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

6. 1 Introduction 

Nuclear energy generates very low amount of carbon and other pollutants, and presently 

provides ~11% of the global electricity [2]. However, a variety of radioactive nuclear wastes 

are generated at the diverse phase of nuclear fuel processing (milling and mining of uranium 

ore, reactor operation, fuel fabrication, and used fuel reprocessing) in the nuclear power plants 

[2] hazardous and 

environmentally sensitive high-level radioactive wastes (HLWs) [2,3].  

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 compo

utmost importance [1-3]. The scientific community all over the world is looking for appropriate 

materials for the secure disposal and effective management of radioactive wastes [3,4].  

In recent years, the pyrochlore oxides are considered a promising host candidate for 

radionuclides waste immobilization because of their ability to easily accommodate the different 

types of actinides at crystallographic lattice sites [3-8]. Among the pyrochlore compounds, 

Gd2Zr2O7 (GZO) is considered a suitable and promising host candidate for radioactive waste 

immobilization due to its exceptional chemical and thermal stability, radiation tolerance in 

hostile environments, mechanical properties, and so on [3,4,6,9,10]. GZO with rA/rB = 1.46 

exhibited the order-disorder transformation instead of being amorphized upon irradiation with 

high energy heavy ions [11].  

Here, we have focused on two major aspects of Gd2Zr2O7 ceramic. First, we have 

demonstrated the structural ordering of Gd2Zr2O7 enhanced with the increase of sintering 

temperature. Second, we have investigated the impact of different degrees of structural defects 

in the microsized Gd2Zr2O7 on radiation tolerance using 100 MeV I7+ ions with the fluence of 

1.0 x1014 ions/cm2 for possible nuclear applications. The materials, synthesis, and irradiation 

process of GZO are explained in chapter 2. 
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6.2 Results and Discussion 

6.2.1 Structural and microstructural properties of GZO: Impact of 
sintering temperature 

6.2.1.1 Structural and micro-structural analysis: XRD and FE-SEM 

The presence of the superstructure reflections i.e., (111), (311), (331), (511), and (531) 

in the XRD patterns determine the crystal structure of pyrochlore compounds [12,13]. The 

detection of superstructure peaks in XRD patterns is typically difficult due to very weak 

reflections. Fig. 6. 1 (a-b) displays the XRD patterns of GZO pellet samples sintered at 1400°C 

and 1500°C for 48 h. The XRD pattern of the GZO14 and GZO15 exhibits the presence of 

pyrochlore superstructure reflections i.e., (111), (311), (331), (511), and (531). The appearance 

of the pyrochlore superstructure reflection characteristics is being evolved with sintering 

temperature in the GZO15 sample. The XRD pattern of the GZO15 sample shows the presence 

of all possible pyrochlore superstructure reflections [Fig. 6.1 (b)].  

The presence of pyrochlore superstructure reflections in GZO14 and GZO15 samples 

exhibits the formation of the pyrochlore phase with the cubic crystal structure ( ). 

Pyrochlore structure is a superstructure derivative of fluorite structure (AO2) with two different 

sites for A3+ and B4+ cations and three anion sites, i.e., 48f, 8a, and 8b. The more intense 

superstructure reflections of GZO15 sample with the increase of sintering temperature 

(1500°C) indicates that the degree of pyrochlore structural ordering increased with the increase 

of sintering temperature. These results show that the crystalline pyrochlore phase of the GZO 

system is being more ordered with the increase of sintering temperature, i.e., pyrochlore super-

structural ordering enhances with sintering temperature. In other words, this is to say that the 

both samples, GZO14 and GZO15 possess different degree of ordering of pyrochlore phase 

[26-28].  

The XRD results obtained here are in good agreement with previous studies [24-25,27]. 

Kong et al. have reported that the Gd2Zr2O7 powder sample sintered at 1200°C for 12 h displays 

the disorder fluorite phase whereas the Gd2Zr2O7 sintered at a similar temperature for the longer 

duration (50 h) exhibits the presence of superstructure reflections, i.e., pyrochlore phase formed 

upon heating for the longer time [13]. These results suggest that the fluorite-pyrochlore phase 

transition depends on both sintering temperature and time [13]. Further, they observed that the 

characteristics of the pyrochlore superstructure reflections of the Gd2Zr2O7 system become 

more intense and sharp with the increase of sintering temperature from 1300° to 1400°C, and 
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stated that the induced degree of ordering in cation and anion sub-lattice increases significantly 

with the increase of sintering temperature, i.e., the ordering of pyrochlore phase increases with 

sintering temperature [13]. 

