7. Structural modifications of Gd,Zr,0; pyrochlore
induced by swift heavy ions for nuclear waste
immobilization

7.1 Introduction

The multifarious types of radioactive wastes are generated at different stages of the
nuclear power industry [1]. The safe and effective management of high-level radioactive wastes
(HLW) is of utmost importance. The borosilicate glasses are enormously used as a host matrix
for the immobilization of high-level radioactive nuclides [2].

However, the metastable nature of the material is a major concern for such types of
matrices. Moreover, under an accidental scenario, ingression of water into glass matrices can
cause the development of water-soluble salts and results in, enrich the propensity of
leachability of certain immobilized constituents [2]. Therefore, presently, the ceramics
matrices are considered a suitable candidate for the immobilization of radioactive nuclides.
Ceramic matrices have numerous advantages such as lower leaching rate, high radiation
tolerance, high chemical, and thermal stability which are inevitable parameters for the
immobilization of radioactive nuclides [3].

Among the several ceramics, the pyrochlore compounds have been reflected as a
potential candidate for the safe and effective management of radioactive nuclides because of
complex crystal structures that ease the accommodation of diverse actinides at crystallographic
sites [4]. The enormous radiation tolerance studies of pyrochlore compounds for possible use
in hostile environments such as nuclear reactors or immobilization of radioactive waste have
been investigated previously [4—8]. Pyrochlore compounds with dissimilar cation radii cannot
easily favor the O-D (order-disorder) transition and result in, pyrochlore structure leading to
amorphization upon ion irradiation [4].

However, pyrochlore compounds with analogous cation radii easily form antisite
defects and favor the O-D transformation upon irradiation [6]. Amongst the zirconate
pyrochlores, Gd2Zr,07 (GZO) is considered to be suitable host material for radioactive
radionuclides. The reason for this is that the GZO lies on the boundary of pyrochlore and defect-
fluorite structure having an ionic radius of 1.46 and easily forms an order-disorder instead of
being amorphized upon ion irradiation [5].

The swift heavy ion irradiation induced amorphization and phase transformation from ordered

pyrochlore to defect fluorite structure (O-D transformation) strongly depend on their chemical
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composition, irradiation temperature, ion energy, and fluence [6,9—12]. Notably, the pyrochlore
structure displays an extensive range of performance in response to ion irradiation, i.e.,
pyrochlore structure becomes amorphous or converts into defect fluorite structure i.e. a highly
radiation-resistant phase [10,11].

Moreover, the GZO system demonstrated superior radiation resistance characteristics because
of having a natural tendency to accommodate lattice disorder [13].

Therefore, the evaluation of phase transformation with the augmentation of fluence is important
for the possible use of the materials in hostile environments. In this chapter, we have explored
the role of ion fluence on the phase transformation of GZO. The synthesis and irradiation

process of GZO samples is described in the respective section of chapter 2.

7.2. Results and Discussion

7.2.1 Phase and microstructure analysis of pristine GZO

To examine the phase and crystal structure of the GZO sample, the XRD pattern of the
pristine GZO sample was recorded as displayed in Fig. 7.1 (a). It exhibits two different series
of diffraction peaks, the first series that contains high-intensity peaks with the even Miller
indices, i.e., (222), (400), and (440) represents the parent fluorite structure. The second series
with weak intensity as marked with odd Miller indices, i.e., (111), (311) and (331), (511), and
(531) corresponds to the ordered A,B>O7 pyrochlore superstructure (as marked with an asterisk
“*7) [11]. Thus, the presence of superstructure reflections in the XRD pattern of the pristine
GZO sample confirmed the formation of the ordered pyrochlore phase [Fig. 7.1 (a)]. The
intensity of various reflections is strongly associated with the scattering power of cations that
occupy two distinct A and B sites. It should be noted that in the XRD patterns, the influence of
cations is predominant because the scattering power is relatively lower for oxygen atoms than
cations [14].

