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Abstracts

Historically a rate theory is one of the most favorite modeling methodologies to simulate the radiation
effects on structural materials for nuclear reactors. The easy usability of rate theory, caused by various
simplification, could help many researchers to grasp fundamental the understanding. However,
simplification in rate theory gives not only easy accessibility but also inaccurate information. Various
effect such as alloying element, stress, and cascade effect were neglected because lattice distortion
could not be directly considered. Hence, in this paper, to overcome the simplification of rate theory,
two approaches had been applied to enhance the performance of the rate theory. In the first approach,
detail behavior of defect, which is derived by the state of art simulation tools, were adopted in
diffusion coefficient under the stress and alloying element condition. In the second, cascade effect on

sink annihilation was considered by a fitting method from the experimental observation.

The stress effect on interstitial diffusivity also recently studied by MD simulations. C. Kang and M.
Banislaman show that migration energy of interstitial and its clusters is reduced by applied stress in
iron. Hence in this study, irradiation swelling, and creep is predicted by considering the recent
calculation result. In ultra-long fuel cycle condition, hoop stress could be nearly up to 600 MPa. By
MD simulation it was observed that diffusivity of interstitial has 8.437x10”° ¢cm?®/s at 873 K. This

value was 11 times higher than non-stress applied condition (7.414x 10 cm?/s).

In detail, M. Christensen reveals that Nb decreases the interstitial diffusivity nearly 1/5.64 at 500 K
and 1/5.88 at 700 K with 0.5 % Nb in zirconium. Also, the same method was applied to account the
Sn effect. Sn shows the high dependency with temperature and relatively less effect than Nb.
Interstitial diffusivity is decreased about 1/4.05 at 500 K and 1/1.38 at 700 K with 2.5 Sn. This
information was adopted in rate theory and then irradiation growth was predicted. By adding 0.5 %
Nb in cold-worked zirconium, 0.2 % strain is obtained whilst cold-worked pure zirconium shows
nearly 0.3 % strain at 10 dpa. Since there was no experiment about irradiation growth of Zr-0.5Nb,

Zr-2.5Nb experimental result was compared with simulation results.

In case of cascade annihilation of sinks, there is no study including theoretical method. However, by F.
Garner, it was experimentally observed that network dislocation density of iron-based alloy is
saturated nearly 10'' cm” no matter how fabrication process is applied to the specimen. Hence by the
fitting method, sink annihilation rate by cascade is adopted in rate theory. As results, irradiation
swelling rate is decreased by nearly 30 % compared with non-considering the cascade annihilation of

sink case.



Until now, three representative types of rate theory were developed in the research area of radiation
effect; these are SRT, CDM, and PBM. In case of SRT and CDM, there is no big difference except the
consideration of cluster number density. However, there is a large gap between PBM and SRT/CDM

because 1-D reaction kinetics, caused by mobile interstitial cluster, is accounted in PBM.

Since the purpose of this dissertation is an improvement of scientific understanding of the RIDI
behavior within rate theory frames, there was attempting to verify the stress and alloy element effect
between SRT and PBM in zirconium, and between CDM and PBM in iron. However, unfortunately, in
case of zirconium, PBM could not be carried out because many parameters for cluster such as
migration, formation, and binding energy are not discovered. Hence, stress and alloy element effect
were verified only in SRT. In case of an iron-based alloy, since there was significant progress about

study of defect behavior, stress and alloy effect could be examined in between CDM and PBM.

There was also a conventional way to account the stress and alloy element effect. To improved
scientific understanding, the result of the conventional method and results of this work are compared
in the discussion chapter. Therefore, the result of this study could enhance the fundamental
understanding of radiation effect on structural materials because various effects were considered

within various rate theory frame.
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I Introduction

I.L1  Research background:

In nuclear engineering history, aluminum, zirconium, and iron are firstly considered as cladding
materials. Until now, these materials are still used for cladding because the properties of each material
are optimized in various aspects. There were numerous attempts to development a new advance alloy
system over the 70 decades. As a result, Oxide dispersion-strengthened alloy, high entropy alloy,
functional grade materials and Sic composite are considered as candidate materials for cladding of
next-generation nuclear reactor. However, despite these efforts, there are limitations to replace the
conventional materials by new alloy system because verification is needed to confirm that new alloy
system could maintain adequate properties such as ductility, compatibility, weldability, toughness,

mechanical, corrosion resistant, irradiation resistant and thermal conductivity.

In this circumstance, a fundamental understanding of the radiation effect on conventional materials
could be a valuable study in an engineering point of view. Among the various radiation effects on
materials, Radiation-Induced Dimensional Instability (RIDI) is one of the most important factors for a
design principle. Therefore, the objective of this thesis dissertation is the improvement of the
scientific understanding of the RIDI behavior of cladding and structural materials in various reactor

conditions for the development of a prediction model of RIDI.

In specifically, the RIDI behavior of zirconium and its alloys were investiged for pressure tube
condition in CANDU reactor. In case of iron and its alloys, environmental condition were assumed as
that of Fast Breeder Reactor (FBR). Irradiation growth and creep of Zr-2.5Nb pressure tube determine
the life of the CANDU reactor. Hence simulation result of this study could contribute to the safety
analysis of CANDU rector with fundamental understating. Not only zirconium and its alloys but also
iron and its alloys are important issued as cladding materials in FBR. Hence this study could

contribute the safety analysis of cladding materials.

Until now, many types of researches about RIDI have been carried out. There are significant progress
about rate theory including the development of Production Bias Modeling (PBM) [1], Diffusion
Anisotropy Difference (DAD) [2], and Cluster Dynamic Modeling (CDM) [3]. Nevertheless, there is
no general model to explain RIDI because too many parts of defect behavior remain with un-known.
In detail, the scientific understanding of defect reaction kinetics should be defined in various
environment situations. However, only limited information about alloy element and stress effect on

defect behavior is revealed in irradiation situation. Moreover, cascade effects on defect generation or



sink annihilation had not been studied extensively. Hence in this study, to grasp the improved the
fundamental understanding, RIDI was calculated by combining between various rate theory and the

recent results of state of art simulation tools.



1.2 First discovery of RIDI

The first historical discovery of RIDI is from the fissile material such as uranium and plutonium.
Radiation-induced anisotropic swelling was firstly confirmed in uranium rod in the 1950s and then
subsequently degradation of cladding materials was also found in 1960s [4]. Before the radiation-
induced degradation is discovered, those kinds of the phenomenon are already predicted by Wigner
who is famous for the symmetry principle in quantum physics physic. It was an obviously predictable
phenomenon because the high energy particle destroys the lattice ordering [5]. In order to confine the
characteristic of uranium deformation, a single crystal of uranium metal was tested. Form the test
results, it was confirmed that the uranium matrix is elongated by <010> direction and shorten by

<100> direction.

Subsequently, irradiation creep and growth of cladding materials were discovered and then other
structure materials for nuclear power plants could gain research interest. In the early 1960s, RIDI of
iron-based materials was firstly confirmed by an experiment. In 1967, the swelling phenomenon of
stainless steel was firstly figured by Cawthorne [6]. From a few nanometers up to more 150

nanometers, the cavity was founded by an electron.

In case of fuel materials, the degree of radiation damage is much more severe than cladding material
because not only neutron but also fission fragments bombard the lattice ordering. Hence irradiation
swelling is unavoidable phenomena in nuclear fuel system [7]. However, in the case of cladding
materials, depend on based metal, the volume could be conserved, i.e. irradiation swelling could not
occur. By experimental observation, it was confirmed that there are three representative dimensional
changes by radiation in cladding materials [8]. Those are irradiation growth, swelling, and creep.

These dimensional changes are classified by volume and stress.

1. Irradiation growth is volume conservative distortion without applied stress;
2. Irradiation swelling is the isotropic volume expansion without any applied stress;
3. Irradiation creep is the volume conservative distortion by the applied stress.



[.3  Abrief history of development of cladding materials

The first modern type cladding was an aluminum alloy in Chicago pile-3 (CP-3) because aluminum
has fairly good properties as structural materials at low-temperature condition (However, the poor
corrosion properties of aluminum lead to its replacement at CP-3 condition) [9]. The advantages of
aluminum as structural materials include low mass density, low neutron reaction cross section, high
thermal conductivity, and high specific heat. Hence aluminum cladding is still used for research
reactor condition. However, irradiation swelling occurs, and heat conductance is decreased by the

accumulation of radiation damage.

The iron-based alloy was chosen as cladding material because chrome element could increase
corrosion resistant with high mechanical strength in high-temperature condition. From the
experimental result of Chicago pile-1, researchers confirmed that neutron chain reaction could be
sustainable and controllable. And then, researchers focus was moved on the development of a new
type of reactor, where fissile materials could consistently be generated for its power resource, i.e.
breeding of fissile materials. As result concept of FBR was developed. Since one of the most
important characteristics of FBR is using the fast neutron, cladding material is exposed in a harsh
radiation condition. SS 316 shows severe irradiation creep and swelling behavior. Depending on
materials properties, irradiation swelling occurred from 5 % to 30 %. Which give motivation for the
researcher to develop a new iron-based alloy. Subsequently advanced iron-based alloy is developed
for cladding candidate materials in FBR. Since in the FBR condition, cladding candidate materials
must maintain corrosion resistant property and reasonable mechanical strength, ferritic martensitic
stainless steel was chosen for cladding material. As results, various type of high chrome steel were

tested in Experiment Breeder Reactor-II [10]. HT-9 maintain its dimensional integrity until 200 dpa.

Early in 1970s navy admire H. Rickover designed the Pressurized Water Reactor (PWR) system to
prevent sodium and water reaction in seawater [11]. Simultaneously, the Kroll process was developed,
and then nuclear grade pure zirconium could be generated. Hence nuclear graded zirconium-based
alloys were chosen for PWR because of excellent corrosion resistant and high neutron resistant
property. After the 1970s, FBR program lost its driving force and then PWR became most dominant
nuclear reactor, hence, a research about the zirconium cladding materials had been overwhelming
more than 4 decades in the cladding research area. However, despite their excellent properties as
structure materials, unlikely iron-based alloy, zirconium has anisotropy properties as hcp structure

hence zirconium shows irradiation growth and creep.



[.4  Anisotropy materials: Zirconium alloy

The typical RIDI of anisotropic materials (i.e. zirconium or titanium) is expansion in the a-direction

and contraction in the c-direction, i.e. irradiation growth.

The research history about irradiation growth of zirconium is started by Buckely who firstly suggest
quantitative irradiation growth mechanism by the atomic move in 1969 [12]. After that, principle
researches had been done by Fidleris [13] and Adamson [14]. In 1980s irradiation growth are
systemically organized researched extensively by Northerm Research Laboratories (NRL) of Atomic
Energy Authority in UK (UKAEA). For the understanding of the environment (fluence and
temperature) effect on zirconium, three key parameters (temperature, fluenece and materials
properties) are controlled by researchers [15-18]. In detail, experiment had been done by varying the

interest factor while other factors are fixed.

Specifically, to figure out the texture effect on the growth mechanism, researchers examined the
irradiation growth of single crystal. After the analysis of single crystal data, polycrystalline zirconium
and its alloy were also researched with same environment condition. To maintain consistency of

neutron spectrum, irradiation tests were carried out by same reactor, i.e. DIDO reactor

From these experiments, quantitative information was obtained by major parameters. Moreover, sink
morphology change is researched by microstructure analysis, and then the qualitative mechanism was
suggested. Up to now, several experiments of irradiation growth and creep also have been done for

pressure tube [19].



.5  Isotropy materials: Iron-based alloy

For isotropic materials, irradiation swelling is typical RIDI behavior because 3-D vacancy sink is
generated, i.e. void nucleation and growth. There is three distinguished regimes for irradiation
swelling. First stage is void nucleation stage. In this stage, there is no swelling because the relaxation
volume of cluster is very high. However, after this stage, void growth induced the high swelling rate
with exponential form. In the finally stage, steady-state volume expansion occurs because sink density

1s saturated.

Historically, RIDI of iron had been independently researched by many different laboratories in various
countries such as U.K, France and U.S.A etc. Representative researchers and laboratories are
E.Allittle of UKAEA in UK [20], D.S. Gelles of Hanford Laboratory, F. A. Garner of Pacific
Northwest National Laboratory in USA [10, 21], and D. Gilbon & P. Dubuisson of CEA in France
[22].

Unlike zirconium alloy, there was no systemically organized experimental project for iron-based alloy
because iron-based alloy has many different phases with various alloy composition and fabrication
process. Hence, many laboratories independently investigate the environment or manufacturing effect
on RIDI of the iron-based alloy. With this tendency, void swelling of the iron-based alloy was
examined by alloying element, fabrication process, and environment conditions. For example, the
swelling degree was simply researched by depending on Cr concentration or temperature change or
degree of cold work. Also, austenite and the ferritic material are directly compared to figure out why
ferritic steel has high swelling resistance rather than austenite steel. Lately, it was revealed that the
relaxation volume of bce ferrite for self-interstitial is larger than that of fcc austenite. Large relaxation
volume means unstable configuration and it induces high mobility. Specifically, it is believed that
migration energy of vacancy in bcc iron has only 0.55 eV whilst that of fcc austenite lattice has 1.4 eV

[23].



1.6  History of radiation effect modeling

Like any other theory, the history of rate theory is started from the experimental observation.
Development of fission reactor gives chance to think about radiation interaction with materials. In
detail, to understand RIDI phenomena, point defect reaction with solid are studied. As result, Kinchin
& Pease and NRT model were suggested for the quantification of defect generation. And then, rate
theory which is based on mean field approximation was adopted to predict RIDI. Mansur [24] and
Sizmann [25] are compressively organized the point defect reaction mechanism. Temperature and
fluence effect on dimensional instability were calculated and analyzed. Since the reaction kinetics
between the defect and lattice atom is the heart of chemistry, it was natural that rate theory was

adopted to explain irradiation degradation.

However, in this formulation, which is based on point defect modeling, various radiation-induced
phenomena could not be explained. For example, high swelling rates in low dislocation density, void
swelling near grain boundary, and void lattice formation. The new approach had been introduced by
Woo and Singh to solve these problems. At the first time, the migrating dislocation effect was only
considered. In this approach, interstitial clusters are the only generation and assumed vacancy cluster
are annihilated. Hence this model is named by production bias method. However, it was revealed that
interstitial cluster is mobile itself. Hence 1-D reaction kinetics have been developed and the more
realistic formulation is suggested to replace the traditional rate theory. Although, there were some
limitations of the PBM frame, i.e. swelling saturation or void lattice ordering, Barash and Goloubov

attempt to solve those limitation [26].

Before Mansur and Sizmann summarized and generalized the rate theory, theoretical model of general
reaction kinetic is already developed for various application such as stellar system and biosystem.
Reaction probability could be derived from general reaction kinetic, and then rate theory could be

established. Hence particle reaction kinetics, the central idea of general reaction kinetics, is reviewed.

1.6.1 Particle reaction kinetics

After observation of severe RIDI in cladding materials, rate theory became the most powerful
approach to understand the RIDI. As particle reaction kinetics is the basis of rate theory, prediction or
analysis of radiation defect behavior totally depend on calculated results from particle reaction such as

capture efficient and diffusivity.

Until the 1950s, particle reaction kinetics had been exclusive properties of physics of chemistry or

bioengineering. However, after observation of severe radiation degradation of dimensional instability,



this particle reaction kinetics became the most powerful research tool for prediction or analysis of

radiation defect behavior.

The first quantification approach published in 1917 by Smoluchowski and then Waite expanded his
accomplishment with elegant expression [27]. Gosele and Woo are most representative researchers in
reaction kinetics of irradiation defect [2, 28]. Gosele found the generalized reaction formula of
radiation defect. After several years woo development methodology to reflect diffusion anisotropy of
non-cubic structure by changing the normal coordinate system. Also, He successfully predicts
irradiation growth and creeps phenomena base on Gisele's works. Diffusion anisotropy effect on
defect reaction with each type of sinks was systemically organized. Hence behavior of dislocation
loop which is representative radiation sink in zirconium materials had been analyzed with a change of

dimensional instability.

The reaction between the extended sink and mobile defects is one of a special case in particle reaction
kinetics. Hence reaction probability is the most generalized problem and important concern of
reaction kinetics. From Fick’s second law to Smoluchowski boundary condition, simplified
mathematical treatments are well organized. Particle concentration is one of the most important result
which calculated from reaction probability. In the non-production situation, Concentration is simply
decreased isotopically to the other molecular. In the non-cubic system, reaction kinetics need to be

modified probability density
1.6.1.1 Formulation of particle reaction kinetics

In 1957 Waite formulate the general equation for reaction kinetics in condensed materials system [27].

