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a b s t r a c t

Series of unequal quantity Nd/Ce co-doped ceramic nuclear waste forms, (Gd, Nd)2(Zr, Ce)2O7, were
prepared to tailor its ordered pyrochlore or disordered fluorite structure. The phase transition, micro-
topography, and elemental composition of the ceramic samples were systematically investigated,
especially the effect of order-disorder structure on the chemical stability. It was confirmed that unequal
quantity of Nd/Ce could synchronously replace the Gd/Zr-sites of Gd2Zr2O7. And the phase transition of
order-disorder structure could be successfully tailored by regulating the average cationic radius ratio of
(Gd, Nd)2(Zr, Ce)2O7 series. The elements of Gd, Nd, Zr, and Ce are uniformly distributed in the ordered or
disordered structures. The MCC-1 leaching results showed that (Gd, Nd)2(Zr, Ce)2O7 pyrochlore ceramic
nuclear waste forms had excellent chemical stability, whose elements' normalized leaching rates were as
low as 10�4 -10�7 g‧m�2‧d�1 after 7 days. In particular, the chemical stability of disordered structure was
superior to that of ordered structure. It was proposed that the force constant and the closest packing
were changed with the structure transformation resulting the chemical stability difference.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

With the rapid development of civilian nuclear power and the
retirement of nuclear facilities, a tremendous accumulation of high-
level radioactive wastes (HLWs) is inevitably generated, which are
worthy of attention and resolution [1,2]. Ringwood explored the
Synthetic Rock (Synroc) as a futuristic alternate matrix for HLWs
immobilization [3]. Kinds of mineral analogue synroc, such as zir-
conolite [4], pyrochlore [5], perovskite [6], and monazite [7], were
extensively researched [8,9]. In recent years, gadolinium zirconate
pyrochlore (Gd2Zr2O7) has been regarded as a potential material for
immobilizing HLWs due to its remarkable thermodynamic stability,
excellent chemical stability, good radiation stability and high waste
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loading capacity [10e13]. The crystal structure of Gd2Zr2O7 pyro-
chlore, classified as A2B2O7 type, possesses structural flexibility and
composition diversity through A- and B-doping. The specific cat-
ions can be incorporated into A/B sites of A2B2O7 with similar ionic
radius and equivalent valence states [14,15]. Therefore, many
radioactive actinides, such as minor actinides (MA) and Pu, can be
immobilized into the Gd2Zr2O7 crystal lattice [12,16e18]. According
to the cationic radius ratio of A2B2O7, r(A3þ)/r(B4þ), the crystal
structures of A2B2O7 include the disordered defect-fluorite phase
(r(A3þ)/r(B4þ) < 1.46), the ordered pyrochlore phase (1.46 < r(A3þ)/
r(B4þ) < 1.78), and the monoclinic crystalline phase (r(A3þ)/
r(B4þ) > 1.78) [19,20]. The r(A3þ)/r(B4þ) value of 1.4625 for
Gd2Zr2O7 just stands on the critical line of order-disorder structure.
Distinctly, the order-disorder structure of A2B2O7 is sensitive to the
average r(A3þ)/r(B4þ) value, which is closely related to the func-
tional property of pyrochlore. Basing on its performance re-
quirements, the order-disorder structure of Gd2Zr2O7-doped
matrix can be theoretically tailored by varying doping cation types
and contents.

It was reported that Nd and Ce are the two most analogue
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elements for MA and Pu, respectively [5,21]. The single substitution
of A- and B-site and equal quantity co-doping in A/B-sites for
Gd2Zr2O7 pyrochlore have been extensively researched [18,22e24].
Besides, the A- and B-sites of A2B2O7 can also be unequal quantity
[25] even aliovalent cation [26] co-substituted simultaneously,
which can further neatly take advantage of the structural flexibility
of the A2B2O7 matrix. In (Gd1-xNdx)2(Zr1-xCex)2O7 series, the radius
variation at B-site (DrB) is bigger than that of A-site (DrA) after Nd/
Ce co-doping with equal quantity. In detail, since the radii of Nd3þ

