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Thesis Summary 

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 

 [1]. 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, especially HLW, securely and cogently. The HLW should 

be immobilized to ensure its safety for storage, transportation, and final repository disposal [2

4]. The challenges that are considered for selecting a waste form include, but are not limited to 

(i) ability to upload large radioactive waste, (ii) easy production of the system, (iii) high 

radiation stability under environmental conditions, (iv) possible upload of the mixture of 

radioactive nuclides and other pollutant species resulting in minimal secondary phases creation, 

(v) m , etc. [4].  

Ceramic materials based on different compositions have been examined against the 

immobilization of radionuclide waste and actinides transmutations [5]. Based on the 

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

for radioactive waste immobilization [5]. Among the ceramic crystalline compounds, the 

pyrochlore oxides have been considered a promising candidate for the immobilization of 

radioactive nuclear waste [5]. 

In the present investigation, we have prepared a series of zirconate pyrochlore oxides, 

namely, La2Zr2O7 and Gd2Zr2O7 via a standard solid-state method. Firstly, the La2Zr2O7 

samples were annealed at three different temperatures (1200, 1300, and 1500°C) and time (24, 

48, and 96 h), to investigate the impact of annealing temperature and time on the structural and 
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microstructural properties. Secondly, the La2Zr2O7 samples were subjected to lighter ion Xe4+ 

and Kr2+ irradiation at two different temperatures (88 K and 300 K), to explore and elucidate 

the light energy ions induced structural transformations as a function of irradiation temperature 

and ion fluence. Lastly, the Gd2Zr2O7 were subjected to swift heavy (100 MeV) I7+ ions 

irradiation to investigate the radiation tolerance as a function of different degrees of structural 

ordering and ion fluence for possible use in nuclear applications. The pristine and post 

irradiated La2Zr2O7 and Gd2Zr2O7 were analyzed by XRD, GIXRD, FE-SEM, Raman 

spectroscopy, and HR-TEM. Consequently, structural and microstructural properties of 

La2Zr2O7 and Gd2Zr2O7 systems as a function of annealing time, irradiation temperature, ion 

energy, and ion fluence were investigated. To achieve the objective of the present research 

work, the thesis is divided into eight chapters, and the content of each chapter is as follows. 

Chapter-1 includes a brief discussion of different types of radioactive waste and actinides and 

an overview of the challenges that should be considered for selecting waste forms. The distinctive 

crystalline ceramic host matrices are explored for radioactive waste immobilization. A 

comprehensive review on how external parameters, i.e., chemical substitution, annealing 

temperature, pressure, irradiation temperature, and ion energy modified the structural 

properties of pyrochlore oxides have also been discussed. The features of pyrochlore oxides 

that make them different from other ceramic oxides are also explained. Chapter-2 describes the 

synthesis method, irradiation process, and different characterization techniques used for 

analyzing the La2Zr2O7 and Gd2Zr2O7 samples. The evaluation of structural and microstructural 

properties of La2Zr2O7 with the enhancement of annealing temperature and time is discussed 

in chapter-3. The ion irradiation, 100 MeV Xe4+, and 500 keV Kr2+, induced structural 

modifications with the function of irradiation temperature (i.e., 88 K and 300 K) and ion fluence 

are discussed successively in chapter-4 and chapter-5. The radiation tolerance capability of 

Gd2Zr2O7 samples with the function of structural ordering and ion fluence for the possible 

applications in hostiles environments, i.e., the safe and effective management of high-level 

radioactive waste and actinides in discussed in chapter-6 and chapter-7. Chapter-8 delineates 

the impressive results upon irradiation of Xe4+ and I7+ ions with a brief outline of future 

perfectives. 
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1.1 Introduction

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

high-level radioactive waste [1]. These radioactive wastes are classified into three broad 

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

(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) [6]. 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 [3,6]

Immobilisation of high-level radioactive wastes (HLWs) is achieved by incorporating the 

radioactive waste chemically into an appropriate matrix structure (typically glasses or 

ceramics) to make it immobile and thus it is not able to escape into the environment [4,6]. 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 [7]. The Classification of crystalline ceramic compounds as 

suitable waste forms for the radioactive waste is presented in Fig. 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 [5].

Figure 1. The Classification of crystalline ceramic compounds as suitable waste forms for 

radioactive waste.
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Among the ceramic crystalline compounds, the pyrochlore matrices, A2B2O7, provide 

an enormous band of structural and physical properties because of their numerous chemical 

compositions. In pyrochlore oxides family, particularly, the A2
3+B2

4+O7 compounds [Fig. 2] 

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].  

