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a b s t r a c t

Solubility of ThO2 in gadolinium zirconate pyrochlore, a potential host for radioactive materials, has been
investigated. The phase relations in Gd2�xThxZr2O7+x/2 (0.0 � x � 2.0) systems have been established
under the slow-cooled conditions from 1400 �C. XRD studies reveal that the compositions corresponding
to x = 0.0–0.075 are single phasic in nature and beyond x� 0.1 the biphasic region starts. The first bipha-
sic region comprising of pyrochlore and thoria exist from x = 0.1–0.8, and from x = 1.2 another biphasic
region consisting of gadolinia stabilized zirconia (GSZ) and thoria appears which persists till x = 1.6.
The end member (i.e. x = 2.0) of the series is found to be a mixture of monoclinic ZrO2 and thoria. Inter-
estingly, gadolinia which has wide solubility in thoria, did not show any miscibility in thoria in the pres-
ence of zirconia. Irregular grains of Gd1.8Th0.2Zr2O7.1 as shown in SEM supports its biphasic nature. Raman
spectra of heavily thoria doped (x = 0.1 and 0.2) samples, indicates the presence of Zr–O7 mode which
implies the samples are highly disordered in nature.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

With the development of advanced and newer generation reac-
tors, the problem of safe disposal of the nuclear waste has become
more challenging and a lot of attention needs to be paid to develop
newer and safer technologies [1]. In the interest of public accep-
tance and the safety, several groups are involved in search for a
suitable matrix for the safe disposal of the nuclear wastes [2,3].
A number of materials (like glasses, ceramics etc.) are being con-
sidered for this purpose. Borosilicate glass has a tendency to get
devitrified in the presence of water and steam at elevated pressure
and temperature, e.g. 300–400 �C and 300–1000 bar [2]. The lower
end of this pressure–temperature range may be encountered by
glass cylinder after burial in geological repositories. Furthermore,
prevention of water ingression to the radwaste is extremely diffi-
cult which may form water soluble salt and increase the leachabil-
ity of certain species [3]. For the fixation of actinides, the ceramic
matrix has several advantages viz. higher thermodynamic stability,
lower leachability, higher chemical and radiation stability [4]. The
thermal expansion coefficient should not be very high but the ther-
mal conductivity should be high enough [1–8].

Pyrochlores are contemplated to be important host materials
for nuclear waste incorporation [9–11]. Pyrochlores have the gen-
eral formula A2B2O7 where A is the larger cation and B is the smal-
ler one. In most of the cases A is a trivalent rare-earth ion, but can
ll rights reserved.

x: +91 22 2550 5151.
also be a mono or divalent cation, and B may be 3d, 4d or 5d tran-
sition element having an appropriate oxidation state required for
charge balance to give rise to the composition A2B2O7. The space
group of the ideal pyrochlore is Fd3 m [12]. The pyrochlore struc-
ture is reported [13,14] as a network consisting of corner linked
of BO6 octahedra with A atoms filling the interstices. All the oxygen
atoms are not equivalent in pyrochlore structure. The oxygen at 48f
position is surrounded by two A and two B cations whereas the
oxygen at 8b position is surrounded by four A cations. The 8a posi-
tion which remains vacant is surrounded by four B cations. Pyroch-
lores are step forward in the development of oxide compounds for
IMF applications because the pyrochlore crystal structure permits
a wide range of substitutions from the rare-earth elements
[15,16]. Besides the ability of fixation of actinides, pyrochlores
are having lot of use in piezoelectric, dielectric, semiconductors,
etc. [12,17,18]. Defect pyrochlores can be used as solid electrolyte
due to their excellent ionic conductivity [19]. In view of these wide
ranging applications, theoreticians have also been showing consid-
erable interest in investigation of structure and properties of new
pyrochlores [20].