(Ⅷ, 1.109 Å) and Ce4þ (Ⅵ, 0.87 Å) are larger than that of Gd3þ (Ⅷ,
1.053 Å) and Zr4þ (Ⅵ, 0.72 Å), respectively, the DrB value
(DrB ¼ 0.15) is bigger than that of DrA (DrA ¼ 0.056). It means that
the average r(A3þ)/r(B4þ) value of (Gd1-xNdx)2(Zr1-xCex)2O7 cannot
exceed 1.4625. Therefore, the equal quantity Nd/Ce co-doped
Gd2Zr2O7 always presents disordered defect-fluorite structure in
our previous work [24]. It was reported that the order-disorder
structure can be substantially tailored by Sm/Ce co-doping with
unequal quantity in Gd2Zr2O7 according to the theory of average
r(A3þ)/r(B4þ) value [25]. However, the effects of the two structures
on the chemical stability of co-doped ceramics have been seldom
reported. It is essential to investigate the chemical stability differ-
ence of order-disorder structure, which can provide the guidance
for preparing pyrochlore ceramics and then hopefully contribute to
the HLWs safe immobilization.

In this work, Nd3þ and Ce4þwere employed to simulate trivalent
actinides and tetravalent actinides respectively. Various unequal
quantities of Nd/Ce co-doped (Gd, Nd)2(Zr, Ce)2O7 ceramic series
were prepared by wet chemistry route followed by heating treat-
ment. It was systematically investigated the order-disorder phase
transition, microstructure, and element composition of (Gd,
Nd)2(Zr, Ce)2O7 pyrochlore ceramics. Importantly, the chemical
stability differences of typical order-disorder structure samples
were evaluated by the static leaching test. The effect mechanism of
order-disorder structure on the chemical stability was analyzed as
well.
2. Experimental

2.1. Preparation of (Gd, Nd)2(Zr, Ce)2O7 powders and ceramics

The Nd/Ce co-doped (Gd, Nd)2(Zr, Ce)2O7 ceramics were
designed as (Gd1-xNdx)2(Zr1-yCey)2O7 (x þ y ¼ 1), in which the x
value grew in the range of 0e1 while y decreased from 1 to 0.
Table 1 shows the serial number, nominal composition, and other
details of (Gd, Nd)2(Zr, Ce)2O7 series. The raw materials were
commercially available Gd(NO3)3$6H2O, Nd(NO3)3$6H2O,
Zr(NO3)4$5H2O and Ce(NO3)3$6H2O (all metal nitrates were pur-
chased from Shanghai Aladdin Bio-Chem Technology Co., LTD, pu-
rity �99%). The raw materials were weighed according to the
stoichiometric ratio of the chemical formula. After evenly mixing
with alcohol by a planetary mill, the slurries were dried and
Table 1
Sample composition and preparation details for (Gd1-xNdx)2(Zr1-yCey)2O7 pyrochlore
series.

Sample No. Nominal composition x þ y ¼ 1 Temperature (�C)

x y Powders bulks

F1 Gd2Ce2O7 0 1 1000 1500
F2 (Gd0.9Nd0.1)2(Zr0.1Ce0.9)2O7 0.1 0.9 1000 1500
F3 (Gd0.7Nd0.3)2(Zr0.3Ce0.7)2O7 0.3 0.7 1000 1500
F4 (Gd0.5Nd0.5)2(Zr0.5Ce0.5)2O7 0.5 0.5 1000 1500
F5 (Gd0.3Nd0.7)2(Zr0.7Ce0.3)2O7 0.7 0.3 1000 1500
P6 (Gd0.1Nd0.9)2(Zr0.9Ce0.1)2O7 0.9 0.1 1000 1500
P7 Nd2Zr2O7 1 0 1000 1500
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calcined at 1000 �C for 10 h to synthesize (Gd, Nd)2(Zr, Ce)2O7
powders. After that, the powders were shaped into tablets with
about 3 mm thickness and 12mm diameter. Lastly, the tablets were
further compacted by cold isostatic pressing and subsequently
sintered at 1500 �C for 24 h.

2.2. Characterization

The phase structure of (Gd, Nd)2(Zr, Ce)2O7 powders and
ceramic bulks were tested by an X-ray diffractometer (XRD, X'Pert
PRO, Netherlands) using Cu Ka radiation. The volume and cell pa-
rameters of the ceramics were quantified with the external stan-
dard method by analyzing the XRD results. A Raman spectrometer
(InVia, Renishaw PLC, UK) was employed to obtain Raman spectra
of ceramics. The microtopography and elemental distribution of
ceramic bulks were observed by scanning electron microscopy
attached with an energy dispersive spectrometer (SEM-EDS, TM-
4000, Hitachi Inc.).

