: Cr, Ni, and Si segregation profiles with proton and neutron irradiation [4]. Reprinted
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2.2.2 Electron Irradiation

Electron irradiation is carried in a high-voltage transmission electron microscope. Since elec-
tron irradiation does not produce highly radioactive products, it provides great convenience for
researchers. Moreover, they are advantageous because they reach the high dose rate in a short
time. However, electron irradiation holds some limitations. Electrons are insufficient to create a
cascade since their energy is limited to 1 MeV [3]. They can relocate only single atoms in the
lattice site due to their low mass. Thus, point defects created by electron irradiation can easily
migrate in the lattice and play a role in the segregation. Another potential problem is that electron
irradiation causes significant changes in temperature due to the high dose rate compared to neu-
trons. Furthermore, electron irradiated materials show very wide segregation profiles compared
to sample irradiated with neutrons. Fig 2.5 depicts electron and deuteron irradiation of the same
alloy. It can be seen that segregation effect is more significant and more tapered nearby the grain

boundary in the deuteron irradiated specimen [3].
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Figure 2.5: Segregation profile of deuteron and electron irradiated sample. Reprinted with permis-
sion from [3]
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2.2.3 Proton Irradiation

The proton damage profile is relatively flat. It reflects a better displacement rate throughout
the material, comparing to heavy ions. Furthermore, proton irradiation reflects the cascade better
than electron irradiation since they have higher mean recoil energy than electrons. Fig. 2.6 depicts
the damage profiles results for the proton and Ni-ion irradiations. It can be seen that the damage

profiles of proton and Ni ion are similar [2] [3].
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Figure 2.6: Damage profiles a) for Ni-Cr alloys irradiated with protons of 2 MeV b) for Ni-5Cr
irradiated with Ni*** of 20 MeV. Reprinted with permission from [2]
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2.2.4 Heavy Ion Irradiation

Heavy ions are highly effective at creating dense cascades due to their high range of energy.
Hence, they represent more suitable neutron cascade production [42]. Additionally, their displace-
ment rate is significantly higher than the neutron irradiation, so it requires short irradiation times.
These advantages give researchers cost and time-effective alternatives. However, using heavy ions
has several disadvantages. There is a possibility of composition differences at high doses due to
implanted ions. Also, the penetration depth of the heavy ions in the material is short compared to

neutrons. For that reason, research needs to be done in a smaller area [3].
2.3 Thermal Non-Equilibrium Segregation (TNES)

Thermal non-equilibrium segregation occurs at grain boundaries due to heat treatments. Quench-
ing after heat treatment may cause point defects to prevail in the microstructure. Subsequently, the
concentration of vacancies and their local distribution changes. Since the grain boundaries act as
a sink for vacancies, the vacancy concentration near the grain boundary decreases rapidly than the
vacancy concentration within the grain. Thus, the vacancy gradient is developed, and the vacan-
cies move towards the grain boundaries [14]. Allen et al. [14] studied three different materials,
Ni—18Cr, Ni—18Cr—0.08P, and Ni—18Cr—9Fe in order to determine thermal non-equilibrium and
radiation-induced segregation. They reported that thermal treatments to create TNES associated
annealing at 1023 and 1373 K resulted from either furnace cooling or water quenching. TNES
induced segregation in these Nickel-based alloys as well as TNES induced Cr enrichment reported
for Iron-based austenitic alloys indicates that possible explanations for ‘W’ profile are light ele-

ments such as B-C-N or attractive forces that occur between Ni and Cr [14].
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2.4 Radiation Induced Segregation (RIS)

Radiation Induced Segregation is first predicted by Anthony in 1970 [5], Anthony observed
non-equilibrium segregation in aluminum alloys quenched from high temperature. They found that
the flux of excess vacancy caused the zinc to enrich around the cavity (Fig. 2.7). They suggested

segregation should be more vital under irradiation because the excess vacancy concentration can

remain for an extended period.
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Figure 2.7: a) Schematic diagram of a vacancy cavity under the aluminum oxide film b) Quenched
Al-Zn alloy sample, vacancy condensation cavities formed in Al. Reprinted with permission from

[5]
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First experimental observation was made by Okamoto et al.[43] They observed strain contrast
around voids during austenitic stainless steel irradiation, as anticipated by Anthony.

Okamoto and Wiedersich measured chemical segregation at the surfaces of irradiated austenitic
stainless steel by Auger spectroscopy [43]. Their analysis suggested that undersized atoms, which
are easy to accommodate in interstitial sites, were moving towards point defect sinks while over-
sized atoms were moving away. Later, Marwick [44] pointed out that solute depletion by the
vacancy flux toward point defect sinks could lead to solute segregation. Marwick coined this "in-
verse Kirkendall effect”". In the Kirkendall effect, unequal mobility of chemical species give rise
to defect flux. The inverse Kirkendall effect has the same mechanism, but defect flux drives a
corresponding solute flux.

Radiation-induced segregation can cause depletion or enrichment of alloying elements in re-
gions close by surfaces, dislocations, voids, and grain boundaries. Fig. 2.8 for profile of RIS in
a 300 series stainless steel and depicts Cr depletion, also Ni and Si enrichment. Concentration
changes in the vicinity of the grain boundary degrade the stability of the material [6]. Therefore, it

is crucial to understand the effect of radiation-induced segregation mechanism.
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Figure 2.8: RIS concentration profile of irradiated 300 series stainless steel at 300°C' [6]. Reprinted
with permission from [3]
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24.1 Modelling RIS

There are many developed models for radiation-induced segregation (RIS) in the literature.
One of them is the rate theory approach, which numerically solves the coupled diffusion equations
of defects and alloy elements. Mainly radiation-induced segregation models describe point defect
concentration gradients and atom diffusion due to the local change in point defect concentration.

Perks et al. described one of the first models of RIS. Their model relied on the inverse Kirk-
endall effect that presumes that produced vacancies move toward a sink, and vacancies lead to a
corresponding solute flux. In their model, they assumed interstitial kinetics are equal for all alloy
components, and tracked all source and loss terms for atoms, interstitials, and vacancies. There-
fore, enriched and depleted elements near the defect sinks are determined by vacancy diffusivities
and compositions of alloy components. At low and intermediate temperatures, this model can pre-
dict RIS with proper parameters [45]. However, Allen et al. noted diffusivities are compatible with
measurements of high-temperature diffusion coefficient in the Fe-based materials. Hence, it can
be said vacancy flux is the primary driving force for segregation. In contrast to Fe-based materials,
diffusivities in Ni-18Cr-9Fe are incompatible with high-temperature diffusion data. Consequently,
they noted that the driving force concerning segregation is more complicated than the inverse Kirk-
endall effect. [14].

Later, Allen et al. calculated parameters of diffusion based on composition to include short-
range order forces, and they modified Perk’s inverse Kirkendall model to include composition-
dependent migration energies. They introduced this new model as a modified inverse Kirkendall
(MIK). The MIK model presents sufficient accuracy with experimental results in contrast to Perk’s
model at high temperatures. Nevertheless, input parameters were obtained from experimental
fitting in the MIK model, limiting its applicability when experimental data is not available [46].

Nastar et al. fitted the vacancy diffusion parameters to thermodynamic and diffusion data and
observed that interstitial diffusion contribution was essential to generate experimentally determined
segregation. Like the MIK model, Nastar’s model performs in good agreement with RIS data [9].

