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Chapter 6 

Summary and scope for future work 

6.1. Summary 

This thesis deals with the low energy inert gas ion irradiation in monoclinic 

zirconia. Ion irradiation was carried out for creating damage and the effects were studied 

using GIXRD, Raman scattering, electron diffraction, photoluminescence and time 

resolved photoluminescence spectroscopy. Further, laser irradiation was carried on the ion 

irradiated zirconia sample to study the effects created by 1MeV/nucleon and to understand 

the nature of the defects produced during ion irradiation.  

In the present thesis, low energy inert gas ion irradiation effects in monoclinic 

zirconia is studied to understand the correlation between phase transformations 

(monoclinic to tetragonal), bubble induced swelling and luminescence properties. For this 

purpose, monoclinic zirconia (synthesized by thermal decomposition method) was 

irradiated using low energy inert gas ions (120 keV He
+
, 120 keV Ar

+ 
and 60 keV Kr

+
) at 

300 K and 143 K.  

6.2. Phase transformation upon ion irradiation 

Radiation stability of irradiated monoclinic zirconia was studied using GIXRD, 

Raman scattering and transmission electron microscopy. GIXRD patterns showed the 

presence of a tetragonal phase and the diffraction peaks are shifted for all irradiated 

samples irrespective of the ions and irradiation temperatures. Raman scattering showed the 

presence of tetragonal peak (144 cm
-1

, Eg mode) and shift in the Raman modes associated 

with monoclinic phase in all the ion irradiated zirconia samples. Selected area electron 

diffraction pattern also revealed the presence of tetragonal phase. 

Phase transformation is attributed to pure radiation damage process and the amount 

of oxygen vacancies produced during the ion irradiation plays an important role in the 

phase transformation. Oxygen vacancies are known to induce strain and when their 

concentration reaches a threshold value, the strain lowers the phase transformation 

temperature. The amount of transformed phase was found to be more for the samples ion 

irradiated at 143 K compared with the samples irradiated at 300 K for the same ion 

fluence. In addition, strain was also found be higher when the irradiation was carried out at 

143 K. The faster rate of phase transformation is attributed to the immobility of the defects 

and continuous production of oxygen vacancies. It was observed that the amount of 
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transformed tetragonal phase was low in the Kr
+
 ion irradiated zirconia samples, compared 

to the Ar
+
 ion irradiated zirconia samples (refer Table 6.1). This is attributed to the 

shallow range (23 nm) of the Kr
+ 

ions and the high sputtering yield (8.8 atoms/ion) 

compared to Ar
+
 ions (sputtering yield: 4.6 atoms/ion). 

Table 6.1 The table lists the fraction of tetragonal phase, swelling and macrostrain in 

the zirconia samples upon inert gas ion irradiation. 

Energy 

Ions 
Temp. 

Ion 

Fluence 

(ions/cm
2
) 

Dpa 
Macro 

Strain (%) 

Fraction of 

tetragonal 

phase (%) 

Swelling  

(%) 

120 keV 

He
+
 

300 K 
1×10

16
 0.048 0.04 - 1.4 

2×10
17

 9.6 0.06 - 2.7 

143 K 
1×10

16
 0.048 0.09 -  

2×10
17

 9.6 0.33 - 0.009 

120 keV 

Ar
+
 

300 K 
1×10

16
 20  9  

1×10
17

 200 0.10 9 1.6 

143 K 
1×10

16
 20  10  

2×10
17

 400 0.18 20 0.009 

60 keV 

Kr
+
 

300 K 

1×10
16

 34.8 0.08 2.5 0.03 

5×10
16

 174 0.02 3  

1×10
17

 348  4.5 0.04 

143 K 

1×10
16

 34.8 0.04 4.5 0.1 

5×10
16

 174 0.03 5.5  

1×10
17

 348  8.5 0.03 

6.3. Bubbles formation and bubble induced swelling 

Morphological and microstructural changes in the ion irradiated zirconia samples 

were characterized by scanning electron microscopy and transmission electron 

microscopy. SEM images revealed that upon ion irradiation, the porosity of the samples 

decreases. In addition to the reduction in the porosity, joining of the grains was also 

observed. In case of Kr
+
 ion irradiation, the joining of the grains is so high that they 

formed a network due to local melting during ion irradiation. These structures resembled 

more like the high burn up structure. TEM results revealed the formation of inert gas 

bubbles upon ion irradiation for all the ions irrespective of the irradiation temperatures 

(300 K and 143 K). 

Average bubble size, bubble density and swelling was calculated (refer Table 4.1) 

and it was found that bubble number density is very low in the samples irradiated at 

143 K. The bubble formation was explained in terms of heterogonous nucleation process. 

Bubble areal density and bubble induced material swelling was found to be low when the 

irradiation was carried out at 143 K. This is because of the immobility of the defects at 
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such low temperatures. Bubble areal density was high (for the same ion fluence) in case of 

the Ar
+ 

ion irradiation compared to the He
+
 and Kr

+
 ion irradiation. However, it is 

expected to be high for the Kr
+
 ion irradiation, but the sputtering of the Kr

+
 ion irradiated 

layer (due to its high sputtering yield and shallow projected range) makes the bubble 

formation less favorable compared to the Ar
+
 ion irradiation. 

6.4. Luminescence properties of ion and laser irradiated monoclinic 

zirconia 

To study the effects produced by the fission fragment damage which is similar to 

SHI irradiation, laser irradiation (200 and 2000 shots) were employed. In order to study 

the evolution of the defects produced during the ion irradiation, photoluminescence and 

time resolved photoluminescence spectroscopy were employed. 

PL measurements show the presence of a broad band around 2.53 eV. This broad 

band is attributed to the oxygen vacancies. The slow lifetime (4-5 ns) obtained from the 

TRPL measurements also confirmed the production of defects (oxygen related vacancies) 

upon ion (He
+
, Ar

+
 and Kr

+
) irradiation presence of defects. The PL intensity ratio  

(Iion irradiated/Ias-sintered) as a function of ion fluence was also plotted (refer Figure 5.22). From 

the PL intensity ratio it was observed that, in case of He
+
 ion irradiation, the ion irradiation 

induced annealing was observed. However, in case of Ar
+
 ion irradiation, the PL intensity 

ratio was found to increase with the ion fluence as defect production varies in proportion 

with the ion fluence. In case of Kr
+ 

ion irradiation, whether the vacancy assists the bubble 

formation or gets accommodated in the lattice determines the PL intensity ratio. 

When the vacancies are mobile and form bubbles, the stress due vacancies are less 

in the sample which gives rise to the reduction in monoclinic to tetragonal phase 

transformation as evident from Raman scattering and electron diffraction experiments. 

From the observations of GIXRD, SAED, Raman scattering, electron microscopy, PL and 

TRPL measurements, it is concluded that the oxygen vacancy concentration dictates the 

phase transformation (stress induced by oxygen related vacancies) and swelling (stress 

relived by bubble formation).  

6.5. Scope for future work 

In addition to the irradiation conditions used in the thesis work, inclusion of other 

conditions like high temperature and pressure would also lead to more structural phase 

transformation. This could make possible the transformation that is not possible at ambient 

conditions. In addition, fission fragment damage in inert gas ion implanted monoclinic 
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zirconia and its interaction, bubble induced swelling and damage by the swift heavy ions 

can be studied. As yttria stabilised zirconia is found to be radiation resistant, its radiation 

response to low energy inert gas ions could be studied to explore the structural 

transformation and morphological changes. 
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Chapter 1 

Introduction 

1.1. Background 

Inert matrix fuels (IMF) refers to any nuclear fuel containing a low activation 

matrix as the carrier for the fissile material. An IMF should have neutron transparency, 

good thermal conductivity, high melting point, good mechanical properties and stability 

against radiation. Different types of IMF materials were proposed including elements (Al, 

C), intermetallic (ZrSi, AlSi), carbides (TiC, SiC), nitrides(TiN, ZrN), oxides (CaO, MgO, 

MgAl2O4, ZrSiO4, YSZ and Y3Al5O12)[1]. In aqueous media, carbides have low tolerance 

to radioactivity and the carbide structure weakens at high doses, making it more 

soluble[2]. Majority of the reactors operate with reactor fuels as metal oxide fuels (MOX), 

hence the oxides as IMF find great attention. Oxides proposed for the use of IMF includes 

ZrO2, MgO, CeO2, CaO, Y2O3 and ThO2[1]. It was found that, thorium oxide improved 

the performance of the IMF, however, it has demerits in view of reactivity induced 

accidents[3]. In literature, ion irradiation experiments on SiC, CeO2, ZrO2 doped SiC 

suggested that the swelling was independent of irradiation temperatures and also not 

strongly dependent on the ion dose[4]. However, doped ZrO2 and SiC, showed the least 

swelling upon ion irradiation[4]. 

Even though zirconia (ZrO2) is known for its high tensile strength, high 

refractoriness, low brittleness, low thermal conductivity, high melting point, low thermal 

expansion etc[5–7], the fact that radiation inertness of zirconia plays a vital role. Zirconia 

is considered as a natural analogue to study the radiation resistance in the context of 

zirconia based radioactive waste[8, 9]. Radiation response of insulating materials, such as 

zirconia, ranges from isolated point defects to phase transformation, which in turn lead to 

modifications in dimensional, mechanical, electrical and thermal properties. IMF materials 

suffer from two important issues during reactor operation, (1) fission gas induced swelling 

and (2) fission fragment induced damage. The fission fragments with the energy 

~1MeV/amu, produces ionization induced defects.  

Fission gases like Xe and Kr, released from the fuel, accumulate inside the fuel 

matrix and induce gas bubble formation, which gives rise to swelling and it leads to 

degradation in the performance of the fuel material[10]. Hence it is important to study the 

fission gas effects in zirconia. In the present thesis, the fission gas induced effects are 
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studied using inert gas ion irradiation and characterization with different experimental 

techniques.  

1.2. Phase transformation in zirconia 

Zirconia was found to undergo phase transformation, when subjected to changes in 

grain size, temperature, pressure, low energy ion irradiation and swift heavy ion 

irradiation. The phase transformations under different conditions are discussed in the 

following sections. 

1.2.1. Role of grain size 

Zirconia, in its bulk form, exists in monoclinic structure at ambient conditions. 

When the grain size decreases, zirconia changes its crystal structure from monoclinic to 

tetragonal structure. In bulk form of zirconia, the phase transition (monoclinic to 

tetragonal) temperature is 1170 °C, however the transition temperature decreases with the 

grain size[11, 12]. The lower transition temperature is due to the competition between 

surface energy and bulk energy. This causes changes in the surface and volumetric 

enthalpy, entropy as well as the interfacial energy and strain[13].  

Garvie has derived a formula for the critical radius for the stability of tetragonal 

phase. According to Gravie[14, 15], when two phases are at equilibrium, their free 

energies must be equal. Hence, the difference in the free energy of the two polymorphs 

can be expressed by the following equation[15, 16] 

   
 

 
   (          (      

 

 
   (      Eqn.1.1 

r= radius of a microcrystal 

 = free energy per unit volume of a crystal with infinite size 

  = surface free energy 

  = strain energy per unit volume for a particle,  

and the primed symbols represent the low temperature phase. Changes in the volume free 

energy and surface free energy are included in the first two terms and the changes in 

mechanical energy, caused by strain is included in the last term. From Eqn.1.1, it is 

observed that for the critical radius   ,  G become zero for a temperature well below the 

transition temperature, hence 
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 Eqn.1.2 

where    is the difference between the surface energies of the two phases and its value is 

0.36 J/m
2
 (for incoherent particles) and     is the change in the internal strain. For 

tetragonal zirconia embedded in cubic zirconia matrix, the value of strain energy is 

0.46×10
8
 J/m

2
[15].The difference in the volume free energy (    is equal to    

(  
 

  
), where q is the heat of transformation per unit volume (-2.82×10

8
 J/m

3
) and Tb is 

the transformation temperature of the bulk material (1450 K)[17]. Inserting all the values, 

in the Eqn.1.2, gives the critical radius of 6.1 nm. Bremholm et al.,[18] have studied 

decomposition of zirconium acetate in high temperatures and pressures (200 °C and 

250  bar), and the nucleation and growth of zirconia was observed. The authors were able 

to synthesize monoclinic zirconia with crystallite size of few tens of Angstrom[18]. 

Hence, in order to induce monoclinic to tetragonal phase transition at room temperature, 

the crystallite size has to be at least below 20 nm in diameter.  

 

Figure 1.1 Phase stability crossover of nanocrystalline zirconia[19]. 

Pitcher et al.,[19] have studied the phase stability of zirconia.  The authors 

synthesized amorphous, monoclinic and tetragonal zirconia and carried out enthalpy 

measurements. By using the Gibbs free energy formula (            the authors 

were able to establish the effects of entropy, enthalpy on the crossover between different 

phases. Further, with increase in the surface area, the monoclinic phase gains enthalpy 

faster than the tetragonal phase thereby making it the least favorable phase. The authors 

have also concluded that the amorphous zirconia is the most energetically favorable phase 

in the high surface area regime due to its low surface energy. The phase stability crossover 

of zirconia as a function of surface area is shown in Figure 1.1. The darker lines represent 
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the energetically stable phase (lowest enthalpy). This crossover suggests that the 

metastable phases become thermodynamically stable at nanoscale. 

Namavar et al.,[20] have reported a correlation between grain size and phases in 

ZrO2 thin films. As a result of grain coalescence, cubic-to-monoclinic phase 

transformation was observed in thermally annealed nanocrystalline cubic ZrO2 thin films. 

Lu et al.,[21] have observed, upon annealing at 500 °C, that there is a phase 

transformation from amorphous to tetragonal phase (grains of ~10 nm-20 nm). When the 

annealing was carried out at 1000 °C, the authors were able to observe a transition to 

monoclinic phase (40 nm-50 nm), the most stable phase at high temperatures compared to 

the tetragonal phase. 

1.2.2. Role of temperature 

As a function of temperature, zirconia exists in three crystallographic structures 

namely monoclinic, tetragonal and cubic (refer Figure 1.2). At high temperatures (2450 °C 

to 2675 °C), zirconia exists in cubic fluorite structure that consists of a simple cubic 

packing arrangement of oxygen anions with the Zr cations in center of every other cube. 

At lower temperature (<2450 °C), displacive transition occurs in which the alternate pairs 

of oxygen anions are slightly offset forming a tetragonal phase[22]. At 1173 °C, the 

tetragonal zirconia undergoes a martensitic transformation to a monoclinic polymorph in 

which Zr cations are coordinated to only 7 oxygen atoms. At room temperature, the 

monoclinic phase is the stable one. Even though the tetragonal and cubic form cannot be 

quenched (at room temperatures),  the phases can be stabilized by the addition of 15 mol% 

of large cations (like lanthanides and yttrium). 

 

Figure 1.2 Phase diagram of ZrO2 as a function of  temperature and pressure[23] 
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The cooling of tetragonal to monoclinic zirconia at 950 °C, causes volume 

expansion of 4%[24] accompanied by shear strain (0.016)[25] and this causes the zirconia 

to crack. In order to avoid volume expansion, zirconia is often stabilized in its high 

temperature forms by the addition of soluble oxides such as Y2O3, MgO, CaO, and Ce2O3 

that suppresses the transformation into its monoclinic structure. Y2O3 not only stabilizes in 

high temperature cubic phase but also creates oxygen vacancies in every mole of the 

dopant Y2O3. When these oxygen vacancies displace any oxygen ion from the equilibrium 

position, the monoclinic to tetragonal transformation is suppressed[26]. In general, 

tetragonal phase is stabilized at 3 mol% (partially stabilized zirconia) and cubic phase 

becomes dominant above 8 mol% (fully stabilized zirconia). Thus depending upon the 

dopant concentration, either the tetragonal or the cubic phase is stabilized. 

1.2.3. Role of pressure 

Depending upon pressure, monoclinic zirconia changes its crystal structures to 

orthorhombic (I) and orthorhombic (II) as given in Table 1.1. Figure 1.2 shows that the 

monoclinic to orthorhombic (I) phase transition occurs between the pressures of 4 GPa and  

Table 1.1 Different crystal structures and its unit cell parameters of zirconia[22, 30, 

33–36] 

Crystal Structure Space Group 
Lattice 

parameter (Å) 
Density (g/cm

3
) 

Monoclinic 

a ≠ b≠ c 

α =ϒ=90 

β > 90 

      

a =5.296 

b =5.094 

c=5.326 

β =99.3 

5.7 

Tetragonal 

a = b≠ c 

α= β= ϒ=90 
        

a =3.608 

c=5.187 
6.1 

Cubic 

a =b= c 

α =β= ϒ=90 
Fm ̅m a =5.128 6.3 

Orthorhombic (I) 

a ≠b ≠c 

α =β =ϒ=90 
     

a=10.1745 

b=5.3148 

c=5.1357 

6.8 

Orthorhombic (II) 

a ≠b≠ c 

α =β =ϒ=90 
     

a=5.6140 

b=3.3474 

c=6.5658 

-- 
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7 GPa[23, 27]. The transition from monoclinic to orthorhombic (I) is very sluggish at 

room temperature and also depends on the crystallite size. A detectable traces of 

monoclinic phases were seen even at pressures of 10 GPa[23]. 

Zirconia exists in two phases at high pressure namely orthorhombic-I and 

orthorhombic-II. Orthorhombic (I) to orthorhombic (II) transformation takes place at a 

pressure of 12.5 GPa (> 600 °C)[28]. At room temperature, orthorhombic (I) transforms to 

orthorhombic (II) between 22 GPa[29, 30], 25 GPa[31], 28 GPa[32], and 35 GPa[27]. The 

transition from orthorhombic (I) to orthorhombic (II) needs the reconstruction of the 

lattice and for a full transition, a pressure > 15 GPa is needed[23]. Haines et al.,[28] have 

observed only 50% of orthorhombic (II) phase even for pressures above 37 GPa at room 

temperature. According to the authors, reorganization of the anion and cation sub lattices, 

(that increases the coordination number of the Zr
4+

 from seven to nine) is needed for the 

orthorhombic (I) to orthorhombic (II) transformation. Hence the transformation is 

kinetically slow to the point of being irreversible at room temperature[28]. 

1.2.4. Ion irradiation induced phase transformation 

Ion irradiation is a non-equilibrium process. Upon ion irradiation, materials 

undergo crystalline – crystalline transition, crystalline to amorphous transition and 

metastable phase formation in metals, semiconductors and insulators. Before discussing 

about ion beam induced phase transformation, the ion solid interactions are discussed in 

the following sections. 

 

Figure 1.3 The nuclear and electronic energy loss of krypton ions in ZrO2 as a function of ion 

energy. The data is calculated from SRIM software[37]. 

1.2.4.1. Ion Solid Interaction 

When an energetic ion traverses through a solid, it interacts with the target atoms 

and transfers some of its kinetic energy to the target atoms. By imparting kinetic energy, 
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the energy of the ions slow down and the ion also produces collision cascades. The 

incident ion loses its energy by nuclear and electronic energy loss processes. Total energy 

loss (        is the sum of nuclear energy loss (    and electronic energy loss (    and is 

expressed as 

             Eqn.1.3 

1.2.4.2. Nuclear energy loss 

When the nuclear energy loss is dominant, the ion interacts with the target atoms 

and the collision between the ions and target atoms is elastic (knock on process) collisions. 

This causes displacement of the target atoms from their original lattice sites. Figure 1.3 

shows the typical energy loss values of Kr
+
 ions in ZrO2 and the data was obtained from 

the SRIM (Stopping and Range of Ions in Matter) software [37]. From Figure 1.3, it is 

observed that the nuclear energy loss is dominant in the low energy regimes. 

1.2.4.3. Electronic energy loss 

When the projectile ion energy is very high, the ion excites and ionizes the target 

electrons. Due to the high velocity of the projectile ions, interaction with the target nuclei 

does not occur. The overall energy loss is well described by Bethe-Bloch equation that 

considers the momentum transfer to a target electron in a coulomb potential along with the 

correction terms[38]. Bethe-Bloch equation is given as 

( 
  

  
)

 

 
  (  

   )
 

    

    
 

 (  
     

 

 
   (       

) Eqn.1.4 

  
   

= effective charge of the projectile 

   = atomic number of the target material 

  = amount of target atoms per unit volume  

   = projectile ion velocity 

  = electron mass 

  = effective ionization potential of the target material 

 =ratio between ion velocity and speed of light 

From the energy loss values of Kr
+
 ions in ZrO2 (refer Figure 1.3), it is observed 

that the electronic energy loss is dominant in the high energy regimes. When the projectile 

ion passes through the target atoms, the ion loses its energy to bound electrons whose 

orbital velocity (  ) is smaller than the projectile velocity (  . Hence, a correction factor 

is taken into account that considers the nuclear charge shielding of the projectile. Hence, it 
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is necessary to consider the charge exchange between the projectile ion and the target 

atoms. The loosely bound electrons are easily stripped off during the scattering process. 

This is called as Bohr stripping. This leads to an effective charge (  
   

  of the projectile 

that is smaller than the nuclear charge(   . Effective charge   
   

is given in the following 

equation.  

  
      (     (

 
 

  

 
 

 ⁄
)) Eqn.1.5 

1.2.4.4. Projected range 

Ion range is defined as the penetration depth of an ion (with an initial kinetic 

energy(   ) in a material until it is stopped. The integration of the inverse of the stopping 

power of the medium over the energy, gives the total range. Range (   describes the mean 

range, as all the ions do not transfer same amount of energy to the target material. The ion 

range (   is expressed as 

  ∫ (
  

  
*

  

  

  

  

 Eqn.1.6 

The range distribution at the end of the trajectories is called the straggling. In the present 

work, the values of the ion range, ion straggling were calculated using the SRIM 

(Stopping and Range of Ions in Matter) software[37]. 

1.2.4.5. Radiation damage 

Radiation damage[39] deals with the transfer of ion energy (projectile) to the target 

atom and the distribution of atoms in the target. It comprises of the following process 

1. Interaction of the projectile ions with the target atom. 

2. Transfer of kinetic energy of the ions to the lattice atoms that leads to primary 

knock on atom (PKA). 

3. Displacement of the target atom from its lattice site position. 

4. The displaced atoms traverse through the lattice and creates additional knock on 

atoms. 

5. Production of displacement cascades. 

6. Termination of the primary knock on atoms as an interstitial. 
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The time scales of radiation damage events are given in Table 1.2. The radiation 

damage event is concluded, when the PKA comes to rest in the lattice as an interstitial. 

The result of a radiation damage event is the creation of a collection of point defects 

(vacancies and interstitials) and clusters of these defects in the crystal lattice. The entire 

process occurs in the time scale of 10
-11

 seconds. Subsequent events involving the 

migration of the point defects and defect clusters and additional clustering or dissolution 

of the clusters are classified as radiation damage effects[39]. 

Table 1.2 Time scale for the production of defects in the irradiated material[39]. 

Time (s) Event Result 

10
-18

 
Energy transfer from the incident 

particle 

Creation of a primary knock-on atom 

(PKA) 

10
-13

 
Displacement of the lattice atoms by 

PKA 
Displacement cascade 

10
-11

 
Energy dissipation, spontaneous 

recombination and clustering 
Stable Frenkel pairs  

>10
-8

 
Defect reactions caused by thermal 

migration 

Single interstitial atom (SIA) and 

vacancy recombination, clustering, 

trapping and defect emission 

In literature, there are many efforts to understand the effects of ion irradiation in 

zirconia[21, 40–43]. When zirconia is irradiated with ions, large number of defects like 

vacancies, interstitials and voids are produced. In addition to the production of defects, 

phase transformation[40, 44, 45], grain growth[46], amorphisation[47, 48], bubble 

formation[49] were also reported. Several groups have reported phase transformations 

induced by low energy, high energy and swift heavy ion (SHI) irradiations in zirconia. 

1.2.4.6. High energy ion irradiation induced phase transformation 

During swift heavy ion irradiation, the electronic energy loss is the dominant 

energy loss mechanism. SHI losses its energy via ionization and electronic excitation, and 

it produces cylindrical ion tracks. In a crystalline material, these ion tracks are amorphous 

in nature. Ion tracks can be easily formed in insulating material, but not in pure metals as 

the high electronic conductivity of the metal dissipates the electronic heat before the ion 

track formation. SHI can (i) produce anisotropic deformation in the amorphous solid 

(Klaumünzer‟s effect)[50–52], (ii) induce recovery of defects created by nuclear collisions 

[53]in metal and (iii) create damage in the material (latent tracks), irrespective of its 

original structure (amorphous[54, 55] or crystalline[56, 57]). 
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Two models, namely (i) Coulomb explosion model[58, 59] and (ii) thermal spike 

model[60–63], have been proposed to explain the atomic displacement due to the 

electronic energy loss and also to explain the formation of ion/latent tracks.  

Coulomb explosion model: 

Coulomb explosion model was proposed on the observation that the latent tracks 

are observed in the insulating materials. Coulomb explosion model is based on the 

electrostatic repulsion of the ions created by the incident ion that can disrupt the 

crystalline structure. According to Coulomb explosion model, the incoming ions deposit 

its energy to the electrons of the target, thereby ionizing the atoms. Then, these ions leave 

cylindrical areas of ionized cores, along the path of their trajectory. The ions inside the 

cylindrical area experience an intense coulomb repulsion, leading to the explosion of the 

ions. The ionic repulsion can lead to the displacement of the atom[59] or to the 

propagation of shock waves[64] that can result in the phase transformation. According to 

this model, tracks should not be observed in the materials with high thermal 

conductivities, but tracks are indeed observed in materials with high thermal conductivity. 

Hence, there is a limitation to this model. 

Thermal spike model: 

According to thermal spike model, an energetic ion that passes through a target 

material, transfers its energy to the electrons, that leads to rapid local heating of the 

electron subsystem to a temperature (  ). Then, a highly non-equilibrium region with hot 

electrons and cold lattice arises[65]. The energy of the electron is then transferred to the 

atomic subsystem through electron phonon coupling that leads to increase in the 

temperature of the target atoms (   .Subsequently local melting along the ion trajectory 

can occur under certain conditions (strong electron phonon coupling, low melting 

conditions). Upon rapid quenching, frozen defects are created, further leading to the 

formation of ion tracks. 

Szenes model[62] is used to deduce the threshold value of the electronic energy 

loss and also to understand the formation of the latent tracks upon ion irradiation. 

According to Szenes model the threshold electronic energy (      is given by the formula 

          (
  

 
) Eqn.1.7 

where   is the radius of the ion track,   is the density and    is the specific heat of the 

material and   is the electron phonon coupling constant.    (       ,    is the 
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melting temperature and     is the substrate temperature during ion irradiation. It is also 

possible to determine the radius of the track (    by extending the model.    is given by 

  
  

    (   
 

       
 Eqn.1.8 

In the above methods, as the time scale for track formation is inaccessible by any 

characterization technique, hence, it is not easy to identify the mechanism. It was found 

that out of the two models, the thermal spike is the most appropriate model to explain the 

formation of latent tracks[66].  

Swift heavy ions (SHI) not only produce defects but also induces phase 

transformation (amorphisation[48], crystalline to crystalline transformation[40, 45]). 

Several groups have reported crystalline to crystalline phase transformation in oxide 

materials using swift heavy ions[67–74]. Lu et al.,[48], have reported swift heavy ion 

(1.33 GeV U238) beam induced amorphisation in monoclinic zirconia where the extreme 

electronic energy loss (52 keV/nm), high energy state of the nanostructured materials and 

high thermal confinement (due to less effective heat transport within the transient hot 

zone) were responsible for amorphisation. Lian et al.,[41] have observed amorphous to 

tetragonal phase transition upon 1 MeV Kr
2+

 ion irradiation, in bilayer (amorphous and  

 

Figure 1.4 Selected area electron diffraction (SAED) patterns of the bilayer nanocrystalline 

zirconia film subjected to 1 MeV Kr
2+

 irradiation at room temperature for various ion fluences: 

(a) original (b) 3.13×10
14 

ions/cm
2 

(c) 6.25×10
14 

ions/cm
2
 and (d) 3.13×10

15 
ions/cm

2
. The 

appearance of the diffraction ring d102 in the SAED patterns ((c) and (d)) demonstrates that the 

tetragonal phase was formed upon ion irradiation[41]. 

cubic) zirconia film. The authors have suggested that the tetragonal phase is energetically 

favoured under the non-equilibrium conditions (during ion beam irradiation). Monoclinic 
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to tetragonal phase transformation was observed in zirconia, when the ZrO2 samples were 

irradiated at room temperature (with 92 MeV, Kr
+
 ions)[75]. The strain field (produced 

during the Kr
+
 ion irradiation) was found to be responsible for stabilizing the tetragonal 

phase. 

Lian et al.[41] reported a transformation to tetragonal phase from amorphous phase 

in bilayer ZrO2 (amorphous layer and cubic nanocrystalline ZrO2 films) upon 1 MeV Kr
2+

 

ion irradiation, as a result of radiation induced recrystallization process (refer Figure 1.4). 

The authors have also reported that, the monoclinic-to-tetragonal phase transition observed 

in nano-sized zirconia (50 nm) is similar to the monoclinic to tetragonal phase 

transformation of bulk samples induced by ion irradiation[41]. 

 

Schuster et al.,[42] have observed monoclinic to tetragonal phase transformation 

under high pressure (10 GPa) upon heavy ion (150-200 MeV/u, U238) irradiation. 

Monoclinic to tetragonal phase transformation was observed in zirconia, when irradiated 

with U
+
 ions of energy 11.1 MeV/u (1×10

13
 ions/cm

2
).  

 

Figure 1.5 Raman spectra at ambient conditions of different ZrO2 samples: (a) pressurized to 

10.5 GPa but not irradiated, (b) irradiated with 2×10
12

 U-ions/cm
2
 but without pressure and the 

fraction of transformed phase was (6.3 ± 0.8)%, (c) irradiated with 2×10
12

 U-ions/cm
2
 under 

pressure of (10.3 ± 0.3) GPa and the fraction of the transformed phase was (91.2 ± 3.4)%[42]. 

The phase transition is accounted to the pre-damage in the structure caused by the 

overlapping of ion tracks[42]. The authors have also reported ion beam induced 

transformation from  monoclinic to tetragonal structure (91.2 ± 3.4)% for the ion fluence 

of 2×10
12

 ions/cm
2
 in pressurized zirconia, where as it was only (6.3 ± 0.8)%, when the 
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ion irradiation was carried at ambient pressure (refer Figure 1.5). The faster phase 

transformation rate is due to the introduction of stress in pressurized zirconia.  

Benyagoub et al.,[66], have reported that the overlapping of the ion tracks are 

necessary to induce phase transformation, as the evolution of tetragonal phase fraction 

with ion fluence followed a sigmoidal behavior. The authors have irradiated zirconia 

pellets with 595 MeV Xe
+
 ions leading to the electronic energy loss of  28 keV/nm. Upon 

irradiation, the authors observed monoclinic to tetragonal phase transformation. The 

authors attributed the phase transformation to the double ion impact mechanism, in 

contrast to the amorphisation, where single ion impact is invoked. In case of the double 

ion impact, the first ion impact is used to create radiation defects most likely the oxygen 

vacancies that is the prerequisite for the phase transformation and the second ion impact is 

used to induce the phase transformation. For phase transformation to occur, the threshold 

electronic energy loss for monoclinic to tetragonal phase transformation was found to be 

12 keV/nm[68–70, 74]. 