The crystallite size and lattice strain were deduced from Williamson- Hall (W-H) plot [15] as
displayed in Fig. 7.2 (b). The calculated crystallite size and lattice strain of the pristine GZO
are found to be 86.09 nm and 0.106 %, respectively. To get more insight into the crystal
structure and unit cell parameter, Rietveld refinement was executed on the diffraction patterns
of pristine GZO sample using the Fullprof program [16]. Fig. 7.1 (c) shows the Rietveld
refinement of the diffraction patterns of the pristine GZO sample. Here, we wish to stress that

the Rietveld refinement of the GZO sample exhibits that the GZO sample possesses an ordered
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pyrochlore phase. The unit cell parameter of the GZO sample quantified from the Rietveld
refinement is found to be 10.5438 (1) A.
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Figure 7.1 XRD patterns (a), (b) W-H plot, and (c) Rietveld refinement of the pristine GZO

sample. The superstructure reflections are marked with an asterisk (*).

The previous studies reported that the unit cell parameter of the GZO lies in a similar
range [2,17]. The theoretical density (pm) was calculated using the unit lattice parameter that
was deduced from the Rietveld refinement of the powder XRD pattern of GZO employing the

following expression [12].

8x10%4M
Den = XNaa3 g/em? (7.1)

Where M represents the molecular weight (gm/mole), N, represents the Avogadro number,
6.02x10% mol!, and a depicts the unit cell parameter.

The microstructure of the pristine sample was investigated by FE-SEM. Fig. 7.2
displays the FE-SEM image of the pre-irradiated GZO sample and grains size were quantified
employing the rectangular intercept process [18]. The grains and grain boundaries are
apparently visible which seems associated with the micrometer grain size. The calculated

average grain is found to be 2.82+0.21 um.
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Figure 7.2 FE-SEM micrograph of pristine GZO sample.

It is worth mentioning that the grain size determined from the FE-SEM is higher than
that of size quantified from the XRD technique because the grains are composed of many

crystallites and similar observation has been reported in earlier studies [18,19].

7.2.1 Radiation damage upon ion irradiation of 100 MeV 17" ions
7.2.1.1 Structural modification analysis by XRD

To explore the radiation tolerance of the GZO sample for hostile environments, the
GZO samples were irradiated with the 100 MeV 1’* ions at the fluence of 1.0x10'2, 3.0x10'2,
1.0x10"3, 3.0x10', 1.0x10'" ions/cm?. Fig. 7.3 exhibits the powder XRD patterns of before
and after irradiation of the GZO sample as a function of ion fluence. Upon irradiation with swift
heavy ion, no additional peaks and diffuse scattering were recorded in XRD patterns of
irradiated GZO samples.

In the pyrochlore phase, the decrement in superstructure reflection intensity than
theoretical intensity can be associated with either the existence of pyrochlore and fluorite
phases or the occurrence of antisite defects in the system [8]. As per Lang et al. [10] and Begg
et al., [20] the GZO sintered at 1600°C possesses nearly 65% of fluorite phase. In the present
study, the GZO sample was annealed at 1500°C that lies below the O-D transition for GZO
(~1530°C), and the longer heating duration ensures less disordering in the system as confirmed
by the Rietveld refinement [14].

Fig. 7.3 shows that all the diffraction peaks slightly decrease with an increase of ion
fluence, and peaks width also seem to be relatively broader upon irradiation of 100 MeV iodine
ions [5]. The superstructure reflections corresponding to the pyrochlore phase structure are

marked with the asterisk “* as illustrated in Fig. 7.3.
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Figure 7.3 XRD patterns of GZO sample before and after irradiation with 100 MeV I’" ions

as a function of ion fluence.

Sattonnay et al. irradiated the GZO samples using swift heavy ions (870 MeV Xe) at
various fluence. They found that the intensity of the superstructure reflections decreases with
the increase of ion fluence due to enhanced disorder upon irradiation [14]. In a similar way, the
superstructure reflections that belong to the pyrochlore phase structure are being disappeared
as a function of ion fluence [Fig. 7.3 (d-f)]. The sample irradiated with the fluence of 1.0x10'2
ions/cm? exhibits superstructure reflections, i.e., (111), (311), and 511) which is in well
agreement with the previous results [21]. Moreover, Sattonnay et al. stated that the pyrochlore
superstructure ordering remained intact upon irradiation of 870 MeV Xe ions at the ion fluence
of 1.0x10'? jons/cm? [14].