Thoria is going to play an important role in futuristic nuclear
technology and hence it will be essential to fix the ThO2, minor
actinides including americium, berkelium and other fission prod-
ucts in a common matrix [21]. Lian et al. showed the stability
against radiation improves with increase in Fe2O3 and ThO2 content
in Y2Ti2O7 systems [22]. It has been found that zirconate pyrochlor-
es specially Gd2Zr2O7 owing to lower rA/rB radius ratio, are extre-
mely stable under high and low energy radiation environments
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Fig. 1. Typical XRD patterns of Gd2�xThxZr2O7+x/2 ((a) x = 0.0, (b) x = 0.025, (c)
x = 0.05, (d) x = 0.075, and (e) x = 0.1) (asterisk shown in pattern of x = 0.1 indicates
presence of F type phase of ThO2 as secondary phase.)
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[23]. Hence we have chosen Gd2Zr2O7 as a suitable host material for
fixation of ThO2. McCarthy et al. [2] investigated the solubility of
Ce4+ in Gd2Zr2O7 to simulate the solubility of Pu4+ in the pyrochlore
matrix. To simulate the solubility of Am3+ in the above mentioned
pyrochlore we have investigated the solubility of Nd3+ in Gd2Zr2O7

[24]. Since Konings et al. have mentioned that thorium can be used
as a surrogate for plutonium and americium [25] we expect to sim-
ulate the solubility of these ions by investigating the solubility of
thorium in the pyrochlore matrix. There are several studies of the
A and B site doping in Gd2Zr2O7 pyrochlore by isovalent ions
[24,26,27] and aliovalent ions [28]. However, the phase relation
and structure of ThO2 doped in Gd2Zr2O7 pyrochlore still remains
unexplored. In this manuscript, XRD, SEM and Raman spectroscopic
studies have been exploited to delineate the solubility limit and
observe the microstructure of ThO2 in gadolinium zirconate
pyrochlore.

2. Experimental details

To remove moisture and other volatile impurities AR
grade Gd2O3, ZrO2 and ThO2 were first heated overnight at 900 �C.
Stoichiometric amounts of the reactants were weighed to get the
compositions corresponding to Gd2�xThxZr2O7+x /2 (0.0 � x � 2.0). The
homogenized mixtures were then subjected to a three-step heating
protocol as follows with intermittent grindings. The thoroughly
ground mixtures were heated in the pellet form at 1200 �C for
36 h, followed by a second heating at 1300 �C for 36 h after regrind-
ing and repelletizing. In order to attain a better homogeneity, the
products obtained after second heating were reground, pelletized
and heated at 1400 �C for 48 h, which was the final annealing tem-
perature for all the specimens. The heating and cooling rates were
2 �C per minute in all the annealing steps and atmosphere was static
air. The XRD pattern of the samples was recorded from 2h = 10 to 90�
on a Philips X’pert Pro XRD unit in static air condition with mono-
chromatized Cu Ka radiation (Ka1 = 1.5406 Å and Ka2 = 1.5444 Å).

The microstructure of the sintered pellets was investigated
using a VEGA TS 5130 MM Scanning Electron Microscope (TESCAN,
Brno, Czech Republic). The Raman spectra was recorded using an
indigenously developed micro Raman system. In this instrument,
a 20� objective is used with confocal optics and a CCD based single
stage spectrograph along with a super notch filter. For the mea-
surements presented here we used 532 nm line of solid state diode
laser as the excitation source. The size of the laser spot was less
than 10 lm.
3. Results and discussion

