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a b s t r a c t

The present work explores the potential of Gd2Zr2O7 for incorporation of ThO2 and Al2O3 which are com-
ponents of Advanced Heavy Water Reactors (AHWR) waste. XRD studies reveal that the compositions cor-
responding to y from 0.0 to 0.4 in Gd2�yThyZr2�yAlyO7 are single phasic in nature and beyond y > 0.4 the
biphasic region starts. The solubility of thoria in Gd2Zr2O7 pyrochlore could be enhanced by more than
five times by simultaneous incorporation of alumina. The lattice parameter increases with increase in
Th and Al content in the series. The rA/rB ratio increases with increase in Th and Al content in Gd2Zr2O7

and in turn the degree order increases as has been seen by gradual increase in the intensity of superstruc-
ture peaks. Single phasic samples were investigated by Raman spectroscopy also. Thermal expansion
behavior of single phasic samples was investigated by HT-XRD. In order to confirm the nature of the
phases backscattered images have been recorded on all the samples.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The problem of safe disposal of the nuclear waste especially
thorium, aluminium and fluorine, which will be additional compo-
nents of Advanced Heavy Water Reactors (AHWR) waste, is a chal-
lenging task. There is a need to develop modern and safer
technologies to incorporate all these nuclear wastes [1]. Several
groups all over the world are involved in search for a suitable ma-
trix for the safe disposal of the nuclear wastes [2,3]. A number of
materials like glasses, cements, ceramics, etc. are being considered
for this purpose. The limitation with borosilicate glass is that it has
a tendency to get devitrified in presence of water and steam at high
pressure and temperature [2] which may be encountered by glass
container after burial in geological repositories. Moreover, water
ingression into the geological repositories can cause formation of
water soluble salts which may increase the leachability of few spe-
cies [3]. In addition to that, fixation of actinides and other radwas-
tes in ceramic matrix has several positive aspects like, higher
thermodynamic stability, negligible leachability, higher chemical
and radiation stability [4]. The host matrix should qualify few
stringent thermo physical criteria like it should have low thermal
expansion coefficient and high thermal conductivity [5–8].

Pyrochlores are contemplated to be important host matrices for
nuclear waste incorporation [9–11]. Pyrochlores have the general
formula A2B2O7 (S.G. = Fd3m) where A is the larger cation and B
ll rights reserved.
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is the smaller one [12]. Interestingly, several workers have de-
scribed the pyrochlore structure from different angles. Jona et al.
[13] and Nyman et al. [14] reported the pyrochlore structure as a
network consisting of corner linked of BO6 octahedra with A atoms
at the interstices. Aleshin and Roy [15] and Longo et al. [16] de-
scribed the pyrochlore structure on the basis of an anion deficient
fluorite unit cell. It may be noted that pyrochlore based materials
have potential to be used in front end as inert matrix fuel also be-
cause its crystal structure permits a wide range of solubility of rare
earth elements [10,11], some of them are surrogate materials of
minor actinides.

Thoria is going to play an important role as a nuclear fuel in Ad-
vanced Heavy Water Reactors (AHWR) in India [17]. In these types
of reactors, thorium and aluminium will be generated as additional
nuclear wastes and the need of hour is to fix these radwastes, pref-
erably, in a common matrix [18]. It has been found that zirconate
pyrochlores, particularly Gd2Zr2O7 owing to lower rA/rB radius ra-
tio, are extremely stable under high and low energy radiation envi-
ronments [19,20]. Therefore, we have chosen Gd2Zr2O7 as a
suitable host material for fixation of waste products. In order to
simulate the solubility of minor actinides (MA) in pyrochlore ma-
trix, it has been demonstrated that Ce4+ which is surrogate of
Pu4+, and Nd3+ which is surrogate of Am3+, can be incorporated
in Gd2Zr2O7 matrix [4,12,21,22]. Additionally, it has also been
shown that Sr2+, another waste product can be incorporated in
the same matrix [4]. Recently, we have reported that ThO2 can
be incorporated in Gd2Zr2O7 though the extent of solubility was
limited (till y = 0.075 in Gd2�yThyZr2O7+y/2) [23]. In continuation,
we have attempted to improve the solubility of Th by co-doping
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of Al at Zr site of Gd2Zr2O7 lattice. A simultaneous incorporation of
Th and Al in Gd2Zr2O7 will ensure charge compensation also. In this
manuscript, we report on preparation of Zr and Al substituted
Gd2Zr2O7 and structural investigation of the products by X-ray dif-
fraction and Raman spectroscopic techniques.
Fig. 1. XRD patterns of single phasic compositions in the Gd2�yThyZr2�yAlyO7

systems in the range 0.0 6 y 6 0.4 (asterisks indicate the superstructure peaks).
2. Experimental details