2.3. Chemical stability

The chemical stability of typical order-disorder ceramic samples
(F5, P6) was evaluated by the standard Materials Characterization
Center (MCC-1) method [27]. The MCC-1 ceramic samples were
formed as a cylinder with a height of about 12 mm and a diameter
of about 11mm, suspended in the center of polytetrafluoroethylene
(PTFE) liner of the hydrothermal reactor. And then, the cylindrical
samples were immersed in deionized water at 90 �C for 1e42 days.
The accumulative leaching time of solutionswas 1, 3, 7,14, 21, 28, 35
and 42 days, respectively. At the various leaching period, the
leaching concentrations (Ci) of four elements (Gd, Nd, Zr, and Ce) in
the leachates were measured by an inductively coupled plasma
mass spectrometry (ICP-MS, Agilent 7700 � , USA). The normalized
elemental leaching rates LRi (g‧m�2‧d�1) were calculated by the
following Eq. (1):

LRi ¼
Ci$Vl

fi$Dt$S
(1)

where Ci (mg/L) is the leaching concentrations of element i, Vl (L) is
the volume of deionized water, fi (wt.%) means the mass percent of
element i, Dt (day) is the cumulative leaching time, and S (m2)
signifies the surface area of the sample.

3. Results and discussion

3.1. XRD analysis of order-disorder structure

As the order-disorder structure of A2B2O7 pyrochlore depends
on the average r(A3þ)/r(B4þ) value, the r(A3þ)/r(B4þ) values of (Gd1-

xNdx)2(Zr1-yCey)2O7 series were calculated as follow Eq. (2):
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According to Eq. (2) and the r(A3þ)/r(B4þ) value scope of order-
disorder structure, the r(A3þ)/r(B4þ) value and theoretical ordered
or disordered structure type of (Gd, Nd)2(Zr, Ce)2O7 series could be
obtained, which were listed in Table 2. In (Gd1-xNdx)2(Zr1-yCey)2O7

(xþ y¼ 1) system, the x value increased in the range of 0e1 while y
value decreased from 1 to 0, then, the rA value raised but the rB
value reduced. Namely, the r(A3þ)/r(B4þ) value of the designed
compositions gradually increased with Nd/Ce co-doping of unequal
quantity, and the sample compositions exactly changed from



Table 2
The average r(A3þ)/r(B4þ) radius ratio, cell parameters, volume, and phase structure of (Gd, Nd)2(Zr, Ce)2O7 ceramics based on XRD patterns.

Sample No. Nominal composition Average r(A3þ)/r(B4þ) Cell parameters(Å) Volume (Å3) Phase structure

F1 Gd2Ce2O7 1.2103 5.4275 159.78 Fluorite
F2 (Gd0.9Nd0.1)2(Zr0.1Ce0.9)2O7 1.2381 5.4202 159.24 Fluorite
F3 (Gd0.7Nd0.3)2(Zr0.3Ce0.7)2O7 1.2967 5.3991 157.39 Fluorite
F4 (Gd0.5Nd0.5)2(Zr0.5Ce0.5)2O7 1.3597 5.3845 156.11 Fluorite
F5 (Gd0.3Nd0.7)2(Zr0.7Ce0.3)2O7 1.4277 5.3746 155.25 Fluorite
P6 (Gd0.1Nd0.9)2(Zr0.9Ce0.1)2O7 1.5012 10.6782 1217.56 Pyrochlore
P7 Nd2Zr2O7 1.5403 10.6566 1210.19 Pyrochlore
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Gd2Ce2O7 (F1 sample) to Nd2Zr2O7 (P7 sample). Corresponding to
the seven compositions, the theoretical structure transformed from
the disordered defect-fluorite structure (F1eF5) to the ordered
pyrochlore structure (P6, P7) when the average r(A3þ)/r(B4þ) value
exceeded 1.4625.

