ABSTRACT

KRETOV, DMITRY. Investigation of Grain Growth in Nanocrystalline Oxide Thin Films During
Heating and Irradiation Using-situ TEM. (Under the direction of Dr. Djamel Kaoumi).

Grain growth, which occurs at elevated temperatures and under irradiation is manifested
by an increase in the average grain size, a decrease in the number of grains, and a decrease in grain
boundary total aredNanocrystallinematerials having very small sizes and high grain boundary
densities are of interest to the nuclear materials community not only for their improved mechanical
properties but also for their radiation resistance, since grain boundaries are effectiversinks fo
radiationinduced defects, ultimately impacting the radiation toleranoamdcrystallingnaterials
against net defect accumulation. However, evemariocrystallinematerials present increased
radiation tolerance at the nanoscale, thermalljyced andrradiationrinduced grain growth is
responsible for grain enlargement and annihilation of these benefits. While the literature shows
several studies on this topic of grain growtmamocrystallinenetals, very little focus was put on
grain growth innanocrystallineoxides. In this work, grain growth kinetics was studied in
O B "OQ) FOQW AT &i0 8Thin films with nanocrystallinegrain size were grown by
Pulse Laser Deposition or Magnetron Sputtering Deposition and subject to thermal annealing
situ in a Transmission Electron Microscope to follow theain growth Samples were also
irradiated in situ in the TEM at temperatures fré&a3Cto 500Cusing 1 MeV K¢ ionsupto 10
dpa to studygrain growthunder irradiation. The grain size was measured as a function of
temperature antime for the thermal grain growth and in terms of irradiation dose (dpa) for the
irradiated samples. The kinetics of grain growth was then discussed in light of the literature and
how it can becompare to the different grain growth modetfeveloped earligrand possible

mechanisms were discussed
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CHAPTER 1. INTRODUCTION AND BACKGROUND

In this chapter, the importanceranocrystalline (NChnaterials will bediscusse@nd then
the theory of grain growth will be introduced. Grain growth will be discussed in terms of existing
models.Background onirradiationinducedgrain growth will begiven using the concept of
radiation damage arttie existingthermal spikemodelfor grain growth under irradiation which

was developed for metalsinally, the main goal of this work will be described.

1.1.Introduction

Grain size is an important material characteristic that affects mechanical, thermal, and
electrical propertieNC materials arelescribedy single or multiphase polycrystals with typical
grain sizes that alessthan 100 nmKigurel.1).NC materials exhibit many unique physical and
chemical properties, which are often superior to the properties of their conventionalgraared
counterpartg-or exampleNC materials exhibit increased strength/hardness, enhanced diffusivity,
improved ductility/toughness, reduced density, reduced elastic modulus, higher electrical
resistivity, increased specific heat, higher thermal expansion coefficient, lower thermal
conductivity, and superior soft magnetic properties in comparison to conventiorahfsdi6].
NC materials have a large volume fraction of interfaces (or grain boundaries) and it is indicated
that the atomic density at interfaces is somewhat lower than that of the perfect cryst@d8s 10
(Figurel.2). For example, for N&Pd with a grain size of 9 nm, about 30% of the material consists

of thegrain boundaryGB) componenf{l].



Figure 1.1. Bright-field TEM image of NC F¢D, thin film.

o

Figure 1.2. lllustration of NC material. The hatched areas represent the nanocrystals with different
orientations. The dark regions separating the crystals are the disordered grain boundaries [2].



In the nuclear industrgngineeringNC materials have been studied for their improved
radiation resistanc&Bsare effective sinks for radiatieinduced defect@igure1.3), ultimately
impacting the radiation tolerance ®MC materials against net defect accumulatidrine
mechanisms behind this effect are still under debate, but it is proposed that interstitial defects
created during damage events primarily move intcd@Beand could return to the bulk material,
annihilate vacancies (healing effecihd promote radiation tolerance. Large interfacial areas
found in NC samples enable shorter diffusion distances for defect migration and an overall
effective healing mechanism, explaining the enhanced radiation tolerance observed. For instance,
NC partially inverse spineb "Q"O@ can tolerate doses up to 96 displacements per atom (dpa),

while its coarsegraincounterpartvasamorphized by a dose of just 12 dpd].
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Figure 1.3. Irradiationinduced defects have an impact on microstructbice [
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GBs exist ina highlyenergetic state and add to the total energy of a system. Thenefore,
NC materialghere is a driving forcéo reduce the total GB area ia turn,reduce the energy of
the system, which produces a high susceptibility to grain groWtiermaly-induced and
irradiationrinducedgrain growthis responsible for grain enlargement and annihilation of benefits

of the NC materials



1.2.Classicalthermal grain growth model

i No r mraih growth is the increase in the average grain size while a decrease in the
number of grains an@B area(Figure1.4). The driving force for such a process is the reduction
in theGB surface energy. The distribution of grain sizes should remain constant while the average
grain size increases. Tonderstandthe size distribution, it is necessary to underst@is
behavior. Their movement reduces the a@inedGBsoccupyand thereforalso reduces the Gibbs
energy.GBshave greater Gibbsds energy because the
process, the small grains gradually disappear while the Gmajes expandThis process can
continue until an ideal crystal appears. However, in real conditions, the velocity of the grain
boundaries decreases due to numerous obstacles such as pores, preaipitaigshles. The
curvature alsalecreaseg, hat 6 s why t he drandeventgallyfG8notoreanda | s o r

grain growth stop

S
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Figure 14. lllustration of the process of grain grow@j.[

The graingrowth in a polycrystalline material under isothermal annealing is a thermally
activated phenomenon. Under a curvaidnigen mechanism, the difference in curvature between
the two grains establishes a pressure, which causes unbalanced fluxes of atoms to juitige across
GB. Thus,GB migrates toward the center of the boundary curvature to minimize the total boundary

area, and thus reduce the total free enei@gain growth is the process thatgovernedy GB



movementGB migration can be modeled using reaction rate theory as shdwguire1.5 where

the subscripts Ainitialo and Afinal 0 represen

f final—initial ﬁ
f

Jinitial> final

A

initial

Gibbs free energy

v

Reaction coordinate

Figure 1.5. Schematic of Gibbs free energy states of two lattice sites on opposite sides of a GB. The
parameters f(ni « i J@andifrain a1 ¥YEePresentithe jumping frequencies of an atom from one side to the
other side (as indicated by the subscript$).[

From the difference in Gibbs free energy, the atoms in the initial state tend to jump to the final

state. The jumping frequency of an atom from the initial st&e (o ) to the final state or

inversely (£ o ) expressed as:
£ o SAgb— (1)
£ o sAgp—2 (2)

where) =E ZE, (with Eas the Boltzmann constant afids the Planck constanf), andY'
are the atomic jumping rate, the activation energy for GB migration, and the energy difference
between an atom in the initial state and an atom in the final state, respectively. Then the GB

migration velocity can be expressed as:



e 1 /£ o £ o AP —[p L (3

wherel is the interatomic spacing in GBs. Assuming Hat. E 4Eq. (7) can be simplified as:

<

- Y0 (4)

where- —A @D — is defined as the GB mobility ar¥D is the driving forceof GB

migration. For curvaturedriven GB migrationY0 results from the pressure difference between

two opposite sides of GB segment

Then

The proportionality constant §é regarded as the mobility &B, r andr are the curvature

radius. The size of each grain will be determined by the radius R of an equivalent circle or sphere

having the same area of volume. In this way, increasing in size of GB can be calculated by
integratinge around the grain. The net increase described-hy therefore directly related to an

average value af around the grain. Consequenty, Gd where factoiCdepends on the

grain. For circular grain it is unity, for ordinary grain it can be largqr(6) can be written as:

— G= — @

r

The curvature will vary from grain to grain as well as around the periphery of each grain, due to

the complex shapes of the graasa singlephase material. For analysis Hill§t8] used onlythe



value ofC = = averaged over all the grains of each size. The critical size where the value of

the expression goes through zero will be denotedl by

Cr ~=1— - ®

r r

In this way, the relation betweéiy. (6) and (8) is:
— 4= -

To evaluates a stability criterion is adopted to ensure a steady state grain size distribution.