Reaction probability was expressed by define probability distribution as follow

Pai(Bj) (ra, t;15)dV, /V Equation 1.6.1

Where pg;cgjy is probability that A; is in the volume element dV, at 7, t giventhat B; isat rp
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From this problem, a general solution is derived with complicate mathematics by the change of

Cartesian coordinate and new variable

ac, 0C .
a_; = a—: = 4nr¢DCICY pij(r,t) Equation 1.6.4

There is three representative boundary condition, one is about equilibrium probability, two is an initial

condition, third is reaction radius condition:

pij > 0ast -0, Pij(r; t=0)= h(r):,oij(r =715 t)=0 Equation 1.6.5

Therefore, the unique solution to this problem is (Cg = C,)

L ) R N Equation 1.6.6
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Therefore, the unique solution to this problem is (Cg # C,)
(cd-cd)ch
Cy = 5 Equation 1.6.7
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1.6.2 Defect reaction rate theory

The simplest defect rate equation was made by Sizmann [25], from this balance equation model, it
could be calculated that defect concentration in a matrix which could be expressed by three terms. K,
is defect production rate. It could be calculated from Gpygr term by considering cascade relaxation.
K;, is recombination rate which mean vacancy and interstitial are combine and go to perfect lattice
atom, the last term K, & K;; means that total sink strethe ngths of all the extended defects in the

material. C; and C, are defect concentration of interstitial and vacancy. And CI is total sink

strength of matrix.



dc,

Z=v_K _K.CC -K CcCCT Equation 1.6.8
dt o w 1 v Vs v s

ac, =K - K.CC -K.CCT Equation 1.6.9
dt o w 1 v s 1 s

Defect rate equation is the mathematical expression of radiation-induced defect quantity and quality.
Hence quantification of radiation-induced defect concentration is the essential part of theoretical
irradiation growth modeling. Therefore, defect rate equation is must need to irradiation growth

modeling. It is researched from uranium to structure materials.
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11 Problem statement
II.1 Limitation of radiation damage quantification

All of radiation-induced phenomenon (creep, segregation, growth and swelling) could be
characterized by two classified parts. The first part, which is called as primary radiation damage, is
occurred below than 10" sec [29]. In this time scale, radiation-induced cascade is created and
recovered. This part composed with two sequences. The first sequence could be only explained by
collision theory because neutron has high energy and speed. In detail, the interaction between neutron
and matrix generate the primary knock on atom (PKA). And then PKA interact with the other atom in
the lattice matrix. And then, secondary knock on the atom, ternary knock on the atom are generated.
This phenomenon seems like quite simple. However, lately it will be dealt with NRT model in the
next section, the interaction between atoms is a complex mechanism which includes all radioactive
phenomenon such as electron excitation, Compton scattering, and photoelectronic effect etc. In view
point of displacements, the energy which is not used for displacements could be referred to as
inelastic scattering. And then in the second sequence, cascade relaxation or cascade cooling
phenomenon is occurred from 10! sec up to 10® sec when most of the defects are annihilated. The
difficulty to calculated survive defect is similar to that of the first sequence, because cascade
relaxation is also too fast, and the atom is fluctuated in a various potential field. In this sequence, the
most defect will be directly or spontaneously annihilated to stabilize each atom’s energy state because
atoms are entangled. Hence the quantification of surviving defect is the hardest part in radiation
damage research and study. Therefore, research about quantitative analysis of RIDI would be valuable

work only if each part could be calculated by probable approach and methodology.

The second part is thermal migration of defects which phenomenon is occurred from 10, In this
region, rate theory finally could be used for RIDI. Recombination, clustering, and sink absorption and
& emission occurred by a thermal diffusion mechanism. The relatively second part has been
researched many years than first parts hence many research results are compiled with a systemically

organized approach.

The Defects concentration could be characterized by time which criteria was firstly suggested by

Sizmann. In Figure II.1.1. the reaction mechanism is visualized by time sequence.
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Figure I1.1.1 Visualization of the reaction mechanism of each time sequence
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II.1.1 Primary radiation damage

There are many factors to occur the RIDI, the fundamental input parameters are environment
variables. Hence the irradiation effect on materials could be analyzed by three environmental
parameters (fluence, stress and temperature) and materials properties. Among these three parameters,
the fluence is a most important parameter in radiation damage because it is the origin all of radiation-
induced phenomena. Hence to quantify the primary radiation damage, the neutron spectrum is
fundamental input information. And then, finally, radiation damage could be quantitively expressed by
using threshold energy and collision theory model, surviving defects could be calculated. There are
various models for radiation damage from NRT to Kinchin and Pease. Nowadays NRT model is most

accepted in world-wide.
II.1.1.1 Limitation of Neutron spectrum calculation

To calculate the primary radiation damage which is occurred up to 10™"" sec, firstly neutron fluence
should be quantified by neutron spectrum. However, this information is beyond of material science
and engineering. The neutron spectrum could be calculated from the research group of the nuclear
reactor physic. There are many codes for neutron physics which in include McCARD and MCNP.
Fortunately, these codes also use Monte Carlo transport method and the calculation result is very
accurate. Therefore, it is obvious that the discrepancy of radiation damage between reality and

simulation does not depend a neutron spectrum.
I1.1.1.2 Limitation of Threshold displacement energy (TDE)

Next step to calculate radiation damage is derived the threshold displacement energy (TDE). TDE is
minimum energy to generate defect. This value is change depending on the material. By considering
TDE and neutron spectrum, finally, radiation damage could be quantified. However, it is not an easy
way to determine the exact value of TDE. The state of art technic to calculate the exact value of TDE
must consider all parameters such as the direction of PKA, thermal vibration, and cell size of
simulation etc. This methodology is well described in B. Mosab’s paper [30]. However, only TDE of
pure materials could be calculated and there is no comprehensive study about TDE. Hence world-

wide literature study is needed.
I1.1.1.3 Limitation of NRT model

In 1972, NRT model was proposed and until now this model is using as international standard [31]

13



V(T) =%(NRT) Equation I1.1.1

d

Where E is the total energy of the PKA, Se is the energy lost in the cascade by electron excitation, Eq
is damage energy. From the above equation, a total number of defect created by PKA could be
deduced. And then dpa could be derived by dividing by a total number of the atom. However, to
calculate over all neutron effects, we have to calculate the average cross section of the neutron
spectrum. Below equation is about the average neutron cross-section.

7 ¢
6, (E)= [0, (E,T)v(T)dT = [0, (E,.¢)v(T)dQ Equation I1.1.2

T ¢

op(E;, T) is the probability that a particle of energy E; impart a recoil energy T to a struck lattice
atom, v(T) = the number of displaced atoms. After calculating the average cross section of the

various neutron spectrums, finally, total number of the defect could be calculated.

E

R, = N[¢(E)o,(E,)dE, Equation IL1.3
E
E

Grr = Njé(Ei)GD (Ei )dEi Equation II.1.4

E

where N is the lattice atom density, ®(E;) is the energy-dependent particle flux, op(E;) is the
energy-dependent displacement cross-section. This equation could be simplified after some
mathematical calculation. In these days, SPECTER code [39] is most widely used by many

researchers.

As referred, all-atom interaction mechanism which includes all radioactive phenomenon such as
electron excitation, Compton scattering, and photoelectronic effect etc are hard to be considered.
Hence simplification of NRT model is the main problem. Mechanism of the neutron and matrix is
complex to analyze. There is four mechanisms (elastic, inelastic, (n,y), (n, a)) to occur displacement.
However, there is no tool to analyze all reaction kinetics. In MD simulation, neutral collision kinetics
could be calculated but, ionic interaction is neglected. In the case of SRIM code, electron excitation
could be considered but neutron interaction does not consider. Hence the simplification NRT model

should be modified by considering all reaction kinetics.
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I1.1.1.4 Limitation of quantification of cascade relaxation

As referred, radiation damage is classified as two parts. In second phase, most of the defect is
recombined by the corruption of cascade and thermal recombination. However, until now, these
phenomena are not systemically organized. There are too many energy groups in the neutron spectrum,
grouping method and functional analyze are an essential part. The similar approach or methodology
could be fined in neutron physic because neutron physics researcher should use various grouping
method to calculate the neutron reactivity. However, in case of neutron physics, reactivity is so much
important for a nuclear reactor to maintain sustainable fission reaction, hence unlikely radiation
damage research, it was systemically organized. Even if it obvious that organizing the primary
radiation damage is the major problem of rate theory, there is no research group which has enough

capacity to generate the cascade recombination phenomenon.
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II.2 Limitation of rate theory

Traditionally, the modeling of RIDI was derived by simplified rate theory based on diffusion’s limited
reaction and MD simulation [32]. Technically depending on three factors i.e., sink density, defect flux,
and bias factor, RIDI is calculated. However, various assumption and limitation is still a barrier to
understand the fundamentals of radiation effect on materials. Especially, limitations of rate theory are
clearly revealed when it compared with MD simulation about reaction kinetics. Among the various

limitation, major issues are treated in this section.

I1.2.1 Mean-field approximation

First, the rate theory is based on a deterministic method based on the mean field which means that rate
theory could not consider the heterogeneous generation and growth of sinks and defects in the matrix.

Hence sink size and morphology are uniform and stochastic sink development could not be accounted.

The second limitation is about bias factor or capture efficiency. Obviously capture efficiency is not
constant because sink morphology and density are changed, and other environments are applied.
However, until now, there is no research about bias fact, which could consider the all variation.
Obviously, all researcher also assume that capture efficiency is constant. Despite this recognition,

there was no general approach or systemically method to analyze capture efficiency.

Third, modification of diffusion coefficient in stress applied condition is needed more sophisticated
analytic treatment. In Braisford model, stress-induced diffusion coefficient is calculated by ideal
volume of lattice atom and applied stress [33]. Although the more theoretical approach is already
developed by Woo and Gosele for prediction of irradiation creep [2, 34]. These study results have
never been verified. Moreover, there is no theoretical study about bimolecular reaction kinetics in a
radiation environment after Woo’s study. Recently ab-initio simulation takes the place the position of

this analytical method [35].

Lastly, the role of the alloy also un-clear in rate theory. From experimental results, it was clear that
alloy has an effect on irradiation swelling and growth [36]. As stress effect, diffusivity
characterization could be a solution to this problem. However, few literature studies about alloy effect

on defect diffusivity had been carried out [37].
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I1.2.2 New research trend for limitation of rate theory

Not only rate theory but also various simulation tools were adopted to analyze the RIDI. Molecular

dynamic simulation, ab-initio and kinetic Monte Carlo simulation are representative simulation tools.

Alloy element and stress effect is a region where new methodology application could be effectively
used. In case of MD simulation or first principle method, each atom position could be detected. Hence,

near the alloy element, point or cluster defect could be analyzed their displacements.

In rate theory, single diffusivity value is adopted to express the point defect diffusivity. However, until
now this value is adopting by fitting the experiment result or only useful for the pure metal. Hence
recently point defect diffusivity is calculated by using MSD. It was revealed that Nb act trap for
interstitial hence its diffusivity is dramatically decreased in zirconium. Just as an alloy element case,
stress effect on diffusivity could be clearly confirmed by MD simulation. In this case, also the MSD
method is used for calculating the diffusivity of point defect. One thing is different is only strain
commend is added in input script. In this case not only point defect case but also a cluster defect could

be analyzed by C.W. Kang’s results [37].

Although, significant progress of computer simulation performance (i.e. MD simulation and ab-initio),
rate theory is still a favorite option to simulate radiation effect on materials because this method can
give an instinctive understanding of irradiation behavior with short computation time. Moreover, scale
of simulation time and simulation length is large enough to satisfy the engineering point of view
whilst other simulation method still need a lot of limitation of time and length scale. Therefore, it is

important to organize the pro and cons of each tool’s characteristic.

In conclusion, since rate theory must use average value in a various terms such as defect generation,
recombination rate, and sink absorption rate, hence each term should be verified by MD simulation or
ab-initio method. However, it is hard to calculate that each term characteristic because there are too
many things, which has to be considered. For example, to calculate absorption rate of just one type of
sink, such as dislocation, not only direction of dislocation but also stress applied degree should be
considered with various alloy element effect. However, the only limited human and financial resource
could be available to consider all parameters effect with organized test matrix. Therefore, fragment
knowledge on the specific condition where MD simulation or ab-initio simulation have been adopted,

should be organized, summarized and combined for rate theory.
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1 Rationale and Approach
1.1 Research goal

This chapter describes the research goal and approach. For life extension and improved safety analysis
of cladding candidate materials in nuclear reactor condition, my research aims to establish the

physical model.

Until now many experimental fitting models are used for safety analysis. However, these modelings
have fundamental limitation without an experimental database. Moreover, to suggest the new idea for

radiation resistant materials, the physical model should be an essential part.

There were many attempts to explain radiation damage and effect by the physical model. However, as
referred in introduction and problem-statements chapters, there is blank part to filled with new results
which are calculated by new methodology and tools such as MD simulation, kinetic monte carlo and

ab-initio method.

Not only new methodology but also traditional rate theory has been developed to explain various
phenomenon such as void lattice ordering, the high swelling rate with low dislocation density and

high swelling rate change depend on grain boundary.

Therefore, in this study, state of art results about specific topics such as stress effect or alloy effect on
defect behavior and cascade effect on defect generation will be adopted in advanced rate theory.

Finally, calculated results will be verified with other simulation results or experimental results.
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III.2 Research tools

Historically, quantitative evaluation of defects generated by neutron irradiation has been
internationally carried out. Unfortunately, sixty years ago, there was no generalized tool for
quantitative analysis. Hence quantitative evaluation of primary radiation damage and sinks

development were calculated by using an analytic equation.

For this reason, theoretical evaluation of nuclear materials has been developed since the 1960s and
various studies have been conducted to derive fundamental mechanisms for various phenomena that

have not been clarified yet.

Rate theory is the most important results of the theoretical study. Reaction probability was calculated
by solving the diffusion equation. In rate theory, defect generation, recombination and absorption rate
could be derived. At firstly only point defects were considered and cluster defects were neglected. As
referred in introduction chapter, Mansur [24] and Sizmann [25] systemically organized the fluence,
temperature and sink effect on materials in an early stage. Recently rate theory had been developed

up-to CDM and PBM to consider the cluster defect behaviors [1, 38].

However, even theoretical and analytical method could give hint to interpret radiation damage and
effect phenomena, many studies about the predicting the life expectancy had been carried out through
the experimental results rather than theoretical approach because the theoretical basis still has a lot of

immature parts.

Nevertheless, this certain limitation, the reason of why much research on the degradation behavior has
been made on the theoretical basis is there is no way to directly examine the high-level radiation
effect on microstructure in an experimental manner. Although there are few studies about the in-situ

observation of radiation effect on materials in low temperature with electron source [39].

Hence, recently, state of art simulation tools are adopted in the field of nuclear materials society, i.e.
ab initio, MD, and kMC, which are recognized as key to solve the limitation of rate theory [40, 41].
These three methodologies could cover the microstate of atomic behavior, which rate theory could

never consider.
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[1.2.1 Cluster dynamic modeling

The fundamental of rate theory, which is including approach and methodology, are well-described in
Fundamental of radiation materials science [8] and Brailsford papers [32] where reaction kinetics
were summarized, and reaction probability is calculated by SRT. In this chapter, simple characteristics
are represented. The SRT is not integrated method, number density is needed as input data. Hence to
derive number density of sinks, i.e. vacancy and interstitial cluster, the master equation should be
extended up-to unlimited number. There is two representative methods to obtain cluster distribution.
The one is Kritani method [42] which is originally to calculate the vacancy distribution in quenching.
The other is Goloubov method [43] to consider transmutation effect on cluster effect. Unfortunately,
these methods are needed specialized numerical ODE solver and simulation time. However, the form

of the master equation itself is simple as following equations.