As shown in Fig. 1, all sample powders synthesized at 1000 �C
present all characteristic peaks of the typical defect-fluorite phase.
It indicates that the Nd/Ce co-doping (Gd, Nd)2(Zr, Ce)2O7 series
have been successfully synthesized by wet chemistry route fol-
lowed by heating treatment. Fig. 2 displays XRD patterns of (Gd,
Nd)2(Zr, Ce)2O7 ceramic bulks sintered at 1500 �C for 24 h.
Compared with the XRD patterns of powders, P6 and P7 compo-
sitions (Gd0.2Nd0.8Zr0.8Ce0.2 and Nd2Zr2O7) show the ordered
pyrochlore structure which can be identified by the typical super-
lattice peaks of (111), (311), (331), (511) and (531) planes [5,28].
Considering that these peaks always exist in ordered pyrochlore
structure, therefore, the absence of the five super-lattice peaks
indicates the disordered defect-fluorite structure of F1eF5 ceramic
samples sintered at 1500 �C for 24 h. It is observed that the XRD
results of ceramic bulks are accurately consistent with the theo-
retical conclusion of the order-disorder phase structure type listed
in Table 2. Besides, from F1 to P7 samples, the diffraction peaks
slightly shift to the right, which can be seen in the right enlarged
Fig. 1. XRD patterns of (Gd, Nd)2(Zr, Ce)2O7 p
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view of Fig. 2. In specific, based on the radii of Gd3þ (Ⅷ, 1.053 Å),
Nd3þ (Ⅷ, 1.109 Å), Zr4þ (Ⅵ, 0.72 Å) and Ce4þ (Ⅵ, 0.87 Å), it is
calculated that the radii increment value of A-site (DrA ¼þ0.056) is
smaller than the radii decrement value of B-site (DrB ¼ �0.15) as
sample gradually changed fromGd2Ce2O7 (F1 samples) to Nd2Zr2O7
(P7 samples). That is to say, the average anion radius becomes
smaller with unequal quantities of Nd/Ce co-doping to Gd2Zr2O7
matrix, and then, leads to the decrease of the inter-planar spacing
in the crystal structure. Resultantly, the diffraction peaks shift to-
ward a higher 2q angle according to the Bragg equation. It could be
naturally deduced that the unequal quantity of Nd and Ce have
been incorporated into the Gd- and Zr-sites of Gd2Zr2O7,
respectively.

Based on the XRD results of ceramic bulks, the cell parameters
and volumes of (Gd, Nd)2(Zr, Ce)2O7 ceramics are obtained and
listed in Table 2. It is well known that the cell parameters and
volumes are closely relevant to the phase structure type. Appar-
ently, the cell parameters of the pyrochlore phase are nearly twice
as big as that of the defect-fluorite phase, which stays in step with
the theory of order-disorder structure. The cell parameters and
volume decrease with the increase of average r(A3þ)/r(B4þ) value
for F1eF5 samples. Due to the unequal quantity co-doped of Ne/Ce
in the ceramics, the radius variation of DrA is less than that of DrB,
owders synthesized at 1000 �C for 10 h.



Fig. 2. XRD patterns of (Gd, Nd)2(Zr, Ce)2O7 ceramic bulks sintered at 1500 �C for 24 h; the asterisks (*) mark the super-lattice peaks of the pyrochlore phase.
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and then the cell parameters apparently decrease. It can further
account for the right shift of the diffraction peaks for F1eP7
samples.
3.2. Raman spectroscopy analysis

Fig. 3 shows Raman spectra of (Gd, Nd)2(Zr, Ce)2O7 ceramic
bulks sintered at 1500 �C for 24 h. It was previously reported that
the A2B2O7 pyrochlore structure possesses six Raman vibration
modes, namely A1g, Eg, and four F2g modes [28,29]. In this work, the
Fig. 3. Raman spectra of (Gd, Nd)2(Zr, Ce)2O7 c
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Raman vibration peaks at ~300 cm�1 and ~520 cm�1 belong to Eg
and A1g modes, respectively. And the F2g vibration peaks appear at
~374 cm�1, ~400 cm�1, ~480-500 cm�1 and ~580-600 cm�1

[30e32]. In particular, a broad peak observed in the Raman spec-
trum of P7 sample can be resolved into two components at ~500
and ~520 cm�1, which are assigned as F2g and A1g modes, respec-
tively [31]. Table 3 lists the corresponding vibration types of various
modes. As shown in Fig. 3, the ordered pyrochlore structure of P6
and P7 samples differs in Raman vibration modes from the disor-
dered defect-fluorite structure of F1eF5 samples. It was reported
eramic bulks sintered at 1500 �C for 24 h.



