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Current technology ceramics for radiation environments rely on their intrinsic properties 

for damage tolerance, but the they can be further improved by designing the microstructure for use 

in applications for space, nuclear fission/fusion and nuclear waste environments. Interfaces are 

known to be sinks for point defects, which enhance radiation damage tolerance, and more 

disordered interfaces work better than clean interfaces. Heterointerfaces, or interfaces between 

dissimilar phases, are expected to have more disorder than grain boundaries in a single-phase 

system. In this study, radiation damage behavior of a multiphase ceramic material with 

heterointerfaces and submicron grains was systematically investigated and compared to single 

phase polycrystalline materials with grain boundaries. The multiphase composite survived a high 

fluence while single phase materials fractured. X-ray diffraction and transmission electron 

microscopy analysis showed more efficient point defect annihilation in the multiphase system than 

in the single-phase system. This work shows that high radiation damage tolerance can be achieved 

without complicated careful grain boundary modification or ultra nano grain fabrication, which is 

difficult to scale up and unreliable at elevated temperatures.  
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Chapter 1 : Introduction 

1.1 Materials for Extreme Environments 

Materials used in extreme environments such as nuclear reactors are exposed to high 

temperature and radiation. Tremendous amount of research has been done on ceramic materials to 

be applied to this field [1, 2]. Certain materials intrinsically have more radiation damage tolerance 

than others due to their crystal structures and physical properties [3–5]. In terms of  applications in 

nuclear reactors, there are so many factors to be considered such as toughness, strength, thermal 

conductivity, electrical conductivity, neutron cross section, nuclear reaction behavior, corrosion 

resistance and so on [1]. For nuclear waste form applications, the ability to incorporate actinides is 

very important and materials with large cation sites and vacant space in their crystal structure are 

desired. For aerospace applications (exterior coatings), light weight and wide temperature stability 

as well as radiation damage tolerance is required. As demonstrated above, each application has 

different requirements even though all of which are classified as extreme environments. Thus, 

materials selections to suit each requirement must be made. One way is to use materials that are 

almighty and suit to any applications, which might be very difficult and/or expensive. If one can 

design a microstructure that can be applied to various materials to engineer the radiation damage 

tolerance, fulfilling the required functions/properties for each application will be easier and 

feasible.  Fine grain sized microstructures have been found to provide higher radiation damage 

tolerance in various materials by introducing high concentration of grain boundaries which work 

as sinks for point defects. Under radiation environments, materials are constantly exposed to high 

energy particles which knock on to the atoms in the structure generating point defect cascades. 

Since the materials with fine grain size (grain size <100 nm) have closer/easier access to the grain 
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boundaries, generated point defects can be annihilated more efficiently remaining less 

damage/distortion in the grains. One of the issues is grain growth due to the energy transfer from 

the incident particles which enhances atomic diffusion and simply due to a high temperature [6–9]. 

If the grains in fine grain size material grow, naturally the enhanced point defect annihilation will 

be lost, and the materials will become more prone to radiation damage. Creating multiphase 

composites can inhibit grain growth by blocking diffusion between similar phases and are expected 

to retain the high radiation damage tolerance if applied to nanocrystalline materials. In this study, 

radiation damage behavior in nanocrystalline three-phase composite was systematically 

investigated with different energy range and compared to the radiation damage behavior in single 

phase nanocrystalline materials of the components against the same irradiation conditions. 

1.2 Background  

1.2.1 Composites 

Composites are materials composed of two or more different materials exhibiting different 

properties from each component. Well known examples of composites are carbon fiber reinforced 

polymer composites, steel wire reinforced concrete. All kinds of alloys can be considered to be 

composites, but solid solutions are not considered to be composite since the composition and the 

phase are uniform throughout the material. A benefit of using composites is that you can add more 

(most likely useful) properties to a material while keeping the intrinsic properties available. 

Reinforced composites are usually combinations of brittle materials and ductile materials creating 

strong but with less likelihood of having a catastrophic failure due to its brittleness (e.g. reinforced 

concrete).  These are more or less macroscopic mechanism of composites but there are examples 

of ones using microscopic structure to enhance or augment the properties of materials. Alloys and 
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precipitation harden materials are ones of them. Secondary phases block the movement of 

dislocations or crack propagation making the material stronger; oftentimes the secondary 

phases/precipitates are harder than the matrix (base material). Introduction of secondary phases in 

the microstructure can drastically change the means of property enhancement. Instead of having a 

segregated phase as in alloys or precipitates, secondary phase can be migrate to the grain 

boundaries modifying the microstructures and refine the grain size [10–17]. In this case, resulting 

small grain size increases the strength of the material according to Hall-Petch’s equation (

d

k y

y += 0 ;
y : resulting strength, 0 : original strength, ky: material’s constant, d: grain size). 

In terms of grain growth inhabitation, having more than three phases can also inhibit the grain 

growth. One of the successful examples of this multiphase material is the three-phase composite 

of ZrO2, MgAl2O4 and Al2O3 by Kim et al. They showed that the small grain size was stable at 

high temperature and the material exhibits superplasticity [18]. This system will be brought up later 

in the following chapter. As illustrated here, Composites can introduce infinite numbers of new or 

enhanced properties by changing the combination of components and compositions and the 

microstructure. In this study, the focus is on composites with ceramic materials that are widely 

studied. 

1.2.2 Ceramics in Extreme Environments 

A lot of ceramic materials (crystalline and amorphous) have high hardness, yield strength, 

high melting temperature and chemical stability due to their covalent and ionic bonding nature. 

They are also good thermal/electrical insulator that can be used for optical applications such as 

windows and laser sources such as yttrium aluminum garnet [19, 20]. Due to their properties, 

applications for ceramic materials spread out widely including high temperature environments and 
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extreme environments such as radioactive environments. Under radioactive environments, there 

are energetic particles such as neutrons, fission products, -particles and electrons as well as 

photons such as x-ray and -ray entering the target materials. These energetic particles can damage 

materials causing defects, microscopic swelling and phase transformation consequently leading to 

failure of materials. If the properties of existing ceramic materials are enhanced by designing 

composites, such as thermal conductivity [21], it would increase possible applications of ceramic 

materials incorporating better properties that could not be realized with other materials such as 

metals. The purpose of this study is to create a model ceramic composite and characterize the 

radiation damage tolerance of it including the role of microstructure that can be used for other 

components. For the model composite, we have selected a three-phase ceramic system that consists 

of 8 mol% Yttria stabilized Zirconia (YSZ), -alumina (Al2O3), Mg-Al-Spinel (MgAl2O4). These 

phases were specially selected since the radiation induced modifications and defects in these single 

phases have been widely studied [7, 8, 22, 23] and these materials are commercially available as 

powders and single crystals. Finally, as shown in Figure 1.1, they are chemically stable with each 

other and do not form secondary phases and the X-ray spectra has several peaks without 

overlapping with others.  

 

Figure 1.1 X-ray diffraction spectrum of YSZ, Al2O3, MgAl2O4 
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1.2.3 Radiation Damage in Ceramics 

The energetic incident particles passing through the material will lose their kinetic energy 

by (1) interacting with the target electrons (electron energy loss) and (2) interacting with the 

screened nucleus.  The ratio of these interactions, thus energy loss depends on the mass and energy 

of the incident particles. Interaction with the target electrons primarily results in ionization of 

atoms in a very short time span (10-16 sec) followed by conversion of the potential energy of the 

electrons to the kinetic energy of target atoms. This then causes thermal vibrations and results in a 

thermal spike (10-13 sec) causing small cylindrical melt freeze zones called ion tracks (typically 2-

6 nm radius). The associated energy (electronic energy loss) is a major contributor to the resulting 

damage when the interaction involves high Z elements with energies typically above 10’s of MeV 

(fission fragments have energies between 70-120 MeV). On the other hand, low energy incident 

ions, typically 100’s of keV cause damage via direct displacement as they are interacting with the 

screened nucleus. The associated energy loss is called nuclear energy loss and is the primary cause 

of damage due to primary knock-on-atoms (PKAs). A PKA is a target atom removed from its 

lattice position by the incident energetic particles, which then moves with low energy causing 

further displacements creating secondary knock-on-atoms (SKAs). As PKAs interact with other 

target atoms, Frenkel pairs (interstitials and vacancies (point defects)) are generated. Depending 

on the temperature, over time as the concentration of the point defects increases, the crystal loses 

its periodicity and becomes amorphous below room temperature or at high temperature leads to 

the accumulation of point defects creating defect clusters such as dislocation loops that can 

eventually result in microscopic swelling and radiation induced embrittlement of materials. Under 

some circumstances the radiation damage can also cause phase transitions, swelling, grain growth, 

and amorphization in materials [24–26]. In polycrystalline materials, irradiation induced 
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amorphization must be avoided in-order to maintain the structural stability of the materials. Hence, 

it is important to understand the behavior of materials after they have been exposed to such an 

extreme environment. In this study, radiation damages in electron energy loss regime and nuclear 

energy loss regime were investigated separately by using different energetic ions with different 

masses and acceleration voltages to simulate the damage from incident particles primarily fission 

products and damage causes by PKAs. The samples were irradiated with ion beams instead of 

placed in a running nuclear reactor because in order to accumulate enough damage to induce 

microscopic evolution and crystal distortion, it would take years with an actual nuclear reactor.  

1.2.3.1 Damage Behavior in Electron Energy Loss Regime 

As briefly discussed in the previous section, when the incident particles enter target 

materials, they transfer kinetic energy to the electrons and atoms in the target materials while they 

go thought the target materials changing their direction and energy in the electron energy loss 

region. The phenomena that take place in the electron energy loss region and how ion tracks are 

formed is still on debate, but this interaction evidently leaves track as the incident particles go 

through the target insulating materials. The energy of the incident particles is transferred to the 

target materials in four stages as shown in Figure 1.2 [5]. The kinetic energy is first transferred to 

electrons (ion-electron collision) and then the excited electrons excite cold electrons. The excited 

electrons transfer their energy to the lattice by electron-lattice coupling and lastly the energy 

dissipates among atoms. Proposed theories for ion track formation are listed in the next section. 
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Figure 1.2 Description of the different processes related to the energy deposition to the electrons 

and its relaxation to the lattice atoms [5]. 

1.2.3.1.1 Ion Explosion Spike Model  

In this theory, the incident energetic particles transfer their kinetic energy to the electrons 

in target atoms exciting the electrons leading to ionization of the target atom. The ionized atoms 

then repel each other with a coulombic force creating cylindrical ion tracks [27–29] (Figure 1.3). This 

theory is supported by the fact that materials must have high enough resistance to be able to form 



8 

ion tracks from ion irradiation (insulators with >2000 -cm shows ion tracks). TEM images 

showed that the region around the ion tracks is strained indicating that there is distortion caused 

by interstitials and vacancies at the core generated by the coulomb explosion. Thus, the 

conductivity has to be low so that the hole mobility is low enough for the ionized ions to find 

interstitial site instead of recombining with the vacancies and the coulomb repulsion force is 

greater than the lattice bonding force. In metals, it’s been argued that the loss of bonding electron 

can leave a zone of positive charge at the projectile pass leading to Coulomb repulsion.  

 

Figure 1.3 Schematic picture of Coulombic explosion 

1.2.3.1.2 Bonding Weakening Model 

The bond weakening model suggests that the ion tracks are made by the electron excitation 

modifying the interatomic forces. Excitation of valence electrons induces lattice instability within 

100 fs resulting in melting of the target material at the ion track cores [30, 31]. The mechanism of 

the ion track formation is very similar to the ion explosion spike theory, but this theory explains 

the phenomena more quantitatively regarding the depth and the time of melting. 

1.2.3.1.3 Self-trapped Exciton Model 

Excited electrons and holes induce polarization of the surrounding lattice causing a distortion 

called polatron. A polatron trapped in a distortion is called self-trapped exciton. In insulators, self-
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trapping of excitons affects the critical energy deposition for track formation transferring the stored 

energy to lattice motion by emitting phonons [32]. Materials that has low threshold of critical energy 

loss for ion track formation from self-trapped excitons and materials with high threshold do not 

form self-trapped excitons. Evidently, electronic excitation energy strongly localizes along the ion 

path in halides while it is delocalized with free electrons. 

1.2.3.1.4 Thermal Spike Model 

In this thermal spike theory, the energy is deposited on the lattice by a transient thermal process in 

the electronic and atomic subsystem [33–35]. The kinetic energy transferred from the incident 

projectiles diffuses in the electron subsystem by electron-electron interaction followed by 

localization in the lattice system via electron-phonon coupling.  

1.2.3.2 Damage Behavior in Nuclear Energy Loss Regime 

 There are two competing events occurring in nuclear energy regime, one is the creation of 

defects (harmful) and the other is their annihilation (useful). Thus, radiation resistance of a material 

is primarily governed by increasing the number of defect annihilation events. High temperature 

enhances diffusion and increases the annihilation events, but at a constant temperature, increasing 

the number of sink sites for defects is of prime importance to improving the radiation stability of 

a certain material. It is well known that grain boundaries work as efficient sinks for defects [7–9, 36–

38]. The efficiency of defect annihilation increases when the diffusion length of the defects to a 

grain boundary is small (~100nm) such that the defect annihilation rate can keep up with the 

generation rate. Thus, at some instances nano-crystalline single-phase ceramics have been 

observed to be more tolerant to radiation damage than micro-grained ceramics [8, 7, 36]. However, 

at high temperatures typically existing in a nuclear reactor the nano-grains will grow and thus the 
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material will no longer be radiation resistant. In order to maintain the nano grain size, multiple 

phases can be used since grains with different phases surrounding a grain inhibit grain growth by 

blocking the diffusion pathway between similar phases [18], which will be discussed more in details 

in the next section.  