XRD of all the products in Gd2�xThxZr2O7+x/2 (0.0 � x � 2.0)
series were recorded and analyzed and few representative XRD
patterns are shown in Fig. 1. Pure Gd2Zr2O7 crystallizes as pyroch-
lore which is evident by the presence of super-lattice peaks at
2h � 14�(111), 27�(311), 37�(331), 45�(511) (using Cu Ka as radi-
ation source) [19,24]. The Fig. 1(a)–(d) represent the XRD patterns
of pyrochlore phase for the compositions corresponding to x = 0.0–
0.075 whereas Fig. 1(e) exhibits the onsets of phase separation
(fifth row in Table 1) to pyrochlore and thoria (marked by aster-
isks). The shifting of the diffraction peaks towards lower angle on
doping (Fig. 1) clearly indicates the cell parameters of the doped
pyrochlores increase as the concentration of Th4+ is increased.
The cell parameters and cell volume of all the compositions were
calculated using POWDERX program and it has been found that
the cell parameter increases with increase in Th4+ content in the
solid solution in the homogeneity range (Table 1). Since the ionic
radii of Gd3+ and Th4+, in 8-fold coordination, [29] are similar
(0.98 Å), based on the relative ionic size considerations, one could
expect that there should not be any increase in lattice parameter or
cell volume upon substitution of Th4+ in Gd2Zr2O7. Qu et al. [30]
have shown that when Sm2Zr2O7 was doped with MgO (concentra-
tion <7.5 mol%) it resulted in an increase of the lattice parameter of
the solid solution, though the ionic radii of Mg2+ is smaller than
that of Sm3+. They have suggested that this increase in cell param-
eter is due to the repulsion among the dopants incorporated at the
interstitial sites. In our study also it is possible that during the
course of substitution of Gd3+ by Th4+ in the solid solution, the ex-
tra 1/2 oxygen enters into the lattice which may occupy the vacant
8a site or the interstitial sites resulting in an increase in the cell
parameter due to mutual repulsion.

Interestingly, the whole biphasic region (x = 0.1–2.0) does not
comprise of the same components (see Table 1). Fig. 2 depicts
the typical XRD patterns of three different biphasic regions in the
whole composition range. In first biphasic region i.e. x = 0.1–0.8,
the intensity of the peaks of the secondary phase (F-type ThO2) in-
creases with increase in thoria concentration in the nominal com-
positions which implies that there is an increment of the content of
the secondary phase in the biphasic mixture (Fig. 2(a) and (b)). The
intensity of the peaks of the secondary phase (F-type ThO2) is too
small in the compositions x = 0.1 and 0.2 to make meaningful
refinement. Therefore, asterisks have been used in Table 1 instead
of any cell parameter. The peak marked with $ in inset of Fig. 2(a) is
due to the unreacted monoclinic ZrO2. In the second biphasic re-
gion, i.e. x = 1.2–1.6, in addition to F-type thoria phase, the diffrac-
tion peaks corresponding to cubic gadolinia stabilized zirconia
(GSZ) are observed. These diffraction peaks look similar to that of
the pyrochlores structure. However, when observed carefully we
see that these diffraction patterns (Fig. 2(c) and (d)) do not have
the characteristic superstructure diffraction peaks of the pyroch-
lore structure. Moreover, we also observe that as expected the
most intense diffraction peak of the GSZ structure (29.6�) is at a
higher two theta angle than that of the pyrochlores structure
(29.3�). In the compositions x = 1.2–1.6, the peaks corresponding
to cubic gadolinia stabilized zirconia (GSZ) appear at lower angle
compared to pure cubic zirconia. Grover and Tyagi [31] showed
that 20 mol% GdO1.5 can stabilize cubic zirconia which supports
our present study. The last compositions i.e. Th2Zr2O8 (Th0.5Zr0.5O2)
is a mixture of monoclinic ZrO2 and thoria (Fig. 2(e)) which indi-
cates that no reaction takes place between the reactants at that
thermodynamic condition.

Earlier it was found that 30 mol% GdO1.5 can be dissolved in
thoria [32]. In the compositions of second biphasic region i.e.
Gd0.8Th1.2Zr2O7.6 and Gd0.4Th1.6Zr2O7.8 though both ZrO2 and



Table 1
Phase analysis and lattice parameters of the phases Gd2�xThxZr2O7+x/2 systems, annealed at 1400 �C followed by slow cooling.

