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Abstract 

Pyrochlore-based glass-ceramics are attracting attention as a promising host material for 

immobilizing minor actinide in high-level wastes. However, the loading capacity of 

pyrochlore-based materials for actinide elements is to be improved, and only conventional 

synthetic approaches of powder sintering and glassy bulk crystallization were reported. Here, new 

(La,Y)2(Zr,Ti)2O7 pyrochlore-based glass-ceramics were subtly designed and successfully 

prepared through a rapid melting and solidification process. The solidification behavior of samples 

with different cooling rates was investigated, the dense and crack-free (La,Y)2(Zr,Ti)2O7 

pyrochlore-based glass-ceramics were prepared at the cooling rate of 500 ˚C/s (within 1.5 s). The 

present amorphous La2O3-TiO2-Al2O3 phase demonstrates the outstanding thermal stability 

compared with the currently used borosilicate glass for high-level waste immobilization due to the 

lack of conventional glass-forming components. The results show the great feasibility of this novel 

synthesis route for glass-ceramics by direct solidification and its good potential for immobilizing 

high-level wastes. 
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1. Introduction 

High-level wastes (HLWs) generated by the reprocessing of spent nuclear fuels (SNFs) from 

nuclear facilities contain a large amount of radioactive elements. Transuranium minor actinides 

based nuclear wastes have long half-life and it is urgent to find suitable ways to store them in a 

stable and durable form [1-3]. At present, a variety of materials and techniques are available for 

the immobilization of high-level wastes (HLWs), including vitrification, crystallization into 

ceramics and the combination of both in a glass-ceramics system [4-6]. Glass possesses 

extraordinary loading capacity for various wasted nuclides and has the advantage of relatively 

simple and mature preparation process, which is the mainstream method of the immobilization of 

high-level wastes in industry [7]. However, confined by the poor chemical stability and radiation 

tolerance owing to its metastable nature, coupled with the low solubility of minor actinides, glass 

immobilization remains challenging for long-term and stable HLWs storage [8]. In comparison, 

ceramics exhibit long-term chemical stability and high minor actinides loading due to the 

localization of actinides in specific crystallographic sites in lattices [9]. Nevertheless, the rigorous 

selection of elements and limitation of ceramic crystal structures result in difficulties of ceramics 

immobilization to practical application [10-11]. Therefore, in recent years, glass-ceramics are 

attracting much attention as a promising host material for minor actinide immobilization because 

it can combine the advantages of glass and ceramics, meanwhile, supplement their shortcomings 

[12-14]. 

Currently, glass-ceramics with various crystalline structures have been investigated for the 

immobilization of high-level wastes (HLWs), including perovskite [15], pyrochlore [16-22], 

zirconolite [14,23-24] and brannerite [18,19,25]. Among these, the pyrochlore structure offers a 

wide range of possibilities for the immobilization of actinide nuclides due to the flexibility of the 

A2B2O7 structure, in which A, B and O are 8-, 6- and 4-coordinated cation sites, respectively 

[9,26-29]. Additionally, reports on radiation damage have revealed that the chemical stability of 

the pyrochlore structure is sustained even in the completely amorphous states [30,31]. Current 

research on pyrochlore-based glass-ceramics are mainly focused on compositions considering a 

single element on the B site, such as titanate pyrochlore (A2Ti2O7) and zirconite pyrochlore 

(A2Zr2O7) [4,9,32-33]. Previous reports showed that the A2B2O7 pyrochlore structure is stable only 

when the A/B ionic radii ratio is in the range of 1.46-1.78, otherwise the defect fluorite structure or 
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monoclinic structure are likely to be stabilized [34]. The current consideration of B-site 

occupation by a single element is limiting the application of pyrochlore-structured glass-ceramics 

to immobilize diverse actinide nuclides. Therefore, binary, or even multiple elements occupation 

on the B-site of pyrochlore-based glass-ceramics with subtle differences in ionic radii are expected 

to improve the loading flexibility of actinide nuclides, while sustained high loading capacity. In 

this work, possibility and feasibility of synthesizing binary substituted (La,Y)2(Zr,Ti)2O7 

pyrochlore-based glass-ceramics were investigated. 

