
ABSTRACT 

KRETOV, DMITRY. Investigation of Grain Growth in Nanocrystalline Oxide Thin Films During 

Heating and Irradiation Using in-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 area. Nanocrystalline materials 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 effective sinks for 

radiation-induced defects, ultimately impacting the radiation tolerance of nanocrystalline materials 

against net defect accumulation. However, even if nanocrystalline materials present increased 

radiation tolerance at the nanoscale, thermally-induced and irradiation-induced grain growth is 

responsible for grain enlargement and annihilation of these benefits. While the literature shows 

several studies on this topic of grain growth in nanocrystalline metals, very little focus was put on 

grain growth in nanocrystalline oxides. In this work, grain growth kinetics was studied in 

‎ὊὩὕȟ‌ὊὩὕȟὊὩὕ ÁÎÄ ὅὶὕȢ Thin films with nanocrystalline grain size were grown by 

Pulse Laser Deposition or Magnetron Sputtering Deposition and subject to thermal annealing in-

situ in a Transmission Electron Microscope to follow the grain growth. Samples were also 

irradiated in situ in the TEM at temperatures from -223C to 500C using 1 MeV Kr2+ ions up to 10 

dpa to study grain growth under irradiation. The grain size was measured as a function of 

temperature and time 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 be compared to the different grain growth models developed earlier, and possible 

mechanisms were discussed.  
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CHAPTER 1. INTRODUCTION AND BACKGROUND  

In this chapter, the importance of nanocrystalline (NC) materials will be discussed and then 

the theory of grain growth will be introduced. Grain growth will be discussed in terms of existing 

models. Background on irradiation-induced grain growth will be given using the concept of 

radiation damage and the existing thermal spike model for grain growth under irradiation which 

was developed for metals. Finally, 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 properties. NC materials are described by single or multi-phase polycrystals with typical 

grain sizes that are less than 100 nm (Figure 1.1). NC materials exhibit many unique physical and 

chemical properties, which are often superior to the properties of their conventional coarse-grained 

counterparts. For example, NC 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 conventional materials  [16]. 

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 crystal by 10-30% 

(Figure 1.2). For example, for NC-Pd with a grain size of 9 nm, about 30% of the material consists 

of the grain boundary (GB) component [1].  
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Figure 1.1. Bright-field TEM image of NC Fe3O4 thin film. 

 
Figure 1.2. Illustration of NC material. The hatched areas represent the nanocrystals with different 

orientations. The dark regions separating the crystals are the disordered grain boundaries [2]. 
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In the nuclear industry engineering NC materials have been studied for their improved 

radiation resistance. GBs are effective sinks for radiation-induced defects (Figure 1.3), ultimately 

impacting the radiation tolerance of NC materials against net defect accumulation. The 

mechanisms behind this effect are still under debate, but it is proposed that interstitial defects 

created during damage events primarily move into the GB and could return to the bulk material, 

annihilate vacancies (healing effect), and 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 spinel ὓὫὋὥὕ can tolerate doses up to 96 displacements per atom (dpa), 

while its coarse-grain counterpart was amorphized by a dose of just 12 dpa [17].   

 
Figure 1.3. Irradiation-induced defects have an impact on microstructure [5]. 

GBs exist in a highly energetic state and add to the total energy of a system. Therefore, in 

NC materials there is a driving force to reduce the total GB area to, in turn, reduce the energy of 

the system, which produces a high susceptibility to grain growth. Thermally-induced and 

irradiation-induced grain growth is responsible for grain enlargement and annihilation of benefits 

of the NC materials.  
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1.2. Classical thermal grain growth model  

ñNormalò grain growth is the increase in the average grain size while a decrease in the 

number of grains and GB area (Figure 1.4). The driving force for such a process is the reduction 

in the GB surface energy. The distribution of grain sizes should remain constant while the average 

grain size increases. To understand the size distribution, it is necessary to understand GBs 

behavior. Their movement reduces the area that GBs occupy and therefore also reduces the Gibbs 

energy. GBs have greater Gibbsôs energy because they have missing atoms. During the growth 

process, the small grains gradually disappear while the large grains expand. This 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, precipitates, and bubbles. The 

curvature also decreases, thatôs why the driving force also reduces and eventually GB motion and 

grain growth stop.  

 
Figure 1.4. Illustration of the process of grain growth [2]. 

The grain growth in a polycrystalline material under isothermal annealing is a thermally 

activated phenomenon. Under a curvature-driven mechanism, the difference in curvature between 

the two grains establishes a pressure, which causes unbalanced fluxes of atoms to jump across the 

GB. Thus, GB migrates toward the center of the boundary curvature to minimize the total boundary 

area, and thus reduce the total free energy.  Grain growth is the process that is governed by GB 
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movement. GB migration can be modeled using reaction rate theory as shown in Figure 1.5 where 

the subscripts ñinitialò and ñfinalò represent the lattice sites on opposite sides of a GB.  

 
Figure 1.5. Schematic of Gibbs free energy states of two lattice sites on opposite sides of a GB. The 

parameters f(initialŸfinal) and f(finalŸinitial) represent the jumping frequencies of an atom from one side to the 

other side (as indicated by the subscripts) [19]. 

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 state (Æ ᴼ ) to the final state or 

inversely (Æ ᴼ  ) expressed as:  

Æ ᴼ   ʖÅØÐ  (1)  

Æ ᴼ ʖÅØÐ
Ў

 (2)  

where ʖ=Ë4ȾÈ, (with Ë as the Boltzmann constant and È as the Planck constant), 1  and Ў' 

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: 
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ʉ ʇÆ ᴼ Æ ᴼ   ʖʇÅØÐ  [ ρ
Ў

 (3) 

where ʇ is the interatomic spacing in GBs. Assuming that Ў'ḺË4, Eq. (7) can be simplified as: 

ʉ  -
Ў

-Ў0 (4) 

where -
 
ÅØÐ  is defined as the GB mobility and Ў0 is the driving force of GB 

migration. For curvature-driven GB migration, Ў0 results from the pressure difference between 

two opposite sides of GB segment 

Ў0 ɾ
r r

 (5) 