Table 3
Raman mode frequencies with symmetry character and vibration types.

Frequency (cm �1) Symmetry Vibration type

~301 Eg O-(Zr, Ce)eO bending
~362 F2g O-(Gd, Nd)-O bending
~400 F2g O-(Zr, Ce)eO stretching
~500 F2g O-(Zr, Ce)eO bending
~521 A1g Mostly O-(Zr, Ce)eO bending with mixture of O-(Zr, Ce)eO and O-(Gd, Nd)-O stretching
~602 F2g O-(Zr, Ce)eO bending
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that the intensity of Eg and A1g modes usually depended on the
order degree of the A2B2O7 structure [31,33]. Because the phase
structure type of the as-prepared samples transforms from the
disordered defect-fluorite phase to the ordered pyrochlore phase
with increasing the average r(A3þ)/r(B4þ) value, Eg and A1g vibra-
tion peaks becomemore and more strong and sharp. It is attributed
to the decrease of cationic anti-site disorder degree resulting in the
order of oxygen occupation, which narrows the Raman vibration
modes [28,31]. In addition, for F5, P6 and P7 samples, the F2g mode
at ~400 cm�1 displays the same variation trend as Eg and A1g
modes, which is ascribed to the O-(Zr, Ce)eO stretching vibration.

Besides, the vibration peaks of F1 sample (Gd2Ce2O7) present
higher intensity than other compositions with disordered structure
(F2eF5), especially two distinct F2g modes at 374 and 484 cm�1,
which are mostly assigned to O-Gd-O bending and OeCeeO
bending, respectively. It seems to contradict with the Raman vi-
bration factor group prediction that the defect fluorites have only a
single broad band [28,33]. However, any defect fluorite has minor
pyrochlore domains due to kinetic limitation factors and thermal
history of reactants [34]. Therefore, pyrochlore phase as a super-
structure of fluorite phase may exist as microdomains within
F1eF5 defect-fluorite samples in this situation. That is the reason
XRD classifies F1eF5 samples as disordered fluorite phase and
Raman spectra studies reveal the existence of ordering variation
modes for these compositions. In addition, the Raman vibration
modes shift to a higher wavenumber with the increase of the
r(A3þ)/r(B4þ) value from F1 to P7 samples. Notably, the third F2g
mode moves from ~485 cm�1 to ~500 cm�1. It could be explained
by Nd/Ce co-doping in the crystal lattice of the Gd2Zr2O7 matrix.
With the increase of average r(A3þ)/r(B4þ) value from F1 to P7
composition, the cell parameters decrease accordingly and then the
Raman wave vector distinctly increases. Raman analysis results
further confirmed that unequal quantity Ne/Ce co-doping can tailor
the order-disorder structure, meanwhile, Nd/Ce can simultaneously
replace the Gd-/Zr-sites of the Gd2Zr2O7 crystal structure,
respectively.
3.3. SEM-EDS analysis

To examine the compactness behavior andmicrostructure of the
sample, the fractography of (Gd, Nd)2(Zr, Ce)2O7 ceramic series was
observed after sintering at 1500 �C for 24 h, as shown in Fig. 4. It is
displayed that the grain size of the ordered structure for P6 and P7
samples seems larger than that of the disordered structure for
F1eF5 samples. Besides, all samples show the characteristic of
porous microtopography, in which the pore size also tends to
decrease with increasing average r(A3þ)/r(B4þ) value (F1 to P7).
However, all ceramic samples present single-phase and trans-
granular fractures.