1.2.4.7. Low energy ion irradiation 

 

Figure 1.6 X-ray diffraction patterns of the un-irradiated amorphous-dominant ZrO2 and 

ZrO2 thin films irradiated with 350 keV O + ion for the ion fluence 5×10
16

/cm2
[21]. 

Several groups have carried on low energy ion irradiation in zirconia to understand 

the phase transformation[21, 44, 76]. Valdez et al.,[44] have observed monoclinic to 

tetragonal phase transformation upon light ion (150 keV Ne
+
) irradiation at cryogenic 

temperatures. The transformation was found to be complete at the peak damage region. In 

the near surface region, both the monoclinic and tetragonal phases were observed, with the 

absence of amorphous or cubic phase.  
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Lu et al.,[21] have irradiated thermally annealed ZrO2 thin films with 350 keV 

O
+ 

ions and observed the transformation from amorphous phase to tetragonal phase in 

ZrO2 (see Figure 1.6). The authors have attributed that ionizing radiation-enhanced 

recrystallization processes are responsible for the amorphous to tetragonal phase 

transformation. The authors have also concluded that under non-equilibrium conditions, 

the energetic beam bombardment provides enough energy to overcome the energy barrier 

among two phases, thereby making the amorphous to tetragonal phase transformation 

possible.  

Several studies have correlated the relation between the stabilization of tetragonal 

zirconia and oxygen vacancy[77, 78]. It is also known that oxygen vacancies could 

stabilize tetragonal zirconia at room temperatures by doping with cations[26]. The phase 

transformation from monoclinic to tetragonal and tetragonal to cubic could also be carried 

out by increasing the oxygen vacancy concentration. Thus when the accumulation of 

oxygen vacancies occurs and if the O-vacancy concentration exceeds the critical value of 

vacancy concentration (as a result of increase in ion fluence), monoclinic to tetragonal 

phase transformation becomes possible.  

The other possible mechanism for phase transformation is cascade overlap during 

ion irradiation. When the cascades overlap, the temperature of the cascades core increases 

beyond the transition temperature for the timescale of picoseconds and it can lead to  the 

monoclinic to tetragonal phase transformation[21]. Apart from the phase transformation, 

inert gas ion irradiation on zirconia also shows the inert gas bubble formation. 

1.3. Inert gas bubble formation in oxide 

When materials are irradiated with inert gas ions, the insoluble inert gases form 

bubbles in the material which affects the physical and the mechanical properties of the 

materials. In IMF material, the inert gases like Kr and Xe are produced as fission gases 

and these gas atoms are completely insoluble in the fuel matrix and their normal state is 

gas rather than solid. These gas atoms could be either completely released from the fuel 

matrix due to high temperature or just precipitate as gas bubbles in the material. These gas 

bubbles induce swelling or results in loss of density of the material. Thus swelling 

becomes inevitable due to the precipitation of these fission gases[10]. 
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1.3.1. Mechanism of bubble formation 

In order to know the effects of bubbles in the material, it is necessary to understand 

the process like gas production, bubble nucleation and growth. Following are the process 

involved in the formation of bubbles[10]. 

1. Production: The gases are produced by the fission process. Important factors are 

the rate and amount of production of these fission gases. 

2. Nucleation: Nucleation happens either homogeneously or heterogeneously. 

Homogeneous nucleation occurs when the gas atoms happens to meet each other. 

Heterogeneous nucleation occurs when the gas atoms encounter defects, 

dislocations, grain boundaries which act as a nucleation site. 

3. Growth of the bubbles: Growth of bubbles is caused due to atomic migration. The 

growth process is affected by the availability of vacancies, so that the bubbles 

could expand as gas, by the effects of surface tension and the stress of the fuel 

matrix. These factors determine the stability of the bubble. The bubbles tend to 

grow by gas atoms either attracted towards other existing bubbles or towards a 

vacancy that already has an existing gas bubble. 

4. Resolution of the gas atoms: The gas atoms within the bubble also have the 

property of resolubility. 

5. Migration of bubbles: Migration occurs either as a random walk, when no direct 

forces acts on the bubble or they are biased when forces are acting upon them. 

Temperatures, stress gradient, restraining forces due to dislocations, grain 

boundaries are the sources of the forces acting on a solid. These forces cause the 

bubble to move in a particular direction. On the other hand, the forces due to the 

crystal defects can act either to pin the bubble if they are immobile, or sometimes 

they drag the bubble, if the bubbles are themselves under motion. The motion of 

bubble can also occur due to the dislocation line sweeping, grain boundary 

sweeping. 

6. Interaction of bubbles: The bubbles also tend to interact with the defects in the 

crystal like dislocations, grain boundaries. 

7. Release of fission gases: The fission gases are released either to the external 

surfaces like cracks in the fuel, void, or to the grain boundaries. These bubbles in 

the grain boundaries when they become large in number, link themselves and are 

released to any of the external surfaces. 
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Sometimes the fission gases are released by the direct flight of the energetic fission 

fragments out to the external surfaces. This release method is significant at low 

temperatures. 

1.3.2. Bubble induced swelling 

Xenon and krypton bubbles were observed in the fissile materials. After annealing 

the UO2 (irradiated with krypton ion) material at 1500 °C, krypton bubbles were observed 

under transmission electron microscopy[10]. Generally, the bubble induced swelling (S) 

can be calculated by[10, 79].  

  
(

 

 
∑   )

  
      Eqn.1.9 

where d is the measured bubble diameter, s is the total area used for calculating bubble 

number density, t is the thickness. By calculating the amount of swelling induced in the 

material, the performance of the material could be determined.  

Nanostructured materials tends to be resistant to radiation including low swelling, 

retention of ductility and mechanical properties due to the increase in the number of grain 

boundaries which acts as sinks for the defects[80–83]. Experiments conducted by various 

groups have observed bubble formation in oxides like CeO2[79], UO2[84–86] and yttria 

stabilized zirconia[87, 88]. 

Bubbles were observed in UO2 single crystals, when irradiated with 150 keV Kr
+ 

ions (25 °C and 600 °C) and 1 MeV Kr
2+ 

ions (800 °C). The average bubble size, density 

and swelling were found to be dependent on the ion fluence of Kr
+
 ions. In single crystal 

UO2 irradiated at 800 °C, the values of swelling and bubble size was found to be 2.3 and 

1.4 times respectively higher than the samples ion irradiated at 600 °C. Due to the vacancy 

generation and low mobility, bubble aggregation was not observed in the grain 

boundaries[84]. 

Krypton bubbles (both in nanograin and micrograin regimes) were reported in the 

CeO2 (surrogate material for UO2), when CeO2 was irradiated with 150 keV Kr
+
 ions. The 

authors have observed that, the nanograin regions consisted of krypton bubbles of small 

size and lower density compared to the bubbles in the micrograin regions. According to 

the authors, the reduction of ion induced swelling in the nanosized regime is due to the 

grain boundaries which act as efficient sinks.[79]. Pu et al.,[89] have irradiated T'-YSZ 

(tetragonal - yttria stabilized zirconia) with 60 keV He
+
 ions to study the mechanical 

properties of the material. The authors were able to observe phase transformation to partial 
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tetragonal and partial cubic YSZ structures for the ion fluences >2×10
17 

ions/cm
2
. With 

further increase in the ion fluence 1×10
17

 ions/cm
2
 (refer Figure 1.7), the authors have 

observed different shapes of helium bubbles (spherical, disc, ribbon) and dislocation loops 

that contributed to the reduction in the hardness and elastic modulus. 

 

Figure 1.7 HRTEM images of the cross-section of T'-YSZ samples irradiated (300 K ) 

with 60 keV He
+ 

ions with the ion fluences of 1×10
18

 ions/cm
2
[89]

 

 

Figure 1.8 Krypton bubbles observed in ZrO2 thin films irradiated with 60 keV Kr
+
 ion  for the 

ion fluence of 1×10
17

 ions/cm
2
[76] 

Hojou et al.,[87] have irradiated (300 K and 923 K) yttria stabilized ZrO2 single 

crystals with 35 keV He
+
 and 60 keV Xe

2+
 ions. Upon irradiation, the authors have 

observed the formation of helium and xenon bubbles in the material. Irrespective of the 

ion irradiation temperatures, the authors were unable to observe amorphisation in both the 

cases of ion irradiation (He
+
 (up to 16 dpa)) and Xe

2+
 (up to 40 dpa)). In the case of 

monoclinic zirconia thin films, monoclinic to tetragonal transformation along with the 
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formation of krypton bubbles (size ~40 nm) was observed in 60 keV Kr
+ 

ion irradiated 

zirconia thin films (refer Figure 1.8)[76]. 

1.4. Luminescence properties of zirconia 

Luminescence is a very strong tool for the detection and identification of 

point defects in insulators and semiconductors. Zirconia has immense applications in the 

field of optics like oxygen sensors, electro optical devices as they exhibit large optical 

band gap, high refractive index, high transparency in the visible, near infra-red regions and 

low optical loss[90–92]. When zirconia is excited with ultraviolet (UV) rays, zirconia 

exhibits a broad emission spectrum. The broad PL band centered at 2.5 eV (refer Figure 

1.9) is mainly due to the overlapping of PL bands[93], charge carriers and lattice 

interactions. 

 

Figure 1.9 Photoluminescence of various types of zirconia (1) Y stabilized zirconia single 

crystal ZrO2 (2) commercial powder (3) Y stabilized nanocrystals (4) undoped nanocrystals 

prepared by hydrothermal method and (5) undoped nanocrystals synthesized by plasma 

synthesis[93] 

 

Figure 1.10 Schematic representation of the photoluminescence process in zirconia 
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Ideally zirconia does not show any luminescence, but in the presence of structural 

defects, luminescence is observed and it is due to the introduction of electronic energy 

levels within the band gap. The recombination process includes ionization, migration, 

recombination and emission. Electron-hole pairs are produced, when the sample is excited 

with photons of energy greater than the band gap of the zirconia. The oxygen vacancies 

(VO) at once, tend to trap the electrons by creating F centres. The recombination of the 

holes with the F centers creates excited states of the emitter that undergoes a radiative 

transition to the ground state. 

The recombination is explained by the equations[94] 

       (                Eqn.1.10 

          Eqn.1.11 

      (           (         Eqn.1.12 

And the schematic representation of the recombination process in zirconia is shown in 

Figure 1.10 

The radiative decay of intrinsic electron-hole pair and self-trapped excitons are 

attributed to the luminescence observed at 294 nm from the ZrO2 thin films[95]. The 

ionized oxygen vacancies (F
+
 and F

-
 centers) from the conduction band is attributed to the 

PL band centered at 379 nm[96]. The peak at ~ 2.53 eV (490 nm) can be attributed to the 

effect of impurity titanium ions[97–99] (which are present in trace concentrations) and/or 

attributed to the transitions of F
+
 centers (the oxygen vacancies that trapped one electron) 

from the excited state into the ground state[94, 100]. 

In earlier reports[95, 98, 99], the PL band at ~ 2.53 eV (490 nm) is attributed to the 

presence of impurity titanium in trace levels. When Ti doped ZrO2 is excited with 

ultraviolet (UV) irradiation, electron hole pairs are created and excited. These excited 

electrons are trapped by the shallow level which is due to the oxygen vacancies. The holes 

are trapped by the Ti
3+

 creating Ti
4+

 centers[95, 98]. The thermal energy in ambient 

conditions causes the release of electrons from the shallow traps and then the 

recombination of these electrons with the Ti
4+

 creates the excited state of Ti
3+

 leading to 

the emission of ~ 2.53 eV (490 nm). The PL band centered at 612 nm in ZrO2 powder, is 

attributed to the involvement of mid-gap trap states[101]. Thus luminescence in ZrO2 can 

be attributed to (1) impurity/dopants, (2) intrinsic self-trapped excitons[95, 102] and (3) 

intrinsic defects (F, F
+
 and Zr

3+
)[95, 102]. The photonic properties were also found to be 

influenced by the size/thickness[103, 104].  
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Smits et al.,[105] reported that the luminescence centers are intrinsic defects, 

possibly the oxygen vacancies distorted ZrO2 lattice cells. The authors concluded that the 

luminescence spectrum and the band position strongly depends on the excitation 

wavelength due to the quasi-continuum of states[105]. Salah et al.,[106] have studied the 

PL excitation and emission spectra of ZrO2 nanoparticles and reported that the PL 

emission bands are due to the transitions from the surface trap states in the conduction 

band to lower energy levels close to the valence band. 

A report on the effects of annealing temperature on the PL properties of 

nanocrystalline zirconia thin films prepared by sol-gel dip[104] coating method, revealed 

that, upon annealing at elevated temperature, the PL intensity has increased. The authors 

concluded that, the increase in the PL is related to the reduction in OH groups, increase in 

crystallinity and reduction in the non-radiative related defects. Further the authors have 

also shown that, the blue shift of PL spectra had originated from the change in stress of the 

thin film due to lattice distortion. Xie et al.,[107] have investigated the PL properties of 

Tb-doped ZrO2 nanofibers prepared by electro spinning technique. The authors 

demonstrated that the intensity of the green light emission could be controlled by oxygen 

vacancy concentration. 

Rittman et al.,[108] have employed ultrafast laser irradiation on ZrO2 and have 

observed monoclinic to tetragonal phase transformation and the results are identical to 

those produced by SHI irradiation. The ability of ultrafast lasers and SHI irradiation to 

rearrange and disorder the structures through identical damage processes, provides the link 

between the two processes (ultrafast and SHI irradiation) of depositing large amounts of 

ionizing energy into the material. Therefore, laser irradiation can be employed to study the 

fission fragment damage that has energy of about 1 MeV/nucleon (like SHI). 

1.5. Objective of the thesis 

There are several works on irradiation effects in zirconia using high energy (SHI) 

and low energy ion irradiation. As described in the present chapter, phase transformation, 

amorphisation, bubble formation, bubble induced swelling were observed in zirconia. 

However, systematic investigations and correlation between these effects has not been 

well established. Hence in the present thesis, an attempt has been made to establish the 

correlation between phase transformation, bubble induced swelling and the nature of 

defects produced during ion irradiation. 

 



 

21 

Chapter 2 

Experimental Techniques 

This chapter deals with the details about various experimental techniques utilized 

for characterization of the samples. In the present thesis work, monoclinic zirconia was 

synthesized using thermal decomposition method and the samples were irradiated with 

He
+
, Ar

+
 and Kr

+
 ions using 150 kV ion accelerator. In order to study the nature of defects, 

phase transformation and swelling, the characterization techniques like grazing incidence 

X-ray diffraction (GIXRD), Raman scattering, scanning electron microscopy (SEM), 

transmission electron microscopy (TEM) and photoluminescence spectroscopy (PL) were 

employed. This chapter provides a brief description of the sample preparation and 

characterization techniques used in the thesis. 

2.1. Synthesis-thermal decomposition method 

Zirconia was synthesized by many methods, such as sol/gel method[109], vapor 

phase method[110], chemical vapor deposition[111], spray pyrolysis[112], 

hydrolysis[113], hydrothermal[114], and microwave plasma[115] method. However, these 

methods have many limitation factors such as complicated procedures, high reaction 

temperature, long reaction time, toxic reagents, by-products use, and high cost of 

production, hence, it is difficult to prepare zirconia nanoparticles on a large-scale 

production. The present thesis deals with the synthesis of zirconia by thermal 

decomposition method. 

Thermal decomposition method involves chemical decomposition with the help of 

heat. Decomposition reaction involves a single substance being separated into multiple 

compounds. Heat can be used to decompose substances either physically or chemically. 

Heat is required to break the chemical bonds so that decomposition occurs. The 

temperature at which the substance chemically decomposes is called as the decomposition 

temperature. Physical decomposition involves separation of compounds that are attached 

physically. One such example includes the decomposition of hydrated copper sulfate into 

copper sulfate and water[116]. The same reaction could be made reversible if water is 

added to the copper sulfate forming hydrated copper sulfate with the release of heat. 

Decomposition reaction is generally an endothermic reaction as heat is supplied 

externally. General example is the formation of calcium with the release of carbon 

dioxide, when the calcium carbonate is decomposed. When oxides are considered, oxygen 
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is released as seen in the formation of mercury from mercury oxide upon decomposition. 

In the present thesis work, zirconium acetyl acetonate was used as a precursor for the 

thermal decomposition method[117]. 

Steps involved in the thermal decomposition method are as follows: 

1. Zirconium acetyl acetonate (ZrAcAc) (from Sigma Aldrich (98 %)) was used 

without further purification. 

2. ZrAcAc powder weighing about 4 grams was placed in the alumina boat for 

calcination.  

3. Thermal decomposition method consists of three stages starting from 75 °C and 

ending at 480 °C. The decomposition of moisture and volatile impurities occur 

during the first stage of decomposition (75 °C to 180 °C). In the second stage of 

decomposition, decomposition of acetyl acetonate occur in the temperature range 

180 °C to 240 °C  

4. The third stage (240 °C to 480 °C) leads to the decomposition of oxycarbonate at 

400 °C and finally the zirconia powder at 500 °C. 

 

Figure 2.1  (a) Schematic diagram of a tubular furnace used for the decomposition of 

zirconium acetyl acetonate (b) Schematic representation of the chemical reaction during the 

thermal decomposition. 

5. The powder produced (0.2 grams) were of mixed phase, namely, monoclinic and 

tetragonal zirconia. In order to obtain single phase monoclinic zirconia, the 

obtained mixed phase zirconia was optimized under heat treatment at different 

temperatures and duration.  

6. Single phase monoclinic zirconia was obtained by heat treatment at 900 °C for 

18 hrs.  
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7. The zirconia powder was pelletized using a mechanical pelletizer by applying 

pressure of 10 MPa. The zirconia pellet was then sintered at 930 °C for four hours.  

2.2. Irradiation facility 

Ion irradiation experiments were carried out using the 150 kV ion accelerator. 

Figure 2.2 (a)) and Figure 2.2 (b) show the photograph and schematic diagram of 150 kV 

ion accelerator. A RF ion source produces the gaseous ions. The pressure maintained in 

the source side is about 10
-6

 bar. The ions are accelerated and mass analyzed by a 45° 

mass analyzing magnet. The ions are then focused by a quadruple lens and transport to the 

irradiation chamber.  

 

Figure 2.2 (a) Photograph of 150 kV ion accelerator used for the ion irradiation experiments 

(b) Schematic diagram of the 150 kV ion accelerator. 

The vacuum in the irradiation chamber is about 10
-6

 mbar which is achieved with 

the help of turbo molecular pump. The samples are kept on the copper block which is 

mounted on the sample manipulator. This copper block is electrically isolated from the 

rest of the chamber to facilitate the beam current measurements. A secondary electron 
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suppressor was used to avoid the error and false current measurements caused by the 

secondary electron emission. In order to suppress the secondary electrons, voltage of -40 

V was applied to the secondary electron trap. The beam current and ion fluence are 

measured with the help of a current integrator. Even though the accelerator has the 

capacity to deliver ion beam current of several μA, the beam current was maintained less 

than 1 μA to avoid beam heating of the sample. In order to maintain clean vacuum liquid 

nitrogen trap is used for trapping oil vapour (from diffusion pump) and hydrocarbon. In 

order to carry out the irradiation experiments at low temperature, liquid nitrogen cryostat 

was used. The ion irradiation experiments were carried out at room temperature (300 K) 

and at 143 K. 

2.3. Grazing incidence X-ray diffraction 

X-ray diffraction experiment is powerful tool to analyse the crystal structure. The 

short wavelength of the X-rays makes them to get scattered by adjacent atoms in crystals 

that interfere and give raise to diffraction effects. Each atom acts as a diffraction center 

and the entire crystal acts as a diffraction grating. Thus the diffraction pattern produced by 

the crystals gives details about internal arrangement of the crystal. X-ray diffraction is 

well explained by Bragg‟s law and it is given by the equation 

           Eqn.2.1 

In thin films, the X-ray diffraction is carried out with grazing incidence to avoid signal 

from the substrate.  

 

Figure 2.3 Schematic diagram of the GIXRD and X-ray penetration depth in the specimen. 

According to Beer Lambert Law,         (      where I is the intensity of the 

X-rays after passing through the specimen thickness of t,    is the intensity of the incident 
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X-rays and   is the linear mass absorption coefficient of the specimen. From Figure 2.3, it 

is seen that α is the incident angle of the X-rays, 2θ being the collective angle, x is the 

probing depth of the X-rays. The total distance travelled by the X-rays in the material is 

given by 

       (             (   Eqn.2.2 

For the 99% absorption of intensity becomes   (        

  
   (    

      (            (  
 Eqn.2.3 

Using the above equation it is easy to calculate the total distance travelled by the 

X-rays in the material. Generally the probing depth t of the X-rays is of the order of μm. In 

low energy ion irradiated samples, the damage is produced in few nanometers from the 

surface. Hence, in case of GIXRD measurement on ion irradiated sample, the incident 

angle α is kept as small as possible so that the X-rays probe the ion irradiated region which 

is of the order of few nanometers. 

2.3.1. Crystallite size –Scherrer formula 

X-ray diffraction is used as a tool to calculate the crystallite size of the crystal. The 

crystallite size L depends on the full width at half maximum (FWHM) (β) of the 

diffraction peak, wavelength (λ) of the X-rays, the Scherrer constant (K), the diffraction 

angle θ. The FWHM (β) varies inversely with size (L)[118].  

  
  

     
 Eqn.2.4 

The Scherrer constant is affected by the factors like the crystallite size, crystal 

shape and size distribution. 

2.3.2. Strain calculation-WH method 

There are different types of strain namely lattice strain, microstrain and 

macrostrain in the crystals. Strain is generally indicated by the broadening of the 

diffraction peaks and shift in the diffraction peak positions. The strain in the crystal leads 

to change in the d spacing. Compressive strain would make the d spacing smaller and a 

tensile stress would make the d spacing larger. According to Williamson-Hall (WH) 

method, peak broadening is represented as  
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        Eqn.2.5 

where β is the FWHM of the diffraction peak, K is the Scherrer constant, λ is the 

wavelength, L is the crystallite size, ε is the strain and θ is the diffraction angle. 

 

Figure 2.4 Williamson Hall plot for the measurement of crystallite size and strain in the 

samples. The intercept (      gives the crystallite size and the slope (   gives the strain. 

Williamson Hall plot is plotted between         and     . (   is the peak width 

after the correction of instrumental broadening). The intercept 
  

 
of the Williamson Hall 

plot gives the crystallite size and the slope   gives the strain in the sample[119]. 

In addition to the Williamson Hall method, Wilson plot is also widely used to 

calculate the macrostrain and lattice strain present in the ion irradiated sample. Wilson 

method[120] can be used, when the grain fragmentation is negligible and the peak 

broadening is due to the strain. In ion irradiated samples, the lattice strain and macrostrain 

are calculated using Wilson method. According to Wilson formula the lattice strain is 

given as 

               

√(              
                 

  

     
 

Eqn.2.6 

where                and                 are the full width at half maximum of the 

irradiated sample and as-sintered sample respectively and   is the Bragg angle. 

The macrostrain in the samples is calculated using the formula 
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(                (                

(                
 Eqn.2.7 

where (                and (                 are the inter-planar spacing of the plane (hkl) 

corresponding to the irradiated and the as-sintered zirconia samples respectively. 

In the present thesis work, STOE X-ray diffractometer was used to carry out the X-

ray diffraction measurements. The instrument uses Cu Kα of wavelength 1.54 Å as the 

source.  

2.4. Raman scattering 

Raman scattering is inelastic scattering of light with momentum and energy 

transfer between photons and scattering materials (like molecular and lattice vibrations in 

solids). It is caused by modulations of the susceptibility or polarisability of the scattering 

material by vibrations or other excitations. In solids, Raman scattering experiment probes 

the phonons in the solids and it is a nondestructive technique. In the present thesis, the 

changes in the phonon modes of the ion irradiated zirconia samples are extensively studied 

using Raman scattering.   

2.4.1. Confocal Raman Microscopy 

Figure 2.5(a) shows the photograph of WITec RA 300 confocal Raman imaging 

system which is used to obtain Raman spectra of the zirconia samples. In WITec RA 300, 

the source is an argon ion laser with two wavelengths 532 nm and 355 nm. Figure 2.5(b) 

shows the schematic diagram of the components of the confocal Raman imaging system. 

The instrument consists of a laser source, filter, objective lens, dichroic beam splitter, 

notch filter, spectrometer and charge coupled device (CCD) camera. The excitation is 

produced by the laser source and all the unwanted wavelength is removed by the laser line 

filter. In order to filter out the elastically scattered (Rayleigh) signals, the backscattered 

light is filtered by the dichroic mirror and then by a notch filter. Then the blocking pinhole 

spatially filters the remaining signals and these signals are passed on to a spectrometer 

consisting of a CCD camera to analyze the Raman signal. The instrument has high 

sensitivity, best performance in spectral resolution, ultrafast Raman imaging with one 

millisecond integration time per spectrum etc. 

In addition to Raman scattering, WITec RA 300 can be used for 

photoluminescence experiments. Photoluminescence is a nondestructive technique used to 

probe the electronic structure of the materials. When light falls on the specimen it is 



Chapter 2 Time resolved photoluminescence spectroscopy 

28 

 

Figure 2.5 (a) Photograph of the WITec RA 300 confocal Raman imaging system (b) 

Schematic diagram of confocal Raman imaging system with optical components. 

absorbed and imparts the excess energy to the specimen and this process is called the 

photo-excitation. This excess energy is dissipated through the emission of light and this 

called as luminescence. In case of photo-excitation, the luminescence is termed as the 

photoluminescence. This technique is used to probe discreet energy levels. There are two 

types of emission (i) radiative and (ii) non-radiative emission. The electron excited to 

above the conduction band will try to combine with the hole and the electron excited 

below the valence band loses its energy through the phonon. The photo-excitation causes 

the electrons to move in permissible states. These electrons in the permissible states then 

return to the equilibrium states by releasing the excess energy in the form of light 

(radiative emission) or without the emission of light (non radiative emission). The energy 

difference between the levels of transition determines the energy of the emitted light. The 

intensity of the emitted light is determined by the relative contribution of the radiative 

process. 

2.5. Time resolved photoluminescence spectroscopy 

Time resolved photoluminescence (TRPL) spectroscopy is a technique that 

provides spectral and temporal evolution of the emission from the sample. Electron hole 

pairs are produced when the sample is illuminated with a short pulse of light. These 

electron-hole pairs decay to lower energy levels, recombine and emit light. The emitted 

light consists of a set of wavelength corresponding to the transition energies of the sample. 
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The measurement of the optical spectrum as a function of time gives information about the 

transition energies and their lifetime. 

 

Figure 2.6 Photograph of FLS 980 UV-Vis absorption spectrometer. 

Figure 2.6 shows the photograph of UV-Vis absorption spectrometer (FLS 980 

Edinburg) that can be used to maintain the life time decay measurements and also the 

spectral measurements of the decay process. Xenon flash lamp is used as the source of 

light which emits continuous radiation from 230 nm and 2600 nm. The instrument 

employs transverse sample excitation geometry. Time correlated single photon counting  

 

Figure 2.7 Schematic diagram of TRPL measurement system. 
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Figure 2.8 Schematic diagram of TCSPC technique used for TRPL measurement. 

(TCSPC) technique is used to measure fluorescence decays in the time domain. In 

principle, single photon events are detected and their time of arrival is correlated to the 

laser pulse which was used for the excitation of the sample. In TCSPC, the time between 

the sample excitation and the arrival of the emitted photon at the detector is measured. 

TCSPC requires a start signal steering the laser pulse and a defined stop signal realized by 

the detection with single-photon sensitive detectors. The time delay measurements are 

repeated many times and the delay times are sorted into a histogram that plots the 

occurrence of emission over time after the excitation pulse. A typical lifetime 

measurement consists of scanning stage, dichroic mirror, detector, TCSPC unit. Figure 2.7 

shows the schematic diagram of the TRPL measurement system. 

Figure 2.8 shows schematic diagram of TCSPC measurement technique. A 

histogram of single photon count as a function of time is built from a series of START and 

STOP pulses, which are input to the TCSPC electronics. The START pulse is an electrical 

trigger that is synchronous to the optical excitation pulse and STOP pulse is caused by a 

single photon reaching the detector. A source produces optical excitation pulses, at a fixed 

repetition rate and at the same time triggers the START of the TCSPC detector. Fine 

tuning of the excitation intensity is needed so that very low rate of detected photon (STOP 

rate) could be obtained. The time between the START and STOP pulses is then recorded 
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accurately with the help of electronics, and the photoluminescence decay is built after 

acquiring millions of START-STOP sequences in order (see Figure 2.8). 

2.6. Electron microscopy 

2.6.1. Scanning electron microscopy 

When a specimen is exposed to energetic electrons, the electrons interact with the 

specimen. Figure 2.9 shows a schematic representation of the process involved during the 

electron matter interaction and the interaction volume inside the specimen for various 

experimental conditions.  

 

Figure 2.9 (Left) Schematic representation of electron interaction with specimen and (Right) 

Interaction volume (blue) of the electron beam inside the specimen. 

Backscattered electrons (BSE) are the electrons that are elastically scattered by 

more than 90°. Inelastically scattered electrons are due to the result of continuous 

interactions between the incident electron and the atoms in the specimen with loss of 

energy in the primary beam. The ionization of the sample causes the excitation of electron 

resulting in the production of secondary electrons (SE) with energies less than 50 eV. 

These backscattered and secondary electrons are used to image and analyze the specimen. 

These electrons are used to carry out the image formation for the Z contrast and 

topography of the sample. 

The dependence of the shape of the interaction volume inside the specimen and 

voltage is shown in Figure 2.9. At certain accelerating voltage, the shape of the interaction 

volume is a tear drop for specimen with low atomic number (Z) and a hemisphere for the 

specimen with high atomic number.  It is seen that the size of the interaction volume and 

the penetration depth of the electron increases with the increase in electron energy and 

decreases with the atomic number of the material. 
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Figure 2.10  (Left) Photograph of Zeiss Crossbeam 360 SEM equipment (Right) Schematic 

diagram of the components of scanning electron microscopy. 

Figure 2.10(a) shows the photograph of Crossbeam 360 from Carl Zeiss used for 

acquiring the SEM images of the as-sintered and the ion irradiated zirconia samples. It 

comprises a field emission gun (FEG), secondary electron and secondary ion (SESI) 

detector, In-lens Duo detector, 5 axis stage manipulator along with various types of 

detector. 