Later, Barnard et al. to determine the parameter values they used ab initio density functional

18



theory (DFT) calculations which combine the effects of vacancy and interstitial diffusion without
taking parameters from experimental data. Their DFT based model presents that role of interstitial

diffusion in RIS is essential [47].
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3. MODELING METHODOLOGY

3.1 Equations for Radiation-Induced Segregation (RIS)

Under irradiation, interstitial and vacancy concentrations alter with time correspondent with
the point defect balance equations. In this model, the continuity equations for the atomic species

are coupled and solved concurrently. We will consider a binary Ni-Cr system [48].

dc;

dc,
dt - —V N Jv + K() - KivC’iC'v — KvsCiCs (32)
dCe
T — V.- 33
7 V- Jor (3.3)

The time derivatives in Eq.3.22, Eq.3.5, Eq.3.3 represent the evolution of the concentration of
interstitials C;, concentration of vacancies C,, and concentration of Cr atoms C¢,.. On the right-
hand side, first terms V - J; , V- J, and V - Jg, are the divergences of the interstitial, vacancy
and Cr atoms fluxes. The second term is a source term representing defect generation with rate
constant of K. Third term K;,C;C), is a reaction term, referring to the recombination between
interstitials and vacancies. The last term is also a reaction term, representing the reaction between

the defect x and the sink s with a rate constant of K.
3.2 Partial Diffusion Coefficients

In order to describe the alloy atom and defect fluxes, we need to write diffusion coefficients
as the sum of the partial diffusion coefficients for the various species. We expressed the partial
diffusion coefficients D = dN form, and the spatial dependence resides in the N. In contrast, the

d is composition independent and contains the kinetic and diffusion information [3].
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D}’ = dyir Ny (34)

D" = dyiv Ny (3.5
Df" = devrNey (3.6)
DY" = dovv Ney (3.7)
DL, =de, Ny (3.8)
D, = deyv Ny (3.9)

Here, the expression for d¢,v and d¢,; are the vacancy and interstitial diffusivities for Cr and
dyiv and dy;; are the interstitial and vacancy diffusivities for Ni. We can write the total diffusion

coefficients for the various species:

Dy = derv Neyr + dyiv N (3.10)
Dr =derrNey + dyir Ny (3.11)
D¢y = deyv Ny + derr Ny (3.12)

3.3 Flux Equations

Assuming that the concentration gradient drives the flux, and for species k and j, Dy; contains

the kinetics information.

Je=Y_ =DyVCy

j=1
Here, we coupled atom and defect fluxes. The flux of vacancies drives a flux of Ni and Cr

atoms equal in size and opposite direction.
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Ty = —(Jg, + TN;) (.13)

Also, interstitials flux drives a flux of Ni and Cr atoms equal in size but same direction.

Jr=JL + T (3.14)

We represent the atoms and defects fluxes utilizing the partial and total diffusion coefficients.

Jv = dervVYQCy Ve, + dyivV¥QCyVCN; — Dy VY (3.15)
Jr = —de, 1 YQC;VCa, — dni s VOO VCy; — DIV (3.16)
Jor = =Dy WV Co; + dorvQ2Ce, VO — derQ200, VO (3.17)

Here, VU is a thermodynamic factor and §2 is average atomic volume of the alloy. Also, we converted

N into volume concentrations according to N = Q2C,
3.4 Input Parameters

In this study, a Ni-5Cr binary alloy system was used as a model alloy. The segregation rate of

element k by defect j is defined by a diffusivity of the general form:

—Emk’j
kT )

dij = do™ exp( (3.18)

Ni and Cr properties used in the radiation induced segregation model: lattice parameter is 0.352
nm, pre-exponential factor for Ni interstitial diffusivity 5.04e-8 m? /s, pre-exponential factor for
Cr interstitial diffusivity 3.20e-7 m? /s, pre-exponential factor for Ni vacancy diffusivity 1.85e-4
m? /s, pre-exponential factor for Cr vacancy diffusivity 2.26e-4 m?/s, activation energy for Ni
interstitial diffusivity 0.30 eV, activation energy for Cr interstitial diffusivity 0.37 eV/, activation

energy for Ni vacancy diffusivity 1.16 eV, activation energy for Cr vacancy diffusivity 1.10 eV,
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vacancy formation energy 1.79 eV, interstitial formation energy 4.0 eV [49].
3.5 [Initial and Boundary Conditions

In order to solve the set of continuity equations (Eq.3.22, Eq.3.5, Eq.3.3) suitable initial and
boundary conditions are required. The initial concentrations of interstitials and vacancies are fixed
to their thermal equilibrium values. Cr concentration is set to its nominal alloy composition.

Conditions at the boundaries are given below. At the free surface (x=0), the concentration of

vacancy and interstitials are fixed to their thermal equilibrium values.

Cy(0,z) = C;le? (3.19)
C,(0,2) = G, (3.20)
Cer(0,2) = CP, (3.21)

At the other far end, the grain center, zero flux boundary conditions are considered for point

defects and Cr atoms.

dC[(t,ZE) . dCV(t,l’> . dCCT@?Ji)

— 3.22
dx dx dx 0 ( )
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4. RESULTS AND DISCUSSION

In this chapter, we will discuss the results of radiation induced segregation (RIS). First, We
carried analysis to demonstrate the capabilities of the model. Then, we examined each parameter in
greater detail. In this way, we were able to understand the effect of irradiation type and conditions.

We conducted simulations to investigate the effect of sink density, size, production bias, dose
rate, and temperature on RIS in Ni-5Cr alloys. Three different temperatures were selected in
order to examine the temperature effect, 473 K, 573 K, and 773 K. The reason for choosing these
temperatures is that there are available experimental data for comparison for the model [47, 14, 49].
To good fit the experimental data, we assumed that the Ni and Cr atoms are randomly distributed
throughout the grain and bulk sinks are uniformly distributed with a concentration of 1e18, 1e20,
and 1e22 m =3 [2]. Our model predictions for the case of large grains and with bias agree well
with the numerical results and experimental data in the literature, where Cr concentration at the

boundary reported to be between 2-4% [49].
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4.1 Size-Dependent Steady-State Patterns and Instabilities

Generally, larger grains are correlated with higher average defect concentrations. This is be-
cause of the high surface-to-volume ratio for smaller grain sizes. However, some expectations show
that the transient vacancy concentrations in smaller grains are higher than their large counterparts,
associating with the competition between the defect absorption by grain boundary and bulk re-
combination. Still, the steady-state vacancy concentration tends to accumulate fewer defects in
the smaller grains [50]. Another anomaly related expectation is the accumulation of interstitials.
Interestingly, unlike anomaly in the dependence of vacancy accumulation, this anomaly endures
even under steady-state conditions [S1]. This is due to fact that surfaces function as sinks for de-
fects, and hence vacancy and interstitials concentrations increase in the center and decrease at the
surfaces. Yet, as time proceeds, defect concentrations begin to show reverse trends, where vacan-
cies lead to accumulating in the center and interstitials lead to accumulating in the vicinity of the
surface. Here, we first demonstrated the anomaly in the dependence of interstitial accumulation on
grain size, associating with instability. In order to examine the effect of the size and instability, we
performed simulations at the lowest and highest dose rates (5.6e-6 and le-2 dpa/s) in 7 different
sizes (20, 30, 100, 300, 500, 5000, and 7500 nm). The results of our simulations also show that
instability is sensitive to grain size, dose rate, and production bias. Lastly, we discussed its effect
on irradiation damage.

First, in order to show the role of grain size in the instability, simulations were performed with
1% production bias. The results of these simulations are summarized in Fig. 4.1 for various grain
sizes at the dose rate of 5.6e-6 dpa/s. The steady-state vacancy concentration increases with grain
size for all cases at the dose rate of 5.6e-6 dpa/s and 1% bias. On the contrary, the steady-state
interstitial concentration decreases with grain size and develops the opposite trend for larger grain
sizes (>500 nm). The instability under discussion can be seen effectively in 5000 and 7500 nm

(see Fig. 4.1b).
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Figure 4.1: Effect of grain size on the steady-state concentration profiles of point defects at the
dose rate of 5.6e-6 dpa/s and 1% production bias. Upper row: interstitials in a) fine grains, b)
coarse grains. Lower row: vacancies in ¢) fine grains, d) coarse grains.