Within thistheoreticalframework, Eq. (9)s thentransformednto the following[19]:
— O pi0 (10
whereO—nt 1 & ,r=¢-r —

This stability criterion requires a constantwhich forces laskq. (in the case ofT T to

have a single root. In this cases 2 is readily solved, which further gives the evolution of

average grain sizé withtime( al so known as Hillertds model)
$ $ - Qu

The kinetics of grain growth iNNC materials can rarely be described by a simple power
law (Eq11) of the type applicable to grain growth in highly pure, cogrséned polycrystalline
materials. The practically unavoidable presence of impurities or solute atoms, pores, or precipitates
in NC samples gives rise to significant retarding force&Bmovement that manifest themselves

during isothermal annealing as an eventual stagnation of grain growth at a limiting grain size. In



conventional materials, the influence of such pinning forces is usually modeled under the
assumption that their strength is independent of the average grain size. For the case of solute
(impurity) drag, however, the retarding force is proportional to thecentration of solute
(impurity) atoms segregated to &8s In NC materials, this concentration is expected to depend
strongly on grain size, because (BB area available for segregation changes rapidly with grain
sizewhenever grain size is small. Ris reason, solute drag may have a qualitatively different
influence on grain growth iINC materials than in conventional, coaggained samplefeviation

of T from 2 in Eq. (1) have been extensively observed in NC materials. For example, in NC Cu
[20], by fitting the grain growth data to Eq.1jlexponentvas determined to be 2, 3 and 4. In NC

Fe, theexponentwaried from approximately 163K) to approximately 3783 K). This variation
suggests that the value fofcannot physically reflect the mechanism of nanoscale grain growth.
The observed deviation dfie exponentrom 2 in pure NC metals may be caused by the changes
in- AT Amay arise from the size effect of nanoscale grains and the potential impurities that are
involved in preparation/synthesis procedures. The curvaiiven mechanism is derived based

on conventional coarsgrained system without consideration for the gifect of the NC system.

Due to nanoscale grain size, NC materials contain a large volume fraction of GBs and triple
junctions. Moreover, since there is much higher GBs dengsifyurities or pores segregated at
GBs canaffect GB movementThus,the grain growth behavior of these materials may exhibit
different characteristics from those of their coageined counterpart. Therefotbegeneralized
parabolic(classic) grain growth model was developed later

$ $ - G412

where$ is a grain diamete® is an initial grain diameter, is a constant proportional to GB

mobility andl is the grain growth exponenthich can change for different materials and depend



on the intrinsic propertiesnd Ois the annealing timeThe empirical grain growth exponeht

usually varies between values of 2 anf@®dNC 0 A )2iL], # Oc ¢, ¢ o,. A 1 [24]. However,

some studies reportdd 5i 8- C# ©uv,. E [26], and even 10or & A27]. In the case of

. 1 1 was found to b8.81 5.3[28] and5.5for "Y¢ ¢ w For NCYU R was foundo bemore

than 14 andor the description of grain growth kinetiesithors suggestdslur k e 6s model w

will be introduced in the next sectiofiorNC 0 "Q0 @& ¢ was found to be RB0].

1.3.Grain growth modelswith the impediment

Despite the additional flexibility imparted tq. (11) by the introduction of the variable
exponent n irEq. (12), it is frequently impossible to fit measured grgirowth curves with the
generalizegarabolic grain growtmodelover the entire range of annealing times. At long times,
one observes a stagnation of the growth process arising frombgnanaary pinning by second
phase patrticles (Zener drag), impurities (solirey), pores (pore dragdr the sample surface
(thickness effect). An alternative t6q. (12) for the description and analysis of grgirowth
kinetics is provided byurke o p by a modification of the differential form of HillertiEqg. for

00 :

°0 o
Q0 © po

in which "QO represents a drag influence on the growth rate caused by sources of boundary
pinning. Growth laws of the form dq. (13) reduce tdEg. (11) when the influence of the drag
term is negligible. Burkeintroduced maximum, limiting grain siX@  to account for the

observed influence of seconghase impurities and/or the sample thickness on the-goaindary

mobility. Since the growth rate- vanishes when the mean grain szeeacheO | the only



grainsizeindependent expression fékhat is compatible witkg. (13) is'Q ——. This leads to

the following differentialEq. describing grairgrowth kinetics in a system exhibiting stagnation:

Burke integratedEq. (14) and obtained expressi@o :

o qe—— (15

Later, Michels et al[32] suggested that the retardation const@® i & q(13)s houl d
be a function of grain size Aunt bposessumtmegdr avihtaht p
process of grain growth of grain growth when

the GBs are more enrilcthedngAgrhonssmaei deepend

0o (@] O O QuRncebdFO po
This model is called the grain growth model with siependent impedimeandwas successfully

applied toNC 0 'Q &1 AY32],06 60 ch"'OQ"Y'Q o ThY 6 6 @rv.

1.4. Irradiation -induced grain growth
To study irradiatiorinduced grain growththe concept of radiation damage will be
introducedfirst. Many components utilized in nuclear energy systems are exposed {eneigly
neutrons, which are a fyroduct of the nuclear reactions generating energy. In existing fission
reactors, these neutrocemingfrom uranium fission, while in prospective fusion reactors utilizing
deuterium (D) and tritium (T) as fuel, the neutrons result frefihfDsion. Additionally, spallation

neutron sources, employed for various materials research purposes, produce neutrons through

10



spallation reactions between a highergy proton beam and a heavy metal target. Exposure to
neutrons can induce significant alterations in the microstructure of materials, leading to observable
changes in component dimensions, as well as modificatioriseirphysical and mechanical
properties of the material. For instance, radiatiratuced void swelling can cause density changes
exceeding 50% in certain grades of austenitic stainless steels. Furthermore, shifts in thductile
brittle transition tempetare exceeding 200°C have been documented in theallow steels
utilized in manufacturing reactor pressure vessels. These phenomena, alongside irradiation creep
and radiatiofinduced solute segregation, are extensively discussed in the litgB&Lkll these
macroscopic changes arise from the process of primary damage production. This primary radiation
damage event, which is referred to as an atomic displacement cascade, was first proposed by
Brinkman in 195437].