Recently, Kumar et al. reported that the GZO preserved the superstructure pyrochlore
phase upon irradiation of 120 MeV Au’" ions at the ion fluence of 5.0x10'% ions/cm?[11]. Here,
we would like to emphasize that the XRD pattern of the GZO irradiated at the fluence of
3.0x10'? ions/cm? demonstrates the appearance of (111) and (331) superstructure reflection,
which suggest that the GZO sample preserved the pyrochlore structure. GZO sample irradiated
at the fluence of 1.0 x10' ions/cm? demonstrates the only reflections related to the fluorite
structure. Further, it is worth mentioning that we have not observed the signature of
amorphization in GZO sample irradiated at the higher fluences (3.0 x10'* ions/cm? to 1.0 x10'

ions/cm?), i.e., the GZO sample demonstrates the pyrochlore to fluorite structure phase
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transition upon irradiation at the highest ion fluence. The relative peak broadening at higher
fluence suggests ion irradiation-induced order-disorder transformation, i.e., GZO sample
converts into the disordered defect fluorite (Fm3m) phase on account of disordering in the
occupancies of the Gd and Zr cations at both A and B sites [5,10,11,14,21]. Here, it should be
noted that no signal of amorphization was perceived in the GZO system even at the highest ion
fluence of 1.0x10' ions/cm™ which established the capabilities of GZO for possible

applications in hostile environments such as immobilization of high-level radioactive waste

nuclides.
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Figure 7.4 Variation of fluorite phase fraction as a function of ion fluence irradiated with 100

MeV I’ jons.

We wish to emphasize that the electronic excitation caused by the slowing-down of
swift heavy ions in ceramic matrices favored the production of ion tracks, called cylindrical
damaged zones [21]. Fig. 7.4 exhibits the fluorite phase fraction as a function of ion fluence
that is quantified from the XRD patterns of GZO samples. The fluorite phase fraction increases
with the enhancement of ion fluence (Fig. 7.4) and it shows the nearly complete phase
transformation (pyrochlore to fluorite phase) upon irradiation at the ion fluence of 1.0x10"3
ions/cm?. In the direct impact model, the phase transformation is governed by the ion impinging
into an undamaged region (It is commonly assumed that a single collision is enough to
transform the system within the ion track) [21]. The fluorite fraction as a function of ion fluence
was fitted using the equation described well by the direct-impact model as follows [22,23].

fa = fol1 — exp(—an)] (7.2)
Where f, 1s the maximum transformed fraction (at high fluence) and fi =1 represents the
complete phase transformation, « is the phase transformation cross-section, and # is the ion

fluence. The tracks were assumed to be in cylindrical dimensions in the compounds and the
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quantified cross-section area through the experimental data fitting was found to be 48.11+34
nm?, respectively. The diameter of ion tracks (d) was deduced using the expression, d=2(ci/1)!""?
[21] and it is found to be 7.82 £0.32 nm. The calculated cross-section area and ion track radius
values for the GZO system are in well agreement with those previously observed upon
irradiation of 90 MeV Xe ions and 120 MeV Au ions, respectively [11,21].

Here, it should be noted that the GZO system demonstrates order-disorder, i.e., pyrochlore to
fluorite phase transformation at the ion fluence of 1.0x10'? ions/cm* and no amorphization was
observed in the GZO samples. The pyrochlore to fluorite phase transformation characteristics
upon ion irradiation signifies the capability of prepared GZO samples for the immobilization

of radioactive nuclides.

7.2.1.2 Analysis of vibrational modes by Raman spectroscopy
Raman spectroscopy is used to examine the structural defects in the pyrochlore matrices

[17]. Therefore, Raman spectroscopy was performed to get more insight into order-disorder
transformation upon irradiation of 100 MeV iodine ions. It is noteworthy that Raman
spectroscopy is highly sensitive to metal-oxygen vibrational modes whereas XRD is the most
suitable technique to determine the cations disorder [17].