In order to better understanding sensitivity of instability to grain size, we simulated results at
the dose rate of le-2 dpa/s and 1% bias and the results are summarized in Fig.4.2. At the dose
rate of le-2 dpa/s, the steady-state interstitial concentration decreases with grain size as in 5.6e-6
dpa/s cases. However, the steady-state interstitial and vacancy concentration show opposite trends
in 500 nm, and hence this instability appears effectively in 500 nm. Notably, the size at which

instability appeared decreased with the dose rate. It demonstrates that instability is sensitive to
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grain size and dose rate.
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Figure 4.2: Effect of grain size on the steady-state concentration profiles of point defects at the
dose rate of le-2 dpa/s and with 1% production bias. Upper row: interstitials in a) fine grains, b)
coarse grains. Lower row: vacancies in c) fine grains, d) coarse grains.

So far, we have demonstrated that this instability is sensitive to grain size and dose rate. Here,

we showed the sensitivity of instability on grain size with a higher production bias (20%). The

results of these simulations are summarized in Fig. 4.3 and Fig. 4.4. Since the opposite trend

based on this instability favors the separation of vacancies and interstitials, it will intensify the
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possibility of clustering different point defects. For example, at the center of the domain, vacancies
tend to cluster into voids or vacancy loops, and interstitials close to the boundaries tend to produce
dislocation loops. At the dose rate of 5.6e-6 dpa/s and 20% production bias cases, this anomaly
initially begins in 500 nm size. In 500 nm size, the steady-state concentration of interstitials
decreases while the vacancy counterpart rises. However, this instability was observed only at
larger grain sizes (>500 nm) for the same dose rate and 1% bias (see Fig.4.1) . Hence, effective
size reduced with production bias. Furthermore, as the different irradiation types produce the
different cascade structures and densities, higher production bias will break the symmetry of the
balance of point defects. Therefore, instability results in the development of distinct steady-state
profiles.

Fig. 4.4 shows effect of grain size on the steady-state concentration profiles of point defects
at the dose rate of le-2 dpa/s and 20% production bias. Here, this instability, as discussed above,
becomes more apparent above 100 nm. We demonstrated that at the dose rate of 5.6e-6 dpa/s and
20% production bias cases, this anomaly observed in 500 nm size. Moreover, our results showed
that this instability is suppressed in with sizes smaller than 100 nm. Notably, the developed pattern
of point defects promotes the clustering and formation of extended defects for larger sizes (>100
nm). However, we did not observe these anomalies in nanomaterials (<100 nm), and hence it

provides new understanding of the stability of nanomaterials.
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Figure 4.3: Effect of grain size on the steady-state concentration profiles of point defects at the
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4.1.1 Effect of Size and Instability on Cr concentration profile

We discussed the effect of instability and size in detail. Moreover, we pointed out that it would
increase the irradiation damage. Here, we will examine the effect of grain size and instability on
the Cr concentration profile.

In order to examine the grain size effect on Cr profile, we performed simulations at the lowest

and highest dose rates (5.6e-6 and le-2 dpa/s) in 7 different sizes (20, 30, 100, 300, 500, 5000,

30



and 7500 nm).

Fig. 4.5 presents effect of grain size on the steady-state concentration profiles of Chromium
in various grain size at the dose rate of le-2 dpa/s. The grain size effect on Cr concentration at
the dose rate of le-2 dpa/s is remarkable for grain sizes smaller than 500 nm with 1% and 20%
production bias. However, bias factor effect has become less significant for 5000 nm and 7500 nm
sizes at the dose rate of le-2 dpa/s. On the other hand, the grain size effect on Cr concentration
at the dose rate of 5.6e-6 dpa/s is less effective for all grain sizes with 1% bias cases. It becomes
more significant for 5000 nm and 7500 nm with 20% bias cases. Furthermore, at the high dose rate
of le-2 dpa/s, the Cr concentration at boundary becomes negligibly small at sizes above 500 nm.
A possible explanation for these results may be the perfect sink boundary treatment is probably no
longer valid.

Overall, it is apparent from Fig. 4.6 that at the dose rate of 5.6e-6 dpa/s size dependence
has become more significant with bias factor. Additionally, Fig. 4.5 shows that the magnitude
of Cr depletion and its size dependence are increased even with 1% bias at the dose rate of le-2
dpa/s. These findings demonstrate that there is a strong dependence of RIS on grain size and the

instability, including on dose rate and production bias.
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4.2 Effect of Dose Rate

In this section, effect of dose rate on RIS investigated. Before conducting a detailed examina-

tion, we first selected 100 nm and 500 nm grain sizes and performed the study with three different

dose rates, le-2, le-4, and 5.6e-6 dpa/s at 773 K. Here, we also assumed sinks are present in the

bulk uniformly distributed with a concentration of 1e18 m 3.



A lower dose rate at a given temperature indicates that vacancies and interstitials are added to
the lattice gradually. As a result, their recombination probability is decreased because interstitials
will annihilate at sinks earlier. In other words, the role of the sink increases at the low dose rate
[52]. In Fig. 4.7 and Fig. 4.8, the effect of dose rate is shown for two different grain sizes
at a temperature of 773 K. Interstitial and vacancy concentrations are not significant enough to
overcome the concentrations of thermal equilibrium at low dose rates. The vacancy concentration
gradients in the vicinity of the boundary increases when the dose rate increases from 5.6e-6 dpa/s

to le-2 dpa/s. As a result of this change in dose rate, Cr depletion at the boundary increases.
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Figure 4.7: Effect of dose rate on the steady-state concentration profiles of Chromium a) Cr con-
centration in a 100 nm b) Cr concentration in a 500 nm

In Fig. 4.8b, at the dose rate of le-2 dpa/s interstitial concentrations start to show opposite
trends in the vicinity of the boundary in 500 nm size. However, under the same parameters, this
result was not observed in 100 nm size (see Fig. 4.8a). Taken together, these results suggest that
there is an association between the dose rate and grain size. Additionally, these results indicate

that we need to carefully analyze effect of the dose rate and grain size on Cr concentration profile.
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4.3 Effect of Production Bias

We expanded our investigation to include the effect of production bias on RIS. Here, we in-
troduced a production bias factor in order to simulate the effect of immobile clusters that result in
unbalanced numbers of vacancies and interstitials [53]. To interpret the effect of production bias,
simulations were performed with 1% 10% and 20% production bias at 773 K. Again, for these

simulations we assumed sinks are uniformly distributed with a concentration of 1e18 m 3. The
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results of these simulations are summarized in Fig. 4.9, Fig. 4.10, Fig. 4.11, Fig. 4.12 at the dose
rate of le-2, le-4 and 5.6e-6 dpa/s in 100 nm and 500 nm sizes. The simulations established a
strong impact of production bias on the depletion of Cr.

Interstitials and vacancies can create immobile defect clusters under irradiation. Following
this, interstitials are more likely to be lost in these clusters than vacancies. Although early studies
suggested that the possible effect of production bias on RIS, we also demonstrated the importance
of resolving the spatial dependence [54] [22] [53]. The unbalanced effective production rate of
mobile defects, therefore, needs to be interpreted with caution. It is important to bear in mind a
different type of irradiation creates different cascade structures and densities. Therefore, the defect
production bias depends on the type of irradiation. Neutrons and heavy ions create highly dense
cascades, leading to high bias. Despite this, electrons result in isolated point defects, including low
bias. Protons and light ions fall between these two limits [3]. Here, the production bias values are
aimed to show the general effect on the Cr concentration profiles.