 

Figure 2. The periodic table highlights elements with oxidation states, i.e., 3+ (red) and 4+(blue) 

which help to configuration the A2
3+B2

4+O7 pyrochlore phase. 

The 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 [8 10]. It should be noted that the properties of the 

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

irradiation, temperature, or pressure. The mixed-phase La2Zr2O7 was found to have superior 

conductivity on account of lattice mismatch at the interface joining pyrochlore and defect 

fluorite phase. [11]. Previous studies suggest that La2Zr2O7 is admirable for immobilization of 

actinide (Pu can be fused at any of the cationic sites) wastes [12,13]. 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 ions produce interstitial atoms cascade and vacancies 

[14 16]. The smaller values 

of cationic radii ratio, rA/rB < 1.46, favored the formation of disordered fluorite phase [17]. 

With the cationic radii ratio of rA/rB =1.46, the Gd2Zr2O7 lies on the boundary of the pyrochlore 
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and disordered fluorite phase. Therefore, the formation of disordered fluorite and/or pyrochlore 

phase Gd2Zr2O7 is uncomplicated by engineering the cationic disordering/ordering at certain 

temperatures [18]. 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 [15,19 22]. Gd2Zr2-xTixO7 shows consiste

beam-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. 

The development of radiation-

wastes is of utmost importance. Based on the findings of the literature review, zirconate 

pyrochlores are cogitated to be significant host matrices for radioactive waste incorporation. 

Processing and synthesis of ceramic and other materials should be designed with 

specific attention to controlling and changing the chemical and physical properties for 

promising use in modern era emerging applications. Therefore, there is a need for special 

attention to various synthesis tools for processing, synthesizing, and evaluating associated 

properties. Polycrystalline La2Zr2O7 and Gd2Zr2O7 ceramic compounds were prepared through 

a facile and economical synthesis approach, i.e., the standard solid-state method, which is one 

of the popular techniques for the preparation of ceramic materials [22,23]. To compute the 

effect of annealing temperature and time on La2Zr2O7 structural and microstructural properties, 

La2Zr2O7 was annealed at different temperatures and times. Ion irradiation induced structural 

modifications in the La2Zr2O7 matrices as a function of irradiation temperature, ion energy, and 

ion fluence were explored. Consequently, the structural changes of post irradiated matrices 

were evaluated using GIXRD, Raman spectroscopy, and HR-TEM.  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. 
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1. 2 Experimental Method 

1.2.1 Preparation and ion irradiation experiments
The solid-state process is a facile and economical synthesis method for the preparation of 

polycrystalline material. 

Figure 3. Schematic diagram of the synthesis and irradiation process of zirconate pyrochlore

oxides.

This approach involves the mixing of reactants (in powder form) in stoichiometric ratio 

followed by several steps such as crushing, grinding, and milling till the formation of 

homogeneity. Thus, this technique includes mingling of powder precursors and step by step 

annealing for a longer duration at elevated temperature followed by intermittent grinding in 

between for sublime homogeneity. The schematic diagram of the preparation of zirconate 

pyrochlore oxides and irradiation process is illustrated in Fig. 3.

All irradiation experiments were conducted at Inter-University Accelerator Centre (IUAC), 

New Delhi. All the samples were loaded using tape on the target ladder to be placed inside the 

irradiation chamber. The irradiation ion beam was optimized for a 1.0×1.0 cm2 scanning area 

in the X-Y plane. To ensure the desired beam size on the samples, the ion beam is first made 

to hit the quartz crystal and it is optimized before moving to target samples.

The parameters used for the ion irradiation experiment were calculated by employing the 

software called SRIM (Stopping and Range of Ions in Matter) 2013 [24]. The electronic energy 
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loss (Se) and nuclear energy loss (Sn) and projectile range (Rp) of La2Zr2O7 and Gd2Zr2O7 were 

simulated using SRIM 2013. 

