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Abstract

Zirconia-based ceramics are promising host matrices for the immobilization of radionuclides in high-level waste streams
due to their high radiation resistance and chemical stability. This study explores coprecipitation and different solid-state
synthesis techniques to produce phase-pure zirconia-based ceramics with varying cerium and neodymium co-doping. Vary-
ing the dopant concentration enabled the synthesis of zirconates with monoclinic, cubic defect fluorite, and cubic pyrochlore
structures. Powder X-ray diffraction was used for phase identification. In the case of coprecipitation, all synthesized composi-
tions were predominantly phase-pure. Solid-state synthesis techniques included manual mixing of metal oxide powders with
mortar and pestle, mechanical mixing in a ball mill, and magnetic mixing in a slurry. All solid-state mixing methods produced
heterogeneous ceramics, featuring multiple phases, with manual mixing yielding the most phase-pure product. Extending
the grinding time, re-sintering of the solid phases, and an increased Nd content were found to enhance the phase purity.

Introduction

High-level waste (HLW) streams from the reprocessing
of nuclear fuel contain transuranium elements like neptu-
nium, americium, and curium, and residual non-separated
plutonium. These elements retain their radiotoxicity over
extended periods due to their long half-lives (10-10° years).
To prevent their release into the environment and enable
secure storage in deep geological repositories, these ele-
ments need to be immobilized within a solid matrix [1]. At
present, borosilicate glasses are the most commonly utilized
waste forms, primarily due to their flexibility in incorporat-
ing a wide variety of elements [1, 2]. Nevertheless, glasses
possess certain limitations, such as the limited solubility of
actinides within them. Ceramic waste forms offer an alterna-
tive to glasses, allowing for increased waste loadings [1].
A crucial criterion for nuclear waste forms is high radia-
tion tolerance, signifying that the structure of the waste
matrix should be resistant to damages stemming from
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self-irradiation, mainly caused by the a-decay of the incor-
porated actinides and associated daughter recoil of the decay
products [1]. Moreover, they should exhibit good chemical
stability to prevent dissolution and leaching of radionuclides
in the event of canister failure within the final repository
[1,3].

Zirconia (ZrO,) based ceramics offer promising host
matrices for the immobilization of radionuclides found in
HLW [4]. Under atmospheric pressure, ZrO, is known to
exist in three different polymorphs. Monoclinic zirconia
(P2, /c) is stable up to 1170 °C, above which a transition
to the tetragonal polymorph (P4, /nmc) occurs, followed by
a transformation to cubic zirconia (Fmgm) at temperatures
exceeding 2370 °C [5, 6]. Ceramics with cubic crystal struc-
tures are preferred nuclear waste forms as they have been
shown to be highly radiation resistant [7, 8]. In order to sta-
bilize the high-temperature cubic zirconia phase at ambient
temperature, other metal oxides can be added as dopants [9].
The introduction of dopants at defined concentrations can
lead to the formation of the cubic pyrochlore phase (Fd3m).
Pyrochlore can be defined by the general formula A,B,X.YZ
[10, 11]. The A site is typically occupied by a trivalent rare
earth element whereas the B site is preferred by 3d, 4d, and
5d transition metals. Oxygen anions are usually located at
the X site [10]. The Y site is typically also filled by an anion
such as oxygen, hydroxyl, or fluoride [12]. Z is a vacancy,
which is formed as a result of charge compensation [11]. In
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a pyrochlore (Fig. 1), the Z sites are ordered and are located
around the B cations. In the defect fluorite structure (Fig. 1),
the vacancies are disordered and can be situated at any of the
X, Y, and Z sites [10].

Similarly to the fluorite-type zirconates, the pyrochlore
derivatives also show considerable potential as waste matri-
ces due to their high radiation tolerance. More specifically,
certain zirconate pyrochlore compositions have been shown
to remain crystalline when subjected to irradiation, and to
undergo a phase transition to the cubic defect fluorite crystal
structure [13, 14]. In contrast, titanate pyrochlores show a
tendency to transform into an X-ray amorphous state, when
subjected to heavy-ion irradiation employed to mimic the
recoil of daughter nuclei resulting from the a-decay of acti-
nides [13].

