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1. Introduction 

1.1 Background 

Continuous increase in population and thereby increase in the demand for energy from 

all over the world is attracting the scientific community towards the search for a clean and 

reliable energy source. Nuclear energy can be a great solution as the proponents mark it as a 

clean, reliable, and sustainable energy source with reduced carbon emissions; and hence it can 

make a significant contribution to global energy needs [1].  

Nuclear power generation is one of the most important and useful applications of 

nuclear reactors as it can moderately substitute fossil fuels. But, 

[2]. 

However, keeping the positive side onsight; researchers are trying to solve the concerns related 

to nuclear energy production. One of them is radioactive waste; by-products of the nuclear fuel 

cycle (NFC). The NFC operations involve the operation of the reactor, recycling of spent fuel, 

and fabrication of fuel, and producing nuclear waste which includes high, intermediate, and 

low-level radioactive waste (HLW, ILW, and LLW). Not only NFCs but also the nuclear power 

generation and other nuclear-related applications, for example, fusion and fission industry, 

defence programs, research, and agriculture produce nuclear radioactive waste as a by-product. 

To assure the tenable application of nuclear energy, it is pivotal to manage nuclear waste, 

specially HLW, securely and cogently. The HLW should be immobilized to ensure its safety 

for storage, transportation, and final repository disposal [3]. 

Preventing the dangers to the surroundings and ultimately to human beings from the 

(IAEA), expresses the declaration in (1995) which it handles the ethical and environmental 

issues associated with the disposal of nuclear wastes. IAEA stated that the "Radioactive waste 

should be managed in such a way as to secure an acceptable level of protection for human 

health, provide an acceptable level of protection for the environment, assure that possible 

effects on human health and the environment beyond national borders will be taken into 

account, ensure that the predicted impacts on the health of future generations will not be 

greater than relevant levels of impact that are acceptable today and that the management 

practice will not impose undue burdens on future generations. Also, radioactive waste should 

be managed within an appropriate national legal framework including clear allocation of 

responsibilities and provision for independent regulatory functions, the generation of 



3 | P a g e

radioactive waste shall be kept to the minimum practicable, interdependencies among all steps 

in radioactive waste generation and management should be taken into account and the safety 

of facilities for radioactive waste management shall be appropriately assured during their 

lifetime" [4].

1.2 Types of Nuclear wastes 

The main source of radioactive wastes is the nuclear fuel cycle (NFC) which includes 

high-level radioactive waste. These radioactive wastes are classified into three broad 

categories according to their radioactive content. These are defined as namely: (1) very low-

level wastes (less than 400kBq/t of and can be eliminated with domestic waste), 

(2) low- -

level wastes (contains activities more than low-level wastes, no heating effect of radioactive 

decay), (4) high-level waste (it contains the radioactive decay that produces ample heat which 

necessitates special design, storage, transport and disposal of waste). 

Figure 1.1 The Classification of crystalline ceramic compounds as suitable waste forms for 

radioactive waste.

Among all these wastes high-level radioactive wastes need a special design for storage 

and disposal. The HLW wastes are hazardous and therefore needs proper management for 

immobilization [5,6]. Immobilisation of high-level radioactive wastes (HLWs) is achieved by 

incorporating the radioactive waste chemically into an appropriate matrix structure (typically 
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glasses or ceramics) to make it immobile and thus it is not able to escape into the environment 

[6,7]. To obtain the immobilization of HLW wastes, crystalline ceramics are found dominant 

for the current stage of modern nuclear technology development. Several types of ceramics 

have been designed with desired structures [8]. 

In 1953, Hatch introduce the idea of radioactive waste immobilization in the muster of 

mineral phases [8]. The product of incorporating radionuclides into an appropriate host matrix 

is called the waste form. Thus, the waste form is considered as the initial barrier which prevents 

the escape of radionuclides into mother nature. Waste form prevents the uncork of 

radionuclides from compromised and breached containers due to human encroachment, 

corrosion, temblor, igneous invasion, and so on [3]. Therefore, choosing an appropriate waste 

form (host matrix) for immobilization of radioactive waste is not an effortless task and its 

stability in an extreme environment is not accepted as the solitary criterion. The challenges that 

are considered for selecting a waste form include, but are not limited to [6,9]. 