According to the earlier studies, the vibrational properties of A2B>O7 compounds
depend on the specific compositions [5,6,10,14,24]. Factor group analysis and theoretical
calculations [2,17,25-28] on A2B>07 compounds revealed that the pyrochlore phase has six
Raman active modes (4;; + E; + 4F>) and defect fluorite structure possesses only a single
Raman mode, i.e., F>¢ vibrational mode.

Fig. 7.5 (a-f) displays the Raman spectra of before and after irradiation GZO samples at
different fluences, i.e., 1.0x10'%, 3.0x10'2, 1.0x10'3, 3.0x10'*, 1.0x10'* ions/cm? (please note
the corresponding XRD patterns shown in Fig. 7.3). The Raman spectra of before irradiated
LZO samples [Fig. 7.5 (a)] exhibits the appearance of four vibrational modes situated at ~319
cm! (Eg), 406 cm™ (Fae (1)), 532 cm™ (Ag), and 603 cm™ (F¢(2)). It is reported that the Raman
bands in the pyrochlore compounds emerged merely from the anion sub-lattice vibrations,
whereas in fluorite structure, emerged from the relative movements of the anions against fixed
cations [28]. In the present study, Raman modes have been assigned by comparison with earlier

reported pyrochlore structured materials [29,30].
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Figure 7.5 Raman spectra of pristine and post irradiated GZO samples.

It is widely reported that the 41¢, Eg, and three F>¢ modes are typically associated with
the vibration of the BOs octahedra of the pyrochlore phase [25,31,32]. It is noteworthy that the
lower wavenumber region mode, i.e., £, mode is generally associated with the O-B-O bending
vibrations [17]. Brown et al. [30] stated that the vibrational mode, 41, also originated from the
O-B-O bending vibrations. The F>; modes originate from the contribution of B-O bond
stretching and bending vibrations, and O1)-A-O(2) bending vibrations [17,30].

It should be noted that several previous studies have reported the presence of four
bands out of six bands in the respective Raman spectra [25,28] and two other possible Raman
vibrational modes are difficult to resolve from the background [17]. Apart from these, previous
studies have been reported a broad mode between 650 cm™ to 780 cm™ and the origin of this
mode is still under debate [2,10,33] and assume that it could be associated with the second-
order Raman scattering[14,27]. According to earlier studies [14,17,27] the Raman active
vibrational mode situated at 319 cm™! was assigned as £, mode and two other vibrational modes
at 406 cm™ and 603 cm™' were assigned as F», modes whereas the Raman vibrational band at
532 cm! was referred as Ai; mode [Fig. 7.6]. It should be noted that the concurrently
broadening and weakening in the respective Raman modes were observed with the
enhancement of the ion fluence [Fig. 7.5]. This observation is found to be in well agreement
with earlier studies [10,14]. The enhancement of ion fluence leads to an overlap of two weaker

vibrational modes (532 and 603 cm™).
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Figure 7.6 Deconvoluted Raman spectra of pristine and post irradiated GZO samples.

Upon ion irradiation, enhancement in the peak broadening and decrement in the
intensity with the increase of ion fluence, indicating a significant loss of crystallinity, local
disordering, and distortion of chemical bonds [10,14].

It is worth mentioning that the for fluorite structure (Fm3m), only single vibrational
Raman mode is active. In the case of defect fluorite structure, the selection rule are broken due
to cation antisite defects (cation disordering) and vacancies in the oxygen sub-lattices [14].
Patel et al. stated that the ion irradiation induced the broadening in the vibrational band due to
deterioration of ordering [6]. The vibrational band, 41g, attributed to the Gd-O stretching mode
almost disappears due to the emergence of pronounced deterioration, which suggests O-D
transformation [6].

Lang et al. [10] reported the broadening and weakening in the vibrational modes with
the increase of ion fluence upon irradiation of swift heavy 1.43 GeV Xe ions. They stated that
the swift heavy (1.43 GeV Xe) ion irradiation deteriorates the chemical bonding in the
respective vibrational bonds, which signifies the O-D phase transformation in the system. In
the present study, the Raman spectra of irradiated GZO samples exhibit peaks broadening and
weakening as a function of ion fluence which indicates O-D transition [Fig. 7.5], i.e., the phase

transformation from pyrochlore to fluorite structure. The irradiated GZO samples with the
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increase of fluence did not exhibit any evidence of amorphization in Raman spectra which is
well corroborated with the XRD results.