An interesting question that warrants additional stud-
ies is the relative radiation tolerance of different zirconate
polymorphs. To investigate this, phase-pure ceramics are
required. Therefore, in the current study, different synthe-
sis methods for obtaining phase-pure zirconate ceramics
co-doped with Ce and Nd at different concentrations were
investigated. Hereby, cerium was used as a surrogate for
tetravalent actinides such as plutonium due to its similar
ionic radius and oxidation state stability.

Materials and methods

Different compositions of Ce-/Nd-co-doped zirconates were
synthesized via coprecipitation and solid-state methods as
outlined in Table 1.

Fig. 1 Defect fluorite (left) and pyrochlore structure (right). A cations
are shown in blue, B cations in yellow, oxygen in red, and vacancies
in white

For the coprecipitation route, ZrOCl,-8 H,O (Sigma-
Aldrich) was dissolved in 0.01 M HNO; (Sigma-Aldrich)
to obtain a Zr** solution. Stock solutions of Ce** and Nd**
with concentrations of 1.67 M and 1.63 M, respectively,
were obtained by dissolving CeCl;-6 H,0O (Alfa Aesar) and
Nd(NO;);-6 H,O (Sigma-Aldrich) in MilliQ water. Appro-
priate amounts of the Ce®* and Nd** stock solutions were
added to the Zr** solution to achieve the targeted dopant
concentrations. A precipitate was produced via the addition
of 12.5% NH,OH (Sigma-Aldrich) according to the reverse
dropping method outlined by Chen et al. [15]. The precipi-
tate was aged at room temperature for 6 h, washed six times
with MilliQ water to remove ammonia residues, and dried
at 60 °C for 24 h. It was thereafter ground with mortar and
pestle to produce a homogenous powder before calcination
at 600 °C for 2 h in high-purity alumina crucibles. The cal-
cined product was ground again and pressed into pellets of
8 mm diameter by applying a force of 5 kN. The pellets were
sintered at 1500 °C for 48 h to obtain ceramics.

The solid-state synthesis route was similar to the copre-
cipitation synthesis, however, the acidic metal-ion solutions
were precipitated separately in 12.5% NH,OH to yield the
respective hydroxides, dried at 60 °C for 24 h, ground, and
calcined at 800 °C for 2 h to yield metal oxides. The material
was once more ground separately with mortar and pestle to
achieve a finely powdered product. After that, three differ-
ent methods were employed for mixing the metal powders.
Manual mixing was done by grinding the powders together
with mortar and pestle by hand. The grinding time was var-
ied between 5 and 10 min. Mechanical mixing was con-
ducted in a tungsten carbide ball mill with milling times
of either 10 or 20 min. Finally, magnetic mixing was done
by adding the respective amount of metal oxide powders
to 2 ml Milli Q water to create a slurry. It was stirred with
a magnetic stirrer for 2 h followed by drying at 60 °C for
24 h. The mixed metal oxide powders were pelletized (diam-
eter: 8 mm, applied force: 5 kN) and sintered at 1500 °C for
48 h, identical to the coprecipitated phases. After sintering,
select samples were ground to a powder, re-pelletized, and
re-sintered under the same conditions.