(a) Ability to upload large radioactive waste. 

(b) Easy production of the system. 

(c) High radiation stability under environmental conditions.  

(d) possible upload of the mixture of radioactive nuclides and other pollutant species resulting 

in minimal secondary phases creation.  

 waste geological repository and so 

on. 

1.3 Crystalline ceramic host matrices for nuclear waste 

Ceramic materials based on different compositions were examined against the 

immobilization of radionuclide waste and actinides transmutations [8]. Based on the 

requirements, there are several forms of crystalline ceramics phase which have been utilized 

for radioactive waste immobilization. The Classification of crystalline ceramic compounds as 

suitable waste forms for the radioactive waste is presented in Fig. 1.1. The intent of the 

ceramics evolution was to emerge a waste form that must have superior physical, chemical, 

mechanical and thermal durability as compared to glass [10]. Among the ceramic crystalline 

compounds, a brief description of pyrochlore oxides has been discussed here which are chosen 

for research work in this thesis. 
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1.4 Pyrochlore oxides   

The oxide compounds having the formula, A2B2O7 (where A and B are rare earth or 

trivalent metal ion and the transition or tetravalent metal ion respectively), constitute a family 

of isostructural phases to mineral pyrochlore. These compounds with more than 400 different 

combinations are predominantly ionic and cubic in nature due to the availability of broad-

spectrum of elements substitution at both A site and B site [11 13]. Pyrochlore with the A2B2O7 

stoichiometry provides an enormous band of structural and physical properties because of their 

numerous chemical compositions [11,12]. The pyrochlore according to its chemical 

composition may possess an insulating or metallic or semiconducting behavior. Pyrochlore 

oxides exhibit interesting piezo to ferroelectric, magneto-electric, and dielectric behaviors 

[11,14 17]. Numerous pyrochlore oxides are outstanding refractories while several Ln-

containing pyrochlore oxides show fascinating phosphorescent and fluorescent behavior and 

feasibly can act as host materials for laser [18]. The defective (i.e., vacancy-containing) 

pyrochlores are considered oxygen electrodes due to their exceptional electronic and ionic 

conductivity [11,19]. Moreover, the pyrochlore oxides possess intrinsic oxygen (anion) 

vacancy which in turn makes them decent oxide-ionic conductors and probable candidates 

towards solid electrolytes for applications in moderate temperature solid oxide fuel cells 

(SOFCs) [18,19]. 

In particular, the A2
3+B2

4+O7 compounds have caught huge attention in the radioactive 

waste management field because of the capability of incorporating actinides, i.e., Th, U, and 

Np, etc. [11]. 

1.4.1 Structure of the pyrochlore oxides 

The general representation of the oxide compounds belonging to the pyrochlore family 

can be described as A2B2X6Y or A2B2O6 O`, where metal cations are situated at A and B site 

and anion situated at X and Y site. The pyrochlore, A2B2O7 is associated to  space group 

as a superstructure of ideal fluorite( ) structure. Two different cation coordination 

polyhedrons are present in the pyrochlore oxide structure as depicted in Fig. 1.2. In the 

pyrochlore structure, the A-site cations sit at the 16d site and are correlated to eight oxygen 

atoms while the smaller B-site cations are co-ordinated to six oxygen atoms and occupy the 

16c site. The anion sub-lattice has three different oxygen sites, out of the three, two sites belong 

to 8a and 48f positions, and the third site, 8b, is unoccupied. [20,21]. Hence, the ideal 

pyrochlore structure has ordered anion vacancies. The tetrahedrally coordinated anion site 8a 

is surrounded by cations situated at four A site; similarly, two A and B site cations surrounds 



6 | P a g e  
 

the 48f site such that there is a slight displacement from the center of the ideal tetrahedral to 

8b site which is vacant. [20,21]. 

 

Figure 1.2 Pyrochlore structure, A2B2O7, exhibits the 8-fold coordination and 6- fold 

coordination polyhedron [12]. 

The phase transformation or structural change from pyrochlore to defect fluorite is 

caused by the cation anti-site defects i.e. exchange of  atoms at A and B site and  Frenkel 

defects [20].  