% =K,-K,C,C,-> p,ZiC,D, +(E} + B} )Cy + E} C; + E} C,, Equation I11.2.1
G _ - fa g 5, 2 gl g Equation I11.2.2

3
O Gy, S PO HE BN (B B) e, Bawtion 1123
ds;,- :ndea ffl +[3i3c3i —(ﬁj +[3i4 +E?)C4,- Equation 111.2.4

Where Cyp, or xi IS vacancy or interstitial cluster concentration in the iron matrix (cm~3), K, is the
defect generation rate (cm~3s~1), which means vacancy and interstitial are combined to be a perfect
lattice atom. Gqp, is the cluster defect generation rate (cm™3s71), fX is the fraction of cluster, 7 is
the cascade efficiency, K;; is the recombination rate (cm3s™1), p, is the density of sink of n type in
the iron matrix (cm~2), Z% °7 ! is the vacancy or interstitial bias factor of sink on n type in the iron
matrix, which is a dimensionless number, [ is the point defect absorption constant, E is the point
defect emission constant, p,, is the density of a specific sink such as dislocation line, dislocation loop,
and void. Figure I11.2.1 and Figure I11.2.2 show the fundamental mechanism of cluster dynamic theory.
Each cluster could be growth or dissolved by absorption of point defect.
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Figure I11.2.1 Schematic of cluster dynamic modeling

Hence defect concentration equation of any size cluster (it is denoted by m size cluster) could be
understood as shown Equation IIL.2.1. If m-1 size cluster absorbs same type point defect, it will be m-
size cluster. In case of m-size cluster, any absorption or emission of point defect will decrease the

concentration of m-size cluster.

Point defects are absorbed

e 0 0 00 00

Point defects are absorbed Point defects are absorbed
and emitted and emitted
in m+1 cluster in m cluster

Figure I11.2.2 Schematic of cluster evolution
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The physical meaning of the first term on the right hand of Equation III.2.1 is defect generation rate;
the second is recombination rate; the third is the vacancy absorption rate of any sink in the iron matrix;
the rest term is about cluster growth and dissolve. In Equation II1.2.2, first term show cluster
generation rate and the rest term represent cluster behavior. The rate theory of vacancies follows the

same method as that of interstitials in Equation II1.2.2 ~ Equation I11.2.4.

Among these various terms in the Equation II1.2.1, sink absorption rate is the most interesting factor
in the point of view to calculate dimensional instability because it determines the accumulation rate of
defect on the sinks. The integral of accumulating defect rate to sink directly induced dimensional

instability in mean field rate theory assumption.

I1.2.2 Production bias modeling

As referred, simple rate theory, i.e. CDM was not enough to explain some phenomenon. It was
obvious that a new approach is needed. In 1997 Singh published the paper which is well formulated
and organized about cascade effect on microstructure [1]. After then, various papers about the reaction
kinetics are published. For example, in 2000, Goloubov summarize these limitations and explain the
discrepancy between bcc and fcc structure [44]. However, there is no big change in 1997’s frame.
Therefore, the original frame of Singh’s paper in 1997 is still important and enough to understand

core ideas.

The key idea of Singh’s paper is the mobile interstitial cluster is generated and reacted with other
sinks. Hence the modified master equation of simple rate theory is necessary. Moreover. the new
equation about mobile interstitial cluster should be formulated. The theoretical basis of the one-
dimensional approach is described in Borodin’s work approach [45]. The noticeable point in Singh
approach is that only the mobile interstitial cluster and sink reaction was considered in Equation
11.2.7.
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ddctg ~ K, (1)~ D,C k> Equation I11.2.7

here ¢, is the mobile interstitial number density concentration, K, is the generation rate of mobile

interstitial, D, mobile interstitial diffusion coefficient and k? sink strength. In the Equation II1.2.7

b - mpd . N 2 +o.N, Equation I11.2.8
£ 4 1(2R,-1)

here d,ps is effective interaction diameter, R, is grain radius, [ is the distance from the grain

equation about sink strength is

boundary, o, are the cross-section clusters with size. From the Equation III.2.7, master the equation
should be modification because mobile interstitial cluster has always positive effect on interstitial

cluster number density whilst mobile interstitial cluster has negative effect on vacancy cluster.

dC,
dt

=K+ ﬁix_lcx—li _(ﬁ:{ + ﬁix + sz ) Cxi - ﬁlj\[/llTCxi + ﬁ;\;;g C(x—xg)i Equation 11.2.9

here B,y is absorption rate of mobile interstitial cluster with extended sinks. As shown in Figure

11.2.3.
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Figure I11.2.3 Schematic of production bias modeling

II1.2.3MD simulation & First principle

The thermal dynamic is about equilibrium. In the past, there is no way to precisely analyze the atomic
behavior. But by creating the concept of entropy, the phase of materials is predicted hence all kind of
thermal dynamic approach is based on experimental results. Nowadays, the research trend turns from
the thermodynamic to kinetics, because of development of first principle method. As implied by the
name, the first principle needs nothing from experimental results because the first principle is the law
to consist the all of matter in the universe. However, in order to solve the wave equation for electron
structure, the various assumption should be applied, moreover, many-body problem needs a lot of
computer simulation power. Nevertheless, ab-initio and MD study give a lot of information about
atomic behavior which has never revealed before. Therefore, nowadays, we are in the phase transition
of academic tools for analyzing the materials behavior. In the past, thermodynamic is only ways,
however, nowadays first principle and MD simulation are the major issues in nuclear materials
academia. Specifically, radiation-induced phenomena are occurred in wide time and length scale
because neutron has high energy. The range of time scale is started from femtoseconds to decades and
the range of dimensions is started from the angstrom to meter scale, that has more than 13 orders of
magnitude. Therefore, to accurate analysis of atomic behavior, MD simulation and ab-initio tools have

to be used.

MD simulation is about the solution of Newton equation which about the position, velocity, and
acceleration. By using the initial positions and potential field, find the lower energy states with a
small-time interval. What makes MD simulation to be important is methodology or algorithm to solve
the many-body problem and computer capacity which makes MD simulation is possible. In the past,
the idea is already has been suggested. However, there is no way to solve many-body system without
a computer. Not only algorithm and computer capacity but also potential is the most important factor
in MD because, without potential, MD is useless. Recently potential is calculated by the first principle

or is fitted by experimental results.

To calculate the interatomic potential of the atom, the first principle had been suggested. This method
is a memorial invention which is developed form the state of art physical model. There are many
underlings physic and mathematic to consist the first principle method. The art of this simulation is

not just solution of wave equation, but, the various logical assumptions to solve wave equation. Wave
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equation itself is not a hard problem because it is second order PDE which solution is well known.
However, wave equation is only available in a simple case such as hydrogen model. In case of
transient metal, there are so many electrons exist hence variable is too many. There is history to solve
the complex system. However, this modeling development is out of this study range.

III.3  Approach and Method

In rate theory, RIDI was calculated by reaction probability between defects and sinks hence sink size
and number density should be derived. Traditionally sink strength is a useful concept to calculate the
reaction probability and it induced sink size change. In this section, it will be explained that how to
derive the sink strength and how to connect between RIDI and sink strength. Finally, as referred in
problem state chapter, traditional calculation of sink strength could not consider the stress and alloy

effect. Hence in this section, methodology to consider the stress and alloy effect is described.
II1.3.1 Definition of the diffusion

Before to derive sink strength, it is necessary to define the diffusion coefficient because what is dealt
with in this study is almost kinetics of atomic behavior. Before directly derive the diffusion coefficient
in 3-Dimension, it is easy to derive in lower dimension, i.e. 2-Dimension. In 2-Dimension, one point

can move each step &, hence if let x,, be position of after the k'th step then

Xp =Xp_1 %8 Equation TIII.3.1
the average value of each step will be zero, hence by using mean squared position
x2=x2_, +48x;_1 +48% = x2_, + 452 Equation 1I1.3.2
from the above equation, displacement from zero point could be expressed

2
x2 =6n6*=4 (6—> t = 4Dt Equation II1.3.3
T

therefore, diffusion coefficient can be defined as a tool for expression the displacement in a mean
square position. Now, turn into a 3-Dimensional problem, it is very simple because mean square

displacement is linearly increasing with time
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2
x:=6n6°=6 <6—> t = 6Dt Equation II1.3.4
T

II1.3.2Normal distribution of particle

It must be easier to understanding sink strength if normal distribution is understood. Because both
problems are dealing with second-order PDE. There are many ways to solve second order PDE. There
is a general solution and specific solution. As literature, the general solution is a most general way to
solve PDE. From this method, it could be determined that the solution is existance or not. However, in
this study, the only specific solution will be treated because the general solution is needed furrier
transform which is beyond of this study scope. As shown in Figure II1.3.1, Fick’s second law is a

second order PDE problem.

1 r?
P(r) =———exp| - 1Dt Equation III.3.5
(4nDt)2

Diffusion equation(second order linear PDE)

oc _ 2%
dt = dx?

y H q_x’
B al

* How to second order linear PDE could be change by ODE form

-

* To use dimensional analysis, we must consider all the parameters that control
the solution.

* Table summarizes the dependent and independent variables for our problem.
there are m =5 parameters and n = 3 dimensions. dimensionless groups was
suggested in order to simplificationt; = f (1)

Table 1.2. Dimensional variables for one-dimensional pipe diffusion.

c .
m = M/(A /Dt) dependent Varlable Variable Dimensions
X . d d . bl dependent variable C M/L3
T[Z - VDt L epen ent variable independent variables M/A l\l/L‘”’
M x D e
= — — | Wi = D x L
C=-=f ( _Dt) heren = x /N Dt t :

Figure I11.3.1 Problem of 1-dimension diffusion
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To obtain the normal distribution of some particle position, a new variable is suggested, and the

separation of variable technic is used. Finally, particle concentration could be derived.

General form of joint probability
* Consider the six-dimensional hyperspace formed by the combination of the
Cartesian laboratory coordinates of Ai and Bj

. ac
* Chainruleto compute —

ac_ o[ M M af oy
F \/_f(n)] at[A \/_]f(n) YNt

(e Ay oy
NAN tfr, A\/_c')n( Zt)_ZAt\/m f ”an

. . a%c
* Similarly, we use the chain rule to computeﬁ as follows

0°c_ 9 (2 M of o o%f
et~ {W[A\/_f( )]} f%[x/ﬁﬁﬁ ADr\/_f()_
ac 9%c

Lo _poic M MN_p_M_ o*f
Tat Dalx2 - 2At\/ﬁ(f+nan) - DADt\/ﬁf(n) an2

Figure I11.3.2 Solution of 1-dimension diffusion problem
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II1.3.3 Sink strength

As shown in the normal distribution problem, traditional method to describe the atomic behavior i.e.,
kinetics is mass conservation equation [8]. Sink strength is also derived the same methodology. Defect
generation, loss, and diffusion term are expressed as the balance equation. depending on the geometric
characteristic of sink case, the coordinate system should be changed as cartesian, spherical, and
cylindrical system. In the case of the void, as shown in figure expressed as spherical system whilst

dislocation has a cylindrical system.

(Defect flux at x) — (Defect flux at x + Ax) + (Rate of defect generation) =
(Rate of change of the defect of the element)

. AC
Volume element Jr—Jrsar + K =—

At
Void

Defect flux

]r_]r+Ar+ K — AC
AAr AAr  AtAAr

1]r_']r+Ar ; _AC
A ar TREE
1/, — .
lim —Jr ZIreardy p gy 26
411 Ax—-0A  Ar At—0 At
L )
. ]r_]r+Ar _ a] _ 0 ac
AlalcTo Ar ~or  or (DA ar)
10 ac . dC ;
S (DA +k=— Cartesian
Ad or ot  coordinate system
10 aCc_ . 0C Spherical
L (Dr2— = .
r2or or ar) Tl dt coordinate system

Boundary condition

Figure I11.3.3 Spherical mass balance system for void sink strength

Since PDE problem is not easy to solve, it was assumed steady-state condition. Hence PDE problem
converts into ODE problem. Fortunately, second-order non-linear homogeneous ODE is a well known
problem hence solution to this problem is well described in the textbook of engineering mathematics.

the solution is

Ky 2R*(r—=R) Eeuat
= L _ quation IIL.3.6
C(r) = Cg 25 R (r* = R?)]
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(Defect flux at x) — (Defect flux at x + Ax) + (Rate of defect generation) =
(Rate of change of the defect of the element)

. AC
| , < | Focus of red circle Jr =Jrsar + K = T
1cm| ¢
l ./\‘ ]r_]r+Ar+ K _ AC
Dislocation line * VOlume element AAr AAT' — AtAAT'
Dislocation line 15— A
r — Jr+Ar A
“ A ar kTR
1= Jriar 1 AC
r T & [ i
)
. ]r_]r+Ar_a] _ 0 ac
FAr AlalcTO Ar ~dr  or D4 ar)
I I oC_ . 0C Cartesian

(DA +k =3¢ coordinate system

oc_ . 0C Cylindrical

10

Aor
10 B
7 ar Pra) =50 coordinate system

Figure I11.3.4 Cylindrical mass balance system for dislocation sink strength
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I11.3.4The connection between sink size and RIDI

Radiation-induced dimensional instability in cladding materials is mainly caused by defect and sink
reaction. Hence RIDI could be fully explained with sinks growth and nucleation behavior. Before to
directly consider the various effect (i.e. stress and alloy) on rate theory, the relationship between RIDI

and sink size was reviewed to verify its methodology.

From traditional reaction mechanisms which are well explained in the previous section, diffusion’s
limited reaction is applied to calculate defect abortion rates. Hence, sink size could be derived by sink
strength and which means that atom is accumulated at a certain type of sink. Since atomic
accumulation is directly proportioned with dimensional change, RIDI could be simply calculated by

sink size change.

There is various type of sinks such as void, dislocation, and precipitation etc. For the sake of
simplification, these representative irradiation sinks are classified as disk and sphere. From blow
equation, sink number density and sink change could be derived. To calculate all defect absorption

rate from each sink, total number density has to be derived. Total number density is

Paisk = 2r Yaisi N gisk Equation 1IL.3.7

Poia =Py =N§ph Equation II1.3.8

Here, r4is, and Ngis are the radius of sink and number density of sink, which has disk
morphology. From these density equations and sink strength equation, reaction probability of defect

and sink or total defect accumulation rate could be calculated

as, _ 0. ( 7'DC -7Z'DC ) Equation 111.3.9
dt‘ X X 1 1 X v v

here, S, is the total number of defects in sithe nk, Z. °" ¥ is the vacancy and interstitial bias factor of
any given sink, C, ,, ; is vacancy or interstitial concentration in the iron matrix (cm~3), D, ,, ; is
the diffusion coefficient of vacancy or interstitial in the matrix (cm2s™1!). Since interstitial and
vacancy are recombined at sinks, reaction rate should be expressed by net defect flux (ZLD;C; —
Z7D,C,). (In Eq., interstitial flux is positive and that of vacancy is negative for interstitial net defect

flux. However, the type of net defect flux could be changed by sink type i.e., void will be expressed
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by vacancy net defect flux because void is composed by vacancy).

As assumed, there is two types of sink. In case of a disk type of sinks such as dislocation line and loop,
it induced the irradiation creep and growth. If defect diffusivity is not biased, irradiation creep and
growth do not occur. However, in case of zirconium, diffusion is biased as DAD hence irradiation
growth occurs without external stress. In case of stainless steel, irradiation creep is only occurred by
external stress. Therefore, irradiation growth and creep could be calculated by the general equation of

strain rate. The equations are

7 = pbv Equation II1.3.10
t

2571). In this equation, most

where, € is the elongation (cm), and v is the dislocation velocity (cm™
import parameter is dislocation velocity which physical meaning is exactly same of defect flux (i.e.

reaction probability between defects and sinks). Hence the equation of dislocation velocity is

V= l(Z:/D<C< —-zDC ) Equation I11.3.11
b 1 1 1 v v v

Therefore, from that equation, irradiation growth and creep are calculated. In case of irradiation

swelling, it could be calculated as below equation

ar =Qdnr, ,(z/D,C,—z/D.C) Equation I11.3.12
dt Sp v v v 1 1 1

From Egs., not only dimensional instability but also microstructure characteristic, i.e. number density
and radius of sink can be calculated. Although microstructure can’t be fully explained in detail, the

average radius of the sink would be derived as below equation [32]:

@ﬂ_ﬂ(

="=(Z
dt

sph

DC -7

'sph

DC ) Equation I11.3.13

’rvph

In case of disk type, the total number defect in disk type of sinks is used to drive change of radius.
This method is well-described in a previous work [46]. Therefore, the equation for the radius of a disk

type of sink is below.
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Equation
Fase =S/ TN ) FFFFFFFFIIL 3. 14

II1.3.5 Stress effect on RIDI with the traditional method

It is worth noting that stress-induced preferred dislocation loop nucleation and growth has been
already considered. In 1973, Brailsford simply showed that irradiation creep and swelling will be
explained by two mechanisms, i.e. stress induced preferred nucleation (SIPN) and stress-induced
preferred growth (SIPG) [33]. However, in this study, SIPN was not considered because it was
revealed that SPIN has little effect compared with SIPG.