1.2.3.3 Radiation Damage in Ceramics (YSZ, Al2O3, MgAl2O4) 

In polycrystalline materials, point defects can be annihilated in two routes. One is 

recombination of vacancies and interstitials, and the other is the migration of point defects to the 

sinks (e.g. grain boundaries and free surfaces). The recombination can occur anywhere throughout 

a grain and it depends on the material properties such as point defect mobility, and the temperature. 

The point defects along the grain boundaries are more likely to annihilate because the paths to 

grain boundaries are shorter. When observed under a transmission electron microscope, this 

appears as denuded zones whereas other defects are left in the central area of the grain after neutron 

irradiation. This was clearly shown by Zinkle et al. [39] in a polycrystalline metallic alloy of Cu-Ni 

with a grain size of ~30 m. In their study, the denuded zone was more than 10m. However, in 

ceramics, the diffusion rates even for interstitials are much smaller than in metals. In order to 

reduce the defect concentration in grain interior using the annihilation at grain boundaries 

effectively, the annihilation rate has to be in equilibrium with defect generation rate. Thus, the 

distance between any point defects and the grain boundaries, which is dictated by grain size, has 

to be smaller than the denuded zone, hence the grain size below the denuded zone is required. 

Radiation damage studies on nano-grained (<200 nm) bulk ceramics have shown high 

tolerance against radiation induced microstructural evolution. In a work by Castro et al. [7], it was 

observed that vacancy and interstitial clusters survived in ion irradiated YSZ with grain size of 

220 nm irradiated, while only vacancy clusters were observed in YSZ with a grain size of 20 nm. 



11 

This shows that interstitial defects are more mobile in YSZ and migrate to the grain boundaries 

while vacancies make clusters in the grains at room temperature. Similarly in a work of Sickafus 

et al. [8],  large grained (~10 m) MgGa2O4 irradiated at a cryogenic temperature amorphized while 

nano-grained (4-12 nm) MgGa2O4 maintained its crystalline structure. In both works, grain growth 

due to the energy transfer from the ion beam was reported. Moreover, in a recent work of Fonzo 

et al.[9], significant grain growth of nano crystalline Al2O3 (~10 nm) under 18 MeV W ion and 12 

MeV Au ion irradiation at 600°C were reported as well.  

The mechanism of grain growth in nano-grained ceramics has been discussed by Zhang et 

al.[6] They explained that grain growth is due to the energy increase in the system caused by the 

defects introduced by ion irradiation and the increase in the defect mobility at the grain boundaries, 

since the grain boundary possesses high surface energy to begin with in nano-grain polycrystalline 

materials. They proposed that thermal energy is not the dominant activation energy for grain 

growth in an ion irradiation experiment. According to their theory, ion displacement at grain 

boundaries increases the mobility and leads to fast grain growth, and the smaller the grain size, the 

more probable that ion displacements take place at grain boundaries.  

Other than grain growth, there are several concerns in nano-grained materials upon 

irradiation. Since the point defect annihilation at the grain boundaries is more dominant in nano-

grained ceramics and the interstitials are more mobile than vacancies, there will be unpaired 

vacancies left in the grains leading to microscopic swelling. Also, Kachurin et al. [40] reported that 

3 nm Si nano-crystal is less tolerant to radiation damage than 6 nm Si nano-crystal due to high 

surface concentration [40]. Therefore, there might be an optimal grain size needed to stabilize 

polycrystalline ceramic materials where the grain boundary interfacial energy and the energy 
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increase due to point defects in the grain equilibrate. In addition to these issues, obviously, as the 

grain size increases under irradiation, the properties of nano-grained ceramics will diminish.  

Grain growth under high thermal energy can be inhibited by mixing multiple phases as 

shown by Kim et al.[18].They used a three phase ceramic composite for increased superplasticity, 

which can be obtained when the grain size is below about 1 m. Single phase [41,42] ceramics (Al2O3 

and TZP) show a high grain growth rate under high temperature and pressure, which limits high 

temperature plasticity. Two phase ceramics did not suppress grain growth under pressure and at 

high temperature [43,44]. Three phase ceramics on the other hand, inhibited grain growth so that the 

grain size was retained. Even though microstructural evolution behavior in nano-grained 

multiphase ceramics under irradiation has not been investigated extensively, mixing multiple 

phases is expected to inhibit grain growth. Since the primarily grain growth activation might not 

be the thermal energy, the effectiveness of multiple phases against irradiation induced grain growth 

might differ from ones that have been reported [18]. 

In this study, the radiation damage will be experimentally simulated with low energy light 

ions and high energy heavy ions (4 MeV Si ions beam and 946 MeV Au ion beam respectively) 

instead of putting samples into an actual nuclear reactor because it will take years to accumulate 

enough damage to observe the microstructure evolution in a nuclear reactor due to a low flux, and 

nuclear irradiation causes handling issues of the irradiated samples due to their radio activeness.  

The aim of this study is to evaluate the microstructural evolution of micro- to nano-grained 

multiphase ceramics compared to single phase polycrystalline and single crystal samples. 
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1.2.4 Experimental Techniques 

1.2.4.1 X-ray Diffraction  

X-ray diffraction (XRD) is a materials characterization technique that yields crystal 

structural information hence can be used for phase identification of materials with different phases 

with different crystal structures, phase identification in multiphase composites, measurement of 

crystal parameter modification (unit cell volume expansion and contraction) etc.  

In a crystalline material, atoms are distributed with a special order and periodicity creating 

planes of atoms. Photons with a certain wave length and a certain incident angle, can be diffracted 

by the crystal planes. When the incident angle and the lattice spacing, and the wavelength of x-ray 

satisfy Bragg’s law;  sin2d= , where  : wavelength, d : lattice spacing, and  : incident angle, 

the x-ray will be diffracted constructively, otherwise it will result in destructive diffraction. In 

addition to Bragg’s law, the diffracting planes have to be with certain (hkl) such that they satisfy 

the structure factor; 0
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because the intensity of the diffracted x-ray Ihkl is 
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One x-ray spectra can yield a lot of valuable information regarding the material as long as it is 

crystalline. In a known material, back calculating the lattice spacing according to the peak position 

allows you to analyze the strain in the lattice. The peak width tells us the crystallinity and 

disorder/strain of the crystal or if it is from a nano crystalline material, crystalline domain size can 

be calculated according to Scherrer equation; 





cos

K
=  where K: shape factor,  : wave length 

of x-ray,  : full width at the half maximum,   : incident angle (Bragg angle).  
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In this study, XRD was used to assess the magnitude of disorder in the crystal system as well as 

the change in the lattice spacing.   

1.2.4.2 Transmission Electron Microscopy 

Transmission electron microscopy is an imaging technique not only to image nano-scale 

future but also it yields contrast including crystal information, phase information, density 

information and so on. Electron beam is shot through a thin specimen in ultrahigh vacuum, and 

the electrons interact both as particles and as waves with the specimen. The electrons coming out 

(exit wave) can be identified as transmitted beam (beam passing through straight), and diffracted 

and scattered waves by the specimen.  

When only transmitted beam is selected to form an image (bright filed (BF) imaging), the 

majority of the contrast in TEM images comes from the crystal orientation and the absorption by 

the specimen and the phase of the electron beam. The incident electrons are diffracted by the planes 

in a crystalline specimen when they satisfy Bragg’s law. If the incident electrons are strongly 

diffracted, less electrons will transmit straight to the viewing screen, thus that region appears dark. 

If the specimen has more than one phase, denser phase will appear darker because the electron 

beam is absorbed more and diffracted more by the denser phase. Thus, the contrast due to the 

diffraction becomes more pronounced in the denser phase. The exit waves interact with each other 

and from diffraction pattern similar to XRD spectra except they are spots. The diffraction pattern 

is simply Furrier transfer of the crystal lattice and they provide the information regarding the 

crystal orientation and lattice parameters. Each spot is formed by atomic planes in the specimen, 

therefore if one spot is selected (dark field (DF) imaging), the image is formed with electrons 

diffracted by the selected set of planes. Thus, if there is a discontinuity or a distortion in the plane, 

it shows up as dark contrast. 
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 If the crystal lattice spacing is large enough to image, first order diffraction spots will be 

close to the transmitted beam and if the transmitted beam and the diffracted beams are selected, 

they will from lattice fringes or atom arrays (high resolution TEM (HRTEM)). One has to be 

careful because HRTEM imaging seems to provide more direct interpretation of the lattice 

information, but the contrast depends on the phase of the electron waves. Therefore, it is easier to 

misinterpret the image in HRTEM.    

In this study, dark field and bright field technique were used to image dislocation loops 

and distortion in the crystal.  HRTEM was also used to observe ion tracks and the crystal distortion 

around the ion tracks.  

1.2.4.2.1 TEM Sample Preparation Using Focused Ion Beam 

 TEM samples have to be transparent for electrons to pass through, thus bulk samples are 

modified for TEM imaging. In this study, focused ion beam (FIB) was used to cut out a slice 

(lamella) from specimens. FIB was ideal since TEM samples from specific depth from the surface 

were required and samples did not have homogeneous microstructure due to the sintering process, 

so TEM samples from dense region were selectively cut out. In TEM imaging, sample preparation 

affects the quality of the obtained images greatly. TEM sample preparation is done in 7 steps 

(Figure 1.4). 
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Figure 1.4 Steps to make a lamella by milling trenches. (1) For TEM sample prep, a well-polished 

flat sample is ideal. (2) Electron beam Pt deposition to protect the region of interest from ion beam. 

(3) Ion beam Pt deposition to further deposit Pt protection layer. (4) Trench milling. A large current 

is used and often times, re-deposition occurs on the lamella. (5) Cross section clean-up. A lower 

current and specimen tilt are utilized to clean up the lamella. (6) J-cut. Ion beam detaches the 

lamella from the bulk with an angle.   

Step 1: Protective Pt layer deposition  

 FIB on FEI Quanta SEM/FIB uses Ga ion beam to mill, and every scan damages the surface 

of the bulk sample. Pt layer can be deposited using electron beam with a large current up to 

thickness ~300 nm to prevent ion beam damage. Thicker Pt protective layer can further be 
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deposited with ion beam (Figure 1.4 (1-3)). The first Pt layer minimizes the beam damage 

depositing Pt (Figure 1.5).  

 

Figure 1.5 TEM image showing the ion beam damage at the surface. Electron deposition can 

prevent ion beam damage while depositing a Pt protection layer. 

Step 2: Trench milling 

 Two trenches are made with a large current to make windows to access the cross sections. 

One trench is longer than the other because you only need one window to make a J-cut. The shorter 

trench should be beeper than the long trench, which enables the J-cut easier and faster (Figure 1.4 

(4)).  

Step 3: Cleaning up  

 Since a large current is used for trench milling, the cross section is very rough. An 

intermediate current is used to clean up the re-deposition on the cross sections (Figure 1.4 (5)).  
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Step 4: J-cut 

 One side and the bottom part of the lamella are cut leaving a small portion of the lamella 

is attached to the bulk (Figure 1.6).  

Step 5: Lift out 

 OmniProve (micro manipulator) is attached to a corner of the lamella (Figure 1.6) and the 

other side attached to the bulk is now detached.  The slice is slowly lifted so that the slice doesn’t 

hit the walls.  

 

Figure 1.6 Lift out of a lamella. The lamella is detached when the Omiprobe is attached on a corner 

of the lamella.  

Step 6: Specimen mounting onto a TEM grid 

 One end of the slice is now attached to one of poles of a TEM grid, which is large enough 

to handle with regular size tweezers.  

Step 7: Thinning 

 The attached slice is then thinned down to around 100-200 nm with a small current at 30 

keV. The thickness can be roughly estimated by looking at the contrast of the specimen. The thin 

part becomes white bright with 5 keV secondary electron imaging as it reaches around 100 nm. 
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The thin specimen then is further thinned with lower energy ion beam until the intensity from the 

thin part becomes thin enough to be transparent and the contrast becomes very dark. In order to 

remove the damage due to the ion beam, 3 keV ion beam is shined on to the milled surface. 
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 : Improved Tolerance for Radiation Damage of Al2O3 by the Introduction of 

Heterointerfaces and a Reduced Grain Size in YSZ, Al2O3, and MgAl2O4 Multiphase 

Ceramic Composite 

2.1 Abstract 

The radiation damage response of Al2O3 was investigated in forms of single crystal, single phase 

polycrystalline and a component of a three-phase composite of cubic 8 mol% Y2O3-stabilized ZrO2 

(YSZ), -Al2O3 and MgAl2O4 spinel.  These materials were irradiated by 4 MeV Si3+ ions with a 

fluence of 1016 ions/cm2 at 650°C to investigate radiation damage behavior in the regime where 

nuclear energy loss is dominant.  Transmission electron microscopy (TEM) studies show that 

Al2O3 phase in three-phase ceramics with a grain size of 260 nm have significantly improved 

radiation damage tolerance compared to similar grain size single-phase polycrystalline sample, 

with the former displaying minimal dislocation loop formation and no significant grain growth 

during irradiation.  It is hypothesized that heterointerfaces in the multiphase system contribute to 

improved stability by serving as more efficient sinks for point defects than grain boundaries in 

single-phase system.  This suggests that improved radiation damage tolerance in polycrystalline 

ceramics can be achieved by introducing a high concentration of heterointerfaces. 

