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Abstract

The requirements for the next generation of nuclear reactors call for more radiation tolerant
materials One such material,amostructured ferritic alloys (NFA) asecandidate material for use
in cladding. The radiation tolerance of NFAs canfim the ilgh number density afmall oxide
nandeatures compeasl of Y, Ti, and O. These oxid@nofeaturesr naneoxidesact as alternative
nucleation sites for bubbles of transmutation He, thus preventing the accumulatioatofridat

the grain boundaries which would embrittle the metal.

To further study the material, a metield rate theory modgIMF-RTM) was ceated to
simulate the radiatieinduced segregatidiRIS) of the alloy components Yi, and O to the grain
boundaries. Latera kinetic Monte Carlo modéKMC) was made that replicated the results from
the rate theory for the radiation induced segregaliben theKMC modelwasmodified tostudy
the naneoxide behavior in a range of different behaviors; the r@ade precipitation kinetics
during heat treatment, resistance to dissolution under irradiation regimes similar to reactor
conditions, and abilityto trap He bubbles on the naowide surfaces rather than the grain
boundary This KMC model is more complex than others as it includes 5 different atomic species
(Fe, Y, Ti, O, and He) which migrate through three different mechaniBimdings from the
precipitation heat treatments were able to replitla¢esize, number density, and corapion of
nancoxides from experiments and determined vacancy trapptngxide interfacesvas a

significantf or t he NFAO® s c asappssedid imeyferem omidislacationsire



the irradiation simulations, the resistance of the r@andes to dissolution was confirmed and
found the egess vacancy population plays @mmportant role in healing the nammxides. He
bubbles formed in the KMC simulations weoaihd to preferentially form at the oxide interfaces,
particularly the <111> interface, rather than the grain bouratagythe characteristics of the He
bubbles match expectations from literaturethe development of the KMC model, new insights
into steag-state detection concepts wellgso foundA new type of steadgtate detection (SSD)
algorithm is described. Additionally, a method of forecasting the number of data points needed to
make an accurate determination of stestdye a6 pr e d i c t -requgsite tohsteadypstate

det e dppISO)is@xplored.



Modeling Radiation Damage in Nanostructured Ferritic Alloys: Helium Bubble
Precipitation on Oxide Nanofeatures

Christopher Nellis

General Abstract

Nuclear reactors need more radiationetaht materials in the future, such as
nanostructured ferritic alloys (NFAused for nuclear fuel rod claddinghose large amount of
nanometer sized oxide particles contribute substantially to the radiation resistance of the metal
overall A meanfield rate theory method (MRTM) and a Kinetic Monte Carlo (KMC) computer
model were made to study radiation induced segregation in the material. A more complex 5
element (Fe, Y, Ti, O, and He) KMC code was later developed to study the influence of the oxides
at high temperatures and dose rates to gain insight into the causes the oxides remarkable thermal
stability and resistance to irradiation. At all stages, the KMC model was able to replicate material
behavior under high temperature heat treatment and in@didthe model was used to simulate
the formation of these oxides under different temperatures during their initial processing to gain
more knowledge on how the oxide characteristics (size and number density) are influenced by
temperature so we can tailihre processing method to achieve an ideal distribution of oxides in
the material. Additionally, a mechanism for the oxides resistance to high temperature coarsening
unrelated to the expected one caused by dislocations. The irradiation resistance ofooxides
dissolution from irradiation was also investigated. While experimental measurements give a before
and after picture of a material that underwent irradiation, the KMC can show the time evolution of
the oxide size with increasing irradiation damage s® niechanisms behind the radiation

resistance can be understood. The oxides remained stable at all temperatures and dose rates. Excess



vacancies were found to play an important role in stabilizing the oxides against radiation damage.
The KMC model also coirfned the ability of the oxides to trap transmutation He at the interfaces
rather than the grain boundary and observed the process of He bubble nucleation. The He bubble
form at the <111> oxide interface and they possess similar characteristics of Heslaxgacted

from literature. Additionally, a novel steadyate detection (SSD) algorithm was developed that

can be used for longrm simulations and a method to determine how many data points the

algorithm needs to accurately detect steady state isloes$drere.
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Introduction

The modern energy landscape dedwmthe usage of cleaner energy sources in the near
future, as the usage of fossil fuels have fallen outawbf economically and sociallfNuclear
energy offers an attractive option aspotential replacement for fossil fuel energgurces
However,the current reactor designs are insufficient to compéth other renewable sources.
Therefore new designs are being created @t bothsafer and more efficiesb the designs can
competeon the marketThese new designs call fanore intenseoperating caditions than
previously creatednd require new matergtio withstand theewreador environment.

One particular areaf docus is materialisedfor the claddingvhose function is to hold the
nuclear fuel ad separate it from the coolafeviousy used materials may not withstand the new
environment, some due to claddiogolant interaction at high temperatures and others due the
embrittlement caused byehncreased irradiation damagéarious processes are responsible for
this embrittlement howeveravare focused on two maj@sues radiation induced segregation
(RIS) and heliumbubble nucleatiorRIS is the result of the large number of point defects created
by the radiation causing an enrichment or deplediosolute atomst the grain boundary wéh
changes the mechanical properties and can even lead to nucleation of qEpEsasHelium
bubble nucleation occurs when the transmutation product heliamsform bubbles at the grain
boundariesvhichweakers the material.

A material currently beig studiedarethe nanostructuckferritic alloys(NFAS). Their most
notable attribut@area large number density of fine rsized oxide partiels embedded in the grain
bulk. These nanofeatures naneoxidesprovide tvo attractive advantages the mateal. First
by strengthening the matekighrough impeding dislocabn motion. The second advantage
particularly relevant to radiation resistansehat the oxide particles act as alternative sink sites
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for the point defects and the heliuiihis reduces thpoint defect lifetime (thus reduced RIS) and
reduces the amount of He reaching the grain bourjdary

As access to appropriate testing facilities is limited due to the large cost associated with
subjecting specialty matelg&ato neutron irradiation, there is an intense focus on computer
modeling to simulate a material system under irradiatdordlund has compiled a review of the
various models used for tmadiation effectsn materialsover the last few decad§®]. We have
developed two computer models to capture radiation effects in the nanostructured ferritic alloys.
A mearnfield rate theory model (VHRTM) wasmade to simulate the extent of radiationuoed
segregationfRIS) and aKinetic MonteCarlo (KMC) model was created to simulate thecleation
of the oxidesirradiation,and theformation of helium bubles onto the oxide particleo assist
in the analysis of thEMC simulations, a steadstate detection algorithm was developed to find
the point whee the system achieves a statistical stestde.

For the goal for this research project is to produce a computer model that can replicate the
behavior of the behavior of the NFAs in their response to irradiation damage regimes similar to
those seen in naernreactors, current and planndthe KMC model performdthese simulations
at different temperatures, irradiation types, aothpositionsso one can observe the influence of
each factor on the overall response of the material system. The influenesgraith boundary
wasalsoobserved. The types of simulatica®cut into three broad classes:

1. PrecipitationSimulations
2. Irradiation Simulations

3. Helium Bubble Nucleation Simulations

The PrecipitationSimulationshas the KMC model simulate the nucleation okide

nanofeatures from solid solutions of-FeO and FeTi-Y-O. This is to further affirm the validity



of the selected parameters. The final configuration (i.e. the distributioanafeaturésfrom the
KMC nucleation experiments will be saved and uasdhe starting configuration fémadiation
and He BubbldNucleation simulations

The IrradiationSimulationshasthe configuration of nanofeatures embedded in bcc Fe
subjected to an irradiation regime. It will incorporate the neutron irradiation methddoducing
point defects in the material system. Though the inclusighedfle transmutation productexe
not yet incorporated. This type of simulation will give insight into the role of the oxide
nanofeatures in reducing grain boundary segregaagowell as give indicators to the irradiation
resistance of the nanofeatures themselves.

The Helium Bubble Nucleation Simulatiomsrror thelrradiationSimulations exceptow
include of theinsertion oftransmutation He. The same distributions of oxideof@aturesvere
subjected to irradiation regimes and &ems weremplanted at an appropriate He/dpa rate. The
results of interest in these simulations will be the eventual nucleation sites of the He bubbles, the
He interaction with the vacancies, and tverall size and distribution of the He bubbles. These
results will be compared to those from experiment as applicable.

In the end, should the results of these simulations compare well to those from experiments
then researchers can glean information ftbmpath the system takes to nucleation, segregation,
and He bubble formation. This information will helpful to understand the mechanisms behind each
process as well give insight to what factors would be most helpful to control to increase the

irradiationresistance of the NFAs.



Outline

The preent work is divided intsevenchapters:

Chapter 1: Background Informati@md Motivation The details of irradiation damage are
described here as well as the development track of the NFAs and the use decongulels to

simulate the material behavior

Chapter 2 Material Systemand Computer ModelsThe material system of NFAs is described
here and shows how the key parametsedto simulate in NFA systemare found Where the
MF-RTM and KMC models are desbed, ncluding the solute migration methods and other
factors that should be accounted fbhe validation procedures of the models are demonstrated.
The chapter contains exerts from a paper written about the rate thedgtmade to simulate

grain boundary segregatiof8].

Chapter 3 SteadyState DetectionThis chapter describes the efforts taken iradyestate
detection (SSD) for use in the KMC. It includes work done on a SSD algorithm-{tPgRG

method) with demonstrations of the algorithms versatjily Additionally, previaus work on a
procedure to find the number of many data points need to collect before one can even test for
steadys t at e pfedicirgthe prteeduisite to steady state detecbonor t he ppSSD

is included5].

Chapter 4: Oxide Precipitatiomhe KMCwasset to subject a model system similar to NFAs to

the heat treatments that spur the nucleationettaracteristic ¥Ti-O oxides.The precipitation

n



behavior of the oxides asinvestigated to find agreement agsiexpectations from experiments.
The oxide characteristics such as size, density,cantposition areecorded for analysiand
inferences about the effect of heat treatment temperatenemade.From the results there will

also be a commentary about thermalstability of the oxides and their resistance to coarsening.

Chapter 5: Neutron IrradiationThe investigation of the response of @es under neutron
irradiation. The mechanism that creates the cascade of defects in the sys$el®evelopedand
validated.Change in oxide characteristics from size, density, and contjpmswastracked and
compared to experimental resul®e influence of irradiation temperature and dose rate (dpa/s)

wasalso investigated.

Chapter 6: Helium Implantatiofor this chapterthe oxidesare subjected tan irradiation regime
with the added insertion of mamutation He with the defeci®he multitude of He bubbles formed
in this regimewereinvestigated and compared to expectatifmmghe size to the locatioof the

Hebubbles in the systerihe influence of temperatuesd dose rateere alsanvestigated.

Chapter 7: Discussion and ConclusionBe preceding chapteassesummarized and the next

possible steps with the KMC modslediscussed.



Chapter 1. Backgund Informationand

Motivation

The material requirements for cladding material in the nuclear reactor are numerous and
stringent. The cladding must have a low thermal expansion coefficient to reduce stress on the
cladding during the fuel cycle. It mustysa high thermal conductivity so the heat from fission
can quickly transfer to the coolant without overheating the metal. It must be strong to withstand
the high pressure environment and must be prevented from cracking during operation.
Additionally, thematerial must maintain all of these properties while being subjected to intense
irradiation conditions. The material is expected to withstand irradiation damage up to 200
displacements per atoms (dp@). Meaning statistically, the average atom in the material will be

displaced by irradigon on average 200 times during its lifetifi7g.

1.1 Damage From Irradiation

Nuclear fission reaction inside the nuclear fuel eject high energy particles fromethe fu
into other components of the reactor, including the metal claddihg irradiatiorinduced
degradatin of material propertiestartswith thecollisions of thesehigh energy particlewith the
metal matrix The energy of these neutrarein the 1 MeV range and a large amount is deposited
on a primary knoclon atom (PKA). This PKAinleaslesa cascade afisplacements through the

metal matrix.In the end of the cascade, several point defects will remain in the matrix that go on



to cause further events. These point defects include vacancies and dufBbiBglidigher level
defects like voids and dislocation loops algocreated with continuing irradiatiacamageThe
excess vacancies cause the formation of voids that expand the volume of the material. This void
swelling phenomenon introduces stresses that serwedken the materifl0]. How a material

manages these defects forms the basis of the radiation resistance of the fha}erial

1.11 Radiation Induced Segregation

The root cause of radiation induced segregation is the increased number of point defects in
the material due to irradiation. In normal cormats, there is a thermal equilibrium of point defects
in the material that occur through thermal processes. The irradiation processes create
concentrations of point defects many orders of magnitude above their thermal equilibrium values.
This greatly accelrates diffusion of solute atoms in the matrix. Since the grain boundaries act as
defect sinkavherethe defects around it get annihilatel contact This creates gradient in the
defect concentration profiles which in turn drives more diffusion of plafects towards the grain
boundary.

When there is a flux of vacancies, there is a flux of atoms in the opposite direction. When
there is a flux of interstitial dumbbells there is a flux of atoms in the same direction. The
segregation comes as a resulpudferential exchages with certain atomic speci€ér example,
the vacancy exchanges less frequently with the Y atom than with the Fe atom so more Fe leaves
the grain boundary area thus leading to an enrichment of Y at the grain boudanyposite
effect occurswhen a solute migrates favorably vihe interstitial dumbbell movement. The
enrichment or depletion of a particular element at the grain boundary is dependent on the

competing effects of these migration methods in a way referred to as thgeliinkendall (IK)



effect.[12]. Like with corrosion, the grain boundary type can also have an effect of the degree of

segregation even if it is radiation indudég).

1.12 Damage from Helium

The presence of He has alsgen shown to degrade the tensile ductility and creep resistance
of nuclear materials at the high temperatures in the refibi¢pr He producing transmutation
reactions in theeactor are expected to inséf¢ atoms into the cladding at a rate If atomic
parts per million per unitlpa(10 appm/dpa)15]. Small clusters of He atoms and vacancies form
the He bubbles, or cavities, at dislocation, grain boundaoieis, the matrixitself. TheseHe
bubbles grow slowly when first formed at a rate tied to He insertion and migration. Certeia
critical size is reached, the bubble converts into a void and proceeds to expand rapidly though
vacancy accumulatigid 6]. A key aspect of radiation resistance for a material is the ability to keep
the size of He bubbles small for as long as possible.

While voids and He bubbles appear to be interchangeable dsatiempact the material
propertiesby stressing the materjatheir relationship with each other is compler. dJome
instances, evidencauggests small He bubbles in the material can have a suppressing effect on

void formation[17].

1.2Nanostructured Ferriti Alloys

The NFAs are attractive to researchers since their key features aredtadidyin the face
of the intense irradiation environmeni$ie main focus of research has been on NFAs with oxides
composed of Y, Ti and O'he two NFA alloys, 12YWT and4YWT that were simulated were

selected since these alloys have been extensively studied, including the processing conditions



required to achieve oxides of a certain size and number d¢®iB0]. There have beestudies
that incorporated other elements in the oxide lik&Ced21], Al [22], and Zr[23], though these
alloys have a smaller body of resgaattached to thernthe size of the nanofeatures are typically
in the range of 20nm for the NFA steels and have number densities ip thdd range[1].
The nanofeaturesucleatehroughout the metal but alsnicleate around imperfections like grain
boundaries and dislocatiof4].

There is aconfusionin terminology between NFAs arakide dispersion strengthened
(ODS9) steelswhich have similar compositions and have the samdaielloxide particles as a
defining featureTypically, the ODS steels have larger oxides that are incoherent with the metal
matrix [18] and NFAs havemaller grains coming in at than 500 nn25]. However, the exact
distinction is not clearly defed and ODS is sometimes used as an umbrella term for aotlass

materials that includes NFAs.

1.2.1Microstructure Garacterizations

For radiaton resistant steelan advantageoustructure of the steés ferritic martensitic
due to the general wisdom that austenitic steels are many times more vulnerable to swelling during
irradiation[26, 27] The comma major constituent species other than Fe isf@rcorrosion
resistancewhich in the various commercidlFA/ODS steels has atomic concentration between
9-14 wt%. Nickel is discouraged for use in a reactor due its susceptibility to produce transmutation
He[28].

Furthemore, NFAs are daggned to have a small grain size whiglanother factohelpful
in reducing irradiation related swelling though the high grain boundary density voids grow

at a much reduced rate near grain bound§@@p This small grain size inherent in NFAs also



contributes to resistance to swelling from He bubbles as a small grain size has been shown to
decrease He bubble dendigp].

The crystal structuref the Y-Ti-O nanofeaturesecomes hard to defirmkie to their small
size.However, the prevailing theory is that thh@ have a bixbyite structure and €Y@ has
a pryoclore structure in the iron matrix though some studies have se@n\f@in the mix.At
small sizes, the oxideanofeature are more congruent with the bcc matvikthout the crystal
structureof a second phasandthe composition does not follow teeichiometryof the chemical
formula[31]. In fact, with the small sizes of nalmxides h NFAs like 14YWT, the structures are
expected to be coherent with the bcc Fe matrix.

Miller investigates the various oxides in the metal and identified three types in descending
order of size. 1) large (280 nm) Ti precipitates rich with nemetal N, O,and C. 2) Smaller (5
10nm) oxides with the structure”Y'@ and®"YQ, though the compositions do not precisely
follow this stoichiometry. 3)-#4nm fine nanoclusters of Y, Ti, and O atoms that tend to be coherent
with the bcc lattte. The first and second group of precipitates are found primarily at the grain
boundaries while the third group is predominately located in the grain interior. The third group has

a disordered structure coherent with the bcc m§dax

1.2.2Processing

TheNFAs are dispersion strengthened whichdéfizrentprocesgrom the more common
precipitation strengthening. Both processes involve tha@mtation of a secondary phase that
fairly small and numerous, osthat dislocation movement can be impeded. Dispersion
strengthening is focases wheréhe metalcomponenhasan opaating temperatures close to its

melting pointwhere the main phasd the material stands to lose much of their strength due to
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temperatureThe secondary phase would have a melting temperature much higher than the base
matrix so the material benefits afforded by the secondary phase remain present even if the main
phase isveakenedHowever, this insolubility in the matrix phase and requiraae rigorous
processing path.

The NFAs undergo specific processing teges in order to get the most desisetk and
distribution of oxidenanofeaturse, microstructure, and gragize.Processingtarts by collecting
metal powders into a solid solution. The oxygen is introduced into the systeta(as@owder.
Since the YO bonds are so strong, the solid solution is mechanically alloyed through ball milling
to break those YO bonds and a single solid solution. This process also adds a larger density of
dislocations in the metal matrix whiclave their own advantag to radiation resistan{&3]. The
complete solid solution is then put through a heat treatment to produce a ferritic martensitic steel
and nucleate the small oxisnofeature. Mostly commonly, this process is achieved with hot
isostatic pessing(HIP). The advantage of this process is a higher number densignofeaturs
to more conventionally annealed NFP881]. Another processmtechnique being explored is to
subject the metal powder to spark plasma sintering as a way to avoid contamination that could
occur during the mechanical alloyif@p].

The Cr in the solid solution should not haaegreateffect on the oxide structure or
compositior{36]. Studies show that the addition ofifiio the solution reswdin much finer oxides
than the®w 0 oxides. And the Ti containing oxides will be more favorable to form compared to
@U . Thus when Ti is present in the solid solution, it will inhibit the formationiaf

nanofeatureand lead to most of the nanofeatures containir[§7Ji

1.2.3Creep
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Research finds that the higher the number density of these oxides, the stronger the material
becomeg$38]. The specific mechanism is related to the pinning effect the oxide nanofeatures have
on dislocation movemerj89]. For this same reason, the nanofeatures are credited for the high
creep resistance in NFAs. The cladding material must be resistant to thermal creep due to the long
operating times at high temperatures closer to themaéitnelting temperature than with ordinary
uses. Experiments where the NFA MA957 undergo high temperature creep testing show

remarkable creep resistar{d®].

1.2.4Corrosion

Corrosion along the surfaces and grain boundary works to weaken the material and make
it more susceptible to cracking in a process called intergranular stress corrosion cracking.
Corrosion will also inlbit the heat transfer from fuel to coolant which affects the reactor
conditions. Radiation can accelerate the corrosion due to chemical changes at the grain boundary.
One could choose to combat corrosion encouraged by Cr depletion due to RIS through grain

boundary engineering, where special boundary types can enhance corrosion pidtection

1.2.5Thermal Stability

The NFAscharacteristioxide nanofeatures have strong thermal stability, showing little
coarsening when subjected to the higimperatures common in reactp42]. The addition of Ti
works to produce finer oxides in the NFA, resulting in an increased number density compared to
NFAs with only Y-O oxideg[43]. Additionally, the ¥Ti-O oxides are more thermally stable than
the Y-O oxides, which largely alleviates concern abaeitichental oxide coarsening. Very little

coarsening is seen when the ratioTaly >1, even at temperatures greater than 15[BK. A

12



thermokinectic modeby Barnard estimated that without irradiation damage thE-© nane
oxides would survive in nonirradiated environments for over 80 yeaesngieratures as high as
1173K [45], which is well past the lifetime of the fuel rod cladding. Tiediction ofstrong
thermal stability has been backed up by lbegn thermal aging experiments of NFAs containing
Y-Ti-O oxides[20, 40, 42, 46]Analysis of the kinetic evolution of precipitati¢0] finds the
coarsening of the namxides does not follow th&r® 67 power lawtypical according to
Lifshitz-Slyozow+Wagner(LSW) theorywhen coarsening is diffusiecontrolled[47], suggesting
something is inhibiting atomic migration. Much of the deviation from thé& p@wer law is
attributed tothe excesslislocationsin NFAs influencing long range vancy migration though

other causes should be investigated.

1.2.6lrradiation Stability

The oxides also show a resistance to dissolution under irradiation conditiangxample
study, Liu tests the NFA MA957 and found that the larger nanoclusteiergoes a shrinkage
until they reach an equilibrium radius, hinting that competing forces could be the cause of oxide
survivability [48]. Anotherreason for this resistance to dissolutiothsught to be the large grain
boundary area as well as the oxides themselves acting as defect sinks. Liu compares the response
of ODS and notODS steels and finds that the ODS steel is effective in reducing the defect
population and thus is more resistimtadiation induced changpt9].

Simulationshaveshown that increasing the sink density decreases the degree of radiation
induced segregation in a systgB0]. Additional studies have found through experimental
observations that the defect population in a material decreases with grain size (increasing the grain

bounday area)[51].
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To test for the irradiation resistance of the NFA, the alloy is subjected to an accelerated
irradiation treatment with neutron irradiati@n ion irradiation.There is some question to the
applicability of using ions to replicate neutron damage, attempts have been made to emulate
neutron damage using ions through careful accounting of the differences in the fa&fhod
Wharry did a fine review irradiation stability experiments done of the D&h includes NFAS)
steeld53]. Given the multitude of different alloys tested on different irradiation conditions, it was
difficult to see general trends beyond tlencoxidesbecoming more spherical. Tin@ancoxide
dispersion characteristics went everywhere with size increasing, dagreasl remaining the
same. That isot say that th&lFA steels that saw themancoxidesdissolve were not resistant to

dissolution.

1.2.7Helium Bubbles in NFAs

A main factor for why NFAs are coveted arergsistanceo sweling in the irradiation
regime. This swelling is caused by the transmutation products from the nuclear reactions
nucleating new phases or bubbles into tlademal whichputs strain on the material and works to
embrittle the material. Research suggests there is a critical diteelmfbbles at grain boundaries
which would lead to a sharp drop in desired mechanical propgie&Vhile other transmutation
gases like Ne and Aaregenerated through nuclear reactidhe smalleHe atoms are located on
the interstitial sites which allows them to migrate much faster and nucleate at inconvenient
locations[55]. The helium bubbles ameen agavity in which He atoms reside. In the system, it
is pictural as a cluster of vacancies filled with He atoMsich of the reason for the formation of
He bubblesaredueto their interactions with the vacancié®]. With the strong binding energy,

between 4 and 6 He atoroanreside in one vacang$7]
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While homogenous nucleation of these He bubbi@isin the Fe matrix itselis possible,
the He bubblesre far more likely tdorm heterogeneously at material imperfections like grain
boundarie$58], dislocationg59], and the oxideanofeaturs. A thermodynamic studyom Yang
of the interface between thie"Y'@ oxides and the Fe matrix reveal that both the vacancies and
He atoms will gather at the interface, thus affirming the oxides as preferential nucleation sites for
He bubbleq60]. It may actually be relevant to account for He accumulatieside the oxide
nanofeature. Studies have shown that He can sit in the surface layers of oxidés [61] and
OY'aQ [62].

Helium implantation studies were conducted on the NFA MA957 and\Nk@aF82H. For
the same He implantation regime, the NFA MA957 saw a higher euddnsity of He bubbles
that were finer than those observed in the F§&3]. Two companion papers by Kurf@4] and
Yamanoto [15] observe the He bubble characteristics in-@iS steel and the NFA MA957
respectively which confirm the NFAs reduce the size of the bubbles and trap the bubbles at oxide
sites. Affirming that thennanofeature would reduce the size of He bubblgsgdroviding more
nucleation sites. Another He implafibn study of an NFA by Edmondson reveals that roughly
50% of the He bubbles will nucleate at tinenofeaturs and only 15% will nucleate at the grain
boundarieg65]. When the existing He bubble containing steels are subjected to a heat treatment,

the bubbles in the metal coarsen through the migration of vac66]jes

1.3Modeling

There are limited facilities that can produce the high energy neutrons to irradiate material
samples for testingo proton, electron, and ion irradiation is often used as a substitute for neutron

irradiation. Ribis foundhat ion irradiation has a deep impact the nanexide growth during
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irradiation with radiation induced oxide growth occurrii40 timesfaste thanthe growthin

samples that were neutron irradiatggl’]. For physical evaluations of the helium bubble
distributions, helium implantation techniques have been developed to mimic the irradiation
regimes in reactors by having spallation neutrons inducelh rggctions in a blanket material
surrounding the sample, thus releasing He atoms into the sample material with great care made to
get the correct H&o-dpa ratio§64]. Sometimes the neutrons are substituted with accelerated ions
though the applicability to neutron irradiation is debat§®8. Swenson also saw differerscen

the stability of the nanoxides when irradiated with protons and neutf683$. These experiments

gained limited insight into the evolution of naoride characteristics over total accumulated dose

as most of the irradiation expemts only analyzed the oxides after twdloee dosages.

One possible option to solve these problemghisughthe use of computer models to
simulate the irradiation responfd. The response of materials to irradiation can be simulated
using computer models such as mean field -theory [3], molecular dynamic$70], cluster
dynamicq71], and phase fielf2] models.For the purposes of this project, two computer models
were created to investigate the radiation induced segregation, nucleath@amajéaturg, and
formation of He bubbles. They are the mean field tia¢®ry mode(MF-RTM) and the Kinetic

Monte Garlo model(KMC).

1.3.1Rate Theory Models

There is a rich work of literature ddF-RTM to predict the degree of segregation in
various different types of alloys, most of which focus on the segregation of ehejeents likeCr
in stainless steel claddinghe first models by Johnson and Ldi#B] were used to predict

segregation in austenitic (fcc) stainless steel and were continuously modified to fit with data from
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reactor experimen{34]. Later, a study was conducted for the segregation in a ferritic martensitic
(bcc) steel complete with its own reactor anal{/gtg and a thorough investigatiof factors such

as solute drag and dislocatidi$].

1.3.2KMCModel

Atomistic Kinetic Monte CarlgKMC) models have a history of being used to study phase
transformatios and thermal aging in metals. Additionally, kinetic Monte Carlo models have been
used to study precipitation kinetics in the-€e system[77]. The advantages dMC to rate
theory and phase field models is the fact KMC can better take into account the local
environment by tying the migration energies to configuration arounpiainé defec{78].

The KMC model is extendetb look at precipitation of solute precipitates¥e-C[79],
FeY-O[80], FeTi-O [81] systems.The heterogeneousiucleation at dislocations and grain
boundaries has been identified as area of growth for deieled observations from the model.
There have been studies of usiKyIC in the FeNb-C system to see NbC nucleation along
dislocationd82] and grain boundarig83] by adding a segregation energy term

Soisson has developed&C model that could model RIS bgtroducingpoint defecs
via a Frenkel Pair mechanisaha common ratend compared the resu#igainst a meafield rate
theory model for simple ideal alloy84]. There are many ggtications of thisKkMC modelto
simulateRIS in various material systems like-Ee [85]. Becquart lays out a pathway tase the
KMC to simulate more complex alloynder advanced irradiatidry applying hilkKMC model to
the multicomponent FEuUNIMNSI alloy [86], including a more detailed description of the
dumbbellinteractions Becquart[86] and Vinceni87] incorporated neutron irradiation in their

KMC models by inserting cascade debris from molecular dynaifiti3) simulations of
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displacement cascades into the KMC simulation [8&x 87] There have been some studies of
the KMC with interstitial elements including helium in the pure bc{B8Be30], though there have
not been KMC studies involving both He and NFAs
One of the drawbaskof the MFRTM and KMC is that so many events can happen and
the modeler has to know the parameters needed beforehand. Many of the parameters needed in
both models can be found through density functional theory (DFT) calculgtmgh a paper
by Barnad cautioned fothe need to tiesomeparameters to experimental values, owing to the

sensitivity of the modgb1].
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Chapter 2Material Systenand Computer

Models

2.1 Material System

2.1.1 Atomic Locations

TheFe-Ti-Y-O material system is represented d@braedimensioml collection of poits
in the bodycentered cubic (bceystemwith an ocahedral sublattice for interstitial atonksgure
2.1 showshe basic bcc unit cell as referenEer computational efficiency, the models assume a
rigid lattice system, meaning the distancewmssn two points remains fixeegardless of the
occupying atorain those points. In rag}, the atomic distancesary with the strain of nonuniform
distribuions of solute atoms. This rigldttice approximation preventsaformation of phases of
compktely separate lattices likehaxagonaklosed pack (hcp) phasebcc,howeverthe models
arestill useful. The oxide particles are expectedacsall enough that the nanofeattemains
roughly coherent with the bcc crystal struct{t®, 92] Table 2.1 lists the matrix ad solute
elements studied and where they are expected to reside in afdesdfebtc Fe matrix from

literature.