AR grade powders of Gd2O3, zirconium oxy-nitrate, thorium ni-
trate, aluminium nitrate and glycine were used as the starting re-
agents. Gd2O3 were pre-heated at 700 �C for overnight to remove
moisture and other volatile impurities, if any. Subsequently, it
was dissolved in minimum amount of dil. HNO3. The net oxidizing
valency of gadolinium nitrate, thorium nitrate, zirconium oxy-ni-
trate and aluminium nitrate and reducing valencies of fuel were
calculated using the valencies of individual elements [24]. In order
to obtain different compositions of Gd2�yThyZr2�yAlyO7 (0.0 6 y 6
2.0), required amounts of metal nitrates were mixed in proper
ratio. Glycine has been used as a fuel in this reaction. These solu-
tions, after thermal dehydration (at �80 �C) on a hot plate, resulted
a highly viscous liquid. As soon as the viscous liquid was formed,
the temperature of the hot plate was increased to �200 �C. At this
stage the viscous liquid swelled and auto-ignited, with the rapid
evolution of large volume of gases to produce voluminous pow-
ders. In order to remove the decomposition products and excess
carbon, the powders obtained after auto-ignition were calcined
at 600 �C for 45 min. In order to investigate the phase formation
process the samples have been annealed at different temperatures.
The final sintering has been done for all the samples at 1430 �C for
12 h.

XRD has been recorded on the calcined powders using mono-
chromatized Cu Ka radiation on a Philips X-ray diffractometer,
Model PW 1927. The microstructure of the sintered pellets was
investigated using AIS 210 scanning electron microscope (Mirero
Inc., Korea). No coating was given to the samples. The backscat-
tered images have been taken in order to investigate the nature
of the phases. The Raman spectra were recorded using a 532 nm
line from a solid state Nd:YAG laser and the scattered light was
analyzed using a single stage 0.9 m spectrograph (with notch filter)
and back thinned CCD detector for >100 cm�1.
Fig. 2. Variation of room temperature lattice parameter with change in composi-
tions in Gd2�yThyZr2�yAlyO7 series.
3. Results and discussion

Earlier limited solubility of thoria in Gd2Zr2O7 lattice has been
reported [23]. Incorporation of Th4+ at Gd3+ site of Gd2Zr2O7 results
an introduction of excess anions in Gd2�yThyZr2O7+y/2 lattice. The
presence of excess anions in the lattice leads to early phase sepa-
ration in the series and thus restricts the solubility of Th4+ up to
y = 0.075 only. In the present work, we have made attempts to in-
crease the solubility of Th4+ in Gd2Zr2O7 by substituting Al3+ at Zr4+

site of Gd2Zr2O7. The substitution of Al3+ at Zr4+ site can compen-
sate the extra oxygen resulted due to incorporation of Th4+ at
Gd3+ site, which is expected to increase the solubility of Th4+ in
Gd2Zr2O7.

XRD patterns of all the products in Gd2�yThyZr2�yAlyO7

(0.0 6 y 6 2.0) series were recorded and analyzed. A few represen-
tative XRD patterns are shown in Fig. 1. The parent Gd2Zr2O7 crystal-
lizes as pyrochlore which is evident by the presence of super-lattice
peaks at 2h � 14�(1 1 1), 27�(3 1 1), 37�(3 3 1), 45�(5 1 1) (using Cu
Ka as radiation source). It is observed from Fig. 1 that the composi-
tions corresponding to y = 0.0–0.4 adopt a pyrochlore structure. A
systematic shift of the diffraction peaks towards lower angle on
Th and Al incorporation (Fig. 1) clearly indicates that the cell param-
eters of the doped pyrochlores increase as the content of Th and
Al increase. The cell parameters of all the compositions were
calculated using POWDERX program which show an increasing
trend as a function of Th and Al content up to y = 0.4 (Fig. 2). In
our earlier study [23], it has been observed that the compositions
were single phasic till y = 0.075 in Gd2�yThyZr2O7+y/2. It is remark-
able to note that the solubility of Th4+ increased by more than five
times as the compositions till y = 0.4, are found to be single phasic
in nature. The considerably increased solubility of Th4+ in Gd2Zr2O7

is attributed to simultaneous incorporation of Al3+ at Zr4+ site which
takes care of charge compensation thus preventing the introduction
of excess anions in the pyrochlore lattice.