2.2 Introduction 

A fine grain size is expected to increase the radiation damage tolerance in polycrystalline 

materials, since point defects generated during irradiation have only a short diffusion distance to 

reach grain boundaries that serve as sinks.  This improved radiation damage tolerance has been 

demonstrated in a variety of  nanocrystalline ceramics[7–9, 36–38].  Defect annihilation occurs both 

as recombination of Frenkel defects and migration to grain boundaries.  Interstitials are typically 



21 

more mobile than vacancies, so more vacancies often remain in the grain interior and increase the 

probability of void formation [45].  Simulations have suggested that with a small enough grain size, 

interstitials that reach grain boundaries can be emitted back to the interior of the grain  and 

annihilate vacancies[8, 45].  Thus, grain boundaries can play several roles in enhancing point defect 

annihilation.   

Another issue arising during irradiation is grain growth due to energy transferred from the 

incident ions [6, 8, 9, 36].  Incident ions provide additional kinetic energy for grain boundary 

movement and nanocrystalline materials demonstrate significant grain growth under irradiation [6].  

Multiphase compositions can be used to limit grain growth if the microstructure has few grain 

boundaries between similar phases, since grain growth now requires longer distance diffusion from 

another grain of the same composition[18]. Thus, multiphase materials should have the advantage 

of retaining a fine grain size even under irradiation at high temperatures.   

What is unknown, however, is whether multiphase polycrystalline ceramics exhibit 

differences in radiation damage tolerance compared to polycrystalline single-phase ceramics of a 

similar grain size.  In this study, a model multiphase system composed of cubic yttria-stabilized 

ZrO2 (YSZ), α-Al2O3 and MgAl2O4 spinel was selected.  While radiation damage behavior of each 

individual phase (especially YSZ and MgAl2O4 because of their superior radiation damage 

tolerance) has been previously studied [ 2, 4, 11, 23, 22, 46–49], the effect of combining these phases into 

a bulk multiphase ceramic with a high concentration of heterointerfaces has not been analyzed.   

These three phases are stable in combination and do not react to form new phases at high 

temperatures.  In this study, the radiation damage behavior predominantly in the nuclear energy 

loss regime, where point defect cascade forms were investigated focusing on the radiation damage 

behavior of the Al2O3 phase, which is prone to radiation damage, in nanocrystalline multiphase; 
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combinations of these materials and compared to the behavior exhibited in single crystals and 

nanocrystalline single-phase Al2O3 under identical irradiation conditions.  

2.3. Experimental 

2.3.1 Sample preparation 

Single crystals of each phase with the densest planes oriented to the surface (YSZ (111), 

Al2O3 (0001), MgAl2O4 (111)) were purchased from MTI [CA, USA].  Bulk samples of single 

phase and three-phase compositions of YSZ (8 mol% Y2O3) [Tosoh, Tokyo, Japan], -Al2O3 

[Taimei, Tokyo, Japan supplied by Pred materials, USA] and MgAl2O4 [Baikalox, TX] were 

prepared by spark plasma sintering (SPS) [50–55].  Before SPS, the powders were milled in a high 

speed planetary ball mill to reduce the prevalence of agglomerates and to mix well.  Single phase 

samples were sintered by SPS at 950°C for 5 minutes using a ramp rate of 10°C/min under 100 

MPa and three-phase samples were sintered at 950°C for 5 minutes using a ramp rate of 100°C/min 

under 100 MPa.  For irradiation, 13 mm diameter SPS samples were cut into pellets with ~1 mm 

thickness. Pellets were annealed at 1000°C for 1 hour in air after SPS to remove carbon 

contamination, a by-product of the graphite foil and dies used in the SPS process, and then polished 

on one side to 60 nm finish.  After annealing, all SPS samples had grain sizes of 200-290 nm and 

relative densities greater than 90%.  Certain SPS three-phase samples were further annealed at 

1350°C for 20 hours to grow the average grain size to ~690 nm.  

2.3.2. Irradiation 

The polished side of the samples was irradiated with  4 MeV Si4+ beam at 650 °C under a 

vacuum of 5×10-5 Pa at the Ion Beam Materials Laboratory (UT-ORNL IBML)at University of 

Tennessee, Knoxville [56].  The temperature was chosen to better simulate the conditions in a 
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nuclear reactor and to promote the diffusion of point defects to form dislocation loops that could 

be readily identified.  The samples were tilted 7 degrees with respect to the incident ion beam to 

avoid ion channeling. Adjustable beam slits were used to define an irradiation are as covering the 

entire sample surface. The ion beam was defocused and wobbled in the horizontal and vertical 

directions over a wider area with the aim of defining a homogeneous irradiated region. Beam 

homogeneity was within 10% throughout the irradiated area, which was validated by checking the 

ion beam induced luminescence (IL) on Al2O3 (used as a scintillator) monitored with a CCD 

camera [57, 58]. Irradiations were performed with 4 MeV Si2+ using low beam current densities in 

the range of 3.3 nA/mm2 to avoid beam heating and charge accumulation on the samples [59]. The 

ion flux of 1×1012 cm-2/s and fluence of 1×1016 ions/cm2 were kept constant throughout each 

irradiation. Displacement per atom, ion range and energy loss as a function of depth into the sample 

were calculated using the Stopping and Range of Ions in Matter (SRIM) binary collision 

approximation (BCA) software in full-cascade mode (version 2012) [60, 61]. The calculated stopping 

powers (electronic and nuclear), ion range and atomic displacements including all the host ions 

(dpa) as a function of depth into the sample are shown in Error! Reference source not found.. T

he steady state temperature of the sample surface was measured via a K-type (chromel-alumel) 

thermocouple (TC). More details on the experimental apparatus are provided elsewhere [56, 59]. 

Figure 2.2 shows the sample mounted on the heating sample holder. The sample was cut to extract 

only the irradiated portion of the sample for the characterizations. 



24 

 

Figure 2.1 SRIM calculations [60, 61] of dpa, ion range into sample, and electron and nuclear energy 

losses  

 

Figure 2.2 Mounted sample for high temperature irradiation. Thermal couple is covered to prevent 

direct irradiation. 

2.3.3. Characterization 

The crystal structure of irradiated samples was investigated with glancing angle X-ray 

diffraction (GI-XRD) [Rigaku Smartlab, Tokyo, Japan] with various incident angles =0.25°, 1°, 

1.5°, 2° and 2 =15-65° to obtain crystallographic information from different depths. Cu K with 
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40 kV and 44 mA, 5.0 degrees incident beam slit, and in-plane PSA 0.5 degree slit with 0.5 mm 

receiving slits, a scan speed of 1 deg./min and a step width 0.01 degree were used.  After XRD, 

samples were prepared for TEM imaging using Ga focused ion beam (FIB) on Quanta dual beam 

SEM/FIB (FEI, Hillsboro, OR). Lamellas were lifted out with OmniProbe 200 (Oxford 

Instruments, Abingdon, United Kingdom) and attached on OmniProbe Lift-out grids (TED 

PELLA, INC., CA, USA) on the V position to minimize bending of the foil. An ion beam 

accelerating voltage of 5 keV with a beam current 16 pA was used for the final polish. The average 

thick ness of each TEM sample is ~40 nm, confirmed by SEM. TEM samples were imaged with a 

transmission electron microscope (TEM) [Philips CM-20, Hillsboro, OR] with 200 keV using a 

LaB6 beam source. Some of the images are taken at a high magnification and patched together to 

make a montage to retain high enough resolution to resolve dislocation loops.  

2.4. Results and Discussion 

2.4.1 XRD 

No significant changes in terms of crystal structure were detected by XRD after irradiation as 

shown in Figure 2.3 and Figure 2.4, and  

Table 2.1 summarizes the calculated unit cell volume and peak width before and after the 

irradiation.  
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Figure 2.3 XRD spectra of single phase Al2O3 and three-phase 260 nm before and after irradiation. 

The red ribbons indicate Al2O3 peak positions. 

 

Figure 2.4 XRD of the Al2O3 peak diffracted by (112̅3) 
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Table 2.1 Unit cell volume and peak width of Al2O3 phase in single phase Al2O3 and three-phase 

260 nm calculated from the XRD spectra 

Composition 
grain 

size 
 phase 

unit cell volume 

(Å3) 

FWHM 

(degree) 

3-phase 260 nm 

pristine 

YSZ 135.58 0.27 0.22 

Al2O3 254.15 0.51 0.16 

MgAl2O4 525.30 1.05 0.23 

irradiated 

YSZ 135.47 0.27 0.20 

Al2O3 253.86 0.51 0.14 

MgAl2O4 524.65 1.05 0.19 

3-phase 690 nm 

pristine 

YSZ 135.69 0.27 0.16 

Al2O3 254.27 0.51 0.12 

MgAl2O4 523.83 1.05 0.13 

irradiated 

YSZ 135.66 0.27 0.20 

Al2O3 254.12 0.51 0.14 

MgAl2O4 523.64 1.05 0.18 

Al2O3 290 nm 
pristine Al2O3 254.57 0.51 0.15 

irradiated Al2O3 254.41 0.51 0.13 

 

2.4.2 TEM 

2.4.2.1 Single crystals 

 During irradiation at 650°C, point defects formed dislocation loops in all the single crystal.  

In Figure 2.5, low magnification TEM bright field (BF) images show the damage depth in each 

sample.  Dislocation loops appear as dark lines and loops.  The ion range in YSZ corresponds to 

the TRIM simulation but the depth for maximum damage in -Al2O3 and MgAl2O4 are deeper 

than predicted for the calculated ion ranges. Prior research has shown that alumina is much more 

susceptible to radiation damage than spinel or YSZ [3, 4] and this current work is in agreement; 

dislocation loops in -Al2O3 single crystal formed throughout the entire irradiated region whereas 

in the other two dislocation loops formed predominantly at the damage peak.   
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Figure 2.5 Cross section TEM BF images of irradiated single crystals of YSZ, Al2O3 and MgAl2O4 

from top surface to irradiated interior with SRIM calculation of dpa in each phase. 

 

2.4.2.1.1 Al2O3 single crystal 

In the Al2O3 single crystal, the dislocation loop size is between ~20 nm and ~50 nm and 

both sizes occur on (0001) and {011̅0} planes (Figure 2.6). The concentration of loops increases 

closer to the damage peak.  The size of dislocation loops does not change with depth. Past research 

has also identified the dislocation loops as primarily interstitial and on {0001} and { 0011 } [4, 47].  
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Figure 2.6 TEM cross section images of dislocation loops in Al2O3 single crystal irradiated with 

1016 Si ions/cm2 at 650°C (a) BF image of the extensive damaged region near z = [21̅3̅0]. (b) BF 

image of dislocation loops close to the damage peak (1.4 m from the irradiated surface) near z = 

[21̅3̅0]  

2.4.2.1.2 MgAl2O4 single crystal 

In MgAl2O4, two different sizes of loops are observed (Figure 2.7); one with a high density 

and a size around 30 nm and others with scattered distribution slightly further into the sample 

around 100 nm in size. The majority of the dislocation loops in spinel lie on {111} planes. 

Dislocation loops intersecting at 35.3° are {011} and {111}, ones intersecting at 70.5° are {111} 

and ones intersecting at 60° are {110} and {110}. Past research has identified that the dislocation 

loops to be primarily interstitial on {111} and {110} in MgAl2O4 
[4, 47, 48]. In our (111) MgAl2O4 

single crystal, the majority of the loops are on {111} and normal to the beam direction. Zinkle et 
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al. [48], reported on irradiation of polycrystalline MgAl2O4 (grain size 30 m) at high temperatures: 

2 MeV Al irradiation at 650 °C for 4.6×1016 ions/m2 showing dislocation loops on {110} and 

{111}. They reported that “loop formation is clearly favored for habit planes with normal that are 

nearly perpendicular to the incident ion beam direction” (planes parallel to the beam direction). In 

this study the beam direction was perpendicular to {111} and this might have increased the 

probability of loop nucleation on {111} or the crystal in Zinkle’s work may have been oriented 

with an angle such that {111} does not lie perpendicular to the beam direction since they used a 

polycrystalline sample. As the fluence increases, dislocation loop concentration is expected to be 

lower and the loop size increases [49]. Thus, in MgAl2O4 single crystal, the deeper region (Figure 

2.7(a)) where larger loops formed should be the damage peak since the concentration of dislocation 

loops is less and loop size is larger.  

 

Figure 2.7 TEM BF images of dislocation loops in MgAl2O4 single crystal at 2.5 m from the 

irradiated surface (a) on [11̅2] zone axis and (b) g=220 near [11̅2]. 

 

 

2.4.2.1.3 YSZ single crystal  
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Dislocation loops are primarily accumulated at the damage peak in YSZ. Irradiated YSZ 

single crystals have large loops (50-70 nm) and small loops (~25 nm) at the damage peak (Figure 

2.8). Both sizes form loops on three different planes {111}, {110} and {112} as reported [46],. In 

YSZ, bend contours appear strongly diffracting as dark bands.   

 

Figure 2.8 TEM BF images of dislocation loops in YSZ single crystal at 1.8 m from the irradiated 

surface (a) near zone axis z = [111] and (b) near z = [112]. The ion beam direction is perpendicular 

to {111}. 