Zhou et al. [12] prepared the Gd2Zr2O7 samples and sintered at various temperatures 

(300°C to 1600°C) to investigate the fluorite-pyrochlore-fluorite (F-P-F) phase transformation 

in Gd2Zr2O7 system. They stated that the fluorite phase exist below 1250°C and fluorite-

pyrochlore phase transition undergoes upon sintering within the range 1250°C to 1300°C. 

Upon sintering temperature of 1300°C to 1500°C, the ordering of pyrochlore phase take place

and the degree of structural ordering enhanced as a function of sintering temperature. 

Interestingly, the pyrochlore structure transforms into a defective fluorite structure upon 

sintering above the temperature of 1550°C. The complete disappearance of the superstructure 

characteristics of Gd2Zr2O7 ceramics upon sintering at 1600°C suggests the predominantly 

defective fluorite structure [12]. It should be noted that upon annealing above 1550°C, the 

pyrochlore structure transformed into a defective fluorite phase because thermal energy 

surpasses the cation defect formation energy and results in, both cations, the Gd3+ and Zr4+ in 

A-B sites become disordered. 

Figure 6.1 XRD patterns of GZO samples sintered at (a) 1400°C and (b) 1500°C.

Moreover, Zhang et al. have annealed the Gd2Zr2O7 powder samples at various 

temperatures, i.e., 1100°C to 1550°C. It was observed that the degree of cationic ordering 

enhanced monotonically as a function of annealing temperature which suggests that the degree 

of structural ordering in the Gd2Zr2O7 system depends on the annealing temperature [14]. 

Previous studies have revealed that the Ln2Zr2O7 (Ln=rare earth) compounds experience 

fluorite-pyrochlore-fluorite phase transformation at specific temperatures [7,9,13 15]. Under 

ambient conditions, the ordered pyrochlore structure forms within cationic radii ratio, 1.46 < 

rA/rB <1.78 [7,14]. 
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The smaller values of cationic radii ratio, rA/rB < 1.46, favored the formation of disordered 

fluorite phase [14]. 

Table 6.1 Displays the variation in the intensity of pyrochlore superstructure peaks in respect 

of (222) diffraction plane for GZO14 and GZO15 samples.

With the cationic radii ratio of rA/rB =1.46, the Gd2Zr2O7 lies on the boundary of the 

pyrochlore 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 [12,24-26]. Using the peak profile fitting of GZO samples, we have 

measured the intensities of all diffraction planes. The variation in the ratio of the intensity of 

pyrochlore superstructure reflections, i.e., (111), (331), and (511) of GZO14 and GZO15 

samples are displayed in table 1. It is noteworthy that the intensity of superstructure reflections 

relies on the induced degree of ordering/disordering, distribution of anion vacancies, and so on 

[2, 25].

Here, we wish to stress that the intensity of pyrochlore superstructure reflections in the 

GZO15 sample is found to be more prominent as compared to the GZO14 sample (Table 6.1). 

The variation of pyrochlore super-structural reflections indicates the relative enhancement in 

the pyrochlore phase ordering in the GZO15 sample. Therefore, we deduce that the degree of 

structural ordering relatively enhances from GZO14 to GZO15 samples with enhancing the 

sintering temperature and is in well agreement with earlier studies [12,13,15]. 

Fig. 6.2 (a-b) displays the variation in the intensity and FWHM of the most intense 

diffraction planes, i.e., (222), (400), (440), and (622) of GZO14 and GZO15 samples. Fig. 6.2 

(a-b) gives evidence that the intensity of the diffraction planes increases and FWHM decreases 

with sintering temperature for the GZO15 sample. The enhancement in the intensity and 

decrement in the FWHM of GZO15 samples seem to be associated with the improvement of 

crystallinity and lattice strain due to enhanced sintering temperature [15,17,18].



98 | P a g e

Figure 6.2 Variation in the intensity (a) and (b) FWHM of GZO14 and GZO15 samples upon 

sintering at 1400°C and 1500°C; and (c) Williamson-Hall plot of GZO15 sample.