In the Fig. 4.9, when production bias increases, Cr depletion becomes more noticeable in the
vicinity of the boundary. Moreover, as shown in Fig. 4.9a, at the high dose rate of le-2 dpa/s, Cr
concentration at the boundary is drastically reduced, and the depletion layer is widened with 20%
production bias. At the dose rate of 1e-4 dpa/s, it is less severe than at the dose rate of le-2 dpa/s.
However, the width of Cr depletion layer is limited at the low dose rate of 5.6e-6 dpa /s in 500 nm

size (see Fig. 4.9¢).
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Figure 4.9: Effect of production bias on the steady-state concentration profiles of Chromium in a
100 nm a) Cr concentration at le-2 dpa/s b) Cr concentration at le-4 dpa/s c¢) Cr concentration
at 5.6e-6 dpa/s

Additionally, at the highest dose rate of le-2, the steady-state interstitial concentration with
20% bias is one order of magnitude lower than its corresponding value with 1% bias in 500 nm
((see Fig. 4.12)). However, for the smaller grain size (100 nm), the production bias is less signifi-
cant on the defect concentrations with 1%, 10%, and 20% biases (see Fig. 4.10).

In Fig. 4.12 for the 500 nm size with 1% production bias, the steady-state vacancy concentra-

tion is one order of magnitude higher than its corresponding value with 20% production bias at the
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dose rate of le-2 dpa/s.
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With the increase in production bias, Cr depletion increases, and the Cr depletion layer is
widened. Furthermore, we noticed that at the same dose rate, temperature, and size, depletion
of Cr with 20% bias is higher than depletion of Cr with 1% bias. This could be attributed to
the bias factor since Cr exchange preferably with vacancies. Additionally, at the same dose rate,
temperature, and production bias, depletion of Cr in 500 nm is higher than depletion of Cr in 100
nm. Together these studies provide important insights into the effect of production bias on RIS.
Here, we demonstrated that production bias modify the resulting distribution of Cr concentration

and its effect is more apparent in the larger grains (size>100 nm).
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4.4 Effect of Temperature

First, we investigated effect of temperature on RIS. Ni-5Cr alloys were simulated to determine
the importance of the shift in temperature and dose rate. We analyzed the evaluated results at three
different temperatures, 437 K, 573 K, and 773 K. In this section, we assumed sinks are present
in the bulk uniformly distributed with a concentration of 1e18 m~3. Effect of sink density will be
examined in greater detail later in this work.

It is also important to note that the rate of defect recombination influences radiation-induced
segregation because defects that survive from recombination determine the degree of atom seg-
regation. Thus, we can say that if recombination dominates, segregation becomes less severe.
Since recombination rate is altered by temperature and defect concentration, it is essential to un-
derstand the temperature effect on concentration profile. Thus, we employed three different dose
rates (le-2, le-4, and 5.6e-6 dpa/s) to examine the effect of the dose rate with the temperature on
the concentration profile.

Fig. 4.13 shows effect of temperature on the steady-state concentration profiles of Chromium.
While the highest Cr depletion is observed at 473 K, the lowest is observed at 773 K for three
dose rates. When temperature increases from 473 K to 773 K, the steady-state concentration
of vacancies decreases, while the interstitial concentration increases. Therefore, the difference
between the vacancy and interstitial concentrations is reduced at 773 K. As a result of this, the Cr
depletion at the grain boundary has become less severe. Our model prediction matches this trend

reasonably well at 773 K.
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Figure 4.13: Effect of temperature on the steady-state concentration profiles of Chromium a) Cr
concentration at le-2 dpa/s b) Cr concentration at le-4 dpa/s c¢) Cr concentration at 5.6e-6 dpa/s

At the dose rate of 5.6e-6 dpa/s, we observed that steady-state interstitial concentration at 573
K is higher than other temperatures (see Fig. 4.14), and this might have caused the Cr depletion
layer is widened. Together these results provide importance of interstitials at the lower tempera-
tures, and it could be attributed to the uncertainties associated with interstitial diffusivities at low
temperatures [55].

Overall, the results of the various simulations indicate that the irradiation temperature has a
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distinct effect on depletion of Cr as in experimental studies [18][56][53].

45



| |
— 1% 473K

| |
o —— 1% 473K

107° ——— 1% 573K i e _
— 1% 773K — 1% 773K
10°- =
g _ =
2 100 = £
F=|
=1 S 10 7 -
(=] =]
T S
= 10 — &
= =] .
z 5 10°7 =
g e
—12
10 7 A - i
10" 7 —
10714 | | | | 10*10 | | | |
0 20 60 80 100 0 20 40 60 80 100
a) (nm) b) X (nm)
| | | | | | |
— 1% 473K o — 1% 473K
o - _ 10" = = -
107 —=—— 1% 573K — 1% 573K
— 1% 773K — 1% 773K
- ; 107 - —
o _
g0 -2
b Il
g 5 10~ -
o a
C —10 8
= 10 = =
= =] .
z g 10" —~
E =
12
10 - . /’k
10° —
10—14I | | | 10—10 | | | |
0 20 60 80 100 0 20 40 60 80 100
C) X (nm) d) X (nm)
| | | | | | | |
1% 473K L, — 1% 473K
oL - _ 10— - -
107 —=—— 1% 573K — 1% 573K
— 1% 773K — 1% 773K
4
- 10— -
- a
2 10° - - £
= o<
5 g
g 510 —
(=] =1
< —10 8
=10 T — Z
= =] —
z 5 1077 =
g S
10*12 _
—10
10" 7 -
10—14 | | | | 10—12 | | | |
0 20 60 80 100 0 20 40 60 80 100
X (hm X (nm
e) (nm) f) (nm)

Figure 4.14: Effect of temperature on the steady-state concentration profiles of point defects in a
100 nm. Upper row: a) interstitial b) vacancy concentrations at le-2 dpa/s. Middle row: c) inter-
stitial d) vacancy concentrations at le-4 dpa/s. Lower row: e) interstitial f) vacancy concentrations
at 5.6e-6 dpa/s

46



4.5 The Combined Effects of Microstructure and Irradiation Parameters

In this section, we extended our work by combining the parameters we mentioned in previous
sections. We will discuss the effect of sink density, grain size, temperature, production bias, and
dose rate in detail.

Consideration of inner sinks such as dislocation loops and voids allows better agreement with
experimental measurements. This agreement may be explained by the fact that irradiation temper-
ature could change the internal sink strength [57]. Previous studies have reported that sink density
can be significantly influenced by the temperature increase from 673 K to 773 K. Moreover, irra-
diations at 673 K seem to result in a high sink density than irradiations at 773 K in Ni-Cr alloys.
Conversely, higher temperature irradiations produced a low void density [19, 58]. These experi-
mental observations suggest that an increment in point defect recombination and annihilation due
to enhanced mobility at 773 K coupled with prolonged thermal emission diminishes sink density.
Additionally, another study showed that by increasing the proton irradiation temperature from 673
K to 773 K, a decrease in density was seen for dislocation and voids. Moreover, heavy-ion irra-
diated Ni-Cr alloys displayed high void density than the proton-irradiated Ni-Cr alloys [2]. This
indicates a need to understand the effect of sink density in order to emulate better neutron irradi-
ation damage. Therefore, we performed simulations at three different temperatures, 473 K, 573
K, and 773 K with uniformly distributed bulk sinks with a concentration of 1el8, 120, and 1e22
m~3. We have conducted simulations for 5 different grain sizes (100, 300, 500, 5000 and 7500

nm) and three different dose rates (le-2 ,1e-4 and 5.6e-6 dpa/s).
4.5.1 The Combined Effects of Microstructure and Irradiation Parameters at 773K