Sr. No Compositions Phase identification Lattice parameter (Å) Volume (Å3)

1 Gd2Zr2O7 P 10.528(3) 1167(5)
2 Gd1.975Th.0.025Zr2O7.0125 P 10.540(1) 1170.9(1)
3 Gd1.95Th.0.05Zr2O7.025 P 10.541(1) 1171(1)
4 Gd1.925Th.0.075Zr2O7.0375 P 10.542(1) 1171(1)
5 Gd1.9Th.0.1Zr2O7.05 P aP = 10.542(1) 1171(2)

F * *
6 Gd1.8Th.0.2Zr2O7.1 P aP = 10.542(2) 1171(3)

F * *
7 Gd1.6Th.0.4Zr2O7.2 P aP = 10.542(1) 1171(2)

F aF = 5.584(3) 174.1(1)
8 Gd1.2Th.0.8Zr2O7.4 P aP = 10.542(1) 1171(2)

F aF = 5.584(3) 174.1(1)
9 Gd0.8Th1.2Zr2O7.6 F (ThO2) aF = 5.584(2) 174.1(1)

F0 (GSZ) a0F = 5.234(2) 143.5(1)
10 Gd0.4Th.1.6Zr2O7.8 F (ThO2) a0F = 5.187(4) 174.1(1)

F0 (GSZ) aF = 5.584(1) 139.6(2)
11 Th0.5Zr0.5O2 F (ThO2) aF = 5.584(1) 174.1(1)

M (ZrO2) aM = 5.142,bM = 5.200 140.1(3)
cM = 5.311, bM = 99.205�

Fig. 2. XRD patterns of (a) x = 0.2, (b) x = 0.4, (c) x = 1.2, (d) x = 1.6, and (e) x = 2.0.
Inset of Fig. 2(a) shows the presence of ThO2 and unreacted m-ZrO2 (� represents
ThO2, # represents GSZ, $ represents unreacted monoclinic ZrO2.)

Fig. 3. Scanning electron micrograph of (a) Gd2Zr2O7, and (b) Gd1.8Th0.2Zr2O7.1.
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ThO2 can act as host lattices for GdO1.5 but surprisingly, GdO1.5 gets
dissolved in zirconia only, not in thoria as seen by unchanged lat-
tice parameter of thoria through out the compositions (Table 1).
The peak intensity of GSZ phase is higher in Gd0.8Th1.2Zr2O7.6 com-
pared to that in Gd0.4Th1.6Zr2O7.8 which is obviously due to higher
GSZ content in the former composition than the later one. The end
member of this series i.e. Th2Zr2O8 is found to be a mixture of
monoclinic ZrO2 and fluorite ThO2 which could be due to the con-
siderable ionic size difference between Zr4+ and Th4+. This is in
agreement with earlier studies [33].

Fig. 3 shows a scanning electron micrographs of Gd2�xThx

Zr2O7+x/2 (x = 0.0, 0.2). From the micrographs it is clear that the pel-
lets are porous. In the present study, the samples were prepared by
standard ceramic sintering route, which does not result into highly
sintered pellets. Probably, since the composition Gd2Zr2O7 is single
phasic (Fig. 3(a)) so the nature of the grains are of similar kind. As
per XRD analysis, the secondary phase in Gd1.8Th0.2Zr2O7.1 is smal-
ler in quantity so probably the presence of bright phase is difficult
to observe in SEM image (Fig. 3(b)).
Raman spectroscopic investigations were also carried out on all
these samples (Fig. 4). Pure Gd2Zr2O7 which crystallizes in the de-
fect pyrochlore structure with space group Fd3m has six Raman ac-
tive modes which are A1g + Eg + 4F2g [34]. However, the Raman
spectra of the defect fluorites (A0.5B0.5O1.75) has a single broad band
as the seven oxygen ions in the fluorite structure are randomly
distributed over the eight anion sites which gives rise to disorder.