In the preview section, RIDI is formulated by using the net defect flux which is the origin of RIDI.
Hence in applied stress condition, defect absorption equation should be modified to consider the stress
effect by adopting SPIG. Specifically, SIPG was accounted by modifying the reaction probability

between defect and sinks.

To modify reaction probability, the SIPG mechanism should be reviewed. Firstly, it was developed to
explain the diffusional creep mechanism in thermal creep behavior. Brailsford borrows this concept
and then applied irradiation situation. In the thermal creep mechanism, especially in diffusional creep,
stress effect was accounted by modifying the bulk defect concentration (equilibrium concentration). In
detail, bulk defect concentration would be changed by depending on the direction of applied stress.
This is the key idea of diffusional creep mechanism. In tensile stress field, bulk vacancy concentration

will be decreased as blew equation.
3
C/'=C° exp(—ﬂ) Equation I11.3.15
\4 \4 kT

In 1972, Brailsford uses the concept of diffusional creep. Bulk defect concentration was assumed that
it is affected by the emission of vacancy from sink to free matrix. Hence bulk defect concentration has

a negative effect on vacancy absorption rate to sink.

The difference between diffusional creep and Brailsford’s irradiation model is the consideration of the

interstitial atom. In his model dislocation loop growth was explained by stress preferential induced

attraction (SPIA).

32



Therefore, Brailsford just combine two phenomena. In traditional diffusion creep equation, it can be
interpreted that vacancy is simultaneously absorbed and emitted by sink. Therefore, vacancy

absorption rate, which considers stress effect, should be expressed more precisely as below equation.

- J J ;
A =zDC —z/DC! Equation 111.3.16

Here, CJ is the bulk defect concentration near the sinks, C_ is the bulk defect concentration, and b
is the Burgers vector (cm) hence vacancy absorption rate decrease with increasing of the bulk defect
concentration. From this equation, SPIA is could be expressed as below equation by considering

interstitial flux and bulk defect concentration which is reflect stress effect on creep.

J=p,(z/DC -z DC,+zD,C)) Equation 111.3.17

Unfortunately, this Brailsford approach does not account the vacancy formation from the free matrix
which has a positive effect on vacancy absorption rate. Moreover, one thing remained which is not
considered in Equation II1.3.15 is stress effect on the diffusion coefficient. It is obvious that self-
diffusion is a function of applied stress. However, until now, the stress effect on defect diffusivity and
defect generation in the free matrix were not considered. Those phenomena are important especially at

high temperature which is SFR condition.

In this study, to account the stress effect on diffusivity, activation energy is modified as same approach

method in diffusional creep model.

ob’

_) Equation II1.3.18
kT

D, = D] exp(-

Here, D, is the vacancy diffusion coefficient in stress applied condition, DJ is vacancy diffusion
coefficient in non-stress applied condition. This kind of approach was already adopted in zirconium

and its based alloy [2]. However, this approach was not extended to iron and its based alloy.
II1.3.6 Stress effect on RIDI with a recent method

To establish the sink strength in the previous section, the defect absorption rate is calculated by
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solving the isotropy diffusion equation. However, to consider the stress effect, reaction probability has
to be modified as the anisotropy diffusion equation. It is not a simple task to generate and solve the
anisotropy diffusion equation. Therefore, in the traditional method, sinks are characterized as two-part
depending on stress direction. In the recent method, the sink will be treated as two parts depending on
stress direction. However, there is the difference between traditional and recent method, that is

diffusion tensor. From diffusion tensor, more accurate analysis become a possible.

As discussed in previous section, MD simulation is powerful tool and stress effect on diffusivity did
not consider. Hence stress effect on diffusivity could be calculated by MD simulation. Fortunately,
recently, many MD simulation has been conducted to account the various effect on defect behavior.

C.W. Kang and M. Banislaman is most representative researcher [37].

The most important progress on stress effect on diffusivity in MD simulation is an analysis of cluster
behavior. In non-stress applied condition, cluster diffuse in an arbitrary way. However, in applied
stress condition, clusters diffuse in one diction. In the traditional approach, only point defect behavior

could be analyzed, hence this information is much valuable information.

Not only qualitative information but also quantitative data could be obtained by following the
trajectory of atom position. From this information, Mean Square Displacement (MSD) could be

derived to obtain the diffusion tensor.

1I1.3.7 Alloy effect on RIDI with the traditional method

Alloy plays many roles in metallurgy, i.e. improve mechanical, physical, and, corrosion properties.
Specifically, in cladding materials, alloy improves the radiation resistant properties. There is two
mechanisms that alloy effect on metal properties, i.e. alloy change the defect diffusion behavior and

make precipitation, which acts as a trap for point defect and mobile dislocation.

However, in the early stage of nuclear engineering, there is no research tool to analyze the alloy effect
on defect diffusivity. Hence only precipitation effect could be treated because precipitation could be

observed by experimental equipments such as TEM or SEM.

During the process to optimize the cladding materials, the iron-based alloy is chosen from austenite
steel to ferritic-martensitic steel. Meanwhile, it was revealed that precipitation reduced the irradiation
swelling. To explain this phenomenon, one assumption was suggested that precipitation play neutral
sinks. In detail, it was assumed that precipitation could provide recombination site as a point defect

trap because precipitation is not composed with a lattice defect, but it composed with other alloy
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elements and a different structure. What means is if interstitial is absorbed nearby precipitation,
compressive potential field is generated and then vacancy is absorbed favorably. This mechanism

could be applied for vacancy absorption nearby precipitation.

Therefore, the bias factor of precipitation should be changed by considering net defect flux. This kind
of approach is well-described in Brailsford’s paper [47].

, DC .
4 =—— Equation I11.3.19

This traditional method could explain why precipitation improves the irradiation swelling. However,
all alloy element does not form the precipitation. Solution-state of alloy play on the improvement of

RIDI needs state of art simulation tools.

I1.3.8 Alloy effect on RIDI with a recent method

Recently by using first principle and MD simulation, the reaction between defects and alloy have been
revealed. The materials design company is the most advanced research group in this study region. Not
only point defect but also the stability of extended defects which is affected by alloy had been
researched. Nb effect on interstitial diffusivity in Zr-Nb was simulated and express as MSD [35].
Firstly, in first principle simulation, one lattice atom is extracted and then the alloy element is created.
By relaxation process, each alloy element characteristic could be expressed by each energy state such

as formation migration and binding energy.

Alloy play not only substantial but also an interstitial role. Hence alloy is inserted in any interstitial
site, and then same type information of could be revealed. Form this result, MD simulation could
simulate the relationship between point defect and alloy. Finally, it was confirmed that interstitial

diffusion by MSD

I1.3.9Cascade effect on defect generation rate and sink density

Not only defect generation rate but also sink density was affected by cascade annihilation. Garner
show the experimental evidence of cascade annihilation effect [48]. In case of solution annealed
materials, it could be analyzed that neutron bombardment only increase the sink density. However, in
case of 20% cold-worked specimen, sink density is decreased by radiation damage. Hence both
mechanism of defect generation and annihilation should be considered in rate theory. The modified

rate equation is needed for consideration of cascade annihilation. The modified equation is expressed
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as shown as Figure II1.3.5. Defect generation and sink strength is modified from normal equation.

From the experimental result, sink annulation rate (¢ ) could be derived.

dc dc

¢ = Ko = KiyCiCy = KusCuCJ 2 = Ko=Co) = KinCiCy = (KusCuCJ' = Ci)
dc; dc;

7 = Ko = KiCiCy = KisCGiC{ 7 = (Ko=Co) = KiCiCy — (Kis CiCJ = i)

Figure I11.3.5 Modified master equation by considering the cascade annihilation of sink

36



1.4 Computer code implementation

The python 2.0.7 language is used for the rate theory modeling [49]. In detail, python library module
(Scipy) is used to solve the simultaneous ordinary differential equation, i.e. master equation of the rate
theory [50]. Generally, Scipy module is used to solve the linear algebra, integration, special functions

and image processing with efficient numerical routines.

Among the various module in Scipy, the scipy.integrate.odient is numerical integrate a system of
ordinary differential equations in Scipy routines. From this system, the defect concentration could be

integrated by numerical method.

To adopt the scipy.integrate.odient, time step function should be defined. In scipy.integrate.odient,
integration time step is defined as “array” in python. Hence in this study, time step was defined by
using “for” statement. Interval of time was given as 0.25 (0.25, 0.50, 0.75...). The region of time was
defined that irradiation damage started from the 107 to 10°. Since time is accounted from 107,
primary radiation damage did not consider. Hence defect generation rate was input parameter in this

study.
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Scipy.integrate.odient in python

Input parameters

| Time step (107 ~ 109) |

{ Sink strength }

Single crystal

\

Dislocation loop

Dislocation line

f

Polycrystal

Dislocation loop

Dislocation line

Grain boundary

7

Defect concentration

Interstitial

Vacancy

7

Irradiation growth strain

Figure II1.4.1 Schematic diagram of code implementation
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IV Results — Zirconium and its alloys
IV.1 The methodology of irradiation growth modeling

In case of zirconium, irradiation growth and creep are two representative RIDI mechanism. To
eliminate the texture effect, irradiation growth was firstly simulated from a single crystal, and then
polycrystal is examined. To calculated irradiation creep, stress was considered by modifying the
diffusion coefficient. Finally, the alloying elements effect was simulated. The detail approach method
and equations were introduced in rationale chapter. Hence in this chapter, the equation for specific

systems (such as single crystal and polycrystal) are briefly described.
IV.1.1Rate equation of single crystal & polycrystal

In case of single crystal zirconium, dislocation loop and dislocation line are the main sinks in the
matrix. Hence, sinks in the defect rate equations could be simply composed by dislocation loop and
line. The initial dislocation line density was obtained from experimental observation as shown in
Table IV.2.1. Each sink is characterized by <a> and <c¢> axis because the origin of irradiation growth

was assumed as DAD phenomenon.

dC .
d;V = Ko _Kivqcv - pilpZi\l}pCva - pvle:leva - pde;pCva - pde;vaDv Equatlon V.1l

dei i v i i :
df =K,-K,CC, - pilpZilpCiDi —PuZC:D,; — pdedeiDi — P ZaC.D, Equation IV.1.2
p:qu +05 +27Z7;N} +27Z71]\/; Equation IV.1.3

where K, is defect production rate. K;,, is recombination rate which mean vacancy and interstitial are

combine and go to perfect lattice atom. p;, Pap, Pvip  and pgp are each sink density. Zl-i and

lp
Zjj, are interstitial and vacancy bias factor of interstitial loop, Zép athe nd Zg,, are interstitial and
vacancy bias factor of dislocation line, Z.;, and Z2,,. , are interstitial and vacancy bias factor of
vacancy loop, Zéb and Zj, are interstitial and vacancy bias factor of dislocation line. Cs; and Ci,
are defect concentration of interstitial and vacancy in single crystal matrix, D; and D, are the

diffusion coefficient in the matrix.
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The first term on the right-hand side of Equation I'V.1.1 is the defect generation rate; the second is the
recombination rate; the third is the vacancy absorption rate of <a> interstitial loops, which are parallel
to the prism plane; the fourth is the vacancy absorption rate of <c> vacancy loops, which are parallel
to the basal plane; the fifth is the vacancy absorption rate of <a> dislocation lines, which are
perpendicular to the prism plane; the last is the vacancy absorption rate of <c> dislocation lines,
which are perpendicular to the basal plane. The master equation of vacancies follows the same method

as that of interstitials. The constants are listed in Table IV.2.1.

In case of polycrystal zirconium, not only dislocation loop and line but also GB should be considered
as the main sink in the matrix. Therefore, the rate equations are more complex than a single crystal

case. Using single crystal defect rate equation, defect rate equation could be simply expressed.

dcci;pv _ dciw _ kj:p ng Cv Dv _ k; Z;?CV Dv Equation IV.1.4
dg;pi :%_k;Z;qul _kébZ;bCil)i Equation IV.1.5
kéb =6x \/; / dgb Equation IV.1.6

where C,; and Cp, is defect concentration of interstitial and vacancy in polycrystal matrix. kf]p and
kf]b are grain boundary sink strength. Z;']p and Zg, are interstitial and vacancy bias factor of grain
boundary in prism. Z;']b and Zg, are interstitial and vacancy bias factor of grain boundary in basal

plane.

In the polycrystal equation, the sink strength of the grain boundary was calculated using Brailsford
and Bullough’s method. The constants are listed in Table IV.2.1. it is assumed that the dislocation line
density does not change because dislocation loops absorb all the defect flux. The loop number density
is hard to calculate by a theoretical method because there is no general equation for loop nucleation
and growth equation under radiation. Therefore, the experimental value of the loop number density

was used.

As described in Equation IV.1.4 and Equation IV.1.5, vacancy dislocation loops in the prismatic plane

are not considered in this study because the consideration of co-existence of vacancy and interstitial is
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needed to modify the fundamental assumption of SRT. Since SRT assumes that all sink is
homogeneously distributed, and these sinks receive same defect flux, the expression of co-existence
of vacancy and interstitial dislocation loops are neglected in this study. However, since the reaction
probability was calculated by SRT using average defect flux value of each sink, vacancy loops in the
prismatic plane could be neglected without having any problem in the situation where the sinks are

distributed homogeneously.
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IV.2 Fundamental parameters

The experiment of irradiation growth has been done many researchers after Buckly [12]. From these
experiments, qualitatively mechanisms are suggested by using microstructure analysis and then,
defect rate theory is used to the calculation of defect concentration for quantitatively modeling.
Historically, Hesketh [51] and Carpenter [52] set up firstly theoretical growth modeling by experiment
database. After that, theoretical modeling base on rate theory developed by Dollins [53], Fainsteins -
Dedraz [54], MacEWEN [55] and Bullough [56] who adopt rate theory. However, these papers,
published in the 1980s, had two limitations. First mobile defects are only composed only point defect.
Second point defect has isotropic diffusion. From these assumptions, calculation results could not

fully explain the microstructural characteristic.

In the after of 1980s, noticeable theoretical modeling paper is about to sink strength in zirconium was
published by Woo [2]. He considered difference of the interstitial diffusion coefficient <a> axis and
<c> axis. Therefore, the bias factor could be developed at each sink in the zirconium matrix. Until

now this modeling gives a fundamental base with PBM approach in the growth research area.

Recently, a computer simulation was developed, and theoretical analysis was advanced. From these
evolutions, irradiation growth modeling is researched again to fundamental understanding. Christien
[57] had been theoretically modeled with Frenkel pair three diffusion model in a single crystal. And
after that Golubov [58] also predict with theoretical modeling in a single crystal with PBM modeling.
More specifically, in Christien work, he assumed that main sink is dislocation loop and line. <a>
elongation occurs by <a> dislocation loop growth. <c> shortening occurs by agglomeration of
vacancy loop. From Christien an equation, irradiation growth result show good agreement of
experimental data. In case of Golubov, elongation is calculated by account reaction kinetics of 1-D

interstitial cluster in steady state.

To simulation irradiation growth, basic parameters are adopted from these literature studies. The
diffusion coefficient is the most important parameter as a fitting parameter. Hence, from the Christien
study, the value of the diffusion coefficient is adopted. The bias factor is adopted from Woo’s
researched. The experimental result such as dislocation number density is accounted from Northwood

study as shown in Table IV.2.1.
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Table IV.2.1 Input parameters

Reference/
Input parameter Symbol
comment
Defect generation rate G dpas™ 107 [16]
Recombination radius Ty cm 107 [57]
Burgers vector b cm™ 3.23 x 10° [59]
2 -1 -17
Diffusion Vacancy D, cm's 3.0 x 10 [57]
coefficient INTERSTITIAL o} cm? st 1.0 x 10° [57]
<a> loop Pip cm’ 2mr;N; [58]
<c>loop Dulb cm’’ 2nr,N, [58]
Single: 7.25 x 10° [36]
<a> dislocation line Pap cm?
Sink Cold: 20 x 10’ [36]
t th
Streng Single: 2.25 x 10° [36]
<c> dislocation line Dab cm™
Cold: 5 x 10’ [36]
<a>GB (kep/2) cm™ 6 X \/p +dgp [60]
<c>GB (kep/2) cm 6 X \/p +dgp [60]
<a> loop Aup Constant 0.5 [53]
<c>loop Aup Constant 1.0 [53]
Average <a> dislocation line Agp Constant 0.5 [53]
strain
factor <c> dislocation line Agp Constant 1.0 [53]
<a>GB AGBp Constant 0.5 Assume in this work
<c>GB AGBp constant 0.5 Assume in this work
<a> loop Ziilp Constant 1 [61]
<c>loop Zh, Constant 0.586 [2]
<a> dislocation line Zép Constant 1.56 [2]
Bias factor :
<c> dislocation line Zyy Constant 0.586 [2]
<a>GB Ziy Constant 1.56 [2]
<c>GB Zgp Constant 0.586 (2]
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IV.3 TIrradiation growth modeling of single crystal

The strain rate is determined not only by defect flux but also average strain. The concept of the
average strain was first suggested by Dollins. Before this concept was suggested, irradiation growth
was assumed to be directly proportioned with the growth of dislocation line and loop size. However,
dislocation has each directionality. Since depending on dislocation direction, irradiation growth

should be changed.