The crystallite size and lattice strain of GZO samples were deduced employing the 

Williamson-Hall expression [19]

                                                  (6.1)

Where hkl, is the full width at half maximum (FWHM), D is crystallite size, is the lattice 

strain, is the wavelength, K is the dimensionless constant having a 

value of 0.94 for spherical crystals with cubic symmetry. 

To obtain the values of peak positions and FWHM of the most intense reflections of the GZO 

samples, the whole pattern peak profile fitting was performed. The average crystallite size and 

lattice strain were deduced via a liner fitting between vs as shown in Fig. 6.2 (c). 

The calculated crystallite sizes from XRD analysis using W-H formalism were found to be 

78.54 nm and 84.16 nm for GZO14 and GZO15 samples which seems well consistent with 

earlier studies [15,16].
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Figure 6.3 Rietveld refined XRD pattern of (a) GZO14 and (b) GZO15 samples. In Fig. (a-b) 

the top and bottom magenta color lines represent the peak positions for the pyrochlore and 

fluorite phase, respectively. 

 To get more insight into the lattice parameters and phase fraction, the Rietveld 

refinement of GZO samples has been performed using the FullProf program [20]. Fig. 6.3 

displays the Rietveld refinement of GZO14 and GZO15 samples. XRD patterns of GZO 

samples were refined using the Pseudo-Voigt profile function. The refined lattice parameters 

of GZO14 and GZO15 are found to be 10.5336(2) Å to 10.5358(3) Å, respectively. Rietveld 

refinement of the GZO samples confirms that both samples possess the pyrochlore 

superstructure phase. It is found that the pyrochlore superstructure evolved with sintering 

temperature in the GZO15 sample.  

The higher lattice parameter of the GZO15 sample as compared to the corresponding 

GZO14 sample seems to be associated with the enhanced structural ordering upon sintering at 

1500°C [13,16]. Previous studies have also reported the enhancement in the lattice parameter 

of the Gd2Zr2O7 system with the increase of annealing temperature [14], [15]. Similarly, 

Kaliyaperumal et al. have reported that the lattice parameter of the Gd2Zr2O7 increases from 

10.517 to 10.528 Å with the enhancement of sintering temperature (800 to 1400°C) [16]. The 

increase of lattice parameter suggests the expansion in the unit cell volume of GZO samples 

with the enhancement of sintering temperature which may be associated with the allocation of 

cations and oxygen ions in the respective sub-lattice, i.e., enhanced structural ordering with 

sintering temperature.  

Table 6.2 provides the structural parameters deduced from the Rietveld refinement and 

W-H method for both GZO samples. As discussed above, the previous studies have 

demonstrated that the 1200C° and 1300°C are crucial points where fluorite to pyrochlore phase 

transition occurs [12]. It should be noted that the constitution of anion defects in pyrochlore 
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compounds has an inevitable effect on the emergence of defects in cation sub-lattice [14]. The

researchers have also shown that the fluorite-pyrochlore phase transition depends on both, i.e., 

sintering time and temperature. Kong et al. [13] obtained the complete fluorite-pyrochlore 

phase transition upon sintering at 1200°C for 50 h which signifies that the fluorite-pyrochlore 

phase transition depends on both sintering temperature and time. Recently, Jafar et al. sintered 

the Gd2Zr2O7 at different temperatures (1100°C, 1200°C, 1300°C, and 1400°C) and stated that 

pyrochlore phase ordering enhanced with sintering temperature. 

The Gd2Zr2O7 samples annealed at 1400°C exhibits an ordered pyrochlore structure 

[21]. The above-discussed results demonstrate that the annealing/sintering temperature induced 

the structural ordering/disordering in the pyrochlore compounds. Therefore, we wish to stress 

that the peak profile fitting analysis of XRD data and Rietveld refinement of GZO14 and 

GZO15 samples exhibit different degrees of structural ordering.

Table 6.2. Structural 2, crystallite size, and 

lattice strain) were quantified from the Rietveld refinement and W-H plots of pyrochlore 

structure GZO samples.

Further, in order to obtain the impact of sintering temperature on the microstructure of 

sintered GZO samples, field emission scanning electron microscopy has been performed. Fig. 

6.4 (a-b) displays the FE-SEM images of GZO14 and GZO15 samples. The average grain size 

is found to be 1.86±0.06 µm, and 2.76±0.08 µm for GZO14 and GZO15 samples, respectively. 