19



Figure 2.1 Thelattice of the FeTi-Y-O alloy. The dark circles represent bcc lattice sites amelwhite circles represent

interstitial lattice sites Image from Hir{80].

Table2.1: Preferred httice positions of solutes and point defects in the bcc Fe lattice

Atomic Species Preferred Lattice Site
Y Substitutiona[93]

Ti Substitutiona[93]

0] Octahedra[93]

He Octahedra]94]
Vacancy Substitutional
Dumbbell Substitutional

2.1.2 Defect Production
Numerous events can be represented inptlesenéd modek. Point defect generation,
vacancy migration, interstitial migrations, and interstitialcy migration. There are two modes of
point defect generation: Frenkel Pgenerationrand Cascade of Displacemenihfie MFRTM
only uses Frenkel Pair productiamile KMC uses Frenkel Pair and Cascade of Displacements.
For the Frenkel Pair modasits name suggests, a single FrerRal of one vacancy and
one dumbbellatom are placed into the system at least 10 atomic distances apart. Thiss mode

modeled to emlate electron irradiatiori84]. The second mode replicates the impact of a high
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energy neutron on the lattice and will produce a large amount of point defects at one time in a
localized areaThe number of displacemenis from the resulting cascade estimated by the

following equation:

5 = (1)
y 2)

O is the initial emergy oftheneutron Ais the atomic mass number a@dis the threshold
displacementrmergy For Fe, thé@© is setto 40 eV based on literature vali$&g. Eq lis a general
relation from Kinchin and Pead®6] that has been found to overestimate the number of
displacements from neutron irradiatidxnother way to calculate the number of displacements is
from the primary knoclon atom through an estimation called Nordg&tbinsoRrTorrens[97].
These point defecteecombine ratér quickly, but some defecsurvive to cause changes in the

material system.

Figure 2.2 Depiction of the vacancy (a) and a <110> dumbbellitbq bcc iron lattice
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The atoms migrate through the system through the vacancy, interstitial and interstitialcy
mechanismsln the vacancy method, the vacapastured in Figure 2aexchanges positions with
an atom in the adjacent substitutional latite. The vacancies can be introduced through thermal
processes or irradiation. The vacancies can also leave the system through annihilation at defect
sinks like grain boundaries or thancoxides Or the vacancies can recombine withdoenbbells
shouldthey come within sufficient distance to each other.

Thedumbbells, also callesklfinterstitialatoms (SIAs)pictured in Figure 2b arecreated
from irradiation are expected to be in the form of dumbbells in the <110> configuration located
on the substitional sites. Research from Jiafg3] indicates this willbe the most likely
configuration for most interstitial dumbbellsor the purposes of the model, a dumbbell is
considered to bevo atoms occupying the same lattice site. These dumbbells will migrate through
the translationor interstitialcymechanism where one atom in the dumbbell will migrate to an
adjacent lattice site and form a new dumbl#lll. Which atom stays in place and which atom
leaves is decided randomly regardless of the sitthvat form the dumbbelThis is a simplified
description as the actual dumbbell is a complex of the two substitutional atoms that has many
different orientations and migration paths, includifijr2arest neighbor jumps. The dumbbells
FeTi and FeY arealso included in the model. The-Ti, Y-Y, and TiY dumbbells are not
included since the amount of titanium and yttrium is expected to be small, making formation and
long-distance migration unlikelyThough the literature commonly refers to dumbbells I&s,S
that termwill be avoided in this manuscrips it can cause confusion when discussing interstitial
specieghat primarily exist on interstitial lattices because of favorable thermodynamics

The interstitial atoms that sit on the octahedral sitekerbtc Fe lattice migrate thrgiu

the interstitial mechanism, wireethe interstitial atoms hop from octahedral site to octahedral site,
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provided that they are not imged. They will not jump onto substitutional site even if that site
is vacant.This elenent is also known as foreign interstitial atoms (FIA) to diffaegafrom the

selfinterstitial atoms (SIAS).

2.1.3Diffusion
Ultimately, the severity and speed of the atom jumpgble models ardetermined by the
number of point defects in the systamd the diffusvities of the solutes by each mechaniSihe

following equationglisplay how the diffusion coefficientad diffusivities are calculated

0O QO 86 Q6 (3)
0O O 6 Q686 Q6 4)
0O 6 Q086 Q6 (5)
Q ® U Aop— (6)

Concentration® ando represent the vacaies and interstitial dumbbells that are created
from irradiation.Using Fe as an examplEg. 3 showsthe calculation of the diffusion coefficient
O from theindividual contributions of the vacancy and interstitialcy mechanidbif$usion
coefficients for vacancies and dumbbedise calculated in Eq 4 and 5 and are dependent on the
alloy compositionThe termsa and0 are the lattice parameter and the attempt frequélioy.
Boltzmann constant and temperature are representéd &iyd T respectivelyEmigrepresents the
migration energy of the element by a particular mechanism. A similar expression cad lberus
the diffusion of Ti and YEq 6 is the method used to calculate the diffusivity of each element by
a particular mechanism. & are typically calculated as an exponential function representing the

probaility that a jump attempgucceed multiplied by the frequency that jump is attempted.
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2.1.4Importance of the Point Defects

From the above equations, should be noted thahé concentration of point defects
significantly impacts the diffusion coefficient. The more defects in a material, the higher the
probability that an atom will encounter one dhdsbe able to migrate. Point defects are present
in every metal as they cdre created be thermal processes to minimize the free energy. There is a
thermal equilibrium concentration of each point defelies orthe formation energy of that defect

[98]. Estimates of the thermal equilibrium values are described in the following equations:

o Agp—— (7)

A ARop— (8)

Ordinarily, the formation energies of the point defects are so large that there a very small
number of point defects in the systdpor instance, ifusion models do not typally account for
diffusion by dumbbells because their contribution is negligsbleetheir high formation energy
O "OQmeans very lovthermal equilibrium concentration. Dumbbells areludedin this
work because irradiation creatdsmbbells in similar numbers to vacanciedoth Frenkel Pair
production and displacement cascades

At thermal equilibrium, the vacancies are the only point defects wisufficient
concentration to drive diffusion. So Bdor the diffusion coefficiehwould become:

0O QO b (9)
The expression can be expanded usin@g Bagd Eq7 to show the factors for the diffusion

coefficient for normal conditions.

0O 0V & Agpb— Agpb— (10
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Which usually get reduced to a prrponential and an activation energy which is the summation

of the migration and vacancy formation energy.
0O O Agp— (11
O 0 O 0Q 12

Eq 11the format typically used to describe the diffusion coefficient of solutes in a metal
because most applications assume the paefectswill remain at their thermal equilibrium
values. Our modslcannotassume that sd¢ defect concentrations have to be tracked. It also

means the system has to populated with the thermal equilibrium concentrations of point defects

before starting the simulation to ensure the expected diffusion properties are present at the start.

2.2 Paameterization

2.2.1 Kinetic Parameters

For both thalF-RTM and KMC models, information about the diffusion properties and
atomic interactions are required for the model to present results acmuthtechosen material
system. This section describes wothose parameters are founflpm literature or our own

calculations.

Table2.2 Diffusion parameters for F&i-Y-O-He system

Input Parameter Value Unit Reference
lattice parameter 2.87 x 101 m
Vacancy Migration Energy, Fe 0.66 eV [80]
Vacancy Migration Energy,Y 0.23 eV [99]
Vacancy Migration Energy,Ti 0.81 eV [81]
Interstitial Migration Energy, Fe 0.35 eV [84]
Interstitial Migration Energy, Y 0.21 eV calculatel
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Interstitial Migration Energy, Ti 0.24 eV calculated
Vacancy Formation Energy 2.24 eV [80]
Oxygen Migration Energy 0.48 eV [100]
Helium Migration Energy 0.1 eV [101]

Vacancy preexponential factor, Fel  6.0x10* m/s [80]
Vacancy preexponential factor, Y 3.7x107 m?/s [99]
Vacancy preexponentiafactor, Ti 2.1x10* m/s [81]
Interstitial preexponential factor, Fé 1.0x10° m?/s
Interstitial preexponential factor, Y 1.0x10° m?/s
Interstitial preexponential factor, Ti 1.0x10° m/s

Interstitial attempt frequery 1.0x104 Is

The system is set so that diffusion values of each solute in pure bcc metal reproduces with
values from lierature or experiments. Table2sts thediffusional values critical to the system.

The diffusion of titanium in bcc Fe by vaway method was found using aethod called serial
sectioning.A solution containing the radioactivVéTi isotope was spread on the surface of Fe
samples that are heated over certain temperatures and time infEneatample is then cut into
sections whas activities are measured to estimate the penetration #ffth@he data is then fit

to an Arrhenius equatida02]. The yttriumvacancy diffusion valuesere found through @ensity
functional theory DFT) study[99]. The Fe vacancy diffusion values were found in a similar way
to the titanium diffusion data. An internal oxidation method was used to determine the diffusion
constants for oxygen in bcc irgh03]. These experiments give the fmeponential fator and a
migrationenergy.

The dumbbell migration energies are only approximations dueetamidny different
mechanisms of dumbbell migration. The-Fe dumbbells are predoinantly in the <110>
direction, so the modelreat all dumbbells has having a <110> orientation. The interstitial
migration energy for an Fee dumbbell has been settled tngh literature by using density

functional theory calculations for a number of different jumps and finding an average. In this study
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the FeY dumbbell is assumed to jump to a second nearest neighidamotate 90 degrees to the
<-110> orientation that isyelivalent to the <110> orientation in a cubic systé€hus the migration
energy can be calculated by subtracting the energy of yttrium in a tetrahedral position and the
energy of when the yttrium is in <110> mixed dumbp®4], using values fromdiang[93]. This

method was likewise used for the titanium interstitial dumbbell migration. Thexp@nential
factors for interstitial jumps were found by mulyilmg the square of the lattice parameter by a

common attempt frequen¢g4].

2.2.2 Thermodynamic Parametérs FeY-T+O

The energy of the system is calculated throughlBqg.
O B g0 - (13
System aergyE is the summation of the paimteraction energies between all atoms in the box
at all recorded neighbor distanaes the system. Higher order interactions are not included in
this model. As the system kinetically evolves, the enefgthe system trends in a downward
direction due to reduction of its energy through formation oPfA@haseoxide particle So, an
accurate depiction of the thermodynamics of the system is required for the KMC model to

accurately replicate the behavafrthe FeY-O and the Fe/-Ti-O systems.

Table2.3: Pair-interaction energiegeV)for the FeY-Ti-O system taken to th& #earest neighbor in the simple cubic frame of

reference

Pair-Interaction 1 2 3 4
Energies (eV) (eV) (eVv) (eV)
FeFe - - -0.611 -0.611
FeY - - -0.59 -0.52
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Y-Y - - -0.57 -0.69
FeTi - - -0.65 -0.53
Ti-Y - - -0.71 -0.68
Ti-Ti - - -0.69 -0.70
Fe-V - - -0.21 0.00
Y-V - - -0.35 0.00
Ti-V - - -0.35 0.00
Fe-l - - -0.10 0.00
Y-l - - 0.25 0.00
Ti-l - - -0.10 0.00
Fe-O 0.00 0.00 - -
Y-O -0.01 -0.11 - -
Ti-O -0.04 -0.04 - -
O-0 0.10 -0.116 0.10 -0.116

Table2.3represents thpair-interaction energies that each atom has with another atom
located at aertain distance sit@’hen index ranged-4 based on the distance between the two
interacting atomaccording to the simple cubic modehe F'and 29nearest neighbor interactions
take plae either on the octahedral lattice or between the octahedral and substitutional.
Conventionally, the interactions labeled 3 and 4 can also be calledahd 29 nearest neighbors
between substitutional solutesthe bodycentered cubic model

The paameters listed above in Tal#2e3 are calculated from the thermodynamics of the
FeY-Ti-O systemMany of these values can be found through DFT calculations. However, there
have beencautions about using ®omany DFTFcalculated values in the parameteriaatof
computer model$91]. Therefore, rather than calculating the parameters using DFT, the KMC
parametersvere selected to replicate the experimental behavior of Y, TaDhand® Y@ in

bcc Fe.Thermodynamic quantities utilized in the derivation of the -pderactions include
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cohesve energies, vacancy formation energgslubility limits, and solubility products @b 0
and®"Y"@ . Knowledge of the relationship of these properties with theiptgraction energies
allows for a system of equations to be developed to solve the necessary values. The relationship
of the pairinteraction energies with each reaal property ishownbelow:
O —- —- 14
‘O represents the cohesive energy of an atomic species, and¢ represent the number of
39and 4" nearest neighbor bonds in the simple cubstesy. The- ,- ,and- interactions
are fit the cohesive energy of their respective element.

The material parameters are selected to satisfy multiple conditions to capture the

behavior of each elemerithe approximate relationship between paieraction energies and the

solubility limits/productsat a given temperature T are shown below:

o Aogp—— (19
@ Aob (16)
A similar formulation to Eql6to findo . Pairinteractions  and- interactions are

selected to replicate the solubility limits of Y and Ti in bcc Fe in the KM@ parameters and
- are set equal to each other and found uBiqdl5. The- and- are set to positive 0.1 eV
to ensure the proper arrangement of O atoms in the second nearest neighbor positions on the
octahedrabub lattice.
The relation of the solubility product of the-® oxides0 to the paifrinteraction

energies are based on derivations assuming astructure within the iron matrix.

0 &) &) Aob (17)
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The order energiesm T - - C- and m o - - G-
represent the deviation of ideal interactiahsandc represent the concentration of each solute
in the bcc Fe matrix of an Fé-O mixture at thermal equilibriupmote, these are not the same as
solubility limits @ and® due to the YO interaction With the FeY and FeTi relationships
known, thee and- interactions are found through the solubility product®o6f and"Y'@ .

For the Y-Ti-O oxidesthe ®"Y"@ structure cannot be represented on the bcc structure,
so a formulation assumingéa”Yy'Qstructure is constructed to relate the fiaieraction energies

to the solubility produch

0 O O Aob

(18)

The solubility product fokw”Y@ provides thanformation needed to extraet . The
solubility limits are found irthe literature from the experimental measurements used for phase
diagram construction for the [L05], Ti [106] and O[107] solutes.The solubility product for the
Y-O and ¥Ti-O are found wusing data i[f] Reatngthesa 6 s

guantities to patinteraction energies are detailed in works by 8.

Certain structural assumptions are used to simplify the parameterization. The parameter

- issetsothatthe order energy >0, allowing the FeY phase to nucleate irYd.ikewise

the- parameter is set for-Yi to have a repulsive interaction in tHérearest neighbor distance.
Oxygen atoms have showmpeeference for bonding with Ti in the first nearest neighbor position,
and with Y in the second nearest neighbor position, sa that - and- -, allowing
them to align with observations.

o & - a- (19
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‘O & isthe vacancy formation energy inXdmatrix. Only the first nearest bcc neighbor
(39 nearest neighbor in the simple cubic setup) of vacancy with atomic species is used in this
parametaration.The pairinteraction for the yttrium and titanium with a dumbbell was taken from
the energies of formation of the <110> dumbbell when the solute atom is in one of-itedinsst
neighbor position§A3]. The He pakinteractions are discussed in Chapter 6.

The complete derivation fahe relations ofd to the pairinteractionsis shown in

below

2.2.3 Derivation of the Solubility Product Equation
When an Fe&o0 system is at equilibrium, the chemical potentials of the solutes in each

phase are equal

While* generally is regarded asderivative of the Gibbs free energy- when the system
has a cortant temperature and pressur&en the system has a constant temperature and volume,

the chemicalpotential can also be represented dgrvative of the Helmholtz free energy

. With the rigid lattice approximation disallowing volume changles Helmholtz free energy

can be reduced to:

O Y Y'Y (20
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Where S ishie entropy term and the internal energy U can be approximated through this definition

of the material system:

Figure 2.3: Simple cubic unit cell. White lattice sites are substitutional sites and grey sites are octahedral sites. Image from Hin

[80].

The unit cell of the BCC system can be reduced further down to simipie structure shown in
Figure 2.3 Eight of these simple cubiekis make up one BCC unit cell. Where concentration
values® refer to the atomic concentrations at 8itén Figure2.3. For the substitutional sites, the
®; Tmeans both sites are completely Fe and whgn p means the sites are cptately Y.
For ® , =0 means there is no oxygen on those lattice sitesoand1 means all the octahedral
sites are full of oxygen. From this derivatjove can get an approximation for the internal energy

U [80]:
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Wherem andm are the orderreergies are related to the paiteraction energies here:

mot- - G @2)
m o- - ¢ 23)
o - - (24)
w - - (29)

And the configurational entropy term becomes:

YYQB ol id p ollp @ (26)

To represent thed0 system, only half of the octahedral sites will be occugdiedeneral, with
the assumption thahe oxygen will rest on one of the two sub lattices in the octahedral portion

(0=0=0 or ®=0=w), the chenical potential equations become:

— MW MO OO pE® QYaE QVYopE © (27)

— MW MO OO P E® QYaE QYopE ©® (29)

S
=
S
€
S

— OO TO® QYo QYpE o 1- © Y

(29)

Once equilibrium has been achieved, the equilibrium concentrations of Y iartiébulk can be

found by the relation of the grand potential of both phases. Equations for grand pétential

6 OB ‘o (30)

33



It is assumedhat the grand potentials for precipitate phase are equal to each other grahthe
potential of the Fe phase is close to zero due to the low concentration of:solutes

) 5 (31)

Thereforethe Helmholtz free energy is reduced to a summation of the chemical potentials

Assume the stoichiometry of the pigitate is expected to be 2Y:3@Ew  p, @=O=w=1and

w=0=0 7). So the Helmholtz free energy becomes:

0 ¢ o (33)

Assume the concentrations of Y and O are so small in the Fe region that the chemical potential

calculated through EQ7-29 corresponds to:

‘ QYoo (34)

‘ QYOCE (39
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Where® and® correspond to the concentrations of Y and O in the bulk&lew previously
shown procedure angising algebraic substiion of Eq.34 and 35 into Eq. 33, the solubility

producto for @O in bulk Fecan be predicted by tHellowing:

~ ~

0 ) ) A 2B (36)
The Helmholtz free enerdy for the® 0 phasds foundby enteringhe expectedy structure

and the formuldor the®0 solubility product becomes:

0 O b A BB (37)

For the Y-Ti-O oxides, thed"Y'@ structure cannot be represahten the bcc structure,
so a formulation assumingéa”Yy'Qstructure is constructed to relate the fiaieraction energies
to the solubility produab . The above derivation is repeated, this time with the Ti occupying
lattice point® and Y occupyingo. A formula similar to Eq37 is the final result and shown

below:

Agp

e
e
€

0

(38)
Thevaluepredicted in Eq37 and 38s used as a reference point to validate the KMC code

in a procedurdaterin Chapter 2The following section will explain the two computer models in

detail

2.3Mean Field Rate Theory

For this project the existing MF-RTM models for RISwere further extendedo be
representative of the NFAs. The -sgt is for the quaternary alloy with a bcc crystal structure
composed of Fe, Y, Ti, and Oh#& following modeldiffers from the existing RIS models in

literature in a number of ways:
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- The model focuses on the segregation behavior of yttrium, titanium, and oxygen in bcc
iron. They are minor constiénts, as opposed to Cr or Ni.

- The investigation on the segregatiorh&@or of oxygen, an element that exists on a
separate sulattice (e.g., interstitial sublattices) than the other solutes. Investigations by
Kano have shown that carbon, an element that likewise exists on the octahedral sites, has
a suppressing effect ahe segregation of substitutional elemejit88]. The effect of
oxygen on segregation would also be investigated.

- The implementation of the segregation gyenf each element at the grain boundary into
the RIS model. The influence of the segregation energy plays a dominant role in the
segregation of the FIAs, which do not migrate via point defects. This would in turn
influence the segregation of the subsiitnél impurities througltheir interactions with the

interstitial solutes

2.3.1Formulation

For the meadiield rate theory, the material system is envisioned as a series of planes in the
1-D direction. The concentrations of solute atoms in each planeeaorded in the variabte .
Where the concentration is a value between 0 and 1 and the summation of the substitutional atomic
concentrations equals ( 6 O p). Thus we only need to track the Y and Ti
concentrations since vkmow the remainder will be Fe from that relationskdgygen is not a part
of that relationship since it exists on a separatelattioce in bcc Fe The rates of change for the
concentration of solutes and point defects in each plane can be calculatetthdrémiowing

equations:
— O Y 6 o6 n 71Q Q 0no Q Q 0no ‘0O no (39
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— nond 6 Qg Q no (41)
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The production term G is the same for both defects since the collisions of high energy
particles create a Frenkel Pair, one vacancy andlomdbell, every timan atoms knockedoff
of its lattice site.Since he MF-RTM simulates electra irradiationit can be assumed that the
production of point defects will be homogenous throughout the mat&hal.recombination
constant R is the same for both defects since both are eliminated when a dumbbell atom returns to
a vacant site. Ithis model, only substitutional elements can be knocked off to form interstitial
dumbbells. The displacements of atoms on the octahedrdhtsicle are not tracked, since the
majority of these sites are already vacant. Additionally, any oxygen atons tkrabcked onto a
substitutional site would almost immediately fall back to an octahedral site by virtiue wiore
favorable energetic3he numerous vacant sites on the octahedral lattice ensures the substitutional
oxygen will hawe an opportunity to jumpack.

For constituent atoms, any concentration change is the result of an imbalance of that
speci es dowingan andnaut of the planélhis imbalance is normally the result of a
concentration gradient of the solute in the system, with its atoneling to fill in areas of low
concentrations to make a uniform distribution of alloying elements in the system. In the case of
irradiation, an imbalance will arise from a gradient in the point defeats high to low towards

the defect sinksince the ks maintain an area of low point defect concentration around itself.
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Again, in this study, the equations differ from previous models by the inclusion of an element that

exists on a separate slattice.

2.3.2Migration Energies

The migration energieg@very important inputs values for an RIS model, as shown in a
sensitivity analysis by Wharry’6]. They represent an energy barrier that must be overcome for
the migraton to take place. These migration energies are compasigpaendent, which is
reflected in the incorporation of pair interactions in the calculation of migration energies. The
difference between a compositiondependent saddle point energy and the sutimeoihteractions

with the migrating solute and point defect with their neighlpoosides the migration energy.

O Q O 0O O O (44)
@] Q a pB- 0 aB- 0 B jpa- 0 aB- 0
(45)

(0] Q ¢B - 0 1B - 0 B fa- 0 (46)

Eq. 45 represents the different interactions that may play a role in the calculation of the
migrationenergy. The terr@ stands for the saddfgoint energy and it is constant regardless of
any changes in composition. The other models only use the first nearest neighbors of the solute
atom and point defect when calculating the migration energytel@s 4 and bp. However in
hopes of greater accuracy, our model includes A@aearest neighbor, denoted asAnother
addition to previous models is the inclusion of interactions of atoms on different sublattices as the

atom that is migrating, detexl as . The termsz andz are the number of$land 29 nearest
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octahedralneighbors while zand z are £'and 29 substitutionaheighborsEq. 46 represents the
calculation of the oxygen migration energy with its own interaction with substitutaorh
octahedral atomd.he interaction of point defects and foreign interstitial atoms were not included
in this model.

The set of equation39-43 are numerically integrated using a finite difference method
where the grain boundary is in thieddle of thesimulation boxAt the beginning of the VHRTM,
the concentrations of solutes are uniform throughout the grain and the point defect concentrations
are set to their thermal equilibriualues® and@® . Throughout the simulation, the point
defect concentration at the grain boundary remains at the thermal equilibrium level while the
adjacent plaes increase in concentrati@wver time, edCyv andbC, gradient is formed whh in
turn drives segregation. At the grain center, the concentration gradients for ai soldtdefects

are set to zero.

2.3.3Thermal Segregan

This model also differs from previous wostudying RIS using rattheory by the
implementation of theegregation energy at the grain boundary. The nature of the grain boundary
changes the energetiaround the grain boundary azah drive segregation without a point defect
gradient. This effect could not bemailated with existing models ase system maains at a state
of equilibrium when it is not under irradiation due to the lack of a concentration gradient of solutes
or point defects around the grain boundary. The equations do not reflect that the atoms are always

moving throughout a given materialsgate there being no concentration gradient of point defects.

— b b —8  A@P— 8 (47
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Eqg. 47 calculates the flux at the grain boundary using work by Hofmann to allow
segregation without a point defect gradigh®9]. YO represents the standard segregation
energy. # and Ju: represent the flux of atoms that flows into the grain boundary from each plane
adjacent to the selected plangx i$ set to zero since the solutes canmoss the grain boundary
in this simulation. The terrais the lattice parameter of bcc iron.

The MF-RTM can be tested for validity against segregation due to thermal fdices.
degree of attraction can be represented by the Gibbs free energy of segregatistandard
entropy and enthalpy of which can be calculated from experimental data. The extent of the
segregation can be predicted thermodynamically usiagnfield LangmuirMclean isotherms

with given segregation energy, temperature, and bulk sotuteentration$110]

AgB— (48)

B B

X©Bis the grain boundary concentration of the solute ghis ¥ie bulk concentration. The
system in this case is assumed to be so largeatihy change in bulk concentration due to
segregation is considered negligible. One isotherm is created for each solute element and are
solved as a system of equations to find the grain boundary concentration of each solute.

Though when using E48, thereare cases where the size of the grain plays an impact on
the segregation of the constituent atoms. A small grain may not contain the required amount of
atoms to fulfill a complete segregation or enough atoms are depleted from the bulk to have an
effect onthe degree of segregation as a whole. The following equation reflects the grain size

influence on segregatidal1]
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AgB— (49)

The termf is the volume factor, or the ratio of the area of the grain boundary to the size of
the grain. In this model, therea of the grain boundary is assumed to be the width of one lattice
parameter of the bcc iron, while the size of the grain is taken to be the avexsgsizg of the
given material.

The calculation gets more complex when the interactions of solutethigth atoms in its
environment are included in estimating the segregation energy, using a method described by

Guttman[112]. The interactions are extended to incorporateebersd nearest neighbor effects.

YO YO ¢ & & B {] & @ (50)
| B¢& - —— (51)
| | | (52

In Eq. 50, DG; is the standard free energy of segregationaaackinteraction coefficients
calculated using pair interaction energies in.Exfjsand 52. Now to find the grain boundary
concentrations, the Langmiclean isotherms and segregation energy equations must be solved
simultaneously. The enthalpy and entropgefdregation of an element in a particular matrix can
be predicted by the solubility of the element in Essand54. In turn, these values are used to

find the standard free energy of segregation in the matrix.

YO odw YO 'Odty p LYY aé& Y (53)

h

Yy . (54)
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X" is the solubility of a selected element within a given matrix, in thie dcc iron.
pH(GB,X =1) is the enthalpy of segregation if the element were completely soluble in the matrix.
It is a given constant that depends on the boundary type, with different types having different
segregation behavior. For example, Fields faimad in ferritic martensitic steel, there was a larger
enrichment of Cr at higlangle grain boundaries than there were atdmgle or special grain
boundarie$13]. For simplicity, the boundary is assumed to geeral type. R is the gas constant.

The term vR[TxInX(T)] reflects the departure from ideal behavior in the binary systems of that
particular matrix element.is a material parameter unique to the given matrix. So the enthalpy of
segregation can be fodrknowing the bulk solubility of an element in a matrix at a given
temperature. In addition, the segregation entropy has a relationshifheventhalpy, as shown in

Eg.54 0 is the configuration entropy mngfftha he el
element is on the substitutial site or interstitial sitd.c is the temperature at which the segregation
energy is the same regardless of the boundary type.

To testthe MFRTM, a simulation is run with the standard energy of segregatiogqlug
in to Eq.47. The solute interaction is already included in the calculation of migration energies in
Egs 45-46. No excess point defects are created in this simulation (G=0) such that any segregation
is due to the segregation energy. Once the segredammeached equilibrium, the final grain

boundary concentration values are compared to those predicted thermodynamicall4®y Eq

Table2.4: Segregation enthalpy and entropy of selected solutes in bcc Fe

pH PSS
o) 0.9984 eV 4.78410* eVIK
Ti 0.3328 eV 3.016XL0% eV/K
Y 0.6448 eV 6.552X10% eV/K

42



Standard entropy and enthalpy values predicted by Lejcek for elements in bcc iron were
used for the titanium and oxygen segregafidi8]. The bulk solubility of a soletin bcc iron is
used to estimate the enthplpf segregationThen the entropy was found using the relationship
between segregation enthalpy and the knowledge of the latte® a solute atom occupies.
Though there is some question to the reliabilityhaf oxygen segregation values due to its low
solubility limit in Fe[114]. The segegation values for yttrium wefeund using Eqs53-55 with
the bulk solubility of yttrium in alpha iron from other d@14.5]. The grain boundary in this case

is assumed to bee general grain boundary type.