IV.3.1 Average strain value for single crystal

In Dollins’s work, the direction of dislocation loops and lines was accounted to calculate the
irradiation growth of a single crystal in any given direction. As shown in Figure IV.3.1, depending on
the directionality of dislocation loop, irradiation growth could be changed. For example, if the
dislocation is growth in b; direction, there is no strain change in the perpendicular direction of b;.

Since dislocation loop is randomly distributed, average stain value is deduced by 0.5.

<c> dislocation

%2 loop

uonedo[sip <e>

<a> - axis

<a> GB K

Figure I'V.3.1 Schematic of main sinks in zirconium by SRT

Hence, from this quantitative analysis, irradiation growth by dislocation lines and loops could be
expressed in terms of an average strain value. Therefore, the average strain factor effect was

considered in the irradiation growth equation for single-crystals.
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IV.3.2Strain equation for single crystal

After the definition of average stain value and anisotropy factor, the irradiation growth strain rate was

calculated using the dislocation climb mechanism.

d_g = pbV Equation IV.3.1
dt
V= %(ZiDiCi ~-Z,D,C, ) Equation IV.3.2

where € is the elongation (cm), p is the dislocation density (cm™2), b is the Burgers vector (cm), v

2

is the dislocation velocity (cm~2s™1), and z; and zv are the interstitial and vacancy bias factors of

dislocations, respectively.

Physically, Equation IV.3.1 expresses all the dimensional changes that could explain the creep- and
stress-induced strain. These phenomena occur in one direction. However, irradiation growth occurs in
various directions because the defect flux originates in neutron bombardment. Therefore, this general
equation is limited to the calculation of each sink strain. Because of the anisotropy of the interstitial
diffusion coefficient, the defect flux is specified for each sink. (For vacancies, the diffusion coefficient
is always isotropic because the activation energy is much higher than that of interstitials.) From these

equations, irradiation growth could be calculated for a specific sink type.

The bias factor is also considered to affect the capture efficiency because it determines the reaction
probability of defect and sinks reactions. In an hcp system, the bias factor depends on the DAD
because the crystal structure is anisotropic. Therefore, the detailed irradiation growth equation of a

single crystal is expressed for each sink type:

de” » ,
d; =40y, (lepl)lq — ﬂpl)vCL) Equation IV.3.3
de? ; -
% =4,0, (ZI@I)ZCZ' _Z;DI)VC")) Equation IV.3.4
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de™

7; =P (Zvvzz;qu _ZLZszC;) Equation IV.3.5
de® ; :
Z; — cﬂ;pdb(Zlcﬂ;l)iC; _Z;,D,C;) Equation IV.3.6
dé‘a — dgilp I dg@ Equation IV.3.7
d dt dt
dgc — dgvlb + dgdb Equation IV.3.8
dt dt dt

il d . .. . . . .. . .
where .7, e77, €¥'P, and €2V are the irradiation growth strain induced by interstitial dislocation

loops in the prism plane, dislocation lines parallel to the prism plane, vacancy dislocation loops in the
basal plane, and dislocation lines parallel to the basal plane, respectively, and A;,, Agp, Avip,

and Ay, are the corresponding average strain factors for each sink.
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IV.4 TIrradiation growth modeling of polycrystal

In the growth equation for polycrystal zirconium, the grain boundary sinks and grain orientation
(texture) are considered. Therefore, irradiation growth of polycrystal zirconium is expressed

differently from that of single crystals.
IV.4.1 Anisotropy factor for polycrystal

For polycrystals, the effect of texture (the anisotropy of each grain direction) should be considered in
the strain equation, and then the growth strain rate could be calculated by each sink type. For single
crystals, irradiation growth could be simply expressed by average strain value, the dislocation loop
density because a-axis elongation and c-axis shortening are caused directly by dislocation loops.
However, in case of polycrystal, anisotropy factor is needed to consider the texture because
polycrystal irradiation growth indirectly is proportional to sink radius. F-factor is about the resolved
fraction of basal poles in any given direction. Therefore, by using F-factor, anisotropy factor (G, =
1 - 3Fq) is considered for irradiation growth. For example, if the texture is homogeneously distributed,

F-factor has 0.33, and then irradiation growth will not be occurred because anisotropy factor is 0
IV.4.2 Strain equation for polycrystal

The average strain factor of grain boundaries is also considered after the <a>- and <c>-axis growth
strain rate is calculated to determine the growth in a certain direction. The average strain factor of
grain boundaries is 0.5 because anisotropic grain boundary distribution is assumed for sufficiently

high annealing. Therefore, the growth strain rate equations including the texture are expressed as

défp 2 ' ation

?IAgpkgp(ngl)i z_ngpl)va) Equation IV.4.1
il dp

dgd =G X(dgap I dé‘a +d8§)) Equation IV.4.2

where &4 is irradiation growth strain in the direction of interest of polycyrstal; and &57 are the
irradiation growth strain induced by grain boundaries in the prism of single grain, Ag, are the

average strain factors for grain boundaries in the prism of single grain;

From the anisotropy factor, the relationship between radiation growth of single crystal and polycrystal
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could be defined. In tradition, anisotropy factor was simply calculated by F factor (G0, = 1 — 3F).
However, recent studies reported that irradiation growth of polycrystal could not be simply calculated
by simple anisotropy factor because the difference of each grain orientation induced the grain-
interaction. Therefore, the grain-interaction could make a change of irradiation growth depending

upon specimen texture. Therefore, in this study, grain-interaction accounted from Woo’s research.
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IV.5 Results of irradiation growth modeling

The irradiation growth strain is calculated by the SRT and general dislocation climb equation. The
results for both single-crystal and polycrystal zirconium are examined in terms of the defect
concentration, defect flux, sink strength, and growth strain. The effect of dislocation lines and loops
on growth was verified for single-crystal zirconium. The effect of grain boundaries on growth was
confirmed for polycrystal zirconium. For annealed polycrystals, the grain boundary effect was an
important parameter for dislocation lines and loops. In contrast, the grain boundary effect was
negligible for cold-worked polycrystal zirconium. Finally, for verification, the calculation results are

compared with experimental data.
IV.5.1Single crystal

The defect concentration shows typical low-sink-density behavior in single-crystal zirconium. Initially,
the defect concentration increases because reaction probability is too low to recombine or interact
with sinks. Next, the interstitial defect concentration decreases and the vacancy concentration
increases because of rapid interstitial diffusivity. From this region, the defect reacts with the sink, and
the sink density is changed. Finally, point defects are in a steady state because the production rate
could be compensated by the recombination rate (10* dpa). Figure V.4.2 (a) shows the defect

concentration of single-crystal zirconium.
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Figure IV.5.1. Radiation-induced (a) point defect concentrations, and (b) net defect flux to dislocation loops in

single-crystal zirconium at 553 K
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From the calculated defect concentration, the interstitial net defect fluxes to the major sinks are
calculated. In single-crystal zirconium, these are the <a> and <c> dislocation loops. Figure V.4.2 (b)
shows the interstitial net defect flux to the sinks. The defect flux initially increases at 10 dpa and
immediately afterward decreases up to 1 dpa. In this early stage, net defect flux occurs during a very
short time. Therefore, sinks are not developed significantly, i.e. the effect of initial regime on
irradiation growth is negligible. Actually, the growth is affected in the steady-state net flux region, i.e.
the high-dpa region. The net defect flux to <a> dislocation loops become positive, whereas the that of
vacancy become negative. It is obvious behavior because DAD assumption already indicate that
interstitial defects are accumulated in <a> dislocation loops, and vacancies are reacted with <c>
dislocation loops. In this irradiation growth model, two types of dislocation loops are examined and
calculated. The method of calculating the dislocation density follows that of Barashev. The number
density and radius of dislocation loops are used to calculate the dislocation density. Figure IV.5.2 (a)
shows the number density of dislocation loops. The value of the former is obtained from an

experimental database, and then the radius is calculated using the the total number of defects:

Sv :27”;»]\]\»(qu\» —QCW) Equation IV.5.1

v, = «/(Sv /ﬂ'va) Equation 1V.5.2

where S, is the total number of vacancies in the vacancy dislocation loops. The change in Sv could
be calculated from the defect flux because the reaction probability is proportional to the
circumference of the dislocation loops and the defect flux. The radius of interstitial dislocation loops
can be calculated using the same equation as that used for vacancies. Figure IV.5.2 (b) shows the
radius of the dislocation loops. For interstitial <a> loops, the radius increases dramatically in the early
dpa region. Subsequently, the radius is in the steady state. For <c> dislocation loops, the radius
increases linearly from 3 to 7 dpa. However, there is no general information about the number density
of <c> dislocation loops. The early-stage research presented only the ratio of the number densities of
dislocation loops. Fortunately, the presence of <c> dislocation loops was analyzed by Holt and Gilbert
in order to understand breakaway phenomena. In zircaloy-2, <c> dislocation loops do not appear

before the 3 dpa region.

Figure IV.5.2 (c) shows the change in the dislocation loop density versus the dpa. Initially, the <a>
dislocation loop density increases dramatically, whereas that of <c> type loops increases above <3>
dpa. Next, the density of both types of dislocation loops shows a saturation region. The <a>

dislocation loops are generated by the net interstitial defect flux behavior. However, <c> dislocation
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loops generation and growth are caused by the net vacancy flux. These behaviors exactly follow the
model structure. Discontinuities behavior of dislocation loops is caused by the limitation of the SRT
model. Dislocation loop number density was based on the experimental result. It seems that there is a
discrepancy between the defect concentration/defect flux (shown in Figure V.4.2) and the number

density of dislocation loop (shown in Figure IV.5.2 (c)).
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Finally, irradiation growth can be calculated using the defect concentration and sink density results.
The results are compared with experimental measurements by Carpenter [11] in Figure IV.5.3.
Although the experimental values of the growth strain were higher than the calculation data at 2°° dpa,
the overall growth tendency is similar to that of the experimental database and other irradiation
growth models [7,8]. The modeled result shows a breakaway phenomenon, which is in good

agreement with experimental data.
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Figure I'V.5.3. Modeled and experimental irradiation growth strain in single-crystal zirconium at 553 K

For single-crystal zirconium, dislocation loops have a stronger effect on irradiation growth than any
other sink. Therefore, the strain should be analyzed by dislocation behavior. As described in previous
section, dislocation density depends on the diffusivity, point defect concentration, initial dislocation
line density, and bias factor. Among these four parameters, only the point defect concentration is
dependent variable. Other parameters are independent variable. However, point defect is also
determined at by other three parameters, i.e. diffusivity, initial dislocation line density, and bias factor.
Therefore, fundamental research has to be carried out about the basic parameters such as diffusivity,
bias factor, and initial dislocation density. Hence, in discussion chapter, each parameter is examined to

further understanding.
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In this study, number density of dislocation loops is the obtained from experimental results [17,18].
However, Christien and Barbu theoretically calculate the number density of dislocation loops by
CDM. Nevertheless, those researchers did not verify the number density of dislocation loops with

experimental results.
IV.5.2Cold worked polycrystal

In cold-worked polycrystal zirconium, the defect concentration shows typical high-sink-density
behavior. As in single-crystal zirconium, the interstitial defect concentrations initially increase 10-11
up to 10" dpa. However, in cold-worked polycrystal zirconium, interstitial defect concentrations
initially increase 10'° up to 10? dpa. Next, the effect of the recombination rate can be neglected
because of the high sink density. Therefore, the rate of decrease of the interstitial concentration is
smaller than that in single-crystal zirconium. Finally, interstitial and vacancy concentrations are in a
steady state. Figure IV.5.4 (a) shows the defect concentrations in cold-worked polycrystal zirconium.
The net defect flux to the sinks is analyzed for <a> dislocation lines, <c> dislocation lines, and grain
boundaries. Figure 1V.5.4 (b) shows the net defect fluxes to these sinks. The defect fluxes to sinks
show quasi-steady-state regions instead of peaks, unlike the behavior in single-crystal zirconium. This
phenomenon is caused by the high sink strength (the sink strength is enough to consume the defects at
an early stage). Subsequently, as in single-crystal zirconium, the defect fluxes decrease. After 107 dpa,
the net defect fluxes show a final steady-state region. Finally, these constant net defect fluxes
determine the irradiation growth strain. Therefore, irradiation growth is accelerated by these constant

fluxes to sinks.
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Because the major sinks in cold-worked polycrystal zirconium are dislocation lines and grain
boundaries, three types of the sink are examined. Figure IV.5.5 shows the dislocation line density and
grain boundary sink strength versus the dpa. The dislocation line density was assumed to be a time-
independent parameter. Therefore, the dislocation line density is constant with respect to the dpa.
(Physically, the dislocation line density in cold-worked zirconium is already sufficiently developed.
Therefore, it could not be increased because dislocation lines develop into network dislocations.) The
grain boundary sink strength function depends on the dislocation line density. Therefore, the sink

strength of grain boundaries also constant with respect to dpa.
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Figure IV.5.5. Sink strength in in cold-worked polycrystal zirconium at 553 K

Figure IV.5.6 presents the model results for cold-worked polycrystal zirconium. The irradiation
growth strain of cold-worked polycrystal zirconium is also quite similar to experimental results. In
this case, dislocation line sink effects are dominant. As result, irradiation growth exhibits very simple
behavior, i.e. a linear increase with dpa. The results for cold-worked polycrystal zirconium were
compared to experimental data of cold-worked zircaloy because of an absence of that of cold-worked
polycrystal zirconium data. In cold-worked polycrystal zirconium, dislocation lines are the most

powerful factor in irradiation growth modeling.
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Figure I'V.5.6. Modeled and experimental irradiation growth strain in cold-worked polycrystal zirconium at 553
K

IV.5.3 Annealed polycrystal

In annealed polycrystal zirconium, the defect concentration shows intermediate-sink-density behavior.
As in the single-crystal and cold-worked cases, the defect concentration initially increases. Its
subsequent behavior is similar to that in the cold-worked case. However, the quasi-steady-state region
shows a much higher concentration because of the lower sink density. Figure IV.5.7 (a) shows the

defect concentration in annealed polycrystal zirconium.

For the behavior of the net defect fluxes to sinks, three types of defect are also analyzed because the
major sinks are dislocation loops and grain boundaries. Figure IV.5.7 (b) shows the net defect fluxes
to sinks. As in cold-worked polycrystal zirconium, the sink strength is high enough to cause a steady
state at low dpa (before 10°®). However, the induced dislocation density in cold-worked polycrystal
zirconium is much higher than that in annealed polycrystal zirconium. Therefore, the defect flux is

much higher in annealed polycrystal zirconium than in cold-worked polycrystal zirconium.
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boundary in annealed polycrystal zirconium at 553 K
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In annealed polycrystal zirconium, the major sinks are <a> and <c> dislocation loops and grain
boundaries. Therefore, these three types of the sink are examined. Dislocation loop examined the
same method of a single crystal. Figure [V.5.8 (a) shows the number density of dislocation loops. The
value of the former is obtained from an experimental database, and the radius is calculated using the
change rate of the total number of defects. Figure IV.5.8 (b) shows the dislocation loop radius. Unlike
the case for the single crystal, the <c> dislocation loop radius is much larger than the <a> dislocation
loop radius. Figure IV.5.8 (c) shows the dislocation loop density and grain boundary sink strength
versus the dpa. The grain boundary sink strength increases with increasing dpa because it depends on
the dislocation line and loop density. The <a> dislocation loop density has the shape of a semicircle
before 4 dpa, after which <a> dislocation loops are saturated. The increase in the <c> loop density
resembles an exponential model. However, <c> dislocations have a much higher sink strength than

<a> dislocation loops. This result does not match the experimental results well.
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Figure I'V.5.8. Sink information of (a) number density, (b) average radius, and (c) sink strength in annealed
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Figure IV.5.9 shows the modeled growth in annealed polycrystal zirconium. Both results show high
growth strain initially. However, after 1 dpa, the calculated strain shows a much slower increase. This

discrepancy between the calculation and measurement increases with increasing dpa.