It should be noted that the grains and grain boundaries are more obvious for both samples. 

The larger grains size of GZO15 reveals the coarsening phenomenon upon sintering at 

1500°C. The coarsening phenomenon of small grains favored the grain growth, i.e., the grains 

size increased with the enhanced sintering temperature [20,22]. Therefore, the larger grain sizes 

of GZO15 samples seem to be attributed to thermal activated coarsening of small grains and 

curvature-driven diffusion/migration of grain boundaries at sintering of 1500°C [20]. The other 

earlier studies have also reported the similar grain growth of polycrystalline ceramics with 

enhanced sintering temperature [23,24].
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Figure 6.4  FE-SEM image of (a) GZO14 and (b) GZO15 samples sintered at 1400°C and 

1500°C.

The theoretical density ( th) of GZO14 and GZO15 samples was determined using the 

following expression [25].

                                                                                                         (6.2)

M NA
23 mol-

1 a he theoretical density ( th) of the GZO15 samples

decreases due to the enhancement of the unit cell parameters with the increase of sintering 

temperature. The relative density ( r) of GZO samples was determined by employing the 

relation r = ( / th) %. The relative density was found to be 94.56% and 95.87% for GZO14 

and GZO15 samples which support the improved crystallinity and grain growth with sintering 

temperature. The earlier studies have also shown significant enrichment in the density of 

pyrochlore systems with the enhancement of sintering temperature [16,20]. Therefore, we wish 

to emphasize that the sintering temperature favored the grain growth and results in, grain size 

becomes bigger with the increase of sintering temperature.

6.2.1.2 Analysis of vibrational modes: Raman spectroscopy
Raman spectroscopy is perceptive to metal-oxygen vibrations and provides a complete 

understanding of short-range ordering/disordering in the lattice [13]. Conversely,  XRD is more 

perceptive towards cation scattering, furnishes the information of cationic ordering/disordering 

[26]. Moreover, Raman spectroscopy explicitly quantifies the disordered fluorite, biphasic 

mixture, and ordered pyrochlore phase in A2B2O7 compounds [26]. Therefore, Raman 

spectroscopy studies were conducted to investigate the impact of sintering temperature on 

structural characteristics, i.e., the degree of ordering/disordering of GZO samples. 

The cubic pyrochlore structure compounds (A2B2O7) with the space group 

possess A1g, Eg, and 4F2g Raman active vibrational modes. The fluorite structure with the space 
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group of exhibits solely one Raman active vibrational modes, i.e.,  F2g  [27]. Fig. 6.5 

(a-b) displays the deconvoluted fitted Raman vibrational modes of GZO14 and GZO15 samples 

sintered at 1400°C and 1500°C, respectively. The assignment of the Raman vibrational modes 

varies for various pyrochlore compounds and Raman modes have been assigned based on the 

previous studies [26,28,29]. The Raman mode, Eg, situated at ~319 cm-1 is attributed to O-Gd-

O bending vibrations. Raman modes, A1g, located at ~519 cm-1 is originated from the stretching 

vibrations of Gd-O (48f).

Figure 6.5 Deconvoluted Raman modes of (a) GZO14 and (b) GZO15 samples; (c-d) variation 

in the intensity and FWHM of Raman modes of GZO14 and GZO15 samples.

The two Raman modes, 2F2g situated at ~401 and ~598 cm-1 are attributed to the 

stretching vibrations of Zr-O (48f) and Gd-O (8a). The Raman spectra of GZO samples exhibit 

a substantial change with an increase of sintering temperature. As per the prediction of the 

group theory, the disappearance of vibrational modes (A1g and Eg) in the Raman spectra 

specifies the transition from pyrochlore to disordered fluorite phase. 