2.3.4 Validation of MRTM

In this section, theMF-RTM is run to simulate the thermal segregation of thetsolu
elements. This helps test for the validity of th#--RTM before adding complexities like
irradiation. So should thelIF-RTM ratetheory with irradiation fail, some processes can be ruled
out as culprits. Then tHdF-RTM is run with irradiation to show #éoverall behavior of the point
defects as a function of temperature and dose ratseTdlations help us understand itheffect
on the defect population and overall the radiation damage.

First the MF-RTM was run without irradiation (G=0) to test the aeb for validity in
predicting thermal segregatiofhe simulation box is filled with the thermal equilibrium
concentrations of point defects and segregation energies are attached to the grain boundary to drive
thermal segregatioBoth the FeY-O and theFe-Ti-Y-O were run at a temperature of 1000 K,
chosen in part for a faster time to reach stestdte behavior. In turn, thlkeermodynami&qgs.48

49 were solved to provide an estimate of the grain boundary segregation of these alloys.
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Table2.5: Starting concentrations of each solute for each simulation

Ti

Y

O

Concentrations

.5 at%

.5 at%

.75 at%

The compositions of the sample alloysdisin Table2.5 were selected to mirror dlse found in

commercial alloys.

Table2.6: Thermodynamics vs Kinetic egregation of F&-O

Y O
Segregation Isotherm 0.885 at % 41.2at%
MF-RTM 0.894 at % 39.2at%
Table2.7: Thermodynamics vs Kinetics of Segregation off F¥-O
Ti Y O
Segregation Isothern 1.26 at% 0.833 at% 41.2at%
MF-RTM 1.37 at% 0.847 at % 38.7at%
Table2.8: Thermodynamics vs Kinetics of Segregation of binarXFe
Ti Y @)
Segregation Isothern 0.717 at% 0.423 at % 41.2 at%
MF-RTM 0.707 at% 0.452 at % 40.4 at%

In Tables2.6 to 2.8, the thermal segregation has been shown to compare rocedyues
that predicted from the Langmtiidiclean isotherms. Tablés6and 27 compare the steaeltate
grain boundary concentration found in the irradiafige mearfield model versus the value
predicted from these thermodynamic equations. This is asguire distance between sinks to be
40 nm. The oxygen is shown to be highly segregating, increasing its grain boundary concentration

nearly 100 times the original value. The titanium and yttrium are more subdued in comparison.
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Table2.8 looks at the thermiaegregation in a binary P¢ alloy to see segregation without the
interference of the other solute atoms. When either the yttrium or the titanium is alone in a binary
FeX alloy, the substitutional solutes tend to deplete due to thermal forces. Thoeghtieh
titanium and yttrium are in a system containing oxygen, as shown in Padesl 27, the titanium

and yttrium will enrich with grain boundary concentrations beir) thines higher than if the
solutes did not interact with oxygen. This speaks &high amount of attractive force that the
oxygen has on the substitutional solutes. The oxygen does not appear to be affectprebgiice

of other solute atoms.

2.3.5 PoinDefect Populatiowith Irradiation

Next, the simulatios were runwith radigion(G>0) to see the behavior of the defect
populations The simulation box isgainfilled with the thermal equilibrium concentrations of
vacancies and dumbbells. Then the system is irradiated to a specific temperature and dose rate
regime.Over time theevolution in concentration of these point defects reaches a stedy
region where they are being removed at the same rate they are beingrhad@tal point defect

concentrations are collected and compared below to see the influence of radiatemn@erdture.
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Figure 2.4: The orders of magnitude above thermal equilibriumaloBulk vacancy concentratio) Bulk interstitial dumbbell

concentration

To get a sense of the degree of disorder caused by irradiation, the bulk defect concentrations
are expressed in orders of magnitude above the thermal equilibrium value (Orders of Magnitude =
[ G) I T @ ). Figures2.4a, and2.4b display the bulk concentrations at steathte of
the vacancies and interstitial dumbbells respectively. The bulk concentration values are useful to
understand the segregation trends. Theseentration values are taken from the plane furthest
away from the grain boundary. It can be noted that as the dose rate increases, tistestepdint
defect concentrations increase as well. This general behavior of the bulk point defect
concentration is expected. At the higher dose rates, more point defects are being created than can

be taken away due to recombination or annihilation at sinks. Thus the bulk point defect
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concentrations will continue to increase as it takes longer to reach a-staadquilibrium. The
removal processes of recombination and migration to sinks have an Arrhenius relationship with
temperature, occurring at faster rates at higher temperatures. Thus, a general deabeeasedans

bulk point defect concentrations arers@éen temperature is increased.

In Figure2.4a shows that at higher temperature the vacancy concentration becomes closer
to the thermal equilibrium valugnd eventually the difference becomes close to. Zdre result
indicates temperature makes thearaxy diffu® fast enough so they recombine or annihildte a
sinks before any accumulation of excess def@utsirs It is expected that it wouldotbepossible
to have a vacancy concentration lower than the thermal equilib@timerwise the disorder cas
by the irradiation would make the syst&msdisordered when the system started. The dumbbell

concentration does not act this way because the thermal equilibrium concentration of dumbbells is

very small due to their high formation energy (Example: P8 p T at% at 800 K).
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Figure 2.5: Vacancyconcentrationprofile in FeTi-Y-O atp 1t dpa/s at various temperatures.

When the bulk vacancgoncentrations trend closer to the thermal equilibrium vatue
means the vacares produced by irradiation are extremely stiogd and are annihilated almost
immediately. As a result any vacancy grad®@y would be very lowThis can be seen in the
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concentratiomprofile of vacancies in Figur2.5, with the center being the grdaoundary. At 908

and 1000K, there is hardly a perceptible gradient in comparison to the lower temperatures. It can
be inferred that at these temperatures, any segregation from irradiation would have to be result of
migration of the interstitial dumbbells.

Presently, the model assumes the point defects are generated from electron irradiation. A
feature of this type of irradiation is the homogenous production of vacancies and interstitials in the
material. Irradiation from different particles, such neutmmgrotons, has produced discrepancies
in the amount of vacancies versus interstitials that escape from initial cascades. This discrepancy
is called a production bias and should be considered when looking at materials under cascade
conditiong12]. In typical observi@ons, there are more freely migrating vacancies than interstitials.
Due to the focus on the IK effect, the bias is not included in this model.

The MF-RTM modelonly works for a singlephase material and unable taaccount for
any precipitation thatnaytake place in the materialhe primary goalvasto see the degree of
segregation due to the coupling of solute and point defect fliden the simulating the

irradiation response of NFAs involving th&phase oxides, a different model should be used.

2.4 The Kinetic Monte Carlo Model

The Kinetic Monte Carlo model differs greatly fromlF-RTM, the former being a
stochastic method with tHatterbeing deterministic. The description of the material in the model
also differs. In the MIRTM, the systemd 1-D array of cells inside whichthe atomic
concentrations are assumedd®mhomogenousvithin eachcell in the Xdimensional systentor
theKMC, the system is described bBy3D lattice builimuch like what is seen in Rige2.1, where

an atom sits on eh lattice site corresponding to the elements preferertee pdsition of each

48



atom beingracked by the modeGiven this stipulation, the size of the silaion can be limited.
With sizesgoing at a maximum op 1t atomsleaving the maximum simulatidoox size for the
NFAs <50 nmThrough simulating atomic events that take place in the material, the atoms migrate

around the simulation box until a sufficient stopping point is achieved.

2.4.1 Monte Carlo Algorithm

Numerous events can be representetthénMonte Carlo modepoint defect generation,
vacancy migration, interstitial migrations, and interstitialcy migration. The frequency of these
events are quantified and given an event frequenclefined as the number of times per second
the event is expected to occurhe model tabulates all the possible events and finds a total

frequency.

3 B3 (56)
For each Monte @&rlostep a single event is chosen by multiplgithe total frequency

by a random number (0<r<1) and going through the event list until the following:is true
B3 1 3 B 3 (57
Then the event corresponding to event frequencig chosen and acted ap. Then the

possible events are tabulated again and theMenrte Carlo step is enactedhe amount of time

that passes is the inger of the total event frequency:

0 — (59
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2.4.2 Calculation of Jump Frequencies

Thereare 8 different directions (corresponding to the 8 nearest neighbors) that vacancy can
jump and exchange places with an atom. The probabilieach jump occurringidependenbn
the neighboring atoms of the moving atom through the calculation of tmatimigenergy for that
particular jump.These jump frequencias for the migration event can be calculated through the

following relation:

3 0 Aop— (59

Where like in Eq 6 of thediffusivity calculation 0 is the attempt frequency ai@

is the mgration energyThe calculation of the migration energy in KBIC differs slightly than

how it was calculated in the rate theory code

O Q@ O 0 0 O (60)

O © B- 0 B- 0 B j- 0 B-0 (61)

Where0 is the number of n nearest neighbors of species j the migrating atom has. For

examplep is the number of Y atoms in the third nearesighbor position that the Fe atom has.
Unlike theMF-RTM, where the interaction with the local environment is averaged, the specific
atomic configurations can be visualized. Therefare can see more effects like binding more

easily. It also allows fothe formation of clusters to occur that lead into precipitation.
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The effect of the segregation energy is incorporated into the model when the point defect
is directly adjacent to the grain boundary. All jumps that have the point defect move to the grain

boundary will include the segregation energy in@he calculation.

O ©O © (62)

WhereO would be the migration energy in bulk @@d is the segregation energihe
segregation vaksin Table 2.4 used faheMF-RTM are the same values put into Kl C model

Certain events in the Monte Carlo occur instantaneously when certain conditions are met.
When a vacancy and an interstitial dumbbell come wRBlatomic distances from eachhet, both
point defects are destroyel.randomly select atom from the dumbbell fillthe vacant lattice
site and the other atom remaias the originalsite of the dumbbellThe 3 atomic distances
approximation for recombination is a common assumptiotheé KMC for iron[84] based on
experimental studigd 16]. When a point defect encounters a des#gk like a grain boundary, it
is consideredannihilated. When dumbbellis destroyed by the defect sink, one its two atoms is
placed in a Areservoiro and the ot heirrisusedmai ns
in KMC to maintain caservation of atoms. For when a vacancy is annihilated at the grain
boundary, its vacant lattice site is filled in by an atom chosen from the reservoir.

The KMC simulation boxis chosen to have periodic boundary conditions by having a
mobile species emergd the other side of theatrix when it jumps out of bound¥he grain

boundaries are represented as perfectly planer sinks a single atomic layer wide.
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2.5 KMC Validation Procedure

In order to validate thparametersisedby the KMC model written for his project, the
model needs to replicate the behavior of the phases being observed. A testing procedure was
developed for these validation exercises consisting of two tests. The solubility product test and the

precipitate shape test.

2.5.1Solubility Prduct Test
Current procedure:
1. Build a new set of parameters to test
2. Make a prediction of the solubility product using the following analytical equation, that
was developed using the assumption that the %Fe in the oxadpitate would be very
small.

m ¢m e P pEg

. v ow C
Y
0 o AgB R

3. Create a box of with two side&0 on one side with Fe on the other. Run KMC
simulation until the concentration of Y and ©the Fe side is at an equilibrium. Collect

concentration of Y and O in Fed§ and®) and make an estimation of the solubility
product,0 AYA
4. Compare the collected and predicted solubility product) If 0 then the

solubility product test is passed.

Start of simulation:
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Figure 2.6. @0 -Fe system. Th@0 crystal is located on the left side (grey spheres are Y atoms and red spheres are oxygen
atoms). The Fe atoms are invisible in these exercises in order to visualize the solute in the Beesidmpheres: Y atoms, Red
spheres: O atoms

Table2.9. Stoichiometry of the-®© and Fephases in the simulation box at therstaf the solubility product &.

WL Phase Fe Phase
Structure w P8 ® T8
w0 P8t © T8
w0 P8I w0 T8I
w0 P8t W T8I
w0 P8t © T8
w0 T8 © TE
© T8 © TE
w0 T8 © TE

Initially, the two sides are not in eitjbrium due to the nbalanced chemical potentials.

The unequal chemical potentials create a driving force where Y and O atoms are leeched out of
the @0 . The system drives towards edilum as Fe region gains more Y and @When
equilibrium is reached, both sides will have an equilibrium concentration of all solitekKMC

code tracks the solubility product in the Fe region over the course of the simulation. The steady
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state deteatin algorithm discussed in Chapter 3uised tofind when the system reaches an

equilibrium and the simulation ends.

End of Simulation:
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Figure 2.7 &0 -Fe at steadystate. Tlere is now an equilibrium amount of Y and O in the Fe regioay spheres: Y atoms,
Red spheres: O atoms

Table2.10 Stoichiometryof the ¥O and Fe phasés the simulation box at the end of thaubility product tes

. WU Phase Fe Phase

Structure P8t

p8t

p8t

E1E1ER

S1E1E1ETEA
o
S
Q--Q--Q- S £

EER

EXENENEIENETENE

E1E1ENEIEIEIEER

When te system has reached an equilibrium where the chemical potentials in both phases
have equalized. This mean that the concentratioRge,0f, and O in both phases will stay roughly

constant no matter how much long the simulation runs for. We can calculate the solubility product
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from the concentrations Y and O in theplease Should the solubility product match that from
the thermodynargi predictions, then it adds a degree of confidence to the validity ¢fNi@
model.

The solubility product test is run for both@ and Y-Ti-O at two temperatures to ensure
confidence in the modeTlhe test fory -Ti-O follows the same proceduteke with the derivation

of the Y-Ti-O solubility productthe Ti occupies lattice poild and Y occupies).

Table2.11 Solubility Products from thermodynamic prediction compared to results from the KMC solubility product test at two
temperatures 1300End 1573K.

Y-O(157X) |Y-O(1300K) | Y-Ti-O (1573K) | Y-Ti-O (130K)

From v pt g pTm V& L pTT p8tT p T

Thermodynamics

From KWWC X& pm Y pm ®» pm CPwopm

Table 2.11shows the results of the solubilipyoduct validation results. The KMC model
is able to replicate the solubility product of both the@Yand ¥Ti-O systems. The agreement

holds even at different temperatures.

2.5.2EquilibriunShape Test Simulations

Just like in the solubility produtgst simulations thistest observes a system reach a stable
state Though this timethe critical observation iBow the precipitate reshapes itself otes
course of the tesThe expectation is that the oxide precipitates will shape themdelaebieve

the lowest energyrrom experimental observations from Ribis, it is expected thabiheand
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Q"Y'@ precipitate will retain a cubic shag62]. To test this, the current procedure was
developed:
Current procedure:

1. Create a box of bulk Fe with a large cutiié precipitate in the center.

2. Run theKMC simulation and observe the shape of the precipitate

3. Compare the shape to predictions

Start of Simulation.

Figure 2.8 A cubic®0 crystal isplaced in the center of the bcc Fe matrix. Heréhie shape before any interaction with the
vacancyGrey spheres: Y atoms, Red spheres: O atoms
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Table2.12 Stoichiometryof the ¥O and Fe phases the simulation box at the start of thquilibrium shapeimulation

. W0 Phase Fe Phase
Structure w0 P8 w0 TE
© p8r © T8
w P8t © T8
© p8r © T8
w P8t © T8
w0 T8 w0 T8t
® T8 @ T8
W T8 w T8

Just like thesolubility product simulatbns, the system does nodrgtina stable stte and

that instabilitydriveschanges to the precipitate.
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Figure 2.9: Theequilibrium state of @)U oxide and the bccématrix at 1573KGrey spheres: Y atoms, dRepheres: O
atoms
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In Figure2.9, we see that numerous Y and O atoms remove themselves from the central
precipitate into the bulk, responding to an imbalance in chemical potential. This continues until
the imbalance is corrected, what follows msequilbrium state between the precipitate and the
bcc Fe matrix. Despite the partial depletion of constituent atthrasentral precipitate is able to
adjust to the loss in atoms and is stilleato retain its cubic shape as observed in experiments thus
giving greater confidence in the validity of the model. It was also found that the precipitate

maintained its 2Y:30 stoichiometry.

Table2.13 Stoichiometryof the ¥O and Fe phaséds the simulation box at the end of thguilibrium shapeimulation

®0 Phase Fe Phase
Structure w P8 o ®
® P8l W ® ®©
® p8t a ® ®
w P8t a O
® p8t a o ®©
© T8 o6

Validation of the ¥Ti-O

Equilibrium shape simulations were completéat the FeY-Ti-O systemat all
precipitationtemperaturgin Chapter 4The origin&Y -Ti-O cubic precipitates were each reshaped

by thermal vacancies into their equilibrium shape. The final atomic positions of the Y, Ti, and O
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atoms were recorded and visualized using the ATOMEYE softj#drg. The matrix Fe atoms

were made transparent for the purpose of visualization.

Figure. 2.1Q Equilibrium shape of the ¥i-O oxide at a) 1023Kb) 1123K andc) 1223K. Green spheres: Ti atoms, Grey spheres:

Y atoms, Red spheres: O atoms

Fig. 2.10a-c displays the precipitate equilibrium shape of th&iYO oxides in Fe after
being reshaped by the thermally generated vacancies at the three heat treatment temperatures. Over
all tested temperatures, the shape of the precipitate remains cutbiseaged by Ribif92]. The
<100> interface is most prominent with a small area of the <110> and <111> interfaces being
present. Oxides of this shape have also been seen in TEM observations of JUM|VAS the

temperature increases, the <110> and <111> interfamesrie more pronounced.
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Figure. 2.11 a) Equilibrium shape of the-Yi-O oxide at 1673K from KMGnodel Green spheres: Ti atoms, Grey spheres: Y

atoms, Red spheres: O atoms
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Fig. 2.11shows the equilibrium precipitate shape for-&iYO oxide at 1673K. fie oxide
precipitate starts to losmnstituent atoms due to the increased solubility limits of the system at
hi gh temperatures.

spherical shape. This is consistent with ekpental observations from Ribis after thermal aging

at 1673K[119].

The shape of the precipitate follows expectations from the calculated interface energies at

various orientations. The inface energies of each oxide can be extracted using a broken bond

To

r ieitdlcubie shapsgs seshepehtean®ne g y ,

model by counting the number of broken bonds over a representative interfajd@fea

Table 2.14 Interface energy of the-© and Y-Ti-O interfaces in various orientations

Interface Energy | Y-O Y-O Ribis Y-Ti-O Y-Ti-O Ribis
P 0.31 0.35 0.41 0.26
P 0.61 N/A 0.52 N/A
il 0.77 N/A 0.63 N/A

Table 2.14 lists the interface energy in the <100> direction calculated from the pair
interaction energies, using the findings from an experin@2it for comparison.The <100>

interface is most prominently featured due to its low interface energy, compared to <110> and

<111> interfaces. Likewise, the <110> is the second most featuredigince [

The interface energies of theQ and Y-Ti-O oxides also add a measure of validity to the
parameters when checking against experimental findings. Fe iMerfaces have a closer
agreement with the literature value than th&iYO interfaces, although both should be sufficient
for the purposes of the simulation. Other researchers have found thafth@ Mterface energy

is in the 0.40.6 rangg121].
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2.5.3Validation with the Meaifield Model
FeY-O

Another method to gain confidence for tid~RTMand KMCmodels is to compare the
results to each. If the same pair interaction energies and kinetic parameters are inputted into
both models, they should return similar results provided there are no nucleation events in the
KMCsimulations.

Multiple simulations were done to model radiation induced segregation in two material
systems: the F¥-O and the Fgi-Y-O systems. For the testipgocedure, the same parameters
and starting conditions are fed into both ME-RTM andKMC models.The point defects are
produced through Frenkel Pair insertion (emulating electron irradiation) and the solutes are all
dispersed in the matriXhe irradigion environments and starting conditionsdein Table®.15

and2.16are modeled after observations from R{6ig].

Table2.15 Starting concentrations of each solineghe MFRTMfor eachRISsimulation

Ti Y O
Concentrations .5 at% .5 at% 75 at%

Table2.16 Irradiation conditions forrate-theory andKMC RIStesting

System Size G T dpa
200 cellsMF-RTM) 0.01 dpa/s 600K, 700K 1 dpa
200X100X100 (KMC

The simulations in both the meéirld andKMC are run until the irradiation reaches about

1 dpa then the results are comparsid500 different points in time, th&MC model records the
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solute atom conc#ration at the grain boundarirofiles of the atomic concentration$ each

soluteat the grain boundary over system dpa are graphed and compared.

: = 700K at 102 dpals
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Figure 2.12 The Yttrium concenttan at the grain boundary ithe MF-RTM (mean field) and th&MC simulation over dpa at
0.01 dpa/s at a)600K and b)700K

Figures2.12a and2.12 show theY concentration at the grain boundary for theY-©
system at 600 K and 700 K respectively. They stimtthe meatfield model and th&MC model

have close agreement with each other. Displaying a large enrichment of Y at the grain boundary.
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Figure 2.13 The a) Yttrium and b) Titaniugpncentration at the grain boundary in th#=-RTM (mean ield) and theKMC
simulation over dpa at 0.01 da/

Figures2.13 and2.13 show the grain boundary concentration over dpa of Ti and Y
respectively at 700K respectively. Again ithes good agreement between &-RTM and the

KMC model. It should be notdtiat given the relative size of the simulation box, the addition or
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removal of a single atoms from the grain boundary will make a significant impact on the
concentration read. And the nature of KMC has theatoms in constant motion. Even the atoms
thatare reluctant to move from a sitghis is the cause of the fluctuations in the grain boundary
concentration from th&MC. Thus it is more useful to see the data as it oscillates around the
results from the meatfield model. It is this phenomenon whichpart lead to the development of

the steadystate detection algorithm.

2.6 Conclusions

This chapter first discussed how the Y& and FeY-Ti-O material systems are described
in the computer models. Which lattice the solutes sit on the lattice andheosatdms diffuse
through the Fe matrix via point defects or through interstitial jumps. @hemls ofthe kinetic
and themodynamic parameterization of the system was discussed; including the literature values
the models are meant to emulakeseries ofvalidation procedures were conducted to ensure the
models were able to replicate basic material behavior. With the KMC model able to reproduce the
solubility products have a thermal equilibrium shape within expectations from literature, and
produce simiér segregation results to the MF_RTM, there is a degree of confidence in the KMC
to simulate the F&-Ti-O system under high temperature thermal heat treatment and irradiation
which will be discussed in Chapters4

The process of these simulations regda need for proper stopping criteria for KidC
model. The stopping criteria of a certain dpa was sufficient for the validation exercise but for the
future simulations where the stopping point is less clear (i.e. when the system reaches an
equilibrium).A steadystate detection algorithm was developed and used to assist in the solubility

product validation exercises. Details about this algorithm are provided in the next chapter.
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Chapter 3:Steady State Detection

3.1Introductionof F-t-P]-RG Method

The ending condition for theg&MC simulations is when the system reaches a stetalg
region where certain values remain relatively constant. It is relatively straightforward to set a
condition where the change in some material value falls below arcmtashold over a period of
time. However, setting these conditions often requires specific knowledge of the system being
studied. In cases where computational expense is important, a nebulous stopping criteria can lead
to the simulation stopping too soaw going on farlonger than need be. Therelwasting
computational resources. There is an idea to develop a statistical test that can more confidently
find a statistical steadstate. With the goal of finding a reliable steadgte detection method, the
F-t-Pj-RG method was developed. It is a window based method that perforpissantfest, ad
projection test in sequence.

One of the most direct methods to detect stestdie is to calculate the slope of the
monitored data using linear regressidi22-124] and to simply assume that when the slope of the
data is close to zero, the system is unchanging and at stedelyIn practice, real data generally
has noise, and does not have a slope that is truly zérit@ timescales. Again, in this work, the
terms steadgtate (SS) and steadyate detection (SSD) refer to statistical stestdyes, where the
changes in the system (i.e., slopes) are sufficiently close to zero for a statistical threshold, and not
truly zero. Slope based methods require defining the tolerance of how close to zero is acceptable,
and also require performing regression upon either the full data set or making a choice of the size

of a data window to perform regression upon and rollinfiisgithat window{125]. In this work,
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rolling a data window means shifting the data window position along-tisaésxwhile holding
either the number of data points oe tkaxis span constant (i.e., after rolling a data window, the
new data window has the same size as the previous data window). A problem with simply
performing regression on the full data set is that many types of simulations, incKidiGg
simulations, gathrough a significant warmp period: the warrup period is defined for our
purposes as period of transient behavior that starts at the system initialization and spans until the
system achieves steadtate. From a physical sciences point of view, thissient warm up period
is a period during which the system is relaxing towards the stgath/ The final state of the
system, if a steadstate is reached, may either be an equilibrium stetatg or a noequilibrium
steadystate; depending in part amhether the system is a closed system or an open system.
Completely automated algorithms for steadgte detection using these types of methods must
thus be able to exclude the warm up period, and must have a mechanism for determining an
appropriate winde size with as little user input as possible, and these requirements were
considered in the design of theé-Pj-RG method.

Early research into SSD revolved around the problem of initializatior{1i2&$ That is,
the issue of removing the transient region oftadet so the researchers can focus on analyzing
the steadystate region without being tainted by the transigif?7]. However, for some
applications, steadstate detection is used for determining the point in which an action is required,
such as terminating the experiment or beginning another step in the gi@&sand in this case
the computing time does become a consttmraAdditionally, many diagnostic programs require
the machine to be operating in a steathte regime to ensure correct interpretation of operating
conditions[129]. Determining the exact point at which the process reaches sitddyis not

essential. A tutorial by Rhinehart discusses issues with SSD in a noisy Qi@&&ss
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Many methods | isted in Rhinehartos tutori al
The general nmbod is to use linear regression to find the slope of a data window. If the slope is
below a certain threshold, the system is assumed at steadji 8tHteHowever, noisy processes
decrease the accuracy of the linear regression and subsequently the detection. Another window
based method declares steatigte if the standard deviation of thendow falls under a set
threshold. This has been used in the assessment of helicopters engine fligt#2]dat requires
the standard deviation expected from normal operating conditions to be known beforehand
Another method is to use two rolling adjacent windows and compare the statistics in each window.
The statistical tests can be-ge$t[133] or an ftest. Jiang uses a wavelet method to reduce noise
in thedata before analyzing a windgtB4]. Cao proposed an-&atistic test that calculates a ratio
of variances to determine steashate [135] and has been shown to be useful in process
optimization[136]. The tuning othis method using three filter factors has been extensively studied
[137, 138]

In thenext #ction, the Ft-Pj-RG method is described and shown to be suitable for

detecting steadsgtate on the functional formsge@red forKMC data
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Figure 3.1 There are 6 trends that the steastate algorithm must be able to handle: 1) Raising exponential 2) Falling
exponential 3) immediate steady state 4) SpikeyS)atadulatingsteadystate and 6) infinitely raising.
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Thetypes of trends that can been anticipated fKMC data are shown in Fige3.1 Each
of the example trends in kige 3.1require a finite time before steadtate can be detected, with
the exception of Figre 3.1 f (which never reaches steadtate due tdeing infinitely rising).
There can be an initial warup period, as seen in kiges 3.1 a-c. Thus, SSD methods for these
types of systems must be able to exclude or get past the warm up period, preferably while
preserving computational effort by not pmrhing the full SSD test during the computational time.
To exclude the warm up period, the common practice of using finite data windows (subsets of the
data) is used in the-#Pj-RG method. The #Pj-RG method includes three statistical tests: a F
test,a ttest, and a projection test on j sequential windows with an oscillsliipg restriction
when j> 2. During the Rest and the-test, adjacent data windows are statistically compared to
see if the variance of the system has statistically convergesi)f- and then to see if the mean of
the variable of interest has statistically convergegt). Information on the-test for equality
between two variances antesst for equal means can be found in standard statistics texitb®@ks
140]. The Ftest serves as the primary convergence test (to detect exiting ofupgravhile the
t-test also serves to confirm the convergence of the system while also confirming that the
prerequisitegor a converged mean SSD are met. As thedt is the primary convergence test,
anytime it fails there is a large shifting of the windows to later data (here, the shift is by the size
of one full window width), which reduces the number of times thas$tal tests are run on the
data prior to exiting the warup period, and thus reducing computational time. Tiesttand the
oscillatingslope projection test are also not run when thesk fails. Each time the-tést fails,
the windows are not only Bted, but also grown by one point. Thus, both shifting and growing
occur for each failure of thetést. After the Rest has been passed one time, the system is assumed

to be sufficiently converged to likely be past the wanm Next, the-test is perfoned on these
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data windows and if it passes the oscillatghgpe, projection test (Pj) is then performed. The
oscillatingslope projection test consists of checking that the slopes of j adjacent windows are
within tolerance (see below), aatko that thex is at least one slope oscillation when2 (see

below). This projection test ensures that a wfmed tolerance of steadyate is met (i.e.,
maximum rate of change allowed for steadigte to be declared). If either thest or oscillating
slopeprojection test are failed, the first of the pair of adjacent windows are rolled and grown by
one point: the rolling corresponds to a horizontal shift with no change in the number of points,
while the growing by one point indicates an increase in the nuafip®ints per window, N. The
ordering of the tests (&Pj) is not only an appropriate ordering for efficiency, but also for having
meaningful confidence intervals. This confidence interval of #lesttis only meaningful if the
variance is convergedh€& confidence interval of the projection test is also only meaningful if the
residuals are appropriately distributed (and this sequence of the tests thus avoids cases that do not
match those prerequisites). It is worth recognizing that the strategytofgtaith a small window

and growing it upon test failure should eventually achieve SSD: there is no upper limit for a
window size that is suitable for SSD, though larger windows do have added computational expense
(require more data). Thus, the strategjoi start with a small window and grow it slowly once the
warmup period has been exited. No noise filtering or removal of underlying trends occurs in this
method, and none were used in this work, though in principle such data manipulations could be
applied prior to or concurrently with thetHPj-RG method. The three tests and their purposes are

as follows:

3.1.1Stages of the tests
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1. F-test to check @ the weighted standard deviations of the two windows are statistically
equal(i.e. the null hypothesiis that, w )

2. Two sample-test that checks that the weighted means of each window are statistically
equal(i.e. the null hypothesis is that )

3. A projection test that checks that a projected value in the future will fall within a set
tolerance that indicates the rate of change in the system is so small the system could be at

steadystate The null hypothesis is thab ‘s Y&

95% confidence intervals are used for the$t and the twaample itest to ensure that
the data statistics have converged prior to attempting the projectiorAtesstinctionis drawn
here betwBent ¢ &t otijERNGd nteh eh ofdPjptest réfdrsdo the requirement
that each of the 3 tests are passed by the final datawinddle the Ft-Pj-RG method refers to
the method (algorithm) which involves rolling and growing the windows as described above until
a steadystate is reached that can pass thePftest (i.e., when all three portions of th&-IFj test
are passed ab¢ same time).