Figure 2.10(b) shows the schematic representation of the components of SEM. The 

major components of a scanning electron microscope are (i) electron gun (tungsten or field 

emission gun (FEG)), (ii) anode, (iii) electromagnetic lenses (condenser lens (CL) and 

objective lens (OL)), (iv) electron detectors (BSE and SE detectors) and (v) specimen 

stage. This microscopy technique is used to produce the magnified image of an object in 

real space. The magnified image shows the texture of the surface, the shape and size of the 

particles. The SEM uses a focused electron beam to scan across the surface of the 

specimen systematically, producing large numbers of signals (SE and BSE signals). These 

electron signals are eventually converted to a visual signal displayed on a cathode ray tube 

(CRT).The SEM uses electron of energy 0.5 keV to 30 keV that are focused using the 

electromagnetic lenses. The focused electron beam is scanned on the sample surface and 

SE signal is used for imaging of the sample. The electron beam interacts with the atoms of 

the sample and produces secondary electron emission by the process of elastic scattering. 

The secondary electrons (usually of energy < 50 eV) can be detected by special detectors 
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(SESI, In-lens Duo detectors) and the intensity is proportional to the number of secondary 

electrons.  

2.6.2. Transmission electron microscopy 

Transmission electron microscopy (TEM) is powerful tool to provide the 

information about atomic resolution images, crystal structure, defects, and electronic 

structure of the specimens.  In TEM, the electrons are used as particle as well as waves. A 

typical 200 keV TEM have the wavelength five orders of magnitude than the visible light 

and is 2.51 pm.  

 

Figure 2.11 (Left) Photograph of LIBRA 200FE high resolution electron microscope (Right) the 

illustration of the electron path in the TEM 

TEM has three main parts (i) the illumination system, (ii) the objective lens and 

(iii) the imaging system. The gun and the condenser lens form the illumination system and 

their main function is to take the electrons from the source and transfer to the specimen. It 

can be made to work in two modes namely the parallel mode (as in TEM, selected area 

electron diffraction (SAED)) and in the convergent mode (as in STEM, combined beam 

electron diffraction (CBED)). The objective lens is the main part where the interaction of 

the electron beam with the sample takes place. Several lenses are used in the imaging 

system to magnify the produced image, diffraction pattern (DP) produced by the objective 

lens, focusing the images on the viewing screen with the help of detector TV camera or 

charge coupled device (CCD)[121].  
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Figure 2.12 Schematic diagram showing the two basic types of operating modes of TEM (a) 

diffraction mode and (b) imaging mode[121]. 

Figure 2.11(a) shows the photograph of HRTEM (LIBRA 200FE Carl Zeiss) 

which is used in the present thesis work extensively. Figure 2.11(b) shows the electron 

path in the HRTEM. HRTEM is operated at 200 kV. This HRTEM can be used for 

obtaining high resolution TEM (HRTEM) images, electron diffraction, bright field and 

dark field images, STEM images and composition analysis using EELS and EDS. The 

TEM instrument is equipped with a field emission gun (FEG) source and an in column 

omega filter. The TEM has the information limit of 1.3 Å. Two basic operating modes of 

the TEM imaging system involve the diffraction mode (DP) and imaging mode. Figure 

2.12(a) and Figure 2.12(b) shows the schematic diagram of the TEM operating under 

diffraction mode and imaging mode respectively. In order to view the diffraction pattern, 

the TEM is operated in the diffraction mode (projecting the diffraction pattern on the 

screen). In the diffraction mode, the back focal plane of the objective lens acts as the 

object plane for the intermediate lens. In the imaging mode, the intermediate lens is 

adjusted so that its object plane is the image plane of the objective lens. 
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2.6.2.1. TEM observation of gas bubbles 

In TEM image, the contrast will be minimum in the image, when the object is in 

focus.  However, out of focus conditions (defocusing the objective lens) in TEM enable to 

gather some useful information. There are two different types of focus conditions in TEM 

namely the underfocus and overfocus.  

 

Figure 2.13 Schematic representation of various types of beam focusing conditions in 

TEM[121]. 

Figure 2.13 shows the schematic representation of various types of beam focusing 

conditions in TEM. When it is in proper focus (or „in-focus‟), the image is formed on the 

image plane. Over focus is the condition in which the strength of the lens is increased such 

that the image is formed above the image plane. Underfocus condition refers when the 

image is formed below the image plane by decreasing the strength of the lens. 

Underfocus condition is employed to image bubbles in the samples[121]. Even 

though it is difficult to image voids, gas filled cavities, holes that are enclosed in the 

specimen, they can be viewed by defocusing the image and observing a special contrast 

known as the Fresnel contrast. When the TEM is operated in out of focus conditions 

(defocus the objective lens), alternative dark and white fringes are seen and it is known as 

the Fresnel fringes. Figure 2.14 shows the TEM images of 120 keV He
+
 ion irradiated 

zirconia samples taken in different focusing conditions. It is seen that when the TEM is 

operated in the over focus conditions, the Fresnel fringe is dark. In case of in focus 

condition, there is no Fresnel fringes and when the beam is under-focus condition, the 

bright Fresnel fringe is noticed[121]. 
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Figure 2.14 TEM images of 120 keV He
+
 ion irradiated ZrO2 (ion fluence 2×10

17
 ions/cm

2
, 

300 K) taken in different focusing conditions. 

2.6.2.2. TEM sample preparation 

In order to make the sample suitable for analyzing under TEM, the sample should 

be made as thin as possible so that they are electron transparent. The typical electron 

transparent thickness is less than 100 nm[121]. Such thinning of the samples is really 

challenging. There are various TEM sample preparation methods for different material 

depending on the sample form (thin film, powder, bulk). Generally the thinning of the 

sample produces artifacts. In the present thesis, in order to avoid artifacts by the sample 

preparation methods and to study clearly and accurately the defects produced by the ion 

irradiation experiment, simpler method has been opted. In this method the ion irradiated 

samples, in the form of pellet, are scratched by a scalpel blade. The particles are dispersed 

in propanol and are ultra sonicated for few minutes. Above liquid mixture drawn by a 

micro pipette is dispersed carefully on a carbon coated copper TEM grid and dried. 
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2.7. Summary 

Detailed experimental procedures followed for the zirconia sample synthesis and 

the ion irradiation experiments have been discussed. The ion irradiation facility (150 kV 

accelerator) used in the work is explained. The details of characterization techniques used 

in the present work such as grazing incidence X-ray diffraction, transmission electron 

microscopy, scanning electron microscopy, Raman scattering, photoluminescence 

spectroscopy and time resolved photoluminescence spectroscopy are discussed briefly. 
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Chapter 3 

Ion irradiation induced phase transformation in monoclinic 

zirconia 

3.1. Motivation 

Zirconium dioxide (ZrO2) known as zirconia, is one of the well-researched 

ceramics known for its high strength, high thermal conductivity, low thermal expansion, 

low brittleness and high melting point[5–7]. Zirconia exists in three phases with respect to 

temperature namely monoclinic, tetragonal and cubic (face centered cubic) structure. 

Monoclinic phase belonging to the phase group (         
 ⁄  , is the most stable phase at 

ambient temperature and pressure[122]. At 1170 °C monoclinic zirconia transforms to 

tetragonal phase with a phase group (          
   ⁄ . The cubic zirconia is the most 

stable phase at temperature above 2370 °C and finally melts at 2750 °C. Zirconia is widely 

known for its high resistance to radiation. It is used as a containment material for nuclear 

waste[8, 123], and inert matrix fuels[124]. Hence it is important to study the behavior of 

zirconia under ion irradiation. 

There are several groups who have carried out ion irradiation in bulk and 

nanocrystalline zirconia and reported phase transformation[21, 40–45, 47, 120, 125, 126]. 

In the case of ion irradiation with swift heavy ions (SHI) (200 MeV Ag
+
 ion irradiation in 

zirconia), monoclinic to tetragonal phase transformation was observed[40]. The evolution 

of tetragonal phase was attributed to the electronic energy loss, overlapping of latent 

tracks, and rise in the local temperature[40]. Schuster et al.[42] reported the SHI 

(200MeV/u, U
+
) ion irradiation effects in zirconia at various pressures and observed that 

the phase transformation rate was faster when the ion irradiation was carried out at high 

pressure (i.e., the ion fluence necessary for the phase transformation was an order of 

magnitude less). The authors had attributed the faster phase transformation to double ion 

impact process, where sufficient oxygen vacancies are produced during the first ion impact 

and the stress produced by these oxygen vacancies are responsible for the phase 

transformation during the second impact[42]. 

In the case of high energy heavy ion irradiation in zirconia, Lian et al.[41] showed 

that amorphous to tetragonal phase transformation in bilayer (amorphous/cubic) thin film 

of nano-zirconia upon 1 MeV Kr
2+

 ion irradiation. These authors attributed that the 

tetragonal phase is energetically favoured. Zirconia nanoparticles (in tetragonal structure) 
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in SiO2 matrix was found to undergo amorphisation, when irradiated with 1 MeV Xe
2+

 ion 

upto 0.8 dpa itself[47]. 

In the case of low energy heavy ion irradiation in zirconia, Müller et al.,[125] 

reported 350 keV Ar
+
 ion irradiation effects in thin films (as-prepared and 90 keV Ar

+
 ion 

implanted) of zirconia and found that the argon bubbles could not be observed in the 

zirconia thin films. Further, the authors concluded that the implanted argon is not 

necessary for the phase transformation of monoclinic to tetragonal structure[125]. Even 

when the ion irradiation was carried out at low temperature (340 keV Xe
+ 

ion[127] or 

150 keV Ne
+
 ion[44]), monoclinic to tetragonal phase transformation was observed. Still 

the phase transformation in monoclinic zirconia is not well understood in the context of 

role of damage or inert gas and/or both. 

In the present chapter, to understand the role of damage and inert gas in the context 

of ion beam induced phase transformation, low energy inert gas ions were irradiated in 

monoclinic zirconia and the effects are studied using X-ray diffraction (XRD), electron 

diffraction and Raman scattering analysis systematically. 

3.2. Synthesis of monoclinic zirconia 

Zirconium acetyl acetonate (ZrAcAc, Sigma Aldrich (98 %)) was used as the 

precursor material for thermal decomposition method[117]. The precursor powder 

( 4 gram) was placed in an alumina boat and was kept in a tubular furnace. The heat 

treatment temperature and time was optimized to obtain single phase monoclinic zirconia 

powder. The monoclinic zirconia powder was pelletized using a mechanical pelletizer with 

a pressure of 10 MPa and the pellets were sintered at 930 °C for four hours. Hereafter 

these sintered single phase monoclinic zirconia is called as as-sintered zirconia.  

3.3. Ion Irradiation and characterization methods 

These as-sintered monoclinic zirconia pellets were ion irradiated using the 150 kV 

ion accelerator with helium (He
+
), argon (Ar

+
) and krypton (Kr

+
) ions with energy of 

120keV, 120keV and 60 keV respectively. The vacuum maintained in the irradiation 

chamber was better than 1×10
-6

 mbar. The ion irradiation was carried out at room 

temperature (300 K) and at low temperature (143 K). The projected range and the 

straggling of He
+
, Ar

+
 and Kr

+
 ions in ZrO2were calculated using SRIM[37] and the values 

are tabulated in Table 3.1. The as-sintered and the ion irradiated zirconia samples were 

characterized using grazing incidence X-ray Diffraction (GIXRD) using the STOE 

diffractometer using Cu-Kα (λ=1.541 Å) radiation. The angle of incidence was kept at 0.2° 
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for all the measurements. Raman measurements were carried out using micro Raman 

spectrometer (WITec Alpha RA 300) using Nd-YAG laser having an excitation 

wavelength of 532 nm and laser power of 0.5 mW.  

Table 3.1 Details of ion irradiation parameters. 

Ions Energy 
Fluence 

(ions/cm
2
) 

Projected 

Range(Rp) 

(nm) 

Straggling 

(nm) 

ENSP 

(Se/Sn) 
Temp Dpa 

He
+
 120 keV 

1×10
15 

–

2×10
17

 
445 128 84.21 

300 K  

143 K  

0.048 – 

9.6 

Ar
+
 120 keV 

1×10
15 

–

2×10
17

 
75 31 0.5890 

300 K  

143 K  
2 - 408 

Kr
+
 60 keV 

1×10
16 

–

5×10
17

 
23 10 0.1176 

300 K  

143 K  

34.8 - 

1740 

Transmission electron microscopy measurements were carried out using LIBRA 

200FE HRTEM (Carl Zeiss make) with the information limit of 0.13 nm. For electron 

beam transparent samples, the zirconia pellet surface was scratched using a scalpel blade 

and dissolved in propanol. The solution is then dispersed on a carbon coated Cu grid. This 

sample preparation method is adapted in order to avoid any artifacts during the 

convectional sample preparation methods like ion milling and FIB method. 

3.4. Results 

3.4.1. Grazing incidence X-ray diffraction analysis 

Figure 3.1(a) shows the X-ray diffraction pattern of the precursor zirconium acetyl 

acetonate. The diffraction pattern matches with the monoclinic structure (ICDD No 00-

018-1515) (as shown in Figure 3.1(b)). Figure 3.1(c) shows the X-ray diffraction pattern 

of the sample obtained upon heat treatment of zirconium acetyl acetonate at 600 °C for 

5 hrs. The diffraction peaks are found to match with tetragonal (ICDD card no 00-050-

1089) and monoclinic (ICDD card no 01-070-2491) structures (refer Figure 3.1(e) and 

Figure 3.1(f)). The predominant peak in the diffraction pattern corresponds to (101) plane 

of tetragonal zirconia. The predominant peaks of the monoclinic phase corresponding to 

the planes (-111) and (111) are low in intensity compared to the predominant peak (101) 

of the tetragonal phase. Thus it is confirmed that, the heat treatment at 600 °C for 5 hours 

has led to the formation of zirconia containing both monoclinic and tetragonal phases.  
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Figure 3.1 (a) GIXRD pattern of the precursor zirconium acetyl acetonate. (b) Stick pattern of 

the ICCD Card No 00-018-1515 corresponding to monoclinic phase of zirconium acetyl 

acetonate. GIXRD pattern of the samples obtained as a result of thermal decomposition (c) 600 °C 

for 5 hour and (d) 900 °C for 18hrs. (e) Stick pattern tetragonal phase (ICCD Card No 00-050-

1089) and (f) monoclinic phase (ICCD Card No 01-070-2491) of zirconia. 

In order to synthesis single phase monoclinic zirconia, the temperature of the heat 

treatment and time were optimized. Finally, zirconium acetylacetonate that was heat 

treated at 900 °C for 18 hours shows the single phase of monoclinic structure (shown in 

Figure 3.1 (d)). The diffraction peaks were found to match well with the monoclinic phase 

of zirconia (ICDD card no 01-070-2491). It is observed that the diffraction peak (101) 

corresponding to the tetragonal phase of zirconia present in the mixed phase (refer Figure 

3.1(c)) has vanished after heat treatment at 900 °C (refer Figure 3.1(d)). In the present 

experiment, the tetragonal phase was observed at heat treatment at 600 °C itself instead of 

1170 °C[128], and  this could be due to the smaller size of the zirconia particles. The 

obtained monoclinic zirconia (after heat treatment at 900 °C) was pelletized and then 

sintered at 930 °C for four hours. Hereafter these sintered monoclinic zirconia pellet is 

called as as-sintered zirconia.  

To obtain the X-ray diffraction from the ion irradiated samples, the grazing 

incidence X-ray diffraction is used due to the small projected range of ions in zirconia 

(refer Table 3.1). Figure 3.2(a) shows the GIXRD pattern of the as-sintered zirconia 
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samples. The diffraction peaks were indexed to the monoclinic structure (ICDD card no 

01-070-2491). Figure 3.2(f) shows the expanded view of diffraction peaks obtained from 

the as-sintered peaks in the 2 ranges from 27° to 32°. Figure 3.2(b-e) show the GIXRD 

pattern of He
+
 ion irradiated (at 300 K) zirconia for the ion fluences of 1×10

16 
, 5×10

16
, 

1×10
17

 and 2×10
17 

ions/cm
2
respectively. Figure 3.2(g-j) show their corresponding 

expanded view of the diffraction pattern for better clarity.  

 

Figure 3.2 GIXRD pattern of the as-sintered and 120 keV He
+
 ion irradiated (at 300 K) 

zirconia samples. 

It is observed from Figure 3.2(b-e) that all the diffraction peaks corresponding to 

the as-sintered zirconia samples (monoclinic peak) remains the same. However the 

diffraction peaks have been broadened and shifted towards lower 2 values with respect to 

the as-sintered zirconia sample. This indicates that upon He
+
 ion irradiation at 300 K, 

strain is introduced in the zirconia samples. 

Figure 3.3(b) – Figure 3.3(e) shows the GIXRD pattern of He
+
 ion irradiated (at 

143 K) zirconia samples for the ion fluences of 1×10
16

, 5×10
16

, 1×10
17

 and 

5×10
17 

ions/cm
2
 respectively. Figure 3.3(g-j) shows their corresponding expanded view of 
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the diffraction pattern for better clarity. From Figure 3.3(b) and Figure 3.3(c), it is seen 

that all the planes corresponding to the as-sintered zirconia remains intact. From 

Figure 3.3(d) and Figure 3.3(e) it is observed that the all the diffraction peaks 

corresponding to the as-sintered zirconia samples remains the same except for the 

emergence of a small peak around 30.2°. This peak is due to (101) plane of tetragonal 

phase of zirconia (ICDD card No. 01-079-1764). 

 

Figure 3.3 GIXRD pattern of the as-sintered and 120keV He
+
 ion irradiated (at 143 K) 

zirconia samples. 

Apart from that, it is also observed (from Figure 3.3(b-e)) that, upon He
+
 ion 

irradiation at 143 K, the diffraction peaks have broadened and shifted towards lower 2 

values with respect to the as-sintered zirconia samples. This indicates that strain is induced 

in the zirconia samples as a result of ion irradiation at 143 K. 

From the GIXRD patterns, irrespective of the ion irradiation temperature, it is 

noticed that there is a shift and broadening of the diffraction peaks upon He
+ 

ion 

irradiation. However, Rietveld refinement analysis[129, 130] was not carried out because 

of small crystallite size (59 nm), very thin implanted layer, small angle of incidence and 
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roughness of the pellet. Further, in the ion irradiated sample, the evolution of tetragonal 

phase is seen. In GIXRD pattern, some of the tetragonal planes overlap with existing 

monoclinic planes, hence it is not possible to apply Williamson-Hall method to estimate 

the strain. 

In GIXRD patterns, the broadening of the peaks can be associated with the strain 

and grain fragmentation induced by ion irradiation. In the present case, the ion beam 

induced strain plays a major role and hence Wilson method was employed to estimate the 

strain induced in the zirconia samples upon ion irradiation. Here the plane (111) 

corresponding to the monoclinic structure was taken for estimating macrostrain using 

Wilson method. The macrostrain was calculated using the Eqn.3.1 

            
(                 (                 

(                
 Eqn.3.1 

where (                 and ( 
   

 
            

 are the inter-planar spacing of the plane (111) 

corresponding to the ion irradiated and as-sintered ZrO2 samples respectively (and shown 

in Figure 3.4(b)). Figure 3.4(a) shows the variation of peak position of the He
+
 ion 

irradiated zirconia samples as a function of ion fluence.  

 

Figure 3.4 (a) Variation of peak position (plane 111) as a function of He
+
 ion fluence for ion 

irradiation temperatures 300 K and 143 K (b) Variation of macrostrain as a function of the He
+
 

ion fluence for He
+
 ion irradiated zirconia samples (300 K and 143 K). 

It is observed that the peak positions are shifted towards lower 2 values 

irrespective of the irradiation temperature, indicating the presence of tensile strain and 

increase in the lattice parameter upon He
+
 ion irradiation. Figure 3.4(b) shows the 

variation of macrostrain as a function of He
+
 ion fluence. It is observed that the 

macrostrain increases with the ion fluence for both the ion irradiation temperatures (300 K 

and 143 K). It is observed from Figure 3.4(b) that for a given He
+ 

ion fluence, strain 
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induced in zirconia samples irradiated at 143 K is higher than the samples irradiated at 

300 K. 

Figure 3.5 shows the GIXRD patterns of the as-sintered zirconia and 120keV Ar
+
 

ion irradiated zirconia samples. Figure 3.5(b-d) show the GIXRD patterns of zirconia 

samples irradiated at room temperature for the ion fluences of 1×10
15

, 5×10
16

, and 

1×10
17

 ions/cm
2
 respectively.  

 

Figure 3.5 GIXRD pattern of the as-sintered and 120 keV Ar
+
 ion irradiated zirconia samples 

for the ion irradiation temperatures 300 K and 143 K. The tetragonal peak corresponding to the 

plane (101) is marked. 

From Figure 3.5(b) and Figure 3.5(c), it is observed that all the diffraction peaks 

corresponding to monoclinic zirconia remain the same. It is observed from Figure 3.5(d), 

that in addition to all the monoclinic peaks, additional peak around the 2θ value 30.2° has 

appeared. This peak corresponds to the tetragonal plane (101) (ICDD card No. 01-079-

1764) of zirconia. Figure 3.5(e) and Figure 3.5(f) show GIXRD patterns of the zirconia 

samples ion irradiated with Ar
+
 ions at 143 K for the ion fluences 2×10

15
 and 5×10

16
 

ions/cm
2
 respectively. From Figure 3.5(e), it is observed that the all the diffraction peaks 

corresponding to the as-sintered zirconia samples (monoclinic structure) remains the same. 
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From Figure 3.5(f), it is observed that all the diffraction peaks corresponding to the as-

sintered zirconia samples remains the same, except for the emergence of a small peak 

around the 2θ value 30.2°. This peak is indexed to the plane (101) corresponding to the 

tetragonal phase of zirconia. The new tetragonal peak is marked with an arrow for 

visibility. It is also noticed that the tetragonal phase is present in the zirconia samples 

irradiated for the low ion fluence of 5×10
16

 ions/cm
2
 itself, when the ion irradiation was 

carried out at 143 K. Apart from the observation of tetragonal structure, upon ion 

irradiation (at 300 K and 143 K), the diffraction peaks  have broadened and shifted 

towards lower 2 values irrespective of the irradiation temperature indicating the presence 

of tensile strain and increase in the lattice parameter upon Ar
+
 ion irradiation. This 

indicates that strain is induced in the zirconia samples as a result of Ar
+ 

ion irradiation. 

 

Figure 3.6 (a) Variation of peak position (plane 111) as a function of Ar
+
 ion fluence for ion 

irradiation temperatures of 300 K and 143 K (b) Variation of macrostrain induced in the zirconia 

samples upon ion irradiation (300 K and 143 K) as a function of Ar
+
 ion fluence. 

Figure 3.6(a) shows the variation of peak position of the plane (111) as a function 

of ion fluence for both the irradiation temperatures (300 K and 143 K). It is observed that 

the peak positions were found to decrease with ion fluence upto the ion fluence of 

5×10
16

 ions/cm
2
and for the highest ion fluence (1×10

17
 ions/cm

2
), the macrostrain 

increases. Figure 3.6(b) shows the variation of macrostrain as a function of ion fluence 

(300 K and 143 K).  

By comparing the strain (Figure 3.6(b) in the samples irradiated at 300 K and 

143 K, one can easily notice that in the case of ion irradiation at 143 K), the magnitude of 

the strain is higher than the zirconia samples irradiated at 300 K, for the same ion fluence 

(5×10
16

 ions/cm
2
). At the highest ion fluence (1×10

17
 ions/cm

2
) for both the ion irradiation 

temperatures (300 K and 143 K), the strain decreases to a lesser extent compared to the ion 
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fluence 5×10
16

 ions/cm
2
. The reduction of strain is more pronounced for the zirconia 

samples irradiated at 143 K. This reduction in the strain shows that the accumulated strain 

relieves itself at the highest ion fluence.  

 

Figure 3.7 (a-e) GIXRD pattern of the as-sintered and 60 keV Kr
+
 ion irradiated (at 300 K 

and 143 K) zirconia samples. The tetragonal peak corresponding to the plane (101) is marked with 

an arrow 

Figure 3.7 shows the GIXRD pattern of the as-sintered and 60 keV Kr
+
 ion 

irradiated zirconia samples. Figure 3.7(b) and Figure 3.7(c) shows the GIXRD pattern of 
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the Kr
+
 ion irradiated zirconia samples at 300 K for the ion fluences of 5×10

16 
ions/cm

2
and 

1×10
17 

ions/cm
2 

respectively. Figure 3.7(d) and Figure 3.7(e) show the GIXRD patterns of 

the Kr
+
 ion irradiated zirconia samples at 143 K for the ion fluences of 1×10

16 
ions/cm

2 

and 5×10
16 

ions/cm
2 

respectively. Figure 3.7(f-j) shows the expanded view of their 

corresponding GIXRD pattern in the 2 range 27° to 32°. It is observed from Figure 3.7(b-

e) that, in addition to all the monoclinic peaks, additional peak around the 2 value of 

30.2° has emerged upon Kr
+
 ion irradiation. This peak corresponds to the plane (101) of 

the tetragonal phase (ICDD No. 01-079-1764) of zirconia. It is also observed that the 

tetragonal phase is present in the zirconia samples irradiated for the lowest ion fluence 

itself irrespective of the ion irradiation temperatures. It is also observed that, after ion 

irradiation (at 300 K and 143 K), the diffraction peaks have broadened and shifted with 

respect to the as-sintered zirconia samples. This indicates that strain is induced in the 

zirconia samples as a result of Kr
+
 ion irradiation. 

Figure 3.8(a) shows the variation of peak position of the plane (111) as a function 

of ion fluence for both the irradiation temperatures (300 K and 143 K). It is observed that 

the peak position is shifted towards lower 2 values (till the ion fluence of 

5×10
16

 ions/cm
2
) irrespective of the irradiation temperature indicating the presence of 

tensile strain and increase in lattice parameter upon Kr
+
 ion irradiation. 

 

Figure 3.8 (a) Variation of peak position (plane 111) as a function of Kr
+
 ion fluence for both 

the ion irradiation temperatures 300 K and 143 K (b) Variation of macrostrain induced in the 

zirconia samples as a function of the Kr
+
 ion fluence. 

However, beyond the ion fluence of 5×10
16

 ions/cm
2
, the peak position increases 

with respect to the as–sintered and the ion irradiated samples. This indicates that at higher 

ion fluences, compressive strain is introduced in the zirconia samples. Figure 3.8(b) shows 

the variation of macrostrain as a function of ion fluence. By comparing the strain (Figure 
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3.8(b) induced in the zirconia samples irradiated at 300 K and 143 K, it is observed that 

the strain increases till the ion fluence of 5×10
16

 ions/cm
2 

and then decreases after the Kr
+
 

ion fluence 5×10
16

 ions/cm
2 

irrespective of the ion irradiation temperatures. 

3.4.2. Electron diffraction analysis 

In order to obtain further insight into the phase transformation in monoclinic 

zirconia under ion irradiation, electron diffraction measurements were carried out. 

Figure 3.9(a) shows the low magnification bright field TEM image of the as-sintered 

zirconia sample. 

  

  

Figure 3.9 (a) Low magnification bright field TEM image, (b) dark field TEM image,, (c) 

particle size distribution of the as-sintered zirconia sample and (d) HRTEM image of the as-

sintered  zirconia. In the HRTEM image, the planes (200) and (100) corresponds to the monoclinic 

structure of zirconia and the angle between them 53.4° are clearly marked. 

Figure 3.9(b) shows the dark field TEM image of the as-sintered zirconia sample. 

The size of the particles was measured from many dark field TEM images using ImageJ 

(image analysis software)[131] and the particle size distribution is plotted (Figure 3.9 (c)). 

The average size of zirconia particles (as-sintered) is ≅ 59 nm.  
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Figure 3.10 Selected area electron diffraction pattern and corresponding radial intensity 

profile of the (a),(b) as-sintered, (c),(d)120 keV He
+
 ion irradiated (ion fluence 1×10

17
 ion/cm

2
, 

300 K) and (e),(f) 120 keV He
+
 ion irradiated (ion fluence 2×10

17
 ion/cm

2
, 143 K) zirconia 

samples respectively. The new peaks (marked with “*”) are corresponding to the tetragonal phase 

and other peaks are from the monoclinic phase. 

Figure 3.9(d) shows the HRTEM image of the as-sintered zirconia and the planes 

(100) and (200) are indexed to monoclinic structure (ICDD card no 01-070-2491) of 

zirconia. Angle between the monoclinic planes (100) and (200) was measured and the 

value is 53.4° (shown in Figure 3.9(d)), which is consistent with monoclinic structure.  
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Figure 3.10(a) shows the selected area electron diffraction pattern (SAED) of the 

as-sintered zirconia sample. Figure 3.10(b) shows the corresponding radial intensity 

profile obtained from the SAED pattern of as-sintered zirconia. The planes (-121), (022), 

(-222), (-231), (040), (-133), (420), (402), (-502) and (423) corresponds to monoclinic 

phase (ICDD card no 01-070-2491) of zirconia. Figure 3.10(c) shows the SAED pattern of 

the zirconia sample irradiated with He
+
 ions (ion fluence 1×10

17
 ion/cm

2
) at 300 K. 

Figure 3.10(d) shows the corresponding radial intensity profile of the zirconia sample ion 

irradiated at 300 K. It is observed that new peaks (marked with “*”) are present along with 

the monoclinic peaks. The planes corresponding to the new peaks are (201), (211), (212), 

(213), (302), (313) and (333) of tetragonal structure (ICDD card no 00-050-1089) of 

zirconia.  

 

  

Figure 3.11 Selected area electron diffraction pattern and corresponding radial intensity 

profile of the (a),(b) 120 keV Ar
+
 ion irradiated (ion fluence 1×10

17
 ion/cm

2
, 300 K) and (c),(d) 

120 keV Ar
+
 ion irradiated (ion fluence 2×10

17
 ion/cm

2
, 143 K) zirconia samples respectively. The 

new peaks (marked with “*”) are corresponding to the tetragonal phase and other peaks are from 

the monoclinic phase. 

Figure 3.10(e) shows the SAED pattern of the zirconia samples irradiated with He
+
 

ions (ion fluence 2×10
17

 ion/cm
2
) at 143 K. Figure 3.10(f) shows the corresponding radial 
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intensity profile of the zirconia sample ion irradiated at 143 K. It is observed that new 

peaks (marked with “*”) are present in addition to the monoclinic peaks upon He
+
 ion 

irradiation. These new peaks correspond to the planes (110), (102), (201), (202), (220) and 

(213) of tetragonal structure (ICDD card no 00-050-1089) of zirconia.  

 

  

Figure 3.12 Selected area electron diffraction pattern and corresponding radial intensity 

profile of the (a),(b) 60 keV Kr
+
 ion irradiated (ion fluence 1×10

17
 ion/cm

2
, 300 K) and (c),(d) 

60 keV Kr
+
 ion irradiated (ion fluence 1×10

17
 ion/cm

2
, 143 K) zirconia samples respectively. The 

new peaks (marked with “*”) are corresponding to the tetragonal phase and other peaks are from 

the monoclinic phase. 