2.4.2.2 Single phase polycrystalline 

A high concentration of grain boundaries clearly increased radiation damage tolerance of 

single phase nanocrystalline materials compared to single crystals (Figure 2.9-Figure 2.11) as 

reported in other systems [7, 8, 36–38]. The concentration of dislocation loops is lower in 

polycrystalline materials than in single crystal for Al2O3 (Figure 2.11) and a denuded zone is often 

observed near the grain boundary in grains in the damaged region. However, most grains have 

dislocation loops in the single phase Al2O3 sample in contrast to YSZ and spinel single phase 

samples. This implies that annihilation or/and emission of interstitial defects at grain boundaries 

was not as efficient in Al2O3 as in YSZ and MgAl2O4 single phase nano crystalline samples. 
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In YSZ and MgAl2O4 polycrystalline (Figure 2.9 and Figure 2.10), dislocation loops were 

observed in the deeper area (3-4.5 m) than the damage range in single crystals. If all the 

dislocation loops observed were due to the irradiation, this might be due to channeling effect of 

the crystal. For single crystals, (111) was used for the plane orientations for YSZ and MgAl2O4, 

and (0001) for Al2O3 so that the ion beam is close to normal to the densest planes (samples were 

tilted 7° with respect to the incident beam to reduce channeling effect). On the other hand, in the 

polycrystalline samples, grains are oriented randomly allowing the sample to have plane 

orientation easier for the ion beam to channel through. However, since this phenomenon was not 

observed in Al2O3, where there is a clear boundary between the region with dislocations and the 

non-irradiated zone where no dislocations were observed, some dislocation loops observed in the 

relatively softer YSZ and MgAl2O4 might not be due to irradiation but to plastic deformation 

during processing or sample preparation.    

In order to confirm the formation of dislocations in YSZ and MgAl2O4, the microstructures 

of un-irradiated samples that are annealed at 650°C were compared to the irradiated ones. As seen 

in Figure 2.12 and Figure 2.13, the microstructures of the annealed samples are almost identical to 

the irradiated ones and dislocation loops were observed as well as strain contrast in grains. 

Therefore, it is concluded here that the dislocation loops observed in the irradiated YSZ and 

MgAl2O4 are not due to the irradiation but due to processing of the sample.  
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Figure 2.9 TEM cross section BF images of YSZ single phase polycrystalline sample irradiated at 

650°C: (a) damaged region ~4 m from the irradiated surface. Red arrows indicate dislocation 

loops. (Bright lines are due to ion milling not due to Si irradiation.)  (b) A grain with dislocation 

loops at 2.6 m from the irradiated surface. 

 

Figure 2.10 TEM cross section BF image of MgAl2O4 single phase polycrystalline sample 

irradiated at 650°C: (a) damaged region at ~3.5 m from the irradiated surface and (b) a large grain 

with dislocation loops. 
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Figure 2.11 TEM cross section BF image of Al2O3 single-phase polycrystalline irradiated with 

1016 Si ions/cm2 at 650°C: (a) Overview of the damaged region (b) grains with dislocation loops 

at the end of the damaged region at ~2 m from the irradiated surface. 
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Figure 2.12 TEM cross section image of YSZ annealed at 650°C 

 

Figure 2.13 TEM cross section image of MgAl2O4 annealed at 650°C 
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2.4.2.3 Three-phase Ceramics  

The multiphase sample with a 690 nm grain size showed distinctively different behavior.  

Dislocation loops in -Al2O3 grains accumulated primarily at the predicted damage peak (in Figure 

2.14 indicated by an arrow), as opposed to the damage throughout the irradiated region as seen for 

the single-phase polycrystalline -Al2O3 and the single crystal -Al2O3. In the three-phase 690 nm 

grain size sample, the concentration of dislocation loops in large -Al2O3 grains at the damage 

peak is strikingly higher than in smaller grains Al2O3 grains (Figure 2.11 and Figure 2.14). 

 

Figure 2.14 Cross section TEM image of 690 nm grain size three-phase sample irradiated with 

1016 Si ions/cm2 at 650°C. The arrow indicates the peak damage region at approximately 2 µm 

from the surface. A = alumina, S = spinel, Z = zirconia. Strain contours from residual stress at 

interfaces can be observed. 
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Three-phase ceramics with a grain size of 260 nm showed an even more distinctive 

behavior with respect to the Al2O3 grains. Almost never could dislocation loops be detected in 

Al2O3 grains (Figure 2.15) even with extensive tilting to different Bragg conditions (Figure 2.16), 

only salt and pepper contrast at the damage peak was observed.  

 

Figure 2.15 Cross section TEM image of 260 nm three-phase irradiated with 1016 Si ions/cm2 at 

650°C; Al2O3 grains are circled with dotted lines 
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Figure 2.16 TEM images of three-phase 260 nm with different specimen tilt. Only “salt and 

pepper” contrast was observed. 

A grain size below 100 nm is expected to improve radiation damage tolerance in most 

ceramics by having denuded zones throughout the interior of the grains [36, 38, 45] . Experimental 

studies using grain sizes below 100 nm irradiated at room temperature or cryogenic temperatures 

have demonstrated this improvement for YSZ, -Al2O3 and MgAl2O4.
[7, 36, 37]  Although the grain 

size of the samples used in this study was not smaller than 100 nm, the mobility of defects is higher 

because irradiation was conducted at an elevated temperature. It is expected that at higher 

temperatures, the grain size is still small enough for point defects to migrate to grain boundaries 
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and annihilate. Comparing single-phase polycrystalline Al2O3 with a grain size of 290 nm and 

Al2O3 grains in the three-phase sample with a grain size of 260 nm, the grain size is almost the 

same but the damage in alumina grains in the three-phase material is almost negligible compared 

to the single-phase polycrystalline Al2O3. Figure 2.17 and Figure 2.18 show the comparison of 

these four samples with respect to the Al2O3 phase with TEM images and dislocation area 

concentration; qualitative dislocation loops area concentration was calculated based on the number 

of the dislocation loops and the area of each grain. There is almost no observable dislocation loop 

formation before the damage peak in the 690 nm grain size three-phase sample, whereas in single 

phase Al2O3, dislocation loops form throughout the damage region.  The loop concentration for 

alumina grains in the 690 nm grain size three-phase material is less than 50 % of that in Al2O3 

single phase in the region above the damage peak which is around 2 m from the irradiated surface. 

This indicates even for a large grain size of ~690 nm, radiation damage tolerance is significantly 

improved by introducing heterointerfaces hence heterointerfaces act better as a defect sink than 

grain boundaries in single phase material. The reason for the higher dislocation loop at the damage 

peak in the 690 nm grain size three-phase material is simply less grain boundaries to annihilate 

defects than in Al2O3 single phase at the damage peak.  
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Figure 2.17 A comparison of TEM BF cross section images of Al2O3 single crystal, Al2O3 single-

phase, three-phase with grain size of 690 nm, and three-phase with grain size of 260 nm after 

irradiation. All of the pictures are in the same magnification. a) Dark field image of single crystal 

Al2O3 near [1010] with a g-vector [000 6 ] at 1 m from the surface. Dislocations lie on {0001} 

and {0110} as reported [47, 4]. (b) Dislocation loops in Al2O3 single phase polycrystalline clearly 

show the loop shape even in small grains. (c) Arrow indicates an Al2O3 grain with dense 

dislocation loops in three-phase with 690 nm grains at the damage peak. (d) Arrow indicates an 

Al2O3 grain in three-phase with 260 nm grains at the damage peak. No dislocation loops were 

observed.  
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Figure 2.18 Dislocation loop concentration in Al2O3 single crystal, single phase Al2O3, Al2O3 

grains in 690 nm three-phase and 260 nm three-phase. The dislocation loop concentration was 

estimated using TEM images with random crystal orientation. In Al2O3 single crystal at the damage 

peak, dislocations are too concentrated to count.  

In metallic systems (Cu and Cu-Zr glassy phase), simulations have shown that second 

phase amorphous grain boundaries with a different composition are more effective sinks for point 

defects than clean high angle grain boundaries [62].  In our system, heterointerfaces should be more 

disordered compared to grain boundaries in polycrystalline single-phase materials.  As illustrated 

in Figure 2.19, there is no matching of chemical composition or crystal structure across 

heterointerfaces.  Disorder at the interfaces should be one of the factors that will increase the 

efficiency of defect annihilation in three-phase materials. In addition to improved radiation damage 

tolerance in the 260 nm grain size three-phase material, a comparison with the radiation damage 

behavior observed in the 690 nm grain size three-phase sample also supports this hypothesis.  
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Figure 2.19 Schematic microstructures of single-phase polycrystalline ceramic with grain 

boundaries compared to a three-phase ceramic with heterointerfaces.  

Additionally, a contribution to enhanced radiation stability should be evaluated with respect to 

differences in thermal expansion between different phases (Table 2.2 

Table 2.1).  Residual stress at the heterointerfaces is observed in TEM images (Figure 2.14 

and Figure 2.15) which might enhance the annihilation of defects by accelerating the diffusion at 

the interface as reported previously for ionic material interfaces [63–69].  The anisotropic crystal 

structure of Al2O3 would also generate residual thermal stresses at grain boundaries in 

polycrystalline Al2O3 upon cooling after sintering as alumina has different thermal expansion 

coefficients along the c and the a axes.  The contribution of residual stress to enhancing point 

defect annihilation by accelerated diffusion to grain boundaries should be smaller in 

polycrystalline alumina compared to the three-phase composite because the difference in thermal 

expansion coefficients is larger between different phases in the latter.  

 

Table 2.2 Thermal expansion and elastic modulus of each phase   

Material Thermal expansion at 650°C 

( 10-6/°C) 

Elastic modulus (GPa) 
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YSZ 11.1 [70] 200 [71] 

Al2O3 a-axis 7.1 [73] 402 [71] 

Al2O3 c-axis 8.3 [73]  460 [71] 

MgAl2O4 11.4 [75] 271 [71] 

 

In a simple two-layer composite, of different materials A and B with elastic modulus and thermal 

expansion coefficient of EA, A and EB, B, the thermal expansion of the composite C is 

2/)( BAC  +=
          () 

using the rule of mixture. Assuming that the two layers were bound at high temperature and cooled 

down (T).  If the two materials were NOT bonded, the shrinkage for the material A,A, would be  

AA T =            (2) 

And for the material B: 

BB T =
            (3) 

 While the shrinkage of the composite is  

CC T =
           (4) 

When A>B, A>C>B and A experiences compressive stress as it cannot contract as much  

)( CAAA E  −=
          (5) 

 And material B experiences tensile stress 

)( CBBB E  −=
          (6) 

From Equations (4) and (1), 
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2/)( BAC T  +=
           (5) 

Thus from (5) and (6) we can generate the residual stress in each phase, given by 

2/)(

2/)()2/)(()(

ABBB

BAABAAACAAA

TE

TETTEE





−=

−=+−=−=

 

Hence the larger the difference in thermal expansion coefficients, the greater the residual 

stress that will develop at a heterointerface. The residual stress reaches maximum at a grain 

boundary between a random YSZ/a-axis Al2O3 and MgAl2O4/a-axis Al2O3; 280-303 MPa (Table 

2.2). The calculated maximum residual stress in heterointerfaces associated with Al2O3 in a three-

phase sample is over three-times larger than the maximum residual stress between a- and c-axis 

oriented Al2O3 grains; 84 MPa (Table 2.3).  Obviously, the exact residual stress depends on both 

the composition and the orientation of each grains, but this calculation shows that overall there is 

a higher probability of higher stresses at YSZ/Al2O3 and MgAl2O4/Al2O3 heterointerfaces than at 

Al2O3/Al2O3 grain boundaries, which according to the theories proposed [42] would lead to a more 

efficient defect annihilation.  

 

 

 

 

Table 2.3 Induced stress in each grain with different interfaces when cooled down from 950°C to 

650°C. Negative stress indicates compressive stress. 

Interfaces grain 
Induced stress 

(MPa) 
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Al2O3 a-axis|Al2O3c-axis 
Al2O3 a-axis -84 

Al2O3 c-axis 97 

Al2O3 a-axis|YSZ 
Al2O3 a-axis -281 

YSZ 140 

Al2O3 a-axis|MgAl2O4 
Al2O3 a-axis -303 

MgAl2O4 204 

 

While the contribution of each hypothesis to enhanced point defect annihilation at grain boundaries 

cannot be quantitatively distinguished, the effectiveness of using composite polycrystalline 

structures to dramatically enhance radiation damage tolerance has been established by this study. 

2.5. Conclusions 

Dislocation loops form primarily at the maximum damage peak zone in irradiated YSZ and 

MgAl2O4 single crystals as predicted, whereas in single crystal sapphire (-Al2O3), a high density 

of dislocation loops form throughout the entire irradiated region, which correlates with the reported 

higher radiation stability of MgAl2O4 and YSZ.  Even though the introduction of a high 

concentration of grain boundaries by reducing the grain size to a nanocrystalline scale did enhance 

radiation damage tolerance of Al2O3, there was still significant radiation damage observed by the 

presence of dislocation loops.  In contrast, alumina grains in three-phase materials with a similar 

grain size (around 260 nm) showed almost no radiation damage upon irradiation to single-phase 

polycrystalline Al2O3. Even for larger alumina grain sized three-phase material, the damage was 

less than in single-phase polycrystalline alumina above the damage peak region.  The significant 

conclusion from this research is that heterointerfaces between dissimilar phases are significantly 

more effective for defect annihilation than grain boundaries between similar phases in ceramics, 

hypothesized to be due to disordered interfaces serving as more efficient sinks with a possible 

contribution from residual stress due to thermal expansion mismatch.  The conclusions of this work 
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point to a way to improve radiation damage tolerance in polycrystalline ceramics by introducing 

heterointerfaces. 