Then 

ʉ 
  -ɾ

r r
 φ  

The proportionality constant M is regarded as the mobility of GB, r and r 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 

integrating ʉ 
  around the grain. The net increase described by  is therefore directly related to an 

average value of ʉ 
  around the grain. Consequently, Çʉ   where factor Ç depends on the 

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

-ɾÇ
r r

 (7)  

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

the complex shapes of the grains as a single-phase material. For analysis Hillert [18] used only the 
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value of Ç
r r

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

the expression goes through zero will be denoted by $ Ȣ   

Ç
r r

= ɻ  (8)  

In this way, the relation between Eq. (6) and (8) is: 

-ɾɻ  (9)  

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

Within this theoretical framework, Eq. (9) is then transformed into the following [19]:  

t
 ɾ Õ ρ ï Õ (10)  

where Õ= ȟ t ÌÎ$
 
, ɾ =ς-ɾɻ

 

  

This stability criterion requires a constant ɾ, which forces last Eq. (in the case of 
t

π to 

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

average grain size $ with time (also known as Hillertôs model):  

$ $ -Ô (11) 

The kinetics of grain growth in NC materials can rarely be described by a simple power 

law (Eq.11) of the type applicable to grain growth in highly pure, coarse-grained polycrystalline 

materials. The practically unavoidable presence of impurities or solute atoms, pores, or precipitates 

in NC samples gives rise to significant retarding forces on GB movement that manifest themselves 

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

(impurity) atoms segregated to the GBs. In NC materials, this concentration is expected to depend 

strongly on grain size, because the GB area available for segregation changes rapidly with grain 

size whenever grain size is small. For this reason, solute drag may have a qualitatively different 

influence on grain growth in NC materials than in conventional, coarse-grained samples. Deviation 

of Î from 2 in Eq. (11) have been extensively observed in NC materials. For example, in NC Cu 

[20], by fitting the grain growth data to Eq. (11) exponent was determined to be 2, 3 and 4. In NC 

Fe, the exponent varied from approximately 12 (663K) to approximately 3 (783 K). This variation 

suggests that the value of Î cannot physically reflect the mechanism of nanoscale grain growth. 

The observed deviation of the exponent from 2 in pure NC metals may be caused by the changes 

in - ÁÎÄ ɾ may arise from the size effect of nanoscale grains and the potential impurities that are 

involved in preparation/synthesis procedures. The curvature-driven mechanism is derived based 

on conventional coarse-grained system without consideration for the size effect 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 density, impurities or pores segregated at 

GBs can affect GB movement. Thus, the grain growth behavior of these materials may exhibit 

different characteristics from those of their coarse-grained counterpart. Therefore, the generalized 

parabolic (classic) grain growth model was developed later:  

$ $ -Ô (12) 

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

mobility and Î is the grain growth exponent which can change for different materials and depend 
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on the intrinsic properties, and Ô is the annealing time. The empirical grain growth exponent Î 

usually varies between values of 2 and 4 for NC 0Ä)Î [21], #Õ ςς, ςσ, .Â!Ì  [24]. However, 

some studies reported Î  5 ï 8 -Ç#Õ ςυ, .É!Ì [26], and even 10 for &Å [27]. In the case of 

:Î/ Î was found to be 3.8 ï 5.3 [28] and 5.5 for Ὓὲὕ ςω. For NC Ὗὕ ȟὲ was found to be more 

than 14 and for the description of grain growth kinetics authors suggested Burkeôs model which 

will be introduced in the next section. For NC ὓὫὃὰὕ ὲ was found to be 2 [30].  

 

1.3. Grain growth models with the impediment 

Despite the additional flexibility imparted to Eq. (11) by the introduction of the variable 

exponent n in Eq. (12), it is frequently impossible to fit measured grain-growth curves with the 

generalized parabolic grain growth model over the entire range of annealing times. At long times, 

one observes a stagnation of the growth process arising from grain-boundary pinning by second-

phase particles (Zener drag), impurities (solute drag), pores (pore drag), or the sample surface 

(thickness effect). An alternative to Eq. (12) for the description and analysis of grain-growth 

kinetics is provided by Burke σρ  by a modification of the differential form of Hillert's Eq. for 

Ὀὸ : 

ὨὈ

Ὠὸ

ὓ

Ὀ
ὪὈ ρσ 

in which ὪὈ  represents a drag influence on the growth rate caused by sources of boundary 

pinning. Growth laws of the form of Eq. (13) reduce to Eq. (11) when the influence of the drag 

term is negligible. Burke introduced maximum, limiting grain size Ὀ  to account for the 

observed influence of second - phase impurities and/or the sample thickness on the grain-boundary 

mobility. Since the growth rate  vanishes when the mean grain size Ὀ reaches Ὀ  , the only 
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grain-size-independent expression for Ὢ that is compatible with Eq. (13) is Ὢ . This leads to 

the following differential Eq. describing grain-growth kinetics in a system exhibiting stagnation:  

ὨὈ

Ὠὸ
ὓ
ρ

Ὀ

ρ

Ὀ
ρτ 

Burke integrated Eq. (14) and obtained expression Ὀὸ:  

ὸ ὰὲ  (15) 

Later, Michels et al. [32] suggested that the retardation constant ὪὈ in Eq. (13) should 

be a function of grain size in grain growth processes of NC materials. Authors assumed that in the 

process of grain growth of grain growth when the GB volume fraction decreases the impurities in 

the GBs are more enriched. Authors modified Eq. (14) using grain size dependent function: 

Ὀὸ Ὀ Ὀ Ὀ Ὡὼὴ ςὓὸȾὈ  ρφ 

This model is called the grain growth model with size-dependent impediment and was successfully 

applied to NC ὖὨὤὶ ȟὛὲ [32], ὃό σσȟ ὊὩὛὭ στ ȟὙόὃὰ συ. 

 

1.4. Irradiation -induced grain growth   

To study irradiation-induced grain growth, the concept of radiation damage will be 

introduced first. Many components utilized in nuclear energy systems are exposed to high-energy 

neutrons, which are a by-product of the nuclear reactions generating energy. In existing fission 

reactors, these neutrons coming from uranium fission, while in prospective fusion reactors utilizing 

deuterium (D) and tritium (T) as fuel, the neutrons result from D-T fusion. Additionally, spallation 

neutron sources, employed for various materials research purposes, produce neutrons through 
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spallation reactions between a high-energy 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 modifications in the physical and mechanical 

properties of the material. For instance, radiation-induced void swelling can cause density changes 

exceeding 50% in certain grades of austenitic stainless steels. Furthermore, shifts in the ductile-to-

brittle transition temperature exceeding 200°C have been documented in the low-alloy steels 

utilized in manufacturing reactor pressure vessels. These phenomena, alongside irradiation creep 

and radiation-induced solute segregation, are extensively discussed in the literature [36]. All 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 1954 [37].  