Figure 3.11(a) shows the SAED pattern of the zirconia samples irradiated with Ar
+
 

(ion fluence 1×10
17

 ion/cm
2
) ions at 300 K. Figure 3.11(b) shows the corresponding radial 

intensity profile of the Ar
+
 ion irradiated (300 K) zirconia sample. It is observed that new 

peaks (marked with “*”) are present along with the monoclinic peaks. The planes 

corresponding to the new peaks are (110), (012), (112), (020), (013), (202), (004), (123), 

(130) and (132) and the planes are corresponding to the tetragonal structure (ICDD card 

no 00-050-1089) of zirconia. Figure 3.11(c) shows the SAED pattern of the zirconia 

samples irradiated with Ar
+
 (ion fluence 2×10

17
 ion/cm

2
) ions at 143 K. Figure 3.11(d) 

shows the corresponding radial intensity profile of the Ar
+
 ion irradiated (143 K) zirconia 
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sample. It is observed that new peaks (marked with “*”) are present along with the 

monoclinic peaks. The planes corresponding to the new peaks are (110), (012), (112), 

(020), (121), (202), (220), (123), (130) and (132) of the tetragonal structure (ICDD card no 

00-050-1089) of zirconia. 

Figure 3.12(a) shows the SAED pattern of the zirconia samples irradiated with 

60 keV Kr
+
 (ion fluence 1×10

17
 ion/cm

2
) ions at 300 K. Figure 3.12(b) shows the 

corresponding radial intensity profile of the Kr
+
 ion irradiated (300 K) zirconia sample. It 

is observed that new peaks (marked with “*”) are present along with the monoclinic peaks. 

The planes corresponding to the new peaks are (002), (110), (012), (112), (020), (013), 

(121), (004), (220), (123) and (031) of the tetragonal structure (ICDD card no 00-050-

1089) of zirconia. Figure 3.12(c) shows the SAED pattern of the zirconia samples ion 

irradiated with Kr
+
 (ion fluence 1×10

17
 ion/cm

2
) ions at 143 K. Figure 3.12(d) shows the 

corresponding radial intensity profile of the Kr
+
 (143 K) ion irradiated zirconia sample. It 

is observed that new peaks (marked with “*”) are present along with the monoclinic peaks. 

The planes corresponding to the new peaks are (110), (012), (112), (020), (013) and (202), 

(004), (220) and (114) of tetragonal structure (ICDD card no 00-050-1089) of zirconia. 

3.4.3. Raman scattering analysis 

Raman scattering was employed to probe the local structural changes in the 

zirconia samples upon ion irradiation. Space group symmetry of the monoclinic and 

tetragonal zirconia are (         
 ⁄   and (          

   ⁄  respectively. Group theory 

investigations [132] have predicted that there are 36 lattice vibrational modes (9Ag+9Au 

+9Bg+9Bu) for monoclinic zirconia, in which 18 modes (9Ag and 9Bg) are Raman active 

modes[133–138]. Earlier Raman scattering observations and calculations suggested that 

there are 9 phonon modes for tetragonal zirconia[135–137] out of which, six modes 

(A1g+2B1g+3Eg) are Raman active modes and three modes (A2u+2Eu) are IR active[135].  

Figure 3.13(a) shows the Raman spectra of the as-sintered zirconia and He
+
 ion 

irradiated zirconia (300 K). From Figure 3.13(a), it is observed that as-sintered zirconia 

sample shows fourteen Raman active modes corresponding to the monoclinic zirconia. 

The Raman modes are identified at 104 cm
-1

(Ag), 185 cm
-1

(Ag+Bg), 196 cm
-1

(Ag), 

229 cm
-1

(Bg),310 cm
-1

(Ag), 339 cm
-1

(Bg),353 cm
-1

(Ag), 387 cm
-1

(Bg),481 cm
-1

(Ag), 

510 cm
-1

(Bg),542 cm
-1

(Ag), 566 cm
-1

(Bg), 621 cm
-1

(Bg) and 644 cm
-1

(Ag). The modes 

corresponding to Zr-O bonds are 310 cm
-1

(Ag) and 353 cm
-1

(Ag). The modes 

corresponding to lattice vibration of O-O bonds are 104 cm
-1

 (Ag), 387 cm
-1

(Bg), 481 cm
-
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1
(Ag), 510 cm

-1
(Bg), 542 cm

-1
(Ag), 566 cm

-1
(Bg), 621 cm

-1
(Bg), 644 cm

-1
(Ag) and for Zr-Zr 

bonds are 185 cm
-1

(Ag+Bg), 196 cm
-1

(Ag), 229 cm
-1

(Bg) and 339 cm
-1

(Bg). It is observed 

that all the Raman modes of the as-sintered zirconia (corresponding to monoclinic 

structure) are also present in the ion irradiated zirconia samples (300 K). The electron 

diffraction (Figure 3.10) observation on He
+
 ion irradiated zirconia sample shows the  

 

 

Figure 3.13 Raman spectra of the as-sintered and the 120 keV He
+
 ion irradiated zirconia at 

(a) 300 K and (c) 143 K. (b), (d) shows the expanded view of (a) and (c) respectively. 

presence of tetragonal phase. In Raman scattering, the Raman mode around 144 cm
-1 

is 

expected for the tetragonal phase (Eg mode)[135–137] as marked in Figure 3.13. Even 

though, the change in the background as a function of ion fluence was seen around 

144 cm
-1

, but clear signature for tetragonal phase is not seen. Figure 3.13(c) shows the 

Raman spectra of the as-sintered and the zirconia samples ion irradiated at 143 K with He
+
 

ions. Even in the case of ion irradiation at 143 K, all the Raman modes of the as-sintered 
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zirconia (corresponding to monoclinic structure) are present. GIXRD (Figure 3.3) and 

electron diffraction observations (Figure 3.11) on He
+
 ion irradiated zirconia sample show 

the presence of tetragonal phase. Even though, the change in the background as a function 

of ion fluence was seen around 144 cm
-1

, clear signature for tetragonal phase is not seen. 

Figure 3.13(b) and Figure 3.13(d) show the Raman spectra in the region 130-210 cm
-1

, for 

the He
+
 ion irradiated samples. Even though the Raman modes corresponding to the 

tetragonal phase is not seen clearly, the shift in the Raman modes corresponding to 

monoclinic peaks towards lower wavenumber is seen. 

Figure 3.14(a) and Figure 3.14(b) show the variation of the peak positions of the 

Raman modes in the zirconia samples upon He
+
 ion irradiation at 300 K and 143 K 

respectively. It is seen that the Raman peaks shift towards the lower wavenumber with 

increase in ion fluence. This shift is attributed to various types of strain leading to the 

decrease in Zr-O bond length caused by the oxygen vacancies[126]. This observed red 

shift in the Raman modes indicates that the zirconia lattice become strained lattice. This 

lattice strain could be the reason for monoclinic to tetragonal phase transformation. 

 

Figure 3.14 Variation of the peak positions of the Raman modes as a function of He
+
 ion 

fluences for the ion irradiation temperature at (a) 300 K and (b) 143 K. 

Figure 3.15(a) shows the Raman spectra of the as-sintered zirconia and Ar
+
 ion 

irradiated zirconia (300 K). It is observed that upon Ar
+
 ion irradiation, in addition to the 

Raman modes corresponding to the monoclinic structure, there is a presence of new peak 

at 144 cm
-1

. This Raman mode around 144 cm
-1 

corresponds to the Eg mode of tetragonal 

zirconia[135–137].  

The new peak evolves from the lowest ion fluence (1×10
16

 ions/cm
2
) onwards. 

Figure 3.15(c) shows the Raman spectra of the as-sintered zirconia and the zirconia 

samples irradiated with Ar
+
 ions at 143 K. Upon ion irradiation, in addition to the 
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monoclinic Raman peaks, the new peak at 144 cm
-1

emerges even at the lowest ion fluence 

of 2×10
15

 ions/cm
2
 itself. This mode 144 cm

-1
 corresponds to the Eg mode of tetragonal 

zirconia. In order to have a better understanding of the Raman modes in the range around 

the new peak 144 cm
-1

, the expanded view of the Raman spectra is plotted and shown in 

Figure 3.15(b) and Figure 3.15(d).  

 

 

Figure 3.15 Raman spectra of the as-sintered and the 120 keV Ar
+
 ion irradiated zirconia at (a) 

300 K and (c) 143 K The appearance of the mode (Eg) at 144 cm
-1

 confirms the formation of 

tetragonal phase upon ion irradiation. (b), (d) shows the expanded view of (a) and (c) respectively 

and it clearly shows the shift in the Eg mode (144 cm
-1

) 

Figure 3.15(b) shows the expanded view of the Raman spectra (range 135 to 

210 cm
-1

) plotted for the zirconia samples irradiated with Ar
+
 ions at 300 K. It is observed 

that the Eg mode has stiffened by 0.8 cm
-1

. Figure 3.15(d) shows the expanded view of the 

Raman spectra (in the range 135 to 210 cm
-1

) obtained from the zirconia samples 
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irradiated with Ar
+
 ions at 143 K. It is observed that the Eg mode shifted towards lower 

wave number about 0.8 cm
-1

.  

Figure 3.16(a) and Figure 3.16(b) shows the variation of peak position of the 

Raman modes with ion fluence for the ion irradiation temperature at 300 K and 143 K 

respectively. It is observed that in the Ar
+ 

ion irradiated zirconia samples (300 K and 

143 K), the Raman modes shifts towards lower wavenumber with increase in ion fluence. 

This indicates that upon ion irradiation (300 K and 143 K), the strain is introduced in the 

lattice of zirconia. 

 

Figure 3.16 Variation of peak position of the Raman modes as a function of Ar
+
 ion fluence for 

the irradiation temperature at (a) 300 K and (b) 143 K. 

Figure 3.17(a) shows the Raman spectra of the as-sintered zirconia and Kr
+
 ion 

irradiated zirconia (300 K). Fourteen Raman modes corresponding to monoclinic zirconia 

are present in the as-sintered zirconia sample. Upon Kr
+
 ion irradiation a new peak at 

144 cm
-1

 is observed, in addition to the fourteen monoclinic Raman modes. This Raman 

mode around 144 cm
-1 

corresponds to the Eg mode of tetragonal zirconia[135–137]. 

Figure 3.17(c) shows the Raman spectra of the as-sintered zirconia and the zirconia 

samples ion irradiated with Kr
+
 ions at 143 K. In this also the additional peak 

corresponding to the Eg mode (144 cm
-1

) tetragonal zirconia is observed at the lowest ion 

fluence of 1×10
16

 ions/cm
2
.  

Figure 3.17(b) shows the expanded view of Raman modes of the Kr
+
 ion irradiated 

zirconia at 300 K in the range 135-210 cm
-1

 for better clarity. The Raman mode at 144 cm
-

1
(corresponding to tetragonal structure) for the highest ion fluence 5×10

17
 ions/cm

2 

exhibits a stiffening of about 0.8 cm
-1

 with respect to the lowest ion fluence 1×10
16

 

ions/cm
2
. Figure 3.17(d) shows the expanded view of the Raman spectra in the range 135 

to 210 cm
-1 

obtained from the zirconia samples irradiated with Kr
+ 

ions at 143 K. In the 
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ion irradiated zirconia samples (at 143 K), the Eg mode corresponding to tetragonal 

zirconia  exhibits a stiffening of about 3.5 cm
-1

 for the highest ion fluence 5×10
17

 ions/cm
2
 

with respect to the lowest ion fluence 1×10
16

 ions/cm
2
, indicating that large strain is 

induced in the zirconia samples. This shift is attributed to various types of strain leading to 

the decrease in Zr-O bond length caused by the oxygen vacancies[126]. From 

Figure 3.17(a) and Figure 3.17(c) it is also observed that the Raman modes are shifted 

with respect to the as-sintered zirconia. 

 

 

Figure 3.17 Raman spectra of the as-sintered and the 60 keV Kr
+
 ion irradiated zirconia at (a) 

300 K and (c) 143 K. The appearance of the mode (Eg) at 144 cm
-1

 confirms the formation of 

tetragonal phase upon ion irradiation. (b), (d) shows the expanded view of (a) and (c) respectively 

and it clearly shows the shift in the Eg mode (144 cm
-1

). 

Figure 3.18(a) and Figure 3.18 (b) shows the variation of peak position of the 

Raman modes with ion fluence for the ion irradiation temperatures of 300 K and 143 K 
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respectively. It is observed that in the ion irradiated zirconia samples (300 K and 143 K), 

the peak position shifts towards lower wavenumber with the increase in ion fluence. This 

shift in the Raman peak position indicates that upon ion irradiation (300 K and 143 K) 

strain has been introduced in the lattice of zirconia. 

 

Figure 3.18 Variation of peak position of the Raman modes as a function of Kr
+
 ion fluence for 

the irradiation temperature at (a) 300 K and (b) 143 K. 

The fraction of the tetragonal phase (      present in the ion irradiated zirconia 

samples was calculated using the formula[42] 

   
  (            (        

  (           (           (        
 Eqn.3.2 

where    is the amount of monoclinic zirconia present in the two phase mixture,    is the 

intensity of the monoclinic peaks,    is the intensity of the tetragonal peak. The fraction of 

tetragonal zirconia present in the two phase mixture is then calculated by the equation 

       , where    and     are the amount of tetragonal and monoclinic zirconia 

present in the two phase mixture. The analysis was carried out using Eqn.3.2 for finding 

the fraction of tetragonal phase present in the zirconia samples after ion irradiation with 

He
+
, Ar

+
 and Kr

+ 
ions for various ion fluences. In the case of He

+
 ion irradiated zirconia 

samples, the tetragonal peak at 144 cm
-1 

is not observed even for the highest ion fluence 

2×10
17

 ions/cm
2
 for both ion irradiation temperatures (as seen from Figure 3.13(b) and 

Figure 3.13(d)). Hence the fraction of the tetragonal phase in the He
+
 ion irradiated 

zirconia samples was not calculated. The fraction of the tetragonal phase calculated for 

various ion fluences and ion irradiation temperatures are tabulated in Table 3.2 

It is observed that the amount of tetragonal zirconia increases with the increase in 

the ion fluence. It is also noticed that the phase transformation rate is faster when the ion 

irradiation was carried out at low temperature. This is indicated by the difference in the 
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amount of tetragonal zirconia formed at the irradiation temperatures of 300 K (~4.5%) and 

143 K (~8.5%), for the ion fluence of 1×10
17

 ions /cm
2
, in the case of Kr

+
 ion irradiation . 

In case of Ar
+
 ion irradiation, the fraction of the converted phase was 9% (300 K) for the 

ion fluence 1×10
17

 ions /cm
2
 and 20% (143 K) for the ion fluence 2×10

17
 ions /cm

2
. In 

case of He
+
 ion irradiated zirconia samples, the Raman modes are not clearly visible, 

hence the amount of tetragonal phases was not quantified, however, the presence of 

tetragonal phase is observed from GIXRD and electron diffraction pattern. It is observed 

that the rate of phase transformation is faster, when the dpa is high and when irradiation 

was carried out at low temperature. 

Table 3.2 Details of ions, ion energy, ion irradiation temperature, ion fluence, damage 

(in dpa) and the fraction of tetragonal phase formed as a result of ion irradiation (in %) 

Temperature Ions  

 

Energy 
Ion Fluence 

(ions/cm
2
) 

Fraction of 

tetragonal 

phase (%) 

Damage 

(dpa) 

300 K  

He
+
 120 keV 

1×10
16

 -- 4.8 

2×10
17

 -- 192.0 

143 K  
1×10

16
 -- 4.8 

2×10
17

 -- 192.0 

300 K 

Ar
+
 120 keV 

1×10
16

 9 20.0 

1×10
17

 9 200.0 

143 K  1×10
16

 10 20.0 

2×10
17

 20 400.0 

300 K 

Kr
+
 60 keV 

1×10
16

 2.5 34.8 

5×10
16

 3 174.0 

1×10
17

 4.5 348.0 

143 K 

1×10
16

 4.5 34.8 

5×10
16

 5.5 174.0 

1×10
17

 8.5 348.0 

3.5. Discussion 

Monoclinic zirconia was irradiated with 120 keV He
+
, 120 keV Ar

+
 and 60 keV 

Kr
+
 ions for different irradiation temperatures (300 K and 143 K). Upon ion (He

+
, Ar

+
 and 

Kr
+
) irradiation, irrespective of the ion irradiation temperature, it is observed that there is a 

partial transformation from monoclinic to tetragonal phase. The phase transformation is 

confirmed by GIXRD, Raman scattering and electron diffraction. But the transformation 

of monoclinic to cubic phase or amorphisation of zirconia upon ion (He
+
, Ar

+
 and Kr

+
) 

irradiation is not observed. Irrespective of the ion irradiation temperatures, GIXRD and 

Raman scattering measurements indicates that strain is induced in the zirconia samples 

upon ion (He
+
, Ar

+
 and Kr

+
) irradiation  
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With respect to ambient temperature and pressure, zirconia exists in monoclinic 

phase where surface area and critical size plays the role[19]. Garvie et al.,[14] have 

derived an equation to find the critical size of zirconia to exist in tetragonal phase. 

Accordingly, the critical size for zirconia to exist in tetragonal phase was calculated to be 

≈ 6.1 nm. Reports had also showed the tetragonal phase below 30 nm[14] and monoclinic 

phase below 10 nm[18]. The energy crossover relations have established the 

thermodynamically metastable state which becomes stable below a critical size. It is also 

observed that at larger size, the monoclinic phase has the lowest energy, making it the 

stable phase[19]. With the reduction of size less than 6 nm, the tetragonal phase tends to 

have the lowest energy compared to the monoclinic and amorphous phase, making it the 

most stable phase below 6 nm[47]. It is also established that the amorphous zirconia is the 

stable form, when the size becomes less than 3 nm[19]. However in the present 

experiments, the particle size of the as-sintered and the ion (He
+
, Ar

+
 and Kr

+
)  irradiated 

zirconia samples (measured from the dark field TEM images) are greater than  30 nm and 

hence the role of size in the phase transformation has been ruled out. 

When ions are incident on zirconia, Frenkel pairs are produced. These incident 

ions lose its energy by the elastic collisions with the material (ZrO2). The collision leads to 

the ejection of Zr and O atoms from their original lattice sites. Primary knock on atoms 

causes atomic displacement of Zr and O creating interstitials and vacancies. It is also 

known that formation energy is 24.2 eV, 8.88 eV and 8.9 eV for the zirconium neutral 

vacancy[139], 4 fold and 3 fold oxygen neutral vacancies[140] respectively. By maximum 

energy transfer, in the case of Kr
+
 ion irradiation, the energy of the primary knock on 

atoms of Zr and O is 59.9 keV and 32.3 keV respectively, and in the case of Ar
+
 ion 

irradiation, the energy of the primary knock on atoms of Zr and O is 101 keV and 98 keV 

respectively. Hence upon Kr
+
 and Ar

+
 ion irradiation, more number of oxygen vacancies 

are expected to be produced. In the case of He
+
 ion irradiation, the electronic energy loss 

dominates over nuclear loss because the Se/Sn value is 84.21 which is much higher than 

that of Ar
+
 (0.5890) and Kr

+
 (0.1176) ion cases. 

Simeone et al.,[139] have reported ion induced monoclinic to tetragonal phase 

transition in zirconia using 400 keV Xe
+
 ions. The authors have explained the phase 

transition in two step process; (i) radiation damage produced non-equilibrium 

concentration of defects in the solid and (ii) propagation of displacive phase transition 

associated with strain field in the presence of defects. The rate theory[141] describes the 
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evolution of defects by considering the rate of production and recombination of defects 

and it is given by  

  

  
 (               

 )         
 

 

      Eqn.3.3 

where   is the ion flux,  d is the displacement cross-section,   is the collision efficiency, 

rc is the capture radius, N is the number of atoms per unit volume in the samples, b is the 

mean free length associated with the recombination collision sequences,  r is the 

recombination collision sequence cross-section[142] and D0 is the diffusion coefficient of 

these defects in the target and kB is the Boltzmann constant. In the present experiments, the 

ion irradiation was carried out at room temperature (300 K) and at low temperature 

(143 K), and hence the second term in the rate equation which drives the thermal 

migration of defects can be neglected. The first term is associated with defect production 

and recombination and it is proportional to ion flux. In the present experiments, the 

volume fraction of tetragonal phase increases with the ion fluence. The volume fraction of 

tetragonal phase is higher when the irradiation was carried out at 143 K than at 300 K, and 

it is due to less migration of defects at 143 K. 

Oxygen vacancies were found to play a role in determining the phase of zirconia. 

Several works have attributed oxygen vacancies as a prime factor in determining the 

phase[21, 41, 78] of zirconia. Phase of zirconia could be altered by doping it with yttrium 

(III) oxide (Y2O3). These dopants stabilizes the tetragonal phase at room temperature, 

suppresses the transformation by creating vacancies of oxygen per unit of ZrO2[26]. 

Migration barrier energy for direct exchange mechanism used to be high (>5eV). 

The migration barrier energy for the oxygen interstitials is 0.365 eV -0.672 eV[143]. 

Hence the oxygen interstitials having greater migration energy, migrates faster than the 

oxygen vacancies towards the grain boundaries and get annihilated. Thus as a result, the 

grains get filled with the oxygen vacancies.  

Earlier works on SHI irradiation has also proved that first impact is used to 

produce the required amount of oxygen vacancies and the second impact is used for the 

phase transformation. In some earlier works, phase transformation is found to occur at 

4.2 dpa itself[43]. However, in the present case, the phase transformation has occurred at 

higher dpa (Ar
+
 and Kr

+ 
ions). 

In addition, the difference in the formation energies between monoclinic and 

tetragonal zirconia calculated by the first principle method is 0.07 eV/ZrO2[144]. Hence 

such a small amount of energy could be easily overcome by ion irradiation. Once the 
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number of oxygen vacancies reaches a threshold value, the temperature required for the 

phase transformation reduces drastically. 

Muller et al.,[125] have attributed the phase transformation process completely to 

the pure radiation damage process rather than the gas bubbles. In the present case, the 

phase transformation is attributed to pure radiation damage process like defects 

(interstitials and vacancies) production, annihilation etc. 

GIXRD and Raman scattering has shown the presence of strain in the zirconia 

samples. Ab initio calculations has shown that the oxygen vacancies are capable of 

producing strain fields in the monoclinic phase of zirconia in their neighbourhood[140]. 

The oxygen vacancies associated with the randomly oriented electric dipoles helps to 

prevent the coalescence and growth of tetragonal phase[145]. Also it is known that the 

tetragonal to cubic phase transformation is not sensitive to strain[146]. Hence, in the 

present case, cubic phase of zirconia is not observed. 

The fraction of tetragonal phase in ion irradiated zirconia samples increases with 

dpa. The amount of the transformed phase is expected to increase with the atomic number 

of the inert gas ions used. However, in the present experiment the amount of 

transformation in the Kr
+
 ion irradiated zirconia samples is less compared to the amount 

transformed in the Ar
+
 ion irradiated zirconia samples. This is because Kr

+ 
ion has a 

shallow projected range (23 nm) and high sputtering yield (8.8 atoms/ion) compared to the 

Ar
+
 ions (sputtering yield: 4.6 atoms/ion). The shallow range of the Kr

+
 ions gets easily 

sputtered out, leading to the less amount of tetragonal phase. In case of low temperature 

ion irradiation (Ar
+
 and Kr

+
), the phase transformation is found to occur faster. This is 

attributed to the immobility of defects and continuous production of oxygen vacancies. 

The increase in the oxygen vacancies, their reduction of annihilation with the interstitials 

due to their immobility and the high amount of strain is produced and it leads to the faster 

rate of phase transformation at low temperatures. The fate of the implanted ions will be 

discussed in the next chapter. 

3.6. Conclusions 

As-sintered monoclinic zirconia samples prepared by thermal decomposition 

method were irradiated with He
+
 (120 keV), Ar

+
 (120 keV) and Kr

+
 (60 keV) ions using 

the 150 kV ion accelerator. Upon ion irradiation (irrespective of the ions and irradiation 

temperatures) phase transformation from monoclinic to tetragonal zirconia is observed. 

The rate of phase transformation is found to be faster when the ion irradiation was carried 
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at low temperatures. The phase transformation is attributed to the oxygen vacancies and 

the strain induced by these oxygen vacancies. The faster phase transformation at low 

temperature ion irradiation is attributed to the immobility of defects and continuous 

production of oxygen vacancies by ion irradiation. Even though monoclinic to tetragonal 

phase transformation is observed, there is no trace of cubic phase, as tetragonal to cubic 

phase transformation is not sensitive to strain. 
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Chapter 4 

Bubble induced swelling in monoclinic zirconia 

4.1. Introduction 

Inert gases like krypton, argon, xenon and helium are produced inevitably in the 

nuclear fuel materials during operation of the reactor. These inert gases play an important 

role in determining the thermal and the mechanical properties of the nuclear fuel. Xenon 

and krypton either will be released from the fuel matrix, if the kinetics allows the process, 

or precipitate as small packets of gas inside the fuel matrix, due to their insolubility in the 

fuel matrix. When they are released, they exert significant pressure on the fuel pin thereby 

leading to failure of cladding. On the other hand, if they precipitate inside the matrix, it 

leads to swelling of the fuel material. In either case, inert gases are detrimental to the 

performance of the fuel. Hence it is important to study the behaviour of the inert gas atoms 

to know the performance of the fuel materials[10]. In this chapter, the morphological and 

the microstructural changes in zirconia, under low energy inert gas (He
+
, Ar

+
 and Kr

+
) ion 

irradiation are examined using electron microscopy techniques. 

4.2. Experiments 

The monoclinic zirconia samples were irradiated with low energy inert gas ions 

(120 keV He
+
, 120 keV Ar

+
 and 60 keV Kr

+
) at 300 K and 143 K upto ion fluences 

ranging from 1×10
15 

ions/cm
2
 to 5×10

17
 ions/cm

2
. Scanning electron microscopy (SEM) 

and transmission electron microscopy (TEM) were employed extensively, to study the 

morphological and the microstructural changes in the ion irradiated zirconia samples, and 

the results are discussed in the present chapter.  

Scanning electron microscopy experiments were carried out using cross beam 340 

model FIB-FESEM (Carl Zeiss make). In-lens detector was used for imaging in the SEM 

and the working distance was kept around 4 mm. TEM studies were carried out using 

LIBRA 200FE HRTEM (Carl Zeiss make). The information limit of the HRTEM is 

0.13 nm. TEM samples were prepared by scratching the surface of the pellets samples 

using a scalpel blade and by dissolving it in propanol. The solution was then sonicated and 

dispersed on a carbon coated copper grid. This method was chosen to avoid the artifacts 

that would be introduced by alternate/standard methods like FIB or ion milling.  
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4.3. Morphological analysis using scanning electron microscopy 

4.3.1. SEM analysis of the as-sintered zirconia 

Figure 4.1(a) shows the SEM image of the as-sintered zirconia sample. The image 

clearly shows that the as-sintered sample contains spherical grains. It is also observed that 

the grains are not densely packed and contains many pores. The size of the grains were 

measured using ImageJ software[131] and the size distribution isplotted (Figure 4.1(b)). 

The average size of the grains is found to be 55 nm. 

  

Figure 4.1 (a) SEM image and (b) the grain size distribution of the as-sintered zirconia 

sample. The shape of the grains is spherical in nature. 

4.3.2. SEM analysis of the He
+
 ion irradiated zirconia samples 

4.3.2.1. He
+
 ion irradiated (at 300 K) samples  

The changes in the morphology of the zirconia samples upon irradiation with 

120 keV He
+
 ions, at 300 K, were analyzed using SEM images. The SEM images in 

Figure 4.2(a), (b), (c) and (d) show the morphology of the zirconia samples irradiated for 

the ion fluences 5×10
15

 ions/cm
2
, 1×10

16
 ions/cm

2
, 5×10

16
 ions/cm

2
 and 1×10

17
 ions/cm

2
, 

respectively. There is no change in the spherical shape of the grains due to irradiation in 

all the four samples, while there is a small reduction in the grain size, when the ion fluence 

is as high as 1×10
17

 ions/cm
2
. The changes in the morphology and the size of the pores in 

between the grains show some irregular behaviour upon ion irradiation. The grains are 

densely packed in the sample irradiated for the ion fluence of 5×10
15

 ions/cm
2
, leading to 

the reduction in the number and size of the pores (Figure 4.2(a)). The packing is not so 

dense and pores are seen in the sample irradiated upto the ion fluence of 1×10
16

 ions/cm
2
 

(Figure 4.2(b)). Once again the grains are densely packed when the ion fluence is 5×10
16

 

ions/cm
2
, and interestingly, now there is „joining of the grains‟. This phenomenon „joining 
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of the grains‟ was more prominent when the ion fluence is 1×10
17

 ions/cm
2
, and there is a 

reduction in the grain size as mentioned earlier. 

The phenomenon of „joining of the grains‟, observed in the present case is very 

much similar to the nano-welding and junction formation phenomena seen in hydrogen 

titanate nanowires, due to low-energy nitrogen ion irradiation, as reported by Dhal et 

al.,[147]. Dhal et al.,[147] have suggested that ion irradiation induced defect formation 

and dangling bonds may lead to the chemical bonding between the hydrogen titanate 

nanowires resulting in the nano-welding and junction formation. They have further 

explained that large scale nano-welding and junction network formation can be ascribed to 

the localized surface melting due to heat spike, during ion irradiation. 

  

  

Figure 4.2 SEM images of the 120 keV He
+
 ion irradiated zirconia samples for the ion 

fluences of (a) 5×10
15

 ions/cm
2
, (b) 1×10

16
 ions/cm

2
, (c) 5×10

16
 ions/cm

2
 and (d) 1×10

17
 ions/cm

2
 

at 300 K. 

In helium ion irradiated zirconia samples, the grain size distribution were analyzed 

using ImageJ software and the grain size distribution is shown in Figure 4.3. The grain 
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size distribution in the zirconia samples irradiated for the ion fluences  5×10
15

 ions/cm
2
, 

1×10
16

 ions/cm
2
, 5×10

16
 ions/cm

2
 and 1×10

17
 ions/cm

2 
 are shown in Figure 4.3 (a), (b), (c) 

and (d) respectively.  

It is seen that there are some changes in the average grain size in zirconia, upon 

irradiation. But the changes do not show any regular trend in the case of helium ion 

irradiation at room temperature. The average grain size increases from 55 nm in the as-

sintered sample, to 84 nm, when irradiated with helium ions upto the ion fluence of 5×10
15

 

ions/cm
2
. The size then reduces to 75 nm when the fluence is 1×10

16
 ions/cm

2
 and again 

increases to 87 nm for a fluence of 5×10
16

 ions/cm
2
. This is found to be the highest value. 

Finally, when the ion fluence is 1×10
17

 ions/cm
2
, the average grain size reduces to 72 nm. 