Fig. 3 demonstrates the XRD patterns of Gd2Zr2O7 at different
temperatures. The XRD pattern of the calcined powder is broad en-
ough and it is difficult to conclude about the degree of ordering of
the system. With increase in temperature the peaks become nar-
rower which is evident from Fig. 3. The XRD pattern recorded for
the sample heated at 1430 �C shows superstructure peaks. The
superstructure peaks are also visible in the XRD pattern of the sam-
ple sintered at 1430 �C.

An interesting result has been observed in the trend of cell
parameters of the samples. The ionic radii of Gd3+ and Th4+, in 8-
fold coordination, are 1.05 Å and 1.05 Å and the ionic radii of Zr4+

and Al3+ are 0.72 Å and 0.54 Å in six fold coordinate [25]. Therefore,
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a simultaneous incorporation of Th4+ and Al3+ at Gd3+ and Zr4+ site,
respectively, should result a decrease in cell parameters. However,
the cell parameter increases in Gd2�yThyZr2�yAlyO7 series on
Fig. 3. XRD patterns of Gd2Zr2O7 at 600 �C, 800 �C and 1430 �C.

Table 1
Intensity of (2 2 0), (4 2 2) and (6 2 2) planes with respect to (2 2 2) plane.

0.0 0.025 0.05 0.075 0.1 0.15 0.2 0.3 0.4

I220 �0% �0% 0.61 0.98 1.78 2.20 3.58 5.91 6.84
I422 �0% �0% �0% 0.47 0.85 0.95 1.09 2.14 5.01
I622 �0% �0% �0% 0.51 0.57 0.73 0.85 1.1 1.2

Fig. 4. XRD patterns of the compositions in the Gd2�yThyZr2�yAlyO7 systems in the
range 0.5 6 y 6 2.0.

Table 2
Lattice parameters at different temperature and thermal expansion coefficient in Gd2�yTh

Temperature (K) y in Gd2�yThyZr2�yAlyO7

0 0.07

298 10.520(5) 10.
473 10.537(4) 10.
673 10.561(3) 10.
873 10.586(5) 10.
1073 10.616(6) 10.
1273 10.640(8) 10.
Cooled to RT 10.520(3) 10.
Thermal expansion coefficient � 106 (K�1) 11.4 11.
increasing y. The probable reason may be that part of Al3+ is resid-
ing at some of interstitial sites of host pyrochlore. In our previous
study also we found that with the incorporation of Th4+ at Gd3+ site
in Gd2Zr2O7, there was an increase in lattice parameter, which was
due to extra oxygen incorporation in the lattice [23]. Qu et al. [26]
have shown that when Sm2Zr2O7 was substituted with MgO (till
y = 0.075 in Sm2�yMgyZr2O7�y/2), it resulted in an increase in the
lattice parameter of the solid solution, though the ionic radii of
Mg2+ is smaller than that of Sm3+. They attributed this increase
in cell parameter to the repulsion amongst the dopants incorpo-
rated at the interstitial sites. Perhaps in the present investigation
also, during the course of substitution some interstitial sites are
occupied by smaller Al3+ ions resulting in an increase in the cell
parameter due to an electrostatic repulsion.

The cations and anions in pyrochlore structure become more
and more ordered with increase in rA/rB ratio. Dickson et al. [27] re-
ported that the planes like (2 2 0), (4 2 2), etc. consists of anions
and the planes like (6 2 2). consists of metal ions only. The interest-
ing observation is that the intensity of all the superstructure peaks
increases with increase in Th4+ and Al3+ content. The increase in
intensity of the peaks corresponding to planes consisting of only
oxygens like (2 2 0), (4 2 2), etc. with increase in rA/rB ratio is a rare
observation in pyrochlores. The plausible reason could be that with
increase in rA/rB ratio the degree of order increased to such an ex-
tent that the intensity of oxygen ordered peaks becomes stronger.
The intensities of these peaks with respect to 100% peak (2 2 2)
have been tabulated in the Table 1. It may be noted that the super-
structure peaks in most of the pyrochlores are too feeble to observe
by lab source XRD. Thus the present series of pyrochlores is a rare
example wherein even the superstructure peaks due to anionic
ordering are also observed.