In a crystalline material, atoms are arranged in a regular three-dimensional lattice structure. 

A displacement cascade can be imagined as a chain of elastic collisions initiated when a specific 

atom is hit by a high-energy neutron (or incident ion in the case of ion irradiation). This initial 

atom, known as the primary knock-on 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 produces secondary knock-on atoms, which then transfer energy to third and 

subsequently higher-order knock-ons until all the energy initially transferred to the PKA is 

dissipated. Although physics is 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. These binding forces 

are responsible for the formation of the crystalline lattice 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 energy (Ὁ  and typically ranges from 20 to 40 eV for most 

metals and alloys used in structural applications [3]. Another consequence of the cohesive forces 

binding atoms together is that collective, or many-body, effects play a significant role in 

determining how energy is redistributed among atoms during the displacement cascade process.  

When an atom receives kinetic energy exceeding Ὁ , it 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 is known as an interstitial or interstitial atom. In the context of an alloy, the 

interstitial atom may be termed a self-interstitial atom (SIA) if it's the primary component of the 

alloy (e.g., iron in steel), distinguishing it from impurity or solute interstitials. 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 created in equal numbers by this process and the name Frenkel pair 

is used to describe a single, stable interstitial and its related vacancy. The evolution 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 interstitials are considered 

to be created in equal numbers, and the number of point defects increases sharply until a peak 

value is reached. Defect production tends to be dominated by a series of simple binary collisions 

at low PKA energies, while the more collective, cascade-like behavior dominates at higher 

energies. The structure of typical 1 keV and 20 keV cascades is shown in Figure 1.6, 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 of ion-induced 

grain growth by Liu [38] and then further developed by Alexander [39] and finally by Kaoumi et 

al. [40]. The idea behind the thermal spike model of ion-irradiation induced grain growth is the 

following: during the collisional phase within a displacement cascade, a localized temperature 

increase, often referred to as a "thermal spike" within a confined region very dense in point defects. 

When this thermal spike occurs near a GB (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 itself moves in the opposite direction, once the thermal spike region 

returns to thermal equilibrium with its surroundings. This results in a power law expression Ὀ
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Ὀ ὑ•ȟ relating the average grain size with the ion fluence, Ὀ  the initial mean grain 

diameter,  •  ion fluence,  ὲ  grain growth exponent that may be intrinsic for a material 

system, ὑ  proportional to the grain-boundary mobility of the materials and the driving force and 

dependent on irradiation properties. The thermal spike model was successfully applied for NC 

metals [40] and alloys [41] and for some oxide systems [42], [8].  

 
Figure 1.7. Illustration 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 growth in NC oxides under heating and 

irradiation, especially when using in-situ TEM during irradiation and heating. The current gap in 

studying of grain growth of NC oxides is related to the absence of a unified theory. Different 

models were applied to understand thermally-induced grain growth in NC oxides (including the 

Classical model, Burkeôs model with the resistive force, and Michelsôs model). In the case of 

irradiation, there are also some discrepancies in the description of kinetics of grain growth. Some 
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works reported successful application of the thermal spike model with n = 3 

(ὅὩὕ ÁÎÄ Ὗὕ whereas other studying had higher exponents n = 5, 6 ὅὩὕ ÁÎÄ ὤὶὕ. 

Moreover, there is no information about thermally-induced and irradiation-induced grain growth 

in NC ‎ὊὩὕȟὊὩὕ ÁÎÄ ὅὶὕ which are important materials for nuclear reactor components, 

since they develop as a scale on steel components, hence the choice of the materials. To the best 

of our current knowledge this is the first work investigating thermally-induced and irradiation-

induced grain growth in these materials. The main purpose of this work was to investigate the 

kinetics and mechanism of grain growth in NC ‎ὊὩὕȟ‌ὊὩὕȟὊὩὕ ὥὲὨ ὅὶὕ . Thin films 

with NC grain sizes were produced using Pulsed Laser Deposition or Magnetron Sputtering 

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 ranging from -223C to 500C using 1 

MeV Kr2+ ions to doses up to 10 displacements per atom (dpa), allowing us to investigate 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 context of existing 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 such as in-situ TEM heating and irradiation 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 techniques. Finally, the method of grain size 

measurements using ImageJ software is described.  

2.1. Crystal structures of oxides 

‌ ὊὩὕ (Hematite) is the most stable polymorph of ὊὩὕ and has a rhombohedrally 

centered hexagonal structure of the corundum type with a close-packed oxygen lattice in which 

2ù3 of the octahedral sites are occupied by Fe (III) ions (Figure 2.1a). It crystallizes in the Rσc 

space group, with lattice parameters ὥ υȢπσφ ὃȏ and ὧ ρσȢχτω ὃȏȢ  The ‎ ὊὩὕ (Maghemite) 

is the inverse spinel crystal structure that features vacant cation sites ( ὠ ), which usually occur 

in octahedral positions, to compensate for its increased positive charge (Figure 2.1b). In this case, 

about 11% of atomic sites of ‎ὊὩὕ occupied by iron vacancies. Therefore, the stoichiometry 

of ‎ ὊὩὕ can be formally described as ὊὩὊὩȾ  ὠ Ⱦ ὕ with lattice parameter ὥ

ψȢστχ ὃȏ and space group  ὖτσς τσ. ὅὶὕ also has the corundum structure (Figure 2.2a), 

consisting of a hexagonal close-packed array of oxide anions with 2ù3 of the octahedral holes 

occupied by chromium. It crystallizes in the trigonal Rσc space group with lattice parameters ὥ

τȢπωφ ὃȏ and ὧ ρσȢυωχ ὃȏȢ  ὊὩὕ (Magnetite) has an inverse spinel structure (Figure 2.2b) in 

which the cations are situated in both tetrahedral and octahedral interstices in a cubic close-packed 

https://en.wikipedia.org/wiki/Corundum
https://en.wikipedia.org/wiki/Close-packing_of_equal_spheres#FCC_and_HCP_Lattices
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oxygen sublattice.  ὊὩὕ has an inverse cation distribution in which tetrahedral sites are occupied 

by half the ὊὩ  and all the ὊὩ  cations are found on the octahedral sites [44]. 