1.2.2 Characterizations 

XRD and GIXRD measurements were performed using the Rigaku Smart Lab and Bruker D8 

advance X-  was 

utilized to deduce the average crystallite size. Moreover, the average crystallite size and lattice 

strain of zirconate pyrochlore oxides were determined using the expression, = /  +

, which is called the Williamson-Hall equation. The W-H equation suggests that the peak 

broadening depends on the crystallite size and lattice strain. The Rietveld refinement of XRD 

patterns of La2Zr2O7 and Gd2Zr2O7 samples were refined using the Fullprof program. During 

the Rietveld refinement process, the Pseudo-Voigt function was used in the fitting of XRD 

patterns. The microstructure of La2Zr2O7 and Gd2Zr2O7 samples are investigated by field 

emission scanning electron microscopy (FESEM, Supra 55 Zeiss, UK). The Raman 

spectroscopy was performed to examine the disorder, lattice defects, and distortion in 

vibrational modes. Raman measurements of all samples presented here were performed using 

a micro-Raman model STR 500 with an excitation (wavelength of 785 nm) from an Nd-YAG 

laser source and argon laser source equipped Labram-HR 800 spectrometer (488 nm). 

The deterioration of atomic ordering was investigated from high-resolution transmission 

electron microscopy. The JEOL 3010 high-resolution transmission electron microscope 

(HRTEM) is used to characterize the samples. 

1.3 Key Finding 

1.3.1 Modification of structural and microstructural properties of La2Zr2O7 by 

annealing temperature and time 

As we know, structural defects and microstructure of the constituting phase are major driving 

forces in all engineering materials to alter their chemical and physical properties. Therefore, to 

alter the structural and microstructural properties of La2Zr2O7 samples were annealed at 

different temperatures and times.  Upon annealing at different temperatures and times, the 

La2Zr2O7 samples responded surprisingly, which was reflected in the associated structural and 

microstructural properties. XRD analysis revealed that the intensities of the reflection pattern 

enhance with the augmentation of annealing temperature and time owing to enhancement of 

crystallinity and grain size. 
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Figure 4. Evolution of grain growth of La2Z2O7 samples as a function of annealing temperature

and time.

Interestingly, the intensity of superstructure reflection, i.e., (111) enhanced with the extension 

of annealing duration and annealing temperature which specifies the pyrochlore phase 

ordering. Cation ordering quantified from the Rietveld refinement confirmed the pyrochlore 

phase ordering strongly supports the XRD analysis. FESEM revealed that the grain sizes 

enhanced and porosity decreased with the function of annealing temperature and time. The 

dependence of grain sizes on the annealing temperature and time is illustrated in Fig. 4. The 

curvature-driven grain growth is predominantly governed by the coarsening of remaining small 

grains and curvature-driven migration/diffusion of grain boundaries. An outcome of the 

investigation reveals that the annealing temperature and time are crucial parameters for 

designing the high dense and highly ordered materials for use in different fields.

1.3.2 Ion irradiation (1.00 MeV Xe4+ and 500 keV Kr2+) induced structural 
modifications in La2Zr2O7

La2Zr2O7 samples were irradiated using 1.00 MeV Xe4+ and 500 keV Kr2+ ions as a function of 

irradiation temperature (300 K and 88 K) and ion fluences, i.e., 1.0E13, 5.0E13, and 1.0E14 

ion/cm2. The dependence of structural modifications of La2Zr2O7 samples on irradiation 

temperature and ion fluence was investigated by GIXRD, Raman spectroscopy, and HR-TEM. 
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GIXRD studies were carried out to unveil the effects of ion irradiation on the structural 

response of La2Zr2O7 samples. 

Figure 5. Dependence of loss of crystallinity (damage/amorphization) on irradiation 

temperature and ion fluence.

SRIM results exhibit that nuclear energy loss predominates in both irradiation studies. The 

reduction in the intensity of reflections is observed at both temperatures as a function of ion 

fluence upon irradiation of 1.0 MeV Xe4+ ions. The diminution of reflections intensity specifies 

the degradation of the crystallinity of La2Zr2O7 samples. The relatively widened and weakened 

reflections of La2Zr2O7 samples at ~88 K indicate that the degradation of crystallinity is quite 

higher at ~88 K than 300K.

Here, we wish to stress that upon ion irradiation of 1.0 MeV Xe4+ ions, the presence of 

superstructure reflections suggests that the La2Zr2O7 samples preserved the pyrochlore phase 

structure at both the temperatures, i.e., no signature of amorphization is observed. The 

irradiation-induced damage/amorphization (loss of crystallinity) in the La2Zr2O7 samples was 

determined by the relative variation in the full-width half maxima and observed that the 

deterioration of crystallinity is significantly prominent at 88 K due to the immobile nature of 

irradiation-induced defects. 