 

Figure 1.3 The structural transition from pyrochlore structure A2B2O6O' or A2B2X6Y to ideal 

fluorite structure [12]. 
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The fluorite and pyrochlore structures are nearly identical apart from the difference in 

the ordering of cations and anions [22]. The cationic radius ratio rA/rB decides the stability of 

the pyrochlore structure [23 29]. The cationic radius ratio must be in the limit 1.46< rA/rB <1.78 

for the stable pyrochlore phase. If rA/rB ratio surpasses 1.78, the monoclinic structure is formed 

and the defect-fluorite structure is formed for a radius ratio below 1.46. The phase 

transformation from pyrochlore to fluorite structure becomes energetically favored with the 

decrement in rA/rB ratio. [24]. Although crystallization of many pyrochlore compositions is 

found to be in cubic structural form, a few pyrochlore structures were also found to be deviated 

from cubic symmetry to form rhombohedral, tetragonal, monoclinic, orthorhombic, and 

triclinic distortion structures [12].  

1.4.2 A2
3+B2

4+O7 pyrochlore oxides 

According to the literature, there are several types of pyrochlore oxides family 

represented with A2
3+B2

4+O7, A2
3+B2

5+O7 A2B2O6, and AB2O6 [12]. A2
3+B2

4+O7 formula is 

popularized among researchers due to the huge availability of A3+ and B4+ cations which 

possess the right cationic radius for the pyrochlore structure establishment. The pyrochlore 

compositions may be varied by putting any of the Lu3+ to La3+ elements on the A3+ site and any 

of the Ti4+ to Pb4+ elements on the B4+ site (as displayed in Fig.1.4). The realization and 

firmness of the pyrochlore structure are administrated by the rA
3+/rB

4+ ionic ratio, and the 

oxygen parameter, X48f. 

 

Figure 1.4 The periodic table highlights elements with oxidation states 3+ (red) and 4+(blue) 

which may help to form the pyrochlore phase [30]. 
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rA/rB 

1.78 [11,12,31]. The composition forms a defect fluorite structure if the value is on the lower 

side of this range and if the value of rA/rB lies on the upper side then it forms a layered 

perovskite-type monoclinic structure [31]. The rA/rB value may be up to 2.3, if pyrochlore 

silicates and germinates are prepared at higher temperature as well as pressure. However, it is 

important to stress that in some cases in spite of using high pressure necessarily for pyrochlore 

(3+,4+)  synthesis, the rA/rB may still be falling in the range 1.40-1.55 [12]. Also, in some 

cases, the formation of (3+,4+) pyrochlore oxides may be governed by the oxidation-reduction 

thermodynamic parameters [32]. A brief description of various pyrochlore oxides (based on 

the variation of elements on the B site) has been discussed here. 

1.4.2.1 Hafnate pyrochlores 

Functional Complex oxides of the A2Hf2O7 ((A=La to Lu) series may exist either in the 

pyrochlore phase or fluorite phase depending on the sintering temperature and synthesis 

method [33]. complex oxide materials, A2Hf2O7 pyrochlore, have Fd m space group and they 

are closely associated with fluorite structure having Fm m space group. The hafnates series 

pyrochlore are important in many areas of scientific research. For example, Y2Hf2O7 

transparent ceramics exhibits potential applications in nuclear medical fields related to high 

energy such as positron emission tomography (PET) and computed tomography (CT) [34]. In 

comparison to HfO2, La2Hf2O7 possesses a lower density of defects and low pinning of Fermi 

level which allows it to be considered as an ineluctable dielectric material [33]. The A2Hf2O7 

system transparent ceramics was found to be promising materials for scintillator applications 

because of having a high density as well as the effective number [18]. 

1.4.2.2 Ruthenate pyrochlores  

The compounds with general formula A2Ru2O7, where A is Pr to Lu, Pb, Bi, Tl and Y 

are known as ruthenate pyrochlore. [35]. Ruthenate pyrochlore is found to have a color blue-

black or black and the solid state reaction method can be used as an easy preparation method 

for them. Ruthenate has many important applications in scientific research areas. For example, 

Ruthenate in water electrolysis is observed to remain stable and active for OER. [36]. The 

inherited oxygen vacancy defects in ruthenate pyrochlore lead to improved activity of OER. 