In a crystalline material, atoms are arranged in a regulardmeensional lattice structure.
A displacement cascade can be imagined as a chain of elastic collisions initiated when a specific
atom is hit by a higlenergy neutron (or incident ion in thase of ion irradiation). This initial
atom, known as the primary knoeok atom (PKA), will recoil with a certain amount of kinetic
energy, which it transfers through a series of collisions with other atoms. The first of these
collisions produce secondary knockn atoms, which then transfer energy to third and
subsequently highesrder knockons until all the energy initially transferred to the PKA is
dissipated Although physicsis slightly different, a similar event has been observed on billiard
tables for many years. However, unlike billiard balls, atoms within a crystalline solid are subject
to binding forces originating from the presence of electrons and other atoms. Thisg furces
are responsible for the formation of the crystallineda and establish a minimum kinetic energy

requirement for displacing an atom from its lattice position. This minimum energy threshold is
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known as the displacement threshold enef@y énd typically ranges from 20 to 40 eV for most
metals and alloys used in structural applicati@sAnother consequence of the cohesive forces
binding atoms together is that collective, or maogy, effects play a significant role in
determining how energy is redistributed among atoms durindispécement cascade process.

When an atom receives kinetic energy excee@ngt can be displaced from its original
lattice position and settle within the interstices of the lattice. Such an atom becomes a point defect
in the lattice and i&known as an interstitial or interstitial atom. In the context of an alloy, the
interstitial atom may be termed a selferstitial atom (SIA) if it's the primary component of the
alloy (e.qg., iron in steel), distinguishing it from impurity or solute irigats. The term SIA is also
applied to pure metals, although it's somewhat redundant in that case. Conversely, if the original
lattice site remains vacant, the complementary point defect is formed, known as a vacancy.
Vacancies and interstitials are deghin equal numbers by this process and the name Frenkel pair
is used to describe a single, stable interstitial and its related vat@eagvolution of displacement
cascades is similar at all energies, with the development of a highly energetic, disordered core
region during the initial, collisional phase of the cascade. Vacancies and interstittaissadered
to becreated in equal numbers, and the number of point defects increases sharply until a peak
value is reachedefect production tends to lbeminated by a series of simple binary collisions
at low PKA energies, while the more collective, casddae behavior dominates at higher
energies. The structure of typical 1 keV and 20 keV cascades is shévguial.6, where parts

(a) and (b) show the peak damage state, and (c) and (d) show the final defect configurations.
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Figure 1.6. Structure of typical 1 keV (a,c) and 20 keV (b,d) cascades. Peak damage state is shown in (a
and b)and the final stable defect configuration is shown in (b and d) [25].

The thermal spike model was introduced in order to describe the kinetics-ofdoced
grain growth byLiu [38] and then further developed by Alexan{i#9] and finally byKaoumi et
al. [40]. The idea behind the thermal spike model ofilwadiation induced grain growth is the
following: during the collisional phase within a displacement cascadecalized temperature
increase, often referred to aglagrmalspike"within aconfined region very dense in point defects
When thighermalspike occursiearaGB (Figure 1.7)thermally activated atoms within the heated
region may traverse the boundary. If a net migration of atoms occurs in one direction across the
boundary, the boundary itseifioves in the opposite direction, once the thermal spike region
returns to thermal equilibrium with its surroundinghis results in a power law expression

13



O U hrelating the average grain size with the ion flueri®e, the initial mean grain
diameter, ¢ ion fluence, ¢ grain growth exponenthat may be intrinsic for a material
systemp  proportional to the graiboundary mobility of the materials and the driving faaoe
dependent on irradiation propertidhe hermal spike model was successfully applied for NC

metals[40] and alloyqd41] and for some oxide systerf2], [8].

™. - Atomic jumps

o \ - Grain boundary migration

@)
O - Thermal spike
00 ’

Grain boundary

Figure 1.7. lllustration of thermal spike occurred near GB.

1.5 The main goal of this work

Although there are several studies in the literature on this particular topic of grain growth
in NC metals, very little attention has been paid to grain growttGroxides under heating and
irradiation, especially when usimg-situ TEM during irradiation and heatin@he current gap in
studying of grain growth oNC oxides is related to the absence of a unified theDifferent
models were applied to understand thermedtjuced grain growth IiNC oxides (includinghe
Classical model, B r k md@del with the resistive force, aiMli ¢ hsamodeld In the case of
irradiation, thereare alsasome discrepancies in the description of kinetics of grain growth. Some

14



works reported successful application of the thermal spike model with n = 3
(6 QUAT X0 whereas other studying had higher exponents n = 50 ® GA T &i 0.
Moreover, there is no information about thermatiguced and irradiaticmduced grain growth

in NC[ "OQ) h"OQ) AT &i0 which are important materials for nuclear reactor components
since they develop as a scale on steel components, hence the choice of the Maténalbest

of our currentknowledge this is the first work investigating thermafiguced and irradiation
induced grain growth in these materialfie main purpose of this woskasto investigatethe
kineticsand mechanisrof grain growth inNC 1 "OQ) h "OQ) ROQ) % ¢ &i0 . Thin films

with NC grain sizes were produced using Pdilsaser Deposition oMagnetronSputtering
Deposition techniques. These films were then subjected to thermal annealing within a
Transmission Electron Microscope (TEM) to observe the grain growth process. Additionally, the
samples were irradiated in situ in the TEM at temperatures rafrgimg-223Cto 500Cusing 1

MeV Kr?* ions to doses up to 10 displacements per atom (dpa), allawsittginvestigate grain
growth under irradiation conditions. The evolution of grain size was monitored over time for
thermally induced grain growth and in terms of irradiation dose (dpa) for the irradiated samples.
The findings were analyzed in the contexesisting literature, comparing the observed kinetics

of grain growth with the different isothermal grain growth models and the thermal spike model

developed for metals.
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CHAPTER 2. MATERIALS AND METHODS

The main goal of this chapter is to describe materials and experimental methods used in
this work. The description includes techniques used to grow electron transparent oxide thin films
and characterization methods sucnasitu TEM heating andrradiation experiments. Description
included working principle of software used for preliminary calculation of the radiation damage
in oxides. In-situ heating and irradiation experiments are described in detail including the
information about equipment and different techniquemally, the methodof grain size

measurements using ImageJ software is described.
2.1. Crystal structures of oxides

|  "OQ) (Hematite) is the most stable polymorph'@X)) and has a rhombohedrally
centered hexagonal structure of the corundum type with a-phadeed oxygen lattice in which
2 woBthe octahedral sites are occupied by Fe (lll) ions (Figut®). It crystallizes in the &
space group, with lattice parametérs v8t ¢ @and® p & Tt 68The! "OQ (Maghemite)
is theinversespinel crystal structure thigatures vacant cation sitesi{ ), which usually occur
in octahedral positions, to compensate for its increased positive charge @idirén this case,
about 11% of atomic sites pf "OQ) occupied by iron vacancieEherefore, the stoichiometry
of/ "OQ) can be formally described 8Q 'OG w y 0 with lattice paramete®
& T §@nd space group 0T 0 ¢T 0. 6 10 alsohas thecorundumstructure(Figure 2.2a)
consisting of dexagonal clospackedarray of oxide anions witA voBthe octahedral holes
occupied by chromiumit crystallizes in the trigonal & space group with lattice parameters
Itwdandw p @ wHB'OQ (Magnetite) hasan inversespinel structure (Figre 2.2b) in

which the cations are situated in both tetrahedral and octahedral interstices in a cupiackese
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oxygen sublattice’O'Q) has annverse catiomlistribution in which tetragdral sites are occupied

by half the 'OQ and all the ' OQ cations are found on the octahedral si{dg].