In Fig.4.15, with the increase of bias, there is a noticeable change on Cr concentration profile.
Low sink density (1e18 m~3) leads to more Cr depletion at the boundary, but this effect is limited to
the zone close to the boundary. The experimental results shows that high sink density reduces more
vacancy, absorbing the vacancies. Moreover, sinks contribute to interstitial annihilation, depending

on the temperature [59]. However, for 100 nm size, effect of the sink density 1e18 and 1e22 m 3
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on interstitial and vacancy concentrations is not apparent at all dose rates (see Fig.4.16, Fig.4.18
and Fig. 4.20 ). In addition, increasing the bias does not significantly affect vacancy concentration
at the dose rate of 5.6e-6 dpa/s. Although the vacancy concentration increases with the dose rate,

effect of the production bias and sink density is inadequate in 100 nm.
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Figure 4.15: Effect of sink density on the steady-state concentration profiles of Chromium in 100
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At the dose rate of le-4 dpa/s, the increase in Cr depletion in the vicinity of the boundary
becomes more pronounced with increasing the dose rate. The depletion in Cr is higher for 1e18
m ™3 sink density, and changing the sink density does not have a significant effect on the width of
the Cr depletion layer (see Fig. 4.17). In Fig. 4.18, interstitial and vacancy concentrations show

no strong dependence on production bias in 100 nm.
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Figure 4.17: Effect of sink density on the steady-state concentration profiles of Chromium in 100
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At the dose rate of le-2 dpa/s, changing the sink density have a visible effect on the width

of the Cr depletion layer. Width of the Cr depletion layer increases with production bias. Also,

vacancy and interstitial concentrations for three sink densities follow similar trend at the high dose

rate (1e-2 dpa/s) with 1% bias in 100 nm.
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Figure 4.19: Effect of sink density on the steady-state concentration profiles of Chromium in 100
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For 300 nm size, the difference between 1e18 and 1€20 m 2 sink density becomes more pro-
nounced on interstitial and vacancy concentration even at the low dose rate (5.6e-6 dpa/s). As can
be seen from the Fig. 4.21, this effect is also reflected on the Cr depletion profile. Furthermore,
with the bias effect, the increase in vacancy concentration becomes more evident. While the be-
havior of the interstitial concentration at the dose rate of 5.6e-6 and le-4 dpa/s follows similar

trend (see Fig. 4.24), this trend begins to differ at the dose rate of le-2 dpa/s.
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Figure 4.21: Effect of sink density on the steady-state concentration profiles of Chromium in 300
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Fig. 4.26 depicts that interstitial and vacancy concentration begins to show opposite trends. It

causes an instability, and hence it becomes more noticeable with 10% and 20% biases. Vacancies

tend to accumulate in the center of the domain and interstitials tend to accumulate by the boundary.

The beginning of this instability is attributed to the fact that production bias breaks the balance of

point defects, leading to non-uniform bulk recombination and non-uniform losses to the boundary.
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Figure 4.24: Effect of sink density on the steady-state concentration profiles of point defects in a
300 nm at le-4 dpa/s a) 1% bias, interstitial b) 1% bias, vacancy c) 10% bias, interstitial d) 10%
bias, vacancy e) 20% bias, interstitial and f) 20% bias, vacancy concentrations.
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Instability was observable for 1e18 and 1€20 m 3 sink densities, but not for 1€22 m =3 in 300
nm (see Fig. 4.26). A possible explanation for these results is that interstitial annihilation at sinks
dominates first and is followed by recombination and later vacancy loss to sinks at the high sink

density (1e22 m™3).
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Figure 4.25: Effect of sink density on the steady-state concentration profiles of Chromium in 300
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concentration.
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For 1e18 and 1€20 m 3 sink densities, the effect of sink density on interstitial and vacancy
concentrations at the low dose rate is not clearly apparent in 500 nm . Fig. 4.28 shows changing the
sink density from 1e18 to 1e20 m 2 had no clear impact on interstitial and vacancy concentration.
However, the effect of the difference between 1e18 and 1e20 m 3 becomes more pronounced with
an increase in production bias. Besides, the increase in difference for sink densities has made its

effect on Cr depletion more pronounced with bias as seen in Fig. 4.27.
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Figure 4.27: Effect of sink density on the steady-state concentration profiles of Chromium in 500
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Figure 4.28: Effect of sink density on the steady-state concentration profiles of point defects in a
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In Fig. 4.29, we observed that at the dose rate of le-2 dpa/s, the amount of Cr depletion at
the boundary decreases drastically when the sink density increases in 500 nm. Furthermore, the
concentration of interstitials and vacancies also decreases with sink density, and effect of the sink
density on interstitial and vacancy concentrations become more evident (see Fig. 4.30). We have
previously shown that this result was valid for 300 nm as well, but it becomes more noticeable in
500 nm. Thus, observations imply that increasing the sink density leads to a direct decrease in Cr

concentration when the size is above 100 nm.
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Figure 4.29: Effect of sink density on the steady-state concentration profiles of Chromium in a
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Figure 4.30: Effect of sink density on the steady-state concentration profiles of point defects in a
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In Fig. 4.32, vacancy and interstitial concentrations start to show opposite trends, as we dis-
cussed above. The anomaly in the dependence of interstitial accumulation leads to instability.
While this instability is not seen at the dose rate of le-4 dpa/s with any biases, it begins to be evi-
dent even with 1% production bias at the dose rate of 1e-2 dpa/s. Therefore, the Cr concentration
profile differed from the 1le-2 dpa/s dose rate and 1% bias than at the dose rate of le-4 dpa/s and
1% bias (Fig. 4.29 and Fig. 4.31). Here, we did not observe this instability for 1€22 m =3 sink

density in 500 nm.
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Figure 4.31: Effect of sink density on the steady-state concentration profiles of Chromium in a
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Fig. 4.34 presents that at the dose rate of 5.6e-6 dpa/s, an anomaly in the dependence of
interstitial concentration is more pronounced for 1e18 m 2 sink density in 5000 nm. Depending

on instability, Cr depletion layer is widened with bias (see Fig. 4.33).
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Figure 4.33: Effect of sink density on the steady-state concentration profiles of Chromium in a
5000 nm at 5.6e-6 dpa/s a) 1% bias, Cr concentration b) 10% bias, Cr concentration c¢) 20% bias,
Cr concentration.
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Figure 4.34: Effect of sink density on the steady-state concentration profiles of point defects in a
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69



Fig. 4.36 shows that at the dose rate of le-4 dpa/s, instability becomes more noticeable for
le18 m 3 sink density even with 1% bias. Hence, Cr depletion layer is wider than at the dose rate

of 5.6e-6 dpa/s in 5000 nm (see Fig. 4.35).
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Figure 4.35: Effect of sink density on the steady-state concentration profiles of Chromium in a
5000 nm at le-4 dpa/s a) 1% bias, Cr concentration b) 10% bias, Cr concentration ¢) 20% bias,
Cr concentration.
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When we examined the Fig.4.38, we noticed that while vacancy concentration continues to
increase with bias, its interstitial counterpart starts to decrease with bias. However, for 1e18 m =3

sink density, the width of Cr depletion layer stays similar in 5000 nm (see Fig. 4.37.
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Figure 4.37: Effect of sink density on the steady-state concentration profiles of Chromium in a
5000 nm at le-2 dpa/s a) 1% bias, Cr concentration b) 10% bias, Cr concentration ¢) 20% bias,
Cr concentration.
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At the dose rate of 5.6e-6 dpa/s, we observed effective instability for 118 m 2 sink density in
7500 nm (see Fig. 4.40). Here also, while vacancy concentration continues to increase with bias,
its interstitial counterpart starts to decrease with bias. However, for 120 m 3 sink density, this
instability still not significant on defect concentrations. For 1e18 m 2 sink density, Cr depletion

layer is widened with production bias (see Fig. 4.39).
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Figure 4.39: Effect of sink density on the steady-state concentration profiles of Chromium in a

7500 nm at 5.6e-6 dpa/s a) 1% bias, Cr concentration b) 10% bias, Cr concentration c) 20% bias,