[36]. The significant improvement in the performance of cells in comparison to RuO2 

electrocatalysts concerning the stability and OER (Oxygen Evolution Reaction) activity in 

acidic medium is recently discovered for Y2Ru2O7- . Y2Ru2O7-  demonstrates high resistance 

to the flow of electrons which results in high ohmic loss due to semiconducting characteristics 
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[35]. (A2B2O ) properties can further be engineered by doping A and/or B sites with desirable 

elements which may improve electrical conductivity and anion vacancies. [35,37]. It has been 

observed that Y1.85Zn0.15Ru2O7-  

magnitude than Y2Ru2O7-  at room temperature [35]. The hole doping effect can increase the 

number/amount of oxygen vacancies in these ceramic oxides, which may easily be attained by 

doping A site with 2+ cations. [37]. 

1.4.2.3 Iridate pyrochlores  

The compounds having the formula, A2Ir2O7 (A=Pr-Lu, Y, Bi, and T1) are known as 

iridate pyrochlore and it can easily be synthesized via the solid-state method [12]. The single 

crystals of iridate pyrochlore can be grown via flux techniques or vapor transport. The spin-

orbit coupling (SOC) effect gets much pronounced in 5d- based iridium pyrochlore due to its 

high atomic number [12,38]. Moreover, 5d orbitals have comparatively feebler electronic 

correlation and therefore, the 5d based materials manifest a cognate scale among relevant 

energies i.e. spin-orbit coupling, electronic correlation, and crystal field effect. A2Ir2O7 

Pyrochlore has an interesting arrangement of structure in which A and Ir atoms share the corner, 

resulting in an interpenetrating tetrahedral shape. This arrangement gives rise to new physics 

caused by induced geometrical frustration due to the particular positioning of atoms [37]. 

Iridate pyrochlore's physical characteristics may vary from magnetic insulating to 

paramagnetic metallic phase depending on the choice of A-site cation, However, 

antiferromagnetic (AFM) insulating phase is manifested by them at low temperature [39]. It is 

also interesting to know about the Y2Ir2O7 pyrochlore which has Y3+, a non-magnetic element, 

therefore realizing that the Ir sub-lattice mostly governs the magnetic properties [38]. 

1.4.2.4 Stannate pyrochlores   

Stannate pyrochlore compounds, Ln2Sn2O7 (Ln=La, Y, Pr-Yb) have a cubic structure 

(Fd m). Owing to remarkable properties (e.g., high catalytic activity, ease of defects formation, 

high thermal stability, etc.) and emerging applications in different areas such as metal-

semiconductor transitions, colossal magnetoresistance magnetic frustration/spin ices, 

superconductivity, mixed conductivity ferroelectrics, catalysis, and pigments established it as 

technologically suitable compound  [12,40,41]. Ting et al. prepared the Ln2Sn2O7 (Ln=Y, La, 

Pr-Yb) compounds using a simple and economical hydrothermal method at the relatively low 

temperature, i.e., 200°C [40]. They found that the A-site cations play an important role in the 

infrared and Raman vibrational spectra of stannate pyrochlores. The peak position of 

vibrational modes altered with the cationic radius of Ln3+ [40]. Using appropriate trivalent 
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oxides, Lian et al. prepared the stannate pyrochlores, and Rietveld refinement of powder 

neutron and synchrotron XRD data was performed to investigate the associated structural 

properties [23]. Moreover, the high-temperature oxide melt solution calorimetry was employed 

to determine the enthalpies of the series of the stannate pyrochlores. As the radius of the cation 

at the A-site declines, the enthalpy of binary oxides of Ln2Sn2O7 becomes further endothermic. 

The enthalpy has been reported to be more exothermic with the increase of A-sites ions [23]. 