The irradiation-induced damage/amorphization (loss of crystallinity) quantified from GIXRD 

and Raman spectroscopy analysis is illustrated in Fig. 5. The Raman spectroscopy analysis 
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revealed that the vibrational modes of post irradiated La2Zr2O7 samples are weakened and 

broadened with the increment of fluence at ~88 K and 300 K. The weakened and broadened 

vibrational modes of La2Zr2O7 samples indicates that the vibrational modes deteriorated with 

the function of ion fluence. The damage/amorphization quantified from the Raman 

spectroscopy results strengthen the GIXRD analysis. 

Figure. 6 GIXRD patterns of La2Zr2O7 (a, b); enlarged view of (331), and (511) reflections 

and (c-d) magnified of (222) reflection.

HR-TEM photographs of the pristine La2Zr2O7 sample confirmed the well-arranged atomic 

ordering of pristine La2Zr2O7 samples.  La2Zr2O7 sample irradiated at RT reveals the signature 

of deterioration of atomic ordering while La2Zr2O7 sample irradiated at low temperature 

affirmed the dilapidation of atomic ordering.  Here, we would like to emphasize that the 

deterioration of atomic ordering of La2Zr2O7 samples is more significantly at low temperature 

than RT due to the immobile nature of defects. 

Moreover, the engineering of disordering/ordering in cation and anion sub-lattices is 

particularly important in developing high-performance materials for advanced nuclear energy 

and high-temperature electrolytes systems. Therefore, to evaluate the ordering/disordering of 

La2Zr2O7 samples upon irradiation of low-energy ions (500 KeV Kr2+), the GIXRD technique 

has been employed. Fig. 6 (c, d) exhibits the magnified view of superstructure reflections of 

before and after irradiated La2Zr2O7 samples and reveals the presence of superstructure 
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reflections. The presence of superstructure reflections in all samples at both the temperatures 

specifies the formation of the pyrochlore phase. The 

augmentation of fluence, which leads to lattice swelling [Fig. 6 (e, f)]. Interestingly, the peak 

shifting is relatively higher at 88 K than 300 K. 

monotonous dependence of cation disorder on the ion fluence and irradiation temperature. 

Similarly, the oxygen positional parameter, x48f, which determines the crystal structure of 

pyrochlore oxides, enhances monotonically with the function of ion fluence. The value of the 

x48f parameter at 88 K is found to be higher for similar fluence than at 300 K. The relatively 

higher value of the x48f parameter at 88 K may be associated with the relatively more 

pronounced disordering/defects at 88 K. Raman spectroscopy exhibits that the intensity of the 

vibrational modes at both the temperature decreases with the function of fluence. At the same 

time, the FWHM enhances with further enhancement of fluence. The weakening and 

broadening of vibration modes specify the distortion in the lattice, i.e., crystal lattice became 

stressed upon ion irradiation.  

The interesting outcome of this investigation is that the La2Zr2O7 samples preserved the 

pyrochlore structure upon irradiation of 1.00 MeV Xe4+ and La2Zr2O7 samples irradiated with 

500 keV Kr2+ ions demonstrate that the ion irradiation induced the cation and anion disordering 

in the system.  

 

1.3.3 Radiation tolerance of Gd2Zr2O7 upon irradiation swift heavy ion irradiation: a 

suitable matrix for immobilization of nuclear waste 

Materials used for effective management of (involving their safe discharge and storage) 

radioactive wastes should be stable in radioactive environments. Therefore, the development 

of radiation-resistant compounds for the of radioactive wastes is of 

utmost importance. Gd2Zr2O7 samples with different structural defects were irradiated 100 

MeV I7+ ions at the fluence of 1.0×1014 ions/cm2 and explored the role of structural 

ordering/defects on radiation tolerance. The XRD and Raman spectroscopy analysis of pristine 

Gd2Zr2O7 samples exhibits that the Gd2Zr2O7 samples sintered at different temperatures 

possess different degrees of structural order/disordering. Further, the XRD and Raman 

spectroscopy studies of post irradiated Gd2Zr2O7 samples demonstrated that the Gd2Zr2O7 

sample (sintered at 1500°C) with some extant of pyrochlore ordering possesses better radiation 

tolerance than the corresponding Gd2Zr2O7 sample (sintered at 1400°C).  
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Figure 7 XRD patterns of Gd2Zr2O7 sample before and after irradiation with 100 MeV I7+ ions 

as a function of ion fluence. 