All samples were characterized via Powder X-ray
diffraction (PXRD) using a Rigaku Mini-Flex 600

Table 1 Composition of

. ! Samples Targeted crystal structure Zr (mol%) Ce (mol%) Nd (mol%)
synthesized zirconates
Zr( 95Ce 050, * Monoclinic 95 5 -
Zr( 30Cep 0sNdp 1501 925™ Defect fluorite 80 5 15
Zr( 65Ceg 05Nd 300 g5 Defect fluorite 65 5 30
Zry 50Ceg 0sNd 4501 775 Pyrochlore 50 5 45
Zr 45Ce( 0sNdg 5001 75™* Pyrochlore 45 5 50

*Synthesis only via coprecipitation route

**Synthesis only via solid-state route
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diffractometer with Cu-K radiation (Cu K,=1.54 A), var-
iation of 20 from 3° to 90°, a step size of 0.02°, and a spin
speed of 2°/min. PXRD patterns were processed using the
Rigaku PDXL.2 software package and diffraction patterns
reported in the International Centre for Diffraction Data
(ICDD) database were used to aid in phase identification.

Coprecipitation

Zr;,95C€4 050, (M)
Zr; 80C€9,05Ndg 1501 925 (DF)
l JLL A i

Zrg 65C€0,05Ndg 3001 g5 (DF)
Zry 50Ceg,0sNdg 4504 775 (PYR)
J |

Normalized Intensity (a.u.)

50
Two theta (°)

m - monoclinic, DF - cubic defect fluorite, PYR - cubic pyrochlore,
calc. - calulated from PDF# 01-082-9200

Fig.2 XRD-patterns of ceramics obtained by coprecipitation

Fig.3 XRD patterns of

—
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Results and discussion

As shown in Fig. 2, the ceramics obtained through copre-
cipitation primarily exhibited a phase-pure monoclinic
structure at a low dopant concentration (Zr, o5Ce ¢50O,).
The addition of the trivalent neodymium cation as a co-
dopant resulted in the formation of a cubic defect fluorite
phase for the compositions Zr; g,Ce sNdg 150, 905 and
Zr( ¢5Ce( osNd( 300 g5 [16], while the cubic pyrochlore
phase was stabilized when increasing the Nd-concentration
to 45 mol% (Zr, 50Ce 05Nd450; 775). The presence of a
pyrochlore phase was confirmed by comparing the experi-
mental XRD pattern with a pattern of Nd,Zr,0O, pyrochlore
reported in the ICDD database (PDF# 01-082-9200). Other
studies have also found the co-precipitation method to yield
phase-pure zirconate ceramics under similar conditions [17,
18]. Finkeldei et al. obtained phase-pure defect fluorite and
pyrochlores structures in Nd-doped zirconia at a sintering
temperature of 1450 °C [19].

After sintering, the ceramics synthesized through solid-
state methods, only the manually mixed ones appeared
homogenous upon visual inspection as shown in Fig. 3a.
The ceramics obtained via mechanical and magnetic mix-
ing seemed to consist of various grains with different colors,
indicating the formation of several phases. These could be
confirmed by XRD measurements, which generally showed
broader and more numerous peaks in the patterns of these
ceramics compared to the ceramics obtained through

Zrg 65Ce0 0sNdg 3001 5

zirconates obtained through
solid-state synthesis. a Variation
of metal oxide mixing method
and the ceramics after sintering.
b Variation of grinding time
and sintering cycles in manually
mixed zirconates. ¢ Variation

of Nd-dopant concentration in
manually mixed zirconates
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coprecipitation (Fig. 3a). The ceramics yielded by mechani-
cal and magnetic mixing showed more impurities than the
ceramics produced by manual mixing. Through comparison
of the positions of the additional peaks with XRD patterns
reported in the ICDD database, the main impurity phases
could be identified as ZrO,, CeO,, and Nd,O; along other
zirconate phases with varied compositions. This suggests
inadequate mixing of the metal oxide powders during the
synthesis process. Increasing the milling time from 10
to 20 min during mechanical mixing did not improve the
phase-purity of the resulting ceramic. This is in agreement
with results published by Jarlingo et al. who used wet ball
milling of La,05 and ZrO, in ethanol followed by 1 h of
sintering at 1500 °C to obtain La,Zr,0,. After one hour of
milling, XRD measurements showed La,Zr,0; to be pre-
sent alongside residual La,O5 and ZrO,. By increasing the
milling time to 9 h, they were able to obtain single-phase
La,Zr,0,. [20] In Jiang et al. [21], the synthesis of single-
phase Fe** stabilized cubic zirconia through the sole use of
high-energy ball milling without subsequent sintering was
reported. However, such mechanochemical syntheses require
significantly longer milling times of up to 110 h. [21]