The group theory also specifies that the diminution of the number of F2g mode 

commensurate the phase transformation from to [29]. Further, broadening in the 

Raman modes of the pyrochlore phase can be associated with structural disorder instead of 
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pyrochlore-fluorite phase transformation. Structural disordering in the pyrochlore compounds 

is an intrinsic phenomenon due to the presence of defects and vacancies. These defects and 

vacancies disrupt the symmetry of the lattice and result in, gives rise to broadened vibrational 

modes [3]. In the present study, the presence of vibrational modes (A1g and Eg) in Raman 

spectra signifies the formation of pyrochlore structure of GZO samples, i.e., both GZO14 and 

GZO15 samples have pyrochlore structure ordering. Further, it was found that the intensity of 

the Raman modes (Eg ~319, F2g ~401, A1g ~520, and F2g ~598 cm-1) increase with sintering 

temperature. Fig. 6 (c-d) illustrates the enhancement in the intensity and decrement in the 

FWHM of Raman vibrational modes with the increase of sintering temperature. Concurrently, 

augmentation of the intensity and decrement in the FWHM of vibrational modes of GZO 

samples indicate the enhancement in the ordering of anions sub-lattice. We wish to stress that 

the vibrational mode, A1g (~520 cm-1), which is correlated to the x-parameter of 48f oxygen 

(x48f), evolves upon sintering at 1500°C and suggests the enhancement in degrees of the 

ordering of anions sub-lattice with the enrichment of sintering temperature.  

Raman spectra of the Gd2Zr2O7 system do not show sharp peaks as it is observed for 

the La2Zr2O7 compound [30]. The line broadening in zirconate pyrochlore suggests a certain 

degree of disorder and the degree of disordering increases with the decrease of rare earth radius 

[31]. Therefore, the broad nature of the vibrational modes in the Raman spectra of GZO 

samples seems to be associated with the intrinsic disorder. Earlier studies have reported the 

fluorite to pyrochlore phase transformation upon sintering temperature at 1100°C to 1300°C 

with the enhancement of the structural ordering [10, 27, 29]. Kong et al. found that the Raman 

spectra of Gd2Zr2O7 powder sample sintered at 1300°C exhibits the characteristics of the 

pyrochlore phase and pyrochlore phase become more evident as sintering temperature increases 

from 1300°C to 1400°C [13].  

Zhou et al. stated that the Gd2Zr2O7 system sintered below 1250°C exhibits the defect 

fluorite nature and defect fluorite to pyrochlore phase transition occurs within sintering 

temperature of 1250°C to 1300°C [12]. As sintering temperature increased from 1300C° to 

1500°C, the degree of structural ordering increased, i.e., formed an ordered pyrochlore 

structure. Kaliyaperumal et al. stated that the Gd2Zr2O7 powder annealed at 800°C possesses 

the pyrochlore structure and ordering of the pyrochlore phase enhances as a function of 

annealing temperature (1000, 1200, and 1400°C). Further, they stated that the vibrational 

modes, i.e., A1g (~529 cm-1) and F2g (597 cm-1)) seem more evident and intense upon sintering 

at 1200°C and 1400°C, which specifies the enhancement in the pyrochlore phase ordering. The 

cumulative peak fitting of the Raman spectra indicates a substantial change in the vibrational 
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modes, i.e., the intensity of vibrational modes increases, and FWHM of vibrational modes 

decreases with sintering temperature in the GZO15 sample [Fig. 6.5 (c-d)].  

These results signify that the GZO15 has a relatively some more extent of ordered 

pyrochlore structure due to enhancement of pyrochlore phase fraction with sintering 

temperature. Raman spectroscopy results discussed here are corroborated with XRD 

observations. Therefore, based on the above discussion, we deduce that both GZO samples 

possess a pyrochlore structure and the degree of an ordered pyrochlore phase is relatively 

higher in the GZO15 sample. 

6.2.2 Impact of irradiation on sintered GZO: Radiation tolerance study   

6.2.2.1 SRIM Simulation 

The damage and implant depth profiles have been investigated using the SRIM 2013 

[18] and are presented in Fig. 6.6. The ion irradiation damage distribution is found to be 

concentrated in the range of 7.2 to 10.5 µm [Fig. 6.6 (a)]. The simulated penetration depth for 

the sample is found to be 9.30 µm upon irradiation of 100 MeV I7+ ions. The variation of 

nuclear stopping power (Sn) and electronic stopping power (Se) with target depth is calculated 

and presented in Fig. 6.6 (c). The simulated values of Sn and Se for the GZO15 sample upon 

irradiation of 100 MeV I7+ ions are found to be 0.17 keV/nm and 20.10 keV/nm. The Se is 

found to be nearly ~120 times higher than the corresponding Sn. It should be noted that the 

electronic energy loss phenomenon dominates for high energetic ions (E > 50 MeV) and the 

results presented here signify the predominance of the Se than Sn. 