The strength model for grain boundaries is based on the dislocation line and loop densities. The
dislocation lines are assumed to be constant with respect to the dpa. Therefore, the primary reason for

the disagreement of annealed polycrystal zirconium is dislocation loops behavior.

In this model, the sink strength of dislocation loops is calculated using experimental data on the
number density. The behavior of the sink strength depends strongly on the number density. However,
there are no precise experimental data in the given dpa region. Therefore, cascade annihilation of sink,

which is referred in rationale chapter, could be another possibility to overcome the discrepancy.

Other possibility could be reason of discrepancy, may be new mechanism for the grain boundary
strength should be suggested. However, there is currently no general theory or simulation result for

the grain boundary sink strength.
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IV.6 Stress effect on zirconium

In previous section, strain equations were derived by considering each sink effect on the irradiation
growth. As same method, each sink effect on irradiation creep was expressed. For the simplification,
dislocation is assumed that it is distributed isotopically. Hence, initial dislocation density, which is
perpendicular with stress applied direction, was assumed 1/3 of total dislocation density. The detailed

irradiation creep equation is:

Equation 1V.6.3

ds” » ,
7 ZAipplp(lel)iC;’ _Zl;l)vCL) Equation IV.6.1
a
% — qbqu (ZI@I)ZCZ' _Z:;Dl)vq) Equation 1V.6.2
de, :dglp | de,,

d d dt

where scllp are the irradiation creep strain induced by interstitial dislocation loops, and dislocation

lines where stress is applied in the perpendicular direction. &, is the total irradiation creep strain

along stress applied direction, respectively.

To account the stress effect on defect evolution, we need to know only three fundamental parameters
such as migration, formation, and binding energy. However, until now there is no extensive study

about migration, formation, and binding energy of zirconium under the stress condition.

The originality of this study is the modifying of Brailsford method. In Brailsford method, only
vacancy emission of dislocation loop was considered. However, stress effect on diffusion coefficient
and defect formation energy do not account. Those phenomena are important especially at high
temperature. In this study, to account the stress effect on diffusivity, activation energy is modified as
same approach method in diffusional creep model. In detail, as described rationale chapter, stress

effect also considered by modified Arrhenius formulation.
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Figure IV.6.1 Stress effect on irradiation creep in cold-worked polycrystal zirconium at 553 K

In case of cold-worked zirconium alloy, it was assumed that dislocation density is already saturated.
Hence sinks number density and radius behavior are not analyzed. However, in case of stainless steel,
sink behavior should be analyzed because stainless steel is more ductility than zirconium. therefore,

more detail analysis will be conducted in the iron-based alloy.
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IV.7 Alloy effect on zirconium

To consider the alloy effect in the conventional way as described in the rational chapter, the number
density of precipitation is an essential parameter. Nevertheless, there is no information of number
density of precipitation because the quantitative analysis to analyze the number density of
precipitation needed a lot of TEM observation. Only limited information is possible, i.e. precipitation

radius and fraction were observed.

As a result, in this study, alloy effect on RIDI was considered in the other way which has never been
considered in rate theory for RIDI i.e. solid solution effect was considered. Recently correlation
between the defect and alloy element has been revealed. From ab-initio, the activation energy of
defect, which is nearby alloy element, have been calculated and then diffusivity was calculated by
MD simulation. Hence alloy effect on RIDI could be derived by modifying the defect diffusivity in
rate theory. In detail, Christensen [35] calculate the interstitial diffusivity within 0.5 % of Nb and 2.5 %
Sn and in zirconium matrix. Hence Christensen reveals that Nb decreases the interstitial diffusivity
nearly 1/5.64 at 500 K and 1/5.88 at 700 K with 0.5 % Nb in zirconium. Also, the same method was
applied to account the Sn effect. Sn shows the high dependency with temperature and relatively less
effect than Nb. Interstitial diffusivity is decreased about 1/4.05 at 500 K and 1/1.38 at 700 K with 2.5
Sn.

This information was adopted in rate theory and then irradiation growth was predicted as shown in
Figure IV.7.1 and Figure IV.7.2. By adding 0.5 % Nb in cold-worked zirconium, 0.2 % strain is
obtained whilst cold-worked pure zirconium shows nearly 0.3 % strain at 10 dpa. Since there was no
experiment about irradiation growth of Zr-0.5% Nb, Zr-2.5Nb experimental results was compared

with simulation results.

There is a discrepancy of Nb percentage between simulation and experiment. Through the Zr + Nb
phase diagram, it was confirmed that 0.5 % Nb is at the boundary between a-Zr and o-Zr + B-Nb at
500 K. Hence 0.5 % Nb is maximum solubility limited at a given temperature. It can be interpreted

that Christensen wants to confirm the maximum Nb effect as a solute.
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Figure IV.7.1. Nb effect on irradiation growth in cold-worked polycrystal zirconium at 553 K
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IV.8 Limitation of SRT frame and PBM approach as a possible breakthrough

Irradiation growth and creep of zirconium were predicted by DAD assumption with SRT approach.
However, recently, MD and ab-initio study show that DAD assumption is not true, and then suggest

that the origin of irradiation growth is 1-D diffusion of the interstitial cluster.

In case of a bcc structure, the interstitial cluster could be mobile in <111> direction. In one <111>
plane, there is three mobile directions. And there is 4 families of <111> plane. Hence total 12 isotropic
diffusions could be possible. However, in case of zirconium, interstitial cluster only could mobile on
prism plane of hcp structure. Therefore, it was suggested that irradiation growth is originated by

anisotropic diffusion of the interstitial cluster rather than DAD.

Recently, Goloubov and Barashev use the PBM approach to consider the anisotropic diffusion of the
interstitial cluster. They successfully predict the irradiation growth behavior of single crystal.
However, they neglect the recombination and cluster evolution. Hence the only possibility of PBM is

verified as replacement of DAD assumption.
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Figure I'V.8.1. Schematic of the main sinks in zirconium by PBM

Therefore, in this study, from the equation which described in rationale chapter, PBM equation is
developed with 6 major sinks as shown in Figure IV.8.1. Therefore, the master equation was
established, and the defect absorption rate was calculated. However, since many energy parameters

were not determined for PBM. Simulation results are failed as shown in Figure IV.8.3.
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vV Results — Iron and its alloys
V.1 Methodology of iron-based alloy modeling

As mentioned in introduction chapter, the iron-based alloy is isotropic materials hence there is no
texture such as zirconium. Since zirconium alloy has directionality, single crystal should be examined
to analyze the texture effect on irradiation growth. However, iron-based alloy shows isotropic volume
change, texture effect does not need to be verified. Hence irradiation swelling of single crystal had not
been researched to confirm texture effect. Therefore, in this study, irradiation swelling of

polycrystalline is directly calculated.

Iron-based alloy has many phases such as ferritic, austenitic, and cementite etc. Among various phase,
austenite and ferrite are a most famous phase which is used for cladding materials. At the early stage
of nuclear engineering, it was revealed that austenitic steel has a fundamental weakness about
irradiation swelling. Hence high chrome ferritic-martensitic steel is chosen for SFR cladding materials

[62]. In this point, simulation targeting structure is a bce ferritic structure
V.1.1 Rate equation of pure iron

Unlikely zirconium case, iron-based alloy does not need to consider the texture, hence rate theory and
strain equation are simple. What is really needed to accurately calculate the irradiation swelling is
advanced rate theory equation, which could consider the complex defect behavior. As introduced in
rationale chapter, CDM approach is applied for iron-based alloy,

% =Ko - K GG, - anZ,iQDi + (Efz +ﬁv2 ) Gy +Ei3 G +Ei4 Gy Equation V.1.1

2
4G G, o BC 12 4(B + )y ~(B B +E)C, Equation V.1.2
dt T] dpa 2 (At v i i v 1 i 2i
d;m = ndea f;d +ﬁin_lcn—l +( \fH—l +E‘in+l ) Cn+l _(ﬁv3 +ﬁl3 +E;3) Cn Equation V 13
dC, W @ Equation V.1.4
4 S0 BGHBH )G, quation V.1.
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where Cyy, or xi 1S Vacancy or interstitial cluster concentration in the iron matrix (cm~3), K, is the
defect generation rate (cm~3s~1), which means vacancy and interstitial are combined to be a perfect
lattice atom. Ggp, is the cluster defect generation rate (cm™3s71), £ is the fraction of cluster, 7 is
the cascade efficiency, K, is the recombination rate (cm3s™1), p, is the density of sink of n type in
the iron matrix (cm~2), ZZ °7 ! is the vacancy or interstitial bias factor of sink on n type in the iron
matrix, which is a dimensionless number, f is the point defect absorption constant, E is the point
defect emission constant, p,, is the density of a specific sink such as dislocation line, dislocation loop,
and void. Unfortunately, these methods are needed specialized numerical ODE solver and simulation
time. Hence in this paper, the master equation is expended only up to fifteen to the simplified

calculation.
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V.2 Fundamental parameters

In the early 2000s, important papers were published by various authors. H. Duparc uses CDM
approach as rate theory to predict the radius and number density of interstitial and vacancy loops.
Calculated results were compared with the experimental result under 1 MeV electron by high voltage
microscope [63]. This study object is the verifying the irradiation hardening of pressure vessels by
CDM. In this study, the diffusivity of point defect was used as a fitting parameter to calibrate with
experimental and simulations results. From the calibration, it was revealed that interstitial has D} =

4 x10™* and EI, = 0.3, respectively, a vacancy has D¢ =1 and EY, = 1.3

By C.C. Fu, valuable information on the properties of defects, i.e. migration, formation or binding
energy could be obtained by comparison between simulation and experiment [64]. In detail, the multi-
simulation method was adopted, that is, kMC and ab-initio were used to simulate the resistivity
experiments. In detail, defect concentration is predicted by following Takaki’s discussion depending
on temperature. In Takaki’s discussion, various regimes of temperature were characterized by defect
behaviors; In case of the stages (I) (23 - 101 K), recombination of the Frenkel pair is derived by
specific geometries; In the stage (ID2), (107.5 K), correlated recombination is caused by free
migration of the interstitial; In the stage (IE) (123-144 K) recombination is introduced interstitial
diffusion, migration energy is 0.27 + 0.04 eV; In stage (II) (164—185 K), di-interstitial could also have
effects on reaction kinetic with EZ' = 0.42 + 0.03 eV; In stage (III) (220-278 K), vacancy attributes
recombination, with Ej= 0.55 + 0.03 eV; In the stage (IV) (520-550 K), dissociation is taken
accounted of consideration. From these information, stress or alloy effect was not considered.
Therefore, from these fundamental parameters, RIDI was calculated with various stress and

temperature conditions.
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Table V.2.1 Input parameters

Input parameter Symbol ‘ Unit Value Ref
Temperature T K 673
Hoop stress o MPa 200
Iron density p gcm® 7.85 -
Burgers vector b cm? 323 x 108 -
Recombination radius Tip cm 0.65 x 107 [63]
Surface tension 14 eVem® 10.04 x 10" [65]
Defect generation rate G dpa st 8.45 x 107 [66]
Interstitial fraction fi - 0.594 [67]
Di-interstitial clustering fraction fi - 0.334 [67]
Tri-interstitial clustering fraction fis - 0.0723 [67]
Vacancy fraction f» - 0.625 [67]
Di-vacancy clustering fraction fo2 - 0.292 [67]
Tri-vacancy clustering fraction fos - 0.0825 [67]
Di-vacancy binding energy EZ eV 0.3 [64]
tri-vacancy binding energy ES, eV 0.37 [64]
tetra-vacancy binding energy EB, eV 0.62 [64]
Di-interstitial binding energy ES eV 0.8 [64]
tri-interstitial binding energy ES eV 0.92 [64]
tetra- interstitial binding energy ES eV 1.64 [64]
Vacancy formation energy Ef eV 2.07 [64]
Vacancy migration energy ET eV 0.3 [63]
Interstitial migration energy E™ eV 1.3 [63]
<a> loop Pup cm™ 2mr;N; [57]
st:eiﬁl;th <a> dislocation line Pap cm’ 1 x 10" ?}Sjsuxs;l?
Void DPab cm™ AT y0ia Pvoid [32]
Dislocation line Ziilp Constant 1.1 [63]
Bias factor Dislocation loop Zly Constant 1.0 [63]
Void Zy, Constant 1.0 [63]
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V.3 Irradiation swelling modeling

In the case of iron, the rate of irradiation swelling could be calculated directly by considering the
defect absorption rate. In case of zirconium, the concept of the average strain is needed to consider the
texture. Hence the equation to calculate the irradiation swelling is very simple to compare with
zirconium case. As described in the rationale chapter, irradiation swelling was calculated by defect

absorption rate of the void as described in Equation V.3.1.

C;_V =Qdnr, ., (Zijva - ZijDiCi) Equation V.3.1
t
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V.4 Results of irradiation swelling modeling

To validate the simulation model, the temperature dependence of irradiation swelling of pure iron
polycrystalline was calculated and compared with experimental data at 1 dpa [68]. Although cluster
was calculated only up-to fifteen, experimental number density does not need because it was assumed
that most large cluster is directly developed as sinks such as dislocation loop and void. From

concentration of number density, sink radius was calculated and then, void swelling is derived.
V.4.1 Pure iron

Figure V4.1 and Figure V.4.2 shows point defect concentration and number density of cluster defects.
The defect concentration of pure iron show typical high-temperature behavior, both point and cluster
defects are saturated at 10 dpa. As written by G.S. Was in fundamental of radiation materials, this

fast saturation is occurred by fast recombination and absorption phenomena [8].

The common phenomenon of these defects’ behavior is the saturation. In case of a point defect, the
saturation behavior was determined by recombination and absorption rate. More exactly, generation
rate was balanced with recombination rate when each type of defect flux (ZLD;C; or Z¥D,C,) were
equally absorbed at sinks. However, in the cluster, saturation the mechanism is different from that of
point defect. In case of cluster defects, saturation is derived by absorption and emission of point
defects. However, in the cluster, saturation the mechanism is different from that of point defect. In
case of cluster defects, saturation is derived by absorption and emission of point defects. One thing to
be noted in this paper is large vacancy cluster concentration eventually overwhelm the that of a small
cluster. This phenomenon is caused by a characteristic of capture efficiency and emission rate because

larger cluster has larger surface, which mean larger absorption rate.

From defect concentration, cluster number density is derived by calculating the absorption rate as
shown in Figure V.4.1 and Figure V.4.2. The absorption rate is derived by following the rule, which
was used to calculate the sink strength. In case of emission, simple Arrhenius formulation is used.
Number density shows the same trend of cluster defects because number density is obtained from the
largest cluster concentration. Base on the result of number density, the radius of sinks was calculated
and expressed in Figure V.4.3. One thing to be noted here is larger vacancy cluster overwhelm the

small cluster.
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Both sink radius was increased at 10 dpa because number density is too low, and then until 10™* dpa,
both radiuses were decreased. The discrepancy between two sinks happens after 10 dpa. In case of
the void, the absorption rate is much higher than emission rate hence radius growth with given
number density. However, in case of dislocation loop were dissolved at SFR condition. To verify the

radius behavior with linear scale, Figure V.4.4 was added.
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77



Finally, irradiation swelling was calculated and described by Figure V.4.5. The irradiation swelling
depending on dpa shows exponential shape. It is predictable behavior because radius is increased as

exponentially with saturated number density. This behavior was already confirmed in experiment

result in EBR II or FFTF [6].
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Figure V.4.5 Irradiation swelling behavior in iron at 700 K
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V.5 Stress effect on iron

Just like zirconium case, dislocation climb mechanism is applied to calculated irradiation creep. From
the general climb equation, irradiation creep equation is derived by the same method of zirconium.

The detailed irradiation creep equation is expressed for each sink type:

de” , ,
» =4,p, (leDzCz - leDva) Equation V.5.1

dgjv i v .
7 :Adpp@ (Z@DI_C:_ —Z@DVCV) Equation V.5.2
dgp = dglp + dgdp Equation V.5.3

dt dt dt

where scllp and sff” are the irradiation creep strain induced by interstitial dislocation loops, and
dislocation lines where stress is applied in the perpendicular direction. &, is the total irradiation

creep strain along stress applied direction, respectively.

In zirconium results chapter, stress effect was accounted by modifying the Brailsford model. However,
as described in the rationale chapter, stress effect could be directly considered by MD simulation.

Hence the MD simulation method was adopted to calculated interstitial diffusivity.