  



47 

 : Radiation Damage Behavior of Three-Phase Ceramic of YSZ, Al2O3 and 

MgAl2O4 under 946 MeV Au Ion Irradiation  

3.1 Abstract 

In chapter 2, three-phase composite showed superior radiation damage behavior in the 

nuclear energy loss region. In this chapter, damage behavior of the three-phase composite in the 

electron energy loss region was compared to that of single phase samples.  Three-phase ceramic 

material (YSZ, Al2O3 and MgAl2O4) with nano grains was irradiated with 946 MeV Au ions with 

a series of fluences and the damage behavior of Al2O3 phase was compared to single phase Al2O3. 

Single phase Al2O3 and MgAl2O4 started chipping and cracking at 2×1012 ions/cm2 whereas three-

phase sample remained stable. The microstructure evolution was interpreted to describe this failure 

behavior along with XRD analysis. Possible explanation for the resistance to macro failure in 

three-phase sample is that the interfaces block propagation of cracks or disordered network 

between ion tracks and point defects which induces lattice expansion are annihilated more 

efficiently at heterointerfaces as reported in the chapter 2.  

3.2 Introduction 

In chapter 2, the radiation damage behavior in the nuclear energy loss region was 

investigated and the three-phase composite sample showed improved radiation damage tolerance 

with a better point defect annihilation ability. Since the electron energy loss regime also generates 

point defects, a better damage tolerance is expected for the electron energy loss region.  

Radiation damage behavior of various composites under swift heavy ions has been reported 

[37, 76, 77] as well as single phase nano grain materials for extreme environment applications . It is 

well known that nano grains exhibit a superior radiation damage behavior to large grains providing 
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more efficient sinks for point defects and it has been true in both metallic systems and ceramic 

systems [7–9, 36–38]. Additionally, in metallic systems and ceramic thin film and bicrystal systems, 

radiation damage tolerance enhancement via introduction of heterointerfaces has been examined 

as well summarized by Beyerlein et al. [78] but no ceramic systems with homogeneous composite 

microstructure (without a matrix) has not been studied yet. Moreover, for the electron energy loss 

regime, the relationships with ion track formation and the microstructure is not very clear, even 

though ion track formation mechanism due to swift heavy ion in various materials has been studied 

[25, 79–81]. Ion irradiation of 12 MeV Au and 18 MeV W on Nanocrystalline/amorphous -Al2O3 has 

been investigated by Fonzo et al. They showed significant grain growth but did not show the 

relationship between the microstructure and ion track formation. Similarly, Valdez et al. studied 

MgO-Gg2Hf5O12 composite system under 10 MeV Au ion irradiation but no information on ion 

track formation was provided. In order to develop composite materials for nuclear applications, 

more understanding on the radiation damage behavior in the electron energy loss region in terms 

of ion tracks and microstructure interaction.  

In this study a model three-phase system of YSZ, Al2O3 and MgAl2O4 was used to 

systematically compare the radiation damage behavior in electron energy loss region in a 

multiphase material and single phase materials with an emphasis on the damage behavior in the 

Al2O3 phase since Al2O3 is more susceptible to radiation damage than other two [3, 4]. Two different 

grain sizes were also prepared for three-phase material to observe the effectiveness of defect 

annihilation with a smaller grain size. The damage behavior was evaluated from several aspects; 

unit cell expansion, crystal disorder, microstructure evolution and ion track concentration.  
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3.3 Experimental 

3.3.1 Sample preparation 

Bulk samples of single phase and three-phase composed of YSZ (8 mol% Y2O3) [Tosoh, Tokyo, 

Japan], -Al2O3 [Taimei, Tokyo, Japan supplied by Pred materials, USA] and MgAl2O4 [Baikalox, 

TX] were prepared by spark plasma sintering (SPS) [50–55].  Before SPS, the powders were milled 

in a planetary mill to reduce the prevalence of agglomerates and to mix.  Single phase samples 

were sintered by SPS at 950°C for 5 minutes using a ramp rate of 10°C/min under 100 MPa and 

three-phase samples were sintered at 950°C for 5 minutes using a ramp rate of 100°C/min under 

100 MPa.  For irradiation, bulk samples were cut into pellets with ~1 mm thickness.  The pellets 

were annealed at 1000°C for 1 hour in air after sintering to remove carbon contamination, a by-

product of the graphite foil and dies used in the SPS process.  The surfaces of the annealed pellets 

were polished for post-irradiation analysis. As-annealed SPS samples had grain sizes of 260 nm 

for three-phase and 290 nm for Al2O3 relative densities greater than 90%. In order to achieve a 

grain size variation in the three-phase material, some three-phase samples sintered with SPS were 

calcined at 1350°C for 20 hours to grow the average grain size to 690 nm in nitrogen atmosphere. 

The samples were cut into disks with a thickness of 1 mm and a diameter 13 mm and one side was 

polished. 

3.3.2 Irradiation 

Samples were irradiated with 946 MeV Au ions using UNILAC accelerator at GSI 

Helmholtz Centre for Heavy Ion Research, Darmstadt, Germany. Samples were irradiated in 

vacuum at RT and the beam size was determined using Al2O3 scintillator. Flux was set to 1×109 

ions/cm2·s and a series of fluence; 1×1010,1×1011, 4×1011,8×1011, 1×1012, 2×1012 ions/cm2 was 
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used. Maximum fluence of 2×1012 ions/cm2 was determined by irradiating an Al2O3 sample until 

it started fracturing at 1.72×1012 ions/cm2 since Al2O3 was expected to exhibit the least radiation 

damage tolerance among the three phases, and the integrity of the samples was required for 

characterizations afterwards with X-ray diffraction (XRD) and transmission electron microscopy 

(TEM). SRIM calculation [60, 61] indicates that, with the beam energy used, the sample surface 0-

15 m has almost pure electron energy loss damage region which can be sued for hardness testing. 

(Figure 3.1) 

 

  

Figure 3.1 SRIM simulation of electron energy loss and nuclear energy loss of 946 MeV Au ions 

in YSZ, Al2O3 and MgAl2O4. 0-15 m from the surface has damage almost purely from electron 

energy loss.  

3.3.3 Characterization 

The crystal structure of the irradiated samples was analyzed with XRD (Smartlab, Rigaku, 

Japan) especially the crystal lattice expansion and peak broadening was investigated to analyze the 

disorder in the crystal system. XRD spectra were obtained for 2=15-65 The change in unit cell 

volume of the irradiated samples was calculated using the amount of peak shift, which was 

calculated by Rietvelt refinement function on the software PDXL (Rigaku, Japan). Peak 
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broadening was also measured by the software PDXL and peaks from (111) for YSZ, (112̅3) for 

Al2O3 and (400) for MgAl2O4 were used to measure the full width at the full width at half 

maximum (FWHM) of each phase. These peaks were chosen because they do not overlap with 

peaks from other phases. In order to support the result of XRD and to analyze the damage 

magnitude in each sample, TEM imaging technique was used. TEM samples were prepared with 

focused ion beam (FIB) in GAIA3 (TESCAN, Brno, Czech Republic). TEM samples were cut out 

perpendicularly to the Au beam direction to obtain plan-view TEM images at the irradiated surface 

(Figure 3.2). Lamellas were attached on a TED PELLA FIB lift out TEM grid with three posts. 

The lamellas were thinned with final beam energy of 3 keV. Cross section TEM images were taken 

with JEOL 2100F (Japan) with an accelerating voltage of 200 keV.  

 

Figure 3.2 The geometry of the TEM sample prepared with FIB 

Samples irradiated with the highest fluence (1×1012 ions/cm2) are subject to the 

investigation on the microstructure evolution since they should show more relevant 

microstructures with which the macro fracture initiated.  

In order to correlate the defect annihilation and ion track formation in each phase, ion track 

area concentration was calculated using under focus images. Automated image analysis can be 

used for counting circular features [82], the contrast in the TEM images varied drastically near pores 
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and manual area selection was required. Thus, semi-manual counting method using color threshold 

was utilized. The color threshold was set to white side so that ion tracks, white dots, are illuminated 

(Figure 3.3). Using “Analyze Particles” function, ion tracks were counted within selected areas 

and the area concentration was calculated. In the analysis, dots with area range 0.1-5 nm2 and 

circularity 0.1-1 were detected. 

 

Figure 3.3 Color threshold function in Image J 

3.4 Results and Discussion 

Macro fracture of the sample surface was observed in single phase Al2O3 and single phase 

MgAl2O4 sample after 2×1012 ions/cm2 irradiation (Figure 3.4). The surface of the single phase 

Al2O3 sample started chipping and cracking, and edges of the single phase MgAl2O4 sample 

chipped as the fluence increased. On the other hand, the surface of the three-phase 260 nm sample 
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remained stable. The cause of the surface fracture is expected to be the stress induced by unit cell 

volume expansion.  

 

Figure 3.4 Pictures of samples before and after irradiation with a series of fluences. Al2O3 and 

MgAl2O4 sample fractured after the irradiation with 2×1012 ions/cm2. The crack on the three-phase 

sample used for 2×1012 ions/cm2 irradiation is due to machining before the irradiation.   

3.4.1 XRD 

 

Figure 3.5 shows the selected peaks from each phase and Figure 3.6 shows calculated unit cell 

volume expansion and the change in FWHM for Al2O3 phase. From  

Figure 3.5, peak shift and peak broadening are evident. Comparing each phase in 690 nm three-

phase and 260 nm three-phase, the lattice expansion is significantly lower in 260 nm three-phase. 

This indicates that the grain size plays a role in lattice expansion by enhancing point defect 

annihilation at the grain boundaries and interfaces. Since the lattice parameters increased with the 

fluence and smaller grain size reduced the expansion, the lattice expansion should have caused 

primarily by interstitials as they are often more mobile than vacancies [45]. Lattice expansion due 

to imbedded Au ions is also possible but since Au ions are much larger than any of the cations in 

the system, they are expected to be much less mobile, therefore the difference between small grain 

and large grain cannot be explained if imbedded Au ions are the primary cause of lattice expansion. 

Interestingly, Al2O3 single phase sample and Al2O3 in the large grain three-phase sample behave 

very similarly. This indicates that, introduction of heterointerfaces enhanced annihilation of 
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defects that contributed to lattice expansion as much as introduction of more grain boundary 

concentration (nano grains) did.  

For FWHM investigation, (112̅3) was used to measure the change in FWHM in Al2O3 

phase. The change in FWHM interestingly shows a different trend from the lattice expansion. The 

690 nm three-phase shows less disorder compared to the 260 nm grain three-phase indicating that 

the crystal becomes more disordered with more grain boundaries. Al2O3 single phase still shows 

the most disorder compared to either 690 nm three-phase or 260 nm three-phase. Comparing Al2O3 

single phase and Al2O3 grains in 260 nm three-phase, the disorder in the crystal is smaller in three-

phase indicating heterointerfaces have an influence on the disorder in the crystal as well. The 

distortion of the crystal can be caused by ion track formation and point defects.  

 

Figure 3.5 XRD peaks from each phase after irradiation. (111) plane for YSZ, (112̅3) for Al2O3 

and (400) for MgAl2O4. The intensity of Al2O3 phase and MgAl2O4 phase is weak in three-phase 

because those phases only one-third of the total volume and YSZ has heavier elements.  
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Figure 3.6 unit cell volume expansion ratio and FWHM increase (%) of the Al2O3 phase in single 

phase and three-phase irradiated with a series of fluences.  

3.4.2 TEM 

3.4.2.1 Single phase Al2O3  

 Ion tracks seen as white fringes in the TEM image of Al2O3 single phase irradiated with 

1×1012 Au ions/cm2 (Figure 3.7 (a)) are observed throughout the sample even on the grain 

boundaries. The sample was tilted so that the tracks are parallel to the electron beam direction. The 

ion tracks appear to be connected to each other with cracks or dislocation/stacking fault, which are 

clearer in higher magnification images (Figure 3.7 (b)-(d)). In (b) the tracks are connected over a 

grain boundary and winding. However, in (c), the network in the white dotted circle formed along 

the crystal lattice. The network observed in (d) go through multiple tracks and they are overlapping 

with each other. The grain boundary close to ion tracks seems to be modified to be connected to 

the ion tracks (Figure 3.7 (b)). 
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Figure 3.7 TEM plan view images of Al2O3 irradiated with 1×1012 Au ions/cm2 at RT (a) Low 

magnification under focus image (b) Some ion tracks are connected to each other even over the 

grain boundary (c) The region indicated in the circle has a connection between tracks along the 

crystal lattice (d) the networks between tracks can go through multiple tracks and intertwine. 

The connections between ion tracks in Al2O3 appear bright in BF image in Figure 3.8 (a) 

and dark in DF image in Figure 3.8 (c) and no secondary diffraction spots in the SAED (Figure 
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3.8 (a)) was observed, implying the networks are not coincident with the crystal orientation of the 

matrix nor crystalline with a specific orientation. 

 

Figure 3.8 TEM images of Al2O3 grain in 690 nm three-phase sample irradiated with 1×1012 Au 

ions/cm2 (a) SAED pattern at Z=[235̅5]. The white arrow indicates the diffraction spot (112̅3̅) 

used for DF imaging (b) BF image (c) DF image   

In terms of the damage magnitude, at least three different magnitudes of the damage in the 

track core are observed (Figure 3.9 (a)-(c)) varying the track diameter from 1 nm-2.5 nm. Crystal 

distortion is clearly seen in from the lattice fringes. Since a film of sample was cut out parallel to 

the irradiated surface, damage magnitude on the film should be the same throughout the sample.  