6.2.2.2 Structural analysis: XRD studies of irradiated GZO samples 
Structural order/disorder has a profound influence on the properties of materials. For 

example, structural disorder alters the photon transport in silicon photonic superlattice, electron 

transport in graphene, and heat transfer properties of the thermoelectric materials, and flux 

pinning in superconductors, and accordingly is used in various technological applications [32]. 

Structural order/disordered in pyrochlore compounds enhances electronic/ionic conductivity, 

catalytic activity in Li-O2 batteries, and alters radiation tolerance (enhances the ability to 

immobilize the radioactive nuclides generated from used nuclear fuel) [32,33]. Sickafus et al. 

proposed that the oxide compounds, A2B2O7, with pyrochlore and fluorite structures exhibit 

the inherent proclivity towards lattice disorder and are also well suitable to hindering lattice 

instability upon ion irradiation. 
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Figure 6.6 SRIM simulated collision events and ion ranges (a-b) and (c) variation of Se and Sn

as a function of depth of GZO15 sample.

Therefore, A2B2O7 compounds with pyrochlore and fluorite structures are found to be 

suitable for the radiation-tolerant host for safe, effective management and reliable storage of 

radioactive wastes and surplus actinides [1]. The superior radiation resistance tolerance of 

Gd2Zr2O7 proposes it as a promising candidate for the safe and effective management of 

radioactive nuclear waste [4]. In order to investigate the radiation tolerance of polycrystalline 

GZO14 and GZO15 samples, both samples were irradiated using 100 MeV I7+ ions with the 

fluence of 1.0×1014 ions/cm2. 

XRD patterns of ion irradiated GZO14 and GZO15 samples are shown in Fig. 6.7 (a-

b). A substantial change in the XRD patterns of GZO14 and GZO15 samples is observed upon 

irradiation of 100 MeV iodine. The prudent evaluation of XRD patterns of irradiated GZO14 

and GZO15 samples demonstrates the variation in the intensity and FWHM of the diffraction 

plans. The variation in the intensity and FWHM of GZO14 and GZO15 samples seems 

correlated with induced structural defects upon irradiation of iodine ions. It is found that the 
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broadening and weakening of XRD patterns of GZO14 are higher as compared to the 

corresponding GZO15 sample which indicates that the GZO15 sample possesses superior 

radiation resistance than GZO14 sample. 

Moreover, the characteristics of superstructure reflections that represent pyrochlore 

structure are disappeared from both samples upon ion irradiation. Rietveld refinement of the 

pristine GZO14 and GZO15 samples display the pyrochlore phase structure [Fig. 6.3]. The 

disappearance of superstructure reflections from both GZO samples within XRD limits 

indicates irradiation-induced phase transformation from pyrochlore to disordered fluorite phase 

[34]. Patel et al. have reported the disappearance of pyrochlore superstructure reflections in the 

Gd2Zr2O7 system upon irradiation of 90 MeV I and 120 MeV Au ions at the fluence of 1.0×1017

ions/cm2 [8]. 

Sattonnay et al. [35] have irradiated the Gd2Zr2O7 using 93 MeV Xe ions at different 

fluences and found that the weak pyrochlore superstructure reflections become disappear and 

reflections merely depict to fluorite structure has been observed at the fluence of 5.0×1012

ions/cm2. They stated that ion irradiation induced an order-disorder transition in the Gd2Zr2O7

system which results in, the anion deficient fluorite structure formed as a major phase due to 

random distribution of cations between A and B-sites. In another report, Sattonnay et al. 

reported that the Gd2Zr2O7 system expressed the complete pyrochlore-fluorite transformation 

devoid of amorphization upon irradiation of swift heavy 870 MeV Xe ions at the fluence of 

1.0×1013 ions/cm2 [11].

Figure 6.7 XRD patterns of (a) GZO14 and (b) GZO15 samples upon irradiation of 100 MeV 

I7+ at the fluence of 1.0×1014 ions/cm2.