While the Ft-Pj-RG method does not require empirical choices, it does require a user
defined definition of steadgtate, as the tolerances for steathte must be system specific and
applicationspecific (e.g., changing by less than 0.dles in 1 hour might be acceptable for one
application but changing by less than 0.1 moles in 1 year might be needed for another application).
The projection test requires two user inputs, the length of the projection and the passing threshold.
The lengthof the projection is usetefined either by explicitly defining x* as a given or by the

multiple of window lengths:, betweerus and the center of the data window, such that:
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o -2 o o o (1)
where x and x% are the srting and ending index of the data window. The passing threshold for
each projection tes¥/® |, is the maximum change-fleviation) allowed for the projected value
of the dependent variable at xf in relation to the sample mean. Such thassing a single

projection test requires:

9

T o " Y 2

Wheref & of is the change in the dependent variable from the projectiori amlthe

confidence interval given by 0 i YO, wherg is the level of confidence (e.g. 0.95 for

the 95% confidence interval). The confidence of the test is controlled bhyahee that follows

the tdistribution. For this paper, the projection test is set t@ l¢B% confidence interval¥he

passing thresholdc  can be set as either an absolute threshold (i.e., a scalar), or a relative

threshold.Using a threshold relative tihe standard deviation can be used to set a confidence

interval, and is corenient for the present work because SSD will be achieved with similar numbers

of points between different noise levels, once stestdte is reached\ relative thresholds used

and set the threshold ¥ Ti . The choice of a multiplefat in this work was based on

convenience as it corresponded to a tolerance level that resulted in window sizes sufficiently small

for the data sets used. I n practice, the tole

an absolute toleranceused, the absolute tolerance must still be converted to a relative tolerance

to calculate confidence intervals for the projection test (though the relative tolerance conversion

could be done othefly). A practical implication of EQR is that steadhgtae detection for future

times that are much larger than the size of the window requires very small noise to signal ratios.
Note the projection test does not check if the calculated slope equals zero, but rather that

the slope falls below a user definedetsinold, within a certain confidence interval: the threshold
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should be set to the rate of change that would be small enough to be consideresdtateddy

that application.

3.2 Testing oFt-PrRGMethod

The Ft-Pj-RG method was applied to the samgéga sets with the functional forms (shown in
Figure3.) . The data sets were generated with the
spacingo or Ar an daxis Inoyr esting rdiffedentdelets of goiseé veee applied
to eachof the data trends (noise levels of 0.01, 0.2, and 0.6, as will be explained belowylrhe (
data were generated as follow:
1T Thexspacing between adjacent points for feve
1 Thexspacing between adjaceatwaoiiswhsrebpr fr a
», P, with the values ofspicked with uniform probability within that range, and a fresh
picking of »yfor each space between data points.
1 The noise levelsn were applied additively to each of the continuousbaactions all
cases except for spikey data &dC data aswwo Qo 01 WH'Mi M » p.The
distributions of the noise levels were either normal or uniform. Knowing the distribution
and noise level, the constanis calculated sucthat the standard deviation of added noise
corresponds to the noise levelThat is, for a noise level of=0.6, the functiomi has a
standard deviation of 0.6.
T The y data for fAspikeyo data has beteen obt a
maximum bound ¢ ). The output value is calculated using the form:

Wi W'MiM w» p8The random number generation being strictly uninform.
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Importantly, this generation method would not produce data with a standardaheial

to the maximum bounad .
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Figure 3.2 Comparison of the noise levels applied to the functional forms that reach stieéelyThe legend indicates the colors

associated with different values of rn.

The algorithm was tested on the five étional forms shown in Fige 3.2, as well as an
infinitely rising function andKMC data. Figire 3.2shows the magnitude of the three noise levels
tested relative to the base functions. An appropriate SSD algorithm would be able to perform well
for each ofthe noise levels and functions. A logarithmic function that never reaches-stasely

was also considered, to test the case that the algasitbald notletect steadgtate The different
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base functional forms tested are as follows, with noise or #itiolns added upon each base
functional
1.

2.

functional forms. The base testing for the following subsections requires the projection test (Pj)

In(x*a) + ¢

c-exp(-x/a)

c

c+ exp(-x/a)

X +ri*a > 0 (see text for details)

sin(x/a) + ¢

In the following subsections, thetFPj-RG method has beeapplied to each of the noted

form prior

t

o

t esti

ng,

wher e

n

(i.e. the final test to trigger steagyate) to pass j consecutive times (j=1, 2, or 3 in the current

work) with oscillatingslope (no oscillation is required if j=0 or j=1). In all cases, the predicted

value of the dependent variable during projection tests are calculated-with 1tso that

comparisons can be made even between different functional fbnegnages shown in thelow

e a

sections contain results for 0.6 Gaussian noise levels (the results for the lower levels of noise were

gualitatively similar). For each of the functional data sets, the average window size and the average

number of steps before SSD was detected @@rted based on 10 SSD runs. The error bars are

reported as the standard error of the average values, based on the sample size of 10. Given that the

errors of the SSD are not normally distributed, the standard error can be regarded as an order of

magnitudeestimate of the error. We first start with the infinitely rising case where sstatty

should not be detected, followed by the cases where sttaityshould be detected.

74



3.2.1Application of the &PfFRG method to Different Functional Forms
a) Infinitely Increasing, f(x) = In(x*a) + ¢

The purpose for testing the functitn(x*a) + c is to ensure that the algorithm will not
erroneously report steagyate in an infinitely rising data set. This increases the confidence in the
accurate detection of steadtate in the following sections. In the tes&sng runhere, the SSD
attempt is allowed to run until steadtate is detected or the data set reachesa@gteemined cut
off position along the »axis. If this cutoff position is reached, it is assumiedt tthe initial
conditions are not capable of producing a stestdie in the time scale (oraxis measurement)

of interest.

20+
181 Steady-State
16 Not Detected
14
~12-
%
=104

oON O

0 20000 40000
X

Figure 3.3 Applying the R-Pj-RG steadystate detection algorithm to infinitely rising data generated by In(*a) + ¢ + ndise (
noise level) did not detect steashate

Ln(x) approaches infinity as goes to infinity, though the approach to infinity becomes
increasingly gradual asincreases. As such, this is not a true stestdie and thus, a steastate
detection algoriim should be capable of differentiating such a trend from stsglatly. As seen in
Figure 3.3, the currently implemented algorithm did not detect stestate in data generated with
a In(x*a) + ¢ with a=1 and c=0 for any of the noise levels, or spacitegdiesithin 50,000 data

points. In fact, the-test rarely passes for this data set, so the projection test rarely occurs. This
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suggests that the window sizing methods used here (similar to that of other previous works) aid in
avoiding false SSD detection.

In general, the level of noise can overwhelm even an infinitely rising function (for a given
window size) such that steadyate could be falsely detectetihe tolerances required are
application specificso it is necessary that the user appropriatdipeethe value o¥&  for a

given projection distance, such that the projection test is effective at excluding such false steady

states

Table3.1 The average number of data points in each window and the average number of steps-stateidyn 10 separate
runs of the R-Pj-RG method, for In(1*x) + 0. Data sets with Gaussian and uniform noise (level 0.6), random and uniform
spacing along the-axis, and j values of 1, 2, and 3 were tested.:

Type of Noise| Type of Spacing| j value NF Detectal After
1.0 | Not Detected Not Detected

Gaussian Random 2.0 | Not Detected Not Detected
3.0 | Not Detected Not Detected

1.0 | Not Detected Not Detected

Even

Gaussian 2.0 | Not Detected Not Detected
3.0 | Not Detected Not Detected

1.0 | Not Detected Not Detected

Uniform Even 2.0 | Not Detected Not Detected
3.0 | Not Detected Not Detected
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b) Rising Exponential, f(X) = expfx/a)

A rising exponential trend is a common trend for chemical kinetiod,aen examples
shown in Figire 3.4 In our tests, SSccurred successfully in the asymptotic region of the
functional trend. This functional form tests the capability of theP-RG method to successfully
exit a warmup period that may exist withikMC data. The point at which steadtate has been
deteced (for one partular trial) is shown in Figre 3.4. It is clearly seen that the data windows
have surpassed the waup period and reached the asymptotic region. The average number of
data points in the data windows, and the average number of stepsdpstate aarss 10 runs are

shown in Table.2for the largest noise level tested.

Steady-State '

Window 1
Window 2

0 20000 40000

Figure 3.4: Applying the F-PJ-RG steadystate detection algorithm to data generated by a rising exponential (0.6 noise level)
detected steadstate after the transi¢period. An illustrative example is shown with the windows at which sttattyis detected

in red.
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Table3.2 The average number of data points in each window and the average number of steps stateddym 10 separate
runs of the R-Pj-RG methodor 1 - exp(x/1000). Data sets with Gaussian and uniform noise (level 0.6), random and uniform

spacing along the-axis, and j values of 1, 2, and 3 are shown.

Type of Noise| Type of Spacing| j value NF Detected After

1.0 | 538+/-166| 2050+/-665

Gaussian Random 2.0 892+/- 145 7083+/- 968

3.0 | 901+/-145| 8323+/- 1102

1.0 | 554+/-197| 2118+/-789

Even
Gaussian 2.0 | 845+/-1871 | 6627+/-1178
3.0 | 969+/-236 | 9089+/- 1983
1.0 | 497+/-163| 1888+/-651
Uniform Even 2.0 | 624+/-166| 4661+/-978

3.0 | 678+/-159 7340+/- 948

c) Straight Line, f(x) = ¢

The functional form for a straight line with noise is representativikdéi@ data trend that
would correspond to a nearly immediate stesidye. The detection of steasiate and the
associated dataindows for one partidar trial are plotted in Figre 3.5. The average number of
data points in the data windows and the average number of steps testtdadcross 10 rarare

shown in Table.3for the largest noise level tested.
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Figure 3.5 Applying the Ft-Pj-RG steadystate detection algorithm to data generated by a flat line (0.6 noise level) detected

| Steady-State

Window 1

Window 2

0 " 20000

X

40000

steadystate. An illustrative example is shown with the windows at which sttamtyis detected indicated in red.

Table 3.3 The average numbef data points in each window and the average number of steps to-staseljrom 10 separate

runs of the SSD algorithm, for f(x) = 5. Data sets with Gaussian and uniform noise (level 0.6), random and uniform spagcing al

the axis, and j values of 1, @d 3 are shown

Type of Noise| Type of Spacing| j value Nr Detected After

1.0 |347+t22| 1286+/-86

Gaussian Random 2.0 |622+/-36| 6655+/-784
3.0 |746+/-74| 8688+/- 1191

1.0 |337+/-11| 1246+/-45

Even

Gaussian 2.0 |561+/-40| 5632+/-915

3.0 |633+/-45| 6938+/-845

1.0 |341+/-22| 1265+/-87

Uniform Even 2.0 |684+/-57| 5520+/-572
3.0 |728+/-46 6855+/- 610
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d) Falling Exponential, f(x) = ¢ + exfd)

The falling exponential functional form is another case where there existaretoist
warmup period at the initial stages of the data in the manner expected for chemical kinetics, and
thus, it is an important test case for the effectiveness of the SSD algorithm applicalliNZto
generated data. As with the rising exponentiad, algorithm successfully exited the waup
period and detects steadtate in the asymptotic region of the generated data for all noise levels,
spacing, and j values. The data windows and the point at which stteywas detected (for one
particular eample) are shown in Fige 3.6. The average number of data points in the data
windows and the average number of steps to stetadg aarss 10 runs are shown in Tal3&

for the largest noise level tested.

Steady-State

—_—~
bo -
fr—d Window 1

0 20000 40000
X

Figure 3.6 Applying the Ft-Pj-RG steadystaie detection algorithm to data generated by a falling exponential (0.6 noise level)
detected steadstate after the transient period. An illustrative example is shown with the windows at whickssé¢ady detected

in red.

Table3.4 The average numb@f data points in each window and the average number of steps to-statalfrom 10 separate
runs of the R-Pj-RG method for f(x) = 5+exp{/5000). Data sets with Gaussian and uniform noise (level 0.6), random and
uniform spacing along the-axis, and jalues of 1, 2, and 3 are shown

Type of Noise| Type of Spacing| j value NF Detected After
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1.0 349+} 18 1289+/- 69

Gaussian Random 2.0 | 3916+/-2262| 24831+/- 13510

3.0 | 4141+/-2233| 28864+/- 13577

1.0 377+/-19 1406+/- 74

Even
Gaussian 2.0 |2111+/-1596| 12075+/- 7962
3.0 | 3751+/- 2119 | 24879+/- 12584
1.0 |1638+/-1302| 6452+/-5209
Uniform Even 2.0 | 3094+/-1704| 17338+/- 8310

3.0 | 3196+/- 1687 | 22662+/- 9672

e) Undulating, f(x) = Sin(x/a) + ¢

The functional form for undulatingatia (wavelike) is another possible trend that could
result fromKMC generated data, and has autocorrelation. When such cases undulate around a
mean value, the data would still be considered to be at sgtaidy The data windows and the
point at which stady-statewas detected are plotted in FiguB€ (for one particular example,

different from the function coefficients used in this work).
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Figure 3.7: Applying the Ft-Pj-RG steadystate detection algorithm to data generated by a sinusoidal functiom¢isé level)
detected steadsgtate. An illustrative example is shown. For most cases, sttatiydetection for sinusoidal data will encompass

manyperiods.

In the sinusoidal case, if a small data window is largely comprised of points that are near
the maxima or minima of the curve, the slope would be close to zero. However, an appropriate
rolling and growing window method, in conjunction with an oscillashgpe projection test, is
unlikely to falsely detect steaehtate in such a scenario. The windom#i proceed to roll and
grow across the data set until the window size will sample across one full period, and then further
than one period. This behavior demonstrates the importance of the requirement to have the
projection test pass at least twice, wostillatingslope. The average number of data points in the
data windows and the average number of steps to sgtatyaarss 10 runs are shown in Table

3.5for the largest noise level tested.

Table3.5 The average number of data points in each windad the average number of steps to stestdte from 10 separate
runs of the R-Pj-RG method for f(x) = sin(x/10) + 5. Data sets with Gaussian and uniform noise (level 0.6), random and uniform

spacing along the-axis, and j values of 1, 2, and 3 are &imo

Type of Noise| Type of Spacing| j value NF Detected After

1.0 330+/-8 1220+/- 34
Gaussian Random

2.0 424+/-8 | 4437+/-270
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3.0 |528+/-31| 10974+/- 1630
1.0 317+/-5 1168+/- 18
Even
Gaussian 2.0 |431+/-19| 6149+/-987
3.0 |480+/-23| 10257+/- 1844
1.0 320+/- 6 1220+/- 34
Uniform Even 2.0 |451+/-19| 6836+/-824
3.0 |519+/-24| 11559+/- 1165

f) Spikey Data, (50

The spikey datasets are representative of rare or slow evdfitéGnsimulations. In this
scenario, it is posiie that no events of a particular type occur in a single snapshot. Since all
reactions in a network have to be unchanging for the system to be declared aststeadye SSD
algorithm must be able to handle spikey data. Especially since these praresklesly to be

interpreted as a departure from steathte by many algorithms. The data windows and point of

detection for one example are plotted inuf&f.8.
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Figure 3.8 Applying the R-Pj-RG steadystate detection algorithm to data generalgaa rising exponential (maximum amplitude

of 600) detected steadyate. An illustrative example is shown with the windows at which sttamtyis detected indicated in red.

The average data window lengths and average points of stetdgletection ag listed in

Table3.6. The behavior for spikey data is qualitatively similar to that of the striightase.

Table3.6: The average number of data points in each window and the average number of stepsstatedidyn 10 separate

runs of the R-Pj-RG method for Spikey Data that had a maximum amplitude of 600.

Type of Noise| Type of Spacing| j value N[ Detected After

1.0 339 +£9 1283+/- 36

None Random 2.0 614+/-52 | 5850+/- 803

3.0 | 791+/-80| 8998+/-1135

1.0 346+/- 12 1286+/- 48
Even
None 2.0 |506+/-34| 4222+/-476

3.0 | 590+/54 | 6019+/- 639
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3.2.2Discussion

Functional forms representative of the behavioKBIC data were tested. ThetlP|-RG
steadystate detection method detected stestdye in each case (with the exceptwinthe
infinitely rising function), and successfully excluded wanm(transient) periods at the beginning
of data sets. Importantly, the algorithm was able to handle the following features of data: a) both
evenly and unevenly spaced data, b) datawamtrs i ent peri ods, c) disco
d) data with fluctuations. The strategy used to exclude the warperiod and eventually detect
steadystate was to start with an initial window of N=100 (sufficient for initial statistical analysis)
that s then subjected to rolling and growing until thé&f test is passed. This is similar to the
strategy used by Nufiez etf[afi1]. Thus, there is no analytical estimate of what window size will
be needed: the algorithm simply rolls and grows the windows until sstatyis detected. The
asymptotic limit of the windows being infinitely fan time and infinitely large in size will
ultimately satisfy any usetefined tolerance of steadyate. The algorithm simply proceeds until
the tolerance is met.

It is not surprising that the algorithm can handle unevenly spaced data, as the spaging alon
the x-axis is accounted for in weighted standard deviations (for ttestl; weighted means (for
the ttest), and weighted linear regression (projection test). Many existing algorithms assume a
uniform spacing between the points as they are designéabfang at time series measurements
taken at constant intervals. The ability to handle variable spacing is a strength of this algorithm
because it can be used on data generat&dty simulations with variable timepacing.

The oscillatingslope test is e of the unusual features of the method. As shown for each
data trend, higher values for j in the oscillatsigpe projection test are harder to pass. The

importance of performing the oscillathslppe projection test on more than one consecutive

85



window can be understood by considering a slowly rising monotonic function or the oscillating
data trend. For these cases, the oscilladloge and consecutive window tests prevent false
positives from cases where the slope is approximately zero (such as er ¢resgh of the sin
wave, or simply from a low slope or a fluctuation). Thus, cases with j=0 and j=1 should not be
trusted (indeed, in the tests here, j=1 and j=0 sometimes passed during the transient period).
However, increasing the number of conse@uattempts also increases the number of data points
required. As such, a compromise between certainty and computational efficiency exists.

If one consides the possibility of extending the-Pj-RG method to data witmultiple
dependent variables, youalhd recognize that for sufficiently large numbers of variables the F
Pj test will not return Opassing6 for albl vari
state). While it is beyond the scope of this work to extend th€jfRG methodto multiple
variablesafeasible approacts describedor systems where the variances are not correlated for
the different variables. The-tHPj-RG method could be applied to each variable independently,
and run until the -Pj test has been passedesst once for each variable. From that point, a
number of data windows on the order of 10 adjacent data windows could be analyzed, and the
observed percent chance of passing thePfFtest could be calculated for each of the variables
across those ~10 mdent data windows to ensure that it is sufficient for the confidence level
desired: passing for each of the ~10 adjacent windows, or 100% passing rates, are not needed
only sufficient passing rates for the confidence level are desired. Alternasivaelsthod based on
Gi d§8k cor r e ¢l25 coulddbe used to sdften thé rauitiriable test once each variable
has passed individuallyt should benotel that n practice, with the method presented here, the
windows continue to grow when thetfPj test is failed. This means that if an asymptotic steady

state exists, then eventually the passing rate will exceed that required for a particular confidence
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interval the passing rate does approach 100% in the limit of infinite window size, and thus the

passing rate will eventually be sufficient).

3.2.3Conclusionf ~t-PrRG Method

The Ft-Pj-RG method, a window based steadgte detection method, was developed and
tested on a variety of potential data trends (functional forms) that could be produced by kinetic
Monte Carlo simulations. The method relies upon applying ttest: then-test, and finally an
oscillatingslope projection test (Pj) to successive datadewvs. The sampled data windows roll
and grow until the standard deviation and mean of the data are convertpst &Rd -test).
Importantly, the method works on spikey data, data with waprperiods, data with fluctuations
(sinusoidal), and data thatrist evenly spaced. When all 3 tests are passed, the system can be said

to have passed thetHPj test, and is considered to be at stestdye
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3.3Introductionof ppSSD

A steadystate(SS) is a state in which measurable variables of amyste r e 6 const ant
time, which means their rate of change across time has a slope of zeriwrm is meant to be
more general than d&éequi |l i br initiamdepemding ontthe ieln h a v
Steadystates are important in a widenge of applications, includingp¢ field of materials science
[142], biology [143], queuing managemefit44], fault detectiofll45], etc.Steadystatedetection
(SSD has high importance in these fields, amdilso an often required subtask in the field of
simulations Often, a goal of simulations is to reachsteadystate and then terminate the
simulation to analyze the data associated witlstbadystate. In geeral, real systems do not have
slopes that are truly zero, instead real systems have finite nonzero slopes due to two sources: (a)
noise and fluctuations (b) gradual but very small changes that can still be approximated as constant.
Thus, identifying a tre SS (with slope zero) in a real system is not possible with 100% certainty,
and instead the goal when analyzing real data is actually to seek a statistidgbtate (sSS). A
sSS is defined as the system having no change accordirgpézified levebf change tolerance
for aspecified duration of timé& hus, sSS is defined only in the context of chasdmes for these
two variables.

In some cases, when there is no noise or oscillation, findetgeaystate is as trivial as
detecting when the slope sufficiently near zero, but it can become more difficult to identify the
steady state with noisy processgsucially, when there are noisy processes, SSD can be
inconclusive-- purely due to the need to collect more data points to obtain sufficaistiss for
SSD. Experimentalists and computationalists then face a dilemma: how many more points must

be collected? This question is important to answer to determine whether it is even feasible to collect
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the number of points required for SSD. This wprkvides a method to answer the question of

how many points are required. Since having the number of points required isegyosite for

sttadd state detection, we wil/ refer to the con
the prerequisieto steadys t at e detecti onbo. This iIs a centra
familiar with and so it must be emphasized: until a sufficient number of points have been acquired
(i.e., until the data length is sufficiently long), SSD is not possiliie. dbjective of ppSSD is to

determine how many points are required before even considering SSD.

One scenario in which ppSSD would be used is if the user is running thousands of
simulations of a process with each simulation being under unique and diffetignt conditions.

These conditions can change the noise behavior of the process such that the length of data required
for SSD is different for each simulation. In this scenario, ppSSD could be accomplished with our
method by reading an initial setddita from early in a simulation (for a specific set of conditions)

and return the minimum number of points needed to attempt SSD (for that specific set of
conditions). The required number of points for SSD would be unique for each set of conditions,
but byusing ppSSD the user can ascertain whether they have a sufficient number of points for
SSD to be feasible. More importantly, if a simulation has an insufficient number of points, ppSSD
provides the information ofdw many more points are needed.

The typial scenario would be that during data collection (either from simulation or
experiment), the user would use ppSSD to predict how much data they must collect fon®SD.
outcomesare imaginedrom using ppSSD: If theequired datéength for SSD is feasib] the user
would continue collecting data. Alternatively, if applying ppSSD predicts a required amount of
data collection that the user considers unfeasible (i.e., would require too long of an experiment or

too many simulation hours), the user can terteirtata collection and save resources (whether
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computational or experimental).

Presented here is a ppSSD method that can predict the window size required for SSD to be
possible (the method returns the number of points required). The method requirespaciSed
change tolerance (for how much the mean can vary within a specified amount of time) and a
specified amount of time to remain within that tolerance. The method works for arbitrary
confidence intervals: the user defines the required probabilibefag within the change tolerance
after he specified amount of time. The method is based upon derivations that begire with a
relation thatvasfound, which relates the slopesstéadystate data to their inherent statistics. The
met hod only requires reading a smal/l I ni ti al
then ppSSD can be performed using our relatémtsalgebra. We present the method, then show
with a simple SSD test that our initial window ppSSD method correctly predicts the number of

points that will be required for SSD, for a variety of noise distributions.

3.3.1Statistical Steady Stalzerivation

The starting point in the derivation is recognizing that at a statistical steady state, the rate
of change (or slope) is approximately zero, based on a specified level of change tolerance for a
specified time (and a change over time is a slope). Tleisl@ssumed to consist of a series of
data points (x,y), with noise. In statistical steady state, the deviations from the mean that come
from noise must be considered when analyzing the change tolerance. In our formalism, we first
describe the case whete noise is normally distributed according to a Gaussian distribution. For
the normal distribution, it is accepted that 68% of the values will fall within one standard deviation

, of an unchanging medn, * ,H , . However, we showhit even though the equations
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being usel are derived for a normal distribution, this method still works well for other noise

distributions without further corrections.

a) Linear Regressioande -relation forSteadyStates

The ability to predict the output of linear projection is essential to steady state detection.
The null hypothesis is that the process is at ststatg unless there is sufficient evidence to the
contrary. In this case, ven the calculated slope of a data window, defineg ais outside the
range expected from a steastate process. Linear regression provides an estimate of the slope,
though the noise in the process caSosversiftheegr es
true slope is zero, regression will still return a 1zeno value. However, we find that the
distribution of possible nemero slopes is predictable, and that this distribution can be compared

to the slopes from real datasets. The distion is depicted in Fige 3.9.

Steady - State Slope Distribution

| .|I” " ‘|‘||‘..‘ ! - 7Z- Score
-4 -2 0 2 4

Figure 3.9 Distribution of slopeof a steadystate data windowThe xaxis is thenumber of Y awayfrom the mean. It follows a
normal distribution. The red region notes the region where 68% of the slopes are expected to fall, bounded bgahidesite

interval.
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We can find the standard deviation of the distribution of sl6@es which are centered
around a mean slope of zero when steadystate.Thus we determine the probabil@®that the
slope of a steadgtate data window will be within certain confidence intervals. The threshold

desired for a certain probabiliBis compted by the following equation:

R QY €)

Whereay, is the slope value associated with a threshold thét istandard deviations
away from zero. The term® is related to the probability P that linear regression will notrnea
value abovad; if the data represents a steastgite process. A twiailed Ztable provides the
value of® for a given value oP. Conventional tweailed Ztables are typically constructed for
a normal distribution, though nwentionaltwo-tailed Ztables shouldbe sufficient for other
distributions as well, as will be shown.

For a SSdetectionfree from outliers, the best fit slope can be intuitively related to the

aspect ratio of the data, which can be defined by the ranges of tie idata such thab ©

o

Yo y¢y 8The range of x is simply the data window lendth (the difference between the first

x value in the window and the last x value in the window). Due to outliers and Mdisean
significantly distort the aspect ratiand the sample standard deviationis thus used instead to
define an effective aspect ratithe slope is expected to become closer to zero as the aspect ratio
is increased by adding additional data points, N, in the data window. The resulteasf lin
regression outputs are thus expected to have a relation with the ivalies , and N associated

with a data window. Based on this intuition of what affects a linear regression, the three terms

were combined into a single tesm which coutl be a good statistical indicator of the regression
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output at steadgtate and our derivation and tests show this to be the case. The formules for

shown below:

T (@)

The standard deviatioly of the slogs returned by regression on a stesidye data

window was found to have a linear relationship with the term

SV )

We will refer to Eq5 as thev -relation, where the variable is a constant, and its value
was determined to be 08 ¢ drothis study, as shown in the nes¢ction. Based on our
conjecture and our derivations, Esishould hold true regardless of the step size, noise level, or
average value in the datasetsdepends only on the threeriablesi , Yo , and N. As will be
shown, this means that ppSSD based on thelation relies only on the number of points and on
inherent statistics of the system (i.e., the standard deviatiamd average -distance between
points ¥Y&>). Given these three characteristics from an initial data window, we can predict the
maximum magnitude of the slope found from linear regression, using-takation and the null
hypothesis that the series is aste@adystate. This in turn enablas to perform ppSSD, by
answering the question of how many points will be needed for SSD. As will be seen, this method
is very accessible. Using the equations derived using ttedation as a base, users are able to
apply our method using solely algepaad it is applicable to many types of scenarios.