  

Figure 2.1. Graphical representations of crystal structures of ‌ ὊὩὕ  ὥ and 

‎ὊὩὕ ὦ. 

 

Figure 2.2. Graphical representations of crystal structures of ὅὶὕ ὥ, and ὊὩὕ ὦ.  
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2.2. Pulsed Laser Deposition 

Pulsed Laser Deposition (PLD) was used to grow the ‎ὊὩὕ, ὊὩὕ ὥὲὨ ὅὶὕ thin 

films. High-power pulsed laser beam 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 result, material 

is then vaporized and deposited as a thin film on a substrate facing the target (Figure 2.3). This 

process can happen in ultra-high vacuum or in the presence of a background gas, such as oxygen 

when depositing films of oxides. ‎ὊὩὕȟὊὩὕ and ὅὶὕ thin film was grown on 

ὔὥὅὰ ÁÎÄ  ὑὅὰ substrate using a 248 nm excimer laser at 5 Hz. ‎ὊὩὕȟὊὩὕ and ὅὶὕ target 

was used for deposition. During the deposition the base pressure in the chamber was ρπ άὝέὶὶ 

and temperature was 300C. Samples were produced at Pacific Northwest National Laboratory 

(PNNL) (Figure 2.4). Figure 2.5 demonstrates images of samples processed by PLD. The 

conditions and parameters of the sample preparation are listed in Appendix A. 

 
Figure 2.3. Pulsed Laser Deposition (PLD) process [4]. 
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Figure 2.4. PLD system at the Pacific Northwestern National Laboratory (PNNL). 

 
Figure 2.5. ɔFe2O3 (a), Fe3O4 (b), Cr2O3 (c) produced by PLD at PNNL. 

 

2.3. Magnetron sputtering deposition 

Magnetron Sputtering Deposition (MSD) was also used to grow the ‌ὊὩὕ, 

ὊὩὕ ÁÎÄ ὅὶὕ thin films. The working principle of MSD 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 results in creating a plasma. 

Positively charged ions from the plasma are accelerated by an electrical field and strike the target 

having negative potential with a sufficient force to eject atoms. The ejected atoms will then travel 

towards the substrate forming thin films. In such a way, the MSD system at the Center for 

Integrated Nanotechnologies (CINT), Los Alamos National Laboratory (MSD) (Figure 2.7) was 

used to grow ὊὩὕ and ὅὶὕ thin film on  ρ ρ ὧά ὔὥὅὰ substrates. Pure ‌ὊὩὕ ÁÎÄ ὅὶὕ 
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targets were used for deposition. During the deposition the base pressure in the chamber was τ  

ρπ Ὕέὶὶ. The target was oriented off-axis by 30 degrees and the target-substrate distance was 

set at 12.7 cm. The substrate was first cleaned using an RF bias of 30W. The stage was heated up 

to 300 Јὅ and this temperature was maintained for 30 min before the deposition. The pressure in 

the chamber was observed to increase to σ  ρπ Ὕέὶὶ. During the deposition, Ar flow was 30 

SCCM (standard cubic centimeters per minute). ‌ὊὩὕ and ὅὶὕ target was set to 100 W with 

the RF power supply. Figure 2.8 demonstrates samples processed by MSD with the thin film of 

ὅὶὕ on the top and NaCl substrate at the bottom. Sample preparation conditions and parameters 

are listed in Appendix A.  

 

Figure 2.6. Magnetron Sputtering Deposition (MSD) process [4]. 



 
 

21 
 

 

Figure 2.7. MSD system at the Center for Integrated Nanotechnologies (CINT) and the Los Alamos 

National Laboratory (LANL). 

 
Figure 2.8. ŬFe2O3 (a), Fe3O4 (b), Cr2O3 (c) produced by MSD at LANL. 

 

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

Samples prepared by MSD and PLD were cut to be appropriate for the TEM grid size 

(Figure 2.9). Then samples were floated on a liquid solution (80% de-ionized water and 20% 

ethanol) to dissolve thin film from the substrate (Figure 2.10). After that thin film was put onto the 

TEM copper grid and dried. (Figure 2.11a). The grid in the holder (Figure 2.11b) was then inserted 

in Transmission Electron Microscopy (Figure 2.12a, b). In-situ TEM heating experiments were 

performed at the Analytical Instrumentation Facility (AIF) at North Carolina State University.  
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Figure 2.9. Thin film was cut to be appropriate for TEM grid size.  

 
Figure 2.10. The process of dissolving thin film from the substrate. 
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Figure 2.11. A thin film sample was placed on the grid (a) and the grid was placed in the TEM holder (b). 

 
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 Ions in Matters (SRIM) was used. SRIM is a Monte Carlo program that simulates 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 of ion-atom collisions. The 

corresponding damage profiles in the different oxides of interest were estimated SRIM using the 

Kinchin-Pease model for calculation and the thickness was set at 200 nm. 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 code for a large 

enough number of ions to eliminate possible statistical errors. The radiation damage profile (Figure 

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. To get the damage profile SRIM outputs were 

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

Ὃ
ᶻ
 (16) 

Where   is the fluence (ions/ὧά), ὔ  is the atomic density (
ᶻ

), K is the average number of 

displacements per ion per Angstrom (ὃ (from SRIM outputs). 

 

Figure 2.13. Damage profile for ὊὩὕȟὊὩὕ and ὅὶὕ  thin films. 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 100 200 300 400 500 600 700 800

D
is

p
la

c
e

m
e

n
t/

io
n

/A

Depth, nm

Damage profile 

Fe2O3
Cr2O3
Fe3O4



 
 

25 
 

 

Figure 2.14. Dose rate (dpa/s) for ὊὩὕȟὊὩὕ and ὅὶὕ  thin films.  