 
 

Figure 4.3 Plots showing the grain size distribution in 120 keV He
+
 ion irradiated zirconia 

samples for the ion fluences of (a) 5×10
15

 ions/cm
2
, (b) 1×10

16
 ions/cm

2
, (c) 5×10

16
 ions/cm

2
 and 

(d) 1×10
17

 ions/cm
2
 at 300 K. 

4.3.2.2. He
+
 ion irradiated (at 143 K) samples  

Figure 4.4 shows the SEM images of the zirconia samples irradiated with 120 keV 

He
+
 ions at 143 K. Figure 4.4(a), (b), (c) and (d) show the SEM images of the zirconia 

sample for the ion fluences of 1×10
16

 ions/cm
2
, 5×10

16
 ions/cm

2
, 1×10

17
 ions/cm

2
 and 

2×10
17

 ions/cm
2
respectively. It is observed that the zirconia grains retain their spherical 
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shape during ion irradiation at low temperature also and the grains are apparently densely 

packed as compared to the as-sintered sample.  

The changes in the grain size and the packing of the grains are analyzed from these 

SEM images. It is observed that the grains are densely packed in the samples irradiated 

upto the ion fluences of 1×10
16

 ions/cm
2
 (Figure 4.4(a)) and 5×10

16
 ions/cm

2
 (Figure 

4.4(b)). The grains are loosely packed when the ion fluence is 1×10
17

 ions/cm
2
 (Figure 

4.4(c)). For the highest ion fluence of 2×10
17

 ions/cm
2
, the grains are packed densely as it 

is in other cases (Figure 4.4 (d)). 

  

  

Figure 4.4 SEM images of the He
+
 ion irradiated zirconia samples for the ion fluences of (a) 

1×10
16

 ions/cm
2
, (b) 5×10

16
 ions/cm

2
, (c) 1×10

17
 ions/cm

2
 and (d) 2×10

17
 ions/cm

2
 at 143 K. 

As far as the grain size is concerned, initially it increases when the ion fluence is 

1×10
16

 ions/cm
2
 (Figure 4.4(a)). Then the size decreases for the ion fluence of 5×10

16
 

ions/cm
2
 (Figure 4.4(b)). Later on, the grain size increases with the ion fluences as seen 

from Figure 4.4(c) (1×10
17

 ions/cm
2
) and Figure 4.4(d) (2×10

17
 ions/cm

2
). Importantly, 
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there is no appreciable joining of grains, whereas ion irradiation at 300 K shows the 

joining of grains even at highest ion fluences. 

The size distribution of the grains in all the monoclinic zirconia samples, irradiated 

with 120 keV He
+
 ion at 143 K were analyzed using ImageJ software and the plots are 

given in Figure 4.5. The plots in Figure 4.5(a), (b), (c) and (d) shows the grain size 

distributions for the ion fluences of 1×10
16

 ions/cm
2
, 5×10

16
 ions/cm

2
, 1×10

17
 ions/cm

2
 

and 2×10
17

 ions/cm
2
 respectively. Unlike the case of room temperature irradiation, the 

average size of the grains show almost monotonous trend when the sample is irradiated at 

low temperature. The average grain size increases to 66 nm when the ion fluence is 1×10
16

 

ions/cm
2
, whereas in the as-sintered it is 55 nm. Eventhough the grain size reduces to 

63 nm when the ion fluence is 5×10
16

 ions/cm
2
, it is not significant change in the grain 

size. However, the grain size grows to 75 nm and reaches 82 nm when the ion fluence 

increases to 1×10
17

 ions/cm
2
 and 2×10

17
 ions/cm

2
, respectively. Also, the average size of 

the grains in He
+
 ion irradiated zirconia (143 K) sample is larger than the as-sintered 

zirconia. 

 

 

Figure 4.5 Grain size distribution of the He
+
 ion irradiated zirconia samples for the ion 

fluences of (a) 1×10
16

 ions/cm
2
, (b) 5×10

16
 ions/cm

2
, (c) 1×10

17
 ions/cm

2
 and (d) 2×10

17
 ions/cm

2
 

at 143 K. 
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In order to quantify the porosity in the ion irradiated zirconia samples (both at room 

temperature and at low temperature), the open area (denoted by „a‟) and the area occupied 

by the grains (denoted by „A‟) were measured from the images using ImageJ software. For 

better statistics, the area was calculated from 10 images from each sample. With the 

assumption that, buried surface also has the similar morphology of the surface, the ratio of 

the open area to area occupied by the grains (a/A) provides an estimation of the porosity in 

the ion irradiated zirconia samples. This ratio „a/A‟ may be called as the fractional area of 

free space. Figure 4.6(a) shows the fractional area of free space (a/A) as a function of ion 

fluence for the zirconia samples irradiated with 120 keV He
+
 ions at 300 K. Even though 

the fractional area of free space increases with ion fluence (upto 1×10
16

 ions/cm
2
) for 

higher ion fluences, the fractional area of free space decreases with the increase in the ion 

fluence.  

 

Figure 4.6 Fractional area of free space “a/A” as a function of ion fluence, for the He
+
 ion 

irradiated zirconia samples at (a) 300 K and (b) 143 K 

Figure 4.6(b) shows the fractional area of free space “a/A” as a function of ion fluence for 

the zirconia samples irradiated with 120 keV He
+
 ions at 143 K. It increases upto the ion 

fluence of 5×10
16 

ions/cm
2
 and then decreases with further increase in the ion fluence. For 

the highest ion fluence, the fractional area of free space is lower than the as-sintered 

zirconia sample (Figure 4.6(b)). Both the plots in Figure 4.6 suggest that zirconia grains 

have become dense, upon helium ion irradiation at 300 K and at 143 K. From the analysis 

of SEM images and fractional area of free space in He
+ 

ion irradiated samples, the average 

grain size of the sample did not change significantly, however the morphology of the 

sample changes with ion fluence in an irregular fashion. The as-sintered zirconia sample 

has intrinsic porosity and it changes with ion fluences. This morphological changes in the 

samples could be due to the convolution of many factors like sputtering[148, 149], phase 

transformation[150], cavity swelling[151] and ion induced diffusion[152, 153]. In the 
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present experiments, the sputtering yield is 0.01 atoms per incident ion and it will be very 

small to induce roughening in the sample as observed in our earlier works[154, 155]. 

Hence, the role of sputtering is ruled out in the present observation on morphology. 

However, in present experiments, the convolution of other factors like phase 

transformation (monoclinic to tetragonal transformation, as evident from diffraction 

techniques and Raman scattering), bubble induced swelling (TEM observation) and ion 

beam induced localized surface melting due to heat spike could have played role. It is 

difficult to delineate the role of individual effects. 

4.3.3. SEM analysis of the Ar
+
 ion irradiated zirconia samples 

The effects of 120 keV Ar
+
 ion irradiation in zirconia, both at room temperature 

(300 K) and at low temperature (143 K) also were studied under SEM. 

4.3.3.1. Ar
+
 ion irradiated (at 300 K) samples  

  

  

Figure 4.7 SEM images of the 120 keV Ar
+
 ion irradiated zirconia samples for the ion fluences 

of (a) 1×10
15 

ions/cm
2
, (b) 5×10

15
 ions/cm

2
, (c) 1×10

16
 ions/cm

2
 and (d) 5×10

16 
ions/cm

2
 at 300 K. 
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Figure 4.7 shows the SEM images of the zirconia samples irradiated with 120 keV 

Ar
+
 ions (300 K) for various ion fluences. The grain size for the ion fluences 1×10

15
 

ions/cm
2
, 5×10

15
 ions/cm

2
, 1×10

16
 ions/cm

2
 and 5×10

16
 ions/cm

2 
are given in Figure 

4.8(a), (b), (c) and (d) respectively. In all the Ar
+ 

irradiated samples, the grains remain 

spherical in shape and the grains are less densely packed. The grains are very much 

loosely packed in the sample where the ion fluence is 5×10
16

 ions/cm
2
, the highest fluence 

under discussion. None of the samples show dense packing of the grains as seen in the 

case of helium ion irradiated samples. Even though grains are loosely packed, joining of 

the grains is noticed in all the samples, except for the lowest fluence. Joining phenomenon 

is less prominent for the highest ion fluence 5×10
16

 ions/cm
2
. Even though the Ar

+
 ion 

irradiation has not significantly modified the shape of the grains, and has not improved the 

close packing of the grains, it has significantly changed the average size of the grains in 

the sample. 

 

 

Figure 4.8 Grain size distribution of the the zirconia sample upon Ar
+
 ion irradiation at 300 K 

for the ion fluences of (a) 1×10
15 

ions/cm
2
, (b) 5×10

15
 ions/cm

2
, (c) 1×10

16
 ions/cm

2
, (d) 5×10

16 

ions/cm
2
. 

In the as-sintered sample, the average grain size is 55 nm. This value increases 

systematically with the ion fluence when irradiated with Ar
+
 ions. The grain size is 59 nm 

for the fluence of 1×10
15

 ions/cm
2
, and it is 73 nm for the fluence 5×10

15
 ions/cm

2
. It 
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reaches 74 nm and 72 nm when the fluence increases to 1×10
16

 ions/cm
2
and 5×10

16
 

ions/cm
2
, respectively. 

4.3.3.2. Ar
+
 ion irradiated (at 143 K) samples 

Figure 4.9 shows the SEM images of the zirconia samples irradiated with 120 keV 

Ar
+
 ions for various ion fluences at 143 K. Figure 4.9(a) and (b) show the SEM image of 

the ion irradiated samples for the ion fluences 5×10
16

 ions/cm
2
 and 2×10

17
 ions/cm

2
 

respectively. The shape of the grains is spherical in both the cases. In the case of the low 

ion fluence (refer Figure 4.9(a)), the packing of the grains has become loose as compared 

to the as-sintered zirconia sample. There is joining of grains in some regions of the 

sample. As the ion fluence increases to 2×10
17

 ions/cm
2
 (refer Figure 4.9(b)), the grains 

are very densely packed compared to the previous ion fluence 5×10
16 

ions/cm
2
and the as-

sintered sample. There is significant increase in the amount of grains that has joined (i.e. 

joining of grains). 

  

Figure 4.9 SEM images of the 120 keV Ar
+
 ion irradiated zirconia samples for the ion fluences 

of (a) 5×10
16

 ions/cm
2
 and (b) 2×10

17
 ions/cm

2
 at 143 K. 

The grain size distribution for 120 keV Ar
+
 ion irradiated monoclinic zirconia 

samples for the ion fluences 5×10
16

 ions/cm
2
 and 2×10

17
 ions/cm

2 
are given in Figure 

4.10(a) and (b) respectively. The average size of the zirconia grains for the ion fluences 

5×10
16

 ions/cm
2 

is 64 nm and it is slightly larger than the average size of the as-sintered 

zirconia sample. The average size of the zirconia grains for the ion fluences 2×10
17 

ions/cm
2 

is 74 nm. It is observed that the average grain size increases with increase in the 

ion fluence. When the zirconia samples were irradiated with Ar
+
 ions, joining of the 

nanograins are seen for both the irradiation temperatures (300 K and 143 K). The joining 
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of the grains could be due to inhomogeneous distribution of defects, localized melting 

etc[147].  

Figure 4.11(a) shows the fractional area of free space „a/A‟ as a function of ion 

fluence for the zirconia samples irradiated with 120 keV Ar
+
 ions at 300 K. The value 

(a/A) monotonically increases with ion fluence upto the ion fluence of 5×10
16

 ions/cm
2
. 

However for the highest ion fluence of 1×10
17

 ions/cm
2
, the fractional area of free space 

decreases, but it is still higher than that of the as-sintered sample. It suggests that upon Ar
+
 

ion irradiation at room temperature, the zirconia grains become less dense. 

 

Figure 4.10 Grain size distribution of the Ar
+
 ion irradiated zirconia samples for the ion 

fluences of (a) 5×10
16

 ions/cm
2
 and (b) 2×10

17
 ions/cm

2 
at 143 K. 

Figure 4.11(b) shows the fractional area of free space „a/A‟ as a function of ion 

fluence for the zirconia samples irradiated with 120 keV Ar
+
 ions at 143 K. Here the 

fractional area of free space increases with ion fluence upto the ion fluence of 1×10
15

 

ions/cm
2
, however for the highest ion fluence, the fractional area of free space decreases 

with increase in ion fluence. For the highest ion fluence, the fractional area of free space is 

almost same as the as-sintered zirconia sample. It suggests that upon Ar
+
 ion irradiation at 

low temperatures (143 K), the zirconia grains become dense. 

 

Figure 4.11 Fractional area of free space “a/A” as a function of ion fluence, for the Ar
+
 ion 

irradiated zirconia samples at (a) 300 K and (b) 143 K. 
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4.3.4. SEM analysis of the Kr
+
 ion irradiated zirconia samples 

In addition to the effects of He
+
 ions and Ar

+
 ions in zirconia, the effects of 60 keV 

Kr
+
 ion irradiation were also studied in the present work. The irradiations were carried out 

both at room temperature (300 K) and at low temperature (143 K), as done in the previous 

cases, and the changes in the morphology were analyzed under SEM. In case of Kr
+
 ion 

irradiation, the irradiations were carried out for the ion fluences 1×10
16

 ions/cm
2
, 1×10

17
 

ions/cm
2
 and 5×10

17
 ions/cm

2
. 

4.3.4.1. Kr
+
 ion irradiated (at 300 K) samples  

Figure 4.12 shows the SEM images of the zirconia samples irradiated with 60 keV 

Kr
+
 ions at 300 K. Figure 4.12(a) shows the SEM image of the Kr

+
 ion irradiated zirconia 

samples for the ion fluence 1×10
16

 ions/cm
2
. 

  

 

Figure 4.12 SEM images of the 60 keV Kr
+
 ion irradiated zirconia samples for the ion fluences 

of (a) 1×10
16

 ions/cm
2
, (b) 1×10

17
 ions/cm

2
 and (c) 5×10

17 
ions/cm

2
 at 300 K.

 

It is observed that the morphology is very different from the as-sintered zirconia 

sample (Figure 4.1(a)). Few grains are seen that are spherical in shape and the grains 



Morphological analysis using scanning electron microscopy Chapter 4 

79 

appears to be sputtered. As the ion fluence increases to 1×10
17

 ions/cm
2
, the morphology 

of the sample (Figure 4.12(b)) differs completely from the as-sintered sample. Individual 

grains are not observed and the grains appear to be joined. For the highest ion fluence 

5×10
17

 ions/cm
2
, the SEM image (Figure 4.12 (c)) shows that the individual grains are no 

longer present, they have completely joined together appearing like a porous material with 

interconnected ligaments. As the grains are joined and individual grains are not observed, 

grain size analysis could not be carried out. Localised melting, inhomogeneous 

distribution of defects like vacancies, interstitials could be attributed to the joining of the 

grains [147].  

4.3.4.2. Kr
+
 ion irradiated (at 143 K) samples  

Figure 4.13 shows the SEM images of the zirconia samples irradiated with 60 keV 

Kr
+
 ions at 143 K. Figure 4.13(a) shows the SEM image of the Kr

+
 ion irradiated zirconia 

samples for the ion fluence 1×10
16

 ions/cm
2
.  

  

  

Figure 4.13 SEM images of the 60 keV Kr
+
 ion irradiated zirconia samples for the ion fluences 

of.(a) 1×10
16

 ions/cm
2
, (b) 5×10

16
 ions/cm

2
, (c) 1×10

17
 ions/cm

2
 and (d) 5×10

17 
ions/cm

2
 at 143 K. 
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It is observed that the zirconia grains are spherical in shape and the grains are not 

densely packed as compared to the as-sintered zirconia (Figure 4.1(a)). There is also 

joining of the grains. As the ion fluence increases to 5×10
16

 ions/cm
2
, it is observed that 

the individual grains are not present (Figure 4.13(b)) and the grains are joined. Figure 

4.13(c) shows the SEM image for the ion fluence 1×10
17

 ions/cm
2
 and it shows joining of 

the grains. For the highest ion fluence of 5×10
17

 ions/cm
2
, the SEM image (Figure 4.13(d)) 

surprisingly shows that the grains are densely packed compared to the lower ion fluences. 

This could be only due to the sputtering of the ion irradiated layer where the grains might 

have joined. This is also evident from the fact that the grains are spherical in shape and 

there is no joining of grains unlike in the cases of lower ion fluences.  

The grain size distribution for 60 keV Kr
+
 ion irradiated (at 143 K), monoclinic 

zirconia samples for the ion fluences 1×10
16

 ions/cm
2
 and 5×10

17
 ions/cm

2
, are given in 

Figure 4.14(a) and (b) respectively. The average size of the grains for the ion fluence 

1×10
16

 ions/cm
2 

is 70 nm. The average size of the grains for the ion fluence 

5×10
17

 ions/cm
2 

is 85 nm and it is slightly larger than the average size of the as-sintered 

zirconia. It is observed that the average size measured for the highest ion fluence 5×10
17

 

ions/cm
2 
is larger than that of the lower ion fluence 1×10

16
 ions/cm

2
. 

 

Figure 4.14 Grain size distribution of the 60 keV Kr
+
 ion irradiated zirconia samples for the ion 

fluences of (a) 1×10
16

 ions/cm
2
 and (b) 5×10

16
 ions/cm 

2
at 143 K 

Figure 4.15(a) shows the fractional area of free space „a/A‟ as a function of ion 

fluence for the zirconia samples irradiated with 60 keV Kr
+
 ions at 300 K. The fractional 

area of free space, a/A increases with ion fluence upto 1×10
17

 ions/cm
2
, and then 

decreases. This suggests that upon ion irradiation, the zirconia grains have become dense. 

For the highest ion fluence, the fractional area of free space is almost the same as the as-

sintered zirconia sample, which corroborates with the suggestion that the ion irradiated 

layer could have been sputtered out.  
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Figure 4.15(b) shows the fractional area of free space „a/A‟ as a function of ion 

fluence for the zirconia samples irradiated with 60 keV Kr
+
 ions at 143 K. The fractional 

area of free space „a/A‟ increases with ion fluence upto the ion fluence of 5×10
16

 ions/cm
2
, 

however for the higher ion fluences, the fractional area of free space decreases with 

increase in ion fluence. For the highest ion fluence, the fractional area of free space is 

almost the same as that of the as-sintered zirconia sample. Even though the porous nature 

of zirconia increases with ion fluence, with continuous ion irradiation, zirconia tends to 

become dense for the highest ion fluences. 

 

Figure 4.15 Fractional area of free space “a/A” as a function of ion fluence, for the Kr
+
 ion 

irradiated zirconia samples at (a) 300 K and (b) 143 K. 

4.4. Microstructural analysis using transmission electron microscopy 

In addition to the morphological changes, zirconia also undergoes the 

microstructural changes upon inert gas ion irradiation. In order to understand the 

microstructural changes, the irradiated samples were investigated under high resolution 

transmission electron microscope (HRTEM). 

4.4.1. TEM analysis of the He
+
 ion irradiated zirconia samples 

4.4.1.1. Effects of ion irradiation at room temperature  

Zirconia samples irradiated with 120 keV He
+
 ions at room temperature (300 K) 

were investigated under high resolution TEM. It may be recalled that the irradiations were 

carried out for the ion fluences of 1×10
16 

ions/cm
2
, 1×10

17 
ions/cm

2
 and 2×10

17 
ions/cm

2
. 

TEM images of all the samples are given in Figure 4.16. All the TEM images are taken in 

the underfocus condition, in which the embedded inert gas bubbles are identified clearly 

by their Fresnel fringes.  

The microstructure of the sample irradiated for the ion fluence 1×10
16  

ions/cm
2
, is 

shown in Figure 4.16(a) and (b), former one is low magnification bright field TEM image 

and the latter one is HRTEM image. Both the images reveal the presence of helium  
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Figure 4.16 TEM image of zirconia samples irradiated with 120 keV He
+
 ions at 300 K. (a), (c) 

and (e) show the low magnification bright filed TEM images of the samples irradiated for the ion 

fluences 1×10
16

 ions/cm
2
, 1×10

17
 ions/cm

2
 and 2×10

17
 ions/cm

2
, respectively. (b), (d) and (f) show 

the corresponding HRTEM images of the samples. All the images are recorded at under-focus 

condition in TEM, where the bubbles are identified with their Fresnel fringes. 

bubbles (marked by the arrows in the micrograph). All the helium bubbles are found to be 

spherical in shape. The ( ̅11) planes of the monoclinic zirconia are identified in the 
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HRTEM image (Figure 4.16(b)). Figure 4.16(c) and (d) shows the low magnification 

bright field TEM image and HRTEM image of the sample irradiated for the ion fluence of 

1×10
17

 ions/cm
2
 respectively. The (011) planes of the monoclinic zirconia are observed in 

the HRTEM image (Figure 4.16(d)). It is seen that the number density of the bubbles 

increases apparently. Figure 4.16(e) and (f) show the low magnification bright field TEM 

image and HRTEM image of the sample irradiated for the ion fluence 2×10
17 

ions/cm
2 

It is observed that for the highest ion fluence, there is an increase in the bubble 

number density and the helium bubbles are faceted. The (112) planes of the monoclinic 

zirconia are identified clearly in the HRTEM image (refer Figure 4.16(f)). 

The bubble size and size distribution were calculated by analyzing the TEM 

images with the help of ImageJ software[131]. Bubble size distribution for the He
+
 ion 

irradiated zirconia sample is shown in the plots (refer Figure 4.17). The average bubble 

size and the areal density of the bubbles are summarized in Table 4.1(refer Section4.5) 

along with the observations from other inert gas irradiations in zirconia. From the Table 

4.1, it is seen that there is no significant change in the average bubble size (1.63 nm and 

1.64 nm for the ion fluence 1×10
16

 ions/cm
2 

and 2×10
17

 ions/cm
2 

respectively). However, 

the plots in Figure 4.17 and the areal number density tabulated in Table 4.1, reveal that the 

helium bubble number density increases with increase in ion fluences. The swelling due to 

these bubbles will be discussed in Section 4.5. 

 

Figure 4.17 The bubble size distribution in the He
+
 ion irradiated (at 300 K) zirconia samples 

for the ion fluence of (a) 1×10
16

 ions/cm
2
, (b) 1×10

17
 ions/cm

2 
and (c) 2×10

17
 ions/cm

2
. 

4.4.1.2. Effects of ion irradiation at low temperature  

The zirconia samples were also irradiated with 120 keV He
+
 ions at low 

temperature (143 K). The irradiations were carried out for two different ion fluences 

1×10
17 

ions/cm
2
 and 2×10

17 
ions/cm

2
. Figure 4.18 shows the low magnification bright field 
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TEM image and HRTEM images of the samples irradiated with 120 keV He
+
 ions at low 

temperature. Figure 4.18(a) and (b) show the low magnification bright field TEM image 

and HRTEM image of sample irradiated for the ion fluence 1×10
17 

ions/cm
2
 respectively. 

Similarly, Figure 4.18(c) and (d) show the low magnification bright field TEM image and 

  

  

Figure 4.18 (a) Low magnification bright field TEM image of zirconia samples irradiated with 

120 keV He
+
 ions at 143 K for the ion fluences of (a) 1×10

17
 ions/cm

2
 and (c) 2×10

17
 ions/cm

2
. (b) 

and (d) show the corresponding HRTEM images of the samples. All the TEM micrographs are 

recorded in underfocus condition. 

 HRTEM image of the sample irradiated for the ion fluence 2×10
17 

ions/cm
2
. Helium 

bubbles are seen in all the images (indicated by arrows) and the bubbles are mostly 

spherical in shape. In order to characterize the bubbles, the bubble size and size 

distribution were calculated by analyzing the TEM images with the help of ImageJ 

software[131]. Bubble size distributions are plotted in Figure 4.19 and the average bubble 

size and the areal density of the bubbles are summarized in Table 4.1 (refer Section 4.5). 

From the TEM images and from Table 4.1, it is observed that the helium bubbles are less 

in number when the irradiation was carried out at low temperature (143 K). This also 
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means that the areal density of the bubbles is smaller (3×10
15

/m
2
) during ion irradiation at 

143 K compared to the areal density of the bubbles (24×10
15

/m
2
) during ion irradiation at 

300 K. Further, Table 4.1 shows that the average size of the helium bubbles is larger in the 

samples irradiated at low temperature (2.89 nm) than the samples irradiated at room 

temperature (1.64 nm), for the same ion fluence of 2×10
17 

ions/cm
2
.  

 

Figure 4.19 The size distribution of the helium bubbles in the zirconia samples irradiated with 

120 keV He
+
 ions at 143 K, upto the ion fluence of (a) 1×10

16
 ions/cm

2
 and (b) 2×10

17
 ions/cm

2
. 

4.4.2. TEM analysis of the Ar
+
 ion irradiated zirconia samples 

4.4.2.1. Effects ion irradiation at room temperature 

Zirconia samples irradiated with 120 keV Ar
+
 ions at room temperature (300 K) 

were investigated under high resolution TEM. The low magnification bright field TEM 

image of the sample irradiated for the ion fluence 1×10
16 

ions/cm
2 

is shown in Figure 

4.20(a) and the corresponding HRTEM image is shown in Figure 4.20(b). The 

micrographs reveal the presence of argon bubbles and the argon bubbles are spherical in 

shape. The (002) planes of the monoclinic zirconia are identified in the HRTEM image. 

Similarly Figure 4.20(c) and (d) shows the low magnification bright field TEM image and 

HRTEM image of the sample irradiated for the ion fluence of 1×10
17

 ions/cm
2
 

respectively. The TEM images reveal the presence of spherical argon bubbles. The ( ̅11) 

planes of the monoclinic zirconia are identified and marked in the HRTEM image.  

The bubbles present in the Ar
+
 ion irradiated samples (at 300 K and at 143 K) are 

characterized in the same way as explained in previous section. The bubble size 

distribution is given in Figure 4.21. The average size of the bubbles and the areal density 

of the bubbles are listed in Table 4.1. It is observed from Table 4.1 that the average size of 

the bubbles increases with the ion fluence when the irradiation was carried at 300 K.  
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Figure 4.20 (a) Low magnification bright filed TEM image of zirconia samples irradiated with 

120 keV Ar
+
 ions at 300 K for the ion fluence  of (a) 5×10

16
 ions/cm

2
 and (c) 1×10

17
 ions/cm

2
. (b) 

and (d) show the corresponding the HRTEM images of the samples. All the TEM micrographs are 

recorded in underfocus condition. 

 

Figure 4.21 The bubble size distribution of the Ar
+
 ion irradiated (at 300 K) ZrO2 samples for 

the ion fluence of (a) 5×10
16

 ions/cm
2
) and (b) 1×10

17
 ions/cm

2
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4.4.2.2. Effects of ion irradiation at low temperature 

Figure 4.22 shows the TEM images of the zirconia samples irradiated with 

120 keV Ar
+ 

ions at 143 K for the ion fluence of 2×10
17 

ions/cm
2
. Figure 4.22(a) and 

Figure 4.22(b) shows low magnification bright field TEM image and HRTEM image of 

the sample respectively. As required for the analysis of bubbles, the images are recorded at 

underfocus condition. It is observed that the argon bubbles are spherical in shape. 

Particularly it is observed that bubbles are lesser in number when the irradiation was 

carried out at low temperature (143 K) compared to irradiation at 300 K.  

  

Figure 4.22 (a) Bright field TEM image of 120 keV Ar
+
 ion irradiated ZrO2 (2×10

17
 ions/cm

2
, 

143 K) recorded in underfocus condition, and (b) the corresponding HRTEM image. The plane 

( ̅    corresponding to the monoclinic phase is clearly seen. Some of the argon bubbles are 

marked with arrows. 

 

Figure 4.23 The size distribution of the bubbles in zirconia sample irradiated with Ar
+
 ion 

irradiated at 143 K for the ion fluence of 2×10
17

 ions/cm
2
. 

The size distribution of the bubbles present in the Ar
+
 ion irradiated sample (ion 

fluence 2×10
17

 ions/cm
2
) at 143 K also is analyzed in the same way as explained earlier. 

The bubble size distribution is plotted and shown in Figure 4.23. The bubble areal density 
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was also calculated. Table 4.1 shows the values of the average bubble size and the areal 

density of the bubbles.  

It is observed from Table 4.1 that the average size of the bubbles increases with the 

ion fluence when the irradiation was carried out at 300 K. It is also observed that the 

average size of the bubble is larger in case of the ion irradiation carried at 143 K compared 

to ion irradiation carried out at 300 K. The bubble areal density increases with ion fluence 

when the Ar
+
 ion irradiation as carried at 300 K. The bubble areal density is found to be 

less in case of ion irradiation at 143 K compared to the bubble areal density of the zirconia 

samples irradiated at 300 K. 

4.4.3. TEM analysis of the Kr
+
 ion irradiated zirconia samples 

In continuation of the previous studies, the zirconia samples, irradiated with 

60 keV Kr
+
 ions were also studied under high resolution TEM. 

4.4.3.1. Effects of ion irradiation at room temperature 

Figure 4.24 shows the TEM micrographs of zirconia samples, irradiated with 

60 keV Kr
+ 

ions at room temperature (300 K). The irradiations were carried out for the ion 

fluences of 1×10
16

 ions/cm
2
, 1×10

17
 ions/cm

2
 and 5×10

17
 ions/cm

2
 and the TEM 

micrographs of all the samples are shown in Figure 4.24. Figure 4.24(a) shows the low 

magnification bright field TEM image of the zirconia sample irradiated for the ion fluence 

of 1×10
16 

ions/cm
2
. The image is recorded in underfocus condition which clearly shows 

the presence of krypton bubbles. The krypton bubbles are almost spherical in shape. It is 

observed here that the krypton bubbles are formed inside the grains. Figure 4.24(b) shows 

the HRTEM image of the same sample, where the lattice fringes of the monoclinic 

zirconia are seen clearly. The (  ̅11) planes corresponding to the monoclinic phase of 

zirconia has been identified and is marked in the micrograph. Figure 4.24(c) shows the 

low magnification bright field TEM image of the sample (ion fluence of 1×10
17

 ions/cm
2
) 

and Figure 4.24(d) shows the HRTEM image of the same sample. In HRTEM image 

(Figure 4.24(d)), the ( ̅02) planes corresponding to monoclinic zirconia has been marked. 

Importantly, it is observed that the krypton bubbles are formed both inside the grains and 

on the grain boundaries. But this observation is not true, when the ion fluence reaches 

5×10
17 

ions/cm
2
. Figure 4.24(e) shows the low magnification bright field TEM image of 

the zirconia sample ion irradiated with Kr
+
 ions for the ion fluence 5×10

17 
ions/cm

2
.  It is 

seen that the krypton bubbles are formed only inside the grains. Figure 4.24(f) shows the 
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HRTEM image of the same sample (5×10
17 

ions/cm
2
) and the ( ̅02) planes corresponding 

to the monoclinic phase of zirconia has been identified and is marked in the micrograph. 