To obtain the value of and show that E® is valid, several series of (x,y) values

emulating steadgtate behavior were generated. The goal being the ability to sample statady
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data windows with diierente values. The yalue is the output of a function of x with added

random noise in the form:

W Quw €€ Q (6)
In this case the function is a perfectly flat i @£ & i O0The ndise level is set to
give a certain stadard deviation to each data serieshe random number generator used is a
function from Python. The spacing between each paintwhere3® 30, is a constant that
is varied to ensure that not every data series will have the dim of3«c0 and N. In the end, the
“Y for 120 different values were found. The combination of characterigtic®/ , and N to

get each are listed in Tabl8.7.

Table3.7. Range of each characteristics that is inputted intodow generator and total number of unique combinations,of

Y& , and N.

7

Characteristics | N Yo Sy or 0.5010

Possibilities [100,200,300,400,500 [10 x N, 100 x| [0.33,0.66,1.0,1.5,2.0,4.0
600,700,800,900, N]

1000]

# of Possibilities 10 2 6

Total # Combinations: 120

**Eor data series with normally distributed noise, the noise distribution has a width related

toi with an infinite tail on the distribution. For uniformly distributed noise, the maximum vy

offset from the meanisgven t he symbol O (thus a data ser.i

distribution with 4.0 as the maximuroffset from the mean
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During analysis of the set of generated series, a numbe®f points were gétered.
First, the slopes of 100windows of the same were collected and the mean sldpeQvas
calculated. Since these windows had a base function of a flat line with noise on it, the aggregat
set of windows had a value 6@ 1. Then, using the same 1000 data windows, gtandard
deviation of the slop& is calculated to make a RY point. Some of the points had the same
value ofe but are created from analyzing a set of windows with différen¥co , and N
characteristics. Linear regressiomasyperformed on the large set ofi'Y points to obtain the

value of- reported. This regression is shown in Fige3.10

0.025;}
0.020¢
= 0.015;
0
0.010¢
0.005 — -relation Line ||
ocoo Observed S,

0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008
©

Figure 3.10 The”Y r et ur ned by | inear regression performed on a data wi

The linear relationshiprém thee -relation , EQ5, relates’Y to e . The linearity of this
relationship is shown in Fige 3.10 120 different values were investigated over a wide range
ofi ,Y® , and N values for datasets with normalse distributions (geTable3.7 for details).

Each point in Figre3.10represents a unique combinatiori of Y& , and N from Tabl&.7, and
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each point was obtained from averaging 1000 data windows for that unique combination. It is
worth noting that while many afhe points have similar values, their respective window
characteristics , Yo , and N vary widely (neighboring points in the line may have valués, of

Y& , and N that vary by one order of magnitude or mbriis shows the stretiy of usings as

a statistical indicator ofY . From this data with normally distributed noise, the constamas
obtained from a linear fit, yielding a value 08 ¢ oThe same procedure was then applied to
data sets with uniformly distribed noise and an equivalently broad range ¥ , and N (see
Table3.7), yielding a value of o8& ¢ 1 -4which does not differ significantly from the value
obtained from the data with normally distributed noise. This shows that ryosahke -relation

more general than just for data with normal noise distributions: this further shows that the same
value of- 08 @s sufficient to describe the relationship betwéénande for both normal and

non-normal (at minimum for unifen) noise distributions.

3.3.2 ppSSD Tests Based on ¢heelation and ppSSD Equations
Projection Test

As described in the introduction, the concept of a SSS requires a system response to remain
within a y-scale tolerance for a specified length of tifine, distance along theaxis). Our ppSSD
will thus be measured against a projection test which matches this restrictionvéthaey for a
projected futurdime would remain within a specified tolerance. There are more sophisticated
methods for SSChut the projection test directly tests the definition of sSS, and is compatible with
conventional statistical confidence limits, so it is sufficient for our purposes. The projection test
starts with calculating the slope of a window of (x,y) points thatsaattered around an average

X-positiondand meanyvalue' . In order to pass, the projected changedwer distanced™ &
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must be less than a set thresh®ldl . The projected yalue,w at a specified future position,

X*, is given by:

o 0w o )
Here, & is the slope found by performing linear regression on a data window. If the
predicted valueno falls consistently within the specifiedtglerance of ¢ Y& w

Y& |, then the data windows are considered to be at sttathy This test can also be described

with the following inequality:

WS O YD (8)

Pass condition

Value (arh)
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Figure 3.11 Visualization of the pass condition. The bpgints represent the data window analyzed. The dotted green line is the
regression slope. The orange dot is the sample mean of the data window. The regression linesroest@as the orange dot

andthe gray dots. The distance between the orange anddpts areYé . The length of the projection s .
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A derivation of Egq8is provided in the ApendixA.1. A reader is encouraged to remember
atthis point that in real data there can only bsadisticalstationarystate that is detectable, and
therdore statistical tolerances arerequired parameter (typically user defined). An important
aspect to consider is that, due to noise, a system that is (or is not) atsséeadyill still have a
finite probability of passing/failing an SSD test. In essenhis is due to error in estimating the
underlying rate of change in the system. This error manifests itself within the regression slope
calculation, and can be reduced by collecting additional data points, which has the effect of
reducing the magnitudef the average slope returned from regression if the system is truly at a
stationarystate. The ppSSD method estimates the necessary window size for a truly stationary
state to pass an SSD test within a specified probability (e.g., what window sizebeoelglired
for the system to have a 95% chance of passing @B system were truly at SS)/ith thee -
relation derived here, ppSSD can be performed to determine the required window size to achieve
SSD in various situations.

In general, the projection distance can be described either by a fixed pasitiomby a
fixed multiple of the initial dataindow length-. The threshold®  can either be set at a scalar
value (Fixed / Absolute) or set to being a multiplé ofRelative).Table3.8lists the four cases
under which the projection test can be used, based on how the prodieatiinand threshold are
expressedWe will show that Case 4 is a special case where the inherent statistics of the system
do not need to be known to preform ppSSD. Belowéhevant ppSS2quationsare presented

and examples for these four cases vdlilebe presented in the body of this work.

Table3.8 Cases of Possible Constraints for Projection Test

<

Cases Y Projection To:

Case 1 Fixed / Absolute W
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Case 2 Relative toi D)

Case 3 Fixed / Absolute -

Case 4 Relative toi -

a) Specified®’ (Cases 1 and 2)

Its anticipatel thata user will typically set the criteritor sSS based on requirements
relevant to the specific process. In some cases, there will be a maximum desired time period (e.g.,
500 hours) in which case the user might specify that the system response should not change by
more thar¥®  when pojected to tim&y'. The fixed X* cases are further divided into whether
Y& is a fixed value or aelative value. In Case ¥ s a fixed tolerance threshold (as
opposed to being defined as a multiplé 9f In Case 1, th projectionlength can be expressed as
a function of the average distance between the péiisQandcy, as shownri the derivation in
Appendix A.2 This makes of the equation fors M function of the distance projectéd, the
thresholdY® , and the inherent statistics of the system determined from an initial window of

data:

55 T ®

This equation returns agatiction for the data window size required for sSS detediion,
after obtaining the inherent statistics of the data from an initial window. The inputs needed include
the inherent statistical characteristics and @@ and the desired pbability, P of a truly

stationarystate window passing the projection test up to pdimtith the threshold set 6
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P serves a purpose analogous to a confidence intStrattly speaking, a confidence interval
cannot be defined for agplex systems because there is no way to discriminate between a true
steadystate and a metastalseadystate, which is one of the reasons thrat shoulabnly use the
termstatisticalsteadystate.

Case 2 occurehenthe termY&  is set to anultiple ofi , such thaé O i,

and the ppSSD expression férbecomes:

& - 70 (10

b) Specified- (Cases 3 and 4)
There may be applications whereuser desires to detect sSS by projecting to a fixed
multiple ofwindows away (e.g., to project to 10 times out), after collecting an initialdatw.

The inequality in Eg8 can also be rewritten as:

WSYn Y 11
Where the term-is defined as= & & Y , such that-is a dimensiodess number
that indicates the length of the projection in terms of a multiple of the initial data window length,
Y& . —can then be usedrfiow far out the projection will be. Using the equationdigr (Eq. 3)
and the inequality in E@, an equation was derived that determines the minimum window size
needed for a truly steaebtate data window to achievepeobability P of @ssing the test for a
given projection length and a fixed threshold®  (Case 3)The derivatioryieldsthe following

equation for ppSSD.
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5 - — (12)

In Case4, like for Case 2the termY® is set to a multiple df , by Y& 0 i

andthe ppSSD expression fbk becomes:

0 - -1 (13a)
for the subcaseof settingd 1, thenY® = s,and the ppSSD expression simplifies to:
0 - ©- (13b)

Note that all of the terms on thigit side of Eg. 13a and13b are free from the irdrent
statistics of the data s&hus, when the thresholtd  is defined as a specific multiple of,S
then the ppSSD window size required for a particular value @i number of pointsN) is

independent of the inherent statistics of tystem.

3.3.3Results

Using thewv -relation, Egs 9-13b will be used for ppSSD to predict the proper window size
0 for SSD, and then the predictions will be compared to the outputs from the projection test. For
testing purposes, several datasetslatimg SS behavior were created. The functional fie
in Eq.6 was represented by either a perfectly flat line or a sine wave. Each data series generated
has a unique combination of functional foffw , noise distribution, and noise level, whiale a
listed in Table3.9. Additionally, we also apply the ppSSD method introduced here to some data

generated from kinetic Monte Carlo simulatioK$AC).
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Table3.9 Range of characteristics used to generate the data series and total number of uniqueetafarggpSSD

Characteristic Function Form | Distribution x-Spacing |Sy or (

Type

Possibilities Flat/Sine Uniform/Normal | 1.0 [1.0, 2.0, and
3.0]

# of Possibilities | 2 2 1 3

Total # of data series: 12

**For data series with normally distributed noise, the noise distribution has a width relateditb &n infinite tail m
the distribution. For uniformly distributed noise, the maximuwmy f set from the mean is given the

where 0.50 = 2.0 has a uniform +ofsétBoenthdimeart r i buti on with 4.0 a

The goal is to use ppSSDpeedict the window size required for the projectiest to pass
at a desired rat&hen the actual passing rates from using the predicted window sizes are recorded
and compared to the desired ratdoth the desired and actual rate of passing should be in
agreement. Below examplage presentetb show that the ppSSD method works for normal noise

distributions

a) Specifieddy Example (Case 1 and 2)

Finding 0 for aFixedY&  (Case 1)
Thefirst example of ppSSD uses the specifigdprediction equation with fixed value for
the toleranc&® (Case 1)A datasets usedvhere a data window i converged statistics has

the following characteristics:
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Table3.10 Characteristics of the data window

W ZNe]

1.0

2.0

100,000.0

larger than¥Y

The user wants to project outd@ p p mmand does not want there to be a deviation

1. First, a small data window siz& p 1 1 analyzed to find the

characteristics and@wOFrom there, Eq9 was used to find a prediction line to find the size

0 where a particular percentage of the projected point$aliibelow the se¥®& . The desired

passing rate is inputted in Egin the form of al value from thetwo-tailed probability table.

Then SSD tests are performed on 500%ized data windows randomlgkien from the dataset.

The mate at which these windows pass is recorded and compared to the rate expettted fo

window size from ppSSD.

o S
(0] O
T T

Probability of Passing
(@]
N

—Predicted Passing Rate

0.6 ° Observed Passing Rate
--95% Pass Window
0.5r
0.4 ' ‘ ! L j
4000 6000 8000 10000 12000 14000

N;

Figure 3.12 Required window size for the probability the projection from a data window with Bdlfleharacteristics

projected toX™*=p mtwi | |

fall bel ow threshold &Y _pass=4
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Figure3.12shows the confidence that the projection will not deviate from the mean by more than
Y&  for a given window size in the case described previously. There is good agreement with the
prediction linewhich shows that a window size @ p 1 T wauld be a good choice if the user
wants 95% confidence.
Finding 0 for aRelative¥Y® (Case 2)

An example of Case 2 is prepared using the same data as in Case 1. Except in this case the

Yo is a mul ti pl ie.Anihitiattdataewindaw s deadviciceeate the prediction line

for the window size needed for SSD with the criteridof p p TTandYd p8t i .

©
O
T

©
(0]
T

©
(@]
T

—Predicted Passing Rate
° Observed Passing Rate

Probability of Passing
o
N

o
&)
T

| | | | | |

1.5 2 2.5 3 3.5 4 4.5
N % 10%

Figure 3.13 Required window size ftihe probability therojection from a data window with Tat8elOcharacteristics projected

toX™=p ntwillfalbel ow t hreshoil d @Y _pass=1.0T
As seen in Figre 3.13 the trend of predicted passing rate to window size from Case 2
ppSSD closely aligs with the trend of the observed passing rate with increasing window size.
Performing a projection test with the additional restriction that the slope must stochastically

oscillate above and below zero is a more stringent criteria for steady statelabomngecan also
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be appied to these types of criteribn this example, we will require three adjacent data windows
pass the projection test with the additional constraint that there be at least one positive and one
negative slope recorded among the thwaslows. The relation of the single projection passing

probability and the aforementioned triple projection passing probability is as follows:

0 0 - (14)

Where the (6/8) term comes frahe eight possible combinations of positive and negative
slopes for the three windows, two of which are eitflé positive or all negativen those two
cases, the triple pass test will fail regardless of the flatness of tdneSdasequently, there Wil
only be a maximum passing probability of 75%. These concepts can be carried forward to require

larger numbers of windows to pass, and more complex requirements.

0.8

©
(@]
T

—Predicted Passing Rate
° Observed Passing Rate
75% Limit

Probability of Passing
o o
N EEN

N %10%

Figure 3.14 Actual passing of triple passing of the Case 2 projection test (Xt=an d eY _ pia sompated t0 the

predicted rate (blue line) for different leveisnormally distributed nois&he dark yellow line corresponds to the 75% probability,
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As in the case of a single projection test, the ppSSD based on our relatiorgpeadiction
of the passing rate as a function of the number of points in data wingogrieéxample, if a user
has a confidence interval that corresponds to passing this test ~ 70% of the time, the user can se
in Figure3.14that awindow size ~ 4000% neededWith three windows, that means that©0P0

data points will need to be collected to achieve that passing rate for steady state data.

Specified- Examples (Case 3 and Case 4)

b) Finding. for a FixedY9  (Case 3)

Case 3 occurs when the user would project out to-ateetest if the projection exceeds a
fixed Y& . The data set used here is that the flat line with noynatigitributed noise giving an
approximatei X p8t, noted in Table3.10 ppSSD was performed with E42 for —=100 and
Y& L8t The results of the ppSSprediction iscompared to the actual passing rate of the

projection test in Figurd.15 and good agreement is observed.
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Figure3.15Act ual passing rates of a single instance of the projec
rate (blue line) for different levels of normally distributed roiEhe bludine corresporls to the window size desired to have a

95% probabilityof passing.

c) Finding. for a RelativeY9  (Case 4)

As mentioned previously, Case 4 is a special case because the ppSSD prediction is
independent of the statistics of the data, provitlatithe threshold can be expressed as a multiple
of Sy. To test this property, the Case 4 projection test was perforaneg window sizes given by
Eq. 13b for a particular on several bthe datasets listed in Tak#elQ all with different values

for s,.
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Figure3.16 Act u all passing rates of a single instance of the projec

different levelof normally distributed nois&.he brown line corresponds to the window size desired to have @@bbility of

passing
Figure3.16displays the probability of passing as a function of the number of points, N
givena single projection passing test whers0 with the threshold &f¢) = s, for steadystate
data with normally distributed m&e. The predicted curve is based on our ppSSD method, and it
can be seen that this curve aligns closely with the observed probabilities of passing. If a user
desired a confidence interval that corresponded to a 95% probability of passing-8fththe
user would predict that a system actually at stestdie would require a little over 1000 points to
pass the test (indicated by tth@shed vertical line inifure3.14). Thus, the user is able to predict,
before measuringhe data, the approximate numbérdata points required beforéeady state
would be detected.
Asin Case 2it showsthat the oscillating triple passing tests e¢so be applied to Case 4.
Figure3.17displays the passing rate for a system at ststatg with normally distributed noise

along with the ppSSD prediction line for Case 4 using the saamel Y&  choices as Figure
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3.16 Figure3.17shows (like Figure.16) that Case 4 is special in that the window size returned

by ppSSD is independent of the noise level sinsanidependentofite syst emds i ntern
0.8 o -
0.7} /@/o
g = B @
B 06 o
o
) [ B %
= (5 e] Predicted Passing Rate
o o Observed forS ~ 1.0
Py y
= 04 Observed forS ~ 2.0
o) y
@® o Observed forS ~ 3.0
2 08t ¥
2 7 - ~75% Limit
o
02 P
0 0.5 1 1.5 2 2.5 3
N, x10°
Figure3.17Act ual passing of triple passing of the projection test

levels of normally distributed noise. The dark yellow line corredpan the 75% probability, which appears to be an asymptote

d) Application to Monte Carlo

One of the applications where ppSSD has significant value is in kinetic Monte Carlo
simulations, in these simulations it is common to desire terminating simulati@®S. In this
context, knowing how long it might take to gather enough data for SSD is extremely important for
resource conservation (since for some simulations SSD may not feasible, and in those cases the
computationalresources may be squandereld).kinetic Monte Carlo simulations, the event
frequencies of first order processes follow a poisson distrib{ii#@]. This poisson distribution
is asymmetric because there is no prolitglwf a rate less than zerd/hen the average number of
events per unit time is on the order of 10 or more, the poisson distribution becomes similar to a

normal distribution. These types of distributions are very important for real applications. In this
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example, we use kinetic Monte Gadata generated for interconversion of species in a network
of 8 possible specigst7]. As the concentrations of each species are not constant, the event
frequencies associated with each typewent do not follow a poisson distribution, but instead
follow a modulated poisson distribution due to the modulation of the coatiens of each of the
speciesThus, this example has neither normally distributed noise nor uniformly distributed noise,
and uses data taken from a real study using real simulation software.

Here, Case 1 and Case 2 ppSSD was performed on two data sets generakdd@om
simulations described abow&/ith the inputs for ppSSD being appropriate for the data evaluated.
Case 1 was performed on a data set from LLHreaction rates corresponding to Figure 8 in
Ref[147]. An initial window was read and the prediction line formed from%Eghen, SSD tests
were rerformed orthe data set with & =36000 sand a¥¢& =1, with 1000 trials per Nalue.

The actual passing rates differ from theSGD lines displayed in Figur@18 However, the
observed rates run parallel to the prediction line and are in the same order of magnitede as th

prediction (which was the target of this work).
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Figure 3.18 Predicted and actual rates of passiofja Case 1 SSD tesb(=36000 s and¥éy =1) onthe CH20 reaction rates

dataset

In a second example, Case 2 was performed on an#&ihi dataset, this time
corresponding to the event frequencies from the forward reaction of 5.0 in the system provided in
the supporting information dRef [147]. Again, an initial window was read ia nontransient
region and a prediction line was formesing Eq 10. Case 2 SSD tests were then performed on

the KMC dataset with the criteria théf =300 s and &% p8&t i , with 1000 trials per N

value.
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Figure 3.19 Predicted ad actual rates of passing of a Case 2 SSD(t8st300 s and’/éy =p8t | ) onthe CH20 reaction

rates dataset

Figure3.19displays the passing rate predicted from applying ppSSD Cas&KIGn
dataset 2, along with observed passing rdties.predicted line is the same shape and parallel to
the observed line for theMC dataset, and that the predicted values of Nf for SSD are the same
order of magnitude as for the observed vales of Nf for SSD (within a facte®)ofTAus, the
goal of orde of magnitude ppSSD is still achieved (which was the target of this work) even for
KMC dataset 2. A more acate estimate can be formed whenystem specific value is used

for -.

3.3.4Discussion

Thes -relation, a postulated linear relationship of te of steadystate data series with

(a statistical indicar introduced in this work, di@med ase W) was confirmed to exist,

Y - e ltis significant that the results also showed that the same value for the constant,

o8& ¢works well with both normally distributed and uniformly distributéata, and even with
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sinewave distributed data andMC data (which has a modulated Poisson distrdm). It
demonstrates the applicability of the empirical cortstan different types of noiseThis
relationship enabled us to use an initial window of current data poinit® predict theninimum
number of points of a future window,,Nvhich would 2 needed to pass various types of sSS
projectedmean tests. This method is applicable when a system is known to have converged
statistics. It should be noted that the empirical constaiais been calculated when thepacing
between each point is constant, or where the data is teallat constant set intervaldowever,

the prediction equations would still work for data with unewapacing provided that the number

of points is sufitiently large that hDxi> ~ Dxw (i.e., the initial window should be sufficiently
large that araveragespacing between points is proportional to tibtal spacing for that number

of points). In principle, users can find a more accurate valuef@f nase distributions that are
neither normal nor uniform. However, the difference in the valuelatween the normally and
uniformly distributed is very small and would not change the window size prediction significantly.
Most realistic noise distributiorege unlikely to deviate significantly from those found for the two
mentioned distributions (even rare event processes approach a normal distribution with sufficient
sampling), and thus the value-of o0& qan be considered generally applicable.

Thetypes of applicationgan be dividednto two categories, specified X* (Cases 1 and 2)
and specified- (Cases 3 and 4). For both categories, ppSSD with our method was shown to be
accurate for both types of noise distributions using the same valyendfetier using a fixed
threshold (absolute value ¥t ) or relative thresholdY( O i ).ForCases1to 3, one
first analyzes a small initial data window with size We found that 100 data points was typically
sufficiert: the number of data points must simply be large enough to gather reliable statistics such

as standard deviation and average step si»&o. This information is plugged into ppSSD
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equations in order to get the number of pointgequiredto make an accurate determination of
sSS. The data mst have converged statistid$hie agreement found in kige3.123.15show the
accuracy of the window size predictioftsshould be noted that Figurdsl2-3.15produced good
agreement because the imlitdata window was already at a sSS. Were that not the case, the
equation would give a window size larger than what would be needed. So when a user inputs a
particular confidence, the equation will give a window size that ensures a passingatatndf

that confidence.

It was found that Case 4, which has a relative threstfibd (0 { ) and a specified
projection length-, that the value for Ns independent of the statistics of the dataufé@®.16
shows that passing rate ofopgction test ang a window size found by E§j3b matched the
confidence that was input into the equation. As expected, the noise amglduadet affect the
passing rate. Thus, Case 4 can even be used in cases where the user cannot obtain the inherent
statistics of the data.

For Cases-#, oure -relationppSSD method was also shown to be effective for sine wave
distributed data. This indicates that the method is also suitable for cases with cyclic fluctuations,
provided that the initial window is large enough to have a convdrgetihe m¢hod was also
shown to be effective for th€MC data. TheKMC data came from simulations, which have an
interplay between various Poisson distribution events, and thus have a modulated Poisson
distribution (fluctuations are also visible in tKMC data dugo system dynamics that greatly
deviate from a normal distribution). Additionally, theMC data is notan evenly spaced time
seriesDespite these differencgspSSD using the same value-afeturned window sizes within
the correct order of magnitude for tkMC data sets. Thus, our tests show that the ppSSD method

presented here is quite, general even without adjusting the valuefaf different noise
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distributions.The ppSSD method wahown to work for both singleindow projection tests, as

well as for multiwindow oscillating slope constraint projection tests.

3.3.5Conclusionf ppSSD
We have found a method that can predict the minimum number of pointeghired to
detect a sttistical steadhgtate, based on statistical analysis of an initial set of data points from the

current data window, N This ppSSD method is vesymple and widely applicable h& method

reIiesuponarealizationthattheratioy can be used as a descriptc

=
which is then found to be related to the distribution of the slopes of the data through the unitless
constant; = 3.46. When given the statistics of an initial data window,rittéthod can determine

the number of points required to run a reliable projection test for both spegifieshd —
projections. This method is applicable to arbitrary confidence inteisalis: obtained from two

tailed probability tables. Case which has a specified and relative threshold/¢ 0 i)

is a special case where the statistics of the initial window are not needed to perform ppSSD to
predict N. The method was found to work for both normally distributed anfbumiy distributed

noise with- o8 ¢@as well as withKMC data which had a modulated poisson distribution.
Having tested these three types of noise distributions, and even testeditdagasimewave
distribution, one can believbat this method will wik sufficiently well with the same value of

- 08 dor other realistic noise distributions.
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Chapter 4:BulkPrecipitationn Simulaed FeY-

T+O Alloys

As stated earlier, much of the strength of the NFAs are due to the high number density of
the nanoparticle oxides contaimy solutes like Y, Ti, and OFinding the right processing
characteristics to get the most advantageous material propéti@em obvious goal of
manufacturers of NFAsThe KMC modeloutlined in Chapter 2vas used to simulate heat
treatments of the NFAB2YWT and 14YWTio observe the precipitation of these namades so
the relationship ofesultingoxide size and number density in thalk with heat treatment was
determined. Additional insights mtthe growth andoarseningstages of preipitation are also
expected with this study investigatirige adherence of nafaxide precipitation to classical

nucleation, growth, and coarsening.

4.1 Thermodynamics of Precipitation

A metal alloy system can only accommodate a certainhbléof solute atoms before
thermodynamics require action to reduce the system energy. A multicomponent alloy system that
is supersaturated with solutes atoms that is may seek to reduce its overall energy by separating into

two distinct phases.

Yoe — 11— (1)
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Eq 1 describes the general equation for the chemical driving ftmcéhomogenous
nucleation inbinary alloys where the"? phase is primarily solute. R is the gas constant, T is
temperatureg is the solubility limit for B in A, andbis the current concentration of solute in the
matrix. When thev is greater tha (supersaturation), there will be a relevant driving force for
nucleation. Thed will continually declhe in the matrix as nucleation and growth proceeds in a

material until the conditiod & is met and the driving force disappears.

Yoy —YVYQ t“vY, (2)

Y'O'Y is the Helmholtz free energy of homogenous nuideavhich is described in the
general form by EQ where, s the interface energy between the two phasesYdid the
chemical driving force for homogenous nucleation. The critical size of precipitate (where the
nucleate becomes stable) wouklWhere the S derivate ofy"O'Y with respect to R equals zero
(i.e. When the volume term overcomes the surface area term). It can be seen the size of the

precipitate is influenced by two competing forces, the driving force and interface energy.

4.2 Knetics of Precipitation

Assuming that the precipitates will be small and coherent with the matrix (a given in the
KMC model), then the diffusion of solutes will be the limiting factor in the kinetic growth of the
precipitate. A general relationship ofiias of a particle with time during the growth regime can
then be described as:
Y Qoo” (3)

Classical theory predicts that the evolution of the average precipitate size will have a power

(scaling) lawdependence with time, i.e., average radius will havé¥ao 7 [148] relationship
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in the growth stag&Vhere R is the average radius of the particle (assuming a spherical precipitate)
and t representing time. The variable D is the diffusion coefficient of the slowest moving (limiting)
atomic species belonging to the ppaate. The variable k is a constant relating to the degree of
supersaturation of solutes in the matrix.

The next stage is the coarsening stage though there is not a clear distinction between end
of the growth stage and the beginning of the coarsenigg.s@enerally, the coarsening stage
occurs when the solute concentration in the matrix becomes wlere® ) thatthere will
be little driving force to form anyew precipitates. Thus the source of new solute atoms for the
precpitate come not from the matrixout from other precipitates. In this stage, the smaller
precipitates will appear to dissolve and their contents consumed by the large more stable
precipitatesCoarsening, or Ostwald ripening, is an effort by the system to reduogitenergy
by removing excess interfacial energy. Small precipitates inherently have a higher ratio of surface
area to volume and thus are more prone to dissolution under coarsening. Thermodynamically, the
logical end stage of coarsening is the constibdanto a single large precipitatéough the slow
kinetics and low driving force makes that outcome unlikely to be seen in most practical
applications.The average radius of the precipitates is then expected to grow with a different
relationship withitme. Something more akin to
Yo o7 (4)

LSW theory anticipates & 067 [47] relationship in the coarsening stagien the
coarsening is dominated by longnge diffusion However, thex are exceptions to these power
laws, for e.g., NFAs have been reported to have coarsening kinetics deviating frorh ttime
dependencgd4]. The KMC model will be used to evaluate the coarsening phase of precipitation

to identify a cause for this deviation.
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Additional goals for the KMC model will be to replicate the shape of the precipitates at
equilibrium as observed in experiments, and @& the change in composition of the oxides
during all stages of precipitation. With this data, there will be a better understanding of the stages
of NFA precipitation. Success in replicating the oxide characteristics of the NFAs will give
researchers céidence in the KMC model to extend it to simulate the irradiation environment in a

nuclear reactor.

4.3 Method

4.3.1Kinetic Monte Carlo Model

The material system is represented in the KMC simulation box as a lattice of points in the
unstressed bcc stture. The metal atoms (Fe, Y, and Ti) exist on the substitutional lattice, while
the O atoms exist on a separate octahedralattibe that is more energetically favoralp@s3].
The KMC model assumes a rigid lattice where the distance between each lattice site remains
constant regardless of the atoms occupying the lattice $itesfull description is available in

Chapter 2.