Cr concentration.
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Here, at the dose rate of 1e-4 dpa/s, the anomaly in the dependence of interstitial accumulation
(see Fig. 4.42) leads to increase in Cr depletion at the boundary. Besides, it becomes more evident

with the increase in production bias in 7500 nm (see Fig. 4.41).
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Figure 4.41: Effect of sink density on the steady-state concentration profiles of Chromium in a
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At the dose rate of le-2 dpa/s, vacancy concentration continues to increase with bias, and its
interstitial counterpart decrease with bias (see Fig. 4.44). In Fig. 4.43, with the increase in dose
rate (from le-4 to le-2 dpa/s), we observed that for 1e20 m 3 sink density, effect of sink density

is more effective on Cr concentration at the near boundary in 7500 nm.
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Figure 4.43: Effect of sink density on the steady-state concentration profiles of Chromium in a
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4.5.2 The Combined Effects of Microstructure and Irradiation Parameters at 573K

As shown in the Fig. 4.45, at 573 K, instability on point defects is not observed at the dose
rate of 5.6e-6 dpa/s in 100 nm as in at 773 K. The difference between 1e18 and 1€20 m 3 sink
densities has not yet become observable on the Cr concentration profile with the bias factor. As we

discussed at 773 K.
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Figure 4.45: Effect of sink density on the steady-state concentration profiles of Chromium in a 100
nm at 5.6e-6 dpa/s a) 1% bias, Cr concentration b) 10% bias, Cr concentration ¢) 20% bias, Cr
concentration.
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At the dose rate of le-4 dpa/s and 10% bias, instability begins to be observed in 100 nm for

le18 and 1e20 m 3 sink densities (see Fig. 4.48). As evident from the Fig. 4.47, the width of the

Cr depletion layer increases with this instability.
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Figure 4.47: Effect of sink density on the steady-state concentration profiles of Chromium in a
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In Fig. 4.51, instability appears effectively with increasing dose rate. Moreover, this instability

rendered irradiation damage more pronounced at the dose rate of le-2 dpa/s even with 1% bias in

100 nm for three sink densities (see Fig. 4.49).

Chromium Concentration

0.08

0.07 —

0.06 —

0.05 —

0.04 —

c)

Chromium Concentration

I I 0.08 I I I I
— 0.07 —
0.06 —
=]
.S
£ 005-
g
o
=]
S 0.04—
g
B2
2 0.03—
o
=2
@)
0.02 —
0.01 —
0.00
60 80 100 0 20 40 60 80 100
b) X (nm)
0.08 I I I I
0.07 —
0.06 —
0.05 —
0.04 —
0.03 —
0.02 —
0.01 —
0.00 I I I I
0 20 40 60 80 100
X (nm)
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concentration.
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In Fig. 4.51, instability is only observed with 10% bias in 300 nm. As shown in Fig. 4.49, for

le18 and 1e20 m 3 sink densities, the magnitude of depletion of Cr at the boundary increases with

bias in 300 nm. Nevertheless, Cr depletion profile for 1€22 m 3 sink density with 10% and 20%

biases remains similar at the dose rate of 5.6e-6 dpa/s.
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Figure 4.51: Effect of sink density on the steady-state concentration profiles of Chromium in a 300
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Here, Fig. 4.54 shows that at the dose rate of le-4 dpa/s, for 1e18 and 1€20 m~3 sink densities

instability is observed with 1% bias in 300 nm. Consequently, Cr concentration profile was also

affected by this anomaly (see Fig. 4.53)
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Figure 4.53: Effect of sink density on the steady-state concentration profiles of Chromium in a
300 nm at le-4 dpa/s a) 1% bias, Cr concentration b) 10% bias, Cr concentration c¢) 20% bias, Cr

concentration.
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Figure 4.54: Effect of sink density on the steady-state concentration profiles of point defects in a
300 nm at le-4 dpa/s a) 1% bias, interstitial b) 1% bias, vacancy c) 10% bias, interstitial d) 10%
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In Fig. 4.56, changing sink density is beginning to effective on concentration of point defects
at the dose rate of 5.6e-6 dpa/s in 300 nm, and effect of sink density becomes more visible with
20% bias in 300 nm. Here, the width of the depletion layer increases with bias for 1€22 m 3.
However, the change in the the width of the depletion layer is not significant for 1e18 and 1e20

m~3 sink densities in 300 nm (see Fig. 4.55).
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Figure 4.55: Effect of sink density on the steady-state concentration profiles of Chromium in a
300 nm at le-2 dpa/s a) 1% bias, Cr concentration b) 10% bias, Cr concentration c) 20% bias, Cr
concentration.
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Figure 4.56: Effect of sink density on the steady-state concentration profiles of point defects in a
300 nm at le-2 dpa/s a) 1% bias, interstitial b) 1% bias, vacancy c) 10% bias, interstitial d) 10%
bias, vacancy e) 20% bias, interstitial and f) 20% bias, vacancy concentrations.

91



Fig. 4.57 presents that in 500 nm, at the dose rate of 5.6e-6 dpa/s and 10% bias, the effect of
difference between 1e18 and 120 m 3 sink densities has become more apparent than in 300 nm.

Interstitial concentration reduce with increasing grain size and bias (see Fig. 4.57).

0.08 | | 0.08 | |
0.07 — - 0.07 — -
0.06 — - 0.06 — -
o o
S S
£ 005-— £ 005-—
g g
s 0.04 - - g 0.04 -
o U o U
g g
‘E 0,031 . ‘2 003 -
o o
5 5
0.02 - - 0.02 -
le22m™3 le22m™3
0.01 + 1e20 m’3 _ 0.01 1e20 m’3 _
— lelsm~3 — lelsm~3
0.00 | | | | | 0.00 | | | |
0 100 200 300 400 500 0 100 200 300 400 500
X (nm X (nm
a) (nm) b) (nm)
0.08 | | T
0.07 — =
0.06 — -
j=]
g
£ 005-
=]
51
=]
S 004 .
g
=
g 0.03 —
=]
k=
@)
0.02 -
le22m™3
0.01 le20m=3 _
lel8m™3
0.00 | | | |
0 100 200 300 400 500
X (nm
c) (nm)

Figure 4.57: Effect of sink density on the steady-state concentration profiles of Chromium in a 500
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Fig. 4.60 displays that the vacancy concentration gradients in the vicinity of the boundary
increases with bias. At the dose rate of le-4 dpa/s, the effect of bias on Cr concentration profile
does not vary significantly for 1e18 and 1e20 m 3 sink densities. However, for 1€22 m ™3, Cr

concentration in the vicinity of the boundary decreases with increased production bias (see Fig.

4.59).
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Figure 4.59: Effect of sink density on the steady-state concentration profiles of Chromium in a
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In Fig. 4.62, for three sink densities, vacancy and interstitial concentrations follow similar
trend with 10% and 20% biases in 500 nm. Therefore, at the highest dose rate of le-2 dpa/s, Cr

concentration profile remains similar for 1e18 and 1e20 m 3 sink densities (see Fig. 4.61).
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Figure 4.61: Effect of sink density on the steady-state concentration profiles of Chromium in a
500 nm at le-2 dpa/s a) 1% bias, Cr concentration b) 10% bias, Cr concentration c¢) 20% bias, Cr
concentration.
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In Fig. 4.61, while the sink density effect is still in-explicit in 500 nm at the dose rate of 1e-2
dpa/s, the effect of sink density on the concentration of point defects becomes apparent in 5000
nm at the dose rate of 5.6e-6 dpa/s (see Fig. 4.63). This effect becomes more obvious when we

examine 5000 nm size at the dose rate of le-4 dpa/s with 10% and 20% bias (see Fig. 4.65).
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Figure 4.63: Effect of sink density on the steady-state concentration profiles of Chromium in a
5000 nm at 5.6e-6 dpa/s a) 1% bias, Cr concentration b) 10% bias, Cr concentration c¢) 20% bias,
Cr concentration.
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Figure 4.64: Effect of sink density on the steady-state concentration profiles of point defects in a
5000 nm at 5.6e-6 dpa/s a) 1% bias, interstitial b) 1% bias, vacancy c¢) 10% bias, interstitial d)
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For 1€22 m ™~ sink density, interstitial concentration does not significantly decrease near the
boundary in 5000 nm with increased production bias (see Fig. 4.66). Therefore, accumulation in
Cr concentration in the vicinity of the boundary becomes more apparent, as seen in at 773 K. On
the other hand, for 1e18 m 2 sink density, Cr concentration profile was not distinctly affected by