Fig. 4. Raman spectra of Gd2�xThxZr2O7, (a) x = 0.0, (b) x = 0.025, (c) x = 0.05, (d)
x = 0.075, (e) x = 0.1, and (f) x = 0.2.
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Due to this disorder the Raman spectrum is reduced to a broad
continuum of density of states. Only four Raman modes of the
Gd2Zr2O7 pyrochlore were observed at 321, 412, 518, and
608 cm�1 respectively. Zhang et al. [35] also found broad contin-
uum Raman peak for Gd2Zr2O7 which support our findings. They
are in quite good agreement with the values reported in the liter-
ature [36]. A very broad band at �743 cm�1 has been observed.
This has been found in several other pyrochlores and has been as-
signed to the distortion of the octahedra or to the combination
band [34] or it could be due to the forbidden modes as assigned
by Oueslati et al. [37]. This broadening cannot be attributed to
the nano nature of the samples as the diffraction peaks of this
phase are quite sharp and indicate that the size of the particles is
of the order of a few microns. The Raman spectra of gadolinium zir-
conate looks similar to that of Dy2Hf2O7 indicating that it has an
inherent disorder [38]. Assignments of the peaks have been done
based on lattice dynamical calculation in different systems
[39,40]. The Raman-active band at 321 cm�1 is identified as the
Eg mode, whereas the other two vibrational frequencies at 412
and 608 cm�1 may be assigned to two of the four F2g modes. Fol-
lowing the work of previous researchers [41–43] the Raman band
at 518 cm�1, has been assigned as the A1g mode. Two more peaks at
around 500 and 845 cm�1 are absent in Raman spectra of Gd2Zr2O7

which were present in the ordered pyrochlore [30]. The Raman
peak at 460 cm�1 has been assigned to unreacted zirconia [44]
although no peaks corresponding to zirconia has been found in
XRD patterns. This may be due to very low concentration of unre-
acted zirconia in the sample and laboratory X-ray source could not
detect it. Earlier also it has been found in few cases where the sec-
ondary phase could not be detected by lab-XRD [38,45]. However,
synchrotron source could detect the impurity phase in the previous
experiments.

Deviation from stoichiometry increases the rate of imperfection
and hence less-resolved Raman bands are obtained. We can clearly
see that as the concentration of ThO2 increases i.e. there is a devi-
ation from ideal stoichiometry the width of the Raman modes in-
creases. The plausible reason could be that with the introduction
of ThO2 in the system, the lattice disorder increases due to filling
of vacancies by excess oxygen atoms, incorporated due to charge
balance. It has been argued that even in an ordered compound
there is considerable disorder in the form of vacancy, defects and
presence of ‘foreign’ atoms/ions (for alloys and mixed systems)
which breaks down the translational periodicity of the lattice and
hence relaxes the k � 0 selection rule. As the concentration of tho-
ria increases beyond x = 0.1 we can see that a new Raman mode is
observed at 672 cm�1. We have assigned this mode to Zr–O7 spe-
cies in accordance with Glerup et al. [46]. The presence of this
mode indicates that the pyrochlore structure is becoming disor-
dered as the presence of seven coordination number clearly corre-
sponds to disordered pyrochlores. In x = 0.1 and 0.2, the peak at
460 cm�1 corresponds to F2g peak of ThO2 and unreacted ZrO2

which again supports the presence of secondary phase (ThO2) in
the samples.

4. Conclusions

In this study, a series of samples having nominal compositions
Gd2�xThxZr2O7+x/2 were prepared by a ceramic sintering route
and characterized by various techniques. From XRD and Raman
spectroscopic analysis it has been found that 7.5 mol% ThO2 gets
dissolved in Gd2Zr2O7 pyrochlore without disturbing the parent
structure. The excess oxygen incorporated in the lattice causes lat-
tice expansion though the dopant ion (Th4+) is having very similar
ionic radii with that of the host ion (Gd3+). As ThO2 content in the
compositions becomes P 0.1, the secondary phase comes out from
the system. In this study we have shown that GdO1.5 can stabilize
cubic zirconia if it present in sufficient amount. One more conclud-
ing remark is that thoria does not dissolve gadolinia if zirconia is
present in the compositions which indicates that zirconia has a
higher affinity for gadolinia in comparison to thoria. Moreover,
pyrochlore is immune to devitrification and can immobilize rad-
waste for long periods in appropriate geological–geochemical envi-
ronment. This data might be useful to study the solubility of other
minor actinides in Gd2Zr2O7.
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