4.3.2Parameterization

Table4.1: Pair-interaction energiegeV)for the FeY-Ti-O system taken to th& #earest neighbor in the simple cubic frame of

reference

Pair- 1 2 3 4
interactions (eV) (eV) (eV) (eV)
FeFe - - -0.611 -0.611
FeY - - -0.59 -0.52
Y-Y - - -0.57 -0.69
FeTi - - -0.65 -0.53
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Ti-Y - - -0.71 -0.68
Ti-Ti - - -0.69 -0.70
FeV - - -0.21 0.0
Y-V - - -0.35 0.0
Ti-V - - -0.35 0.0
FeO 0.0 0.0 - -
Y-O -0.01 -0.11 - -
Ti-O -0.04 -0.04 - -
o-0 0.1 -0.116 0.1 -0.116
Table 4.2 Diffusion parameters of Fe, Y, Ti, and O in bcc Fe
Input Parameter Value Unit Reference
Lattice parameter 2.87 x 101° m
Vacancy Migration Energy, Fe 0.66 eV [80]
Vacancy Migration Energyy 0.23 eV [99]
Vacancy Migration Energyli 0.81 eV [81]
Vacancy Formation Energy 2.24 eV [80]
Oxygen Migration Energy 0.48 eV [100]
Vacancy preexponential factor, Fel  6.0x10* i [80]
Vacancy preexponential factor, Y 3.7x107 i [99]
Vacancy preexponential factor, Ti 2.1x10? i [81]
Oxygenlnterstitial attempt 1.0x10+ Is
frequency

The thermodynamics described in Chapter 2 are used for these simulations and repeated
for reference in Table 4.The KMC needs to replicate the kinetimisthe system as well as the
thermodynamicsThus, the mobilities of each solute via vacancy migration are tied to the

measured values from lieture. The attempt frequenoy and saddle point enerdy in atom
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speciex are fitted so that the diffusion values in Tad2 are replicated in the KMC. The vacancy

formation energyO is also needed to find the equilibrium vacancy concentration in the KMC,
following the general equatiols A @B— . With the small size of the KMC simulation box,

the presence of a single vacancy would be a gross supersaturation of vacancies in the system. The
KMC model 6s met h o denerdtiontardennimlation for eecreatng the thermal
vacancy concentrati[80oph, foll owed Hinds met hod
Once the parameterizatiohtbe FeY-Ti-O material system is complete, the precipitation
simulations can begin. Then a heat treatment simulation plan is developed for three simulated alloy

systems; one that precipitatesOroxides and two that precipitateT¥-O oxides.

4.3 Simulaton Procedure

The oxide consolidation behavior of bothQ¥and ¥-Ti-O oxides were simulated by the
KMC model in the next sectioifhe two NFA alloys, 12YWT and 14YWT, that were simulated
were selected since these alloys have been extensively studiedinigt¢he processing conditions
required to achieve oxides of a certain size and number dgiR0]. The atomic compositions
of the solutes in the bcc Fe matrix are listed below in TBleThe first two corpositions used
for the KMC simulations are the same compositions used by Boulnat in their attempt to make a
model of oxide precipitatiofi21], while the thirdcomposition is a separate™-O oxidebearing
alloy. The Ticontaining alloys have Yi-O concentrations, similar to the 12YWT and 14YWT
alloys, to demonstrate the robustness of the parameterization and to accurately replicate the

precipitation behaviorfawo different Y-Ti-O oxide containing NFAs.

Table 4.3 Atomic compositions for the® and ¥Ti-O model alloys

Model Alloys Y Ti @]
Y-O Alloy 0.15 at% 0.0 at% 0.22 at%
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Y-Ti-O Alloy (12YWT)
Y-Ti-O Alloy (14YWT)

0.13at%
0.08 at%

0.4 at%
0.27 a%

0.18at%
0.30 at%

The simulation box starts as pure bcc Fe with the solute atoms randomly placed throughout
the matrix in proportion to their set atomic composition. The KMC simulation box contains no
other features, such as grain boundaries or dislocatiodsy@other solutes commonly found in
NFAs, such as Cr or tungsten (W), are included with the Y, Ti, and O in the Fe matrix. The heat
treatment temperatures tested and the size of the simulation box are listed below 44T dlble
1123K temperature waelected as there are experimental resoittprecipitation behavior at this
temperature, so that the KMC can be compared for bafharid ¥Ti-O oxides. The temperatures
1023K and 1223K were also chosen so that the simulations can show the influencpesature

on the oxide characteristics.

Table 4.4 Simulated heat treatments for both th©Yand ¥Ti-O alloys

Treatments (14YWT)

points

Alloy Treatments Size of KMC Box Temperature # Simulations
Y-O alloy Heat 400X100X100 lattice | 1023K, 112%, 1223K | 3

Treatments points

Y-Ti-O alloy Heat 400X100X100 lattice | 1023K, 112X, 1223K | 3

Treatments (12YWT)| points

Y-Ti-O alloy Heat 400X100X100 lattice | 1123K 3

During the heat treatments, the average radius, number density, and composition of the
oxides wereracked over time. Adherence to the expected nucleation growth and coarsening laws
were also analyzed. So, the growth and coarsening stages were identified, and the power
relationship of the evolution of size with time were examined and checked agathsttye Once

the simulations were completed, the average size and number density of the oxides were compared
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to the experimental results where there is data. The composition of the oxides for all temperatures
were also compared to the literature.

In addition to collecting these characteristics, the shape of the precipitates was analyzed.
After the end of the simulation run, the final configuration of the atoms were visualized so that the
shape of the YO and Y-Ti-O precipitates could be compared to expemtatfrom experimental

observations. It is another test of the validity of the KMC model.

4.4 Results

4.4.1FeY-O Materials

A solid solution of randomly dispersed Y and O atoms in the bcc Fe matrix was placed into
a heat treatment where vacancies dtingenucleation growth and coarsening eOYprecipitates.

The time evolution of the oxide characteristics is recorded and shown: below
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Figure 4.1 The time evolution of the® oxides at the three prescribed temperatures a) 1023K, b) 1123K, and3tj. It

red triangle in the 1123K case represents data from [8fi

Figure 4.1 shows the time evolution of the average size and number density ¥fGh
precipitates for all three tested temperatures. At all conditions, there is a rapid nucleation of small
oxides at the onset, and the number density quickly reaches a maximum. At this point, there is no
more nucleation of new oxides, but the existgles continue to grow in size until the evolution
of average size reaches a similar plateau. This is presumed to be the start of the coarsening stage

of the oxide evolution.

Table4.5: Characteristics of the-O oxides after heat treatment at a givenpenature

Material System Average Radius Number Density
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Y-0 -1023Kfrom KMC 0.66nm PP p T Aa
Y-0-1123Kfrom KMC 0.87nm vty p T G
Y-0-1123K from Ratt{43] | 1.5nm P pTa
Y-O -1223Kfrom KMC 1.09nm ¢® o prma

Table 4.5 shows the final oxide characteristics at the cessation of the heat treatment for
each temperature. There is increasing average oxide size with increasing temperature. In turn, there
is adecreasing number density with increasing temperature. The experimental observations from
Ratti [43] are both roughly twice the size and twice the hamdensity as the results from the
KMC. Since all the Y and O solutes left in the Fe matrix would not make up the difference,
discrepancies between the experiment and simulation could be due to measurement differences or
the presence of other solute matkrsuch as Cr.

The growth stage is judged to end when new precipitates are no longer being forched,
where the number density stops increasing reaches a plateathe relatioship of the growth
of the precipitates with time can be described bywepdaw relationshipy® 6 where'Yis the
average radius ardlis the time exponerjfi49]. This relatioshipis only expected in the growth
regime ofprecipitationand is typically 0.5To extract this relationship from the datae tpoints
that are at th centein between the start and end of the growth stegye evaluated and placed in
a power law regressido find the powettaw relationship of the average radius with time.

Table4.6: Exponent of time in the relatio © O in the growth regime of the nucleation simulations

Material System Power Law (growth) =
Y-0-1023K 0.27
Y-0-1123K 0.51
Y-0-1223K 0.54
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Table4.6displays the results of this power law analysis. The precipitationbof oxides
in the Fe-Y-O alloy follows thea=0.5 timedependence at 1123K and 1223K, while the 1023K
heat treatment has a lower power relationshg=6f27. The rapid consolidation of theQY oxides
at 1023K into numerous nuclei (removal of excess solutes in the Fe )npeibbably causes an
early exit from the growth stage before the system can meet the conditions for achieving a power

law relationship of 0.5.

Figure 4.2 Visualization of YO nanooxides after the 1223K heat treatment. Yttrium=Grey spheres, Oxygerpiietes
Figure 4.2 shows the oxide distributiom a Y-O NFA sampleafter the 1223K heat
treatment. The oxides are reasonalibll-spacedwith the vast majority of the Y and O atoms
associated with an oxide. The shape of the oxide is the same cubic etpigmted from
experimental observation§hese characteristics are consistent in the 1023K and 1123K heat

treatments.

4.4.2FeY-T+O Materials

After completion of the precipitation heat treatments for th® WFAs, the KMC
simulations for the precipitain of the Y-Ti-O oxides proceeded. New solid solution samples with
new atomic concentrations of Y, Ti, and O atoms, as seen in F@pleere generated with the
solutes randomly dispersed in the Fe matrix. The KMC then began the consolidation heat

treatnents from these starting configurations at the temperatures specified in Table 4. The
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simulations were run until an apparent plateau appeared in the time evolution of the oxide

characteristics.
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Figure. 4.3 Average radius (nm) and number density () growth of the YTi-O nancoxides of the 12YWT composition at heat
treatment a) 1023K, b) 1123K, and c) 12223K, and of the 14YWT composition at d) 1123K. Red triangles correspond to data
from Alinger[20] and Miller[19] from het treatments for 12YWT and 14YWT respectively
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Figure4.3shows the nucleation, growth, and coarsening curves for all three haattta
for the 12YWT composition and the 14YWT composition at 11Z2BKere is a period of strong
growththat gaveway to aseeminty level plateauwhere theravas very slow precipitate growth

and no new oxide nughtion.lt is at this pointhatthe oxide characteristiegereextracted.

Table4.7: Nancoxide characteristics after heat treatment at a given temperature

Material System Average Radius Number Density
12YWT-1023Kfrom KMC 0.6 nm L PTG
12YWT-1123Kfrom KMC 0.8 nm ¢ pma
12YWT-1123Kfrom Alinger 1.25nm ¢® pma
[20]

12YWT-1223Kfrom KMC 1.1 nm Y pmd
14YWT-1123Kfrom KMC 1.04 nm & pma
14YWT-1123Kfrom Miller [19] | 1.0 nm & pma

Table 4.7 displays that, with increasing temperature, the average radius of the oxide
precipitates increases while the number density decreases. This was expected, as increased
temperature reduces the rate of formatof stable nuclei so that more solutes will join existing
oxides rather than form a new oxide. This results in a small number of larger oxides than at lower
temperatures. There appears to be agreement in the number density and average radius readings
when the 12YWT1123K nucleation run results were compared to the results from Alinger. There
was also agreement with the 14YWT23K nucleation runs with the Miller experimefi9].

The power law relationships of the growth stage for all three heat treatment temperatures
were also analyzed. TaMe8 shows the results.

Table4.8 Exponent of time in the relatio © O in the growth regime of the nucleation simulations

Material System Power Law (growth) =|=
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12YWT-1023K 0.2
12YWT-1123K 0.54
12YWT-1223K 0.45

The 1123K and 1223K heat treatments show a power law relationship similar to the
expected 0.5 from theof$49], while the 1023K heat treatment does not dq #hiswing a small
power law relationship of 0.2. This is caused by the rapid consolidation of the solutes into the
oxide precipitates, due to the very low solubility product. The Supporting Information visualizes
the time dependence of each heat treatinethie growth stage, so that the adherence or departure
from thea=0.5 expectation for each temperature can be shaduitionally, once the matrix is
depleted of Y and Ti atoms, there is very little coarsening that occurs thereafter. The cause of this

lack of coarsening is explored in later sections.

Figure 4.4 Visualization of ¥Ti-O nancoxides after the 1123K heat treatment. Green spheres: Ti atoms, Grey spheres: Y

atoms, Red spheres: O atoms

Figure 4.4 shows the oxide system after heat treatmedtld3K. The ¥Ti-O oxides are
formed into cubic shapes, in line with expectations from Ri#$ where the oxides have large
<100> interfaces and smaller <110> and <111> interfaces. The same oxide st@apes fmund

at 1023K and 1223K.

129



4.4.30xide Composition
The composition of the oxides was tracked through every phase of precipitation. To further

validate the KMC, the composition of the oxide precipitates was compared to experimental values.
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Figure. 4.5 The evolution of oxide composition over time for th® ¥xides and YTi-O oxides at all temperatures for 12YWT.

Red line = Oxygen, Green Line= Titanium, Blue Line= Yttrium
Figure4.5shows the evolution of the oxide compaosition in all 12YWT casesll tases,
the evolution reached a plateau at the end of the simulations. Each of the compositions from KMC

were gathered at the very end of the simulation for analysis.
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Table4.9 Atomic compositions of the™-O oxides of the 12YWT123K heat treatnré and an experimental comparison

Material System at% Y at% Ti at% O
12-YWT from KMC 13.4% 38.7% 47.2%
12-YWT from Alinger| 14.8% 33.6% 39.4%
[20]

Table4.10 Atomic compositions of the™-O oxides of the 12YWT123K heat treatment and an experimental comparison

Material System at% Y at% Ti at% O
14YWT from KMC 12.0% 36% 51%
14YWT from Miller [19] X® 1® T LD T& LY

Tables4.9and4.10reveal the composition of Y, Ti, and O in the oxides precipitated in the
nucleationheat treatments, as well as their expected results. The M:O ratio is roughly 1:1 and the
proportion of Ti atoms in the oxide is greater than the Y atom proportion. This is in relatively close
agreement with the experimental findings of the oxide compasitihe oxides do not follow the
stoichiometry of the chemical formulas due to the uneven additions of Y, Ti, and O atoms to the
system where there is nearly 3x more Ti than Y. This is reflected in the stoichiometry, since nearly

all the solutes were in ¢hoxides.

4.4.40n Coarsening

The tail end of the KMC simulations showed temporal evolution of the average radius of
the oxides decelerating from its initial rapid growth. The growth stage has clearly ended with the
plateauing of the evolution of bothd average radius and number density of the oxides. At this
point, the concentration of solutes in the Fe matrix hovered at the value of the solubility product.
The system further decreased the system energy by minimizing the total interface area through

coarsening the naroxides. Knowing the NFAs inherent resistance to thermal coarsening, the
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coarsening stage was analyzed for its behavior according to expectations from classical theory.
The temporal evolution of coarsening was expected to follow this law:
Y Q o

Where k is a material constant amds the time exponent.he value of for coarsening is
generallyl/3, although there are exceptions. The general theory asshatédse volume diffusion
of solutes will be the dominartontributor to carsening. Research has foutitht, when
coarsening is facilitated by diffusion along grain boundaaies dislocations, the value afwill
be 1/4 and 1/5 respectively{150]. A combination of the differ® mechanisms can also leadato
values in the same ranges from 0.2 t830Additionally, the LSW theory assumes a very dilute
phase and does not account foritifeience of thespatial distribution of thadjacenprecipitates
[151]. During early coarsening, the time exponent may not aligihwith the predicted value, but

it is agreed that the coarsening exponent will eventually conveayeli@ with infinite time.

Table4.11 Value of the time exponent a at the tail end of the precipitation simulations

Material System 1023K 1123K 1223K
Y-O 0.02 0.01 0.02
Y-Ti-O (12YWT) 0.05 0.03 0.012

Table4.11shows the value of the power law exponents at the tail end of the precipitation
curve. The oxides coarsen through emission and absorption of solutes from their respective
precipitates. During the coarsening phase, the nantdes were not mobile and there was no
coalescencef the oxidesFor all compositions and temperatures tested, the power law exponent
fell well below the asymptotic growth laiv” . This suggests that the systems apneripening
stage before they can follow more expected coarsening behavior, especially given that the number

densities in each case did not decline from their respective peaks at the end of the growth stage.
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This deviation was not unexpected in KMC slaiions. Liang saw a time exponent as low as 0.07

in the early stages of coarsening in their Monte Carlo simulati&g.

4.4 5Additional Investigation

Further nvestigatias of the role othermodynamics aneacancymovementn coarsening
were conductedto identify possible sources for the inhibition of coarsenifige KMC model
recorded the energy difference before and after the system underwent thermally induced
coarsenig in a small simulation boxnformation on the location of the vacancy during the

coarsening section of precipitatisras alsayathered.

Figure 4.6. Before and After images of two oxides coarsening into a single oxide at 1673K. Green spheres; Grapms

spheres: Y atoms, Red spheres: O atoms

For ease of investigation, two oxidesdifferent sizes were extracted from the 12YWT
composition and placed into a new cell. These oxidesubjecedto amuch higher temperature
at 1673K until the smalleoxide completely dissolvednd its constituent atoms j@dthe larger
oxide. The difference in total energy between these two statee in Figire4.6is only-27 eV,
making a 0.003% change in the total system energy.sliggets there isa low themodynamic

imperative for the oxides to coarsen
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Figure 4.7. a) Composition profile of a typical oxide in the proportions of 12YWT. b) A-sexton of the oxide precipitate.
Green spheres: Ti atoms, Grey spheres: Y atoms, Red spheres: O atoms

Figure4.7a displays the composition gile of the single oxide in Figurd.6b, which is
representative of the typical prigfiin the simulated oxides. Figude’b shows the crossection
of the center of the precipitate. The composition throughout the oxitins consistent with the
absence of a core/shell structure, although there are plane by plane variations in composition that
gives information about the structure of the oxide phase. The composition of Y atoms varies the

most, oscillating plane by planetween 0 and 30 at%. This structure reflects the thermodynamic

preference for the Y atoms to have Ti as their nearest neighbors.
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Figure 4.8 Vacancy Concentration over time at various locations in the simulation box at 1123K

Figure4.8 shows the vacanagoncentrations in the matrix and at oxide interfaces in the
single precipitate simulation box over the course of time at 1123K. Whilevalancy
concentration in the Fe matrix remains in line with expectations of the thermal equilibrium
concentrationthe averagevacancyconcentration at the oxidaterfaces is much higheirhis
means that the vacancy spent a disproportionate amount of time at the interface rather than in the

matrix. The attractiois likely due to the high binding energy of the vacanay W, Ti, and O.
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Figure 4.9: Snapshot of a vacancy at the <100> interface of the YTO oxide. Blue sphere: Vacancy, Grey spheres: Y atoms, Red

spheres: O atoms

Figure4.9shows a vacancy at the interface. Following the formulation for binding energy,
the energy states of the system (with oxide+vacancy, just vacancy, just oxide, and with neither
oxide or vacancy) were collected and it was determined thatancyhasa binding energy of

1.1 eV at the regular <100> interface.

4.5Discussion

The KMC preipitation simulations confirmed the oxide precipitation behavior expected
from the literature. Given the extremely low solubility product at all temperatures, the majority of
the available solutes consolidated into the seguvate oxides with only a sthamount of solute
remaining, corresponding to the solubility product in the matrix Fe. Increasing the heat treatment
temperature resulted in the formation of larger oxides but at a lower number density in boeth the Y
O and ¥Ti-O cases. The elevated temgdere required a larger critical mass of stable nuclei; thus,
slowing the rate of nucleation so that more free solutes migrated to existing oxides rather than

formed a new stable nucleus.
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The Y-O oxides were undersized in the KMC compared to the expeminardervations
of Ratti[43]. In the current KMC setip, 8 times the solute material would be required to develop
oxides of that size and number déysnside the simulation. There could be unseen influences
present in the actual ma t €43], rmmelytha @asencéotel d en |
solutes. Shells of Cr have been observed to form around oxides in ODYK8¢knd larger
oxides have been found to contain larger amounts of other imp{Bizs

The oxide characteristics of both-dontaining alloy compositions heat treated at 1123K
were compared to experimental results. There was found ¢ttobe agreement in the size and
number density of the oxides in both the 12YWT and 14YWT cases. The compositions were
consistent throughout the precipitate and followed a predictable structure, with Y atoms preferring
to be adjacent to Ti atoms. The comapion of the ¥Ti-O oxides were also compared to the
measured values with similar agreement. TheliF¢-O systems were expected to induce the
formation of finer oxide precipitates than the Y& systems. This behavior was shown when the
12YWT alloys sarples produced a higher number density of oxides of similar size to-the Y
results, despite having 3x as much solute material. The cause of these differences occurred during
the nucleation stage, as Ti makes it easier for oxides to form. The additiodidfribit appear to
influence the behavior of the alloys in the growth stage, with beth and Y-Ti-O alloys
displaying similar growth behavior at all temperatures.

While the -Ti-O preci pitates from Alingero6s nucl e
large than the precipitates formed in the model, there were a few differences that could account
for it; namely that the materi al i n Alingerds
and W, that could be additional impure components of the oxidditionally, the KMC

simulations here were limited by the size of the simulation box. With the starting compositions
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used, it would take all the solute atoms in the current box to make a single oxide with a radius of
1.5 nm, which is the upper limit exgted from the NFAs.

The power law relationship of the precipitate growth with time was investigated for all
temperatures studied for theQ¥and Y-Ti-O oxide precipitation. For both alloy compositions, the
growth stage of the 1123K and 1223K simulationto¥eed thea=0.5 relationship, while the
1023K simulation did not. The 1023K possibly could be a case of the growth regime ending early
due to the lower solubility limits increasing the nucleation rate, so that the relatively large number
density of oxidegxhausts the matrix of all its solute atoms before the growth rate can achieve the
ideal 0.5 timedependence.

It does notppear that any of the precipitation simulations reached a coarsening stage that
showed significant changes in oxide size after titeaf the growth stage. Although some research
does suggest that the coarsening stage is not expected to be significant during the proscribed heat
treatment{42]. However, since the thermal stability of the oxides are a defining feature of the
NFAs, coarsening resistance is an expected behavior of theorates. The inclusion of Ti as a
major component in the NFA is a significant reason for the resis{d3]. Once the oxides are
formed, atomic material rarely separates from smaller oxides to enrich the larger ones. Miller did
an annealing study dhree NFAs (12YWT, 14YWT, MA957) at 1573K for 24 hours and found
minimal coarsening in the 12WT and 14YWIB4]. Cunningham thermally aged MA957 at more
relevant temperatures and found that coarsening would not be significant in the lifetime of the
reactorat temperatures below 1173%]. Bar nar ddés model also found
1175K, the oxides would be thermally stable well past nuclear relevant timeffébjegvhen
coarsening did occur in NFAs, it was primarily enabled by a pipe diffusion mechanism involving

dislocations which the KMC model did not incorporfdt®5]. The coherency inherent in the KMC
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model 6s rigid | attice could also influence t
interfacial energy, which weakenstsibbsThomson effect that drives coarsen|[t§6].

Values of the coarsening exponenfound in the KMC are very low, in the 0@105
range. It could be that the KMC model is limited in its timescale, given that the low thermodynamic

push for oxide coarsening ensures very slow rates ofgehgnoxide size in this stage. So, the

coarsening stage may not have been reached or been detectable upon cessation of the simulations.

Huse found that lowea values are probably the result of insufficiently long simulation times
[157]. Coarsening requires solutes to be removed from existing oxides; an event that occurs much
less frequently than the vacancy jump of an isolated solute in the matrix. The low solubility of Y

in the Fe matrix is credited more for coarseningstaace in the NFA than the slow Y diffusion

[45]. Therefore, the timescale to observe the coarsening stage could be many orders of magnitude
greater than the timescale to observe the nucleation and growth stdgesl the limitations of

the KMC in fully reaching the coarsening stage due to computational expense is a common issue
even for other systenj$58], dthough the models can be carefully modif[@89].

The effect of the local environment on the early stagfesoarsening should also be
consideredThe LSW theory of coarsening is based on assumptions of a dilute systevh and
coarsening controlled through long range diffusion of solutes in the bulk. When the transport of
solutes occurs via vacancies, ther@asential for deviations from thé * law. Huse predicted
that early departures occur when there is a large amount of diffusion activity at the interfaces
between the two phasflb7]. This is relevantgiven that he small size and high number density
of the naneoxides result in a higbxideinterface area NFAs. The high vacancy binding energies
of the solutescombined with the oxidéshermodynamic desire to reshape themselasseen in

Section4.4.5 suggestghatthe vacancy in this KMC modelilvspend disproportionate time at
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the oxide interfaces$-ollow-up investigations confirm that the thermal vacancies spend much more
time at the interfaces than transporting solutes from oxide to oxide, due to vacancy binding with
the solutesAs the totalinterface area declines atite oxides coarsanto larger precipitates, the
time exponent should grow to a value morkria with the asymptotic layas evidenced by Prévot
[160].

Now that there is reliability of thEMC model to replicate the precipitation behavior of
the NFAs and reproduce the equilibrium shape, there is confidence to extend the KMC model to
replicate other relevant behavior. The stability of the oxides under neutron irradiation
bombardment is thebwious next step in the research of NFA material. Additionallyf, el&ment,
the He produced from transmutation, can be added to the KMC model so that formation of He

bubbles can be analyzed.

4.6 Conclusions

A Kinetic Monte Carlo was created to simi@ldahe homogeneous precipitation eOvand
Y-Ti-O naneoxides in idealized NFAs. The KMC model was able to replicate the expected size,
number density, and shape of thel¥O oxides. The role of Ti in producing finer oxides was
confirmed in the comparisdbetween YO and Y-Ti-O results. The coarsening behavior was also
investigated and showed thdespite not having dislocations in the simulated matéhnalnane
oxidesstill were very resistant to coarsening in the timeframe of the Kb2use of theacancy

trapping at the oxide interfaces.
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Chapter 5:Grain Boundary Precipitation and

Neutronlrradiationin FeY-T+O Alloys

A critical aspect to the material strength of the NFAs are the behavior around defect sinks
like the grain boundary duringrecipitation and irradiatioriThe precipitation simulations from
Chapter 4 were repeated with the KMC model adjusted to include a grain boundary in the
simulation box.After analysis, the oxide distributions generated were subjected to irradiation
conditions similar to a reactor environmerithe results were analyzed for insight into the

mechanisms controlling the growth and decay of raides under irradiation.

5.1 Nancoxide Dissolution Mechanisms

Another attractive property of naraxides are theirasistance to dissolution under intense
irradiation, which helps ensure that the material remains in good condition throughout its lifespan.
A literature review from Wharry on experimental studies testing the survivability ofmades
under intense irradtion found mixed and sometimes contradictory results across the gagjies
Some studies found that the oxides were stable when irradiated above 873K, while other studies
showed that the oxides became less stableabsime temperature. Many of these discrepancies
are attributed to differences in material processing, testing environment, and characterization

techniques; thus, more study is required.
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The changes in size and composition of the m@andes under irradteon have been
attributed to a number of proposed mechanisms. The most prominent being: Ostwald ripening,
ballistic dissolution, and irradiation enhanced diffusion, and homogeneous nucleation.

Ostwald ripening of the precipitatesvhere the smaller oxidedissolve and have their
constituent atoms join larger precipitatesameffort to lower the system energy bgducng the
surface area of the oxide$his a thermal preess that would be brought on the elevated
temperatures in the reactor rather th@nirradiation. Thought has been suggested the Ostwald
ripening would only occur for incoherent naorides. As a study by Chen showed that changes
in size were much more pronounced in incoherent particles than coherent particles, likely owing
to the nuch larger interface energy of incoherent oxidéxl]. Since the current KMC model can
only simulate coherent precipitates, it is unlikely we will observe such an effect.

Ballistic Dissolution: In this relatively selfexplanatory mechanisnthe highenergy
partides blast atoms out of the oxide precipitates. These solute atoms will either diffuse back into
the precipitate, join another precipitate, attach itself to a defect sink, or form a new precipitate.

Irradiation enhanced diffusiorthe premise being that éhincreased amount of point
defects in the system is primarily responsible for any dissolution and coarsening of the oxide
particle Since diffuson in the metal matrix hinges d¢ime point defects to act dgfusion carriers
for the atoms, the increasedhaunt of point defects due to irradiation walbeed the kinetic
processes inside the material, including dissolution of unstable particles to occur at relevant time
scales Also, the introduction of the interstitial dumbbells as diffusion carriers chdrmayeshe
solutes diffuse through the metal. It can lead to segregation of solute elements at the defect sinks
or coarsening of oxides ways not seen under just vacancy mediated diffusion. A previous review

by Wharry highlights the role of interstitials the grain boundary segregation of[T3].
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This study used a newly developed KMC method to model the NFA system under neutron
irradiation. The project builds offieKMC model that simulates the precipitation 6iTY-O oxides
in the bulk region of an NFA Chapter 4First the presence of a grain boundary was incorporated
into the model to provide a sink for the point defects. Then, a method for simulating neutron
irradiation was developed for the model

The end goal of this study is to construct a KMC computer model that can both simulate
the precipitation kinetics of the oxides in an'HeY-O system and the response of the oxides to
neutron irradiation events inside raactor. The KMC model was able to simulate neutron
irradiation and the resulting cascade of displacements efficiently enough to reach relevant dpas
(i.e., those seen in irradiation experiments). The relationship of oxide survivability under
conditions sah as temperature and dose rate were investigated. Additionally, this study aimed to
compare findings regarding precipitation behaviorafy"@d in the bulk and near a grain
boundary, the shape of the oxides produeed, the irradiation response of the system to other

irradiation exgriments and to the literature.