 

            Table 1. Damage profile parameters 

Material Density (g/cm3) Average dpa/s over 200 nm 

‎ὊὩὕ 5.28 
0.00091958 

ὊὩὕ 5.20 0.00092377 

ὅὶὕ 5.12 
0.00092808 

  

2.6. IVEM facility used for 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 dual-ion 

beam facility for in situ TEM studies of defect structures in materials under controlled ion-

irradiation/implantation and sample conditions. It is unique in its ability to image the changes in 
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atomic structure and defect formation during irradiation at high magnification. The IVEMôs 

advantages [6]: 

- Real-time 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 a nuclear reactor  

- In situ irradiation does not produce radioactivity in samples 

The IVEM-Tandem Facility is used for in situ TEM studies of grain growth structures in 

materials under controlled ion irradiation and sample conditions. Due to limitations on source 

lifetime, doses greater than about 10 dpa require using inert gas ions. A common ion for in situ damage 

studies is Kr with double charge to achieve 1 MeV energy with 99% transmittal through a typical TEM 

thickness of 100 nm in Fe.  Kr 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 evolution throughout 

the actual service life in extreme environments is possible within the timescale of a laboratory 

experiment [45]. Kr ions are better compared to Ar, because they have a higher mass and will 

create a larger 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 irradiation in-situ TEM experiments Krypton ion beam was created in the accelerator 

part (Figure 15, a). Then the beam was transferred by the beamline (Figure 15, b) to the IVEM 

(Figure 2.16 b) using an electrostatic deflector (Figure 2.16, a). The experiment was conducted 

using a linear ion accelerator with a 911 Danfysik ion source coupled with a Hitachi 9000 TEM at 
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30Ј for simultaneous ion irradiation and electron imaging. The experiment conditions were 1 MeV 

ὑὶ ions at a flux of 6.25 x ρπ ions/ά /s to a maximum fluence of 7.1 x ρπ ὭέὲίȾά . The 

TEM sample holder has the capability to cool and heat temperature from -223C 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 at high-temperature where thermal grain 

growth can be significant.  

 
Figure 2.15. Accelerator part (a) and beam lines (b) [6]. 

 
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) [6]. 
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2.7. Grain size measurements 

ImageJ software was used for grain growth measurements. The effective diameter of grains 

can be calculated using the equivalent area ratio between the ellipse and circle. The area of Ellipse 

(Figure 2.17a) can be determined as:  

ὃ “ὥὦ (17) 

where a ï is the major axis, and b is the minor axis. On the other hand, the Area of the Circle 

(Figure 2.17b) is:  

ὃ “ὶ(18) 

ImageJ was used for measuring the major and minor axes of ὊὩὕ grain structure (Figure 2.17c). 

Taking into account the approximation that ὃ ὃ  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 evolution. Example of the 

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

 

Figure 2.17. Ellipse (a), Circle (b). The procedure of measuring the size of grains by ImageJ for Fe3O4 

sample (c). 
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2.9.Experimental matrix  

Table 2. Summary of the performed heating experiments.  

Sample 
Temperature, C 

 

Temperature, C 

 

ὊὩὕ ὖὒὈ RT ï 500 (a gradual increase of 

temperature and then 2 h 

annealing) 

RT ï 500 (a fast increase of 

temperature and then 4 h annealing 

at 500C) 

ὊὩὕ ὖὒὈ RT ï 500 (a gradual increase of 

temperature and then 2 h 

annealing) 

- 

ὅὶὕ ὖὒὈ) RTï500 (a gradual increase 

of temperature and then 2 h 

annealing) 

RT ï 500 (a fast increase of 

temperature and then 4 h 

annealing at 500C) 

ὊὩὕ ὓὛὈ RT ï 500 (a gradual 

increase of temperature and 

then 2 h annealing) 

RT ï 500 (a fast increase of 

temperature and then 4 h 

annealing at 500C) 

ὅὶὕ ὓὛὈ) RT ï 500 (a gradual 

increase of temperature and 

then 2 h annealing) 

- 

 

 

Table 3. Summary of the performed irradiation experiments.  

Sample 
Temperature (ęC) Dose (dpa) 

ὊὩὕ ὖὒὈ -223            0 - 8 

ὊὩὕ ὖὒὈ -223 0 - 12 

ὅὶὕ ὖὒὈ) -223 0 - 15 

ὊὩὕ ὖὒὈ RT        0 - 5 

ὅὶὕ ὖὒὈ) RT 0 - 10 

ὊὩὕ ὖὒὈ 500         0 - 10  

ὅὶὕ ὖὒὈ) 500  0 - 10 

ὊὩὕ ὓὛὈ RT 0 - 5 

ὅὶὕ ὓὛὈ) RT 0 - 3 
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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 results of ‌ὊὩὕȟ‎ὊὩὕȟὊὩὕ ÁÎÄ ὅὶὕ 

obtained from the study of the process of grain growth during heating from RT to 500C and longer-

time annealing at 500C. Heating experiments were conducted at the Analytical Instrumentation 

Facility (AIF) at North Carolina State University (NCSU). Bright-field (BF) TEM images and 

diffraction patterns (DPs) were obtained during the experiments. The average grain diameter was 

measured over temperature and time using ImageJ software. The results of the experiments are 

discussed and compared with the existing grain growth models.  

3.1. Experiments performed on NC ╒►╞  thin film  

3.1.1. NC ╒►╞ ╟╛╓ thin film  

TEM characterization confirms that the ὅὶὕ ὖὒὈ thin film exhibits a NC structure as 

shown in Figure 3.1 and the average diameter was measured to be  ͯρχ nm. The diffraction pattern 

from the as deposited sample was indexed according to the corundum crystal structure of ὅὶὕ 

with a lattice parameter of ὥ τȢωψυ ὃ and ὧ ρσȢυωτ ὃ. The DPs taken in this region indicate 

that the grains in the as-deposited sample do not have an obvious preferential grain orientation. BF 

TEM images demonstrate the evolution of grain size during heating from RT to 500C (Figure 3.2). 