  

  

  

Figure 4.24 (a) Low magnification bright field TEM image of the zirconia samples irradiated 

with 60 keV Kr
+
 ions at 300 K  for the ion fluence of (a) 1×10

16
 ions/cm

2
, (c) 5×10

16
 ions/cm

2
 and 

(e) 1×10
17

 ions/cm
2
. (b), (d) and (e) show the corresponding HRTEM images of the samples. All 

the TEM micrographs are recorded in underfocus condition. 
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In summary, the TEM observations reveal that Kr
+
 ion irradiation at room 

temperature, results in the formation of krypton bubbles. The bubbles are seen only inside 

the grains for the lower ion fluence (1×10
16 

ions/cm
2
) and the highest ion fluence 

(5×10
17 

ions/cm
2
). Interestingly, for the ion fluence of 1×10

17 
ions/cm

2
, the bubbles are 

seen both inside the grains and on the grain boundaries. 

4.4.3.2. Effects of ion irradiation at low temperature 

  

Figure 4.25 (a) Low magnification bright field TEM image and (b) HRTEM image of zirconia 

sample irradiated with 60 keV Kr
+
 ions at 143 K for the ion fluence 1×10

17
 ions/cm

2
. Both the 

images are recorded in underfocus condition. The ( ̅  ) plane of the monoclinic phase is marked 

in (b). 

Figure 4.25 shows the TEM images of the zirconia samples irradiated with 60 keV 

Kr
+ 

ions at 143 K, for the ion fluence of 1×10
17

 ions/cm
2
. Figure 4.25(a) shows the low 

magnification bright field TEM image and Figure 4.25(b) shows the HRTEM image of the 

Kr
+
 ion irradiated sample (1×10

17
 ions/cm

2
). The TEM images clearly show the presence 

of spherical krypton bubbles. The bubbles are seen only inside the grains. The ( ̅02) plane 

of zirconia is clearly marked and corresponding to monoclinic structure of the zirconia. It 

is observed that for the same ion fluence, the number of krypton bubbles present in the 

sample irradiated at low temperature is less than the number of krypton bubbles present in 

the samples irradiated at room temperature.  

The bubble size distribution is plotted and shown in Figure 4.26. The bubble areal 

density was also calculated. Table 4.1 shows the values of the average bubble size and the 

areal density of the bubbles. It is observed from Table 4.1, that the average size of the 

bubbles increases with the ion fluence when the ion irradiation was carried at 300 K. It is 

also observed that for the same ion fluence (1×10
17 

ions/cm
2
), the average bubble size is 
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larger (5.4 nm) when the irradiation is carried out at 300 K compared to the average 

bubble size (1.1 nm) when the irradiation is carried out at 143 K. 

The bubble areal density is less in case of ion irradiation carried out at 143 K 

compared to the bubble areal density present in the zirconia samples ion irradiated at 

300 K. It is also observed that, in the case of room temperature irradiation, the areal 

number density of the bubble increases with ion fluence upto 1×10
17 

ions/cm
2
 and then 

decreases for the ion fluence 5×10
17 

ions/cm
2
. 

 

 

Figure 4.26 The bubble size distribution of the Kr
+
 ion irradiated ZrO2 samples for the ion 

fluence of (a) 1×10
16

 ions/cm
2
 (300 K), (b) 1×10

17
 ions/cm

2 
(300 K) (c) 2×10

17
 ions/cm

2
 (300 K) 

and(d) 1×10
17

 ions/cm
2
 (143 K) 

4.5. Bubble induced swelling in ion irradiated zirconia 

In the case of nuclear fuel materials, the effects of inert gases are one of the major 

concerns. As described in Chapter 1, inert gases either get released from the fuel, or 

precipitates inside the fuel leading to the swelling of the material. When TEM 

micrographs are used to calculate bubble induced swelling, the following equation is 

generally used 
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Eqn.4.1 

 

where S is the swelling in percentage, d is the average diameter of the bubbles, s is the 

area of measurement (i.e., the area of the TEM micrograph), t is the thickness of the 

specimen. In the present experiments, t is taken as 50 nm (measured using EELS which is 

not given).  

Table 4.1 The table lists the average bubble size and the areal density of bubbles for all 

the ion irradiated zirconia sample. 

Ion (Energy) 
Sample 

temperature 

Ion Fluence 

(ions/cm
2
) 

Average 

Bubble 

size 

(nm) 

Bubble areal 

density 

(×10
15

/m
2
) 

Swelling 

(%) 

 

He
+
 (120 keV) 

300 K  
1×10

16
 1.6 8 1.4 

2×10
17

 1.6 24 2.7 

143 K  2×10
17

 2.9 3 0.009 

Ar
+
 (120 keV) 

300 K  
5×10

16
 1.7 18 0.09 

1×10
17

 1.9 120 1.6 

143 K  2×10
17

 2.9 3 0.009 

Kr
+
 (60 keV) 

300 K  

1×10
16

 2.8 10 0.03 

1×10
17

 5.4 32 0.04 

5×10
17

 7.5 6 0.1 

143 K  1×10
17

 1.1 3 0.03 

Table 4.1 shows the swelling observed in zirconia samples upon He
+
, Ar

+
 and Kr

+
 

ion irradiation (at 300 K and at 143 K). It is observed from Table 4.1 that, in all the cases, 

the bubble induced swelling increases with the ion fluence. It is also observed that the 

swelling is more when the irradiations are carried out at room temperature compared to the 

irradiation at low temperature. This is because at low temperatures the defects are 

immobile and hence cannot assist in the bubble formation. It is further observed that the 

swelling caused by Kr
+
 ions is relatively less when compared to the swelling caused by 

He
+
 and Ar

+
 ions. This is due to the sputtering of the ion irradiated layers by the Kr

+
 ions 

due to its high sputtering yield (8.8 atoms/ion). 

4.6. Discussion 

Low energy inert gas ion irradiation on monoclinic zirconia led to partial phase 

transformation from monoclinic to tetragonal structure irrespective of the ions and the 



Discussion Chapter 4 

93 

irradiation temperatures. The phase transformation rate is found to be faster when the ion 

irradiation was carried out at 143 K. It is also observed that, strain is produced in the 

zirconia samples, irrespective of the ion irradiation temperatures and the ions (He
+
, Ar

+
 

and Kr
+
) used. Further, SEM and TEM observations show the changes in morphology and 

bubble induced swelling. 

The SEM studies reveal that (i) the porosity of the sample increases with the ion 

fluence, with a reversal in case of the highest ion fluences and (ii) there is joining and 

junction formation between the zirconia grains. It is known that when the ions are 

irradiated in a target, vacancies and interstitials are produced. Since the interstitials are 

capable of moving depending on their recoil energy, there is an inhomogeneous 

distribution of interstitials and vacancies in the zirconia. The inhomogeneous distribution 

of defects leads to inhomogeneous stress distribution, leading to local structural 

deformation in zirconia. These zirconia grains are damaged by the primary ions (He
+
, Ar

+
 

and Kr
+
) and by the cascade collisions. In addition to this, the ion irradiation induced 

damage, is likely to form dangling bonds on the grain surface leading to the joining of the 

grains.  

Formation of junction was earlier reported in inorganic nanowires[147]. Vacancies 

and lattice defects at the junction of two zirconia grains created as a result of incident ions 

and recoiled atoms, leads to the formation of dangling bonds on their surfaces. This leads 

to the covalent bonding between the zirconia grains at their junction. However, the ion 

irradiation effects should have a deeper impact than the chemical bonding between the two 

zirconia grains. The surface of the zirconia grains could undergo a local melting due to the 

heat produced by ion irradiation. This further helps in the large scale joining and network 

formation. In the present work, the ion irradiation induced joining is observed in moderate 

ion fluences involving reasonably low energy ions (120 keV and 60 keV). Most of the 

works reported for ion beam induced melting, were involved with very low energy ion 

beams and high power pulsed electron beam.  

In addition to the ion irradiation, high degree of curvature of the nano grains could 

also encourage melting of the surface at temperatures, that is at a fraction of the melting 

points[156]. The surface melting and its subsequent rapid solidification would lead to the 

joining and formation of junctions. As the junction and network formation depends on the 

surface disorder and the local melting, optimal ion fluences and incident energy of the ions 

are required for the formation of these junctions. The typical threshold energy for the 

displacement of the target atoms due to incident ion is about 10-25 eV and the typical 
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binding energy of the surface atom is about 1-5 eV. From the present work, it is observed 

that the ion fluence plays a crucial role in determining the joining of the grains. It is 

known that minimum ion fluence is required to create the surface disorder[147]. 

In case of He
+
 (120 keV) and Ar

+
 (120 keV) ion irradiation, as the energy is high, 

the range of the incident ion exceeds the size of the zirconia grains (see Table 3.1). In this 

case the energy transferred from the ions to the sample is not optimal and hence they could 

not produce enough surface defects and melting required for the joining and formation of 

junctions. As a result the joining of the grains is not more pronounced. In case of the Kr
+
 

(60 keV) ion irradiation, range of the incident ions is within the grain size of zirconia 

(see Table 3.1), they could produce surface defects and melting required for the joining 

and formation of junctions. As minimum ion fluence is necessary to create sufficient 

disorder, when the ion fluences are lower, there could not be enough joining of the grains 

as seen in the SEM images of the He
+
, Ar

+
, Kr

+ 
ion irradiated samples. For higher ion 

fluences, sputtering and local melting could be high, leading to pronounced joining of the 

grains (refer Figure 4.12). 

In case of Kr
+
 (60 keV) ion irradiation, shallow range of the incident ions (23 nm) 

and the high sputtering yield (8.8 atoms/ion) leads to sputtering. Sputtering can lead to the 

higher rate of re-deposition and the local melting due to the heat produced by ion 

irradiation could further help in the large scale joining and network formation. However, 

in case of the zirconia samples ion irradiated at 143 K, the sputtering was significant 

enough to remove the irradiated layer for the highest ion fluence 5×10
17

 ions/cm
2 

(refer Figure 4.13)  

In addition to the joining of the grains, TEM investigations show that the bubbles 

are formed upon ion irradiation (He
+
, Ar

+
 and Kr

+
) irrespective of the ion irradiation 

temperatures (300 K and 143 K). In case of the helium and argon ion irradiation, the 

bubbles are formed inside the grains. However, in case of Kr
+
 ion irradiated samples, some 

bubbles are formed both inside the grains and along the grain boundaries. Irrespective of 

the ions used for the irradiation purpose, the bubble density is larger when the ion 

irradiation was carried out at 300 K, compared to the ion irradiation carried out at 143 K. 

Bubbles formed are spherical in shape for all the ions used for the experimental purpose 

(He
+
, Ar

+
 and Kr

+
). However in case of He

+
 ion irradiation (300 K), spherical as well as 

facetted bubbles are seen.  

Bubbles and bubble induced swelling are a commonly occurring phenomenon in 

the nuclear fuels. Bubbles get nucleated either in a homogeneous fashion or in a 



Discussion Chapter 4 

95 

heterogeneous fashion. Homogeneous process is the one when the bubble grows when a 

gas atom by atomic migration gets attracted to the existing bubble. Heterogeneous process 

is attributed when the formed bubbles grows by trapping vacancies, which (vacancies) in 

turn leads to trapping of gaseous atoms and there by contributing to the bubble growth. 

Heterogeneous nucleation is quiet a common phenomenon occurring when the bubbles 

comes in contact with the dislocation lines. Formation of the bubbles depends on 

minimum number of gas atoms (that are able to form a stable nucleus), the rate at which 

the lattice vacancies are produced to maintain the stability of the nucleated core and the 

mobility of the gas atoms.  

In case of the He
+
 and Ar

+
 ion irradiation the bubbles are formed as result of 

heterogeneous nucleation process. When the vacancies and interstitials are farther away 

from the grain boundaries the vacancies inside the grains traps the gas atoms leading to the 

formation of bubbles. The cavity is generally considered to be a bubble when the pressure 

of gas atoms tends to make the cavity in a spherical shape. The cavity tends to be spherical 

when the surface energy is altered by the gas atom or when the gas pressure is high 

enough. The facetted bubbles are the result of the periodicity of the lattice. The cavity 

tends to be facetted and the facet lie along the closed packed planes[157]. 

In the case of krypton ion irradiation at room temperature, the bubbles are found 

only inside the grains for the ion fluences of 1×10
16

 ions/cm
2
, 5×10

17
 ions/cm

2 
and both 

inside and on the grain boundaries in the case of ion fluence of 1×10
17

 ions/cm
2
. The 

bubble density is also found to decrease for the ion fluence 5×10
17

 ions/cm
2
. In the case of 

ion fluence 1×10
16

 ions/cm
2
, the vacancies and interstitials present inside the grains if they 

are farther apart compared to the grain size and does not recombine. The vacancies present 

inside the grains, traps the gas atoms leading to the formation of bubbles and its growth. In 

case of ion fluence 1×10
17

 ions/cm
2
, due to their higher mobility than the vacancies, the 

interstitials gets attracted to the grain boundaries larger in number, leading to the 

vacancies inside the grains to trap the gas atoms forming bubbles and bubble growth. 

However theoretical modeling has also shown that in addition to the vacancy hopping 

process to anneal the vacancies present inside the grains some interstitials could also be 

emitted back to the grains and combine with the vacancies[158]. Hence the vacancies that 

are present in the grain boundaries tend to trap the gas atoms forming bubble. For the ion 

fluence 5×10
17

 ions/cm
2 

the bubbles formed on the grain boundaries in the previous lower 

ion fluence (1×10
17

 ions/cm
2
)  as a result of continuous ion irradiation leads to more 

bubbles and these bubbles links together and finally gets released out of the grain 
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boundaries. This results in the low areal density of the bubbles for the ion fluence 5×10
17

 

ions/cm
2 
than the ion fluence 1×10

17
 ions/cm

2
. 

Also, it is observed that the bubble density is considerably less when the ion 

irradiation was carried out at 143 K. In case of ion irradiation at low temperature using 

He
+
, Ar

+
 and Kr

+ 
ions, the defects are generally rendered immobile at such low 

temperature and hence prohibits the bubble movement and its growth. Only such 

vacancies which had directly encountered the gas atoms lead to the formation of 

bubbles[10].  

Swelling is found to be dependent on the ion mass, ion fluence and ion irradiation 

temperature. It is observed that the bubble density and swelling increases with ion fluence 

irrespective of the ions used for the irradiation. This is expected, as bubble density is 

proportional to bubble induced swelling. Swelling is low when the ion irradiation was 

carried out at 143 K. This is because the defects produced during ion irradiation at low 

temperatures are immobile and there are not enough mobile defects to assist in the bubble 

formation. The less bubble density subsequently leads to less bubble induced swelling. 

Compared to the Ar
+
 ion irradiation, Kr

+
 ions are expected to produce more swelling in the 

zirconia samples, as the displacement per atom is high for the Kr
+
 ions (see Table 3.1)[37]. 

However, in the present experiments, the swelling in the Kr
+
 ion irradiated zirconia sample 

is less than Ar
+
 ion irradiated zirconia sample. This is because of the shallow range 

(23 nm) of the Kr
+
 ions and its high sputtering yield (8.8 atoms/ion) compared to the Ar

+ 

ion (4.6 atoms/ion), the irradiated layer might have removed due to sputtering. 

4.7. Conclusions 

As-sintered monoclinic zirconia samples prepared by the thermal decomposition 

method were irradiated with Kr
+
 (60 keV), Ar

+
 (120 keV) and He

+
 (120 keV) ions using 

the 150 kV accelerator. Upon ion irradiation, (irrespective of the ions used and ion 

irradiation temperatures), the zirconia sample undergoes a partial phase transformation. 

There is also ion beam induced strain in the zirconia samples upon ion irradiation. SEM 

images reveal that there is joining of grains and junction formation. Along with the phase 

transformation, helium, argon and krypton bubbles are also formed in the zirconia samples 

irrespective of the ion irradiation temperatures (300 K and 143 K). Even though the 

bubbles formed during the ion irradiation are spherical in shape, few facetted bubbles are 

also observed in case of He
+
 ion irradiation. The bubble density and swelling is less when 

the ion irradiation was carried out at 143 K. Lower bubble density in the zirconia samples 
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ion irradiated at 143 K is attributed to the immobility of the defects. Less swelling in the 

Kr
+ 

ion irradiated zirconia samples (compared to Ar
+ 

ion irradiated zirconia samples) is 

attributed to the high sputtering yield of the Kr
+
 ions where irradiated layer might have 

removed during irradiation.  
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Chapter 5 

Optical properties of ion irradiated monoclinic zirconia 

5.1. Introduction 

As mentioned in the previous chapters, the inert gas ion irradiation (He
+
, Ar

+
 and 

Kr
+
 ion irradiation at 300 K and 143 K) on monoclinic zirconia shows monoclinic to 

tetragonal phase transformation along with the formation of inert gas bubbles. Recently, 

ultrafast laser has produced similar kind of defects in oxides which are equivalent to swift 

heavy ion (SHI) irradiation where electronic energy loss is the dominant process. Rittman 

et al.,[108] had employed ultrafast laser irradiation on ZrO2 and had observed monoclinic 

to tetragonal phase transformation and the results are identical to those produced by SHI 

irradiation[42]. The ability of ultrafast lasers and SHI irradiation to rearrange and disorder 

the structures through identical damage processes, provides the link between the two 

processes (ultrafast and SHI irradiation) of depositing large amounts of ionizing energy 

into the material.  

In order to produce the effects of fission fragment damage (typically ~1MeV/amu) 

which is equivalent to SHI irradiation, laser irradiation was employed. Further, to 

understand the evolution of defects, zirconia (laser irradiated, ion irradiated and laser plus 

ion irradiated) samples were analyzed using photoluminescence spectroscopy and time 

resolved photoluminescence (TRPL) measurements. 

5.2. Experiment 

ZrO2 pellets (as-sintered and He
+
, Ar

+
, Kr

+
 ion irradiated) were irradiated using a 

KrF excimer laser (M/s. COMPexPro. 205) of wavelength 248 nm with a pulse duration of 

about 25 ns. The power, energy and repetition rate of the laser beam was 680 mW, 133 mJ 

and 5 Hz respectively. The laser was focused on the pellet surface at normal incidence. 

The number of laser shots used for the laser irradiation was 200 and 2000 shots and the 

laser irradiation was carried out in air. The zirconia samples with different ion and laser 

irradiation conditions are coded and given in Table 5.1. To investigate the morphology of 

the laser irradiated surface, SEM experiments were carried out with cross beam 340 (Carl 

Zeiss make) FIB-FESEM. Integrated AFM, Raman, PL spectrometer (model: WITec alpha 

300 RA) was used for PL measurements with an excitation energy at 3.49 eV (wavelength 

355 nm). The photoluminescence spectra were recorded with the laser power of 0.5 mW. 

Time resolved photoluminescence measurements were carried out using FLS 980 
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Edinburg. FLS 980 has a nanosecond flash lamp and picosecond pulsed diode laser for 

TCSPC measurements. Wavelength used for the measurements was 355 nm and the 

resolution of the TCSPC detector was10 ps. 

Table 5.1 The table explains the convention followed while giving codes for different 

zirconia samples which were initially irradiated with an inert gas ion for different ion 

fluences, at 300 K or 143 K, followed by laser irradiation upto 200 shots or 2000 shots. 

The sample code does not include information about the inert gas ion used for 

irradiation. 

Sample codes 
Number of shots during laser irradiation 

NIL 200 shots 2000 shots 

D
et

ai
ls

 o
f 

in
er

t 
g
as

 i
o
n
 i

rr
ad

ia
ti

o
n

 

As-prepared Z-Asp Z-200LI Z-2000LI 

T
em

p
er

at
u
re

 a
n
d
 i

o
n
 f

lu
en

ce
 o

f 
 

in
er

t 
g
as

 i
o
n
 i

rr
ad

ia
ti

o
n
 

3
0
0
 K

 

1×10
16

 Z-RT-1E16 Z-RT-1E16-200LI Z-RT-1E16-2000LI 

5×10
16

 Z-RT-5E16 Z-RT-5E16-200LI Z-RT-5E16-2000LI 

1×10
17

 Z-RT-1E17 Z-RT-1E17-200LI Z-RT-1E17-2000LI 

5×10
17

 Z-RT-5E17 Z-RT-5E17-200LI Z-RT-5E17-2000LI 

1
4
3
 K

 

1×10
16

 Z-LT-1E16 Z-LT-1E16-200LI Z-LT-1E16-2000LI 

5×10
16

 Z-LT-5E16 Z-LT-5E16-200LI Z-LT-5E16-2000LI 

1×10
17

 Z-LT-1E17 Z-LT-1E17-200LI Z-LT-1E17-2000LI 

5×10
17

 Z-LT-5E17 Z-LT-5E17-200LI Z-LT-5E17-2000LI 

5.3. SEM analysis of laser irradiation effects on ion irradiated surfaces 

5.3.1. SEM analysis of laser irradiated zirconia 

Figure 5.1 shows the SEM images of laser irradiated zirconia samples. Figure 

5.1(a) shows the morphology of the laser (200 shots) irradiated surface where the inset of 

Figure 5.1(a) shows the laser spot. When comparing the images of Figure 4.1(a) (before 

laser irradiation) and Figure 5.1(a) (after laser irradiation), the porosity of the sample has 

reduced drastically upon laser irradiation. The grain size was measured and the size 

distribution is shown as inset of Figure 5.1(a). The average size of the grain is found to be 

~413 nm. This value is much larger than the average grain size (~ 55 nm) of the as-

sintered zirconia sample. 
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Figure 5.1 SEM images of the laser irradiated zirconia samples for the laser shots of (a) 200 

shots and (b) 2000 shots. 

Figure 5.1(b) shows the SEM image of the laser (2000 shots) irradiated surface of 

the zirconia sample (inset Figure 5.1(b) shows the laser spot). The average grain size is 

found to be ~ 271 nm (size distribution given in the inset of Figure 5.1(b)). It is also 

observed that the grains have very sharp, distinct, clear boundaries upon laser irradiation. 

  

Figure 5.2 SEM images of the laser (200 shots) irradiated on He
+ 

ion (at 300 K) irradiated 

zirconia samples for the ion fluences of (a) 1×10
16

 ions/cm
2 
and (b) 2×10

17
 ions/cm

2
. 

5.3.2. SEM analysis on laser irradiated on He
+
 ion irradiated zirconia samples 

The average grain size of the He
+
 ion (300 K and 143 K) irradiated and laser (200 

shots and 2000 shots) irradiated on He
+ 

ion irradiated zirconia samples were measured and 

the values are shown in Table 5.2. The SEM images of the laser (200 and 2000 shots) 
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irradiation on He
+
 ion (300 K and 143 K) irradiated zirconia samples are presented in 

proceeding sections. 

Table 5.2 Average grain size values of the He
+
 ion irradiated at 300 K and 143 K, and 

laser (200 and 2000 shots) irradiation on He
+ 

ion irradiated zirconia samples 

He
+
 ion irradiation 

Average grain size (nm) 

Before 

laser 

irradiation 

After laser irradiation 

Temperature 
Ion fluence 

(ions/cm
2
) 

200 shots 2000 shots 

Room 

Temperature 

(300 K) 

1×10
16

 75 150 248 

5×10
16

 87 146 143 

1×10
17

 72 155 148 

2×10
17

 72 650 452 

Low 

Temperature 

(143 K) 

1×10
16

 66 344 152 

5×10
16

 63 146 149 

1×10
17

 75 146 146 

2×10
17

 82 140 152 

 

5.3.2.1. Laser (200 shots) irradiation on He
+
 ion irradiated (at 300 K) samples  

Figure 5.2(a) and Figure 5.2(b) shows the SEM images of laser irradiation (200 

shots) on the He
+
 ion irradiated (at 300 K) zirconia samples for the ion fluences of 

1×10
16

 ions/cm
2
 and 2×10

17
 ions/cm

2
 respectively. When comparing the SEM images of 

the laser irradiated sample (see Figure 5.2(a)) with Figure 4.2(b) (before laser irradiation), 

it is observed that the sample has lost its porosity. Upon laser irradiation, the average grain 

size (~150 nm and ~650 nm for the ion fluences of 1×10
16

 ions/cm
2
 and 2×10

17
 ions/cm

2
 

respectively) is also found to be larger than the average grain size of the samples before 

laser irradiation (~ 75 nm and ~72 nm for the ion fluences of 1×10
16

 ions/cm
2
 and  

~ 2×10
17

 ions/cm
2
 respectively). 

5.3.2.2. Laser (2000 shots) irradiation on He
+
 ion irradiated (at 300 K) samples  

SEM images of the laser irradiated (2000 shots) on He
+
 ion irradiated (at 300 K) 

zirconia samples for the ion fluences 1×10
16

 ions/cm
2
 and 2×10

17
 ions/cm

2 
are shown in 

Figure 5.3(a) and Figure 5.3(b) respectively. It is observed that there is a reduction in the 

porosity of the samples upon laser irradiation (refer Figure 4.2 (b)). After laser irradiation, 

the average grain size for the ion fluences 1×10
16

 ions/cm
2
 and 2×10

17
 ions/cm

2 
are 

~248 nm and ~ 452 nm respectively. However, before laser irradiation, the average grain 

size is ~ 75 nm and ~ 72 nm for the ion fluences 1×10
16

 ions/cm
2
 and 2×10

17
 ions/cm

2 
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respectively. Hence, in addition to the reduction in the porosity, the average grain size has 

also increased upon laser irradiation. 

  

Figure 5.3 SEM images of the laser (2000 shots) irradiated on He
+
 ion (at 300 K) irradiated  

zirconia samples for the ion fluences of (a) 1×10
16

 ions/cm
2 
and (b) 2×10

17
 ions/cm

2
. 

5.3.2.3. Laser (200 shots) irradiation on He
+
 ion irradiated (at 143 K) samples  

  

Figure 5.4 SEM images of the laser (200 shots) irradiated on He
+
 ion (at 143 K) irradiated 

zirconia samples for the ion fluences of (a) 1×10
16

 ions/cm
2 
and (b) 2×10

17
 ions/cm

2
. 

Figure 5.4(a) and Figure 5.4(b) show the SEM images of the laser irradiated (200 

shots) on He
+
 ion irradiated (at 143 K) zirconia samples for the ion fluences 1×10

16
 

ions/cm
2
 and 2×10

17
 ions/cm

2
 respectively. Upon looking at the SEM images, it is noticed 

that the laser irradiation has resulted in the reduction of porosity (refer Figure 4.4(a) and 

Figure 4.4(d)). Upon laser irradiation, the grain size is found to be ~ 344 nm and ~ 140 nm 

for ion fluences 1×10
16

 ions/cm
2 

and 2×10
17 

ions/cm
2
 respectively. The values are much 
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larger than the average grain size (~66 nm for 1×10
16

 ions/cm
2 

and ~ 82 nm for 2×10
17 

ions/cm
2
) before laser irradiation. Thus laser irradiation has resulted in the increase in 

average size of the grains. 

5.3.2.4. Laser (2000 shots) irradiation on He
+
 ion irradiated (at 143 K) samples  

   

Figure 5.5 SEM images of the laser (2000 shots) irradiated on He
+
 ion (at 143 K) irradiated 

zirconia samples for the ion fluences of (a) 1×10
16

 ions/cm
2 
and (b) 2×10

17
 ions/cm

2
. 

Figure 5.5(a) and Figure 5.5(b) shows the SEM images of the laser irradiated (2000 

shots) on He
+
 ion irradiated (at 143 K) zirconia samples for the ion fluences 1×10

16
 

ions/cm
2
 and 2×10

17
 ions/cm

2
 respectively. The observations are similar to the samples ion 

irradiated at 300 K. The samples has lost its porosity (see Figure 4.4 (a) and Figure 4.4 

(d)) and the average grain size has increased, compared to the samples before laser 

irradiation. Upon laser irradiation, the average grain size is ~ 152 nm and ~ 152 nm for the 

ion fluences 1×10
16

 ions/cm
2 

and 2×10
17 

ions/cm
2 

respectively and these values are larger 

than the average grain size before laser irradiation (~66 nm for 1×10
16

 ions/cm
2 

and ~ 

82 nm for 2×10
17 

ions/cm
2
). 

5.3.3. SEM analysis on laser irradiated on Ar
+
 ion irradiated zirconia samples 

The average grain size of the Ar
+
 ion irradiated (at 300 K and 143 K) and laser 

irradiation (200 and 2000 shots) on Ar
+
 ion irradiated samples were measured and the 

values are shown in Table 5.3. The SEM images of the laser irradiation (200 and 2000 

shots) on Ar
+
 ion irradiated (at 300 K and 143 K) samples are discussed in proceeding 

sections. 
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Table 5.3 Average grain size values of the Ar
+
 ion irradiated (at 300 K and 143 K) and 

laser (200 and 2000 shots) irradiation on Ar
+ 

ion irradiated zirconia samples 

Ar
+
 ion irradiation 

Average grain size (nm) 

Before 

laser 

irradiation 

After laser irradiation 

Temperature 
Ion fluence 

(ions/cm
2
) 

200 shots 2000 shots 

Room 

Temperature 

(300 K) 

1×10
15

 59 155 150 

5×10
15

 73 246 249 

1×10
16

 74 150 251 

5×10
16

 72 148 149 

1×10
17

 85 - 152 

Low 

Temperature 

(143 K) 

2×10
15

 94 246 247 

1×10
16

 - - 300 

5×10
16

 64 349 345 

2×10
17

 74 250 150 

5.3.3.1. Laser (200 shots) irradiation on Ar
+
 ion irradiated (at 300 K) samples 

  

Figure 5.6 SEM images of the laser (200 shots) irradiated on Ar
+
 ion irradiated (at 300 K) 

zirconia samples for the ion fluences of (a) 1×10
16

 ions/cm
2
 and (b) 5×10

16
 ions/cm

2 

The SEM images of the laser (200 shots) irradiated on Ar
+
 ion irradiated (at 300 K) 

zirconia samples for the ion fluences of 1×10
16

 ions/cm
2 

and 5×10
16

 ions/cm
2 

are shown in 

Figure 5.6(a) and Figure 5.6(b) respectively. Upon laser irradiation, the Ar
+ 

ion irradiated 

surfaces has also lost its porosity (refer Figure 4.7(c) and Figure 4.7(d)) and the average 

grain size was measured and found to be ~ 150 nm and ~ 148 nm for the ion fluences 

1×10
16

 ions/cm
2
 and for 5×10

16
 ions/cm

2
 respectively. These values are larger than that of 
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the samples before laser irradiation (~ 74 nm for 1×10
16

 ions/cm
2
 and ~ 72 nm for 5×10

16
 

ions/cm
2
). 

5.3.3.2. Laser (2000 shots) irradiation on Ar
+
 ion irradiated (at 300 K) samples  

   

Figure 5.7 SEM images of the laser (2000 shots) irradiated on Ar
+
 ion irradiated (at 300 K) 

zirconia samples for the ion fluences of (a) 1×10
15

 ions/cm
2 
and (b) 5×10

16
 ions/cm

2
. 