Further, in-situ transmission electron microscopy (TEM) was accustomed to evaluate 

the radiation effect of these stannate pyrochlores when exposed to 1 MeV Kr2+ ions at the 

temperature ranging from 25 to 1000 K. In-situ TEM study reveals that with the upsurge in 

irradiation temperature, the critical amorphization dose upsurges alike due to energetic 

annealing impact becoming more efficacious in reinstating the crystallinity. The critical 

temperature Tc was found to be 960 K for La2Sn2O7, 700 K for Nd2Sn2O7, and 350 K for 

Gd2Sn2O7. These results indicated that the radiation resistance of stannate pyrochlores varies 

immensely with the variation of composition and temperature [23]. It was found that after being 

ion irradiated at ambient temperature and 25 K using a dosage of 6.82 dpa, Er2Sn2O7 and 

Y2Sn2O7 demonstrated greater "resistance" to amorphization, and amorphization had no signs 

in the observation. All irradiated stannate pyrochlores experienced a phase transformation from 

pyrochlore to fluorite structure, similar to titanate and zirconate pyrochlores [42 45]. As the 

cationic proportion, rLn
3+/rSn

4+ declines from 1.68 to 1.526 for La2Sn2O7 and Gd2Sn2O7 

respectively, the threshold temperature (Tc) required to amorphize, declines from 960 K to 350 

K, implying a much improved defect recovery capability of Gd2Sn2O7 [23].  

It is worth mentioning that the stannate pyrochlores possess substantially higher critical 

amorphization temperatures than Ln2Ti2O7 and Ln2Zr2O7 pyrochlores with similar 

cationic ratios. For instance, La2Sn2O7 and Y2Ti2O7 have a cation radii ratio of 1.68; despite 

that the threshold amorphization temperature is 960 K and 780 K for La2Sn2O7 and Y2Ti2O7 

respectively upon irradiation of 1 MeV Kr2+ [23]. Moreover, although the cationic ratio of 

Nd2Sn2O7 (1.607) is slightly less than that of Lu2Ti2O7 (1.61), the threshold temperature of 

Nd2Sn2O7 (700 K) is considerably larger than Lu2Ti2O7 (480 K). Further, the cationic ratio of 

Gd2(Zr0.75Ti0.25)2O7 ( 1.526) is similar to Gd2Sn2O7 ( 1.526), but there is an intense difference 

in the radiation tolerance. Surprisingly, Gd2Sn2O7 becomes amorphized at 3.4 dpa given at 

room temperature while even after ion irradiation at 25 K, Gd2(Zr0.75Ti0.25)2O7  does not show 

amorphization [23]. This more complicated conduct of stannate pyrochlores could be explained 

by differences in cation electrical configurations and bond type. Here, it should be noted that 
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the bond Sn-O in stannate pyrochlores has a smaller extent of deformation and favoured the 

ordered pyrochlore superstructure [46]. The Sn-O bond in Ln2Sn2O7 seems to be far covalent 

than the B-O bonds observed in A2Ti2O7, A2Zr2O7, and A2Hf2O7 [47]. Therefore, in comparison 

to titanate and zirconate pyrochlores with alike cationic ratios, the stannate pyrochlore is better 

susceptible to ion irradiation caused amorphization. 

1.4.2.5 Titanate pyrochlores   

Rare-earth titanates, A2Ti2O7, where A= a rare earth element, have gained the attraction 

of researchers due to remarkable chemical durability. The utilization of titanate pyrochlore as 

probable host matrices for radioactive wastes is still being studied. [48]. Because of their 

diverse and usually unorthodox magnetic ground states, the magnetic properties of titanate 

pyrochlores are of interest [49]. Irradiation-induced lattice swelling in Lu2Ti2O7 can be 

explained by the creation of cation anti-site defects, according to Li et al. [50].  The exchange 

of atomic positions within the sub-lattice of A and B cation is known as antisite defect and it 

can be represented as AA+BB B+BA. According to the previous studies, the titanate 

pyrochlores (Ln2Ti2O7) seem less resistant to radiation-induced amorphization than zirconates 

(Ln2Zr2O7) [24,51]. The reason for this is that the zirconates may easily facilitate disorder 

(especially anti-site defects) than titanate pyrochlore. Ewing et al. observed that due to vital 

annealing effects, the critical amorphization fluence in titanate pyrochlores upsurges with 

rising temperature. The critical amorphization fluence becomes infinity beyond the critical 

amorphization temperature (Tc), and total amorphization cannot occur. To assess the radiation 

resistance of materials in high radiation exposures, the critical amorphization dose at ambient 

temperature or 25 K can be utilized.  

