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Abstract
The Spark Plasma Sintering method was used to produce high-density ceramics from
tungstates SrWO4 and NaNd(WO4 )2 with scheelite structure. These compounds are
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proposed as possible matrices for the consolidation of radwaste components. Powder
samples were obtained by coprecipitation method and studied by X-ray diffraction
analysis (XRD) and scanning electron microscopy (SEM). After sintering, the samples

Received: 21 December 2017
Accepted: 15 April 2018
Published: 6 May 2018
Publishing services provided by
Knowledge E

retained their phase identity (scheelite structure). The total duration of sintering was
∼ 13-15 min, the relative density was reached ∼ 92, 99%.
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In the context of continuously developing sciences and high technology, the need for
new functional materials with predetermined properties, including those contributing

under the responsibility of the

to the task of safe handling of radioactive waste (RW) and spent nuclear fuel (SNF), is

MIE-2017 Conference

constantly increasing.

Committee.

Mineral-like materials are promising for the consolidation of RW elements [1-4].
They are characterized by a large isomorphism in the cationic and/or anionic parts
of the crystal structure, and therefore it becomes possible to obtain solid solutions of
various compositions and complexities, to plan and control their properties.
In the frame of the problem of radioactive waste management, specialists pay attention to compounds with structures of natural minerals: monazite [5-7], kosnarite [8-11],
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langbeinite [11, 13], whitlockite [14], etc. Crystalline materials, and ceramics with the
structure of the mineral scheelite are less studied.
It is known that isostructural scheelite-like compounds and solid solutions can contain in their composition many elements whose isotopes are present in the waste
of radiochemical technologies [15-16]. Among them, solid solutions of tungstates and
molybdates of cerium [17], thorium, uranium, plutonium [18-20]. Moreover, tungstates
and isostructural molybdates with scheelite structure can be formed in precipitation
processes in alkali chloride melts and possess high chemical stability in relation to them
[21-23]. This is especially important in the development of methods for consolidation
of RW by pyro-chemical technology for regenerating MOX fuel, since their stability is
also maintained with respect to chloride melts of LiCl-KCl [24].
The task of this work was to study compounds with scheelite structure (natural
analogue of CaWO4 ) in order to evaluate the possibility of their using as matrices for
immobilization of HLW in radiochemical technologies.
Scheelite structure has a frame structure, tetragonal syngony, s.g. I41 /a. The Ca
atoms are surrounded by eight O atoms by the dodecahedron motif, and the W atoms
by the four O atoms over the tetrahedron. The eight vertices of CaO8 are interconnected
by ribs, and each polyhedron is conjugated to four neighboring CaO8 [25].
For tungstates with a scheelite structure iso- and heterovalent isomorphism is possible. In calcium tungstate CaWO4 , the Ca2+ cation can be partially or completely replaced
by Sr2+ , Ba2+ , Cu2+ , Mn2+ , Cd2+ , Pb2+ , Cr3+ , Fe3+ , REE, Nb5+ , Ta5+ , and the W6+ cation
can be also partially or completely replaced by Ge4+ , V5+ , Mo6+ , I7+ , Re7+ [16, 26].
Compounds with a scheelite structure are investigated as matrices for the consolidation of alkaline-earth elements, including from chloride melts used in the reprocessing
of irradiated nuclear fuel [23, 27]. Neodymium in the composition of compounds is both
as a product of nuclear ﬁssion, and analogue of americium.
Usually, in the ﬁrst stage, crystalline compounds with RW components are obtained
in the form of powders. This form of waste consolidation is not sufﬁciently reliable, so
it is proposed to immobilize powder samples into ceramics. This approach allows make
further storage of radioactive waste more safe.
Among the various methods for powders sintering into ceramics, in recent years
the interest in the Spark Plasma Sintering (high-speed electropulse sintering) method
has been an increasing as promising for obtaining ceramic samples with a high relative density, including for possible applications in nuclear technologies [28, 29]. Its
advantage lies in the possibility of changing the sintering parameters (the gaseous
environment, the volume of the applied load, the temperature and the duration of the
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isothermal holding) in wide ranges and the possibility of adjusting these parameters
during the sintering process.
The SPS method can be used to produce materials based on metals, oxides, and
composites. In [7, 30, 31] data on the production of dense ceramics of complex phosphate compounds of a salt and oxide character are presented.
In this work compounds with a scheelite structure, containing neodymium and
alkaline-earth elements, were obtained, in the ﬁrst stage in the form of powders and
in the second stage in ceramic form, characterize the powders and ceramics obtained,
and some of its properties were studied.

2. MATERIALS AND METHODS
At the ﬁrst stage of the work, powder samples of SrWO4 and NaNd(WO4 )2 compounds
with a scheelite structure were synthesized.
At the second stage of the work, ceramics by the SPS method were obtained, as
a more acceptable form of storage; characterization of the resulting powders and
ceramics was carried out.