These results suggest that the Gd2Zr2O7 favored the order-disorder transition instead of 

being amorphized. Moreover, Kumari et al. reported that the pyrochlore phase Gd2Zr2O7 

sample possess better crystallinity upon irradiation of 120 MeV Au at the fluence of 1.0×1014
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ions/cm2, while the defect fluorite Gd2Zr2O7 becomes amorphized, which specifies that the 

pyrochlore structure Gd2Zr2O7 system has superior radiation resistance as compared to 

defective fluorite phase Gd2Zr2O7 [36]. Gd2Zr2O7 is formerly categorized as a relatively 

defective pyrochlore phase due to intrinsic cationic and anionic disordering in the respective 

sub-lattice [36]. In the present study, the XRD study unveils the order-disorder transition in 

both GZO samples upon ion irradiation. Earlier studies have reported similar observations and 

stated that the broadened and weakened XRD patterns in the Gd2Zr2O7 system demonstrated 

induced disorder of cations at A and B sites upon ion irradiation [8,11,34].  

Here, it should be noted that the pyrochlore structural ordering was found to be higher 

for GZO15 than the GZO14 sample. Therefore, the substantial changes in the intensity and 

FWHM of GZO14 and GZO15 samples upon ion irradiation seem to be associated with some 

extent of different degrees of structural ordering in pristine GZO samples. Therefore, we 

concluded that that the superior radiation resistance of the GZO15 sample upon ion irradiation 

of 100 MeV I7+ ions may be associated with the extent degree of pyrochlore phase ordering in 

the GZO15 sample as compared to the corresponding GZO14 sample.  

 

6.2.2.3 Analysis of vibrational modes: Raman spectroscopy studies of irradiated 
GZO samples 

Through XRD analysis, the description of an apparent and accurate quantitative 

assessment of pyrochlore structure is challenging; because the emergence of weak 

superstructure reflections in the XRD patterns determined the pyrochlore structure of the 

system. As discussed above, the pyrochlore structure illustrates six Raman active modes, i.e., 

A1g, Eg, and 4F2g. The fluorite structure illustrates solely a single Raman active broad 

vibrational mode, i.e., F2g [37]. Fig. 6.8 (a-b) illustrates the deconvoluted Raman spectra of 

GZO14 and GZO15 samples upon ion irradiation (account for the equivalent XRD patterns of 

GZO samples after irradiation in Fig. 6.7). Several studies have been performed to investigate 

the pyrochlore-fluorite phase transition in the zirconate pyrochlore compounds using the 

Raman spectroscopy [8,11,28,34,36,37].  

The broadening, weakening, and disappearance of vibrational modes in the Raman 

spectra are related to induced structural defects, i.e., disordering in cation sub-lattice, anion 

sub-lattice, anion vacancies upon ion irradiation [36,38]. It is interesting to note that the 

qualitative assessment of the Raman spectra of GZO15 and GZO14 samples demonstrate the 

presence of Eg, A1g, and 2F2g vibrational modes. The presence of all possible vibrational modes 

signifies the presence of the pyrochlore phase in irradiated GZO samples. Kong et al. reported 
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that this type of broadened and weakened peaks was obtained for the disordered pyrochlore 

phase. We wish to stress that the XRD results of irradiated GZO samples did not show the 

pyrochlore superstructure reflections, the Raman spectroscopy analysis of irradiated GZO 

samples unambiguously endorses that both samples have pyrochlore structure. Here, it should 

be noted that the XRD is more suitable for detecting disorder in cation sub-lattice, while Raman 

spectroscopy is perceptible to metal-oxygen vibrational modes. Pokhrel et al. have reported 

that Raman spectroscopy studies of LaHfO and PrHfO compositions annealed at 1000°C 

signifies the phase transformation from defect fluorite to order pyrochlore phase, whereas XRD 

results did not exhibit the pyrochlore superstructure reflections [37]. 

The enriched disordering of cation and oxygen ions in the corresponding sub-lattice 

governs the pyrochlore-anion deficient defect fluorite phase transition [34]. It should be noted 

that the structural modifications in the zirconate pyrochlore are correlated to the composition 

of compounds upon irradiation [11,28,34]. Recently, the pyrochlore and defect fluorite phase 

Gd2Zr2O7 has been irradiated using 100 MeV Au ions at different fluences (1.0×1012 ions/cm2

to 1.0×1014 ions/cm2) [36]. The Raman spectroscopy performed on the pyrochlore and fluorite 

phase Gd2Zr2O7 samples exhibited that the pyrochlore phase Gd2Zr2O7 samples had better 

radiation tolerance as compared to corresponding fluorite phase Gd2Zr2O7 samples [36]. This 

result signifies that the ordered pyrochlore phase Gd2Zr2O7 possesses superior radiation 

stability over the defect fluorite Gd2Zr2O7 phase. Further, it is an accepted trend that the 

enhancement in the intensity, and concurrently decrement in the FWHM of some vibrational 

modes, enhance the anion ordering in pyrochlore compounds [21].