Further, we investigated the order-disorder (O-D) transformation in Gd2Zr2O7 with the 

augmentation of ion fluence. To explore the radiation tolerance of the GZO sample for 

applications in hostile environments, the GZO samples were irradiated with the 100 MeV I7+ 

ions at the fluence of 1.0×1012, 3.0×1012, 1.0×1013, 3.0×1013, 1.0×1014 ions/cm2. Fig. 7 exhibits 

that the diffraction peaks slightly decrease with the increase of ion fluence, and peaks width 

also seem to be relatively broader upon irradiation of 100 MeV iodine ions with enhanced ion 

fluence. The Gd2Zr2O7 samples demonstrate order-disorder, i.e., pyrochlore to fluorite phase 

transformation at the ion fluence of 1.0×1013 ions/cm2, and no signal of amorphization was 

perceived in the Gd2Zr2O7 system even at the highest ion fluence of 1.0×1014 ions/cm-2 which 

established the capabilities of GZO for possible applications in hostile environments such as 

immobilization of high-level radioactive waste nuclides. 

1.4 Conclusions 

A brief review of nuclear wastes generated during the operation of the nuclear power plant, 

types of different crystalline ceramics for immobilization of radioactive wastes, classification 

of pyrochlore oxides, zirconate pyrochlores, and use of pyrochlore oxides particularly zirconate 

pyrochlores in different technological applications are discussed.  

As discussed in the introduction section, there are a lot of real and practical challenges 

for the safe and effective management of radioactive wastes which were difficult to overcome. 

However, progressive and innovative research work has presented step-by-step improvement 

in alteration of essential chemical and physical properties of pyrochlore oxides specially 
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zirconate pyrochlores as reported by the scientific community. However, the biggest challenge 

of designing and fabrication of complex pyrochlore oxides with the engineering of crystal 

structures from pyrochlore to defect fluorite is still open.  

In this dissertation, we present a comprehensive approach for alteration of structural 

modifications of La2Zr2O7 and Gd2Zr2O7 upon annealing temperature and ion irradiation for 

possible application in hostile environments and other several emerging applications for 

societal development. 

A series of zirconate pyrochlore oxides, i.e., La2Zr2O7 and Gd2Zr2O7 samples were prepared 

via a standard solid-state method, and the impact of extremal parameters, i.e., annealing 

temperature, irradiation temperature, ion energy, and ion fluence on the structural modification 

were explored. To investigate the impact of annealing temperature and time, the La2Zr2O7 

samples were annealed at different temperatures and times. Further, to compute the impact of 

irradiation temperature and ion fluence on the structural modifications of La2Zr2O7 samples 

were irradiated with 1.00 MeV Xe4+ and 500 keV Kr2+ ions. Further, the radiation tolerance of 

Gd2Zr2O7 samples with the function of different degrees of structural ordering/disordering and 

ion fluence upon irradiation of swift heavy ion irradiation (100 MeV, I7+ ions) were explored. 

To evaluate the annealing/sintering temperature and ion irradiation induced structural 

modifications the different complementary analytical characterization techniques such as 

XRD, GIXRD, FE-SEM, Raman spectroscopy, and HR-TEM were employed. 

 

Structural and microstructural properties of La2Zr2O7 samples transformed with the 

augmentation of the annealing temperature and extended time duration. The XRD analysis 

demonstrates the enhancement in the crystallinity of the La2Zr2O7 samples with enrichment of 

annealing temperature and extended time duration. The Rietveld refinement of the La2Zr2O7 

samples confirmed the formation of cubic structure pyrochlore phase. The qualitative 

x48f ering revealed the enrichment of 

the pyrochlore phase structure. FE-SEM results strengthen the XRD studies and established 

grain growth evolution of La2Zr2O7 samples. The grain growth component revealed that the 

curvature-driven migration/diffusion of grain boundaries occurred at elevated temperatures for 

a prolonged duration. An outcome of the investigation divulges that the preselected and 

destined parameters were found to be capable of tailoring the microstructure and structural 

ordering that enchant the research community because having tremendous applications in 

diverse fields. 
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La2Zr2O7 samples irradiated in a well-controlled environment using 1.0 MeV Xe4+ ions with 

the function of ion fluence at two different temperatures (88 K and 300 K) demonstrate the 

splendid structural response. The microstructural study of the un-irradiated La2Zr2O7 sample 

exhibits that the grains and grain boundaries are evidently noticeable. The GIXRD studies 

exhibit the deterioration of the crystallinity of La2Zr2O7 samples. The deterioration of the 

crystallinity enhanced monotonically with augmentation of fluence at both the temperatures. 