The XRD patterns of the ceramics synthesized with
manual mixing exhibited broadened peaks at the same posi-
tions as those in the coprecipitated ceramics, with almost
no additional peaks. This implies that the desired cubic
defect fluorite and cubic pyrochlore phases were stabilized.
Therefore, manual mixing can be considered the best one
out of the three mixing methods. A study by Laverov et al.
demonstrated the feasibility of producing Gd-doped zirco-
nate pyrochlores by solid-state synthesis via hand grinding
and sintering at 1500-1550 °C for up to 40 h. However, the
samples were not completely homogeneous, as composi-
tional variations were detected in different areas of the sam-
ple [22]. Based on these outcomes, optimization attempts
were undertaken to achieve ceramics with improved phase-
purity. One of the strategies used involved re-sintering of
the ceramics, as it has been shown by Hellwig et al. that
re-sintering and extended sintering times could facilitate
complete phase transformation, resulting in an improvement
of phase purity of yttria stabilized zirconia containing Er
and Pu [23]. Following re-sintering, the hand-ground Ce/
Nd-co-doped zirconate ceramics showed a significant nar-
rowing of the diffraction peaks signifying enhanced order
and phase purity (Fig. 3b). This also stands in agreement
with a study by Harvey et al. who obtained phase-pure
ceramics with composition (La;_,Nd,),Zr,0; in cubic and
monoclinic phases after re-sintering [24]. In order to eluci-
date the role of additional grinding during the re-sintering
process in the improved phase purity, another ceramic where
the metal oxide powders were ground together for 10 min
instead of 5 min was produced and analyzed. The XRD
pattern displayed narrower peaks compared to the ceramic
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where the educts were ground for 5 min. However, this dif-
ference is less pronounced than in the case of re-sintering.
Consequently, it can be asserted that although an extension
of grinding time contributes to achieving enhanced phase
purity, re-sintering the ceramics results in a more substantial
improvement of phase purity. Finally, when comparing the
ceramics where the metal oxide powders were ground for
5 min, samples with the highest Nd content exhibited nar-
rower peaks in their XRD patterns. This is demonstrated in
Fig. 3c for the pyrochlore compositions with differing Nd
concentrations.

Conclusions

In the present study, various compositions of phase-pure Ce/
Nd-co-doped zirconate ceramics were successfully synthe-
sized by coprecipitation. The type of crystal phase formed
was contingent of the dopant concentration. With the excel-
lent homogeneity of monoclinic and cubic zirconates con-
taining different trivalent- and tetravalent dopant loadings,
direct coprecipitation routes of aqueous actinide-bearing
waste streams with zirconium solutions show great potential
for the generation of single-phase ceramic waste forms. By
applying solid-state synthesis methods, manual mixing of
the metal oxide powders with mortar and pestle proved to be
the most effective mixing technique considering the applied
mixing times. A long grinding time as well as re-sintering of
the ceramics improved the phase-purity. Proper mixing and
grinding of the educts alongside adequate sintering tempera-
tures and sintering times are prerequisites when producing
ceramics via solid-state routes. The results show that, for
solid actinide-bearing wastes, such as separated stock piles
of U,Pu oxides, powder metallurgical methods can be used.
Single-phase ceramics will, however, require long powder
milling times for the generation of single-phase ceramics,
which can increase the risk of contamination with radioac-
tive dust.

Finally, with the achieved phase-pure cubic Ce/Nd co-
doped zirconate phases, their relative radiation tolerance,
which is one of the prerequisites for their use as waste matri-
ces, can be explored in a next step using external heavy ion
irradiation.
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