Figure 6.8 Deconvoluted Raman spectra of (a) GZO14 and (b) GZO15 upon irradiation of 100 

MeV iodine ions.

In the present study, the accounted Raman spectra of GZO14 and GZO15 sample upon 

ion irradiation suggests the order-disorder transformation, i.e., pyrochlore to the fluorite phase 
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transition. However, the deconvoluted Raman spectra of both GZO14 and GZO15 samples 

exhibit the presence of Eg, A1g, and 2F2g vibrational modes. Consequently, in spite of enhanced 

disorder, the presence of these vibrational modes for both samples indicates the characteristic 

of pyrochlores, i.e., the weak pyrochlore type ordering which is well consistent with the earlier 

studies [16,36]. The pyrochlore and fluorite structures are correlated with the extent of ordering 

and disordering in the respective cationic and anionic sub-lattices and oxygen vacancies. 

Gd2Zr2O7 lies at the borderline of fluorite and pyrochlore phase transformation due to the 

cationic radii ratio, rA/rB=1.46. Therefore, it is already considered as a disordered pyrochlore 

phase on account of the significant amount of cationic-anionic sub-lattice disordering and 

disordered oxygen vacancies [13].  

As a result of enhanced disordered in cationic-anionic sub-lattice and oxygen vacancies, 

the Gd2Zr2O7 system undergoes from pyrochlore to defect fluorite phase [36]. It is worth 

mentioning that the broadening of the Raman vibrational modes divulges the enhanced disorder 

upon ion irradiation. Hence, it would be pertinent to indicate that the ion irradiation further 

bolsters the disordering in GZO samples, and as a result, both GZO samples lead to a fluorite-

type structure with weak pyrochlore ordering [36].  

The attentive evaluation of deconvoluted Raman spectra of GZO14 and GZO15 

samples demonstrate that the vibrational modes of the GZO14 sample are weaker and broader 

than the GZO15 sample comparatively. The relatively weaker and broader vibrational mode of 

the GZO14 sample signifies a higher loss of crystallinity (significant distortion in the 

vibrational modes) as compared to the corresponding GZO15 sample, i.e., ion irradiation 

generates relatively higher disorder in anionic sub-lattice in the GZO14 sample than GZO15. 

We wish to stress that the Raman spectroscopy results of GZO14 and GZO15 samples are 

consistent with XRD studies.  Both, the XRD and Raman spectroscopy results exhibit that the 

GZO15 sample demonstrates better radiation tolerance as compared to the corresponding 

GZO14 sample. The variation in the structural modifications upon ion irradiation seems to be 

associated with different degrees of structural ordering in both GZO samples. The results 

discussed here suggest that the GZO samples with complex structures and possessing a 

tendency to accommodate lattice disorder are suitable to endure extremely high radiation 

resistance.  

In accordance with 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. In the present study, we demonstrated 
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the different degrees of structural ordering in GZO14 and GZO15 samples with the increase of 

sintering temperature. XRD and Raman's spectroscopy demonstrates that the GZO15 sample 

possesses better radiation tolerance than the GZO14 sample upon ion irradiation due to some 

extent ordered pyrochlore phase in the GZO15 sample (as quantified by Rietveld analysis).  

The results presented here highlight the engineering of radiation tolerance from GZO14 

to GZO15 which was found to be associated with the different degrees of structural ordering. 

Therefore, we concluded that the GZO samples presented here with different degrees of 

ordering/disordering could be suitable for applications in hostile environments, i.e., hosts 

materials for high-level radioactive waste and surplus actinides. 

6.3 Conclusion 

The impact of structural ordering/disordering on the radiation tolerance of GZO14 and 

GZO15 samples has been investigated employing characterization tools including XRD, FE-

SEM, and Raman spectroscopy. The Rietveld refinement of GZO14 and GZO15 samples 

sintered at 1400°C and 1500°C demonstrates that both samples possess some different degrees 

of pyrochlore super-structural ordering. Raman spectroscopy studies also confirm the existence 

of the 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 as compared to 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 GZO 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. 
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