From the composition y = 0.5 onward, biphasic regime compris-
ing of pyrochlore phase and F-type phase starts appearing (Fig. 4).
This F-type phase is a solid solution of ThO2 and Al2O3. The cell
parameter of this F-type phase is found to be 5.578(6) Å through
out the biphasic region (y = 0.5–1.6). The peak intensity of second-
ary phase increases with increase in Th4+ and Al3+ content in the
series. It can be seen form Fig. 4 that the composition correspond-
ing to y = 2.0 is single phasic in nature. The lattice parameters of
the compositions corresponding to y = 2.0 is found to be
5.524(3) Å. Since the ionic radius of Al3+ is smaller than that of
Th4+ therefore, the lattice parameter of the composition corre-
sponding to y = 2.0 was smaller than pure ThO2 (a = 5.597 Å).

In order to investigate the thermal expansion behavior, XRD
data were recorded on few selected samples over the temperature
range 25–1000 �C. The lattice parameters at each temperature
were refined (Table 2). The samples are tacitly chosen only from
the monophasic region. As expected, initially the lattice parameter
increases almost linearly with temperature but it shows a devia-
tion from linearity at higher temperatures due to contribution
from the nonlinear terms. The linear coefficient of thermal
expansion (a) has been estimated (Table 2) for representative sam-
ples from the mean variation of their lattice parameters at low
yZr2�yAlyO7 system.

5 0.1 0.15 0.2

527(3) 10.531(4) 10.537(5) 10.543(4)
539(4) 10.539(5) 10.541(3) 10.553(3)
561(3) 10.563(5) 10.564(5) 10.576(4)
590(5) 10.583(6) 10.592(3) 10.601(4)
616(3) 10.624(2) 10.625(5) 10.626(5)
644(4) 10.649(3) 10.652(4) 10.656(3)
525(4) 10.530(3) 10.538(4) 10.543(3)
34 11.25 11.13 10.91
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temperatures according to the equation a = {(a � a0)/a0DT} where
‘a0’ and ‘a’ denote lattice parameter at room temperature and at
any given temperature (T), and DT is the difference between the
two temperatures. It is well known that thermal expansion coeffi-
cient decreases with increase in covalency in a series of composi-
tions. In the present investigation also, it has been found that
with increase in Al content in the compositions, thermal expansion
coefficient decreases because the degree of covalency increases
with increase in Al–O content in the series [28].

In order to further confirm the phase information of the compo-
sitions, backscattered electron imaging has been performed on the
Fig. 5. Backscattered electron images of (a) pure Gd2Zr2O7, (b) Gd1.8Th0.2Zr1.8Al0.2O7

Gd0.4Th1.6Zr0.4Al1.6O7.
samples. Fig. 5a–f shows the backscattered electron images (BEI) of
the single phasic and biphasic samples of Gd2�yThyZr2�yAlyO7 ser-
ies. The surface of the samples was polished. Since the samples
were sintered at very high temperature (1430 �C); the porosity de-
creases significantly. However, highly dense samples could not be
prepared even at this temperature also. Backscattered electron
images on the samples having compositions till y = 0.4 indicate
that the compositions are single phasic in nature which corrobo-
rate XRD result.In the biphasic region also pores could not be re-
moved completely by repeated heating. Bright and grey phases
which correspond to higher Z and lower Z phase in the samples
, (c) Gd1.6Th0.4Zr1.6Al0.4O7, (d) Gd1.5Th0.5Zr1.5Al0.5O7, (e) Gd0.8Th1.2Zr0.8Al1.2O7, (f)



Fig. 6. Raman spectra of the single phasic samples in Gd2�yThyZr2�yAlyO7 series. (a)
y = 0.0, (b) y = 0.025, (c) y = 0.05, (d) y = 0.075, (e) y = 0.1, (f) y = 0.15, (g) y = 0.2, (h)
y = 0.3, (i) y = 0.4. Fig. 7. Change in peak position of the peaks at 400 cm�1 and 602 cm�1 with change

in compositions.
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y = 0.5–1.6 could be observed. XRD investigation also revealed that
these compositions (y = 0.5–1.6) are biphasic only.