Other than the orientation of the crystal as a candidate explanation, Volkov A. E.  et al. 

have reported ion track behavior of two subsequent ions [79, 80]. They showed that a second ion 

passing by an existing in track can erase the first one creating a larger track. Since the fluence is 

high enough to have over lapping tracks, it is possible that this damage enhancement occurred in 

the Al2O3 sample creating damage diversion at the same depth from the irradiated surface. 

Supporting this hypothesis, the concentration of ion tracks was calculated to be 5×1011 tracks/cm2. 

Since the fluence is 1×1012 ions/cm2, the raw track concentration is 10×1011 tracks/cm2. This 
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indicates at least about 50 % of the tracks were either annihilated by other tracks or overlapped 

with others.  

 

Figure 3.9 TEM plan view images of three different microstructures around tracks in Al2O3 single 

phase sample irradiated with 1×1012 Au ions/cm2 at RT. (a) No distortion in the lattice (b) slightly 

distorted lattice (c) Heavily distorted lattice structure 

The mechanism reported by Volkov A. E.  et al. might also explain how the connections 

between ion tracks are formed in Al2O3. As accelerated ions go through the target materials, at the 

first ~20 pico second, they create disordered regions around the track core spreading out up to ~10 

nm in diameter and the crystal recovers back to crystalline state leaving a cylindrical ion track (in 

Al2O3 crystal with 167 MeV Xe ions) [79]. If two ions are going through a target crystalline material 

simultaneously close together, the overlapping disordered region should have doubled damage and 

the crystal might not be able to recover properly leaving a disordered connection between ion 

tracks close to each other (Figure 3.10). In this study, heavier and faster ions were used for the 

irradiation, so larger diameter for the disordered region is expected [79]. Thus, minimum distance 

between ion tracks to form the disordered connection (disordered regions are overlapping), should 

be larger in this system, which will be discussed in a later section.  
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Figure 3.10 Ion track connection formation mechanism in Al2O3 grains. The blue circles indicate 

the disordered region around the on tracks.  

3.4.2.2 Three-phase composite 

 Each phase in the three-phase (both 260 nm and 690 nm) samples has similar 

microstructures as single-phase samples (Figure 3.11) and the ion track morphology is independent 

of the grain size. In YSZ grains, it is difficult to see the tracks because they do not appear as white 

fringes even with defocus condition where other tracks have fringes. MgAl2O4 grains have patches 

around the ion tracks which are order-to-disorder transformed region, which occurs in electron 

energy loss region in MgAl2O4 
[83, 84]. White fringes are observed at heterointerfaces, which were 

absent in single phase samples. The fringes should be due to disorder of the crystal at the interfaces. 

This supports the XRD results where smaller grain three-phase (260 nm) has larger peak 

broadening than three-phase 690 nm. In small grain samples, the volume fraction of interfaces is 

higher and hence the distortion due to the defects contributes more and become more pronounced 

in the XRD peak broadening.  
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Figure 3.11 Low magnification plan view under focus TEM images of three-phase with 260 nm 

and 690 nm grains irradiated with 1×1012 Au ions/cm2 and high magnification pictures of ion tracks 

in each phase. Track morphologies in different phases are distinct. YSZ does not show fringes 

even with under focus condition where other phases show white fringes. Al2O3 has clean tracks 

with some networks in between. MgAl2O4 has distorted region or region with different crystal 

orientation around the ion tracks.  

3.4.2.3 Interaction between ion tracks and interfaces 

Ion tracks create interesting microstructure evolution at interfaces; both grain boundaries 

and heterointerfaces between dissimilar phases. At a grain boundary between Al2O3 grains, the 

grain boundary bends toward the ion tracks around and the “network” from the tracks are 

connected to the grain boundary (Figure 3.12).  

 

Figure 3.12 Montage of two TEM images of a grain boundary between Al2O3 grains. The grain 

boundary bends toward the ion tracks at its vicinity.  
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In the MgAl2O4 single phase sample, the disordered region around the ion tracks extended 

to the grain boundary creating distortion at the grain boundary. The disordered region around ion 

tracks sharing the same interface does not have the same orientation indicating that they do not 

interfere over the grain boundaries (Figure 3.13).  

 

Figure 3.13 Plan-view TEM image of a grain boundary between MgAl2O4 grains. The grain 

boundary has similar crystal orientation as the recrystallized patched in the top grain. 

 At a YSZ-MgAl2O4 interfaces and YSZ-Al2O3 interfaces, crystal distortion or void 

formation at the interface (in the MgAl2O4 grain and the Al2O3 grain) were observed (Figure 3.14 

(a)) as well as in Figure 3.11. In contrast, between MgAl2O4 grains and Al2O3 grains, the interface 

is much cleaner (Figure 3.14 (b)). In pristine sample, the interfaces between YSZ and other two 

grains are much cleaner (Figure 3.14 (c)). Higher magnification TEM image of heterointerface 

between Al2O3 and YSZ in a pristine three-phase sample (Figure 3.15) shows a similar white fringe 

at the interface as in irradiated samples but the magnitude is significantly smaller. 
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Figure 3.14 Plan view TEM images of heterointerfaces in 690 nm three-phase (under focus 

condition to make ion track visible) (a) triple point of YSZ, Al2O3 and MgAl2O4 grains (b) interface 

of Al2O3 and MgAl2O4 grain (c) Pristine three phase sample showing no disorder at 

heterointerfaces between YSZ phase and the other two phases. Hemi-circle contrast indicates strain 

at the interfaces.  

  

Figure 3.15 Interface between Al2O3 grain and YSZ grain in a pristine three-phase 690 nm sample.  

In order to investigate the interface structures, HRTEM imaging was utilized (Figure 3.16). 

YSZ/MgAl2O4 and YSZ/Al2O3 heterointerfaces have 5-12 nm thin intergranular layer of 

disordered crystal. At YSZ/MgAl2O4 heterointerface the bubble-like morphology is observed, 

which is consistent with Figure 3.14 (a). At the YSZ/Al2O3 heterointerface, amorphous thin layer 

is observed. On the other hand, at Al2O3/MgAl2O4 heterointerface has very clean interface 

structure. Grain boundaries in single phase systems also showed cleaner interfaces compared to 

the heterointerfaces.  

The interface structure at the heterointerfaces support the hypothesis in the chapter 2; 

heterointerfaces being more disorder than grain boundaries. The magnitude of the disorder must 

have enhanced by the point defect migration. As reported by Rupert et al., amorphous thin layer 

enhances the efficiency of point defects [62]. Thus, in the three-phase system, the heterointerfaces 
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enhances their defect annihilation capability as they absorb more point defects forming more 

disordered layer at the interface.  

 

Figure 3.16 HRTEM images of heterointerfaces and grain boundaries. YSZ/MgAl2O4 and 

YSZ/Al2O3 heterointerfaces show significant disordered interface structures. Au ion beam 

direction is perpendicular to the screen.  

It is of interest to investigate the effect of interstitial explosion [79] at interfaces since the ion tracks 

not only generate interstitials within a grain but also might shoot atoms from one grain to another 

one. The EDS elemental mapping at a YSZ/MgAl2O4 heterointerface (Figure 3.17) shows no 

chemical mixing over the heterointerface. The EDS mapping also indicates that the bobble -like 

disordered region at the heterointerface is a void since there is no x-ray signal from that region.  
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Figure 3.17 EDS mapping of YSZ/MgAl2O4 along with bright field (BF) and angular dark field 

(ADF) STEM images. Au ion beam direction is indicated with the arrows. The disordered interface 

is missing signal from Mg and Al. No chemical mixing was observed at the interface. It is possible 

that the magnitude of mixing (concentration of foreign material) is not high enough to be detected 

by EDS.  

According to the interface structure observations and EDS result, heterointerfaces can 

block interstitial diffusion/explosion inhibiting the growth of the “network” between ion tracks, 

which might eventually lead to a weakening phase in the irradiated samples.   

3.4.2.4 Ion track concentration 

In order to evaluate the ion track formation in each sample quantitatively, area 

concentration of ion tracks was measured. Figure 3.18 shows representative plan view TEM 

images of Al2O3 grains in single phase and, three-phase 260 nm and 690 nm irradiated with 1×1012 

Au ions/cm2. Ion tracks are uniformly distributed, and the size of the tracks varies depending on 

the focus condition.  
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Figure 3.18 Cross section TEM under focus images of (a) single phase Al2O3 (b) Al2O3 grain in 

three-phase with 260 nm grain size and (c) Al2O3 grain in three-phase 690 nm irradiated with 

1×1012 Au ions/cm2.  

Figure 3.19 shows a graph of input ion concertation hence the fluence used, and the 

measured (output) ion track area concertation. The dotted line represents the relationship between 

input and output where they are the same value. The results show deviation from this line around 

4×1011 as the fluence increases indicating overlap and/or annihilation of ion tracks; as discussed 

earlier [79, 80], subsequent ion can annihilate ion tracks existing in Al2O3.  

The annihilation behavior is similar in different composition with respect to the Al2O3 

phase in single phase and three-phase as well as MgAl2O4 phase. Moreover, grain size does not 

have influence on the ion tack annihilation either, comparing three phase 290 nm and 690 nm. 

Thus, having heterointerfaces or more grain boundary concentration does not play a role in track 

annihilation but simply the number of overlapping ions dictates the area concertation.  
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Figure 3.19 Observed ion track concentration and input ion concentration (fluence ×1011 ions/cm2). 

The dotted line indicates concentration where (observed track concentration) = (input ion 

concentration). 

TEM images shows that the ion track diameter varies from 1-2.5 nm which require 31.8-

7.95×1012 ions/cm2 to start overlapping with each other. Ion track area concertation however shows 

deviation from 1:1 ratio of input to output ion tracks around 4×1011 ion.cm2 (Figure 3.19). If, the 

ion tracks start to overlap erasing other tracks with 4×1011 ions/cm2, it corresponds to ~15 nm of 

the distance between ion tracks. As the electron energy loss value increases, the ion track diameter 

increases [79]. Hence the interaction distance between subsequent ions is expected to be greater 

with 946 MeV Au ions than the reported value ~6.5 nm [79]. 

No dependence of ion track concentration on microstructure or phase shows that no 

external factors can affect the ion track formation and annihilation. Since the macro fracture was 

evident in single phase Al2O3, and ion track area concentration was similar in three-phase and 
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single phases, it is concluded that ion track formation is not the primary cause of the macro 

fracture.  

3.4.3 Hardness and fracture toughness measurement 

Optimal indentation load that initiate cracks was determined using pristine Al2O3 sample 

to maximize available surface and prevent sample fracture. 1.5 kgf initiates cracks and did not 

break the sample, it was used for all of the hardness measurement (Figure 3.20). For hardness 

measurement, diamond Vickers indenter was used, and the hardness was calculated using the 

following equation [85]. 

𝐻𝑉 = 1.854
𝑃

𝑑2
  P: load, d: indent diameter 

Fracture toughness was calculated using the following equation [86]. 

𝐾𝐼𝐶 = 0.016√
𝐸

𝐻𝑉

𝑃

𝐶1.5
  E: elastic modulus, C: crack length from the center of the indent 

Even though there are more complicated equations to calculate the toughness more accurately, in 

this study, merely the trend of the change in toughness within each system is required. Thus, this 

simple and classic equation was chosen. Table 3.1 shows the result of hardness ad toughness 

measurements for pristine samples and samples irradiated with 1×1012 Au ions/cm2.  

3.4.3.1 Al2O3 

The indentation on the pristine sample initiated intergranular cracks indicating, the grain 

boundary is weaker than the grain interior. Both hardness and toughness increased after irradiation. 

Point defect generated by the irradiation is straining the lattice as shown in the X-ray spectra, 
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which should be inducing the higher hardness. However, since the crack propagation is primarily 

through the grain boundaries, the increase in toughness might not be an accurate measurement.  

3.4.3.2 MgAl2O4 

Hardness hardly increased in MgAl2O4 which corresponds to the small lattice expansion. 

The crack propagation mechanism was intergranular in the pristine sample, but it became 

transgranular after irradiation indicating, that the grain interior became weaker than the grain 

boundaries. This modification should be due to the phase transformation/crystal reorientation and 

the boundary between the matrix and the damaged region must be weaker than the matrix and the 

grain boundaries. However, this observation contradicts each other because the grain boundaries 

were exiting weak path for cracks before irradiation and the grain interior became weaker than the 

grain boundaries after irradiation, so the toughness of this materials should be lower after 

irradiation.  

3.4.3.3 Three-phase 260 nm 

The crack propagation mechanism in three-phase is partially intergranular and partially 

transgranular propagation. Since the YSZ phase is the weakest among the three phases, cracks go 

through the YSZ grains and around the other two phases. According to the XRD results, lattice 

expansion and crystal disorder is less in the three-phase 260 nm compared to single phase Al2O3 

but since three phase has YSZ phase which had lattice expansion as well which could contribute 

to the hardening.   