5.2Methods
5.2.1 The KMC Model

The material system is repraged in the KMC model similarly to th@odel constructed
by Hin [80, 81] The point defects required for atomic migratiche vacancies and interstitial
dumbbells- both exist on the substitutional lattice: treecancy as a vacant site and the dumbbell
as two atoms occupying the same lattice site. For thermodynamic considerations, all interstitial
dumbbells are assumed to be oriented in the <110> position since it is the most energetically

favored position of th&e-Fe dumbbel[93].
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Table5.1: Diffusion parameters for F&i-Y-O-He system

Input Parameter Value Unit Reference
lattice parameter 2.87 x 101 m
Vacancy Migration Energy, Fe 0.66 eV [80]
Vacancy Migration Energy,Y 0.23 eV [99]
Vacancy Migration Energy,Ti 0.81 eV [81]
Interstitial Migration Energy, Fe 0.35 eV [84]
Interstitial Migration EnergyY 0.21 eV calculated
Interstitial Migration Energy, Ti 0.24 eV calculated
Vacancy Formation Energy 2.24 eV [80]
Oxygen MigrationEnergy 0.48 eV [100]
Vacancy preexponential factor, Fe|  6.0x10* m?/s [80]
Vacancy preexponential factor, Y 3.7x10" m?/s [99]
Vacancy pe-exponential factor, Ti 2.1x10! m?/s [81]
Interstitial preexponential factor, F¢ 1.0x10° m?/s
Interstitial preexponential factor, Y 1.0x10° m?/s
Interstitial preexponential factor, Ti 1.0x10° m?/s
Interstitial atempt frequency 1.0x164 Is

Table5.2: Pair-interaction energiegeV)for the FeY-Ti-O system taken to th& #earest neighbor in the simple cubic frame of

reference

Pair-Interaction 1 2 3 4

Energies (eV) (eV) (eV) (eV)
FeFe - - -0.611 -0.611
FeY - - -0.59 -0.52
Y-Y - - -0.57 -0.69
FeTi - - -0.65 -0.53
Ti-Y - - -0.71 -0.68
Ti-Ti - - -0.69 -0.70
FeV - - -0.21 0.00
Y-V - - -0.35 0.00
Ti-V - - -0.35 0.00
Fel - - -0.10 0.00
Y-l - - 0.25 0.00
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Ti-l - - -0.10 0.00
Fe-O 0.00 0.00 - -
Y-O -0.01 -0.11 - -
Ti-O -0.04 -0.04 - -
O-0 0.10 -0.116 0.10 -0.116

Tables 5.1 and 5.2 list thdnetic and thermodynamiparameters for th&eTi-Y-O
system. The rationale behind each parametetailed in Chapter 2.

Migration of the interstitial dumhiils, recombination of point defects, and the treatment
of grain boundary point defect annihilation for the KMC model follows the method laid out by
Soisson[84]. This KMC model hasperiodic boundary condition&here mobile defects that
migrate out of the simulation boemergeat the opposite sidd.o study the influence of a defect
sink on precipitation, a grain boundary is placed inside the simulation box, where the grain
boundary isrepresented aa perfect planer sinkhat isa single atonc layer wide.During
irradiation simulations, defect sinks (like the grain boundaries) and recombination of the vacancy
and interstitial dumbbells are primarily responsible for the removal of point defects from the

simulation box.

5.2.2 Treatment of the ain Boundary
At the grain boundary (simulated here as a perfectly planar sink), energy exists from the

imperfections at the boundary. This energy makes it more or less preferable for particular solutes
to congregate at the grain boundary. Each solutelespbas a certain segregation energy that is
added to the calculation of the migration energy while the solute is in the plane of the grain
boundary. There is a slight temperature dependence of the segregation energies given by the

entropy.
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Table5.3: Segegation enthalpy and entropy of selected solutes in bcc Fe

Atomic Species pH S

@) 0.9984 eV 4.784x10% eVIK
Ti 0.3328 eV 3.016xX10% eV/K
Y 0.6448 eV 6.552X10* eV/K

The O and Ti segregation values are from values calculated by Lejcek and the Y
segre@t i on values were found for this study fronm
method[113]. Each of the solutes are assumed to be encountering a general type grain boundary.
The KMC model treats the segregation as such: when solute atoms ar¢ gnedensame plane
as the grain boundary, the segregation energies are added tmythtom energies calculations
This either repulses the solute or inhibits t
the large scale potentially resultsim¢ enr i chment or depl etion of

the grain boundary.

5.2.3Neutron Irradiation

The primary source of damage during irradiation is from the impact of high energy
neutrons with metal atoms in the material. The collision creatascade of displacements, which
introduces defects into the material such as vacancies and interstitial dumbbells. Neutrons emitted
from the nuclear reactions in the fuel are expected to have energies in the 0.1 MeV to 10 MeV
range[162)].

To simulate the neutron impact, we start with the assumption that the neutron has an energy
of 1 MeV. The neutron strils& random substitutional site in the matixd is assumedue to the

small box sizeto proceed out of the matrix without depositing more energy. The atom struck is
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referred to as the primary knook atom(PKA) and all subsequently displaced atoms are called
secondary knockn atomqSKASs). TheseSKAs, imparted with an energ® , will then move
through the metal matrix and lose energytasy collide with other aims and energy will be
exchangedThe exchange of energy in the collisions is assumed to be elastic.

0 0 00 & td @0 b
o © Ot 108 0 Q1 0B QEGDE o

If the O of the resting atom rises above the threshold displacement éderthen he
resting atom will be energized to vacate its lattice site on its own path anddacother SKA
in the cascadaVhen the energgf the SKAfalls below the threshold energyd collides with a
sitting atom, an interstitial dumbbétirms on that latticsite.Once formed, this dumbbell @pen
to recombination with the vacantestleft behind in the cascadd.the end of a cascade small
amount of vacancies and dumbbells that have not recombined are left in the simulation box

Displacement cascadesaye been simulated using molecular dynamics (MED],
although it is cost prohibitiveo computationally use for long terimradiation studés Atoms do

not stay on a rigid lattice in molecular dynamics simulatemmdthe atoms are allowed to relax to

more energetically favorable positions. This requires constant tracking of atomic locations and

recalculation of the atomic interactions sotthle timescale of MD simulations is in the

nanosecond range. Relaxation of atoms is not accounted for in the KMC model with the atom

strikes taking place instantaneousiya rigid lattice point. Ths sacrifice in precision allows the
KMC modelto achievetimescaleghat canreach irradiation doses up 70 dpa and beyond. The
irradiation mechanism also does not account for bonds between atoms w@hdh¢éhe atom

only being dependent on the atomic speciés.method validating the neutron irradiation

mechanism by tracking the number of displacements generated is proeidedas well as a

description of the O6dpantageuni t t hat measures
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Neutron IrradiatiorMechanism

With the adopt i dhelitavaturebebten absbrpt@rocrossatiorts and n
neutron fluxes are not requireld has become common for the rate of accumulatechgiarfnom
irradiation to be expressedthe simple dpa/aVhile the damage rate in any material will vary by
depth, or small targets likehe simulation box, the dpa/s remaractically constanécross the
entire volumeThe probability ofa neutron strikes is set to the usanputed dose rate
"O in dpa/sand adjusted using the ratio of number lattice points in thé boxand the average
number of displacements in a cascédeThis ensureghat the correct nuber of neutron strikes

occurs to give the right dpa over the right time period.
3 O — Q)

The( from the resulting cascade is estimated by the following equation:

0 = )

. 3

O is the initial energy of the neutron, A is the atomic mass nurahd© is the threshold
displacement energ¥or Fe, theO is set to 8 eV based on literature valuéssidethe oxides,
the threshold displacement energy for the atoms is set to Swhaeth is tied to other irradiation
studieq163]. Notethatthese formulas represent an age rather than a set const@i]. This is
a general relatishipfrom Kinchin and Pead86] that has been found to overestimate the number
of displacements from neutron irradiatidrhus the neutron irradiation is validated by tracking
the number of displacements generated by a single displacement cascadkeragthg over

several trialsFor a single 1 MeV neutron striking an all Fe matrix, the resulting displacement
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cascade should be amd 430 displacements if EQ. and Eqg.3 are followed. A validation
procedure was developed and utilized below.
Validation Procedure:

1. Construct a simulatiohox 100X100X100 of pure Fe with no defects

2. Track 3000 separate displacement cascades caused by 1MeV neutinermin

3. Find the averag® of displacements per cascade in the KMC and compare against

prediction.

Distribution of Cascade for 1 MeV Neutron
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Figure 5.1 Histogram of the number of displacements produced by each 1MeV neutron strike

Figure5.1is a histogram of the collected number of displacements mafabe 00

neutron strikesThe averag® wasfound to be 430.9 displacements per neutron strike in the
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pure Fewhich aligns with the prediction from the formulas. From this accountitig pfhe

displacement cascade mechanism is proven to béeusalbhe KMC.

5.3Simulation Procedure

5.3.1Precipitation

To observe the precipitation behaviordfY'@ in a ferritic matrix, the bulk processing
simulaionsfor 12YWT and 14YWTike alloysperformed in Chapter were used as aference
against KMC simulationghat performedthe same procedures here exadepthe presence of a
defect sinkThe alloy of choicéo observe the influence of temperature on precipitatessimilar
to the commercial alloy 12YWT. Samples of another yallbdYWT, were heat treated in

simulation alongside the 12YWT for later use in the irradiation simulations.

Table5.4: Model alloy compositions for the 12YWT and 14YWT cases

Material System Y at% Ti at% O at%

12YWT Atomic | 0.13% 0.4 % 0.18%

Concentration

14YWT Atomic | 0.08 % 0.27 % 0.3%

Concentration

Table54 lists the atomic concentrations for both alloys of the key solutes Y, Ti, and O in
the bcc Fe matrix with the remainder being Fe. Other elements, such as Cr and W, were not
included. MNote that he atomic concentrations of the constituent solutes arenretaat reflection

of the expected stoichiometry of the oxide nanoparticles. There are various reason$ for this
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research has shown that keeping the Ti:Y ratio above 1 and limiting excess axygenmetal
matrix is important for the thermal stability of the oxides at high temperdd#gsrhese factors
also limit the degre of coarsening in the system.

A simulation box of the same size as the prior bulk precipitation simulations was
constructed with a simulated grain boundary in threeze The grain boundary was represented by
a perfect planar sink where vacancies were annihilated once they migrated onto the boundary
plane. Oncette FeTi-Y-O systenwaspopulated with theppropriate number of atoms and makes
a supersaturated solutidhge thermaprecipitationsimulationbegan The simulatios wererun at
3 temperatures (1023K, 1123K, and 1223K) the 12YWT and at 1123K for the 14YWT
compositionThe 1123K simulatiomwascomparedo experimental results obtainegt Alinger for
the 12YWT [20] and Miller for the 14YWT[19]. Table5.5 lists the conditions of the simulation

including the size of the simulation box.

Table5.5: Test conditions for the precipitation heat treatment simulations with a grain boundary

Sizeof KMC Box Temperature # Simulations

12YWT Conditions | 400X100X100 lattice 1023K, 112K, 1223K | 3

points

14YWT Conditions | 400X100X100 lattice 1123K 3

points

The precipitation simulations ceased when there was little change in the oxide
characteristicafter the nucleation and growth stages. Then, the average radius and number density

of the oxides were recorded for comparison to the results found for homogeneous precipitation in
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bulk from a prior study. The shape of the precipitated oxides was alstatielly compared

against the expectations from R{9i8] for the general shape ot ¥i-O oxides.

5.3.2Neutron Irradiation

To study survivability of the oxides, oxide distributions created during theppegon
simulations were subjected to a simulated irradiation environrfentthe sake of controlling
possible factors, the atomic configurativom a single heat treatmesimulation wasused.For
this study we used the end configuratitnom the 113K precipitationheat treatmeniThe oxide
characteristics for the 12YWIT123K simulation haa number density afét p m I with an
average radius of 0.8 nfhe simulationsvereset up tanimic reactor environments in the same
ranges as Wharry collected for their reViggj.

These iradiationsimulations explored the influence of temparatand dose rate on oxide
characteristics by varying the irradiating conditions for each set of sampledo3éeatebased
on average displacements per neutron strike, had a range of three possiblegvaludpa/sto
determineresistance of the oxides to dissolution under very heavy irradiggion dpa/s to
determine the results at a dose rate closer to experimental ratgs,mandpa/s to observe any
patterns from the direction of dose rdtethe simulation box, the dose rafest ,p 1, andp 1

dpa/s would correspond to total neutron fluxes of 1 MeV neutrons of royghly p T,

P& pT,andpy p Tt respectively Three irradiatiortemperaturewere evaluated

to observe the temperature dependence of oxide surviyabhié temperatures were 673K, K73
and 873Kso agto capture the widest range of reactor conditidradle5.6 lists these conditions

along with simulation box size.
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Table5.6: Irradiation conditions for the neutron irradiation simulation on 12YWT

Size of KMC | Temperature Dose Rate # Simulations
Box

12YWT 400X100X100 | 673K, 77X, |pmmpnpm |3

Conditions lattice points 873K QN

Additionally, the KMC model attempted to replicate the findings from a neutron irradiation
simulation. The composition of the alloy in question was the 14YWT rather than the 12YWT alloy.

The exact irradiation conditis and oxide characteristics are listed in Table

Table5.7: Irradiation conditions described in the neutron irradiation experiments on 14YWT from Ay[dd&gan

Size of KMC Box | Temperature Dose Rate # Simulations
14YWT 400X100X100 633 K o®d pmh |6
Conditions lattice points Qn

For all caseghe size and numbermgty of the nanaxides weregecordedver the course
of the simulation run at regular intervals. From this information, a auagzonstructed to show
the changén oxide characteristiasver iradiation damage in units of dpa. The distribution of the
oxide sizes befarand after the irradiation were alszorded and comparetihe composition of
the oxides was tracked over the accumulated dose as well.

This KMC model can only be used for casé®ve a grain boundary exists in the simulation
box because the presence of a point defect sink for the vacancies and interstitials was required.
Otherwise the only mechanism for point defect removal would be through recombination, which

would keep the commtration of vacancies and interstitials equivalent to each other at all points in
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time. That would not be an accurate depiction of the point defect population in an NFA under

irradiation. Therefore, there are no irradiation simulations in bulk Fe isttily.

5.3.3Longterm Irradiation

Since the NFAs are expected to receive a lifetime dose in the 100 dpa range, an
investigation of the stability of the naioxides under longer term irradiation was merited. It is
presently impractical to extend the silated irradiation regimes past 8 dpa for all conditions. The
single regime selected for loftgrm irradiation was chosegrimarily for the reakime speed of
completion as opposed to the other reginteshis case, the irradiation regime at 873K ant
dpa/s was used to take three 12YWT samples to a total dose of @hdmaolution of the oxide

characteristics as a function of dose wB®recorded for analysis.

5.4Results

5.4.1Precipitation Results

A. Precipitation in the Presence of a B&fSink

To study the influence of the grain boundary, results for precipitation in the presence of a
defect sink from the KMC were compared to results from a prior study that simulated precipitation
in the bulk region of NFAs. The only distinction betweba two cases was the presence of the
grain boundary. Any differences in the oxide characteristics between the two simulation conditions

were noted.
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Figure 5.2 The evolution of oxide size with time with and without a grain boundary for the 12YW®asitionpat a) 1023K b)

1123K and c) 1223K

Figure5.2 compares the kinetic evolution at three temperatures for the 12YWT with and
without a grain boundary in the box. There was little difference in the average size of the oxides

between the two condition$here was, however, a qualitative difference in the location of the
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oxides. While the oxides were evenly distributed in the bulk precipitation simulations, the area
around the planar sink in the grain boundary simulations was depleted of oxide precipitates
However, this precipitate free zone only extendénin away from the planar sink.

B. Oxide Composition

The KMC model was further validated by comparing the composition of the oxides formed
during the simulation against experimental findings. The ogaepositions in the KMC model

were gathered at the end of the precipitation simulations.

Table5.8: The atomic compositions of theT¥O oxides of the 12YWT123K heat treatment with and without a grain boundary

in the simulation box and an experimertamparison

Material System Y at% Ti at% O at%
12YWT KMC Without | 12.9% 37.6% 47.9%
GB

12-YWT KMC With GB | 12.7% 36.1% 50.9%
12-YWT Alinger[20] 14.8% 33.6% 39.4%

Table5.9: The atomic compositions of theT¥O oxides of the 14YWT123K heat treatment with and without a grain boundary

in the simulation bx and an experimental comparison

Material System Y at% Ti at% O at%
14YWT KMC Without GB | 12.1% 36.9% 50.8%
14YWT KMC With GB 12.0% 36.4% 51.6%
14YWT Miller[19] X® T® T& uv® T& LD

Tables5.8 and5.9 show the composition of the oxides formed in the precipitation heat

treatments in systems with and without the grain boundary as well as their expected results from
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the literature. For both sets of simulations, the compostiof the oxides were very similar,
suggesting that the defect sink had little influence on the composition of oxides outside its
immediate vicinity. There was roughly a 1:1 ratio of metal to oxygen atoms (M:O) and there were
more Ti atoms in the oxidedh Y atoms. This is in relatively good agreement to the experimental
findings of the oxide composition, although the minor constituent Cr was absent from the oxide
compositions since the element was excluded from the KMC model. The oxides deviated from the
stoichiometry of the oxide chemical formula due to the unbalanced starting concentrations of
solutes.

C. Precipitate Shape

After thermal aging, the vast majority of the Y, Ti, and O atoms were associated with an
oxide precipitate and the concentratiorsofutes in the Fe matrix corresponded to the solubility
product in iron. The shape of the oxides at this new equilibrium was investigated visually for
compliance with expectations from experiments. The final recorded atomic positions of the Y, Ti,
and O goms were visualized using ATOMEYE softwdfie 7]. The matrix Fe atoms were made

transparent for the purpose of visualization.
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Figure 5.3 Oxides in 12YWL123K after heat treatment. Green splsefB atoms, Grey spheres: Y atoms, Red spheres: O atoms

Figure 5.4 Oxides formed in the 14Y\MIL23K section. Green spheres: Ti atoms, Grey spheres: Y atoms, Red spheres: O atoms

Figure 5.3 is a representation of the simulation box at the end of pratim for the
12YWT-1123K concentrations. Figurg.4 is a representation of the simulation box for the

14YWT-1123K concentrations. In all heat treatments, the Y, Ti, and O atoms clustered together
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and formed cubic oxides. The interfaces were sharp vifl9x faces and fairly small <110> and
<111> faces. The cubical shape that the oxide precipitates tended to nucleate into was expected

from Ribis[92].

5.4.2Irradiation Results

Using the oxide distributizs created during the thermal aging simulations with a grain
boundary, the set of neutron irradiation simulations commenced. The 12MR28K distribution
was subjected to nine total irradiation regimes at three temperatures and three dose rates. 14YWT
112X was subjected to irradiation conditions similar to an experiment for comparison purposes.
The observed trends are recorded below iniféigh.5and5.6.

A. 12YWT Irradiation Simulations
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Figure 5.5: Evolution of the average oxide size in 12YWT ovel émteumulated dose at a variety of irradiation regimes

Figure5.5 shows the average radius of the oxides over accumulated damage dpa for all
tested temperature and dose rate combinations. Across all irradiation regimes, a smalvescline

seenin the siz of the oxides that sharpbggan athe 14 dpa region before appearing to reach a
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plateau in the @8 dpa range. The oxides experiethtess atom loss with decreasing temperature.
At thelowestdose rated 1 Q1) Z), therewasmore loss obxide size compared tthe oxides
irradiated at the same temperature but at higher dose edtesugh the differences in the
precipitate size per dose rate dediimath decreasing temperature with the 673K batch showing

little variability between dose ratesudts.
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Figure 5.6. Evolution of the number density of oxides in 12YWT over total accumulated dose at a variety of irradiation regimes

Figure5.6shows the change in the number density of oxides in 12YWT over accumulated
dose dpa for all tested tempera&tand dose rate combinations. Like the average size findings,
there was a sharp initial drop in the number density before reaching an apparent platea@in the 4
dpa range. More oxides were dissolved at higher temperatures. This was most pronounced at the
873K temperature while there was only at most a 10% decline in the number density at the 673K
and 773K temperatures. There was more oxide dissolution at low dose rates than at higher dose
rates across all temperatures tested, with the 873K QnJocase experiencing the largest

decline with nearly a 30% loss in number density.
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B. Interfaces:

Similar to the thermal aging simulations, after the neutron irradiation simulations were
completed, the shape of the precipitates were visuadjyeicted. The images were compared to
shapes seen from thermal aging and the oxide equilibrium shape at the irradiation temperatures.

Any deviation from the expected cubic shape with sharp interfaces was noted.

Figure 5.7 12YWT1123K after irradiationat 773K at a dose rate of 1t dpa/s to a total dose of 8 dpa

Figure 5.7 is an image of an oxide in 12YWIT123K after irradiation and was
representative of the changes in oxide shape seen in all the simulations. With increasing irradiation,
these faces became more diffuse and iraguhile maintaining a cubic/rectangular shape, which

was also in line with expectatiofikl9].
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Figure 5.8 Equilibrium shape of the-Yi-O oxide at a) 673K b) 773K c¢) 873K

The equilibrium shape simulatiaperformed ina prior studywere repeated at tteame
temperatures in the irradiation simulatig633K, 773X, 873K). The resulting equilibrium apes
are displayed in Figure.8. As with the higher temperature, the oxide precipgatere dominated
by the <100> interface with smaller areas of the <110> and <111> interfaces. The oxides in the
irradiation simulationgontinued tanaintain this shape as shown in Figt&.

C. 14YWT Irradiation Replication Simulations

After completion of he irradiation simulations of the 12YWII123K samples at the three
test temperatures and three dose rates, the general response of the oxides to irradiation was
understood and found to align with expectations. We then compared the 14YWT irradiation

simulatons to experimental results.
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Average Radius (nm) vs. dpa of Y-Ti-O nano-oxides
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Figure 5.9 Average radius over dpa for the 14YM/I23K irradiation at 633K
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Figure 5.10 Change in the number density over dpa for the 14MY\2BK irradiation at 633K

Figuress.9and5.10show the average radius andmher density change with accumulated
damage in 6 simulations of 14YWT at the conditions described in Ayfib®@n Therewasa
decrease in the average radius that agodarear wth the accumulated dpa damadeplateau
did not appear to have been reached like the 12YWT irradiation simulations. The number density

of the oxides remaad constanbver the irradiation treatment across all samples.

163



Oxide size distribution after 0 dpa Oxide size distribution after 7 dpa
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Figure 5.11 Oxide size distbutions of 14YWT before and after irradiation

Figure5.11shows the size distribution of the oxides across all 6 simulations before and
after irradiation to 7 dpa. None of the oxides were shown to have fully dissolved, which is in line
with expectationdrom the number density results. However, all of the oxides experienced a
decrease in their size with no irradiation induced growth shown. This concurs with the average
size and number density trends seen in Figbu@and5.10

D. Composition Change aftIrradiation

The nature of neutron irradiation leads to shifts in the composition of the oxides in the
NFA, which could affect their performance and stability. The composition change in the oxide
precipitates at the end of the irradiation treatment veerapared against the values at the

beginning of the simulation for the 12YWT and 14YWT compositions.

Table5.10: Composition of oxides after irradiation to 7 dpag@ p 11 dpa/s

O at% Y at% Ti at% Fe at%
14YWT from| 51% 12.0% 36% -
KMC at 0 dpa
14YWT KMC | 54.1% 9.8% 28.85% 7.14%

After Irradiation

14YWT Miller |1 & uv® | x® 1& T& v® |-

164



Table5.11: Composition of oxides in 12YWT after irradiation to 8 dpa peudiaton regime

DoseRate O at% Y at% Ti at% Fe at%

(dpa/s)
12YWT N/A 50.94 12.76 36.17 0.17
Before
673 K p Tt 56.10 10.23 28.18 5.48
673 K p T 55.57 10.45 28.48 5.49
673 K p Tt 55.58 10.14 27.77 6.27
773 K p T 58.61 9.71 26.08 5.59
773 K p T 58.6 9.51 26.34 5.51
773 K p Tt 58.789 9.53 25.63 6.04
873 K p T 61.58 9.14 22.45 6.81
873 K p T 62.44 8.88 22.27 6.39
873 K p Tt 62.35 9.00 22.38 6.25

Tables5.10 and 5.11 show the composition of the oxides afieradiation and their
respective compositions prior to irradiation. In both cases, the proportion of oxygen in the oxide
goes up as well as the amount of Fe in the oxide. In turn, the proportion of Y and Ti in the oxides

decreases. There is no consistgatiation in oxide composition with dose rate, with the
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composition being more strongly dependent on temperature. The proportion of Ti in the oxide
declined the most over the course of the irradiation, particularly as the irradiation temperature
increasedNearly a third of Ti atoms in the oxide were expelled at 873K.

E. CompositiorEvolution

The composition of solute atoms in the oxides was tracked over received dose. The
evolution of the oxide composition was plotted and analyzed for notable trends.
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Figure 5.12 Evolution of oxide composition in 12YWT over accumulated dose at various temperatures and dose rates.

Red=0xygen, Green=Titanium, Blue=Yttrium and Purple = Iron
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Figure5.12 shows the composition evolution during the irradiation simulationshés t
total accumulated dose increased, more of the Y and Ti solutes were ejected from the oxides into
the bulk. Fe was gradually introduced as a replacement component in the oxide, going from near
nonexistent to up to 7 at%. All cases appeared to be hetwragds a plateau near the end of the
simulation, suggesting that the oxide composition would reach an equilibrium value where solutes
are replaced as quickly as they are ejected from the precipitates. Again, through this visualization,

the composition wamore strongly influenced by the irradiation temperature than the dose rate.

5.4.3Further Investigation

After observing an apparent plateau in the decline of the size and number of oxides in the
system across all irradiation regimes, an additionatdninvestigation was conducted to see if
that plateau represented the emergence of a sgtafdyor only a temporary metastable stage.
Three samples from a single irradiation regime (873 at dpa/g were taken further to 66 dpa

and the evolution of oxide characteristics over dpa was recorded.
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Figure 5.13 The evolution of 12YWT oxide characteristics in kamgn irradiation simulation at a single irradiation regime (873K

atp 1 dpa/9

167



Figure5.13shows the evolution in oxide size and number density as they were irradiated
to a total dose of 66 dpat 873K atp 11 dpa/s. After 8 dpa, the plateau in oxide size started to
decline again before reversing and increasing in size afteipd2 The change in the number
density of oxides continued to hold its initial downward trend through the whole simulation and
no longer mirrored the change in oxide size. The evolution reached an apparenststEaditer

54 dpa.
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Figure 5.14 Oxide dstributions of the 12YWT123K a) before neutron irradiation, b) after neutron irradiation with a total dose

of 66 dpa at 873K at a dose ratepfrt dpals

Figure 5.14 shows pictures of the 12YWT simulation box before and after neutron

irradiation to 66 dpa. In the irradiated sample, there was a higher density of free solutes Ti and Y
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in the Fe matrix, separated from their original oxides frondiateon. Many of the original oxides
dissolved under irradiation, with oxides around the grain boundary suffering the most losses. The
grain boundary itself was largely devoid of free solutes and no new oxide precipitates were found
at the grain boundary.

The tendency of a solute species to enrich or deplete at defect sinks is attributed to the
inverse Kirkendall effect where preferential transport of the solute via the vacancy or dumbbell
migration compared to matrix atomic species leads to segregabardadefect sinks. There is a
formulation [12] that predicts whether a solute enriches or depletes at defect sinks using the
diffusivities of the solute and matrix atoms.

— —° 5 cg)ér:ipgom (©)
The diffusivitiesQ andQ of atomic species X are via vacancy and dumbbell migration

respectively. To check éhdirection of segregation using Eq. 6, atomic species A is the solute (Y

or Ti) and atomic species B is the matrix atom (Fe).

Table5.12: The Ratio of Diffusivity of Y and Ti with Fe

Q Q A=Y A=Ti

Q Q
B=Fe B=Fe
673K -10.32 19.68
773K -7.84 31.60
873K -6.23 43.33

Table5.12 shows the diffusivity ratios for the Y and Ti solutes in bcc Fe at three irradiation
temperatures. There was a slight preference for enrichment for the Y atoms at defect sinks while

the Ti abm was more strongly led to depletion. The presence of oxides and the supersaturation of
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the Y and Ti solutes in the Fe matrix was the likely cause of the differences in predicted behavior

for the Y solute, as WasoOs fnotpresent. ati on assume
The naneoxidesare suspected tsuppress the point defect population and therefore slow

down the diffusion processes that drive segregation. To investigate this, the KMC simulations were

run at three temperatures (673K, 773K, and 873k&)sigle does rage 1t dpa/s for two starting

configurations.The first being a simulation box of pure Fe with no other solutes and the second

being the 14YWT configuration. The average concentration of point defects in the bulk matrix

(not bounded to the oxides) is recor@ed compared between the two cases.
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Figure 5.15 The concentration of point defects in pure Fe and 14YWT vs temperature. a) Vacancy Concentration. b) Dumbbell
Concentration.
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Figure 5.15a and 5.15b shows theerageconcentration of vacancies and dubalis
respectivelyn the simulation box during irradiation@trt dpa/s over temperature for two cases:
in pure Fe (without nanoxides present) and in the 14YWT composition. The plots show the nano
oxides in 14YWT do have a suppressing effect on the average population of point defects. This
suppression effect weakewith increasing temperature. At 873K, there is almost no difference in
the concentration of vacancies. This is likely due to the high temperature speeding recombination
and diffusion to the grain boundary so much the vacancy concentration does naictisgbove

the thermal equilibrium value as described in Figude

5.5Discussion

5.5.1Precipitation

The precipitation simulations showed a pattern of increasing oxide size with increasing
temperature, which was anticipated due to the thermodynanfigsrecipitation. As the
temperature rose, the solubility product of the oxide also increased, making the critical radius of a
stable nuclei larger and less frequently achieved. The free solutes mass of the fewer stable nuclei
resulted in a lower number daty of oxides that were larger in size. The size, number density,
and composition of the oxides in both 12YWT and 14YWT compared favorably to experimental
results. The absence of solutes such as Cr in the KMC could be a factor in any discrepancies. The
shape of the precipitates was also observed with the oxides in the precipitation heat treatments
taking a cubic shape, with broad <100> interfaces and small areas of <110> and <111> interfaces
at higher temperatures, which was expected from our observdiguigbrium shape simulations
that were later performed affirmed that the cubic shape represented the equilibrium shape when

the KMC forced a preexisting oxide to reshape into the equilibrium shape seen in experiments.
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The influence of the grain boungawn precipitation was studied at the same temperatures
as bulk simulations irfChapter 4 The results found little difference in the average radius and
number density of the oxides between the bulk and grain boundary simulations. There were
differences inoxide distribution between the two cases as no oxide precipitates formed in the
immediate vicinity of the planar sink, leaving a noticeable gap.