Results of grain measurements by ImageJ software are represented in Figure 3.3. It can be seen 

that grain growth started after reaching 300C and grain size was found to be ͯ 24 nm at 500C.  To 

study isothermal grain growth at 500C 4-hour long annealing experiment was performed on the 
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selected sample. ὅὶὕ ὖὒὈ thin film was quickly (in 10 minutes) heated from RT to 500C and 

then annealed for 4 hours (Fig 3.4). As shown in Figure 3.3 , and Figure 3.5  grains grew from 11 

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

 

Figure 3.1. (Bright field) BF TEM images and corresponding DP of Cr2O3 PLD thin film at RT. 

 

Figure 3.2. BF TEM images of Cr2O3 PLD thin film during heating from RT to 500C. 
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Figure 3.3. Results of measurements for Cr2O3 PLD (corundum crystal structure):  Table with 

measurements of the average diameter of grains (a), Grain size dependence on temperature (b). 

 

 

Figure 3.4. BF TEM images of Cr2O3 PLD thin film during annealing at 500C.  
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Figure 3.5. Results of measurements for Cr2O3 PLD (corundum crystal structure):  Table with 

measurements of the average diameter of grains (a), Grain size dependence on time (b). 

 

3.1.2. NC ╒►╞  MSD thin film  

TEM characterization confirms that the ὅὶὕ ὓὛὈ thin film exhibits an NC structure as 

shown in Figure 3.6 and the average diameter was measured to be  ͯψ nm. The DP from the as-

deposited sample was indexed according to the corundum crystal structure of ὅὶὕ with a lattice 

parameter of ὥ τȢωψυ ὃ and ὧ ρσȢυωτ ὃ. The diffraction patterns taken in this region indicate 

that the grains in the as-deposited sample do not have an obvious preferential grain orientation. BF 

TEM images demonstrate the evolution of grain size during heating (Figure 3.7). The results of 

grain measurements by ImageJ software are represented in Figure 3.8. Grain size at RT was 

measured to be 8.3 and at 500C grain size was found to be 9ͯ nm. This means almost negligible 

grain growth happened in this sample despite the small initial grain size. It was decided to anneal 

the sample at 500C for 2 hours to see grain growth. Still, measurements did not show grain growth 

even after 2 hours of annealing at 500C.  
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Figure 3.6. BF TEM images and corresponding diffraction pattern of Cr2O3 MSD thin film at RT. 

 
Figure 3.2. BF TEM images of Cr2O3 MSD thin film during heating from RT to 500C and annealing for 

2 hours at 500C. 
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Figure 3.3. Results of measurements for Cr2O3 MSD (corundum crystal structure):  Table with 

measurements of the average diameter of grains (a), Grain size dependence on temperature (b). 

 

3.2. Experiments performed on NC ♬Ⱦ♪ ╕▄╞  thin film  

3.2.1. NC ♬╕▄╞  PLD thin film  

TEM images show that the ‎ὊὩὕ PLD thin film exhibits a NC structure as shown in 

Figure 3.9 and the average diameter was measured to be  ͯςπ nm. The diffraction pattern from the 

as-deposited sample was indexed according to the spinel crystal structure of ‎ὊὩὕ (Maghemite) 

with a lattice parameter of ὥ ὦ ὧ ψȢσυρ ὃ. DPs taken in this region indicate that the grains 

in the as-deposited sample do not have an obvious preferential grain orientation. BF TEM images 

demonstrate the evolution of grain size during heating (Figure 3.10). The results of grain 

measurements by ImageJ software are represented in Figure 3.11. It can be seen that grain growth 

started after 300C and at 500C grain size was found to be 28nm.  
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Figure 3.4. BF TEM images and corresponding diffraction pattern of ɔFe2O3 PLD thin film at RT. 

 

Figure 3.5. BF TEM images of ɔFe2O3 PLD thin film during heating from RT to 500C  
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Figure 3.11. Results of measurements for ɔFe2O3 PLD (spinel crystal structure):  Table with 

measurements of the average diameter of grains (a), Grain size dependence on temperature (b). 

 

3.2.1. NC ♪╕▄╞ ╜╢╓ thin film  

  

TEM characterization confirms that the ‌ὊὩὕ ὓὛὈ thin film exhibits an NC structure as 

shown in Figure 3.12 and the average diameter was measured to be  ͯρπ nm. The DP from the as-

deposited sample was indexed according to the corundum crystal structure of ‌ὊὩὕ (Hematite). 

DP taken in this region suggests that the grains in the as-deposited sample do not have an obvious 

preferential grain orientation. BF TEM images demonstrate the evolution of grain size during 

heating (Figure 3.13). The results of grain measurements by ImageJ software are represented in 

Figure 3.14. Significant grain growth started between 300 and 400C, and the rate is much faster 

than in the case of ὅὶὕ and ‎ὊὩὕ. 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. 

‌ὊὩὕ ὓὛὈ thin film was heated from RT to 500C and then annealed for 4 hours as shown in 

Figure 3.15. Grains grew from 11 to 28 nm in the process of heating and from 28 to 44 nm during 

the annealing as shown in Figure 3.16. 
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Figure 3.12. BF TEM images and corresponding diffraction pattern of ŬF2O3 MSD thin film at RT. 

 

Figure 3.13. BF TEM images of ŬFe2O3 MSD thin film during heating from RT to 500C. 
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Figure 3.14. Results of measurements for ŬFe2O3 MSD (corundum crystal structure):  Table with 

measurements of the average diameter of grains (a), Grain size dependence on temperature (b). 

 
Figure 3.15. BF TEM images of ŬFe2O3 MSD thin film during annealing at 500C. 
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Figure 3.16. Results of measurements for ŬFe2O3 MSD (corundum crystal structure):  Table with 

measurements of the average diameter of grains (a), Grain size dependence on time (b). 

 

3.3. Experiments performed on NC ╕▄╞  thin film  

TEM images demonstrate that the ὊὩὕ the thin film exhibits a NC structure as shown in 

Figure 3.17 and the average diameter was measured to be  ͯρυ nm. The DP from the as-deposited 

sample was indexed according to the spinel crystal structure of ὊὩὕ (Magnetite) with a lattice 

parameter of ὥ ὦ ὧ ψȢσωφ ὃ. DPs taken in this region indicate that the grains in the as-

deposited sample do not have an obvious preferential grain orientation. BF TEM images 

demonstrate the evolution of grain size during heating (Figure 3.18). The results of grain 

measurements by ImageJ software are represented in Figure 3.19. It can be seen that grain growth 

starts after 300C, and the average grain diameter was found to be 23 nm at 500C. To study 

isothermal grain growth in this sample long time annealing experiment was performed. ὊὩὕ ὖὒὈ 

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

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

as shown in Figure 3.21. 
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Figure 3.17. BF TEM images and corresponding diffraction pattern of Fe3O4 PLD thin film at RT. 