Moreover, there can be a large uncertainty in determining the critical amorphization 

fluence for titanate pyrochlore because of the low ion fluence requirement towards total 

amorphization [52]. When the amount of ion irradiation created defects surpasses critical 

amorphization dose because of collision cascade overlap, total amorphization may take place. 

[53]. Wen et al. investigated the radiation resistance of nanocrystalline (NCs) A2Ti2O7 (A=Gd, 

Ho and Lu)  upon irradiation of 1-MeV Kr2+ ions [54]. They observed that coarse-grained 

counterparts of nano-crystalline titanate pyrochlore have lower critical amorphization fluence 

at ambient temperature which signifies a better amorphization tolerance for nano-crystalline. 

Sattonnay et al. stated that the RE2Ti2O7 compounds became amorphized easily when low-

energy ion irradiation was used. The critical/threshold temperature, Tc, rises with a growing 

radius of the A-site cation, implying the substantial role of the A-site cation [28]. Furthermore, 
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Wang et al. observed that a comparatively low dose of 0.2 dpa was enough to amorphize 

Gd2Ti2O7 [43]. 

Zhang et al. investigated that the defects production hang on the pressure and phase stability in 

Gd2Ti2O7 [55]. The structural durability of materials undergoing an order-disorder phase 

transition is influenced by pressure. At very high pressures (>50 GPa), pyrochlore undergoes 

order-disorder transformation and amorphization, as studied by previous researchers [56,57]. 

Yang et al. examined the significance of ion species in radiation tolerance of Lu2Ti2O7 against 

ion irradiation with three different ion beams, i.e., 400 keV Ne2+, 2.7 MeV Ar11+, and 6.5 MeV 

Xe26+ [58]. During these irradiation experiments, the radiation effects i.e. amorphization/phase 

transformation and change in lattice parameter in Lu2Ti2O7 manifest a pronounced dependence 

on the implanted ion elements. Choice of energy and implanting ion affects the critical 

amorphization dose. Therefore, Lu2Ti2O7 becomes more prone to irradiation effects i.e. lattice 

swelling and amorphization upon heavy ion irradiation. Here, it is worth mentioning that upon 

low fluence high-energy-irradiations, only a few fractions of dpa are required for defect fluorite 

transition of the titanate pyrochlore followed by amorphization [58]. The zirconate pyrochlore, 

contrarily, favored order-disorder transformation, resulting in a defect-fluorite structure that 

can withstand an immensely high irradiation dose (>100 dpa) [44]. 

1.4.2.6 Zirconate pyrochlores: Material of interest 

Zirconate pyrochlore compounds, Ln2Zr2O7 (Ln=La-Gd) can be synthesized simply by 

the solid-state method and it possesses a cubic structure [12]. Fig. 1.5 depicts a schematic of 

the structure of the ordered pyrochlore. Ln2Zr2O7 pyrochlore exhibit a broad spectrum of 

remarkable properties for example high ionic conductivity, chemical stability, high radiation 

stability, high thermal, and excellent thermal stability [12,59 65].  

These inevitable properties of the Ln2Zr2O7 pyrochlore oxides established them an 

appropriate aspirant for the important technological applications, for example, high-

temperature superconductors, piezoelectricity, photoluminescence, immobilization of 

radioactive nuclear waste, catalysis, thermal barrier coatings, high-temperature solid oxide fuel 

cells, solid electrolytes, spin liquids, and so on [63 65]. It should be noted that the properties 

of the Ln2Zr2O7 compounds significantly depend on the structural ordering/ disordering and 

defects irradiation, temperature, or pressure. Paul et al. prepared the La2Zr2O7 and investigated 

the effect of annealing temperature on phase transition (order-disorder) in the system.  

They reported that the XRD, Raman spectroscopy, and TEM analysis reveal the 

disordered fluorite to pyrochlore phase transformation in La2Zr2O7 between 1000 and 1450°C 
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[66]. The La2Zr2O7 acts as a brilliant proton conductor by suitably doping both the cation sites 

(La and Zr) [67]. La2Zr2O7 pyrochlore with notably high proton conductivity may be 

considered as propitious materials for sensing and solid oxide fuel cells employments. [67,68]. 