There is literature that observed the formation of oxides at the grain boundary. These grain
boundary nanmxides were typically larger than the oxides in the intergranular region. It has been
theorized that the presence of interstitial elements such as C and N play a role in facilitating the
formation of naneoxides at the grain boundary, so the absence of #lesgents could explain
the absence of grain boundary namades.

Another factor to consider is the opportunity for vacancy movement at the grain boundary.
Since the sink annihilated the point defects on contact, this region had a much lower average
concertration of vacancies than regions away from the boundary. Thus, there was less opportunity
for atomic diffusion around the grain boundary, which inhibited the nucleation of fhieOY
precipitates. Given NFAOGs knowon, thenngatrix woald i o n
likely be depleted of free solute material before any nucleation near the grain boundary could
occur. Additionally, segregation of intergranular Ti, Y, and O atoms to the grain boundary during
thermal heat treatments was not found bdinder [18], leaving less available material to form

grain boundary nanoxides.

5.5.2 Irradiation

A. Overall Survivability
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The neuton irradiation simulations found that the oxides behaved in an expected manner
in response to irradiation. They appeared resistant to dissolution even at the relatively high dpa
rate ofp 1t dpa/s with the high dose rate appearing less effective aihdigg oxides. The
presence of vacancies worked to heal the oxide structures even when the displacement cascade
ejected solutes from the oxides. Nevertheless, there was still a decrease in the overall size of the
oxides over the irradiation regime. Througbservations of the size distributions before and after
the irradiation, it was seen that the smallest oxides quickly dissolved while the larger oxides were
more stable. There were no oxides larger than 1 nm in radius for the 12YWT cases at accumulated
damage >4 dpa. The oxide stability could also be a product of the inherent KMp.9€hen
found that oxides coherent with the Fe matrix were more stable than incoherent[b&ies
meaning that the oxides in the rigid lattice KMC-gptmay have too much stabjli

Inherent stability is likely explained byelsonrHudsonMazeyo s t heory of st ab
is dependent on two competing forces, both caused by irradjat&) where irradiationthat
expels debris from oxides is the cause of oxide loss and radiation enhanced diffusion drives the
regrowth of the oxides. Since vacancies drive nucleation and growth during the heat treatment
phases, the increased vacancy concentration due to irbadiatihas a Oheal i ngéo
damaged oxides and drives restoration of the oxides. Smaller oxides proportionally lost more
material in the irradiation cascade and were, therefore, more susceptible to dissolution.

The longterm irradiation simulations 873K andp 11 dpa/s saw the decline in oxide size
reverse itself and had the surviving oxides grow larger than the original average. Atomic material
for this growth comes from oxides dissolved during irradiation, resulting in a decrease in the oxide

number density. This radiation induced coarsening of the oxides is seen in similafGNFAs

173



A compositional analysis of the oxides after irradiation for both 12YWT and 14YWT found
an overall decrease in the proportion of Ti atoms in the oxide with a corresponding increase in the
Fe atoms in the ode. The Ti atoms accounted for most of the solute atoms in the matrix. Since
the Y atoms bound more strongly to oxygen than Ti, the Y atoms were less likely to separate from
the oxide and were more likely to rejoin the oxide after being ejected. Ovemaigsathe
temperatures sampled, the oxide compositions generally approached a stable plateau after
irradiation to 8 dpa.

B. Precipitate Shape

During the heat treatments, the oxides precipitated into cubical shapes that were in line
with expectations, givig another measure of validity to the KMC model. The shape of a precipitate
was determined by the differences in energies at the oxide/matrix interfaces at various orientations.
If the energetics of the system are set up properly, then the oxides forimadtesih experimental
observations, which was found to be the case across all simulations. The shape was orderly with
sharp interfaces that became more diffuse upon irradiation, owing to the constant dislodging of
atoms by irradiation. These interfaces Wblikely become orderly again when the irradiation
ceased and the oxides interacted with the thermally produced vacancies again.

C. Effect of the Dose Rate

When examining the relationship of dose rate with survivability of the oxides, the
following relaionship was revealed: with the higher dose rate leading to larger loss of size among
the oxides and at the lowest dose rate, there was less of a decrease in oxide size, although at both
of the lowest dose rateg, Tt andp 11 dpa/s, the difference in oxide size was very small. The
lower dose rates equated to a smaller supersaturation of point defects, which slowed the diffusion

that heals the oxides and causes them to experience more atomic loss by the 8edpdl raing
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the irradiation simulations with the 12YWT reached a certain plateau where the average size,
number density, and composition did not change as quickly as before. This is where enough solutes
have been ejected into the matrix to provide a sufft@eurce of solutes for vacancy diffusion to

start to stymy oxide material loss.

The limited longterm irradiation investigation, conducted to further explore the extent of
oxide stability, found that this period of stability after 8 dpa was temporatyoaide loss
continued. Eventually, a period was reached where the oxide loss stabilized after 54 dpa. The
average size and number density of the oxides remained roughly constant until the end of the
simulation at 66 dpa. This was where the smallest oxidsslved completely and the more stable
larger oxides remained and where the loss and gain of atomic material in the oxides cancel each
other out.

D. Segregation

In the irradiation simulations, there was a lack of segregation to the grain boundtrees of
solute Y, Ti, and O atoms. There even appeared to be an inverse Kirkendall effect where the solutes
were depleted in the region around the grain boundary. The lack of segregatidn0f&lements
has been observed in experimental observations dfiatead NFAs with an apparent preference
for the solutes to return to the oxifle®86]. Other studies have seen both segregation[@BT]
and no segregatiph68] to the grain boundary repied in some cases; however, these experiments
involved heavy ion irradiations. The simplistic description of the grain boundary in the KMC could
have influenced the resulting segregation profiles. Ei8ldshowel that Cr segregation could be
highly dependent on grain boundary structure.

E. Fate of atoms
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Using the diffusivities of the solute&q 6 predicted that Ti depletes and Y enriches at
defect sinks from Wasods for mul asin contrast tthe | e t |
predicted Y behavior at defect sinks, factors unaccounted for in the formulation, such as the
influence of oxides, should also be considered. During irradiation, atoms are ejected from the
oxides into the Fe matrix. Once in the matthere are several destinations for the atoms: 1) return
to the original oxide, 2) join a preexisting oxide, 3) form a new nucleate with other ejected solutes,
and 4) congregate at the grain boundary and possibly precipitate a new phase. The oxidss acted
competing sites for Y segregation, which dampened the level of enrichment that could be achieved
at the grain boundary. The Y atoms expelled from the oxides, having only been knocked a short
distance, were inclined to rejoin the oxide by both the sapeetion of Y in Fe and the
preferential transport of Y to the oxides. The disproportionate amount of Ti atom loss in the oxides
compared to Y atoms lends further evidence of a Kirkendall effect where Y atoms enrich at the
oxides while Ti is driven to dégte into the oxide region. Point defects still transported the Ti
atoms to the oxides but at slower rates than Fe and Y, resulting in composition loss in the oxide.

In visual observations of the oxide, there was no oxide precipitation in the region around
the grain boundary and few stable precipitates elsewhere. Instead, the free solutes rejoined the pre
existing oxides to heal the damage from irradiation. While there was a greater concentration of
free solutes in the Fe matrix, there was little increasedentration of solutes in the region around
the simulated grain boundary. The oxides closer to the grain boundary were even more susceptible
to the dissolution. This behavior is in agreement with the theory that the defect populations help
stabilize oxigs since the region around the defect sink has a lower average point defect
concentration than the rest of the system. So, the oxides in the grain boundary region are not healed

as quickly and, therefore, suffer dissolution under irradiation. Bindingeofabancies to the oxide
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interfaces can also play a role in segregation behavior as it has been noted that similar vacancy
bindind169] limits the migration of point defects anghakes them more susceptible to
recombination instead of journeying to the sink (and taking solutes with them) for annihilation.
There would, therefore, be less segregation at the grain boundaries.

F. Replication of the 14YWT neutron experiment.

The oxice response to irradiation in the 14YWT replication simulations showed good
agreement with the results from Aydo@E4]. There was a marginal decrease in the average size
of the oxides and none of the oxides dissolved in the face of irradiation damage, although there
were occasional shelived oxides formed from the irradiation debris that quickly dissolved under
irradiation. These results display the inherent survivabilitgxades in the environments required
in nuclear reactors.

With the KMC model showing agreement with experimental observations during heat
treatment and irradiation, the model can be further extended to observe more phenomena that take
place under irradiatn. The next steps for this model are to include insertion of transmutation He
into the system. Then observations can be made of the nucleation of He bubbles into the NFAs

and the degree to which the namxades inhibit the formation of bubbles at the graoundaries.

5.6 Conclusion

A Kinetic Monte Carlo model was created and parameterized for tie-¥eO system.
Several simulations of the nucleation and growth stages ofmdde ®"Y'@ formation along
the grain boundary were obsenfed temperatures of 1023K, 1123K, and 1223K for the 12YWT
alloy. The characteristics of the oxides formed were in good agreement with experimental results

in size, number density, and shape for the bulk precipitation. The influence of the grain boundary
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on oxide characteristics were found to be limited in this system. Later, the model subjected the
same oxides to neutron irradiation and the changes in oxide size were retbnilezl reactor
experiments, the sherérm timeevolution of the system underadiation was able to be visualized

in the KMC.The results found that the oxides were stable against irradiation but suffered a gradual
decline in size as the material became more damaged. This was true at all temperatures and dose
rates studied. An atterhgvas made to replicate findings for a neutron irradiation experiment of

14YWT and found good agreement with the findings showing little change in oxide characteristics.
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Chapter 6: HeliunBubble Nucleation on

14YWT Nanocoxides under lrradiain

6.1 Helium Bubbles on NFAs

Research into thBFAGs ability to trap He atoms at the oxides is ongoing. There is some
difficulty replicating the insertion of transmutation helium into metals in experimental settings
outside an actual nuclear reactoh&v the bubbles do nucleate in an NFA like the 14YWT alloy,
the helium bubbles are smaller in size and volume than a conventional1stegl Other
experiments observe that the helium bubbles tend to nucleate at the <111> interface of the oxides
owing to the <111> i nt1e8]. Thesalse dotes that igshdifficuhtoget f a c e
imaging down to the 2nm scale so modelling of the shape of the oxide and |afatenHe
bubbles using a computer model would be useful.

The precipitation and irradiation investigations completed in Chapters 4 and 5 gave
satisfactory insight into the stability of the namxides. The KMC model for neutron irradiation
of NFAs in anFeY-Ti-O systemfrom Chapter Svas extended to incorporate the insertion of
interstitial helium into a model NFA during theuten bombardment. The sizZlecation and
He/Vac ratioof the He bubbles in the model NFA were noted and compared to expetimenta
results. A preliminary investigation was conducted to observe the effect of temperature on the
characteristics of the He bubblé&svestigations into the effect of the He bubbles on oxide stability

and the segregation of solutes were also conducted.
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6.2 Material/Methodology

6.2.1KMC Model

The KMC modeivas extended froitine work in Chapter Gsed to study neutron irradiation
in NFAsto incorporate the addition of He atoms. A fixed lattice in the bcc system is constructed
to represent the bcc cell. Thienulation box is populated with atoms at the substitutional sites (Fe,
Ti, Y) and at the octahedral sites (O and He) in the bcc sy3teensubstitutional atoms (Fe, Ti,
Y) migrate through exchange mechanisms with the vacancy and interstitial dumbiielgpects.
The He and O atoms migrate through an interstitial mechanism to hop between empty interstitial
sites.

Several events are not given a frequency and instead occur as soon as a condition is met.
Free vacancies and interstitial dumbbdilsth recombine and annihilate at grain boundaries
instantaneously in the manner described in SoinWhen a vacancy has a ldiom as a first
nearest neighbor, that vacancy is not subject to the automatic recombination when the interstitial

dumbbell is in the immediate vicinity.

6.2.2He Insertion

Unlike the insitu helium implantation techniques, the He atom is inseré&n the
simulation boxwithout an energy that could displace atoms. All displacements are due to
displacementascades caused by neutron impactse information of the mechanism for the
displacement cascades are describéthiapter 5The Heimplantation rag is tied tothe expected
He appmdpa ratio expected from the reacto@nce an appropriate dpa is reached in the
simulation, a single He atom is added to a random location in the simulation box. This is a process

that occurs automatically and thus is ot event frequencgoes not need to be established
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Literature found the expected He appipératio is around 10 He appm/dfb], though in this
model the He/dpa rate is set to a higher 50 He appm/dpa to see timely formation of He bubbles
and to emulateates from some experimental studies.

The HeVacancy interactions in the KMC model are expected to be the most influential
parameters in the He simulatiors nce He MAbubbl es o0 -Vac eomplegea!| | y
where the helium atoms take the voidedcspleft by the vacancy clustetsie diffusion properties
of the HeVac complexes are described in a paper by @itl, although ths modeltreats the
migration of He and Vac in clusters as separate entities but peeted to behave the same way.
Unlike other KMC models, the clusters are not treated as separate entities with their own migration
properties. The association and disgton events of the individual He atoms with clusters are not
given a separate event frequency with a specifically calculated dissociation energy. Rather the
local environment is reflected through the calculation of the migration energy of the vacagcy usi

pair-interaction energies.

6.2.3Parameterization

A. Pairinteractionenergies

Table6.1: Pair-interaction energiegeV)for Fe-Ti-Y-O-He systemas a function of nearest neighbors

Pair-Interaction 1 2 3 4
Energies (eV) (eV) (eV) (eV)
FeFe - - -0.611 -0.611
FeY - - -0.59 -0.52
Y-Y - - -0.57 -0.69
FeTi - - -0.65 -0.53
Ti-Y - - -0.71 -0.68
Ti-Ti - - -0.69 -0.70
Fe-Vac - - -0.21 0.00
Y-Vac - - -0.35 0.00
Ti-Vac - - -0.35 0.00
Fel - - -0.10 0.00
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Y- - - 0.25 0.00
Ti- - - -0.10 0.00
FeO -0.00 0.00 - -
Y-O 0.01 -0.11 - -
Ti-O -0.04 -0.04 - -
O-0 0.10 -0.116 0.10 -0.116
He-O -0.34
He-Vac -2.10
FeHe 0.00
Y-He -0.46
Ti-He -0.14
He-He -0.35 -0.42

Table6.1 displays the paiinteraction energies used for the KMC mod#ie rationale for
the nonHe interactions are discussad Chapter 2 There is not a good estimation of the He
solubility in bcc Fe so the Hde pairinteraction energies are found using the binding energies
found in the binding energies of two He atoimghe octahedral sites of pure bcc[E&2]. The
binding energies of the He interstitial with the Ti and Y solutes are described in a paper by
Vallinayagan{173] as-0.14 and0.46 eV respectively. The binding energy for O with H®i84
eV. These are used to constructthe , - , and- pair-interactionenergywith the inherent
assumption that all thee interactiors can be described by first nearest neighbor interactions. The
He-Vacancy interaction energy comes from the binding energy between a single He atom and the
vacancy taken from literatuf&74]. The interaction between the He atom and the interstifial
not included in this model.

A grain boundarywas placed in the center and a segregation energy is applied to the
migration energy calculation whenever the He atom is seated on the grain boundary. This

segregation energyasset to 1.3 eV based on literature data ff@@b, 176] Note that unlike the

182



Ti and Y segregation energthe entropy and enthalpy contributions are not evaluated and the

segregation energy is assumed to be constant.

6.2.4Helium Diffusion Properties
For the purposes of the KMC, the helium atoms reside on the octahedral sites like the
oxygen atoms. The flusion of the He atoms are expected to be very quick owing to a very low

barrier of migration 0.06 eV. The full characteristics are described in Bable

Table6.2 Helium Diffusion characteristics

Preexponential Migration Energy Source

He interstital @ pn & ; |0.064eV [177]

Irradiation simulations from a prior irradiation study are repeated now with the He injection
mechanism adding He ais into the system at regular total dose intervals. The final location and
total number of He bubbles are observed and recorded. In adtlieanfluence of the He bubbles

on the stability of the oxides and of segregation of solutes to the grain bowadasyudied.

6.3 Simulation Procedure

6.3.1 hterface Study
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Figure 6.1 The equilibrium shape of theT¥-O precipitate at 700K. Green =Ti, Gray=Y, and Red=0Oxygen

In an effort to understand all aspects of He bubble behavior, a focused simulatimetrte
wasdesigned to study the preferential locations of He bubble nucleation in the KMC model and
verify that the behavior ntehes expectation®2reviously conducted simulations in the KMC
crafted a large oxide in its thermal equilibrium shape withrigledefined interfaces as seen in
Figure6.1 The oxides take a cubic shape like observations from Ribis at 1923Mith large
<100> interfaces and smaller <110> and <111> interfaces. For the interi@ygelsgisingle large
precipitatewas placed in a simulation box of pure Fe plus a grain boundary and subject to
irradiation conditions listed in Tab&3. Since this test panasonly interested in the nucleation
site, the He appm/dpa rabasset highe than usual to facilitate th@mely growth of large He

bubbles. After the irradiation, the locations of the bubbles are noted for reference.

Table6.3 Irradiation conditions for the Interface Study.

Size of KMC | Temperature | Appm/dpa| Dose Rate #

Box Simudations
Interface 400X100X100 | 773K 100 prt O |1
Study lattice points

Conditions
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6.3.214YWT temperature investigation

Another behavior characteristic studied was the influence of irradiation temperature on the
size and number density of the He bubbles in the model NFA. For this investigation, the material
studiedwasthe 14YWT-1123K using the simulated oxides atomic configuration that was collected

in a previous study.

Table6.4: The composition of the 14YWT tested

Y Ti O

14YWT Atomic 0.08 at% 0.27 at% 0.3 at%

Concentration

Table6 4 lists the amount of primarypmponents of the naraxides (Y, Ti, and O) in the
i ron matri x of t he model NFA to mi mi ¢ t he
representation of the 14YWT does not include elements such as Cr and W6baes the

characteristics of the oxidater an isothermal heat treatment in the KMC at 1123K.

Table6.5 Oxide characteristics of the 14YWT alloy

Average Radius Number Density

14YWT-1123 K 112nm 4.7x40"23a4

Table 66 describes the irradiation conditions simulated in this investiga The
temperatures chosen we@3K, 773K, and 873K. The dose rate chosen was the relatively high
p 1 dpa/s to due to limitations in the timescale of the simulations. The average size and number
density of the bubbles were recorded as well aootaibns of the bubbles (on oxides, in the bulk,

at grain boundaries). Since the He bubble characteristics between systems would only be
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comparable with similar amounts of He in the systems, the stopping condition for these simulations
has all the simulatins achieving the estimated appm He in the simulationalsakereference

experiment. In this case, the KMC simulations will stop at 8 dpa when total He concentration will

be 400 atomic parts per million (appm).

Table6.6: Irradiation Conditions to observthe formation of He bubbles.

Size of KMC Temperature | Appm/dpa| Dose Rate | #
Box Simulations
14YWT 400X100X100 | 673K, 773K, |50 pTt QN |3
lattice points 873K
14YWT 400X100X100 | 773K 50 pTt QN |3
lattice points
Pure Fe (No | 400X100X100 | 773 50 pTm QN |3
Oxides) lattice points

To observe the influence of dose rate on He bubble nucleation, the 14YWT simulations at
773K were repeated at the lower dose pate dpa/s.Additionally, a simulation box of pure Fe
is subjected tohe 773Kp 1t dpa/s irradiation environment to observe whether the oxides reduce
the size of the He bubble€onputational expense prevented the investigation of dose rate at all
tested temperatures.

Another aspect of the study was to see the charsintsrof the He bubbles. Stable bubbles
will maintain a particular ratio of helium atoms and vacancies. While this watsnot found
through physical experiments, thesere energetic studies of the He bubbles tastimatethe
ideal He/Vac rati§56, 174} Having the KMC replicate the ideal ratio for the nucleated He bubbles
be another of the model 6s

woul d assurance

6.3.3Microstructure Evolution

186

v al



The He bubbles could also have an impact on the-termy survivability of the oxides
under this irradiation. Therefore, this study also looked the change in oxide size over the course of
the neutron irradiation with and without He insertion. For comparison, a 14YWT oxide
configuration was subjected the samneadiation environment at 773K but without the He
insertion. Any differences in the oxide characteristics will be noted and investigated .6T7able
lists the irradiation conditions. The segregation of the solutes to the grain boundary and the
influence ofthe He bubbles on the segregatwasinvestigatedsincean area of concern for the
embrittlement of NFAs is the degree dddiatiorinduced solute segregation at the grain

boundaries.

Table6.7: Irradiation Conditions to obserweithoutthe formation oHe bubbles.

Size of KMC Temperature | Appm/dpa| Dose Rate | #

Box Simulations
14YWT 400X100X100 | 773K 0.0 pTm QN |3
Conditions lattice points

6.4 Results

6.4.1lInterface Study

The Y-Ti-O precipitatevasplaced in a simulation box and subjected to neutron irradiation
with the He insertion mechanism activated in the KMC. The simulations continue until several He
bubbleswereobserved on the surface of the oxide. A visual snapshot of the precipitate with He
bubbleswas created using the software ATOMEYEL7] and inspectedfor insightsinto He

bubblenucleationbehavior.
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Figure 6.2 Helium Bubbles nucleated at the interfaces at the oxide. Green spheres: Ti atoms, Grey spheres: Y atoms, Red

spheres: O atoms, Blue spheres: Vacancies, and Black spheres: He atoms

Figure 6.2 shows several He bubbles nucleated at the intert#fdi® oxide. Most of the
He-Vac complexes coated the edges of the oxide with only the largest collection of He and
vacancies forming a spherical shape. It appears that the He bubbles prefer to nucleate at the corners
of the oxide precipitates at the <llimterface. Thisresult is in line with experimental

observations from Stan for He bubbles in 14YY¥18].

6.4.214YWT Temperature Investigation

After the study of He bubble nucleation behavior on a lorE-© oxide, the 14YWT
oxide distributionsveresubjected to neutron irradiation with insertion of transmantetie. The
KMC runs simulations at the three temperatures at the pamedpa/s dose rate until the system
reaches a total irradiation dose of 8 dpa 400 appm HeThe characteristics of the He bubbles
werecollected and analyzed for any noticeabénds.

A. Characteristics of He Bubbles
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Table6.8 Average size and number density of the He bubbles in the 14YWT after irradiation to 8 dpa

Average Diameter Number Density
(nm)
673 Kp m QNI T Y PR p T
773 Kp 11 Qi ™/ p v pTt
773Kp T QNI 0.81 v8 pT
873 Kp m ‘Qnd 1.46 p8 ¢ p T

Table6.8 lists the average size and number density of the He bubbles in the 1HRENT
alloy irradiated to 8 dpa. Thexeereroughly 400 appm He atoms in the simulation box of each
sample. Therevasa clear trend in relation to the effect of temperature with the average He bubbles
diameter increasing with temperature while the number density dechb@73K and 773K, the
He bubbles nucleate mostly at the interfaces of the-pam®s and prevent nucleation towards
the grain boundaryThere is very little difference between dose rates at 773K. Bogh theand
p 1 dpa/s case nucleated the same total number of He bubbles across the three simulation runs

that averaged to the same size.

Table 6.9 Average size and number density of the He bubbles in the 14YWT and pure Fe after irradiation to 8 3@ at 77
dpa/s.

Average Diameter | Number Density

(nm)

14YWT &) p L8 p T

Pure Fe (No Oxides PP w P8 ¢ p T
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Table 6.9 shows the difference ie Hubble size and density betweesinaulation boxhat
contains nooxides and one that contains the 14YWT composition. As expected, the 14YWT is
shown to precipitate more He bubbles that are smaller in size than those encountered in a system
without naneoxides.

B. 14YWT Experimental Replication

In addition to the simulains attempting to understand the general temperature trends in
the 14YWT NFA, wewere also interegdi n t he KMCO6s ability to
experimental observations. The findings from the ir@mhasimulations at 773K wemmmpared

against fndings from Yamamof{a5].

Table6.10: Comparison of the He bubble characteristics between the KMC and experiment

Average Diameter Number Density
(nm) @
FromKMC @ p v p p T
FromYamamotq15] T8y TI® g pT

The distribution of He bubbles in an NFA has been observed experimentally by Yamamoto
at 773K in conditions similar to whatasconducted. The comparisaf these observations and
the KMC results are seen in Taleld0. Therewasa close agreement in the bubble size while the
KMC has nearly double the number diénsf He bubbles.

C. Distribution of He Bubbles

To gain a better understanding of the aboveltgshe complete distribution of He bubbles
across all the simulations at each temperature were collected and displayed in the following

histograms:
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He bubble distribution at 673K
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Figure 6.3 Helium bubble size distributions after irradiation to 8 dpa at a) 673K b) 773K c) 873K

191



Figure 6.3 shows the size distribution of He bubbles in the simulation box after 8 dpa for
the three test temperatures. For the 673K and 773K cases, the highest frequency ofnlaubbles
small bubbles 1 nmwith large >1nm diameter bubbles occurring liesguently. The bubbles in
the 673K case were smallest in size with nearly half less than 6 Angstroms in diameter. The bubble
size got progressively larger as the simulation temperatasencreased with 30% smaller than
0.6 nm for the 773K temperaturedaonly a single bubblender 1 nnfor the 873K. The maximum

bubble size across all temperatunes1.8nm diameter.

D. He/Vac ratio
Another characteristic of the He bubbles obseéwasthe ratio of He atoms to vacancies
in the He bubbles for comparistmthe ratios expected from literature. The ratio of each bubble
wascollected and graphed according to their size in order to observe any trends in He/Vac ratio

and bubble size.
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Figure 6.4: He/Vac ratio of the He bubbles in the KMC 14YWT at 8 djfagppmHe in irradiation temperatures a) 673K b)

773K c) 873K

Figure 6.4 displays the average He/Vac ratio in the He bubbles for each simulation

temperature. The majority of the bubbles across all temperatures have a He/Vac ratio that ranges

between 1.3rad 1.8. Any bubbles that have ratios outside this ravgre so different as to be

outliers. Manywererather small in comparison to the average bubble size where a change of a

single defect/atom will cause a large deviation in the ratio and where thiessreatould be a

factor in the stability. As &le bubble gets larger, the variability decreases with He/Vac ratio

appearing to settle into a stable range

6.4.3Evolution of the He Bubble
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Insights were gained into the nucleation and growth of the HelésibFor the first step,
the vacancy becomes trapped at the oxide interface with the bcc Fe. Then the He atoms migrating
through the matrix binds with this single vacancy. This first initial He bubble-isdHédut as the
bubble grows, the ratio of He/¢aeaches a more stable range. There is no formulation of voids

during the irradiation simulations.

Figure 6.5 Heat map of vacancy concentration in 14YWT at 773K irradiation simulations.

Figure6.5is a heat map of vacancy movement in the simulatindoring the irradiation
simulations. The areas with the highest average vacancy concentration correspond to the locations
of the oxides. With the vacancy spending significantly more time of the interfaces, it is inherently

more likely for the He bubblds form there than in the Fe matrix.

6.4.4Effect of He Bubbles on Segregation and Oxide Stability
A separate irradiation simulatiomasrun alongside the He simulations at 773K with the
same irradiation conditions as the 773K case except that no tratem Hewasinserted. The

concentration profile of the solute atoms in the Wascollected and the segregation of the solutes
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in the grain boundary region of both irradiation cases is noted and compared. The evolution of the

oxide size over dpa undtre irradiation treatmentgserealso studied in both cases.

Figure 6.6 Yttrium concentration profile of the 14YWT system after irradiation to 8 dpa a) without He insentvih ble

insertion to 400 appm He. The red line represents the grain boundary

Figure 6.6 shows the profile of the Y concentration profiles after irradiation. There does
not appear to be any enrichment at the grain boundary sites of the solute atoms of Y and Ti with
or withaut He insertion. Rather there waslepletion of both eleemts around the grain boundary.
Most of the free solutes not associated with an oxide are located in the area immediately around

the oxides.
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