b

Figure 2.1.Graphical representations of crystal structures of OQ) & and
0 .

b

Figure 2.2.Graphical representations of crystal structure$ ob ¢, and’OQ) .
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2.2. PulsedL aserDeposition

Pulsed Laser DepositiolP[[D) was used to grow the'OQ) , 'OQ) @& Qi thin
films. High-power pulsed lasdream is focused to strike a target of the desired composition. This
strike results in electronic excitation in the target. The energy related with these electronic
excitations may be converted into thermal, mechanical, and chemical energy. As a resutl mat
is then vaporized and deposited as a thin film on a substrate facing thefegges 2.3). This
process can happen in ulnggh vacuum or in the presence of a background gas, such as oxygen
when depositing films of oxides.’OQ) h"OQ) and 6 iU thin film was grown on
O & 6Ad B 6 substrate using a 248 nm excimer laser at § FRQ) h"OQ) andd iU target
was used for deposition. During the deposition the base pressure in the champemwag 1 i
and temperature was 3008amples were produced at Pacific Northwest National Laboratory
(PNNL) (Figure 24). Figure 25 demonstrates images of samples processed by. FbhB

conditionsand parameters of the sample preparatiotistesl in Appendix A.

UHV-PLD-X -

Rotatable Heater
Sample Pressure
Manipulator Gauge
Excimer W View

Laser Source

Pyrometer

Planetary
Target Manipulator

Figure 2.3. Pulsed Laser Deposition (PLD) procedk [
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Figure 25.0 F@; (a), FeO4(b), CrOs (c) produced by PLD at PNNL.

2.3. Magnetron sputtering deposition

Magnetron Sputtering Deposition (MSD) was also used to grow | ti@Q) ,
"OQ) AT &i0 thin films. The working principle of M® is the following (Figure 2.6): the
chamber filled with Argon gas. Magnets generate a magnetic field near the target. Electric potential
is then applied between the target material and the substrate, which restdistimga plasma.
Positively charged ions from the plasma are accelerated by an electrical field and strike the target
having negative potentialith a sufficient force to eject atoms. The ejected atoms will then travel
towards the substrate forming thin filmis sucha way, the M® system at the Center for
Integrated Nanotechnologies (CINT), Los Alamos National LaboratddB0) (Figure 27) was

used to growOQ® andd 10 thinfilmonp p®a O & dsabstrate Pure] 'O AT &il
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targes wereused for deposition. During the deposition the base pressure in the chamiber was

p 1T "Y€ 1 The target was oriented edkis by 30 degrees arlde targetsubstrate distance was

set at 12.7 cm. The substrate was first cleaned using an RF bias of 30W. The stage was heated up
to 300J0 and this temperature was maintained for 30 min before the deposition. The pressure in
the chamber was observed to increase top 1 “Y¢ L During the deposition, Ar flow was 30

SCCM (standard cubic centimeters per minutédQ) ando6 i0 target was set to 100 W with

the RF power supplyrigure 2.8 demonstratesamples processed by MSvith the tin film of

0 i0 on the top and NaCl substrathe bottomSample preparation conditions and parameters

are listed inPAppendixA.

UHV-MSD-X

Rotatable
Manipulator

ﬂbﬂme

Thickness
Monitor

o

Gas Shower
Head ~_
Pressure

Gauge

Cathode |

Shielding Magnetron

EEE

Figure 2.6. Magnetron Sputtering Deposition (MSD) proce§s [

Magnetron
Cathode
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Figure 2.7. MSD system at the Center for Integrated Nanotechnologies (CINT) and the Los Alamos
National Laboratory (LANL)

Figure 2.8. U F@; (a), FeOs (b), CrO;z (c) produced by MSD at LANL.

24. Thin film preparation for in-situ TEM experiments.

Samples prepared by NDSand PLD were cut tde appropriate fothe TEM grid size
(Figure 2.9). Then samples were floated on a liquid solution (80%odzed water and 20%
ethanol)to dissolve thin film fronthesubstrat€Figure2.10). After thatthin film was put ontahe
TEM copper grid and driedFigure2.114). The grid in the holddiFigure2.11b) was then inserted
in Transmission Electron Microscopffiure2.12a, B. In-situ TEM heating &periments were

performed at the Analytical Instrumentation Facility (AIF) at North Carolina State University.
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Figure 2.10. The process of dissolving thin film from the substrate.
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Figure 2.12. TEM at AIF at NCSU (a) and heating holder inside TEM (b).

2.5. Preliminary estimation of radiation damage using SRIM

To estimate the range of ions and their displacement rate in the materials the Stopping and
Range of lons in Matters (SRIM) was used. SRIM is a Monte Carlo pratparsimulates ion
transport and damage production in materials. SRIM can calculate the stopping and range of ions
into matter using an empirically derived universal interatomic potential eftmm collisions. The
corresponding damage profiles in the différexides ofinterestwere estimated SRIM using the

Kinchin-Pease model for calculati@md the thickness was set @802im. A displacement energy
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of 28 eV was used for Oxygen and 40 eV for Fe, Cr. It is important to run the coaldafge
enough number of ions &iminatepossible statistical errors. The radiation damage préfigrite

2.13, Figure 2.14) calculated by SRIM increases with depth until decreasing at the end due to
sputtering of displaced atoms from the back surface. Tihngdamage profile SRIM outputs were

processed and the number of displacements per atom in the thin film:

"0 — (16)

Where is the fluence (ionsi &), 0 is the atomic densityt—), K is the average number of

displacementper ion per Angstromd( (from SRIM outputs)

Damage profile
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Figure 2.13. Damage profile fofOQ) FOQ) and® 10 thin films.
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dpa/s as a function of distance

0.0012
0.001 7 ’
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0.0008 | /
" /
§ 0.0006 Cr203
\ Fe203
0.0004 \ Fe304
0.0002 \
0 _
0 200 400 600 800
Depth, nm
Figure 2.14. Dose rate (dpa/s) f60'Q) ROQ) and®d iU thin films.
Table 1. Damage profile parameters
Material Density (g/cm3) Average dpa/s over 200 nm
' o 528 0.00091958
"0Q) 5.20 0.00092377
510 512 0.00092808

2.6. IVEM facility usedfor irradiation and heating experiments

In situ grain growth experiments were performed at the Intermediate Voltage Electron
Microscopy (IVEM-Tandem Facility) at Argonne National Laboratory. The IVEM is a-iwval
beam facility for in situ TEM studies of defect structures in materials underotedtion

irradiation/implantation and sample conditiotiss unique in its ability to image the changes in
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atomic structure and defect formation during

advantagefo]:

- Realtime observation of defect formation and evolution under irradiation

- Well-controlled experimental conditions (specimen temperature, ion type, dose rate)

- High-dose ion damage is produced in hours, rather than the years such damage would require
in anuclear reactor

- In situ irradiation does not produce radioactivity in sample

The IVEM-Tandem Facility is used for in SiltEM studies of grain growth structures in
materials under controlled ion irradiation and sample conditiDas. to limitations on source
lifetime, doses greater than about 10 dpa require using inert ga& aommon ion foin situdamage
studies is Kr with double charge to achieve 1 MeV energy with 99% transmittal through atigical
thickness of 100 nm in FeKr ion irradiation can induce observable damage within a short period
of time. The cascade damage profile produced by Kr ion irradiation is similar to neutron irradiation
in a nuclear reactor. Hence, efficient mirroring of the defect and structural endlutbughout
the actual service life in extreme environments is possible within the timescale of a laboratory
experiment45]. Kr ions are betterampared to Arbecause they have a higher mass and will
createalarger cascade that will be better to simulate the neutron. On the other hand, compared to
Xe, Kr has a lower mass and therefore will have deeper penetration, given the same energy and
therefore there will be less unwanted Kr implantation in the sample.