3.4.3.4 Three-phase 690 nm 

Interestingly, the hardness did not increase as much as in three-phase 260 nm even though 

there was larger lattice expansion. The crack propagation mechanism is transgranular before and 
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after the irradiation. This might be due to the heat treatment for grain growth. After annealing at 

1350°C for 20 hours, the interfaces are more likely to be low energy orientation, which made 

transgranular crack propagation more favorable. 
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Figure 3.20 SEM images of Vickers indents on pristine and irradiated samples of each composition 
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Table 3.1 Vickers hardness of pristine and irradiated (1×1012 ion/cm2) samples 

 

Since the irradiation has induced defects and disorder in the sample, lower toughness is 

expected in heavily damaged samples. Menvie et al. [82] investigated the change in mechanical 

behavior in cubic zirconia irradiated with 940 MeV Pd ions. They discussed that the improved 

apparent toughness is due to the residual compressive stress in the irradiated layer of the sample 

as a result of lattice expansion and mismatch with the un-irradiated layer. Similar phenomena are 

expected to have affected the toughness of the samples in this study as well.  

Increased hardness can be related to the compressive strain due to lattice expansion, and 

the point defects are causing the lattice expansion. According to XRD, three-phase has less lattice 

expansion, thus less hardening is expected. However, the harness measurement is showing 

otherwise. Since the three-phase material consists of three different materials, radiation damage 

behavior in the other two phases (MgAl2O4 and YSZ) has to be considered other than just Al2O3.  
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The formation of disordered intergranular region is expected to reduce the hardness at the 

interfaces, however, the hardening due to point defect formation and compression stress due to 

lattice expansion cannot be separated. Therefore, more localized mechanical testing such as nano-

indentation to investigate the effect of the disordered region on the mechanical property.  

3.5 Conclusion 

Single phase Al2O3 and MgAl2O4 fractured during Au ion irradiation with 2×1012 ion/cm2 

while the three-phase sample remained stable. Al2O3 phase showed less crystal distortion/disorder 

and unit cell expansion in the three-phase than in single phase Al2O3. Heterointerfaces is working 

as better sink for point defects primarily interstitials as reported in chapter 2. TEM microstructures 

showed similar ion track morphology and area concentration in each composition independent of 

the grain size. However, heterointerfaces in three-phase behave differently from grain boundaries 

in single phase. Namely, they block penetration of network between ion tracks and more 

disordered structure was observed at heterointerfaces. These might prevent macro fracture by 

blocking the growth of the “network” between ion tracks, which might be a weakening component 

of the irradiated materials.   
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 : Order-to-disorder transformation at the ion track in MgAl2O4 

4.1 Abstract 

Radiation damage behavior of MgAl2O4 has been extensively studies especially for the nuclear 

energy loss region. Order-to-disorder phase transformation is observed before MgAl2O4 becomes 

amorphous under ion irradiation at cryogenic temperature. Low energy ion/neutron irradiation can 

cause this phase transformation as well. Ion tracks formed in the electron energy loss region are 

known to have same phase transformation at the vicinity of the cores. In this report, same phase 

transformation was observed with XRD and TEM imaging techniques.  

4.2 Introduction  

MgAl2O4 exhibit excellent radiation damage tolerance by exhibiting loop suppression and 

resistance to   void swelling due to the crystal structure, high point defect annihilation efficiency, 

and high loop stability and low interstitial migration energies. [88]. Many fundamental study to 

reveal radiation damage behavior in spinel systems have been conducted in order to use spinel for 

nuclear energy applications. Whereas a lot of materials undergo amorphization upon irradiation 

with high doses of neutrons and ions, spinel does not become amorphous if the temperature is 

above cryogenic temperature [89–92]. In spinel systems, however, order-disorder phase 

transformation has been observed before amorphization at cryogenic temperature or  with low 

energy irradiation at the damage peak at above room temperatures [84, 92–94]. During the phase 

transformation, significant intensity reduction of first order reflection peaks was observed at the 

damage peak of 400 keV Xe ion irradiation at 100K [92, 94]. Similar phase transformation was 

observed under swift heavy ion of 765 MeV Kr ion irradiation [84] in the electron energy loss 

region. Yasuda et al. further investigated the phase transformation and disorder of cations using 
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HRTEM and high angular resolution electron channeling X-ray spectroscopy concluded that at the 

core of ion tracks, the cations are disordered and (220) reflection was reduced implying spinel to 

rock-salt structure phase transformation. They also concluded that the ion tracks contain 2-3 nm 

core and ~10 nm disordered region around the core under 200 MeV Xe and 350 MeV Au ion 

irradiations [95].  

In this chapter, ion track morphology in MgAl2O4 was observed by TEM and the phase 

transformation around the core was investigated using HRTEM technique. Crystal disorder and 

strain correlating to the microstructural evolution was investigated by x-ray diffraction as well. 

The material used for chapter 2 and 3 was used and the MgAl2O4 phase was extracted for this 

chapter, focusing on the microstructural evolution in the interior of spinel grains not the interfaces.  

4.3 Experimental 

4.3.1 Sample preparation 

Bulk samples of single phase and three-phase compositions of YSZ (8 mol% Y2O3) [Tosoh, 

Tokyo, Japan], -Al2O3 [Taimei, Tokyo, Japan supplied by Pred materials, USA] and MgAl2O4 

[Baikalox, TX] were prepared by spark plasma sintering (SPS) [50–55].  Before SPS, the powders 

were milled in a planetary mill to reduce the prevalence of agglomerates and to mix.  Single phase 

samples of MgAl2O4 were sintered by SPS at 950°C for 5 minutes using a ramp rate of 10°C/min 

under 100 MPa and three-phase samples were sintered at 950°C for 5 minutes using a ramp rate 

of 100°C/min under 100 MPa.  For irradiation, bulk samples were cut into pellets with ~1 mm 

thickness.  Pellets were annealed at 1000°C for 1 hour in air after sintering to remove carbon 

contamination, a by-product of the graphite foil and dies used in the SPS process. The surfaces of 

the annealed pellets were polished for post-irradiation analysis.  MgAl2O4 single phase sample had 
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~100 nm grain size as annealed, and three-phase sample was further annealed at 1350°C for 20 

hours to grow grains to 690 nm for TEM observation. The samples were cut into disks with a 

thickness of 1 mm and a diameter 13 mm and one side was polished.  

4.3.2 Irradiation 

Samples were irradiated with a series of fluences at the same time for a fluence. 946 MeV 

Au ions with UNILAC accelerator was used to irradiate the samples at GSI Helmholtz Centre for 

Heavy Ion Research, Darmstadt, Germany. The ion beam energy was used to increase the damage 

region from electron energy loss in the specimen to conduct XRD and TEM observation. SRIM 

calculation [60, 61] indicates that, with the beam energy used, the sample surface 0-15 m has almost 

pure electron energy loss damage region (Figure 4.1) and the electron energy loss exceeds the 

threshold [23]. Samples were irradiated in vacuum at RT and the beam size was determined using 

Al2O3 scintillator. Flux was set to 1×109 ions/cm2·s and fluence was varied from 1×1011, 

4×1011,8×1011, 1×1012 ions/cm2.  
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Figure 4.1 SRIM simulation of electron energy loss and nuclear energy loss of 946 MeV Au ions 

in Al2O3. 0-15 m from the surface has damage almost purely from electron energy loss.  

4.3.3 Characterization 

The crystal structure of the irradiated samples was analyzed with x-ray diffraction 

(Smartlab, Rigaku, Japan) especially the crystal lattice expansion and peak broadening for 

investigating the disorder in the crystal system. XRD spectra was obtained for 2=15-65 The 

change in unit cell volume of the irradiated samples was calculated using the amount of peak shift, 

which was calculated by the software PDXL (Rigaku, Japan). Peak broadening was also measured 

using the full width at the full width at half maximum (FWHM) with respect to the peak 

corresponding to (400). These peaks were chosen because they do not overlap with peaks from 

other. TEM specimens were prepared by focused ion beam (FIB) in GAIA3 (TESCAN, Brno, 

Czech Republic) with the last polishing beam energy of 3 keV. ~50 nm thick slices were cut out 

from the very surface of the irradiated surface perpendicular to the ion beam direction. Plan-view 

TEM images of the irradiated microstructure were taken to support the result of XRD and to 

analyze the damage magnitude in each sample with JEOL 2100F (Japan) with an accelerating 

voltage of 200 keV and Philips CM-20 (Hillsboro, OR). 

4.4 Results and Discussion 

4.4.1 Unit cell volume expansion and peak broadening 

XRD did not show secondary phase formation or missing peaks with any of the fluences 

but the intensity of the (400) peak increased with respect to the (311) peak as seen in Figure 4.2. 

The calculated unit cell volume increased with the fluence and there is a plateau around 1×1012 

ions/cm2. FWHM shows similar trend having a plateau at 1×1012 ions/cm2 (Figure 4.3).  
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Figure 4.2 XRD spectra of irradiated MgAl2O4 between 2 =36-46 (fluence 0-1×1012 Au 

ions/cm2). The intensity of (400) peak increased with the fluence compared to the (311) peak. Peak 

and peak broadening is clearly observed.  

 

Figure 4.3 Calculated unit cell volume expansion ratio and FWHM increase (%) of the MgAl2O4 

phase in single phase sample and three-phase samples. 
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4.4.2 Plan-view microstructure and ion track formation  

Ion tracks formed during Au irradiation have patches (islands) with different crystal orientation 

around the track cores. Some of the tracks are connected with neighboring tracks via the patches. 

In the BF image (Figure 4.4 (b)), the islands are diffracting electron beam clearly differently from 

the matrix and the DF image (Figure 4.4 (c)) confirms it by showing no diffraction with the selected 

g-vector. SAED shows diffraction spots from both the matrix (strong) and the patches (weak) 

(Figure 4.4 (a)). Figure 4.4 (b) and (c) were formed using one of the strong diffraction spots from 

the matrix. In the weak beam DF image (Figure 4.4 (d)), a weak diffraction spot was used, and the 

patches show bright contrast indicating the patches are very fine crystalline with different 

orientations from the matrix. In order to determine crystallinity of the patches, HRTEM was used 

(Figure 4.5). Fig. 5 was taken at a zone axis Z=[110] including diffraction from (111), (002). In 

the FFT from the patch region, the diffraction spots from planes other than {004} are missing. The 

crystal lattice shows distortion without forming patches for some of the ion tracks.  

 

Figure 4.4 TEM images MgAl2O4 grain irradiated with 1×1012 Au ions/cm2 (a) SAED with 

diffraction spots from the matrix (strong) and diffraction spots from the ion track patches (weak) 

(b) BF image and (c) DF image with a g-vector from the matrix (d) weak beam DF image 
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Figure 4.5 HRTEM of single phase MgAl2O4 irradiated with 8×1011 Au ions/cm2 with insets of 

FFT near Z=[110]. Diffraction from (002), (113) and (111) disappeared around the ion tracks. 

The plateau in the unit cell expansion indicates that as soon as point defect, which are 

expanding the crystal lattice, reaches certain amount of concentration, the defect formation rate 

and defect annihilation rate saturate. The peak broadening which also indicates strain and disorder 

of the crystal lattice also shows the same trend. However, the past study with higher fluence shows 

constant increase of disorder with increasing fluence [95].  It might be due to the formation of the 

disordered phase at the vicinity of ion tracks. Figure 4.4 and Figure 4.5 indicate that the disordered 

phase has very small crystal domains and that can cause peak broadening according to Scherrer 

equation. As the fluence increases (above ~4×1011 ion/cm2), ion tracks start to overlap including 

the patches around the ion tracks and the observed ion track are concentration becomes about 50 
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% of the irradiation fluence (for the fluence of 1×1012 ion/cm2, the observed ion track concentration 

is 5×1011 ion/cm2 e. g.). This overlapping incident ions can cause net saturation of the damage due 

to ion track formation creating a plateau in the unit cell expansion and peak broadening.  

The order-to-disorder phase transformation observed by XRD and HRTEM in this study 

corresponds to the reported dissipation of the first order reflection [92, 94]. The relative intensity 

increases of (400) peak indicates the formation of more disordered phase missing (220) and (113) 

and HRTEM image of ion track clearly shows that the phase transportation occurs at the vicinity 

of the ion track core. This disordered phase corresponds to the patches in the low mag TEM images 

(Figure 4.4).  

Combining the XRD results and TEM microstructures, MgAl2O4 inhibits lattice expansion and 

distortion by forming a different phase rather than having interstitials even though there are region 

where the interface between the disordered phases and the matrix have lattice strain as seen in 

Figure 4.5 

4.5 Conclusion 

Order-to-disorder phase transformation was observed at the vicinity of ion tracks created by Au 

ion irradiation in MgAl2O4. Dissipation of the first order reflection was clearly shown in a HRTEM 

at the zone axis Z=[110]. Even though XRD showed large peak broadening as the fluence 

increased, it is primarily caused by the formation of small crystal domains with disordered 

structure rather than interstitials causing distortion of crystal lattice.   
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 : Radiation Damage Behavior under 946 MeV Au Irradiation at 900ºC 

5.1 Abstract 

In order to investigate the damage behavior at high temperature in the three-phase system for the 

electron energy loss regime, and to compare the point defect annihilation behavior with different 

irradiation conditions, Si irradiation at 650°C (Chapter 2) and Au irradiation at 900°C were 

conducted. In Si irradiation, the ion range was about 2 m and the damage were concentrated 

whereas in Au irradiation the damage was spread out and the dislocation loop formation dissipated 

at shallower depth compared to the ion range. Compared to the Au irradiation at RT (Chapter 3), 

ion tracks formed ay 900°C are larger and faceted. In terms of the ion track area concentration, 

temperature did not affect the ion track formation.  