Rietveld refinement indicates that the lattice parameters of La2Zr2O7 samples enhanced with 

the augmentation of ion fluence. Raman spectroscopy analysis suggests the concurrently 

weakening and broadening of the vibrational modes of La2Zr2O7 samples upon irradiation and 

are relatively higher at ~88 K. Both, GIXRD and Raman spectroscopy indicated that the 

damage is more pronounced at ~ 88 K with the increment of ion fluence. The HR-TEM 

micrographs of La2Zr2O7 samples confirmed that the deterioration of atomic ordering is more 

pronounced at ~88 K than 300 K.  

 

The influence of low-energy ion irradiation (500 keV, Kr2+) on the structural response of 

La2Zr2O7 samples was investigated with the function of irradiation temperature (88 K and 300 

K) and ion fluence. The before and after irradiation of La2Zr2O7 samples were studied using 

GIXRD and Raman spectroscopy techniques. The continuous weakening and broadening of 

LZO reflections with the enhancement of fluence shows the induced structural disordering at 

88 K and 300 K upon irradiation and are relatively higher at a lower temperature (88 K). The 

lattice strain and cell volume expansion depend on the irradiation temperature and fluence; are 

significantly more pronounced at 88 K than 300 K. Disordering of cation and anion enhanced 

as a function of fluence and it is relatively higher at 88 K. Raman spectroscopy revealed the 

augmentation of disorder in La2Zr2O7 samples with the enrichment of fluence. Further, Raman 

spectroscopy analysis confirmed the higher disorder/distortion in the system at 88 K. Both, the 

XRD and Raman spectroscopy confirmed more pronounced structural modification 

(defects/disordering) in La2Zr2O7 samples at 88 K in comparison of 300 K due to the immobile 

nature of ion irradiation-induced disorder/defects. 

 

The impact of structural ordering/disordering on the radiation tolerance of Gd2Zr2O7 samples 

sintered at 1500°C (GZO15) and 1400°C (GZO14) has been investigated using XRD, FE-SEM, 

and Raman spectroscopy. Peak fitting profile analysis and Rietveld refinement of GZO14 and 

GZO15 samples demonstrate that both samples possess some different degrees of pyrochlore 

super-structural ordering. Raman spectroscopy studies also confirm the existence of the 
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pyrochlore phase in both GZO samples and strengthen the Rietveld analysis. The different 

degrees of pyrochlore phase GZO14 and GZO15 samples were irradiated using 100 MeV I7+ 

ions at the fluence of 1.0×1014 ions/cm2. Raman studies illustrate the presence of weak 

pyrochlore phase ordering while XRD analysis exhibited pyrochlore to fluorite phase transition 

upon irradiation. Both, the XRD and Raman spectroscopy studies exhibited that the GZO15 

sample displays better radiation tolerance than the GZO14 sample. The better radiation 

tolerance of the GZO15 sample seems associated with some extent of the ordered pyrochlore 

phase. The results reported here are appreciable as they may pave a path for the fabrication of 

complex oxide materials with different degrees of ordering/disordering for better radiation 

tolerance. Assessment of radiation resistance of Gd2Zr2O7 samples establishes the feasibility 

of it for the possible applications in hostile environments such as radiation tolerant hosts for 

safe and effective management of radioactive nuclear wastes and surplus actinides. 

 

Further, Gd2Zr2O7 samples were irradiated using 100 MeV I7+ ions and the impact of ion 

fluence on the structural modifications for possible use in nuclear applications was explored. 

XRD and Raman spectroscopy were employed to examine the radiation-induced structural 

modifications (O-D transformation). The Rietveld refinement of the pristine Gd2Zr2O7 samples 

exhibited the ordered pyrochlore structure. XRD analysis confirmed the irradiation induced 

structural modifications, i.e.., pyrochlore to defect fluorite phase transition in Gd2Zr2O7 

samples, and found to be ion fluence dependent. Specifically, the Gd2Zr2O7 samples irradiated 

for initial fluences (1.0×1012 ions/cm2 and 3.0×1012 ions/cm2) present the least degree of phase 

fraction. The Raman spectroscopy analysis also confirms the order-disorder in Gd2Zr2O7 

samples. The degree of the disorder is enhanced as a function of ion fluence and disregards the 

appearance of amorphization. The pyrochlore to defect fluorite phase transformation without 

any signature of amorphization, even for the highest fluence, establishes the potentiality of 

GZO samples for utilization in nuclear applications as radioactive waste forms. 
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