For irradiationin-situ TEM experimentKrypton ion beam was createdtime accelerator
part Figure 15, @). Then the beam was transferred by bfeamline(Figure 15, b) to the IVEM
(Figure 2.16 b) usingan electrostatic deflectofFigure 2.8, a). The experiment was conducted

using a linear ion accelerator w911 Danfysik ion source coupled with a Hitachi 9000 TEM at
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30Jfor simultaneous ion irradiation and electron imaging. The experiment conditions were 1 MeV
01 ions ata flux of 6.25 p Tt ionsk /s to a maximum fluence of 7.1pxTt "Q¢ #ai . The

TEM sample holder has the capability to cool and heat temperature-228€ to 500C This
temperature range was chosen in order to understand the kinetics of grain growth- at cryo
temperatures when thermal grain growth is minimal and attieigiperature where thermal grain

growth can be significant.

Figure 2.16. Electrostatic deflector (a) to direct the ion beam down into the IVEM on the floor below and
the IVEM Tandem Facility (b)d].
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2.7. Grain size measurements

ImageJ software was used for grain growth measuremidrgsffectivadiameter of grains
can be calculated usirtigeequivalent area ratio betwethreellipse and circleThe areaf Ellipse

(Figure2.17a) can be determined as:

~

0 “0E7)
where ai is themajor axis, and b ithe minor axis.On the other handhe Area ofthe Circle
(Figure2.17b) is:

5  “i (18)

ImageJ was used for measurthg majar and minoraxesof "OQ) grain structurgFigure2.17c).

Taking into account the approximation tllat 0 effective diameter of grains was calculated.

250 to 300 grains were measured on each picture to have reliable data. TEM images were taken at
the same region for consistency and the following of the grain size evolittample of the

process of grain size measurements can be found in Appendix D.

o yA b yA

2
/

Figure 2.17. Ellipse (a),Circle (b). The procedure of measuring the size of grains by ImageJ §0x Fe
sample (c).

il /

y
-
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2.9 Experimental matrix

Table 2. Summary of the performed heating experiments

Sample Temperature, C Temperature, C
O 000 RT1 500(a gradual increase of RT 1 500 (a fast increase of
temperature and then 2 h temperature and then 4 h annealil
_ annealing at 500G
O 000 RTi 500 (a gradual increase of -
temperature and then 2 h
annealig)
610 00O RTi 500 (a gradual increase RT1 500 (a fast increase of
of temperatur@and then 2 h temperature and then 4 h
annealing annealing at 500C
"0 0 YO RT i 500 (a gradual RT i 500 (a fast increase of
increase of temperatuead temperature and then 4 h
then 2 h annealing annealing at 500C
0io 0YD RT1 500 (a gradual -
increase of temperatueand
then 2 h annealing
Table 3.Summary of the performed irradiation experiments
Sample Temperatur¢ e C Dose(dpa)
0 000 -223 0-8
"0 000 -223 0-12
616 00)0 -223 0-15
"0 000 RT 0-5
6i6 00)0 RT 0-10
0 000 500 0-10
610 00)0 500 0-10
"0 0 YO RT 0-5
0i0 0°YD RT 0-3

29



CHAPTER 3. RESULTS AND DISCUSSION ON GRAIN

GROWTH DURING THE HEATING

To investigate the role of temperature, purely thermal runs were conducted for selected
samples.This chapter presents the experiment resaft| "OQ) ff "OQ) RO AT &A1l
obtained from thetudyof the process of grain growtluring heating from RT to 500&hd longr-
time annealing at 500GHeating experiments were conducted atAlmalytical Instrumentation
Facility (AIF) at North Carolina State University (NCSWBright-field (BF) TEM images and
diffraction patterngDPs)were obtained during the experimerithe average grain diameter was
measured over temperature and time using ImageJ soffWagaesults of the experiments are

discussed and compared with the existing grain growth models.

3.1. Experiments performed on NCg »F thin film

3.11.NC g »F |4 fhinfilm

TEM characterization confirms that teid 0 0 ‘@in film exhibits aNC structure as
shown inFigure3.1 and the average diameter was measured:togognm. The diffraction pattern
from the as deposited samplasindexed according to the corundum crystal structure o
with a lattice parameter 8 T8 P d and®d p & wd. TheDPstaken in this regiomdicate
thatthe grains in the adeposited sample do not have an obvious preferential grain orienEfon.
TEM images demonstrate the evolution of grain size during hdabimyRT to 500G Figure3.2).
Results of grain measurements by ImageJ softameespresentedh Figure 33. It can be seen
that grain growth started aftezaching300Cand gain size was found to be24 nm at 500CTo

study isothermal grain growtdt 500C4-hour longannealing experiment was performed on the
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5 on

selected sampl®.i0 0 0 @in film wasquickly (in 10 minutesheated from RT to 500C and
then annealed for 4 houfBig 3.4). As shown irFigure 33, and Figure 3.5 rgins grew from 11

to 27 nm inthe process of heating and from 27 to 32 nm during the annealing.

Figure 3.2. BF TEM images of GOz PLD thin film during heating from RT to 500C
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Cry05 PLD

b
Temperature, C Grain diameter, nm
24 ‘
RT 16.9 12 min at 450C
2 \.+
300 (13 min) 15.7 £
g2 15 min at 400C
400 (15 min) 19.1 : \+
© 18
450 (12 min) 21.8 + —
16 \-+
500 23.8
100 200 300 400 500
®mperature, C

Figure 3.3. Results of measurements for,Gg PLD (corundum crystal structure): Table with
measurements of the average diameter of grains (a), Grain size dependence on terfiperature

. RT ' _10 minutes . 500C

Grainssizeis.27 nm

500C 1 hour

500C2 hours » SOOC 3 hours SOOC 4 hours |

Figure 34. BF TEM images of GOz PLD thin film during annealing at 500C.
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Cr,03 PLD

a b o
Grain size vs Time
Temperature, C Grain diameter, nm
RT 10.7 327 ° * +
500 272 311 '
£
=
1 hour at 500 31.1 8301
£
2 hours at 500 31.9 5 21
3 hours at 500 31.7 28
4 hours at 500 32.1 27 4 +
00 05 10 15 20 25 30 35 40