 

 
Figure 3.18. BF TEM images of Fe3O4 PLD thin film during heating from RT. 
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Figure 3.19. Results of measurements for Fe3O4 PLD (spinel crystal structure):  Table with measurements 

of the average diameter of grains (a), Grain size dependence on temperature (b). 

 

 
Figure 3.20. BF TEM images of Fe3O4 PLD thin film during annealing at 500C. 
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Figure 3.21. Results of measurements for Fe3O4 PLD (spinel crystal structure):  Table with measurements 

of the average diameter of grains (a), Grain size dependence on time (b). 

 

3.4. Discussion    

3.4.1 Unexpected grain growth stagnation in the case of  ╒►╞ ╜╢╓ 

During the heating experiments ὅὶὕ ὖὒὈȟ  ‎ὊὩὕ ὖὒὈ, ‌ὊὩὕ ὓὛὈ, ὊὩὕ ὖὒὈ 

thin films demonstrated grain growth starting after 300C. Unexpectedly, results from the 

experiments for ὅὶὕ ὓὛὈ (Figure 3.22) revealed grain growth stagnation. There is a significant 

difference in grain size for NC ὅὶὕ thin film produced by PLD and MSD. ὅὶὕ ὓὛὈ did not 

change grain size while ὅὶὕ ὖὒὈ grew a lot. Average grain size for ὅὶὕ ὓὛὈ was measured 

to be ͯ ψ nm and ὅὶὕ ὖὒὈ  ͯ ρτ nm. After 2 hours of annealing at 500C grain size of ὅὶὕ ὓὛὈ 

was ͯ ω nm and ὅὶὕ ὖὒὈ ͯςτ nm (Figure 3.23). Grain growth is larger in ὅὶὕ ὖὒὈ than in 

ὅὶὕ ὓὛὈ although the smaller grain size in ὅὶὕ ὓὛὈ should provide more driving force for 

the process of grain growth, which indicates that another limiting factor is at play.  

Taking a closer look at the microstructure (Figure 3.24) we can see a high level of porosity 

(white elements on the TEM image) near the GBs in the case of ὅὶὕ ὓὛὈ and this is the main 



 
 

44 
 

difference compared to ὅὶὕ ὖὒὈ. A high level of porosity may come from the difference in the 

deposition process. Grain growth happens when GB is moving in one direction and atoms are 

jumping in opposite directions. As it was described in Chapter 1 GB may encounter impurities, 

second-phase 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. Grain boundaryïpore interactions 

were described in several works [7], [46], [47], [48].  

 

Figure 3.22. BF TEM images for ὅὶὕ  MSD and ὅὶὕ PLD at RT (top) and 2 hours annealing 

at 500C (down). 
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Figure 3.23. Thermally-induced grain growth for ὅὶὕ ὖὒὈ ÁÎÄ ὅὶὕ ὓὛὈ. 

 

 

Figure 3.24. BF TEM image of NC ὅὶὕthin film.  
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From Figure 3.24 we can see a large number of pores that will act as a dragging force on GB 

movement in the process of grain growth. Figure 3.25 shows a simulation of the process of pore-

GB interaction). The resistive (or drag) force Ὢ in 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 as [48]:  

Ὢ ‎Ӷ“ὔὶ ςπ 

Where ‎Ӷ GB energy,  ὔ  the number of pores per unit GB area, ὶ   the pore radius.  From 

Eq. (20) it is clear that the resistive force is directly proportional to a number of pores per unit area. 

This means more pores result in slower GB movement and therefore slower grain growth rate. At 

some point, the number of pores will be so large that it can lead to the absence of growth.  Ahmed 

[2] pointed out that a 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 = 40 [7]. 
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Other factors have been proposed to explain the stagnation of grain growth in thin films 

[49] such as thermal GB groove drag where the dragging of surface grooves at GB/surface 

intersections generates a force opposing GB migration. Growth stagnates when this drag force 

surpasses the grain-size-dependent capillary driving force, with the critical grain size being 2ï3 

times the film thickness. However, stagnation is observed even when films are covered by 

refractory overlayers impeding groove formation. However, this idea will not be applicable to the 

results obtained in this work because grain sizes are much smaller than film thickness. For 

example, Barmack et al. [50] attributed grain growth stagnation in Au thin film at long annealing 

times to GB grooving (Figure 3.26). However, in their cases, the grains were 2-3 times bigger than 

the thin film thickness.  

 
Figure 3.26. The dependence of grain size on time for 100 nm Al thin film annealed at 400C for 

600 minutes [50]. 
 

 

Another factor that may result in grain growth stagnation is stress generation associated 

with the GB volume defect. As GBs are often of lower density than the surrounding grains, a 

decrease in total GB area during growth usually induces 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 sizes [49]. Chaudhari [51] also mentioned that GBs 

have been suggested to lead to stress relaxation and stress generation. The author considered grain 

growth as a mechanism of stress relief or stress generation in thin films. However, this is unlikely 

there is going to be stress in thin films used in the experiments in this work. The reason for concern 

is that films are not epitaxial to the substrate. Therefore, it would not have any driving force to 

grow strained (trying to match an epitaxial substrate) instead of growing with its unstrained, 

relaxed lattice parameters. Also, thin films were dissolved from the substrate, and they became 

free-standing, so stress was released in this process. A small amount of strain may have been 

introduced when the film/substrate was cooled from the growth temperature (300°C) to RT since 

the thermal expansion of the thin film and the substrate are likely different. However, overall, there 

should not be a lot of stress that can have an impact on grain growth. 

From this experiment, it becomes clear that process conditions do have an impact on 

thermally-induced grain growth. Particularly, different initial concentrations of defects due to 

different deposition techniques may play a role. Derby et al. [52] conducted investigations in which 

three structurally different metal/oxide thin films were processed (Table 4 and Figure 3.27) and 

microstructurally characterized. Positron annihilation spectroscopy (PAS) data (Figure 3.28) from 

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. Dense, epitaxial films displayed the smallest 

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].  