Moreover, it is typically complicated to quantify the reliable broadening and weakening
in the respective vibrational modes, because the ion irradiation augments the background. The
broadening and weakening in vibrational modes can be analyzed with the help of the peak
fitting procedure. Therefore, Raman spectra recorded before and after irradiation were fitted
using the Gaussian function. During the fitting procedure, the peak position, intensity, and
width of the peaks were kept as free fitting parameters. Deconvoluted Raman spectra of before
and after irradiated (irradiated at different fluences, i.e., 1.0x10'% to 1.0x10'* jons/cm?) GZO
samples are presented in Fig. 7.6.

Deconvoluted Raman spectra of all samples suggest that the FWHM of the Raman
modes increases and intensity decreases with the augmentation of ion fluence [Fig. 7.6]. The
presence of weak and broad characteristics in the Raman spectra exhibits the presence of subtle
pyrochlore type ordering irrespective of the extent of disorder upon ion irradiation [5]. The
pyrochlore and fluorite matrices are associated with the extent of degrees of disordering of
cations and anions/vacancies in the respective sub-lattices. The augmented disorder in cation
and anion sub-lattices transforms the system from pyrochlore — defect pyrochlore — defect
fluorite hierarchy [5].

The GZO lies on the boundary of the pyrochlore-defect-fluorite phase structure because
of its cationic ratio, 1.46. Therefore, GZO 1is considered defective pyrochlore due to the
presence of cation antisite defects and disordering of anions/vacancies [8]. Further, it is
reported that the disordering in the GZO system is enriched with augmentation of ion fluence
which gives rise to the appearance of broadening and weakening in Raman modes. Kumari et
al. reported that the pyrochlore GZO transforms into the defect fluorite-type structure with the
weak pyrochlore-type ordering upon irradiation of 120 MeV Au ion at the fluence of 1.0x10'
ions/cm?[5].

Here, we wish to stress that the Raman spectra of GZO samples [Fig. 7.5 and Fig. 7.6 ]
show the weakening and broadening of vibrational modes with ion fluence. This result specifies
that ion irradiation induces disorder/distortion in the respective vibrational modes and it
enhances with the increase of fluence, ie., the vibrational modes deteriorate with the function
of fluence. The GZO samples irradiated with the fluence of 3.0x10'3 ions/cm? and 1.0x10'
ions/cm? can be defined as having weakly ordered pyrochlore ordering with a bulk defect-

fluorite structure upon ion irradiation [Fig. 7.5 (f) and Fig. 7.6 (f)] [5].
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Therefore, we conclude that the Raman spectroscopy results of GZO samples strengthen the
XRD results and demonstrate pyrochlore-fluorite phase transition upon ion irradiation. The
characteristics of the GZO sample, i.e., pyrochlore to fluorite phase transformation demonstrate

the competence of the GZO samples for applications in hostile environments.

7.3 Conclusion

The GZO samples were irradiated using 100 MeV 1”* ions and the impact of ion fluence
on the structural modifications for possible use in nuclear applications was explored. The two
complementary analytical techniques, i.e., XRD and Raman spectroscopy were employed to
examine the radiation-induced structural modifications (O-D transformation). The Rietveld
refinement of the pristine GZO sample exhibited that the GZO has ordered pyrochlore structure
as a major phase. XRD results analysis confirmed the irradiation induced structural
modifications, i.e.., pyrochlore to defect fluorite phase transition in GZO ceramics, and found
to be ion fluence dependent. Specifically, the GZO samples irradiated for initial fluences
(1.0x10' ions/cm? and 3.0x10'* ions/cm?) present the least degree of phase fraction. The
Raman spectroscopy analysis also confirms the order-disorder in GZO 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 higher fluences, establishes the potentiality of GZO samples for

utilization in nuclear applications as radioactive waste forms.
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