the rise in production bias (see Fig. 4.65).
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Figure 4.65: Effect of sink density on the steady-state concentration profiles of Chromium in a
5000 nm at le-4 dpa/s a) 1% bias, Cr concentration b) 10% bias, Cr concentration c) 20% bias,
Cr concentration.
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Figure 4.66: Effect of sink density on the steady-state concentration profiles of point defects in a
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For 1e22 m 3 sink density, we did not observe accumulation in interstitial concentration near
the boundary at the dose rate of 5.6e-6 dpa/s in 7500 nm (see Fig. 4.68). However, accumula-
tion in interstitial concentration can be seen with the increase in bias for 1e20 m 3 sink density.
Thus, Cr depletion layer is widened (see Fig. 4.67).The anomaly in the dependence of interstitial
accumulation results in Cr depletion at the boundary. Besides, it becomes more evident with the

increase in production bias in 7500 nm.
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Figure 4.67: Effect of sink density on the steady-state concentration profiles of Chromium in a
7500 nm at 5.6e-6 dpa/s a) 1% bias, Cr concentration b) 10% bias, Cr concentration ¢) 20% bias,
Cr concentration.
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Increase in dose rate and bias, for 1e22 m ™3 sink density, cause small accumulation in inter-
stitial concentration near the boundary. This small accumulation have a slight effect on the Cr

concentration profile at the dose rate of le-4 dpa/s in 7500 nm (see Fig. 4.69 and Fig. 4.70).
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Figure 4.69: Effect of sink density on the steady-state concentration profiles of Chromium in a
7500 nm at le-4 dpa/s a) 1% bias, Cr concentration b) 10% bias, Cr concentration c) 20% bias,
Cr concentration.
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Figure 4.70: Effect of sink density on the steady-state concentration profiles of point defects in a
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4.5.3 The Combined Effects of Microstructure and Irradiation Parameters at 473K

In Fig. 4.71 shows that Cr depletion has become more severe for all sink density cases even
at the low dose rate of 5.6e-6 dpa/s and 473 K. The most likely explanation for that perfect sink
assumption. In this study, we assumed that boundary/surface behaves as a perfect defect sink.
In other words, defect sink sustains equilibrium defect concentrations near the boundary. Our
assumption works reasonably well with experimental data at 773 K since the sink shows ideal
sink behavior at higher temperatures [58]. However, for lower temperatures, 473 K and 573 K,
RIS is suppressed concerning the perfect defect sink approach [47]. Thus, a perfect defect sink

approach may play an important role on the Cr depletion.
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Here, it is important to take account of the anomaly in the dependence of interstitial accumu-
lation. While this instability on point defects is not observed at 573 K in 100 nm, it begins to be
become more noticeable for le-4 dpa/s with 20% bias in 100 nm at 473 K (see Fig. 4.74). This

strengthens the argument that instability renders irradiation damage more pronounced.
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Figure 4.73: Effect of sink density on the steady-state concentration profiles of Chromium in a
100 nm at le-4 dpa/s a) 1% bias, Cr concentration b) 10% bias, Cr concentration ¢) 20% bias, Cr
concentration.
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At 473 K, instability on point defects has become prevailing for all sizes we have considered.
As discussed, the instability was not observed at 773 K for 1e22 m~2 sink density in any sizes.
However, this instability is seen at 473 K for 1€22 m 3 sink density at the dose rate of le-4 dpa/s

with 10% bias in 100 nm (see Fig. 4.76).
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Figure 4.75: Effect of sink density on the steady-state concentration profiles of Chromium in a
100 nm at le-2 dpa/s a) 1% bias, Cr concentration b) 10% bias, Cr concentration ¢) 20% bias, Cr
concentration.

111



10' - —
10° - - B
0 - —
g \ g
g 1 -
210" a £ 10 f
9 (5}
=1 Q
e g
“ S 100 |
E 3 | oy
£ 10 g
- (5]
2 S0 s
107 — le22m™ - — le22m~?
—0
—— le20m™3 10 — le20m™~
—— lelgm™3 —— lel8m™3
10*17 | | | | | 10*11 | | | |
0 20 40 60 30 100 0 20 40 60 80 100
X (nm X (nm
a) (nm) b) (nm)
107 I I I
10'- -
—0
10— - _
10 - =
g K g
g E 40 i
% 10 11_\ - g 10
(> QL
g 2
o
2 | @] 10_5 - |
= —13 || | [y
g 10 g
=] (*]
£ S o0t —
1075 - — le22m™3 - — le22m™?
S |
—— le20m™3 10 —— le20m—3
— lelgm™3 — lel8m~3
10*17 | | | | | 10711 | | | |
0 20 40 60 30 100 0 20 40 60 80 100
X (nm X (nm
<) (nm) d) (nm)
107 I I I
10' - -
107 - B
0 - =

Interstitial Concentration
5 |
| (( !
I
Vacancy Concentration
=
|

101 —
10713 _
107’ -
10754 — le22m~3_ — le22m~3
—0
— le20m~3 10 — le20m™3 "
—— lel8m~3 —— lel8m™3
10717 | | | | | 10—11 | | | |
0 20 40 60 80 100 0 20 40 60 30 100
X (nm X (nm
e) (nm) f) (nm)
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As shown in Fig. 4.77, for 1€22 m ™3 sink density, the magnitude of depletion of Cr at the
boundary increases with bias in 300 nm. Cr depletion profile for 1e18 and 120 m 2 sink den-
sities with 10% and 20% biases is similar at the dose rate of 5.6e-6 dpa/s. Besides, the vacancy
concentration gradients in the vicinity of the boundary increases, while the interstitial counterpart

decreases with bias.
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Figure 4.77: Effect of sink density on the steady-state concentration profiles of Chromium in a 300
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In Fig. 4.80, at the dose rate of le-4 dpa/s, vacancy and interstitial concentrations shows
opposite trends, as we have seen earlier at 573 K. The anomaly in the dependence of interstitial
accumulation leads to increase in Cr depletion at the boundary. Additionally, it has become more

apparent with bias (see Fig. 4.79).
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Figure 4.79: Effect of sink density on the steady-state concentration profiles of Chromium in a
300 nm at le-4 dpa/s a) 1% bias, Cr concentration b) 10% bias, Cr concentration c¢) 20% bias, Cr
concentration.

115



10 o - 10 " = _
£ g
= k]
% " _l - =
s s
g g
o o]
;‘—é 1074 i E
k| =
10754 le22m=3
— le20m3
lelsm™3 —
10—17 | | | | | 10*6 | | | | |
0 50 100 150 200 250 300 0 50 100 150 200 250 300
X (nm X (nm,
a) (nm) b) (nm)
_ —1
107 I I I 10 "¢ I !
10 - —

Interstitial Concentration
1l
Vacancy Concentration

10 % le22m= — 107 — le22m73 -
—— le20m~3 ] — le20m~3 !
— lel§m~3 - —— lelsm™3 !
10*17 | | | | | 10—5 | | | | |
0 50 100 150 200 250 300 0 50 100 150 200 250 300
X (nm X (nm
) (nm) d) (nm)
— —1
107 | | | 10 ! !
107~ —
g g
k| b
% 10711 _\ | E
9 51
g =]
o \\ 8
= B P
E 107" g
g g
E =
1054 le22m=3 _ 1074 — le22m™3 -
le20 m~3 ] — 1le20m~3 :
—— lel§m™3 [ — lelsm™3 !
10*17 | | | | | 10—5 | | | | |
0 50 100 150 200 250 300 0 50 100 150 200 250 300
X (nm) x (nm)
e) f)

Figure 4.80: Effect of sink density on the steady-state concentration profiles of point defects in a
300 nm at le-4 dpa/s a) 1% bias, interstitial b) 1% bias, vacancy c¢) 10% bias, interstitial d) 10%
bias, vacancy e) 20% bias, interstitial and f) ZOolﬂyllgias, vacancy concentrations.