Time, hours

Figure 35. Results of measurements for,Gg PLD (corundum crystal structure): Table with
measurements of the average diameter of grains (a), Grain size dependence on time (b)

3.1.2.NC g »F MSD thin film

TEM characterization confirms that thei 0 0 "Y'Ghin film exhibitsan NC structure as
shown inFigure3.6 and the average diameter was measured o bam. TheDP from theas
depositedsamplewasindexed according to the corundum crystal structuse d with a lattice
parameter ofd T® Ydand® p & wd. The diffraction patterns taken in this regindicate
that the graisin the asdeposited sample do not have an obvious preferential grain orienEfton.
TEM images demonstrate the evolution of grain size during hediggré3.7). The resultof
grain measurements by ImageJ software represented irrigure 3.8. Grain size at RT was
measured to be 8.3 and5)0C grain size was found to*® nm. This meansalmost negligible
grain growth happened in this sample desgigssmall initial grainsize It was decided to anneal

thesample at 500C for 2 houigsee grain growth. Still, sasurements did not show grain growth

even after 2 hoursf annealing at 500C.
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200 nm
Figure 3.6. BF TEM images and corresponding diffraction pattern e@©&MSD thin film at RT.

RT 200C 300C 400C 450C

500C 500C 30 min 500C 60 min 500C 90 min 500C 120 min

Figure 3.2. BF TEM images of GOz MSD thin film during heating from RT to 500C and annealing for
2 hours at 500C.
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Cr,05 MSD
b

d
Temperature, C Grain diameter, nm
RT 33 95 1 13 min at 450C
. 14minat300C ~ o
200 (15 min) 89 15 min at 200¢ o
_ 9.0 1 T~ © “o
300 (14 min) 8.9 E
- v
450 (13 min) 9.2 E s |
c
500 9.2 o ’
Q
0.5 h at 500 9.5 8.0 1
1 hat 500 8.7
7 4
1.5 h at 500 8.7 >
2 hat 500 98 0 100 200 300 400 500
Emperature, C

Figure 3.3. Results of measurements for,Gs MSD (corundum crystal structure): Table with
measurements of the average diameter of grains (a), Grain size dependence on temperature (b).

3.2. Experiments performed onNC #1» 5 gk thin film

3.2.1.NCsq g PLD thin film

TEM imagesshowthat thef "OQ PLD thin film exhibits aNC structure as shown in
Figure3.9and the average diameter was measuredtodenm. The diffraction pattern from the
asdepositedsamplewasindexed according to the spinel crystal structure 8@ (Maghemite)
with a lattice parameter @8 @ @ Y& v @. DPstaken in this regioindicatethat the grains
in the asdeposited sample do not have an obvious preferential grain orientaidENB images
demonstrate the evolution of grain size durimgating (Figure 3.10. The resultsof grain
measurements by ImageJ softwarerepresented iffigure3.11 It can be seen that grain growth

started after 300@ndat 500C grain size was found to be 28nm.
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Figure34.BF TEM i mages and corr es pO;RPDithndgimdtiRT.f r acti on

Figure35.BF TEM

300C

2008am °

i ma@; LD thinfiilm duFing heating from RT to 500C
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YF9203 MSD

a b
Temperature, C Grain diameter, nm
o 20 min at 400C
—_—
RT 20 - +
200 (22 min) 212 £ 2
300 (18min) 224 20| 22minat200C (g min at 300C
- ? ™~ \.+
400 (20 min) 289 2 ~. .
500 28 0{¢
100 200 300 400 500

Emperature, C

Figure3.11.Resul t s of me alsRLD (spmel crystl sttucture): oT &bk with
measurements of the average diameter of grains (a), Grain size dependentgsvaturgb).

32.1NC)» 5 g 4 thin film

TEM characterization confirms that the’'OQ 0 "Y'@hin film exhibits a NC structure as
shown inFigure3.12and the average diameter was measured®ogenm. The DP from theas
depositedsamplewasindexed according to thmrunduncrystal structure of "OQ (Hematte).

DP taken in this region suggeshat the grains in the akeposited sample do not have an obvious
preferential grain orientatioBF TEM images demonstrate the evolution of grain size during
heating Figure3.13. The resultof grain measurements by ImageJ softwanerepresented in
Figure3.14 Significant gain growth startetbetween 300 and00C,and the rate is much faster
thaninthe case @ i0 and’ "Of . At 500C the average grain diameter was found to be 32 nm.
To study isothermal grain growth in this sample long time annealing experiment was performed.
| "OQ 0 "Y'@hin film was heated from RT to 500C and then annealed for 4 lsigisown in
Figure 3.15Grains grew fromi1to 28 nm in the process of heating and fr@8ito 44 nm during

the annealings shown irFigure 3.16.
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Figure 313.BF TEM i ma,@:&SD thirf filmWdirieg heating from RT to 500C
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aFe,03 MSD

b
Temperature, C Grain diameter, nm .
w -
RT 10.3
X3 ‘
200 (8 min) 11.5 : 12 min at 450C
3 \
300 (12 min) 10.6 s *
“ 8 min at 200C
450 (12 min) 19.1 5
12 min at 300C
° N
500 32.5 0w{®
100 200 300 400 500
Emperature, C

Figue31l4Resul t s of me aG MSDdcorandumsrystabstructlitd):eTable with
measurements of the average diameter of grains (a), Grain size dependence on temperature (b).

RT' 10 minutes ¥ 500C N 500C lhour

MSize is711 nm

Flgure 315BF TEM i ma@:MSD tlmirffilmfdilErig annealing at 500C.
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aFe,0; MSD

Temperature, C Grain size, nm
RT 11.1
500 28.7
1 hour at 500 40.5
2 hours at 500 40.5
3 hours at 500 44
4 hours at 500 44.1

Figure 316 Resul t s

Grain size, nm
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Fe203 MSD 4 hours annealing at 500C

+

¢’ o

0.0
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Time, hours

of me al MSDdcorandumscrystabstructlré):eTable with
measurements of the average diameter of grains (a), Grain size dependénedtmn t

3.3 Experiments performed on NCq gF thin film

TEM images demonstrathat the’lOQ) thethin film exhibits aNC structure as shown in

Figure3.17and the average diameter was measured®togenm. TheDP from theasdeposited

samplewasindexed according to the spinel crystal structuréOgl) (Magnetite) with a lattice

parameter ofd ® @ Y& wip. DPstaken in this regiorindicatethat the grains in the as

deposited sample do not have an obvious preferential grain orient8ftolTEM images

demonstrate the evolution of grain size during heatiigufe 3.18. The resultsof grain

measurements by ImageJ softwarerepresented ifigure3.19 It can be seen thgtain growth

startsafter 300C, andthe averagagrain diameter was found to be 23 nm at 500€.study

isothermal grain growth in this sample long time annealing experiment was perfi@@igdd 0 'O

thin film was heated from RT to 500C and then annealed for 4 hours. As shéigura 3.20.

Grains grew from 16 to 21nm in the process of heating and from 21 to 28 nm during the annealing

as shown irkFigure3.21
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5nm™

Figure 3.17. BF TEM images and corresponding diffraction pattern @O€LD thin film at RT.