5.2 Introduction 

Even though most of applications for radiation damage tolerant materials operate above RT or 

much higher temperatures, majority of the researches to determine radiation damage tolerance are 

conducted at rather low temperature to show intrinsic radiation resistant properties of the materials 

[8, 47]. In order to consider diffusion of defects including annihilation and clustering, it is important 

to conduct high temperature irradiations which reveal the effect of kinetics. At high temperatures, 

due to higher defect mobility, irradiated crystals have less crystal disorder compared to ones 

irradiated at lower temperatures [96]. Radiation damage behavior at high temperature of each phase 

used for the three-phase composite has been studied to understand dislocation loop formation 

mechanism[4, 46–48]. In chapter 3, radiation damage behavior of the three-phase system at high 

temperature in the electron energy loss region was investigated. Now, the damage behavior at a 

high temperature in the nuclear energy loss region is also of our interest. In chapter 3 and 4, 
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multiphase system showed superior properties in terms of defect annihilation to single phase 

systems. In this study, the effect of high temperature on ion track formation was investigate with 

Au irradiation at 900°C with a focus on ion track annihilation. 

5.3 Experimental 

5.3.1 Sample preparation:  Bulk samples of single phase and three-phase compositions of YSZ (8 

mol% Y2O3) [Tosoh, Tokyo, Japan], -Al2O3 [Taimei, Tokyo, Japan supplied by Pred materials, 

USA] and MgAl2O4 [Baikalox, TX] were prepared by spark plasma sintering (SPS) [50–55].  Before 

SPS, the powders were milled in a planetary mill to reduce the prevalence of agglomerates and to 

mix.  Single phase samples were sintered by SPS at 950°C for 5 minutes using a ramp rate of 

10°C/min under 100 MPa and three-phase samples were sintered at 950°C for 5 minutes using a 

ramp rate of 100°C/min under 100 MPa.  For irradiation, bulk samples were cut into pellets with 

~1 mm thickness.  Pellets were annealed at 1000°C for 1 hour in air after sintering to remove 

carbon contamination, a by-product of the graphite foil and dies used in the SPS process.  The 

surfaces of the annealed pellets were polished for post-irradiation analysis.  All as-annealed SPS 

samples had grain sizes of 200-290 nm and relative densities greater than 90%.  In order to achieve 

a grain size variation in the three-phase material, some three-phase samples sintered with SPS were 

calcined at 1350°C for 20 hours to grow the average grain size to ~690 nm. The samples were cut 

into disks with a thickness of 1 mm and a diameter 13 mm and one size was polished.  

 

5.3.2 Irradiation 

Samples were irradiated with 946 MeV 5×1011 Au ion/cm2 at 900ºC with UNILAC 

accelerator was used to irradiate the samples at GSI Helmholtz Centre for Heavy Ion Research, 
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Darmstadt, Germany. The beam size was determined using Al2O3 scintillator. Flux was set to 

1×109 ions/cm2*s. A sample holder with a heater was used (Figure 5.1). Samples were heated up 

to 900ºC and then the irradiation was initiated. The temperature was held for 10 minutes to stabilize 

the temperature. The temperature fluctuated between 890-900ºC. 

 

Figure 5.1 Samples mounted on a heating sample holder. The thermal couple is attached on the 

heater. Between the pocket and the sample, folded Al foil was used as a spacer. 

5.3.3 Characterization 

The crystal structure of the irradiated samples was analyzed with XRD (Smartlab, Rigaku, 

Japan) especially the crystal lattice expansion and peak broadening was investigated to analyze the 

disorder in the crystal system. XRD spectra were obtained for 2=15-65 The change in unit cell 

volume of the irradiated samples was calculated using the amount of peak shift, which was 

calculated by Rietvelt refinement on the software PDXL (Rigaku, Japan). Peak broadening was 

also estimated by the software PDXL and peaks from (111) plane for YSZ, (112̅3) for Al2O3 and 

(400) for MgAl2O4 were used to measure the full width at the full width at half maximum (FWHM) 
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of each phase. These peaks were chosen because they do not overlap with peaks from other phases 

and higher angle peaks yield more pronounced change in peak broadening. In order to support the 

result of XRD and to analyze the damage magnitude in each sample, cross section TEM images 

were taken with JEOL 2100F (Japan) with an accelerating voltage of 200 keV. TEM samples were 

prepared with focused ion beam (FIB) in GAIA3 (TESCAN, Brno, Czech Republic) with the last 

polishing beam energy of 3 keV. TEM samples were cut out perpendicularly to the Au beam 

direction to obtain plan-view TEM images at the irradiated surface.   

5.4 Results and Discussion 

5.4.1 Effect on crystal lattices 

The XRD results shows that the trend of lattice expansion and peak broadening is not consistent 

with the result from the results from the RT experiment. In terms of grain size, 690 nm three-phase 

sample shows larger unit cell expansion than the 260 nm three-phase (Al2O3 phase is about the 

same). However, single phase Al2O3 and MgAl2O4 has lower lattice expansion than three-phase 

materials. Since the single phase MgAl2O4 is showing negative lattice expansion, thermal energy 

at 900°C might have caused annealing effect. The accuracy of the measurement is also in doubt 

since only two data points were acquired. 

In single phase samples it is easier to form dislocation loops because of less annihilation at 

interfaces. Dislocation loops can also act as sinks for point defects which reduce the point defects 

in crystal lattices. Hence the damage behavior seen in Figure 5.2; single phase having less lattice 

expansion and might explained by less interstitials in single phase samples and more dislocation 

loops. In order to interpret the XRD results, more data points with higher fluences are required.  
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Figure 5.2 Unit cell volume expansion % and peak broadening after irradiation at 900ºC with plots 

from RT Au irradiations.  

5.4.2 Ion track morphology  

Some ion tracks in the samples irradiated at 900°C have larger diameter (~4 nm) compared to the 

ones irradiated at room temperature and faceted almost close to hexagonal (Figure 5.3). Al2O3 

single phase the network between tracks is still present but not as pronounced. However, this is 

simply due to luck of ion tracks passing close enough since the single phase Al2O3 irradiated with 

5×1011 Au ions/cm2 has much less network compared to 8-10×1011Au ions/cm2. MgAl2O4 single 

phase and MgAl2O4 grains in three-phase samples did not show re-oriented crystalline region 

around ion tracks (Figure 5.4). Thus, the thermal energy enabled the atoms displaced from the 

original sites to properly re-order the lattice even though at the core the crystal is still disordered. 

Especially at some thin region of the TEM sample, the ion tracks appear to be large and faceted. 

Damaged region is usually chemically active and easier to etch, so similarly focused ion milling 

might have milled away ion track cores faster than the rest leaving large faceted large holes at thin 

region.  
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Figure 5.3 TEM images of ion tracks in Al2O3 single phase irradiated at 900°C. No connection 

between ion tracks was seen. 

 

Figure 5.4 TEM images of ion tracks in MgAl2O4 single phase irradiated at 900°C. They do not 

show recrystallized region at the vicinity of the ion track cores. 

In order to demonstrate the reorientation of the crystal around the ion track cores in 

MgAl2O4 phase, DF imaging technique was used. At RT, seen in Chapter 3, the region around the 

ion tracks diffracted electron beam differently from the matrix. In the samples irradiated at 900°C, 

the region around the ion tracks are simply distorted, and diffracting similarly to the matrix (Figure 

5.5) and there is not random diffraction in SAED (Figure 5.6). Point defects can form dislocation 
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loops and defect clusters at high temperature due to their high mobility, and that causes distortion 

in the crystal lattice. Thus, the thermal energy prevented phase transformation/reorientation of 

MgAl2O4 under irradiation.  

 

Figure 5.5 TEM images of ion tracks in MgAl2O grain in 690 nm three-phase irradiated at 900°C 

(a) low mag BF image (b) low mag DF image (d) high mag BF image (e) high mag DF image 
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Figure 5.6 SAED pattern of a MgAl2O4 grain irradiated at 900°C. Only diffraction from the matrix 

crystal was observed without the random weak diffraction seen in chapter 3. 

Figure 5.7 shows the ion track area concentration in the samples irradiated at 900°C overlaid with 

the ion track concentration in the samples irradiated at RT. Even though higher diffusion was 

expected at high temperature, the thermal energy seems to be not high enough to annihilate ion 

tracks completely because the ion track concentration is almost same as the one at RT. In order to 

investigate the effect of high temperature, higher fluences are desired so that there are more 

overlapping ion tracks and high enough damage to fracture the samples. 
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Figure 5.7 Ion track area concentration in Al2O3 phase and MgAl2O4 phase in the three-phase and 

the single phase samples at RT and 900°C. The ion track concentration is independent of 

irradiation temperature, the phase or the single/multiphase system.  

The ion range was estimted from cross sestions of irradaited singl phase Al2O3 and three-

phase 260 nm (Figure 5.8 and Figure 5.9).  The ion track range observed in the irradaited samples 

was 25-28 m from the irradiated surface which corresponds well to the SRIM simuation result 

(Figure 5.10). In order to form ion tracks in most oxyde materials, the electron energy loss has to 

be more than around 10-20 keV [97]. Figure 5.10 shows the depth range that corresponds the 

electron energyloss 10-20 keV with a purple band. Even though the damage peak was predicted to 

be around 30 m from the iradiated surface, dislocation loops discipate around 25 m deep in 

Al2O3 single phase sample (Figure 5.9). The majority of atom displacement and point defects are 

generated by nuclear energy loss, therefore the dislocation loops discipating around 25 m are not 

due to nuclear energy loss but due to point defects generated during ion track formation. The 

nuclear energy loss in this study was simply not high eneough to creat high enough point defect 
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concentration to form dislocation loops. Since the point defects are same defects independent 

energy loss regime, three-phase sample has higher defect annihilation ability showing almost none 

dislocation loops (consistant with Si irradaition). 

 

Figure 5.8 TEM cross section image of three-phase with a grain size of 260 nm. The TEM sample 

was lifted out from the irradiated region 20-40 m from the irradiated surface with FIB. The 

images were taken in under-focus condition to illuminate ion tracks. Ion tracks are visible down 

to ~26 m from the irradiated surface. 
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Figure 5.9 TEM cross section image of single phaseAl2O3 with a grain size of 290 nm. The TEM 

sample was lifted out from the irradiated region 20-40 m from the irradiated surface with FIB. 

The images were taken in under-focus condition to illuminate ion tracks. Ion tracks are visible 

down to ~26 m from the irradiated surface. 
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Figure 5.10 SRIM simulation of electric energy loss and nuclear energy loss in Al2O3: red, YSZ: 

blue and MgAl2O4: green. The purple band indicates the target depth which corresponds to the 

threshold electron energy for ion track formation. 

5.5 Conclusion 

Even though, due to the lack of data points, it is difficult to interpret the trend of the damage 

behavior, in terms of microstructure evolution and ion track area concentration, Au irradiation at 

900°C showed consistent results with the Si irradiation. Ion track formation was not affected by 

the irradiation temperature (nor the microstructure), but the morphology was less disordered, and 

the recrystallization was enhanced resulting in cleaner crystal lattices. As reported elsewhere, 

radiation damage recovery is expected to enhance at high temperatures and three-phase materials 

showed superior damage behavior to singe phase systems which is consistent with the Si 

irradiation at an elevated temperature. 
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 : Conclusions and future work 

Si irradiation showed the enhanced point defect annihilation in the three-phase materials 

which is more efficient than merely having more grain boundaries. The disorder at the interfaces 

due to lattice mismatch and chemical discontinuity is one of the proposed explanation for the 

enhanced defect annihilation mechanism as well as thermal expansion coefficient difference 

between dissimilar phases.  

Since the damage behavior was treated as just damage from point defect, the results were 

easy to interpret. This work clearly showed the possibility of further improved radiation damage 

tolerance by changing the microstructure. In order to expand this study for specific applications, 

more combination of multi-phase compositions have to be investigated. Especially multiphase 

composites with all radiation damage tolerant phase are expected to exhibit excellent damage 

tolerance such as (MgAl2O4, YSZ, Gd2Ti2O7, etc.). In order to investigate the relationship between 

the disorder at the heterointerfaces and the enhanced defect annihilation capability, HRTEM 

investigation is required. Rutherford back scattering spectroscopy will also be an ideal 

characterization technique to compare crystal disorder rather than counting dislocation loops in 

the irradiated samples. 

Au irradiation results did not have clear indications of how the three-phase system 

improves the irradiation damage tolerance on ion track formation in the electric energy loss region. 

The connection between ion track formation and the mechanical behavior is yet to be clarified. At 

the same time, generated point defects in both electron energy loss region and nuclear energy loss 

region affect the mechanical behavior by straining the lattice. XRD results shows the same trend 

of point defect annihilation as in Si irradiation, but the microstructure of each phase seems to be 

very similar in single phase and in three-phase. However, the interfaces in three-phase samples 
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blocks the network between the ion tracks which might have affected the stability of the three-

phase sample at the highest fluence. The hardness results have too much scatter data points without 

any trend and contradict with each other. This is supposed to be due to the inhomogeneity in the 

samples prepared with SPS because the microstructure is not uniform and there are pores and grain 

size varies within a sample. In order to investigate the mechanical behavior, more homogeneous 

samples are necessary, or in-situ nano-indentation would allow indentations on specific phases and 

systematically analyze the hardening of each phase as well as average hardening with macro 

indentation. TEM investigation of the indentation should reveal the interaction of the plastic 

deformation and the ion tracks. As commented in chapter 4, for high temperature Au irradiation, 

higher fluences are required to observe the effect of thermal energy on the damage evolution in 

electron energy loss region.  
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