X-ray diffraction studies are more useful to know about the dis-
order in the cationic sublattice in comparison with anionic sublat-
tice because of high atomic number of the cation compared to
oxygen. On the other hand, Raman spectroscopy is very much sen-
sitive to oxygen polarizability and local coordination. It has been
reported in literature that Raman spectroscopic studies can be
used explicitly [29] to differentiate among highly ordered and dis-
ordered pyrochlore. All the single phasic compositions were fur-
ther investigated by Raman spectroscopy over the frequency
range 200–800 cm�1 to identify the degree of order and disorder
in the systems. Cubic pyrochlore, A2B2O7, belongs to space group
(Fd3m, O7

h) with Z = 8 has six Raman active modes and seven IR ac-
tive modes which can be represented as [26,29]

C ¼ A1g þ Eg þ 4T2g þ 7T1u

Among these modes, the Raman active modes are A1g + Eg + 4T2g

[30]. All the six modes of pyrochlores have been found in the Ra-
man spectra which are shown in Fig. 6. The observed peaks are
at 314, 402, 502, 534 and 601 cm�1 for Gd2Zr2O7 compounds. They
match reasonably well with the reported spectra [12]. The band
assignment in the present study has been done following Vanden-
bore’s Raman spectroscopy work on pyrochlores [30] (Table 3).
However, they had observed two separate modes at 523 and
532 cm�1, whereas in present study we observed two bands at
502 and 534 cm�1 for Gd2Zr2O7 using least square fitting. The band
at 314 cm�1 has been assigned to Eg mode following our earlier
work [30,31]. The peak at 534 cm�1 is assigned to A1g mode since
Table 3
Raman mode frequencies with symmetry character and vibration types in A2B2O7

pyrochlores.

Frequency
(cm�1)

Symmetry Vibration type

314 Eg B–O6 bending
402 T2g Mostly B–O stretch with mixture of A–O stretch

and O–B–O bending vibrations
502 T2g Mostly O–B–O bend with mixture of B–O and A–O

stretch
523 A1g Mostly O–B–O bend
601 T2g Mostly B–O stretch
710 Distortion in octahedra or combination of band

[Ref. 30]
its intensity changes significantly with different directions of
polarization [30,32,33]. The other bands at 402, 502, 601 cm�1

are due to T2g modes of the cubic pyrochlore structure. A broad
peak at �710 cm�1 has been observed in the spectra specially
y = 0.075 onwards. In our earlier work also we found that a hump
at 730 cm�1 and it had been argued that it may be due to distortion
of the octahedra or to the combination bands [30] or it could be
due to the forbidden modes as assigned by Ouselati et al. [34]. It
is observed that the peaks are very broad in all the samples and
with increase in dopant concentration the peaks become broader.
The host matrix, i.e. Gd2Zr2O7 is highly disordered pyrochlore as
it has been reported earlier [12]. This broadening isn’t attributed
to the smaller particle size because the samples were sintered at
1200 �C for 4 h and the XRD patterns shows very sharp peaks
which indicate the size of the particles are in micro regime. As
mentioned earlier that pyrochlore is ordered modification of fluo-
rite structure having a vacancy at one oxygen site. Due to presence
of vacancy, defects and foreign ions, disruption in the translational
symmetry in the lattice takes place and consequently it relaxes the
k � 0 selection rule. Therefore, phonons from all parts of the Brill-
ouin zone are allowed to contribute to the optical spectra, which
ultimately give rise to broadened, continuously spread peaks, as
observed in the present study.

The intensity of the peak at 314 cm�1 (Eg) decreases with in-
crease in concentration of Th4+ and Al3+ in the solid solution. On
the other hand, the intensity of the Raman peak at 400 cm�1

(T2g) remains almost unchanged but its position shifts slightly to-
wards higher wavenumber. Another peak at 601 cm�1 also shows
blue shift with increase in Th and Al content in the series. From Ta-
ble 3, it can be seen that these two peaks are due to B–O stretching
in A2B2O7 structure. The reason may be that with increase in Al
content in the series the B–O bond becomes stronger and the Ra-
man peak appears at higher frequency (Fig. 7).
4. Conclusions

In this investigation, a series of compositions with general com-
position Gd2�yThyZr2�yAlyO7 (0 6 y 6 2.0) were prepared by a gel
combustion method and characterized by XRD and Raman spec-
troscopy. It was found that the samples are single phasic pyroch-
lores till y = 0.4. The lattice parameter increases with increase in
Th and Al content in the series up to y = 0.4. Back scattered images
also indicate that the secondary phases can be seen in the samples
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y = 0.5 onwards. Hence, it can be concluded that the simultaneous
incorporation of Al to Th in Gd2Zr2O7 has two distinct advantages.
Firstly, the solubility of thoria in Gd2Zr2O7 lattice increases more
than five fold. Additionally Al, which is a constituent of AHWR
waste, can also be immobilized.
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