The engineering of the proportional presence of pyrochlore and defect fluorite phase i.e. order-

disorder ratio in La2Zr2O7 was performed by Ou et al. via annealing temperature control.  

 

Figure 1.5 Representation of the crystal structure of La2Zr2O7 pyrochlore. The magenta and 

light green are ZrO6 trigonal antiprisms and LaO8 cubes or scalenohedra. 

The mixed-phase La2Zr2O7 was found to have superior conductivity on account of 

lattice mismatch at the interface joining pyrochlore and defect fluorite phase. [68]. Chartier et 

al. published that owing to low anti-site defect formation energy i.e. ~2 eV, lanthanum 

zirconate is highly inclined to cation disorder formation [69]. Therefore, attributing to the 

simplicity of order-disorder transition, La2Zr2O7 must be extremely tolerant to radiation effects. 

However, when exposed to a 1.5 MeV Xe+ ion through a dosage of 5.5 dpa at ambient 

temperature, La2Zr2O7 exhibits poor characteristics of radiation resistance and becomes 

amorphized [44]. Previous studies suggest that La2Zr2O7 is admirable for immobilization of 

actinide (Pu can be fused at any of the cationic sites) wastes [70,71].  

Zhang et al. used isothermal annealing at different temperatures (1100-°1550C) to 

prepare Gd2Zr2O7 possessing variable degrees of cation disorder. The degree of cation order in 

Gd2Zr2O7 grows with the upsurging temperature [20]. Gd2Zr2O7 exhibits the phase 

transformation to a disordered defect-fluorite structure without amorphization even after 

applied pressure of 44 GPa [55].  

In the last few decades, a considerable number of researches have been undertaken on 

the feasibility and characteristics of Gd2Zr2O7 pyrochlore as a waste form for HLW. 

[27,43,59,60,72 75]. Ion-beam irradiations with energies varying from few keV to few MeV 

have been used to reproduce alpha-decay damage in a broad spectrum of pyrochlore 

compositions, particularly in A2Zr2O2 and A2Ti2O7 systems, in ion beam irradiation the incident 
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ions produce interstitial atoms cascade and vacancies because of an incident ion and lattice 

 [44,45,76].  

Several SHI irradiations (energy range: MeV to GeV) researches were performed by 

Patel et al., Lang et al., and Sattonnay et al. and they reported that order-disorder transformation 

and amorphization induced by irradiation intensely rely on elemental composition 

[27,28,72,76,77]. These outcomes also show that the titanate pyrochlore is greatly susceptible 

to transformation caused via irradiation, i.e., titanate pyrochlore (Gd2Ti2O7) became 

amorphized at comparatively low dosage ~0.2 dpa at ambient temperature. However, the 

Gd2Zr2-xTixO7 -induced 

amorphization with increased Zr content, and hence, the phase transformation is favored 

towards a disordered, defect-fluorite phase. After the maximal irradiation, the end member, 

Gd2Zr2O7, which originally consists of a mixture of crystalline pyrochlore and defect-fluorite 

structure, is altered to the disordered, defect-fluorite structure with no signs of amorphization.  

Moreover, to examine the impact of nuclear collisions and electronic excitations, 

Sattonnay et al. synthesized pellets for Gd2(Ti2-xZrx)O7 composition and bombarded through 

heavy ions having energies varying from few MeV to few GeV [77]. The resistance to 

amorphization produced by irradiation decreases with increasing Zr engrossment at low energy 

(4 MeV Au ions). Gd2Ti2O7 is amorphized easily, but Gd2Zr2O7 goes through the transition to 

a disordered fluorite structure. Similar results have been obtained with significantly lower ion 

fluences for high energy irradiations (through1.5 GeV Xe or 2.6 GeV U ions). 

In accordance to preliminary calculations, experiments, and a variety of crystal 

structures ranging from pyrochlore to disordered fluorite structure, the Gd2Zr2O7 oxide seems 

to be a promising candidate for hostile environments in the interest of safe and effective 

management of radioactive wastes and surplus actinides. 