The supercell 8x8x12 results with 1536 Fe atoms and periodic boundary condition is applied. To
account stress effect, isothermal Uniaxial deformation along [100], [010], [110] or [111]. The cell
stretching along [111] direction leads to shrinkage in both [1-1 0] and the [1 1-2]. The stretching along
[010] leads to shrinkage in both [001] and [100]. The stretching along [100] leads to shrinkage in both
[010] and [001]. The stretching [110] leads to shrinkage along [001] and [1-10].

The equilibration step allows the lattice to expand to a temperature of 800 K ~ 900 K with a pressure
of 0 kbar at each simulation cell boundary using isothermal-isobaric NPT ensemble. Then, the
simulation cell is deformed in the x-direction, to maintain a constant strain, while the lateral
boundaries are controlled using the canonical (NVT) ensemble. By assuming 1-time step is equal to 1

fs we evaluate the diffusivity for 1 ns.
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In case of migration energies, MD simulations are performed at temperatures over the temperature
range, which are high enough to obtain sufficient defect mobility. The potential model used embedded
atomic potential developed by Mendelev as it shows the potential was obtained by fitting to both ab

initio total energy calculation results and experimentally measured properties [69].

We need to get the deviation time between the position of a particle and some reference position. It is
the most common measure of the spatial extent of random motion and can be thought of as measuring

the portion of the system "explored" by the random walker, this is called the MSD.

By getting the MSD results from MD calculation for 1 ns of run, the diffusion coefficient calculated

using the Equation V.5.4 as shown below.

R(T) .
D =7 Equation V.5.4
M) s

Where R?(T) is the mean square displacement nd is the dimensionality of the diffusion process.
From the extracted the trajectories of the single interstitial diffusivity, the OVITO is used for
visualization the dimensionality of the diffusivity. t is the simulation time. The migration energies

represent difference of total energy between the initial SIAs configuration and the SIAs at saddle.

The MD approach does not preselect migration paths hence the nq value was determined from the
extracted trajectories of diffusion of the defects for 1 ns simulation using the OVITO code, and the
migration energies are obtained from temperature dependence equation. The migration energies are

extrapolated from Arrhenius expression, Equation V.5.5

E’ﬂ

QV(T) _ Qwe i Equation V.5.5

where k is Boltzmann's constant, E;, is the migration energy, and Dg, is a pre-factor. Table V.5.1

shows interstitial diffusivity by stress applied directions.
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Table V.5.1 Diffusion coefficient by stress effect by MD simulation

Stress direction

Migration energy (eV) Do pre-factor (cm?%s)

Diffusion coefficient

(cm?/s)
<100> 0.121413223 0.0004246 8.4375%107
<110> 0.448910772 0.0001709 2.24905%x10™
<111> 0.114562858 0.0004690 9.24655%107

From the calculation interstitial diffusivity, the concentration of defect and cluster, radius, and

swelling is recalculated. The hole results on stress condition show the same tendency of that of non-

stress condition. However, the strain rate was rapidly increased. In this study, the purpose of research

is establishing the prediction model for the long fuel cycle condition. Hence, 600 MPa is applied and

show ridiculous behavior because strain rate was so high. After 1 dpa, simulation was broken because

of limitation of calculating power
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Figure V.5.1 Stress effect on irradiation creep in iron at 873 K and 600 MPa.
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V.6 Alloy effect on iron

In case of zirconium alloy, solute state of alloy effect was considered. However, in case of an iron-
based alloy, precipitation effect was considered by the traditional method. In case of precipitation, it
has unique property compared with other sinks because precipitation is not composed with a lattice
defect, but it composed with other alloy element with a different structure. Hence precipitation could
provide recombination site as a point defect trap. Therefore, the bias factor of precipitation should be
changed by considering net defect flux. This kind of approach is well-described in Brailsford’s paper
[47]. From established irradiation swelling model, precipitation effect was considered, and then defect

concertation and swelling was calculated as shown Figure V.6.1.
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Figure V.6.1 Precipitation effect on point defect concentration in iron at 700 K

One thing to be noted is vacancy concentration behavior in the early stage (~10®) is abnormal. This
phenomenon is caused by a bias factor of precipitation. Since precipitation provides recombination
site, vacancy flux has to be compensated with interstitial flux. As result, vacancy concentration is
decreased as shown in Figure V.6.1. (To prevent vacancy defect has minus value, code structure was
modified.)
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Figure V.6.2 Precipitation effect on irradiation swelling in iron

In Figure V.6.2, the comparison result of swelling with non-precipitation and precipitation is described.
In case of precipitation case, total concentration is lower than that of the non-precipitation case.
Nevertheless, the general behavior of radius and swelling did not change. However, total swelling is
much decreased. When it compares with experimental results, swelling rate of non-precipitation has
the same slope with SS316 steel. In case of the swelling rate of precipitation, F17 experimental results
are well matched. Since precipitation number density and size were adopted from microstructure

analysis of F17, it is obvious behavior.
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V.7 Cascade effect on iron

As presented in rationale chapter, cascade annihilation effect on sink was accounted by fitting method
of experiment result. By Garner, it was experimentally observed that network dislocation density of

iron-based alloy is saturated nearly 10" cm? no matter how fabrication process is applied to specimen.

Hence to account sink annihilation, dislocation loop radius equation is modified. In detail,
annihilation factor was considered in dislocation loop density equation. It was assumed that

annihilation rate is proportion with total density. The annihilation rate was redetermined by 40%. As

results, irradiation swelling rate was decreased.
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Figure V.7.1 Cascade annihilation effect on irradiation swelling in iron at 700 K
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V.8 Limitation of CDM frame and PBM approach as a possible breakthrough

In the previous section, irradiation swelling and creep could be analyzed with the CDM approach.
However, as referred in rationale chapter, void lattice ordering had been founded many years ago.
Which phenomenon could not be explained by traditional rate theory such as CDM. Not only just this
void lattice ordering, High swelling rates in low dislocation density and void swelling near grain
boundary are typical examples, what traditional rate theory could not be used. Hence, Singh and Woo
suggested new rate theory, which calls PBM by considering cascade. At firstly it was assumed that
SIAs cluster will survive after cascade relaxation and react with a mobile sink. Recently it was
revealed that 1-D mobile SIAs cluster with sinks is the main reaction mechanism. Until now, PBM is

the most advance rate theory to explain radiation damage phenomenon including microstructure.

However, as shown in this Table V.8.1, PBM do not use to predict irradiation degradation, a simple
cluster dynamic model is adopted for many authors. Because PBM has critical limitations. Actual
cladding material, void lattice ordering does not occur. And Singh-Foreman catastrophe does not

occur.

Nevertheless, it is deniable that all study has the same limitation that neglecting the 1-D SIAs. Hence
the point is what kind of mechanism is applied to change the frame from PBM to CDM. In another
way, the specific mechanism has to be considered in rate theory. Although many authors in Table V.8.1
do not consider specific mechanism which can neglect PBM, all of them insist that that atomic

simulation could be the solution to overcome the limitation of rate theory.

Table V.8.1 Various rate theory study about iron-based alloy steel

E.M. Getto, (2016), A. Gokhman E. Meslin (2008), A. H. Duparc
USA (2011), Ukraine France (2002), France
Model CDM CDM CDM CDM
Temp. 440 ~ 480 °C 300 °C 200 ~ 400 °C 300 ~ 600 °C
Materials F/M steel & HT-9 | Fe-12.5 Cr alloys Pure iron Fe-0.13 Cu alloys
Pressure Non Non Non Non
Source Iron+ (ions) Neutron Kr+ (ions) Electron
Target subject | Cladding for FBR | Cladding for FBR PBV for PWR PBV for PWR
dpa 180 ~ 650 0.6, 1.5
Code DLSODE (Fortran) | LSODA (Fortran)

&5




Recently, there are many MD and ab-initio study about stress and alloy effect on defect behavior.
Because the strain field is distorted mainly by stress and alloy element. Which is never systemically
organized in rate theory. Therefore, it is natural to think about that stress effect on SIAs in PBM could
give hint to interpret this frame change. Stress effect on frame change is not new idea. It already
suggested by ORNL research team. They suggested that the correlation between dislocation and void
could be the reason of unsaturated void growth. Hence verification of external stress effect on PBM
could be indirect evidence of Barashev suggestion [26]. Moreover, quantitatively analyze is possible

to derive how much energy is needed to frame change from PBM to CDM.

Hence irradiation swelling was predicted by establishing the PBM master equation. As expected,
irradiation swelling is saturated with steady-state defect concentration as shown in Figure V.8.1. In the
experiment, pure iron swelling is much higher than that of simulation. Moreover, recent experimental
research suggests that pure iron also depends on dpa. Therefore, more fundamental study about defect

reaction mechanism with sink should be needed a more fundamental study.
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Figure V.8.1 Stress effect on irradiation swelling behavior in iron by PBM
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VI Discussion

In this study, RIDI behavior of zirconium and iron-based alloy were analyzed. The modeling of RIDI
was derived by combing the rate theory and results of state of art simulation. As results, more

improved understanding could be possible by considering alloying element and stress effects.

However, although, as referred in rationale chapter, all simulation has certain limitations because
various assumption and its induced limitation are still a barrier to grasp the fundamental
understanding. Therefore, in this discussion chapter, among the various limitations, major issues were

treated, and then path forward was dealt.
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VIL.1 Parametric study

Various parameters are used in rate theory to calculate the defect generation rate, defect recombination
rate, and defect absorption rate. Among various parameters in master equations, independent variables
are defect generate rate, defect diffusivity and each sink bias factor. In case of sink density and
concentration is a dependent variable. Hence in this section, those parameters were examined to

define the limitation of this thesis and to see the possibility to improve it’s limitations.
VI.1.1Defect generation rate

Defect generation term is the most important parameters to determine RIDI as input data. Hence dpa
is suggested and calculated, based on the NRT method, to unify the degree of radiation damage with
various neutron spectrum by different reactor type. However, detail calculation sequence of dpa is not
suggested. It is specious that same calculation methodology is adopted to obtain dpa for each

experiment.

Fortunately, in case of zirconium, experimental data of irradiation growth was researched by one
extensive experimental project from NRL of UKAEA. In NRR programs, the same reactor (DIDO)
was used, hence direct comparison by each experimental result was possible [70]. At that time,
experimental results were presented by fluence. Recently F. Christien represents these results with dpa
by assuming that 1 dpa has the same effect with 7 X 10** fluence in DIDO reactor without any proof
[57]. From the F. Christen simulation result for single crystal zirconium, diffusivity was used as fitting

parameters. Therefore, the simulation result should be well matched with experimental results.

However, in case of an iron-based alloy, irradiation swelling is independently researched by many
research groups with various reactors. Although experimental results are expressed by dpa, it cannot
be assured that every researcher used a standardized method for calculating the dpa. Following the

Garner’s statements, some experimental results show the incorrect calculation of dpa [48].
VI.1.2Diffusivity

As referred in the previous section, defect generation rate is the most important criteria. However,
diffusivity and concentration also determine the recombination rate and absorption rate. Since defect

concentration is also determined by diffusivity, diffusivity is the only independent variable.

In case of zirconium, after the 1980s, only two research groups have used the rate theory, i.e. F.

Christien in France and S.I Golubov in the U.S.A. Both research groups use the diffusion coefficient
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as a fitting factor [58]. In the results chapter, diffusivity values of zirconium were adopted from F.
Christien. Hence these values are needed to be validated with experimental and simulation results. In
detail, since the only the fitting value of diffusivity is applied to predict the irradiation growth of
zirconium, dislocation radius should be compared between calculation and experimental results.
Moreover, simulation results of diffusivity were not suggested for zirconium in CANDU reactor

condition. Therefore, extensive study is suggested for the fundamental understanding.

In case of iron-based alloy, the situation is better than zirconium case, because C.C. Fu simulation
results were used as diffusivity value [64]. Moreover, C.C. Fu simulation result for diffusivity had
been calibrated by comparing the microstructure analysis. In A.H. Duparc study, 1 MeV irradiations is
used as a microscope for experimental observation. It was revealed that interstitial migration energy
should be modified from C.C. Fu simulation results, i.e. migration energy should be increased from
0.3 to 1 eV and binding energy of di-interstitial should be decreased from 0.9 to 0.2 eV. Therefore, the

calculation result of this study could be more reliability when it compared with that of Duparc results.

In case of E. Meslin, to calibrate the diffusion coefficient, point defect clustering is simulated and its
results were comprised by experimental data under cascade damage conditions [71]. The difference of
H. Duparc study is considering of cascade phenomenon [63]. Various activation energy is obtained
from C.C. Fu simulation results. Migration energy of interstitial and its cluster are E}, = 0.34, E2l =
0.34, E3! = 0.42; Respectively, vacancy type cluster has E¥, = 0.67, E2¥ = 0.62, E3Y = 0.35, and
Ej? = 0.48. Not only E. Meslin, there are many studies about radiation effect on materials. However,
it is believed that E. Mesline study is most extensive study because not only interstitial cluster but also

vacancy cluster mobility is accounted.
VI.1.2.1 Stress effect on defects

In this study, stress effect was considered in both way; In a conventional way, modified Brailsford
method is applied in zirconium; Recent MD simulation results were adopted in the iron-based alloy.

However, these methods are needed to be verified.

As described in the rationale and results chapter, there are mis-concept in the Brailsford model, it was

assumed that vacancy concentration in thermal equilibrium has an only negative effect on vacancy
defect flux J, = p; (Z,ZD,, Cy — Z,ZD,, C,f) However, the vacancy concentration in thermal equilibrium

could be positive effect. Moa reover, recently, vacancy emission from sink is already the considered in

rate theory as binding energy. Hence Brailsford model is modified as figure
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Brailsford’s model This work

| defect fluxis J; = pjzl.le-Cl- | defect fluxis J; = pjzl.jDiCi
V defect fluxis J,, = pj(zJDUCU — ZIZDUCI{) V defect fluxis J, = pj(zJDvC,, + ZJDVCD
C,{ is effective emission form dislocation loops C]f is effective emission form dislocation loops
3 3
J ob Ji —ob
C, = Clexp <ﬁ> D, = D?,exp( o
“Jtotal = pj(zi}DiCi - (Z;DUCU - Z;DUCJ)) *Jtotal = pj(ZiJDiCi - (Z;Dvcv nE Z;Dvcé))

Figure VI.1.1 Brailsford method vs modified Brailsford method

To validate modified method in iron-based alloy, calculation results are comprised with Brailsford
method. As shown in Figure VI.1.2, irradiation creep does not occur in Brailsford model whilst
modified model shows significant creep behavior with the same diffusion coefficient. However, both
calculations are carried out by over-simplified CDM. Only up-to tri-vacancy and tri-interstitial cluster
considered in the master equation. Therefore, the MD simulation result could not be verified. Three

approaches should be validated with the same rate theory frame.

The limitation in both conventional and recent method to consider stress effect is only one type of
defect is considered; In the conventional method, vacancy diffusivity is modified; In the recent

method, only interstitial considered. Both point defect should be considered in rate theory.

Not only irradiation creep, but also irradiation swelling is affected by stress. However, stress effect on
binding energy of cluster defects had not been researched. From the experiment, it was clear that
irradiation swelling rate could be increased depending on temperature and stress. In this simulation,
only irradiation creep is calculated when stress is applied. Hence both irradiation swelling and creep

should be simultaneously verified.
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Figure VI.1.2 Calculation result by Brailsford method and modified Brailsford method in iron at 700 K

VI.1.2.2  Alloy element effect on defects

In conventional method to consider alloying element effect, the oversimplified assumption is applied.
Since precipitates is treated as a neutrally-biased sink, defect flux of vacancy should be a negative
value at the initial stage as shown in Figure VI.1.3. Which is an inevitable phenomenon to compensate
with interstitial flux. Hence in this study, vacancy concentration behavior is controlled by “if” state in
python code to be a positive value as shown in Figure VI.1.4. Nevertheless, vacancy absorption rate
should be modified at the initial stage because the precipitate effect is so strong. The effective radius
of the precipitation could be indirectly observed by TEM analysis. From the TEM analysis, highly
distorted areas seem to have only two or three layers. Therefore, a modified approach is needed by

considering the effective radius concept.
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Not only the conventional method but also a recent method has certain limitation. In MD simulation,
the correlation between defect and solution state of the alloying element was considered. However,
alloying element changes the hole microstructure. Not only basic lattice structure, but also grain
boundary size, texture, sink morphology and sink density etc. are affected by alloying element.

However, MD simulation is not enough to consider hole microstructure information.