200C | 300C

200inm

Figure 3.18. BF TEM images of F£, PLD thin film during heating from RT
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Fe,0, PLD

a
Temperature, C Grain diameter, nm "
RT 16.1 +
2 1 14 min at 400C
E
200 (5min) 17.1 g \‘+
@ 20
300 (12 min) 18.2 & 12 min at 300C
” 18 5 min at 200C ~ +
450 (14 min) 21 \_+
500 234 B1® ' ' ' ’
100 200 300 400 500
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Figure 3.19. Results of measurements fors:8ePLD (spinel crystal structure): Table with measurements
of the average diameter of grains (a), Grain size dependence on temperature (b).

10 minutes 500C
Grain size is 15 nhm

200 nm,

200'nm p N o 2l 200 nm

Figure 3.20. BF TEM images of
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Fe;0, PL

D

Fe304 PLD 4 hours annealing at 500C
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27 1
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< L]
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T 24
2 hours at 500 26.4 0
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Figure 3.21. Results of measurements fee04 PLD (spinel crystal structure): Table with measurements
of the average diameter of grains (a), Grain size dependence on time (b).

3.4. Discussion
3.41 Unexpected gain growth stagnationin the case of g »f 4 {

During the heating experimentsito 0 0y "O® 0 0@ "OG O "YOOQ 0 O O
thin films demonstrateé grain growth starting after 300CUnexpectedly, results from the
experimentgor 6 i0 0 "Y'@QFigure3.22 revealed grain growth stagnatidrhere isasignificant
difference in grain sizéor NC 0 i0 thin film produced byPLD and MSDO i0 0 "Y'@id not
change grain size whil@ 10 0 0 ‘Grew a lot Average grain size fad 10 0 "Y'@vas measured
to be gnmandd 10 0 0 ©p mm. After 2 hoursf annealing at 500C grain size®fi i 0 "YO
was< wnm andd 10 0 0 ’0¢ mm (Figure 3.23)Grain growth is larger ih i0 0 0 ‘@an in
0 i0 0 "Y@lthough the smaller grain sizedni0 0 "Y'@hould provide more driving force for
the process of grain growth, which indicates that another limiting factor is at play.

Taking a closer looktthe microstructure Eigure3.24) we can seahigh level of porosity

(white elements othe TEM image) near the GBs in the casedof0 0 "Y'@nd this ighe main
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difference compared i) 0 0 @ high level of porosity may come from thfferencein the
deposition proces$Grain growthhappensvhen GB is moving in one direction and atoms are
jumping in opposite directions. As it was describe€imapterl GB may encounter impurities,
secondphase particles, and pores in the process of movement. This will result in a decrease in GB
mobility and therefore slow down the grain growth process. Graimdary pore interactions

were described in several woilkg, [46], [47], [48].

Cr,0; MSD RT Cr,03 PLD RT

TR ; et
ol 2 g B0 5 ) 5 e

100inm iOOmnwAv

Cr,05 MSD 500C 2h Cr,05 PLD 500C 2h

100/ nm

Figure 3.22.BF TEM images foild i0 MSD andd i0 PLD at RT (top) and 2 hours annealing
at 500C (down).
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Figure 3.23.Thermallyinduced grain growth fab i 0 0 @1 &i0 0 "YO

Figure 3.24. BF TEM image of N@ i0 thin film.
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From Figure 3.24 we can see a large number of pottest will act asa dragging force on GB
movement in the process of grain growkigure 3.5 showsa simulation of the process of pere
GB interaction) The resistivéor drag)forceQn Eq.(20) of static pores on GBs was first studied
by Zener, assuming a single average pore radius and randomly positioned pores. This force can be
determined ap18]:

Q ITOi ogm
Where' [ GB energy,0  the number of pores per unit GB area, the pore radiusFrom
Eq.(20) itis clear that the resistive force is directly proportional to a number of peresit area
This means more pores result in slower GB movement and therefore slower grain growth rate. At
some pointthenumberof pores willbeso largehatit can lead to the absence of growth. Ahmed

[2] pointed outhata high enough level of porosity can completely stop grain growth.

Figure 3.25. Evolution of a moving GB and a single pore in time for (a)t=0, (b)t=8, (c)t=12,(d)t=
22, (e) t =30, (f) t = 407].
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Otherfactors have been proposed to explain the stagnation of grain growth in thin films
[49] such ashermal GB groove drag wherethe dragging of surface grooves at GB/surface
intersections generates a force opposing GB migration. Growth stagnates when this drag force
surpasses the grasizedependent capillary driving force, with the critical grain size beirg) 2
times the film thikness. However, stagnation is observed even when films are covered by
refractory overlayers impeding groove formation. However, this idea will not be applicahée to
results obtained in this work because grain saes muchsmaller than filmthickness.For
example, Barmack et db0] attributed grain growth stagnation in Au thin film at long annealing
times toGB grooving Figure3.26). However, in their casethegrainswere 23 times bigger than

the thin film thickness.
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Annealing Time (min)

Figure 3.26. The dependence of grain size on tifme100 nm Al thin film annealed at 4QGor
600 minuteg50].

Another factor that may result in grain growth stagnatioriress generatioassociated
with the GB volume defectAs GBs are often of lower density than the surrounding grains, a

decrease in total GB area during growsinallyinduces tensile stresses in thin films. If the increase
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in elastic energy outweighs the decrease in total GB energy associated with normal grain growth,
stagnation occurs. This mechanism is predicted to be effective for very small initial grain sizes,
yet experiments show stagnation for larger s[#&. Chaudhar{51] alsomentioned that GBs

have been suggested to lead to stress relaxation and stress generation. The author considered grain
growth asamechanism of stress relief or stress generation in thin filtowever this isunlikely

thereis going to be stress in thin filnosedin the experiments in this work. The reasmnconcern

is that films are not epitaxial to the substratkerefore, it would not have any driving force to
grow strained (trying to match an epitaxial substrate) instead of growing witmstsained,
relaxed lattice parametemlso, thin films were dissolved from thesubstrateandthey became
free-standing so stress was releasidthis process. A small amount of strain may have been
introduced when the film/substrat@ascooled from the growth temperature (300°C) to RT since

the thermal expansion tfethin film and the substrate are likely differedbwever overall,there

should not be a lot of stregat can havanimpact on grairgrowth.

From this experiment it becomesclear that process conditions do hareimpact on
thermallyinduced grain growthParticularly, different initial concentrations of defects due to
different deposition technigques may play a rbletby et al[52] conducted investigations in which
three structurally different metal/oxide thin films were processed (¥abhed Figure3.27) and
microstructurally characterized. Positron annihilation spectroscopy (PAS) data @28 reom
each of these thin films showed a structurally dependent defect size and concentration for each
sample. It was established that the final morphology and defect concentration of thin film depend
strongly on thin film growing process conditions. Densgitaxial films displayed thensallest

defect concentration in PAS. The growth conditions for each of the oxides imparted three different
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morphologies ranging epitactic to polycrystalline to porous and the resultant morphology strongly
impacted defect characteristics, defect distribution in the films, and the internal strain.

Table 4. Table of growth conditions for each oxide sample characterized in this study [21].