The typical samples with disordered and ordered structure (F5
and P6) were analyzed to elucidate the element composition and
distribution by EDS detection. Four spots were selected on the
representative fracture surface SEM image to calculate the average
atomic ratio. The chosen spots are signed in Fig. 5(a)-(b), and the
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calculated atomic ratio results are tabular below the figure. The
table shows that the atomic ratios of Gd/Ce and Nd/Zr for both
samples nearly attain the same value. And the element contents
measured by EDS basically accord with the nominal chemical
composition of the samples. Besides, the mapping distributions of
four elements (Gd, Nd, Zr, Ce) for the two samples are shown in
Fig. 5(c)e(j). Clearly, the four elements are evenly distributed in the
selected region except for some pits and holes. It is universally
acknowledged that electronic energy is hard to reach these mi-
cropores and flaws during EDS examination. SEM-EDS analysis
reconfirmed that Nd and Ce can be co-incorporated into the lattice
of the Gd2Zr2O7 matrix with unequal quantity co-doping.
3.4. Chemical stability

It is exceedingly beyond dispute that pyrochlore ceramics as
nuclear waste forms need excellent chemical stability to prevent
radionuclides leakage under geological repository environment
[35e38]. Thewidely recognizedMCC-1 leaching test was employed
to investigate the chemical stability difference of F5 sample with
disordered structure and of P6 samplewith ordered structure. Fig. 6
shows the LRi line chart of four elements (Gd, Nd, Zr, and Ce) in the
F5 and P6 ceramic bulks leached at 90 �C under deionized water.
The LRi values of the four elements all appear a decreasing tendency
before 14 days duration. With the prolongation of leaching period,
the leaching rates drop gently and converge to constant values. By
comparison with LRi (i ¼ Nd, Zr, and Ce), the LRGd value is the
highest, about 10�3 g m�2 d�1 at 1-day period (seen in Fig. 6(a)). As
illustrated in Fig. 6(b), the LRNd value after 1-day is 10�4 g m�2 d�1,
while it drops to 10�6 at a 7-day duration. Also, the LRCe value
almost stays the same trend as the LRNd value, while LRCe is below
one order of magnitude than LRNd for 1e7 days durations, as shown
in Fig. 6(d). LRZr of the F5 sample converges to about 10�7 order
magnitude at the 14-day duration, which is the smallest among the
four elements (seen in Fig. 6(c)), and the Zr4þconcentration of the
leachate cannot be detected even after 14 days duration. Similarly,
the Zr4þconcentration cannot be detected at any leaching period for
the ordered P6 sample. A weaker bond of GdeO and stronger ZreO
bond in Gd2Zr2O7 matrix can directly contribute to their highest
and lowest elemental leaching rate [39], respectively. The high LRi
value in the early leaching time is theoretically attributed to the
grain boundary dissolution of ceramics [39,40], which indirectly
suggests that the crystal cell or grain itself is pretty stable. After 1e7
days periods of soaking, with the precipitation and dissolution of
the maskant [41], all elements in the pyrochlore crystal cell remain
relatively stable without apparent dissolution and diffusion.

Table 4 lists the 7-day LRi magnitudes of similar pyrochlore
ceramic nuclear waste forms in the literatures and this work. The
LRGd, LRNd and LRCe values of the disordered structure are almost
lower than that of the ordered structure by one order of magnitude
in this work. The phenomenon is generally in agreement with the
results reported in the literatures, in which the LRGd and LRZr values
in disordered structure fall in 10�5 and 10�6-10�7 g m�2 d�1 while
change within the 10�3-10�4 and 10�4-10�6 scope in ordered



Fig. 4. Fracture surface SEM images of (Gd, Nd)2(Zr, Ce)2O7 ceramic bulks sintered at 1500 �C for 24 h: (a) F1, (b) F2, (c) F3, (d) F4, (e) F5, (f) P6, (g) P7.

Fig. 5. SEM-EDS images of F5 (disordered, (Gd0.3Nd0.7)2(Zr0.7Ce0.3)2O7) and P6 (ordered, (Gd0.1Nd0.9)2(Zr0.9Ce0.1)2O7) ceramic bulks sintered at 1500 �C for 24 h, (a)e(b): repre-
sentative SEM images and EDS spotting sites of F5 and P6 samples, (c)e(f) and (g)e(j): elemental mapping images of Gd, Nd, Zr, Ce for F5 and P6, respectively.