Figure 5.7(a) and Figure 5.7(b) shows the SEM images of the laser (2000 shots) 

irradiated on Ar
+
 ion irradiated (300 K) zirconia samples for the ion fluences of 

1×10
15

 ions/cm
2 

and 5×10
16

 ions/cm
2 

respectively. The SEM images from the laser 

irradiated surface reveal that the samples have lost its porosity (refer Figure 4.7(a) and 

Figure 4.7(d)) and the average grain size (~ 150 nm and ~ 149 nm for the ion fluences 

1×10
15

 ions/cm
2 

and 5×10
16

 ions/cm
2 

respectively) has increased, when the SEM images 

are compared to the ion irradiated samples (~ 74 nm for 1×10
16

 ions/cm
2
 and ~ 72 nm for 

5×10
16

 ions/cm
2
).  

5.3.3.3. Laser (200 shots) irradiation on Ar
+
 ion irradiated (at 143 K) samples  

SEM images of laser (200 shots) irradiated on the Ar
+
 ion (at 143 K) irradiated 

zirconia samples for the ion fluences 5×10
16

 ions/cm
2 

and 2×10
17 

ions/cm
2
 are shown in 

Figure 5.8(a) and Figure 5.8(b) respectively. The samples have lost its porous nature 

(see Figure 4.9) upon laser irradiation. The average grain size is ~ 349 nm and ~ 250 nm 

for the ion fluences 5×10
16

 ions/cm
2 

and 2×10
17 

ions/cm
2 

respectively after laser 

irradiation. The values are larger than the average grain size before laser irradiation (~ 

64 nm for 5×10
16

 ions/cm
2
 and ~ 74 nm for 2×10

17
 ions/cm

2
). 
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Figure 5.8 SEM images of the laser (200 shots) irradiated on Ar
+
 ion irradiated (at 143 K) 

zirconia samples for the ion fluences of (a) 5×10
16

 ions/cm
2 
and (b) 2×10

17
 ions/cm

2
. 

5.3.3.4. Laser (2000 shots) irradiation on Ar
+
 ion irradiated (at 143 K) samples  

Figure 5.9 (a) and Figure 5.9 (b) shows the SEM images of laser (2000 shots) 

irradiated on Ar
+
 ion irradiated (at 143 K) zirconia samples for the ion fluences of 5×10

16
 

ions/cm
2
 and 2×10

17 
ions/cm

2
 respectively. Looking at the SEM images of the laser 

irradiated surfaces, and comparing it with Figure 4.9 (before laser irradiation), it is noticed 

that there is a reduction in the porosity. The average grain size (~ 345 nm and 150 nm for 

the ion fluence 5×10
16

 ions/cm
2 

and 2×10
17

 ions/cm
2
) is larger than the average grain size 

before laser irradiation (~ 64 nm for 5×10
16

 ions/cm
2 

and 74 nm for 2×10
17

 ions/cm
2
). 

  

Figure 5.9 SEM images of the laser (2000 shots) irradiated on Ar
+
 ion irradiated (at 143 K) 

zirconia samples for the ion fluences of (a) 5×10
16

 ions/cm
2 
and (b) 2×10

17
 ions/cm

2
. 
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5.3.4. SEM analysis on laser irradiated on Kr
+
 ion irradiated zirconia samples 

Table 5.4 Average grain size values of the Kr
+
 ion irradiated (at 300 K and 143 K) and 

laser (200 and 2000 shots) irradiation on Kr
+ 

ion irradiated zirconia samples 

Kr
+
 ion irradiation 

Average grain size (nm) 

Before 

laser 

irradiation 

After laser irradiation 

Temperature 
Ion fluence 

(ions/cm
2
) 

200 shots 2000 shots 

Room 

Temperature 

(300 K) 

1×10
16

 - 347 499 

5×10
16

 - 250 345 

1×10
17

 - 251 248 

5×10
17

 - 152 353 

Low 

Temperature 

(143 K) 

1×10
16

 70 254 658 

5×10
16

 - 446 254 

1×10
17

 - 251 536 

5×10
17

 85 257 449 

The average grain size of the Kr
+
 ion irradiated (at 300 K and 143 K) and laser 

(200 and 2000 shots) irradiation on Kr
+
 ion irradiated samples were measured and the 

values are shown Table 5.4. In the following sections, The SEM images of the laser (200 

and 2000 shots) irradiated on Kr
+
 ion irradiated zirconia samples are discussed. 

5.3.4.1. Laser (200 shots) irradiation on Kr
+ 

ion irradiated (at 300 K) samples 

   

Figure 5.10 SEM images of the laser (200 shots) irradiated on Kr
+
 ion  irradiated (at 300 K) 

zirconia samples for the ion fluences of (a) 1×10
16

 ions/cm
2 
and (b) 5×10

17
 ions/cm

2
. 

SEM images of the laser (200 shots) irradiated on Kr
+
 ion irradiated (at 300 K) 

zirconia samples for the ion fluences 1×10
16

 ions/cm
2 

and 5×10
17 

ions/cm
2 

are shown in 

Figure 5.10(a) and Figure 5.10(b) respectively. When Figure 5.10(a) and Figure 5.10(b) 
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(after laser irradiation) are compared with the SEM images of the samples before laser 

irradiation (Figure 4.12(a) and Figure 4.12(c)), it is observed that, the sample has lost its 

porosity and grains with sharp, distinct boundaries are also clearly observed. The average 

size of the grain is found to be ~ 347 nm and ~152 nm for the ion fluences 1×10
16

 

ions/cm
2 

and 5×10
17 

ions/cm
2 

respectively. Upon, laser irradiation, the high burn up 

structure is absent and it could be due to the grain growth and coalescence which might 

have reduced the porosity. 

5.3.4.2. Laser (2000 shots) irradiation on Kr
+ 

ion irradiated (at 300 K) samples  

Figure 5.11(a) and Figure 5.11(b) shows the SEM images of the laser (2000 shots) 

irradiated on the Kr
+
 ion irradiated (at 300 K) zirconia samples for the ion fluences 1×10

16
 

ions/cm
2 

and 5×10
17 

ions/cm
2 

respectively. When comparing Figure 5.11(a) and Figure 

5.11(b) (after laser irradiation) with their corresponding SEM images (before laser 

irradiation (Figure 4.12(a) and Figure 4.12(c))), it is observed that the sample has lost its 

porosity and grains with clear grain boundaries are visible. Upon laser irradiation, the 

average grain size is found to increase significantly (~499 nm and ~353 nm for the ion 

fluences 1×10
16

 ions/cm
2 
and 5×10

17 
ions/cm

2 
respectively).  

  

Figure 5.11 SEM images of the laser (2000 shots) irradiated on Kr
+
 ion irradiated (at 300 K)  

zirconia samples for the ion fluences of (a) 1×10
16

 ions/cm
2 
and (b) 5×10

17
 ions/cm

2
. 

5.3.4.3. Laser (200 shots) irradiation on Kr
+ 

ion irradiated (at 143 K) samples  

SEM images of the laser (200 shots) irradiated on Kr
+
 ion irradiated (at 143 K) 

zirconia samples for the ion fluences 1×10
16

 ions/cm
2 

and 5×10
17

 ions/cm
2 

are shown in 

Figure 5.12(a) and Figure 5.12(b) respectively. When comparing Figure 5.12(a) and 

Figure 5.12(b) to the corresponding SEM images of the samples before laser irradiation 
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(refer Figure 4.13(a) and Figure 4.13(d)), it is observed that laser irradiation has resulted 

in the reduction of porosity of the samples. The grains in the laser irradiated samples are 

clearly seen and they have distinct grain boundaries. The average grain size is larger than 

the ion irradiated samples (~ 70 nm for 1×10
16

 ions/cm
2
 and ~ 85 nm for 5×10

17
 ions/cm

2
) 

and found to be ~ 254 nm and ~257 nm for the ion fluences of 1×10
16

 ions/cm
2 

and 

5×10
17

 ions/cm
2 

respectively.  

L   

Figure 5.12 (a) SEM images of the laser (200 shots) irradiated on Kr
+
 ion irradiated (at 143 K) 

zirconia samples for the ion fluences of (a) 1×10
16

 ions/cm
2 
and (b) 5×10

17
 ions/cm

2
. 

5.3.4.4. Laser (2000 shots) irradiation on Kr
+ 

ion irradiated (at 143 K) samples  

   

Figure 5.13 SEM images of the laser (2000 shots) irradiated on Kr
+
 ion  irradiated (at 143 K) 

zirconia samples for the ion fluences of (a) 1×10
16

 ions/cm
2 
and (b) 5×10

17
 ions/cm

2
. 

Figure 5.13(a) and Figure 5.13(b) shows the SEM images of the laser (2000 shots) 

irradiated on the Kr
+
 ion (143 K) irradiated zirconia samples for the ion fluences of 
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1×10
16

 ions/cm
2
 and 5×10

17
 ions/cm

2 
respectively. When the SEM images of the laser 

irradiated spots were compared to the SEM images of the sample before laser irradiation 

(refer Figure 4.13(a) and Figure 4.13(d)), it is found that the samples have lost its porous 

nature and the grains have distinct grain boundaries. The average grain size of the samples 

after laser irradiation is found to increase (~658 nm and ~449 nm for the ion fluences 

1×10
16

 ions/cm
2
 and 5×10

17
 ions/cm

2 
respectively) compared to the average grain size of 

the samples before laser irradiation (~ 70 nm and ~ 85 nm for ion fluences 1×10
16

 

ions/cm
2
 and 5×10

17
 ions/cm

2 
respectively).  

5.4. Photoluminescence analysis of laser and ion irradiated ZrO2 

5.4.1. PL analysis of as-sintered and laser irradiated zirconia samples 

Figure 5.14(a) shows the photoluminescence (PL) spectra obtained from the as-

sintered and laser irradiated zirconia samples. A broad PL peak is observed around 2.5 eV 

in both the as-sintered and laser irradiated zirconia samples. It is reported that the F 

centers are responsible for the PL peak at 2.5 eV[159]. Since the peak at ~ 2.53 eV is 

related to anionic defects (oxygen vacancies with electrons (F, F
+
 centers)) and distortion 

in the symmetry of oxygen ions, the change in the PL intensity is related to the 

concentration of these anionic defects. Experiments also show that the intrinsic defects 

responsible for the photoluminescence are related to oxygen vacancies[93, 157]. Thus 

change in the shape and intensity of the PL spectra is attributed to the defects present in 

the zirconia samples. It is observed that upon laser irradiation, the PL intensity has 

decreased. Moreover, the PL intensity decreases with the increase in laser shots.  The 

intensity of luminescence is estimated by the following equation[160] 

     (         Eqn.5.1 

where    is the intensity of incident light,   is the ratio of radiative recombination,   is the 

absorption coefficient of defects and   is the thickness of the material and   is the 

concentration of defects. The concentration of defects and the ratio of radiative 

recombination play important role in determining the PL intensity. Upon laser irradiation, 

the grain growth has occurred and hence the grain boundaries have significantly decreased 

(refer Figure 5.1) compared to the as sintered zirconia (refer Figure 4.1(a)). Hence, the 

decrease in the number of grain boundaries leads to the decrease in the number of defects 

which give rise to reduction in PL intensity. From this, it can be inferred that, upon laser 

irradiation, the number of defects present in the as-sintered zirconia sample has decreased.  
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Figure 5.14 Photoluminescence spectra of the as-sintered and laser (200 shots and 2000 shots) 

irradiated zirconia samples 

The PL intensity obtained from the zirconia samples decreases as a function of 

time when the experiments were carried out using the laser with the power of 0.5 mW 

(Figure 5.15(a)). The decay of PL intensity obtained from the as-sintered and laser 

irradiated zirconia samples reaches the maximum at the instant, then gradually decreases 

and becomes stable, when t > 40 seconds. The decay of the PL intensity with respect to the 

time of exposure is well fitted by the bi-exponential decay governed by the following 

equation.  

 (         ( 
 

  
*        ( 

 

  
* Eqn.5.2 

where    and   arethe decay time and    and     are the weight factor of the decay channel. 

The fast component (  ) represent intrinsic recombination while the slow component (  ) 

is most likely associated with localized states induced by defects, impurities etc. Such 

longer characteristic times (       on the order of seconds suggest the deep level of these 

trap states.  

 

 

(b) 

Sample 
Laser power - 0.5 mW 

τ1(seconds) τ2(seconds) 

Z-Asp 2.5 26 

Z-200LI 4.3 34.6 

Z-2000LI 3.8 38.5 

Figure 5.15 (a) Decay of the photoluminescence intensity with respect to time of exposure 

obtained  from the as-sintered and laser (200 and 2000 shots) irradiated zirconia samples and (b) 

Time constants of the PL intensity decay extracted by bi exponential curve fitting. 
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Figure 5.15(b) shows the values of    and    values obtained from the PL 

measurements (room temperature) on as-sintered and laser (200 and 2000 shots) irradiated 

zirconia samples. It is observed that upon laser irradiation, the values of    increases with 

the number of laser shots. As the number of defects and time constants varies inversely 

with each other, it can be concluded that upon laser irradiation, the number of defects 

decreases. 

5.4.2. PL analysis of He
+
 ion irradiated and laser irradiated zirconia samples 

 

Figure 5.16 PL spectra of zirconia samples with different conditions. (a) He
+ 

ion irradiated (at 

300 K), and further irradiated with laser for (b) 200 shots, and (c) 2000 shots, (d) He
+ 

ion 

irradiated (at 143 K) and further irradiated with laser for (e) 200 shots, and (f) 2000 shots. 
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Figure 5.16 shows the photoluminescence (PL) spectra of the laser (200 shots and 

2000 shots) irradiation on He
+ 

ion irradiated zirconia samples. Figure 5.16(a) shows the 

PL spectra of He
+ 

ion irradiated (300 K) zirconia samples. It is observed that the PL 

intensity has increased upon ion irradiation. However, the PL intensity of the sample for 

the ion fluence of 2×10
17

 ions/cm
2
 has decreased, compared to the PL intensity of the 

sample for the ion fluence of 1×10
16

 ions/cm
2
. 

Figure 5.16(b) shows the PL spectra of the laser (200 shots) irradiated on the He
+ 

ion irradiated (at 300 K) zirconia samples. It is observed that the PL intensity increases 

upon laser irradiation. The PL intensity for the ion fluence 2×10
17

 ions/cm
2
 has decreased 

compared to the PL intensity for the ion fluence of 5×10
16

 ions/cm
2
and 1×10

17
 ions/cm

2
. 

SEM observations (refer Table 5.2) show the average grain size for the ion fluence 

2×10
17

 ions/cm
2
 (~ 650 nm) is much larger than average grain size for the ion fluence 

1×10
17

 ions/cm
2 

(~ 155 nm). The number of grain boundaries is less for the highest ion 

fluence, and it give rise to less number of defects compared to the ion fluence 1×10
17

 

ions/cm
2
, hence the reduction of PL intensity is observed for the highest ion fluence 

(2×10
17

 ions/cm
2
). 

Figure 5.16(c) shows the PL spectra obtained from the laser (2000 shots) irradiated 

on the He
+ 

ion irradiated (at 300 K) zirconia samples. Upon laser irradiation, the PL 

intensity has increased for the zirconia sample which is irradiated upto the ion fluence of 

1×10
17

 ions/cm
2
, however the PL intensity has decreased for the highest ion 

fluence2×10
17

 ions/cm
2
. From SEM observations (refer Table 5.2), the average grain size 

for the ion fluence 2×10
17

 ions/cm
2
 (~ 452 nm) is much larger than average grain size for 

the ion fluence 1×10
17

 ions/cm
2 

(~ 148 nm). The number of grain boundaries is less for the 

highest ion fluence, and hence the reduction of PL intensity is observed for the highest ion 

fluence (2×10
17

 ions/cm
2
). 

Figure 5.16(d) shows the PL spectra obtained from the He
+ 

ion irradiated (at 

143 K) zirconia samples. It is observed that the PL intensity increases upon ion irradiation. 

However, the PL intensity of the ion fluence 2×10
17

 ions/cm
2 

decreases compared to the 

PL intensity of the ion fluence 1×10
16

 ions/cm
2
. SEM observations (refer Table 5.2) show 

the average grain size for the ion fluence 2×10
17

 ions/cm
2
 (~ 82 nm) is larger than average 

grain size for the ion fluence 1×10
16

 ions/cm
2 

(~ 66 nm). Since the average grain size 

increases for the highest ion fluence, the reduction in PL intensity is observed. 

Figure 5.16(e) shows the PL spectra of the laser (200 shots) irradiated on the He
+ 

ion irradiated (at 143 K) zirconia samples. Upon laser irradiation, even though the PL 
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intensity decreases for the ion fluence 1×10
17

 ions/cm
2
 (compared to the ion fluence 

5×10
16

 ions/cm
2
), the PL intensity for the highest ion fluence 2×10

17
 ions/cm

2 
increases. 

SEM observations (refer Table 5.2) on laser irradiated samples show that the average 

grain size for the ion fluence 1×10
17

 ions/cm
2
 and 2×10

17
 ions/cm

2
  are ~ 146 nm and 

~  140 nm respectively. The change in PL intensity could be attributed to annealing and/or 

production of defects during laser irradiation. 

Figure 5.16(f) shows the PL spectra obtained from the laser (2000 shots) 

irradiation on the He
+ 

ion irradiated (at 143 K) zirconia samples. It is observed that the PL 

intensity has increased upon laser (2000 shots) irradiation.  Even though the PL intensity 

decreases for the ion fluence 1×10
17

 ions/cm
2
, the PL intensity for the ion fluence 2×10

17
 

ions/cm
2
 has slightly increased compared to the PL intensity of the ion fluence 1×10

17
 

ions/cm
2
.  

 

 

Figure 5.17 Decay of the photoluminescence intensity with respect to time of exposure obtained 

from the zirconia samples (a) He
+ 

ion irradiated (at 300 K), (b) He
+ 

ion irradiated (at 300 K) and 

further irradiated with laser for 2000 shots, (c) He
+ 

ion irradiated (143 K) and (d) He
+ 

ion 

irradiated (143 K)  further irradiated with laser for 2000 shots. 

SEM observations (refer Table 5.2) show the average grain size for the ion fluence 

1×10
17

 ions/cm
2
 (~146 nm) and the average grain size for the ion fluence 2×10

17
 ions/cm

2 
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(~ 152 nm). By comparing the results of laser irradiation for 200 and 2000 shots on He
+ 

ion (143 K) irradiated samples, it is noticed that, for the laser shots on low ion fluence 

samples, production of the defects occurs, whereas for the highest ion fluence, laser 

irradiation has annealed the defects[108]. 

Figure 5.17 shows the decay of the PL intensity with respect to time of exposure 

obtained from the He
+ 

ion irradiated (at 300 K and 143 K) and further laser (2000 shots) 

irradiated zirconia samples. For all the zirconia samples (He
+
 ion irradiated and further 

laser irradiated), the decay of the PL intensity is well fitted by the bi-exponential decay 

and the values of    and    are tabulated in Table 5.5. 

From the Table 5.5, it is observed that the slow component    value increases for 

the ion fluence 1×10
16

 ions/cm
2
 (40 s) compared to the as-sintered zirconia (26 s) sample. 

Further, for the highest ion fluence 2×10
17

 ions/cm
2
, the    (33 s) value has decreased. 

This indicates that the large number of defects is produced in the sample for the ion 

fluence 2×10
17

 ions/cm
2 

compared to the ion fluence 1×10
16

 ions/cm
2
. In the presence of 

large number of defects, the recombination becomes faster and hence the    value 

decreases for the highest ion fluence 2×10
17

 ions/cm
2
. The observation is consistent with 

the PL intensity obtained for the He
+
 ion irradiated zirconia samples.  

Table 5.5 Decay time constants (τ1 and τ2) of the PL intensity with respect to time of 

exposure obtained from the He
+
 ion irradiated (at 300 K and 143 K) and further laser 

(200 and 2000 shots) irradiated zirconia samples. 

He
+
 ion irradiation 

Decay time constants (τ1 and τ2) 

Before laser 

irradiation 

After laser irradiation 

Temperature 
Ion fluence 

(ions/cm
2
) 

200 shots 2000 shots 

τ1 τ2 τ1 τ2 τ1 τ2 

Room 

Temperature 

(300 K) 

1×10
16

 4.3 40.0 3.9 24.5 4.8 33.5 

5×10
16

 4.3 27.3 3.9 25.2 3.8 26.0 

1×10
17

 4.5 32.7 3.2 22.9 3.5 25 

2×10
17

 3.6 33 3.8 24.9 3.6 25.3 

Low 

Temperature 

(143 K) 

1×10
16

 3.8 25.5 4.3 28.7 3.9 26.4 

5×10
16

 3.7 25 3.7 25 4.0 27.8 

1×10
17

 4.0 26.7 4.4 31.6 8.2 102.6 

2×10
17

 4.4 28.8 3.9 24.2 4.2 27.8 

In the case of laser (200 shots and 2000 shots) irradiation on He
+ 

ion irradiated (at 

300 K) zirconia samples (refer Table 5.5), the slow component    value decreases upon 

laser irradiation. This observation is consistent with the PL intensity of the laser irradiation 
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on the He
+
 ion irradiated (at 300 K) zirconia samples. In the case of laser (200 shots and 

2000 shots) irradiation on He
+
 ion irradiated (at 143 K) zirconia samples (refer Table 5.5), 

only for two samples (Z-LT-1E17-2000LI and Z-LT-1E17-200LI) alone, the     value 

increases and the PL intensity of these samples also decreases significantly. This 

observation is due to annealing of defects (produced during the ion irradiation) during 

laser irradiation. 

5.4.3. PL analysis of Ar
+
 ion irradiated and laser irradiated zirconia samples 

 

Figure 5.18 PL spectra of zirconia samples with different conditions. (a) Ar
+ 

ion irradiated (at 

300 K), and further irradiated with laser for (b) 200 shots, and (c) 2000 shots, (d) Ar
+ 

ion 

irradiated (at 143 K), further irradiated with laser for (e) 200 shots, and (f) 2000 shots. 
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Figure 5.18 shows the PL spectra of the Ar
+
 ion irradiated (at 300 K and 143 K) 

and laser (200 shots and 2000 shots) irradiated on Ar
+ 

ion irradiated zirconia samples. It is 

observed that the PL intensity increases upon ion as well as laser irradiation. Upon ion 

irradiation, irrespective of irradiation temperatures (300 K and 143 K), the PL intensity 

systematically increases with the ion fluence and it indicates that defect concentration 

increases with the ion fluence.  

However, in case of the sample Z-LT-2E17-2000LI, the PL intensity (for the 

highest ion fluence 2×10
17

 ions/cm
2
) decreases compared to the ion fluence 5×10

16
 

ions/cm
2
. This could be either due to annealing of defects by laser (2000 shots) or due to 

recombination of defects. In the case of laser irradiation on as-sintered zirconia samples 

(refer Figure 5.1), the native oxygen vacancies are annealed out and the PL intensity 

reduces. However in the case of Ar
+
 ion irradiated sample, even 2000 shots of laser 

irradiation was not able to anneal out the oxygen vacancies and hence the PL intensity has 

not reduced.  

Similar to the He
+
 ion irradiated zirconia samples (refer Figure 5.17), the decay of 

the PL intensity as a function of exposure time for all the Ar
+
 ion irradiated and laser (200 

shots and 2000 shots) irradiation on Ar
+
 ion irradiated zirconia samples were fitted by the 

bi-exponential decay model (refer Eqn.5.2) and the values of    and    are tabulated in 

Table 5.6. 

Table 5.6 Decay time constants (τ1 and τ2) of the PL intensity with respect to time of 

exposure obtained from the Ar
+
 ion irradiated (at 300 K and 143 K) and further laser 

(200 and 2000 shots) irradiated zirconia samples 

Ar
+
 ion irradiation 

Decay time constants (τ1 and τ2) (seconds) 

Before laser 

irradiation 

After laser irradiation 

Temperature 
Ion fluence 

(ions/cm
2
) 

200 shots 2000 shots 

τ1 τ2 τ1 τ2 τ1 τ2 

Room 

Temperature 

(300 K) 

1×10
15

 1.9 20.6 4.7 34.8 2.4 24 

5×10
16

 1.9 22.8 4 26 2.2 22.7 

1×10
17

 1.7 19.2 2 21.2 2.2 23.8 

Low 

Temperature 

(143 K) 

2×10
15

 2 21.6 2 21.02 2.2 22.35 

5×10
16

 2.4 24.5 2 21.13 1.8 21.47 

2×10
17

 2.3 31.9 1.9 20.57 5 36.55 

In case of laser (200 shots) irradiation on Ar
+ 

ion irradiated (at 300 K) zirconia 

samples, it is observed from Table 5.6, that the slow component    value decreases with 

the ion fluence. From the Table 5.6, it is also observed that the slow component    value 
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has increased for the ion fluence 1×10
15

 ions/cm
2
 (34.8 s) compared to the as-sintered 

zirconia (26 s) sample. Further the size of the grain has increased upon laser irradiation 

(150 nm) drastically compared to as-sintered ZrO2 (~ 55 nm) (refer Table 5.3). However, 

the PL intensity did not change significantly, hence, the changes in    might be due to 

grain growth. 

Further, for the laser (200 shots) irradiation, in the case of highest ion fluence 

1×10
17

 ions/cm
2
, the    (21.2 s) value decreased. This indicates that the large number of 

defects produced in the sample for the ion fluence 1×10
17

 ions/cm
2 

compared to the ion 

fluence 1×10
15

 ions/cm
2
. In the presence of large number of defects, the recombination 

becomes faster and hence the    value decreases. The observation is consistent with the 

PL intensity obtained for the laser (200 shots) irradiated on Ar
+ 

ion irradiated (at 300 K) 

zirconia samples. 

In case of Ar
+
 ion irradiated (at 143 K) zirconia samples (refer Table 5.6), it is 

observed that the slow component    value increases for the ion fluence 2×10
17

 ions/cm
2
 

(31.9 s) compared to the ion fluence 2×10
15

 ions/cm
2
 (21.6 s) sample. The observation is 

not consistent with the PL intensity of Ar
+
 ion irradiated (at 143 K) zirconia samples. 

From SEM observations (refer Section 4.3.3.2), it is observed that the porosity decreases 

upon Ar
+
 ion irradiation without significant change in the grain size (94 nm to 74 nm) and 

hence    value increases. In case of laser (2000 shots) irradiation on Ar
+
 ion irradiated 

(143 K) zirconia samples, the slow component    value increases significantly for ion 

fluence of 2×10
17

 ions/cm
2
 and it is consistent with PL intensity observation. 

5.4.4. PL analysis of Kr
+
 ion irradiated and laser irradiated zirconia samples 

Figure 5.19 shows the PL spectra of the Kr
+
 ion irradiated (at 300 K and 143 K) 

and laser (200 shots and 2000 shots) irradiated on Kr
+ 

ion irradiated zirconia samples. 

Figure 5.19(a) shows the PL spectra of as-sintered and Kr
+ 

ion irradiated (at 300 K) 

zirconia samples. It is observed that the PL intensity of the ion fluence 5×10
17

 ions/cm
2
 

has decreased compared to the PL intensity of the ion fluence 1×10
17

 ions/cm
2
. For the 

highest ion fluence (5×10
17

 ions/cm
2
), SEM observation (refer Figure 4.12) shows the 

porous microstructure and the pores might have act as a sink for the defects and hence the 

PL intensity has reduced. 

Figure 5.19(b) shows the PL spectra of the laser (200 shots) irradiated on the Kr
+ 

ion irradiated (at 300 K) zirconia samples. It is also observed that the PL intensity 

increases for the ion fluence 1×10
16

 ions/cm
2
, then decreases for the next successive ion 
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fluences till 1×10
17 

ions/cm
2
 and then again increases for the highest ion fluence 

5×10
17 

ions/cm
2
. SEM observations (refer Table 5.4) show the average grain size for the 

ion fluence 1×10
16

 ions/cm
2
, 1×10

17 
ions/cm

2
, and 5×10

17 
ions/cm

2
 are ~ 347 nm, 

~ 251 nm, and ~152 nm respectively. The number of grain boundaries is more for the 

highest ion fluence (5×10
17

 ions/cm
2
) and it gives rise to more number of defects 

compared to the ion fluence 1×10
17

 ions/cm
2
, hence the increase of PL intensity is 

observed. 

 

Figure 5.19 PL spectra of zirconia samples with different conditions. (a) Kr
+ 

ion irradiated (at 

300 K), and further irradiated with laser for (b) 200 shots, and (c) 2000 shots, (d) Kr
+ 

ion 

irradiated (at 143 K), further irradiated with laser for (e) 200 shots, and (f) 2000 shots. 
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Figure 5.19(c) shows the PL spectra of the laser (2000 shots) irradiated on the Kr
+ 

ion irradiated (at 300 K) zirconia samples. The PL intensity has increased significantly for 

the highest ion fluence (5×10
17

 ions/cm
2
) compared to other ion fluences. SEM 

observations (refer Table 5.4) show the average grain size for the ion fluence 5×10
17

 

ions/cm
2
 (~ 353 nm) is much larger than average grain size for the ion fluence 1×10

17
 

ions/cm
2 

(~ 248 nm). During laser irradiation, distinct fluence regimes exist, in which 

either bond weakening, melting due to electron-phonon coupling, or shock wave 

propagation is the dominant damage mechanism. The two thresholds that define these 

regimes are (1) the thermal melting threshold that defines the fluence necessary to 

thermally melt the material and (2) the shock melting threshold that defines the fluence 

necessary for the shock wave to generate dislocations[161–163]. For the highest ion 

fluence, the defects production might be in the saturation region, in the beginning, it might 

have annealed the defects (where grain growth occurs) and later, laser might have 

produced defects via bond weakening mechanism[108]. 

Figure 5.19(d) shows the PL spectra of the Kr
+ 

ion irradiated (at 143 K) zirconia 

samples. The PL intensity for the highest ion fluence 5×10
17

 ions/cm
2 
is higher than the as-

sintered and lower ion fluences. From the SEM observations (refer Figure 5.13), for the 

highest ion fluence (5×10
17

 ions/cm
2
), the porous microstructure has vanished due to 

sputtering of the layer. The grain size for the ion irradiated sample (ion fluence 5×10
17

 

ions/cm
2
) is comparable with the as-sintered sample and the grains are irradiated with Kr

+
 

ions (produces defects without pores or sinks), leading to the increase in PL intensity. 

Figure 5.19(e) shows the PL spectra of the laser (200 shots) irradiated Kr
+ 

ion 

irradiated (at 143 K) zirconia samples. The PL intensity for the ion fluence 5×10
17

 

ions/cm
2
 is higher than the PL intensity for the ion fluence 1×10

17
 ions/cm

2
. This indicates 

that large number of defects is present for the highest ion fluence 5×10
17

 ions/cm
2
 

compared to 1×10
17

 ions/cm
2 

and hence the laser shots were not able to anneal out such 

large number of defects.  