 

 

Figure 3.27. Schematics of each oxide sample processed as described by Table 10. Lines represent grain 

boundaries and black features represent voids [21].  

 
Figure 3.28. Average positron lifetime as a function of positron energy and mean implantation depth for 

given samples [21]. 

 

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 

defect concentration 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 whether the initial defect 

concentration vary between samples produced through pulsed laser deposition and magnetron 

sputtering and it depends on grain growth rate.  

On the other hand, Han et al. [54] reported an unusual suppression of grain growth in tin 

oxide nanofilms caused by controlling grain growth with an excessive amount of oxygen. The 

excess oxygen prevents the merging of small grains, which is the primary growth mechanism, as 

revealed by in situ TEM. Thus, by tuning the ὛὲȾὕ ratio away from the Ὓὲὕ, the nucleation and 

growth of the Ὓὲὕ grains are greatly suppressed in the nanoribbons, leading to stable preservation 

of nanoscale grains despite high-temperature annealing (900C). In fact, despite the annealing, the 

average grain size was maintained at 6 nm which also retained their structural integrity. 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 larger grain 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 initial Ὓὲὕ 

nanoribbons. Authors presented oxygen-rich 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 oxides such as ὔὭὕ and ὅὩὕ.  
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Figure 3.29. Nanoribbons with different concentrations of Sn (E) 11%, (F) 16%, and (G) 21% were 

annealed at 900C in air. (H) Average grain size as a function of the initial Sn concentration.  

 

In the different work, Zhang et al. [53]performed experiments with NC zirconia thin film. 

The dependence of average grain size on the O/Zr ratio is shown in Figure 3.30, where higher 

oxygen deficiency is observed in large grains. High oxygen deficiency may be essential for 

stabilizing large cubic zirconia grains. As a result, oxygen content may have an impact on grain 

growth in NC ὅὶὕ, ‎Ⱦ‌ ὊὩὕ , and ὊὩὕ. It is possible that the excess oxygen content will 

result in grain growth suppression. Excess of oxygen prevents the coalescence of small grains, 

which is the main mechanism of growth. However, additional experiments are needed to verify 

this assumption. For 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 be able to check 

if oxygen content has an impact on grain growth in NC ὅὶὕ, ‎Ⱦ‌ ὊὩὕ , and ὊὩὕ.  
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Figure 3.30. Oxygen-Zink ratio dependence on average grain size for ὤὶὕ thin film [53]. 
 

 

3.4.2. Grain growth kinetics under long thermal annealing  

Isothermal annealing experiments were conducted at 500C in order to study grain growth 

kinetics. Results of measurements (Figure 3.31 and Figure 3.32) demonstrate the NC grains grew 

from ͯ ςρ nm (500C) to ͯ ςψ nm (500C 4 hours) for ὊὩὕ ὖὒὈ  , from ͯ ςψ nm (500C) to ͯ ττ 

nm (500C 4 hours) for ‌ὊὩὕ ὓὛὈ, and from 27 nm to 32 nm for ὅὶὕ ὖὒὈ. We can see grain 

growth stagnation after 2 hours of annealing for all samples although the largest average grain size 

is still well below the total thickness of the sample (200 nm). 

  

Figure 3.31. The evolution of grain size of ὊὩὕ ὖὒὈ and ‌ὊὩςὕσ ὓὛὈ thin film with time. 
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Figure 3.32. The evolution of grain size ὅὶὕ ὖὒὈ thin film with time. 

 

 

To study the grain growth kinetics of ὅὶὕ ὖὒὈ, ὊὩὕ ὖὒὈ and ‌ὊὩὕ ὓὛὈ NC thin films, 

the results of grain size measurements were fitted to different grain growth models using Python 

code (Appendix B). Figure 3.28 shows the comparison between measured data and the 

theoretically calculated one based on the classical model and Michelsôs model [32]. In the case of 

ὊὩὕ ὖὒὈ the classical grain growth model cannot be fitted into agreement with the experiment 

and yields unrealistic and unphysical parameters (n=13). For ‌ὊὩὕ ὓὛὈ and ὅὶὕ ὖὒὈ and 

generalized parabolic (classical) grain growth model even cannot be fitted to the data (The program 

shows an error when it is trying to fit experimental data). In contrast, the grain growth model with 

size dependent impediment (Michelsôs model (Eq.16)) fit the experimental data for ὊὩὕ ὖὒὈ, 

ὅὶὕ ὖὒὈ, and ‌ὊὩὕ ὓὛὈ very well. Fitting the data to Michelsôs model can be related to the 

presence of retardation force which causes grain growth stagnation at long annealing times. 

According to Burke a stagnation of the growth process arising from grain-boundary pinning by 

second-phase particles (Zener drag), impurities (solute drag), and pores (pore drag). Since the 

sample composition in this study is well controlled during deposition under vacuum, it is unlikely 

that significant impurities are present. Also, no second-phase particles were observed in thin films 

that could retard grain growth. On the other hand, the presence of porosity at grain boundaries is 

common in synthesized thin films [8]. TEM-images (Figure 3.33 a,b) demonstrate that some 
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amount of nanoporosity is present at the grain boundaries of the as-deposited ὊὩὕ ὖὒὈ and 

‌ὊὩὕ ὓὛὈ thin films. Yu et al. [8] in their investigation of grain growth in NC Ὗὕ prepared 

by PLD also pointed out the films had nanoporosity at the GBs (Figure 3.33c). Authors suggested 

that pores may produce a resistive force that could retard GB movement and therefore grain 

growth. Interestingly, BF-TEM image (Figure 3.33d) 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 near GBs (Figure 3.33e) and 

creating a pore dragging (Figure 3.33f) which slows down GB movement.   

 

Figure 3.33. Underfocus TEM image of as-deposited samples &Å/ 0,$ Áȟɻ&Å/ -3$ Â 

and 5/ Ã ψ(Yellow arrows show nanoporosity near the GBs). TEM image showing coalescence of 

nanopores near the GBs during the heating (d), scheme of pores near GBs [9] (e), Illustration of GB 

passing a particle/pore (f) [10]  

 