Y. Wang, J. Wang, X. Zhang et al. Nuclear Engineering and Technology 54 (2022) 2427e2434
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Fig. 6. Normalized elemental leaching rates of F5 (disordered, (Gd0.3Nd0.7)2(Zr0.7Ce0.3)2O7) and P6 (ordered, (Gd0.1Nd0.9)2(Zr0.9Ce0.1)2O7) ceramic bulks: (a) Gd, (b) Nd, (c) Zr and (d)
Ce.

Table 4
The 7-day LRi values of order-disorder structure from the literatures.

Structure type Leaching test Sample Composition Normalized release rates (g‧m�2‧d�1) Reference

Gd Nd Zr Ce

Disorder 90 �C, deionized water (Gd0.3Nd0.7)2(Zr0.7Ce0.3)2O7 10�5 10�6 10�7 10�7 This paper
Order 90 �C, deionized water (Gd0.1Nd0.9)2(Zr0.9Ce0.1)2O7 10�4 10�5 e 10�6 This paper
Disorder 90 �C, deionized water (Gd0.5Nd0.5)2(Zr0.5Ce0.5)2O7 10�5 10�5 10�7 e [24]
Disorder 90 �C, deionized water (Gd0.25Sm0.75)2(Zr0.75Ce0.25)2O7 10�5 e 10�6 10�6 [25]
Order 70 �C, deionized water Gd2Zr2O7 10�4 e 10�5 e [39]
Order 90 �C, deionized water Gd2Zr2O7 10�3-10�4 e 10�4-10�6 e [42]
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structure, respectively. Hence, it is suggested that the chemical
stability of disordered defect-fluorite structure is superior to that of
ordered pyrochlore structure. Such chemical stability difference
may be explained by the force constant and the structural transi-
tion. In this work, with increasing the r(A3þ) value and decreasing
the r(B4þ) value from the disordered structure (F5) to the ordered
structure (P6), the force constants of (Gd, Nd)-O and (Zr, Ce)eO that
depend on the spatial ordering of the coordination polyhedronmay
vary with the bond characteristics and their chemical environment
[24,43]. Besides, for the disorder-order phase transition of the two
samples, the oxygens/vacancies mixed at 8c Wyckoff site for the
disordered structure were changed to the oxygen anions at 8b/48f
equivalent sites and vacancies at 8a site when transformed to the
ordered structure. And the mixing occupation by A/B cations at 4a
equivalent positions for the disordered structure will be reassigned
and coordinated with oxygens/vacancies to form 16c and 16d sites
in the ordered structure [5,44,45]. Resultantly, the vacancies, oxy-
gens and cations in the disordered defect-fluorite structure become
closer, even the packing degree of cations and oxygen anions get
higher than that of the ordered pyrochlore structure, and the force
constant gets stronger gradually. Meanwhile, the disordered
2433
defect-fluorite structure could not provide an ion channel for
leaching elements due to the lack of oxygen vacancy, resulting in
the excellent chemical stability of the disordered structure.

4. Conclusions

The (Gd1-xNdx)2(Zr1-yCey)2O7 (x þ y ¼ 1) ceramic nuclear waste
forms with Nd/Ce unequal quantity co-doping were designed and
successfully prepared to tailor the order-disorder structure. As the
average r(A3þ)/r(B4þ) value increased, the structure type of ce-
ramics was transformed from the disordered defect-fluorite phase
to the ordered pyrochlore phase. It was concluded that Nd3þ and
Ce4þ could be co-incorporated into Gd- and Zr-sites of Gd2Zr2O7
matrix, and the ordered or disordered structure was entirely
tailored by the unequal quantity of Nd/Ce co-doping. All the ele-
ments in the samples with ordered or disordered structure were
almost uniformly distributed. And the atomic ratios of the different
structures remarkably accorded with the theoretical chemical
composition. The leaching results implied that (Gd, Nd)2(Zr, Ce)2O7
pyrochlore ceramics had excellent chemical stability. The LRi value
of the four elements was gradually stabilized with a relatively low
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constant of about 10�5�10�7 g‧m�2‧d�1 after a 7-day duration. In
particular, the LRi value of the disordered structurewas lower about
one order of magnitude than that of the ordered structure, indi-
cating that the chemical stability of disordered defect-fluorite
structure is superior to that of ordered pyrochlore structure. The
chemical stability difference of the two structures may provide the
guidance for preparing pyrochlore ceramic nuclear waste forms
with good performances.
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