Figure 5.19(f) shows the PL spectra of the laser (2000 shots) irradiated on the Kr
+ 

ion irradiated (at 143 K) zirconia samples. It is observed that the PL intensity increases 

upon laser irradiation. The PL intensity for the ion fluence 5×10
17

 ions/cm
2 

decreases 

compared to the ion fluence 1×10
17

 ions/cm
2
.Due to more number of laser shots (i.e., 

2000 shots) irradiation, local heating might have annealed out the defects and hence the 

reduction in PL intensity. Also, the starting morphology of the samples (for the ion 

fluences 1×10
17

 ions/cm
2
 and 5×10

17
 ions/cm

2
) were very different one with porous 
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microstructure (before laser irradiation) and other one is non-porous fully packed, and also 

upon laser irradiation the grain restructuring has occurred. 

Table 5.7 Decay time constants (τ1 and τ2) of the PL intensity with respect to time of 

exposure obtained from the Kr
+
 ion irradiated (at 300 K and 143 K) and further laser 

(200 and 2000 shots) irradiated zirconia samples. 

Kr
+
 ion irradiation 

Decay time constants (τ1 and τ2) (seconds) 

Before laser 

irradiation 

After laser irradiation 

Temperature 
Ion fluence 

(ions/cm
2
) 

200 shots 2000 shots 

τ1 τ2 τ1 τ2 τ1 τ2 

Room 

Temperature 

(300 K) 

1×10
16

 2.40 25.2 2.0 21.1 2.7 24.2 

5×10
16

 2.54 27.7 2.2 22.5 2.1 23.1 

1×10
17

 2.37 24.8 3 29.9 2.2 22.9 

5×10
17

 1.73 21.5 1.9 20.4 1.9 22.4 

Low 

Temperature 

(143 K) 

1×10
16

 3.1 31 2.5 23.3 1.4 22.8 

5×10
16

 2.9 24.9 1.5 23.1 5 37.2 

1×10
17

 4.0 46.3 2.3 25.5 2.5 22.3 

5×10
17

 1.5 20.5 1.9 22.5 3.6 33.3 

Similar to the He
+
 irradiated ion (at 300 K and 143 K) zirconia samples (refer 

Eqn.5.2), the decay of the PL intensity for all the Kr
+
 ion irradiated and further laser (200 

and 2000 shots) irradiated zirconia samples, were well fitted by the bi-exponential decay 

and the values of   and    are tabulated in Table 5.7. For Kr
+
 ion irradiation at 300 K or 

143 K, the slow component    values are consistent with the PL intensity, where the PL 

intensity significantly changes for the highest ion fluence. It is observed from Table 5.7, 

that the values of    for the Kr
+
 ion irradiated (at 300 K) samples decreases for the highest 

ion fluence 5×10
17

 ions/cm
2
 (21.5 s) compared to the ion fluence 1×10

17
 ions/cm

2
 (24.8 s). 

This is consistent with the PL intensity and indicates that pores act as a sink for the defects 

(refer Figure 4.12) and hence the short decay time. 

From Table 5.7, it is observed that the slow component    value of the laser (200 

shots) irradiated on the Kr
+
 ion irradiated (at 300 K) zirconia samples decreases for the 

highest ion fluence 5×10
17

 ions/cm
2
 (20.4 s) compared to the ion fluence 1×10

17
 ions/cm

2
 

(29.9 s). The observation is consistent with the PL intensity of the laser (200 shots) 

irradiated on the Kr
+
 ion irradiated (at 300 K) zirconia samples.  This indicates that the 

large number of defects produced in the sample for the ion fluence 5×10
17

 ions/cm
2 

compared to the ion fluence 1×10
17

 ions/cm
2
 and hence the short decay time.  
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Also it is noticed that the slow component    value of the Kr
+
 ion irradiated (at 

143 K) zirconia sample, decreases for the ion fluence 5×10
17

 ions/cm
2
 (20.5 s) compared 

to the ion fluence 1×10
17

 ions/cm
2
 (46.3 s). The observation is consistent with the PL 

intensity obtained for the Kr
+
 ion (143 K) irradiated zirconia samples. This indicates the 

more defects present in the non-porous sample (5×10
17

 ions/cm
2
) leading to the fast decay. 

Similarly upon laser (200 shots) irradiation, the     value for the sample Z-LT-

5E17-200LI decreases (22.5 s) compared to the sample Z-LT-1E17-200LI (25.5 s). This 

indicates that the fast decay time is due to the large number of defects present in the 

sample Z-LT-5E17-200LI. In case of the laser (2000 shots) ion irradiation, the    values 

increases for the sample Z-LT-5E17-200LI (33.3 s), compared to the sample Z-LT-1E17-

200LI (22 s), and is consistent with the PL intensity. This indicates that annealing of 

defects due to the local heating upon laser shots (2000) has led to the large    values. 

5.5. Time resolved photoluminescence spectroscopy 

Excitation and emission spectra of the as-sintered zirconia samples were recorded 

using excitation energy of 3.2 eV. Figure 5.20(a) shows the excitation and emission 

spectra of the as-sintered zirconia samples. The as-sintered zirconia sample shows a broad 

excitation band ranging from 3 eV to 4 eV (250 nm to 450 nm) centered at 3.2 eV 

(385 nm). The corresponding emission spectra appears as a broad band ranging from 2 eV 

to 3 eV (400 nm to 650 nm) with its emission peak at 2.57 eV (482 nm). 

 

Figure 5.20 (a) Excitation and emission spectra and (b) time resolved photoluminescence 

(TRPL) spectrum for the as-sintered zirconia sample 

In order to know the nature of the defects responsible for the visible emission 

(2.57 eV, 482 nm) produced upon ion irradiation, time resolved photoluminescence 

spectroscopy measurements were carried out. Figure 5.20(b) shows the TRPL spectrum 

for the as-sintered zirconia sample.  
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The luminescence decay curve of the as-sintered zirconia sample was well fitted 

with a triple exponential model given as  

 (        (  
  

⁄         (  
  

⁄        (  
  

⁄ ) Eqn.5.3 

where    ,   and    are the decay times and   ,     and    are relative magnitudes. The 

best fit for the triple exponential model suggests three emissive states as the overall 

contribution of multiple pathways for relaxation determines the lifetime of a single state 

by the equation 

  
 

             
 Eqn.5.4 

where   is the lifetime of the state,     is the rate of radiative decay to the valence state, 

     is the rate of nonradiative decay to the valence state and      is the rate of 

nonradiative decay to the defect. Thus, the three time constants suggest that there are three 

emissive states responsible for the emission at 2.5 eV (480 nm). 

 

Figure 5.21 Time resolved photoluminescence spectra for the zirconia samples irradiated with 

He
+
 ions for the ion fluences of (a) 1×10

16 
ions/cm

2 
(at 300 K) (b) 2×10

17
 ions/cm

2 
(at 300 K) (c) 

1×10
16

 ions/cm
2 
(at 143 K) and (d) 2×10

16
 ions/cm

2 
(at 143 K). 

In case of the as-sintered zirconia samples, the three time constants are found to be 

0.3 ns, 1 ns and 4.3 ns. Very small (fast) time scales (0.3 ns -1 ns) might include the free 
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and bound exciton states, because the lifetime of the free exciton is < 0.1 ns and of 

impurity or defect/bound exciton is ≤ 1 ns[164–167]. In the present experiments, the 

emissive state with a time constant around 4 ns -5 ns is associated with the native defects 

and contributes the 19.65% for the as-sintered zirconia sample. 

Table 5.8 PL lifetime of the as-sintered and ion (He
+
, Ar

+
 and Kr

+
) irradiated (at 

300 K and 143 K)) zirconia samples. It is to be noted that the lifetime is in nano seconds 

Ions 
Fluence 

ions/cm
2
 

PL lifetime (ns) 

Room Temperature 300 K Low Temperature 143 K 

τ1(ns)  

Rel % 

τ2(ns)  

Rel % 

τ3(ns)  

Rel % 

τ1(ns)  

Rel % 

τ2(ns)  

Rel % 

τ3(ns)  

Rel % 

As 

sintered 
 

0.3 

21.02% 

1 

59.33% 

4.3 

19.65% 
   

He
+
 

1×10
16

 
0.3 

21.60% 

1.4 

49.12% 

5.2 

29.29% 

0.3 

19.39% 

1.5 

47.34% 

5.1 

33.28% 

5×10
16

 
0.3 

16.61% 

1.5 

47.71% 

5.5 

35.68% 

0.4 

19.28% 

1.6 

45.90% 

5.7 

34.82% 

1×10
17

 
0.3 

21.60% 

1.4 

49.12% 

5.1 

29.29% 

0.3 

19.02% 

1.6 

47.18% 

5.6 

33.79% 

2×10
17

 
0.3 

17.86% 

1.3 

46.55% 

5.1 

35.60% 

0.3 

20.42% 

1.5 

46.37% 

5.3 

33.22% 

Ar
+
 

1×10
15

 
0.3 

22.18% 

1.2 

48.95% 

4.3 

28.88% 
   

2×10
15

    
0.3 

21.17% 

1 

52.07% 

4 

26.76% 

5×10
15

 
0.3 

19.53% 

1.2 

48.90% 

4.6 

31.57% 
   

1×10
16

 
0.3 

16.76% 

1.2 

48.62% 

4.5 

34.62% 
   

5×10
16

 
0.4 

23.01% 

1.5 

46.77% 

5.4 

30.22% 

0.3 

20.77% 

1.2 

50.26% 

4.4 

28.96% 

1×10
17

 
0.3 

27.04% 

1.2 

50.83% 

4.5 

22.14% 
   

2×10
17

    
0.3 

20.58% 

1.3 

48.12 % 

4.8 

48.12% 

Kr
+
 

1×10
16

 
0.3 

27.98% 

1.1 

48.84% 

4.1 

23.18% 

0.2 

18.53% 

1 

48.98% 

3.9 

32.49% 

5×10
16

 
0.3 

20.92% 

1.3 

49.84% 

4.5 

29.23% 

0.2 

19.75% 

1 

50.18% 

4.3 

30.07% 

1×10
17

 
0.4 

22.28% 

1.4 

47.93% 

4.9 

29.80% 

0.3 

16.61% 

1.5 

47.71% 

5.4 

35.68% 

5×10
17

 
0.5 

28.96% 

1.2 

54.73% 

4.2 

16.31% 

0.3 

22.07% 

1.6 

48.69% 

5.4 

29.24% 

Similar to the as-sintered zirconia sample, time resolved photoluminescence 

spectroscopy measurements were carried out for all the ion (He
+
, Ar

+
 and Kr

+
 ions) 

irradiated zirconia samples. The luminescence decay curve of the ion irradiated zirconia 

samples were fitted with a triple exponential model (refer Eqn.5.3) and the corresponding 
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life time are given in Table 5.8. Figure 5.21 shows the TRPL of zirconia samples that were 

irradiated with He
+
 ions for different ion fluences (1×10

16 
ions/cm

2 
(at 300 K), 5×10

16
 

ions/cm
2 

(at 300 K), 1×10
17

 ions/cm
2 
(at 143 K) and 5×10

17
 ions/cm

2 
(at 143 K)). 

The lifetime for the defect component as well as the contribution for PL spectrum 

increases significantly upon He
+
 ion irradiation independent of the irradiation temperature. 

Further, the changes in the lifetime as a function ion fluences show the dynamics of the 

defects which is consistent SEM and PL observations. It is also noticed from Table 5.8 

that, irrespective of the ion irradiation temperatures, the contribution from the defects to 

the emissive peak increases for the zirconia samples irradiated with Ar
+
 and Kr

+
 ions as 

compared to the as-sintered zirconia. This indicates that defects are produced upon Ar
+
 

and Kr
+
 ion irradiation. In the case of Ar

+
 and Kr

+
 ion irradiation, changes in the lifetime 

as a function ion fluences show the dynamics of the defects and is consistent with the 

SEM and PL observations. 

The green emission peak at 2.48 eV could be due to the recombination between an 

electron in single positively charged oxygen vacancy (VO
+
) and a hole in the valence band. 

The band from 2-3 eV could be due to optical transitions between either of the transition 

couples F
0
, F

+ 
(2.72 eV), F

+
, F

2+
(2.64 eV) and F

0
, F

2+
 (2.08 eV)[168]. It is also reported 

that the slow constants (3-5 ns) identify the nature of the F
+
 emission centers[168]. 

5.6. Discussion 

Zirconia samples were irradiated with He
+
, Ar

+
 and Kr

+
 ions followed by laser 

irradiation (200 and 2000 shots). All the samples were characterized with SEM, PL and 

TRPL measurements. SEM observations on laser irradiated samples shows grain growth 

as well as decrease in porosity in both as-sintered and ion irradiated zirconia samples. This 

observation is well supported with PL intensity where the reduction in grain boundaries 

gives rise to reduction in the PL intensity. The PL peak (around 2.53 eV which is 

associated with oxygen related defects) intensity corresponds to the number of defects 

which is in good agreement with the SEM and TRPL observations.  

Zirconia is considered to have band gap value of ~ 5 eV[157, 169, 170]. The 

valence electron configurations of zirconium and oxygen are 4s
2
 4p

6
 4d

2
 5s

2 
and 2s

2 
2p

4
 

respectively[157]. Experimental observations and theoretical calculations have reported 

that the upper valence band (VB) of zirconia consists of O 2p states while the lower part of 

the conduction band (CB) consists of Zr 4d states[157]. In ideal ZrO2, only Zr-O bonds 

exist which does not give rise to any luminescence. The luminescence in oxide material 
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arises due structural defects that introduces electronic states in the band gap[102]. 

Luminescence in ZrO2 can be attributed to (1) impurity/dopants, (2) intrinsic self-trapped 

excitons and (3) due to intrinsic defects (F, F
+
 and Zr

3+
)[95, 102]. Defects and vacancies in 

insulators can lead to the formation of localized states near conduction band edge. When 

the defects and vacancies undergo perturbation, these perturbations are characterized by 

discrete energy levels within the band gap. When defect concentration becomes large, the 

defect can form cavities or distribute in the atom network. These intrinsic defects (anion) 

are assigned to the formation of electrons (F and F
+ 

centers)[171]. The intrinsic 

delocalized states could be affected by the distortion in the lattice. In the present 

experiments, bubbles are formed for all the ion irradiated zirconia samples. These bubbles 

are associated with the transition couple F
0
, F

+ 
corresponding to the energy 2.72 eV. This 

is consistent with the PL observation and the bubble areal density (refer Table 4.1). 

In earlier works, the peak at ~ 2.53 eV (490 nm) is attributed to the effect of 

impurity namely titanium ions[97–99] (which are present in trace concentrations), and/or 

attributed to the transitions of F
+
-centers (the oxygen vacancies that trapped one electron) 

from the excited state into the ground state[94, 100]. When Ti doped ZrO2 is excited with 

ultraviolet (UV) irradiation, electron hole pairs are created and excited. These excited 

electrons are trapped by the shallow level which is due to the oxygen vacancies. The holes 

are trapped by the Ti
3+

 creating Ti
4+

 centers[97, 98].  

The thermal energy in ambient conditions causes the release of electrons from the 

shallow traps and then the recombination of these electrons with the Ti
4+

 creates the 

excited state of Ti
3+

 leading to the emission of ~2.53 eV (490 nm). However, in the 

present experiments, the trace level of Ti is absent as evident from X-ray fluorescence 

experiment (see Figure A.1). Hence, the peak at ~ 2.53 eV (490 nm) is due to oxygen 

vacancies, distortion in the symmetry of oxygen ion and not due to titanium impurities. 

The band ranging from 2 eV-3 eV could be due to optical transitions between the F 

centers. Earlier report[159] on yttria stabilized zirconia have attributed the PL band (~ 

2.55 eV) to Fa centers. 

Also computational study on zirconia has revealed that the optical transition 

energies of various F centers[168]. When an oxygen atom is removed, it leaves two 

electrons in the lattice of ZrO2. A doubly occupied defect state appears in the energy gap 

at about 2.8 eV above the valence band. The two electrons that were in the O 2p states 

now occupies the newly created gap state centered on the vacancy (F center) with 

contributions from Zr 4d states. Singly positively charged oxygen vacancies (F
+
) are 
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created when one oxygen atom and one electron are simultaneously removed. In this case, 

the defects states are split into two spin components: (1) one with a singly occupied spin-

up state (2.78 eV from the VB) and (2) other unoccupied spin-down level at the bottom of 

the CB. The occupied defect state is highly localized on the vacancy site and the 

neighboring Zr atoms also have small contributions. The F
2+

 center is created when one 

electron is removed from the F
+
 defect and the empty defect states merged with the bottom 

of the conduction band[168]. Calculations have shown that the F centers involves with a 

series of optical transitions between 2.08 eV to 4.19 eV. The band from 2-3 eV is 

attributed to the optical transitions between either of the transition couples F
0
, F

+ 

(2.72 eV), F
+
, F

2+
 (2.64 eV) and F

0
, F

2+
 (2.08 eV)[168]. 

 

Figure 5.22 Plot of PL intensity ratio (IIon irradiated / IAs-sintered) as a function ion fluence for (a) 

He
+
 (b) Ar

+
 and (c) Kr

+
  ion irradiated zirconia samples. The samples are irradiated at 300 K and 

143 K. 

Time scales of the emissive states obtained from TRPL measurements also 

indicates that, there is production of defects upon ion (He
+
, Ar

+
, and Kr

+
) irradiation. In 

the present thesis, oxygen vacancies are more likely to be formed, as the formation energy 

for oxygen vacancies is less than the primary knock on atoms (PKA) energy (refer Section 
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3.5), for all the ion (He
+
, Ar

+
 and Kr

+
) irradiation cases. Hence, the PL band at 2.53 eV 

(490 nm) is attributed to the oxygen vacancies. 

Figure 5.22 shows the PL intensity ratio between ion irradiated and as-sintered (IIon 

irradiated/ IAs-sintered) samples as a function of ion fluence for ion (He
+
, Ar

+
 and Kr

+ 
ions) 

irradiated zirconia samples. In case of He
+
 ion irradiation, it is observed from Figure 

5.22(a), that the intensity ratio increase till the ion fluence of 1×10
16

 ions/cm
2 

and then 

decreases for higher ion fluences, independent of sample temperatures during ion 

irradiation. In He
+
 ion irradiation, electronic energy loss is dominant (Se/Sn: 84.21), and 

the cascades(produced by the He
+
 ions) used to be light cascades, hence beyond the ion 

fluence of 1×10
16

 ions/cm
2
, the annealing of defects occurs. Since the electronic energy 

loss is the dominant energy loss mechanism, the ionization-induced annealing can 

effectively remove nearly all the radiation-induced defects. Such ionization induced 

annealing of pre-existing defects were reported in silicon carbides[172]. 

In the case of Ar
+
 ion irradiation, the PL intensity ratio was found to increase with 

the ion fluence independent of sample temperature during ion irradiation (refer Figure 

5.22(c)). The nuclear energy loss is dominant because of low values of Se/Sn (0.5890). The 

cascades are dense cascades and the damage production will be large. The defect 

production is proportional to ion fluence, and hence the PL intensity ratio increases with 

ion fluence.  

From Figure 5.22(c), in case of Kr
+ 

ion irradiation at 300 K, the PL intensity ratio 

was found to increase with the ion fluence till the ion fluence of 1×10
17

 ions/cm
2
, and for 

the highest ion fluence, the PL intensity ratio decreases significantly. In the case of Kr
+ 

ion 

irradiation at 143 K, the observation was in opposite trend to the samples irradiated at 

300 K. However, the changes in the PL intensity ratio upto the ion fluence of 1×10
17

 

ions/cm
2 

is not very significant, but for the highest ion fluence, the PL intensity ratio 

shows significant changes. Similar to the Ar
+
 ion irradiation, nuclear energy loss is 

dominant (Se/Sn: 0.1176) mechanism in Kr
+ 

ion irradiation, and the damage cascades are 

dense cascades. Hence the PL intensity ratio is expected to increase with ion fluence, but 

the sputtering yield (8.8 atoms/ion) in Kr
+
 ion irradiation is high compared to Ar

+
 ion 

irradiation(sputtering yield: 4.6 atoms/ion).  

Apart from that the swelling results on Kr
+
 ion irradiated samples (refer Section 

4.5 and Table 4.1) show that the swelling increases with ion fluence. However, in the case 

of ion irradiation at 143 K, the swelling is less compared to the samples irradiated at 

300 K. The vacancies produced during ion irradiation assists in the bubble formation and 
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when the sample has less swelling where the vacancies are accommodated in the lattice 

give rise to increase in PL intensity ratio for the highest ion fluence. 

5.7. Conclusions 

Photoluminescence and time resolved photoluminescence experiments were 

carried out on zirconia (as-sintered, ion (He
+
, Ar

+
 and Kr

+
) irradiated (at 300 K and 143 K) 

and laser irradiated (200 and 2000 shots)) samples. SEM observation on the laser 

irradiated samples shows grain growth. From PL measurements, it is observed that ion 

irradiation leads to the production of defects and laser irradiation leads to the annealing of 

defects. However, when laser and ion irradiation are combined, the competition between 

the production and recovery of anionic defects (oxygen related vacancies) in these 

processes (ion irradiation and laser irradiation) decide the final oxygen vacancy 

concentration. The oxygen vacancy concentration dictates the phase transformation 

(induced by stress) and swelling (relive the stress by bubble formation). 
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Chapter 6 

Summary and scope for future work 

6.1. Summary 

This thesis deals with the low energy inert gas ion irradiation in monoclinic 

zirconia. Ion irradiation was carried out for creating damage and the effects were studied 

using GIXRD, Raman scattering, electron diffraction, photoluminescence and time 

resolved photoluminescence spectroscopy. Further, laser irradiation was carried on the ion 

irradiated zirconia sample to study the effects created by 1MeV/nucleon and to understand 

the nature of the defects produced during ion irradiation.  

In the present thesis, low energy inert gas ion irradiation effects in monoclinic 

zirconia is studied to understand the correlation between phase transformations 

(monoclinic to tetragonal), bubble induced swelling and luminescence properties. For this 

purpose, monoclinic zirconia (synthesized by thermal decomposition method) was 

irradiated using low energy inert gas ions (120 keV He
+
, 120 keV Ar

+ 
and 60 keV Kr

+
) at 

300 K and 143 K.  

6.2. Phase transformation upon ion irradiation 

Radiation stability of irradiated monoclinic zirconia was studied using GIXRD, 

Raman scattering and transmission electron microscopy. GIXRD patterns showed the 

presence of a tetragonal phase and the diffraction peaks are shifted for all irradiated 

samples irrespective of the ions and irradiation temperatures. Raman scattering showed the 

presence of tetragonal peak (144 cm
-1

, Eg mode) and shift in the Raman modes associated 

with monoclinic phase in all the ion irradiated zirconia samples. Selected area electron 

diffraction pattern also revealed the presence of tetragonal phase. 

Phase transformation is attributed to pure radiation damage process and the amount 

of oxygen vacancies produced during the ion irradiation plays an important role in the 

phase transformation. Oxygen vacancies are known to induce strain and when their 

concentration reaches a threshold value, the strain lowers the phase transformation 

temperature. The amount of transformed phase was found to be more for the samples ion 

irradiated at 143 K compared with the samples irradiated at 300 K for the same ion 

fluence. In addition, strain was also found be higher when the irradiation was carried out at 

143 K. The faster rate of phase transformation is attributed to the immobility of the defects 

and continuous production of oxygen vacancies. It was observed that the amount of 
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transformed tetragonal phase was low in the Kr
+
 ion irradiated zirconia samples, compared 

to the Ar
+
 ion irradiated zirconia samples (refer Table 6.1). This is attributed to the 

shallow range (23 nm) of the Kr
+ 

ions and the high sputtering yield (8.8 atoms/ion) 

compared to Ar
+
 ions (sputtering yield: 4.6 atoms/ion). 

Table 6.1 The table lists the fraction of tetragonal phase, swelling and macrostrain in 

the zirconia samples upon inert gas ion irradiation. 

Energy 

Ions 
Temp. 

Ion 

Fluence 

(ions/cm
2
) 

Dpa 
Macro 

Strain (%) 

Fraction of 

tetragonal 

phase (%) 

Swelling  

(%) 

120 keV 

He
+
 

300 K 
1×10

16
 0.048 0.04 - 1.4 

2×10
17

 9.6 0.06 - 2.7 

143 K 
1×10

16
 0.048 0.09 -  

2×10
17

 9.6 0.33 - 0.009 

120 keV 

Ar
+
 

300 K 
1×10

16
 20  9  

1×10
17

 200 0.10 9 1.6 

143 K 
1×10

16
 20  10  

2×10
17

 400 0.18 20 0.009 

60 keV 

Kr
+
 

300 K 

1×10
16

 34.8 0.08 2.5 0.03 

5×10
16

 174 0.02 3  

1×10
17

 348  4.5 0.04 

143 K 

1×10
16

 34.8 0.04 4.5 0.1 

5×10
16

 174 0.03 5.5  

1×10
17

 348  8.5 0.03 

6.3. Bubbles formation and bubble induced swelling 

Morphological and microstructural changes in the ion irradiated zirconia samples 

were characterized by scanning electron microscopy and transmission electron 

microscopy. SEM images revealed that upon ion irradiation, the porosity of the samples 

decreases. In addition to the reduction in the porosity, joining of the grains was also 

observed. In case of Kr
+
 ion irradiation, the joining of the grains is so high that they 

formed a network due to local melting during ion irradiation. These structures resembled 

more like the high burn up structure. TEM results revealed the formation of inert gas 

bubbles upon ion irradiation for all the ions irrespective of the irradiation temperatures 

(300 K and 143 K). 

Average bubble size, bubble density and swelling was calculated (refer Table 4.1) 

and it was found that bubble number density is very low in the samples irradiated at 

143 K. The bubble formation was explained in terms of heterogonous nucleation process. 

Bubble areal density and bubble induced material swelling was found to be low when the 

irradiation was carried out at 143 K. This is because of the immobility of the defects at 
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such low temperatures. Bubble areal density was high (for the same ion fluence) in case of 

the Ar
+ 

ion irradiation compared to the He
+
 and Kr

+
 ion irradiation. However, it is 

expected to be high for the Kr
+
 ion irradiation, but the sputtering of the Kr

+
 ion irradiated 

layer (due to its high sputtering yield and shallow projected range) makes the bubble 

formation less favorable compared to the Ar
+
 ion irradiation. 

6.4. Luminescence properties of ion and laser irradiated monoclinic 

zirconia 

To study the effects produced by the fission fragment damage which is similar to 

SHI irradiation, laser irradiation (200 and 2000 shots) were employed. In order to study 

the evolution of the defects produced during the ion irradiation, photoluminescence and 

time resolved photoluminescence spectroscopy were employed. 

PL measurements show the presence of a broad band around 2.53 eV. This broad 

band is attributed to the oxygen vacancies. The slow lifetime (4-5 ns) obtained from the 

TRPL measurements also confirmed the production of defects (oxygen related vacancies) 

upon ion (He
+
, Ar

+
 and Kr

+
) irradiation presence of defects. The PL intensity ratio  

(Iion irradiated/Ias-sintered) as a function of ion fluence was also plotted (refer Figure 5.22). From 

the PL intensity ratio it was observed that, in case of He
+
 ion irradiation, the ion irradiation 

induced annealing was observed. However, in case of Ar
+
 ion irradiation, the PL intensity 

ratio was found to increase with the ion fluence as defect production varies in proportion 

with the ion fluence. In case of Kr
+ 

ion irradiation, whether the vacancy assists the bubble 

formation or gets accommodated in the lattice determines the PL intensity ratio. 

When the vacancies are mobile and form bubbles, the stress due vacancies are less 

in the sample which gives rise to the reduction in monoclinic to tetragonal phase 

transformation as evident from Raman scattering and electron diffraction experiments. 

From the observations of GIXRD, SAED, Raman scattering, electron microscopy, PL and 

TRPL measurements, it is concluded that the oxygen vacancy concentration dictates the 

phase transformation (stress induced by oxygen related vacancies) and swelling (stress 

relived by bubble formation).  

6.5. Scope for future work 

In addition to the irradiation conditions used in the thesis work, inclusion of other 

conditions like high temperature and pressure would also lead to more structural phase 

transformation. This could make possible the transformation that is not possible at ambient 

conditions. In addition, fission fragment damage in inert gas ion implanted monoclinic 



Chapter 6 Summary  

134 

zirconia and its interaction, bubble induced swelling and damage by the swift heavy ions 

can be studied. As yttria stabilised zirconia is found to be radiation resistant, its radiation 

response to low energy inert gas ions could be studied to explore the structural 

transformation and morphological changes. 
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In the present thesis, low energy inert gas (120 keV 

He+, 120 keV Ar+ and 60 keV Kr+) ion irradiation effects in mon-

oclinic zirconia (one of the materials proposed as inert matrix 

fuels) is studied to understand the correlation between phase 

transformation (monoclinic to tetragonal), bubble induced 

swelling and luminescence properties. 

The observations (GIXRD, Raman scattering and elec-

tron diffraction) showed that there is a transformation of mon-

oclinic to tetragonal (Fig.1) upon ion irradiation in all the three 

(He+, Ar+, and Kr+ ion irradiation) cases. The strain was found to 

be higher in the zirconia samples where the ion irradiation 

was carried out at 143 K compared to that at 300 K. The frac-

tion of the transformed phase was estimated from Raman scat-

tering results and found to increase with the ion fluence. The 

amount of the transformed phase (tetragonal) was found to 

be higher in the case of ion irradiation at 143 K. TEM investi-

gations show bubble induced swelling (Fig. 2). The bubble in-

duced  swelling was found to be low when the ion irradiation 

was carried out at 143 K and it is attributed to the immobility 

of the defects at such low temperatures. 

 PL studies showed a band around 2.5 eV (480 nm) for 

all the ion irradiated samples and it is attributed to the oxygen 

vacancies. The PL intensity is related to the amount of defects 

present in the samples. From the PL intensity ratio (Fig. 3), it is 

observed that when electronic energy loss is dominant, the 

ionization induced annealing led to reduction defect concentra-

tion. But in the cases where nuclear energy loss is dominant 

case, the defect concentration increases. The phase transfor-

mation was attributed to the presence of oxygen vacancies and 

also to the strain induced by these oxygen vacancies in the zir-

conia lattice.  

 When the vacancies are mobile and form bubbles, the 

stress due to vacancies are less in the sample and that explains 

the reduction in monoclinic to tetragonal phase transformation 

which is evident from Raman scattering and electron diffrac-

tion experiments. From the observations of GIXRD, SAED, Ra-

man scattering, electron microscopy, PL and TRPL measure-

ments, it is concluded that the oxygen vacancy concentration 

dictates the phase transformation (stress induced by oxygen 

related vacancies) and swelling (stress relived by bubble for-

mation). 

 
Fig.1 Tetragonal peak in the XRD of Kr+ ion 
irradiated zirconia (1 ×1017 ions/cm2) 

 

Fig.2  TEM image of the 120 keV He+ ion 
irradiated (at 300 K) zirconia sample 

 
Fig.3  Plot of PL intensity ratio as a function 
ion fluence for various ion irradiation on 
zirconia sample 
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