VI.1.3Bias factor

The third limitation is bias factor, which is about capture efficiency. In the previous section, only bulk
diffusivity was treated. However, defect behavior near the sink is totally different from the normal
lattice matrix because sink distorts the matrix by strain field. Obviously, this strain field is not
constant because sink morphology is changed by external stress and alloying elements. However, in
this paper, the value was assumed constant regardless of environment condition. Despite this
recognition, there is no general theory or systemically method to analyze the bias factor. Although,
C.H. Wo. and G. Gosele use elegant elastic theory to obtain the bias factor [2, 34]. However, recent
simulation result denied those results. Hence, direct observation of defect reaction with sink is
presented by long-time atomic simulation from ORNL. Nevertheless, the bias factor could be derived
directly from this observation. The methodology should be suggested to derive a bias factor from the
direct observation. Because of reaction kinetics is the heart of defect reaction mechanism, capture
efficiency should be systemically researched to establish the general model in radiation effect on

metals.

VI.1.4Sink density

Sink number density and radius were also important parameter to determine the defect absorption rate.
Up to present, sink number density and radius were analyzed based on defect flux. There was no study
about cascade annihilation of the sink. In this study, cascade annihilation of the sink was accounted by

considering the saturation of sink density.

The different approach had been used in zirconium and iron-based alloy. In case of zirconium, number
density was obtained from the experimental result because SRT is used. In case of ion-based alloy,

number density was derived by CDM.

Since the experimental result of sink number density is used as input parameters in zirconium case,
Therefore, cascade annihilation is already accounted. In detail, it was revealed that dislocation number
density and radius were saturated at certain dpa [72]. In case of <a> dislocation, saturation is occurred

at 4 dpa whilst <c> dislocation is saturated as 7 dpa. At that time, this saturation phenomenon was not
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considered as cascade annihilation of the sink. Nevertheless, there was no recognition about cascade

annihilation of the sink, it was successfully adopted in rate theory.

However, in case of iron-based alloy, CDM approach is adopted to explain the RIDI. Hence cascade
annihilation of the sink could not be considered as experimental results. Therefore, to account cascade

annihilation of the sink, a simplified approach is suggested

If it was assumed that all defect is annihilated in a cascade zone, the quantitative analysis could be
possible. In this point of view, the cascade zone should be derived, and then the annihilation rate will
could be derived. To derive the total size of cascade zone, depending on neutron spectrum, NRT

method or MD simulation should be applied with all energy group.
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V1.2 Path forward

In the previous section, the most important parameters are examined to confirm the limitation of each

parameter. In this section, to see the other possibility of defect behavior, all defect reaction mechanism

will be examined, and then new methodology will be examined for the improved understanding.

VI1.2.1Reaction kinetics of defects

From the PBM analysis, the defect reaction mechanism is expanded by 1-D diffusivity. Hence defect

reaction mechanism could be summarized 3 by 3 symmetry table as shown below Table VI.2.1.

Table VI.2.1 Defect reaction kinetics

SIAs cluster (1-D

Point defect (3-D mobile) Sink (immobile)
mobile)
Itype V type I I type V type Precipitate
Dissolution
The growth of The growth of The growth
Itype Recombination of V type Recombination
SIAs cluster SIAs cluster of I type sink -
si
Point defect
(3-D mobile)
The growth
The growth of Dissolution of Dissolution
V type Recombination of V type Recombination
vacancy cluster SIAs cluster of I type sink )
sink
SIAs cluster Dissolution
SIAs cluster The growth of Dissolution of ) ) The growth o
Itype reaction with of V type Recombination
(1-D mobile) SIAs cluster SIAs cluster of I type sink
SIAs cluster sink
| The growth of T | Dissolution of v The growth of T
type
type sink type sink type sink
Non
Sink . . . .
Dissolution of I | The growth of V | Dissolution of V
(immobile) V type
type sink type sink type sink
Precipitate | Recombination Recombination Recombination
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In Table VI.2.1, reaction kinetics could be characterized by five types of reactions. Among five
reactions, 3-D mobile & 3-D mobile / 3-D mobile & immobile / 1-D mobile & immobile reaction
were considered in rate theory, i.e. reaction 3-D mobile & immobile defect were considered in SRT
and CDM and reaction 1-D mobile & immobile defect was considered in PBM. However, two
reactions; 3-D mobile defect & 1-D mobile / 1-D mobile & 1-D mobile, were not considered in the

reaction mechanism. Those two mechanisms also should be considered in rate theory.

VI1.2.2Frame of rate theory (SRT vs CDM vs PBM)

Recently many research activities on RIDI already have been done by using CDM. However, there is
no guarantee that the accuracy of CDM is better than the old approach of using experimental sink
densities and SRT. In this work, calculation results for single-crystal and cold-worked polycrystal
zirconium without considering the cluster is quite similar to the experiment result. From this result, it
is difficult to determine that cluster is the reason for the disagreement in radiation growth of annealed
polycrystal. Moreover, straight-forward master-equation-based formulation in CDM requires
microscopic information on the particle-cluster reaction (forward and backward) for each cluster size,
such as association and dissociation enthalpies and entropies of clusters, which is difficult to get and
many empirical assumptions have to be made. Hence, to develop this method, various parametric
information should be calculated and reaction probability by considering atomic configuration should
be obtained [40,41]. Also, CDM is based on the diffusion-controlled kinetics to explain reaction
between defect and cluster. Diffusion-controlled kinetics is not suitable method to predict the reaction
between defect and cluster. In case of small clusters, reaction-controlled kinetics is more suitable
method to describe reaction probability. In case of PBM, reaction kinetic is more complex than CDM.

In this situation, SRT is one of easy and simple tools to be applicable to and simulate various situation.

When PBM is compared with SRT/CDM, the frame is totally changed. In conventional way, the
origin of RIDI was freely migrating point defect. However, in case of PBM, RIDI is affected by 1-D
interstitial cluster. Hence, recently there are many studies about behavior of interstitial cluster.

Nevertheless, there is no general explanation about 1-D interstitial cluster effect on RIDI.

VI1.2.3Cluster number density

In this study, only fifteen clusters (2 < n < 15) were accounted for cluster defect. Large Cluster (>
15) was assumed that it is directly developed as dislocation loop or void which has a uniform size. It
is obvious that lager number of the master equation will be more sophisticated to analyze the radiation
effect on materials. Nevertheless, the advance of the technic in grouping method, large calculation

time and high-performance computing system is needed. Hence in this study, a limited number of the
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cluster were considered. As result, the simulation result is limited in its accuracy. However, an odel5s
module in MatLab provides unlimited number of the master equation. Therefore, more accurate

simulation is possible if Matlab module is possible in python.

VI.2.4He effects on iron-based alloy

He transmutation play the important role in RIDI because the stability of the void is determined by
implantation of He in vacancy cluster. However, in this study, He reaction between void did not
consider. Recently thermal stability of vacancy cluster and void are researched by OKMC. Hence by

adopting this research results, RIDI prediction could be more realistic for an engineering application.

VI1.2.5Stochastical fluctuation

The rate theory is based on a deterministic method based on the mean field which means that rate
theory could not consider the heterogeneous generation and growth of sinks and defects in the matrix.

Hence sink size and morphology are uniform and microstructure characteristic could not be accounted.

Stochastic fluctuations can be an alternative method to explain the deviate between calculation results
and the experimental database [73]. In this approach, thermal and other noises could be taken into
account in reaction probability. Because of the complexity of CDM and PBM approach, classical rate
theory based on stochastic fluctuation could be more suitable for anisotropy materials. However, in
order to adopt this method, stochastic concept should be defined and understood in materials

perspective. This academic background is beyond this study.

VI1.2.6Residual stress

In this paper, residual stress effects on the anisotropy factor were neglected in annealed polycyrstal.
However, Causey et al. revealed profound effects of residual stress in radiation growth [23]. In the
specific case, radiation growth occurs in opposite direction to relax residual stress. After the relaxation,
the strain shows a common tendency. To describe this effect, the upper-bound model was used since
this model base on the numerical method. Unfortunately, there is no available data about residual
stress of the specimen, which was used for in this paper. Moreover, single crystal compliances also
should be calculated by Hill’s criteria and Eshelby model in hexagonal structural slip system. This

method also will be adopted in the next research step.
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vil Conclusion

In this study, stress, alloy and cascade annihilation effects were considered with conventional and
recent method to improve the fundamental understanding of the RIDI. Stress effect was account by
modifying the defect diffusivity. Brailsford method, modified Brailsford method and result of MD
simulation are adopted to modify the diffusivity. In case of alloying element effect, precipitation effect
was considered as conventional method, and then solute state effect on defect diffusivity was
considered by MD simulation results. Cascade annihilation effect on sink was accounted by fitting

method from the experimental result.

Since the 1960s, RIDI of structural materials has been the most important phenomena in nuclear
reactors. However, there is no general model of RIDI, which could also explain microstructural

changes, owing to lack of knowledge of the fundamental understanding of atomistic behavior.

Recently, not only rate theory but also various simulation tools were developed to analyze the RIDI.
Molecular dynamic simulation and kinetic Monte Carlo simulation are representative simulation tools.
Although those various research tools with significant progress in computer performance, rate theory
is still a favorite option to simulate radiation effect on materials since this method can give instinctive
understanding with short computation time. Moreover, the scale of simulation time and simulation
length is large enough to satisfy the engineering point of view whilst another simulation method still
need a lot of limitation of time and length scale. Therefore, systematically organization of fragmented

knowledge by combining state of art simulation method with rate theory would be valuable work.

Fortunately, in-situ experimental equipment, which could detect the sink development behavior, have
been developed. From this advanced experimental equipment, validation of advanced rate theory

could take one step further to grab fundamental understanding and engineering value.

So far, rate theory plays the assistant role to analyze the integrity of structural material by suggesting
the radiation-induced degradation mechanism. However, recently, there is research trend to predict the
life of structural materials by simulation approach. This means that the simulation approach could be
the main method to determine the nuclear system design. In this point of view, the author thinks that

the result of the study could give engineering contribution to nuclear society.

Therefore, the following summarizes is a part of effort to improved limitation of perception of RIDI

by systematically organizing the fragmented knowledge of atomic behavior in various condition.

98



VII.1 Zirconium and its alloys

In order to maintain a consistent viewpoint, annealed single crystal, annealed polycrystal and cold-
worked polycrystal were predicted with same SRT method, and then, stress and alloying element
effect were verified by considering the modified diffusivity and precipitation. The simulation target
environment was condition of pressure tube in CANDU reactor. So far, there was no research to

predict both single crystal and polycrystal with same rate theory.

In case of single, the defect concentration shows typical low-sink-density behavior. Hence the defect
flux initially increases at 10 dpa and immediately afterward decreases up to 1 dpa. From the defect
flux, sinks radius was calculated. Initially, the <a> dislocation loop density increases dramatically,
whereas that of <c> type loops increases above 3 dpa. Next, the density of both types of dislocation
loops shows a saturation region. The <a> dislocation loops are generated by the net interstitial defect
flux behavior. However, <c> dislocation loops generation and growth are caused by the net vacancy
flux. Irradiation growth was calculated by sink development, and then calculation result was
compared with experimental measurements by Carpenter. Although the experimental values of the
growth strain were higher than the calculation data at 2°° dpa, the overall growth tendency is similar to

that of the experimental database and other irradiation growth models.

In cold-worked polycrystal zirconium, the defect concentration shows typical high-sink-density
behavior. The dislocation line density was assumed to be a time-independent parameter. (Since the
density of dislocation line in cold-worked zirconium is already sufficiently developed, there is no
chance to develop the dislocation loop) The irradiation growth strain of cold-worked polycrystal
zirconium is also quite similar to experimental results. In this case, dislocation line sink effects are

dominant. Therefore, irradiation growth shows very simple behavior, i.e. a linear increase with dpa.

In annealed polycrystal zirconium, the defect concentration shows intermediate-sink-density behavior.
Unlike the case for the single crystal, the <c> dislocation loop radius is much larger than the <a>
dislocation loop radius. The <a> dislocation loop density has the shape of a semicircle before 4 dpa,
after which <a> dislocation loops are saturated. However, <c> dislocations have a much higher sink
strength than <a> dislocation loops. Calculation results show high growth strain initially. However,

after 1 dpa, the calculated strain shows a much slower increase.

To account stress effect on diffusivity, activation energy is modified as same approach method in
diffusional creep model. In detail, as described rationale chapter, stress effect also considered by
modified Arrhenius formulation. In case of cold-worked zirconium alloy, it was assumed that

dislocation density is already saturated. Hence, for the simplification, simulation was carried out only
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in cold-worked zirconium case because sinks number density and radius behavior did not need to be
analyzed. As results, strain rate of irradiation creep is accelerated depending of stress. At 10 dpa,
irradiation growth shows 0.3 % strain, whilst 1.1 % strain of irradiation creep was obtained by 100

Mpa.

In this study, alloy effect on RIDI were considered in the other way, which has never been considered
in rate theory for RIDI, i.e. solid solution effect was considered. In detail, Christensen [35] calculate
the interstitial diffusivity within 0.5 % of Nb and 2.5 % Sn and in zirconium matrix. Hence
Christensen reveal that Nb decrease the interstitial diffusivity nearly 1/5.64 at 500 K and 1/5.88 at 700
K with 0.5 % Nb in zirconium. Also, same method was applied to account the Sn effect. Sn shows the
high dependency with temperature and relatively less effect than Nb. Interstitial diffusivity is
decreased about 1/4.05 at 500 K and 1/1.38 at 700 K with 2.5 Sn. This information was adopted in
rate theory and then irradiation growth was predicted. By adding 0.5 % Nb in cold-worked zirconium,
0.2 % strain is obtained whilst cold-worked pure zirconium shows nearly 0.3 % strain at 10 dpa. Since
there was no experiment about irradiation growth of Zr-0.5% Nb and Zr-2.5Nb experimental results

was compared and simulation results shows good agreement.
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VIIL.2 Iron-based alloy

In case of iron-based alloy, the nucleation and growth behavior of sinks were simulated by CDM
approach, and then stress, alloying element and cascade annihilation effect were considered. Unlike
zirconium case, different method is applied to account stress and alloying element effect. In detail,

Migration energy was derived by MD simulation and adopted in rate theory to account stress effect.

The defect concentration of pure iron show typical high-temperature behavior, both point and cluster
defects are saturated at 10 dpa. This fast saturation is occurred by fast recombination and absorption
phenomena [8]. From defect concentration, cluster number density is derived by calculating the
absorption rate. Number density shows same trend of cluster defects because number density is

obtained from the largest cluster concentration.

The both sink radius were increased at 10° dpa because number density is too low. And then until 10™*
dpa, both radiuses were decreased. The discrepancy between two sinks is happened after 10* dpa. In
case of void, absorption rate is much higher than emission rate hence radius growth with given

number density. However, in case of dislocation loop were dissolved at 700 K condition.

Base on the result of number density, the radius of sinks was calculated, and then irradiation swelling
simulated. The irradiation swelling shows exponential shape by dpa. It is predictable behavior because
radius increase as exponentially with saturated number density. This behavior was already confirmed

in experiment result in EBR II or FFTF [6].

In zirconium results chapter, stress effect was accounted by modifying the Brailsford model. However,
as described in rationale chapter, stress effect could be directly considered by MD simulation. Hence
MD simulation method were adopted to calculated interstitial diffusivity. As result, stress effect on
diffusivity was calculated. It was observed that diffusivity of interstitial has 8.437 X 10° cm?/s at
873 K. This value was 11 times higher than non-stress applied condition (7.414 X 10 cm?/s). From
the calculation interstitial diffusivity, concentration of defect and cluster, radius, and swelling is
recalculated. The purpose of research is prediction of ultra-long fuel cycle, 600 Mpa is applied. Up to

the 10 dpa, irradiation creep shows 40% elongation with the stress applied direction.

In case of zirconium alloy, solute state of alloy effect was considered. However, in case of iron-based
alloy, precipitation effect was considered by traditional method. From established irradiation swelling
model, precipitation effect was considered, and then defect concertation and swelling was calculated.
Since precipitation provide recombination site, vacancy flux has to be compensated with interstitial

flux. As result, vacancy concentration is decreased. In case of precipitation case, total concentration is
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lower than that of non-precipitation case. Nevertheless, general behavior of radius and swelling did
not change. However, total swelling is much decreased. When it compares with experimental results,
swelling rate of non-precipitation has same slope with SS316 steel. In case of swelling rate of
precipitation, F17 experimental results are well matched. Since precipitation number density and size

were adopted from microstructure analysis of F17, it is obvious behavior.
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