Sample ID Growth temperature (°C) Method Time (s) Crystal structure Morphology

SPA -1 600 PVD 10000 Maghemite Dense, Epitactic

SPA - 2 Room Temperature PVD 10000 Maghemite Dense, Polycrystalline
Thermal Oxide 600 Open-air Furnace 20 Maghemite and Magnetite Porous, Polycrystalline

Thermal Oxide

Figure 3.27. Schematics of each oxide sample processed as described by Table 10. Lines represent grain
boundaries and black features represent voids [21].

Mean Positron Depth (nm)
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Figure 3.28. Average positron lifetime as a function of positron energy and mean implantatiorfatepth

given samplef21].
Zhang et al[53] in his work also mentioned that the initial concentration of defects in the
sample due to the synthesis process may have an impact on grain growth. This means that initial
defectconcentration should be analyzed in the future to verify this assumption. The relationship

between the initial defect structure and the oxide formation process demonstrated by Derby et al.
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[52] and results obtained in this work result in the question of whatteerinitial defect
concentration vary between samples produced through pulsed laser deposition and magnetron
sputtering and itlepends on grain growth rate.

On the other hand, Han et f84] reported an unusual suppression of grain growth in tin
oxide nanofilms caused by controlling grain growth with an excessive amount of oxygen
excess oxygen prevents the merging of small grains, which is the primary growth mechanism, as
revealed by in situ TEM. Thus, by tuning th&¥0 ratio away from théY¢ {) the nucleation and
growth of the'Y¢ (grains are greatly suppressed in the nanoribbons, leading to stable preservation
of nanoscale grains despite higgmperature annealing (900C). In fact, despite the annealing, the
average grain size was maintained at 6 nm which also retained theirrsirudegrity. Figure
3.29. (E to G) exhibits TEM images of the annealed nanoribbons, which give average grain size
of 6.1, 7.4, 12.3 nm for the nanoribbon with 11,16, and 21% Sn, respectively (Figure 3.26H).
Increasing of the Sn fraction leads to a largetin size, and concurrently, the nanoribbons also
demonstrate a transition from disconnected grains to connected grains. Thus, the observed
suppression of grain growth was clearly influenced by the composition of the Tiigab
nanoribbons. Authors presented oxygmm compositional tuning as an effective method to
suppress grain growth and stabilize nanoscale grains in metal oxide nanostructures. Authors

emphasized that the approach is broadly applicable to other metal sxateas) ‘Qando Q U

50



: o

= 18] Bulk SnO,!
£ 16] 2)
£ 14/ \|
o 121 i
N 101 i
(7] 8- +
£ 6 = -
8 £ 4 !
o O 2] I
ey 0 i
s 0 5 10 15 20 25 30 35

Initial Sn percentage (at %)

Figure 3.29. Nanoribbons with different concentrations of & {1%, ¢) 16%, and G) 21% were
annealed at 900C in aitl)Y Average grain size as a function of the initial Sn concentration.

In the different work, Zhang et §b3]performed experiments with NC zirconia thin film.
The dependence of average grain size on the O/Zr ratio is shown in FigdyrevBere higher
oxygen deficiency is observed in large grains. High oxygen deficiency may be essential for
stabilizing large cubic zirconia grain&s a result, oxygen content may hareimpact on grain
growth in NCo6 10 ,r 1 "OQ) , and"OQ) . It is possible that the excess oxygen content will
result in grain growth suppressioBxcess of oxygen prevents the coalescence of small grains,
which is the main mechanism of growtdowever, additional experiments are needed to verify
this assumptionFor example, thin films with different oxygen content can be grown via
magnetron sputtering controlling oxygen flow rates. Several types of thin films with different
oxygen content can be deposited. After that, additional heating experiments will e cidek

if oxygen content has an impact on grain growth indN@ ,7 7 "OQ) , and’OQ) .

51



N —

Average grain size (nm)

O/Zr ratio

Figure 3.30. OxygenZink ratio dependence on average grain siz&Xor (thin film [53].

3.42. Grain growth kinetics under long thermal annealing

Isothermal annealing experimentereconducted at 500@ order to study grain growth
kinetics Results of measuremeni&dure3.31 and Figure 32) demonstrate thRC grains grew
fromx ¢ pnm (500C)tox ¢ ynm (500C 4 hourspr 'OQ 0 O ‘QOfromx ¢ ynm (500C)to* T T
nm (500C 4 hours) for "'O0 0 "Y'Qand from 27 nmto 32 nm féri0 0 O @Ve can seegrain
growth stagnation after 2 hours of anneafmgall sampleslthough the largest average grain size

is still well below the total thickness of the sam{#80 nm)
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Figure 3.31 The evolution of grain size 60Q) 0 0 ‘@d "OQ), 0 "Y@hin film with time.
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Cr203 PLD 4 hours annealing at 500C
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Figure 3.32. The evolution of grain sizé i0 0 O @in film with time.

To studythe grain growth kinetics o 10 0 0 ;00Q) 0 0 &nd| "OQ 0 "Y'OC thin films,
theresults of grain sizeneasurementwere fitted to different grain growth modelsing Python

code (Appendix B) Figure 3.28 shows the comparison between measured data and the
theoretically calculated one basedtbac | as si c al mo d e | [32].nndhe dhsedh e | s 0 s
"0Q) 0 0 @e classicagrain growth model cannot be fitted into agreement with the experiment
and yield unrealistic and unphysical parameters (n=E8).| "OQ) 0 "Y@ndé 1§ 0 O ‘@nd
generalized paraboliclassical)grain growth model even cannot be fitted to the data (The program
showsanerror when it is trying to fit experimental dathj.contrast, the grain growth model with
size dependent impedimefitMi ¢ hneotles (Ecs16) fit the experimerdl datafor "'OQ) 0 0 O

610 0 0.,@nd "OQ 0 "Y®ery well.Fitting the da&ito Michel® sodel can be related to the
presence of retardation force which caugeain growth stagnation at long annealing times.
According to Burke a stagnation of the growth process arising from-goaindary pinning by
seconephase particles (Zener drag), impurities (solute drag), and pores (poreSirag).the
sample composition in this study is well controlled during deposition under vacuum, it is unlikely
that significant impurities are present. Also, no seqaimalse particles were observed in thin films
that could retard grain growth. Qime other hand, the presence of porosity at grain boundaries is

common in synthesized thin film8]. TEM-images (Figure 3.3 a,b) demonstratehat some
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amount of nanoporositis presentat the grain boundaries of the-depositedOQ) 0 0 ‘@nd

| "OQ) O "Y@hin films. Yu et al.[8] in their investigation of grain growth NC "Y0 prepared

by PLD also pointed out the films had nanoporosity at the (FRgure 3.3c). Authorssuggested

that pores may produca resistive force that could reta@dB movement and therefore grain
growth.Interestingly, BFTEM image Figure3.33d) lot pores were found in the process of heating
thin films. It is possible that during the annealing process, faster migration of vacancies due to
increased temperature can result in vacancies coalescing in pores ne@idgbBs 3.3e) and

creating a pore draggir(§igure3.33f) which slows down GB movement.

Figure 3.33. Underfocus TEM image of aeposited samples A/ 0, $AR& A - 3 $A
and5/ A y(Yellow arrows show nanoporosity near the GBEM image showing coalescence of
nanopores near the GBaring the heatingd), scheme of pores near GB$ (e), lllustration of GB
passing a particle/pore ({0]
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