1.5 Motivation 

environmentally sensitive high-level radioactive wastes (HLWs). Materials used for effective 

management of (involving their safe discharge and storage) radioactive wastes should be stable 

in radioactive environments [7]. Therefore, the development of radiation-resistant compounds 

.  

Several organizations from around the world are working to find an appropriate matrix for the 

secure burial of radioactive waste [7,78]. For this reason, a variety of materials such as glasses, 

cement, ceramics, and others are being examined by various researchers around the globe [6]. 
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The disadvantage of borosilicate glass is that it has an inclination towards devitrification in the 

company of water and vapor at high pressure and high temperature, which could occur after 

disposal in a geological repository [2]. Furthermore, intrusion of water into geological 

repositories might result in the creation of water-soluble salts, which can increase the few 

species' leachability. 

Furthermore, fixing actinides and other radioactive wastes in ceramic matrix offers various 

advantages, including increased thermodynamic durability, low leachability, and improved 

chemical stability and radiation tolerance [8].  

Based on the findings of the literature review, zirconate pyrochlores are cogitated to be 

significant host matrices for radioactive waste incorporation. 

1.6 Scope and Goals of Thesis 

The main aspiration of this thesis is to present the research work carried out on selected 

zirconate pyrochlores, i.e., La2Zr2O7 and Gd2Zr2O7. The effect of annealing temperature and 

ion irradiation on the structural modifications of La2Zr2O7 has been discussed as a pyrochlore 

structure, La2Zr2O7 has a broad spectrum of applications, including photoactive composites, 

catalysts, and thermal barrier coatings [70,79]. The impact of different degrees of structural 

defects on the radiation tolerance of Gd2Zr2O7 samples was investigated upon swift heavy ion 

irradiation (100 MeV I7+) and evaluated the capabilities of Gd2Zr2O7 samples for the possible 

applications in hostile environments such as radiation tolerant hosts for safe and effective 

management of radioactive nuclear wastes and surplus actinides 

1.7 Thesis objectives 

The precise objectives of the research work plans are categories as follows: 

 Effect of annealing temperature on structural properties of La2Zr2O7 pyrochlore. 

 Structural modifications of La2Zr2O7 pyrochlore upon irradiation with MeV ions.  

 Order-disordering engineering in La2Zr2O7 pyrochlore upon irradiation with keV ions.  

 Role of structural ordering on the radiation resistance response of Gd2Zr2O7 pyrochlore.  

 Investigation of high electronic excitation induced structural modifications of Gd2Zr2O7 

pyrochlore. 
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1.8 Structure of the Thesis 

After the achievement of the aforementioned objectives, we have integrated the results 

with respective discussions in five different chapters (i.e. Chapter 3 to Chapter 7) confined 

between the introduction (Chapter 1) followed by synthesis process and experimental 

techniques (Chapter 2) and a conclusion chapter (Chapter 8). 

Chapter 1

pyrochlore oxides in the field of various technological applications, where the prime focus is 

given on A2
3+B2

4+O7 pyrochlore.  

Chapter 2 Synthesis methods and e

the synthetic methodology and irradiation experiments. A brief review of the various analytical 

characterization tools is also summarized. 

Chapter 3 Impact of annealing temperature on structural and microstructural 

properties of La2Zr2O7 pyrochlore

of annealing temperature.  

Chapter 4 response of La2Zr2O7 pyrochlore upon irradiation with 1.0 MeV 

Xe4+

modifications of La2Zr2O7 pyrochlore. 

Chapter 5 Investigation of atomic order-disorder in the La2Zr2O7 pyrochlore under 

low energy (500 keV, Kr2+) ion irradiation  demonstrates the involvement of the x48f   parameter 

in the enhancement of disordering in the system.  

Chapter 6

Gd2Zr2O7 

the radiation resistance engineering of Gd2Zr2O7 pyrochlore  

Chapter 7 Structural modification of Gd2Zr2O7 pyrochlore induced by swift heavy 

ions for nuclear  demonstrates that the structural defects enhanced as a 

function of ion fluence.  

Chapter 8 Summary and Conclusions s the overall concluding remarks 

drawn from the thesis by justifying its title and proposed objectives. This chapter also 

highlights the probable scope of outspreading this work in the near future. 
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