In Fig. 4.77, we observed that for 1e22 m ™2 sink density, there is an accumulation in Cr
concentration in the vicinity of the boundary. It could be attributed to the anomaly on the point
defects at the dose rate of 5.6e-6 dpa/s in 500 nm. In Fig. 4.78, for 1el8 and 120 m~3 sink

densities, the vacancy concentration increases, while the interstitial counterpart decreases with

bias.
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Figure 4.81: Effect of sink density on the steady-state concentration profiles of Chromium in a 500
nm at 5.6e-6 dpa/s a) 1% bias, Cr concentration b) 10% bias, Cr concentration c¢) 20% bias, Cr
concentration.
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Accumulation in Cr concentration in the vicinity of the boundary in 300 nm (see Fig. 4.77),
begins to lose its persistence at the dose rate of le-4 dpa/s in 500 nm Fig. 4.83. In Fig. 4.84, at
the dose rate of le-4 dpa/s, for all sink density cases, vacancy concentration increases, while the

interstitial counterpart decreases with bias.
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Figure 4.83: Effect of sink density on the steady-state concentration profiles of Chromium in a
500 nm at le-4 dpa/s a) 1% bias, Cr concentration b) 10% bias, Cr concentration c¢) 20% bias, Cr
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Figure 4.84: Effect of sink density on the steady-state concentration profiles of point defects in a
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At the dose rate of le-2 dpa/s, the effect of increasing production bias was lowest on intersti-
tial and vacancy concentrations profile in 5000 nm. Moreover, Cr concentration profile remains
significantly similar for three production biases. (see Fig.4.37 and Fig. 4.38).

At the dose rate of 5.6e-6 dpa/s, changing the sink density have a visible effect on the width
of the Cr depletion layer in 7500 nm (see Fig. 4.86). In Fig. 4.86, interstitial and vacancy

concentrations show strong dependence on production bias.
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Figure 4.85: Effect of sink density on the steady-state concentration profiles of Chromium in a
7500 nm at 5.6e-6 dpa/s a) 1% bias, Cr concentration b) 10% bias, Cr concentration ¢) 20% bias,
Cr concentration.
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Figure 4.86: Effect of sink density on the steady-state concentration profiles of point defects in a
7500 nm at 5.6e-6 dpa/s a) 1% bias, interstitial b) 1% bias, vacancy c¢) 10% bias, interstitial d)
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With the increase in temperature from 473 K to 773 K, the mobility of defects increases.
Therefore, the recombination rate of vacancy and interstitials increases in response to temperature.
A higher recombination rate reduces more vacancy, and hence, the gradient of vacancy in the
vicinity of the boundary decreases. Moreover, our investigation shows that sink density affects
Cr concentration in the vicinity of the boundary. More interestingly, its effect increases with the
production bias and size, and therefore the width of the Cr depletion layer is widened.

On the other hand, a decrease in the sink density leads to an increase in vacancy gradient in the
vicinity of the boundary, causing an increase in Cr depletion. Therefore, radiation damage becomes
more severe near the boundary. Additionally, anomaly related to the accumulation of interstitials
causes opposite trend on point defects. The beginning of this instability is attributed production
bias. Production bias breaks the symmetry of the balance of point defects leading to non-uniform
bulk recombination and non-uniform losses to surface/boundary, which ultimately bring about
distinct steady-state profiles. We observed that this instability does not appear in 100 nm with
production bias at the dose rate of 5.6e-6 dpa/s and 773 K. However, it appears effectively in 100

nm with production bias at the dose rate of 5.6e-6 dpa/s and 473 K.
4.6 Comparison with Experimental Data

We compared the results with the available experimental data in the literature [49]. At 773 K,
sink density of 1€20 m~3 and 5.6e-6 dpa/s parameters is considered. Also, the average grain size
is taken 145 pm as in experimental results. The experimental study indicated that RIS profiles
show distinguished varieties as a function of the grain boundary character. The coherent boundary
has a low interaction with vacancies, and hence grain boundary behaves as a weak defect sink.
Therefore, Cr depletion is reduced at the boundary. On the other hand, the incoherent boundary
has higher Cr depletion and behaves better defect sink than the coherent boundary. In our model,
we treated the boundary as a perfect sink for point defects, fixing point defects at their thermal
equilibrium values at the boundary. Consequently, the model results shows better agreement with
the incoherent boundary. Furthermore, experimental samples were irradiated with heavy ion irra-

diation, and hence heavy ions create highly dense cascades, leading to high bias. It can be seen that
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10% bias captures this qualitative behavior considerably well. Fig. 4.87 depicts model predictions

for the case of 145 pm grain size and comparison with the available experimental data.
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Figure 4.87: Model predictions for the case of 145 pm grain size and comparison with the available
experimental data.

Here, the boundary is assumed as an ideal sink, enabling interstitials and vacancies to be imme-
diately annihilated when they reach the sink. Thus, defect concentration near the sink is equivalent
to the thermal equilibrium values. However, the boundary condition affects the sink efficiency [60]
[61]. Also, Cr concentration may change from boundary to the boundary in materials under the
same irradiation [49] [60] [62]. Evaluating the sink differently may provide a better agreement

between RIS and grain boundary structures at different temperatures.
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5. SUMMARY AND FUTURE DIRECTIONS

5.1 Summary

To better understand radiation-induced segregation in Ni—Cr alloys, spatially resolved rate-
theory approach is employed. The calculations performed to estimate the rate equations for the
alloy atoms and point defect concentrations for different irradiation conditions. We applied the
production bias model (PBM) to investigate radiation-induced segregation and its effect on radi-
ation damage. In this model, defects concentration profiles are consistent with the void denuded
zones which cannot be described in terms of the conventional rate theory model. The balance
equations for point defects and alloy atoms were solved simultaneously using a fully-coupled and
fully-implicit scheme implemented in the Multiphysics Object-Oriented Simulation Environment
(MOOSE) framework, considering the combined effects of dose rate, temperature, grain size, sink
density, and defect production bias. Simulations have been conducted and compared with the
available experimental data to validate the model.

The present study makes noteworthy contributions to the dependence of RIS on size, production
bias, and temperature. Our results show that the accumulation of interstitials and the depletion
of vacancies in the vicinity of the grain boundary consistent with void denuded zones. We also
demonstrate that the magnitude of enrichment/depletion of Ni/Cr at the boundary increases with
size, and the width of the enrichment/depletion layer also increases with size. Furthermore, as the
temperature decreases, RIS becomes more apparent with higher segregation of Ni and depletion
of Cr at the boundary as the production bias increases. It is also noteworthy to the point that RIS
shows dependency on the irradiation type and conditions. Changing the sink density tends to alter
the width of the enrichment/depletion layer of RIS. Moreover, when surface and size effects are
considered, qualitative differences in the irradiation response of materials to different irradiation
types are expected. Here, we proved that, in addition to its known dependence on material and

size/microstructure, the surface/boundary sink strength is dependent on irradiation type.
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5.2 Future Directions

In the current model, the boundary is assumed as an ideal sink. As a result, vacancies and
interstitials are annihilated when they reach the sink. Thus, defect concentration in the vicinity of
the sink is equivalent to the thermal equilibrium concentration. However, as we discussed earlier
boundary conditions affect the sink efficiency.

Also, our results show that irradiation damage has become more severe at the boundary at
low-temperature. This could be attributed to the uncertainties associated with interstitial diffusiv-
ities at low temperatures. Therefore, RIS model will require more accurate Ni and Cr interstitial
diffusivities determination.

We will include a modified boundary condition that considers defect annihilation kinetics to

improve the agreement with the experimental data for future work.
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