2.1. Synthesis
Powders were synthesized by coprecipitation from aqueous solutions. Ammonium
tungstate (NH4 )4 W5 O17 ·2.5H2 O was dissolved in distilled water at T = 80 ∘ C with constant stirring. After complete dissolution of ammonium tungstate, nitrates of strontium or sodium and neodymium were added. In this case, instant precipitation of
the precipitate in the case of strontium and gelling for the compound with sodium
and neodymium were observed. The suspensions were stirred for 30 minutes with a
magnetic stirrer, then dried at T = 90 ∘ C (12 h), 120 ∘ C (2 h), dispersed in an agate mortar
for 10 minutes and subjected to high temperature treatment sequentially at T = 800,
900, 1000, 1100 ∘ C for 10 hours with intermediate dispersion at each stage. After each
isothermal holding the phase afﬁnity of the powder samples was characterized by the
XRD method.
The ceramics were obtained by the Spark Plasma Sintering (SPS) method. The heating rate during the sintering process was V𝐻 = 30 ∘ C/min. Sintering was carried out in a
vacuum (6 Pa) at uniaxial stress of 75 MPa. The duration of the process did not exceed
15 min. The temperature was measured by a pyrometer focused on the surface of the
graphite mold.
DOI 10.18502/kms.v4i1.2211
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2.2. Equipment
The phase composition of the powders was controlled by the XRD method on a Shimadzu LabX XRD-6000 powder diffractometer, X-ray patterns were made in the range
of 10 – 50∘ at the scanning speed of 2 ∘ /min and were indicated using the PDF ICDD
database.
The microstructure of the powders and sintered ceramics was investigated by a Jeol
JSM-6490 scanning electron microscope with an INCA 350 energy dispersive microanalyzer was used.
The ceramics were sintered on a Dr.Sinter Model-625 produced by SPS Syntex Inc.
Ltd. ( Japan).
The density of the sintered samples (ρexp ) was measured by hydrostatic weighing
in distilled water by using a Sartorius CPA weigher. The relative density of the samples
(ρ) was calculated by dividing ρexp by the theoretical density ρ𝑡ℎ , calculated from the
results of X-ray phase analysis.

3. RESULTS AND DISCUSSION
3.1. Characterization of powders
The obtained substances were polycrystalline powders of white (Sr-containing) or
dark-lilac (Nd-containing) powders.
According to the X-ray diffraction data, SrWO4 and NaNd(WO4 )2 compounds crystallize in the scheelite structure, s.gr. I41 /a (Fig. 1).
The crystallographic parameters of the unit cells and the theoretical densities of the
compounds had the following values: SrWO4 ) a = b = 5.4293 Å, c = 11.9781 Å, α = β =
γ = 90 ∘ , ρ𝑡ℎ = 6.3086 g/cm3 ; NaNd(WO4 )2 ) a = b = 5.2954 Å, c = 11.4930 Å, α = β = γ =
90 ∘ , ρ𝑡ℎ = 6.8290 g/cm3 .
Scanning electron microscopy was used to study the microstructure of powder samples. The results of SEM are shown on Figure 2
Powders in their structure have a faceted shape. The particle size distribution of
the powders is not uniform in size - in the compositions there are both large particles,
whose average size reaches 10 μm, and ultraﬁne particles with a size of less than 1 μm.
A possible reason for the formation of ultraﬁne particles is the operation of grinding
the powders after their reducing annealing at a temperature of 800 ∘ C.
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Figure 1: XRD data. Compounds (a) SrWO4 , (b) NaNd(WO4 )2 . T = 800 ∘ C.

Figure 2: Photographs showing the microstructure of (a) SrWO4 and (b) NaNd(WO4 )2 powders.

3.2. Characterization of ceramics
The sintering patterns of the ceramic samples are shown in Figure 3.
It can be seen that the samples of tungstates are sintered at sufﬁciently low temperatures, the sintering was completed at 770 and 830 ∘ C, the isothermal holding
period was absent, the relative densities achieved were 92 and 99 for SrWO4 and
NaNd(WO4 )2 , respectively.
The phase composition of the ceramics was compared with the phase composition
of the powders - the XRD data indicate that sintering does not lead to a change in the
phase composition of the materials, which indicates their enhanced thermal stability.
Figure 4 shows the X-ray diffraction patterns of the resulting ceramics
DOI 10.18502/kms.v4i1.2211
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Figure 3: Dependence of the shrinkage rate (S) and temperature (T) on the time (t) of SrWO4 (a) and
NaNd(WO4 )2 (b).

Figure 4: XRD data. Compounds (a) SrWO4 , (b) NaNd(WO4 )2 after sintering.

Microphotographs of the structure of sintered ceramic samples are shown in Figure
5.
The results of electron microscopic studies indicate that ceramics have a highdensity ﬁne-grained structure. Moreover, the microstructure images of the ceramics
(Figure 6) show that formation of a ﬁner-grained structure in the samples of ceramics
NaNd(WO4 )2 . As can be seen from Figure 6, the average grain size in a ceramic based
on SrWO4 is 5-10 μm, and the average grain size in NaNd(WO4 )2 ceramics is 1-2 μm.
We note that, despite the short sintering time, the absence of the isothermal holding
stage and the high heating rate, the relative density of the obtained ceramics is high
and it was 92 and 99 % of the theoretical density of these compounds.
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Figure 5: Photographs showing the microstructure of (a) SrWO4 , (b) NaNd(WO4 )2 in ceramics. Scanning
electron microscopy of fractures.

4. CONCLUSIONS
1. The tungstates with compositions SrWO4 , NaNd(WO4 )2 were obtained by the coprecipitation method.
2. The SPS method was used for obtaining almost non-porous ceramics.
3. For the sintering processes the following optimum conditions were achieved: T𝑠𝑖𝑛
= 770-830 ∘ C, P = 75 MPa, t𝑠𝑖𝑛 did not exceed 15 min, ρ𝑟𝑒𝑙 = 92, 99%
4. Microphotographs of powders and ceramics show that the particle size in the initial powder and the ceramics obtained from it practically did not change, the separation
of the agglomerate grains to larger particles did not occur
5. The SPS method can be recommended for obtaining dense ceramics based on
complex salt compositions, as fast and allowing to save the microstructure of the initial
objects.
The work was supported by Russian Science Foundation (project №16-13-10464
“Advanced ceramic like mineral materials with improved and adjustable service characteristics: design, synthesis, study”).
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