The possibility of industrial production of materials ensuring the immobilization of 

high-level wastes (HLWs) depends not only on the nature of the host materials but also on the 

complexity of the process. Currently, there are two primary processes to synthesize 

pyrochlore-based glass-ceramics. The first approach consists in sintering a mixture of borosilicate 

glass and crystalline pyrochlore powders, in which the glass powder is obtained by classic 

melt-quenching process followed by fine grinding while the crystalline pyrochlore powder is 

usually prepared by solid-state reaction process or sol-gel route [35-37]. The second approach to 

synthesis pyrochlore-based glass-ceramics is based on the controlled crystallization of a glass 

precursor bulk [14,16,22]. Both the sintering and crystallization methods were widely studied and 

show various advantages in the immobilization of high-level wastes (HLWs). However, the 

complexity of the processes has limited their development at the industrial application. Recently, 

Xirui Lu et al. reported a method of rapid in situ synthesis of Gd2Zr2O7 glass-ceramics using spark 

plasma sintering [38], which greatly simplifies the synthesis process while increasing the 

preparation speed compared with the conventional sintering method and crystallization methods. 

However, the pressure required (30 MPa) during the sintering process and the existence of cracks 

at the surface of the obtained Gd2Zr2O7 glass-ceramics also limit the industrial application and still 

require further improvement. Melt solidification is widely used in the synthesis of metals and 

alloys, which exhibits the advantages of brief and rapid process. Additionally, dense and 

crack-free solids are expected to be obtained during solidification owing to the good fluidity of the 

sample melts, and there may be novel glass-ceramic structures discovered due to the rapid melt 

solidification and crystal growth. However, the preparation of pyrochlore-based glass-ceramics for 

the immobilization of high-level wastes in this way has never been reported so far. 

Aerodynamic levitation (ADL) was extensively used in the fabrication of novel/metastable 
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materials [39-41]. This synthesis process possesses the advantages of high heating power, no 

contact and no heterogeneous crystallization, high quenching rate which provides access to 

metastable phases. Additionally, the samples are levitated and the whole process avoids any 

contact with the wall of container, which confirm with the simple and the pollution-free demand 

of the immobilization of high-level wastes (HLWs). In this work, we demonstrate the rapid 

solidification synthesis of novel (La,Y)2(Zr,Ti)2O7 pyrochlore-based glass-ceramics by 

aerodynamic levitation (ADL) process. The different cooling rates during solidification and the 

corresponding phase evolution of samples were investigated. The (La,Y)2(Zr,Ti)2O7 

pyrochlore-based glass-ceramics were successfully synthesized at the cooling rate of 500 ˚C/s 

(within 1.5 s). Results demonstrate that the prepared glass-ceramics were dense and crack-free, 

possess excellent thermal stability, and therefore have promising applications in nuclear waste 

disposal. Additionally, the successful synthesis of (La,Y)2(Zr,Ti)2O7 pyrochlore-based 

glass-ceramics appears as a promising alternative for the immobilization of HLWs, with simplified 

preparation process and easier industrial production. 

2. Material and Methods  

2.1 Sample preparation 

Samples were elaborated by aerodynamic levitator (ADL). The high purity oxide powders 

La2O3, TiO2, Y2O3 and ZrO2, Al2O3 in 99.99% purity were purchased from Sinopharm chemical 

reagent co. ltd and Aladdin chemical reagent co. ltd, respectively. All raw material powders were 

heated at 1000 ˚C in a muffle furnace for at least 2 h to remove adsorbed water. Then the raw 

materials were weighed and mixed stoichiometrically with the nominal composition of 

La2O3-Y2O3-2TiO2-2ZrO2-Al2O3 in molar ratio. The mixed powders were subsequently ground 

with ethanol and dry thoroughly in the oven. The obtained dried precursor was then pressed into 

pellets and crumbled into small pieces. Prior to melts, all pieces were pre-sintered at 600 ˚C for 2 

h in air to obtain higher strength. Pieces of ~60-200 mg were then levitated on the nozzle of an 

ADL with oxygen flow and heated to melt (~2200 ˚C) by three CO2 lasers. Keeping the molten 

state of samples for 10~20 s to ensure that the components were homogeneously distributed, then 

adjusting the laser power to solidify the melt via different cooling rates and the white and 

spherical samples were obtained. The ADL and the solidification process of samples are presented 

in Figure 1. 
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Figure 1. Schematic diagram of the aerodynamic levitator (ADL) with laser heating and the insert 

showed the (La,Y)2(Zr,Ti)2O7 pyrochlore-based glass-ceramics melt. 

2.2 Characterization 

The solidification cooling curves were obtained from the data acquisition system of 

aerodynamic levitator with infrared pyrometer (FTK9S-P400A-20S11-0549, JAPANSENSOR 

Corporation, Tokyo, Japan). The structure of the obtained (La,Y)2(Zr,Ti)2O7 pyrochlore-based 

glass-ceramics were identified by X-ray powder diffraction (XRPD, Smartlab 9, Rigaku 

Corporation, Tokyo, Japan). The surface morphology and elements distribution of samples were 

analyzed by the Field Emission Scanning Electron Microscope (FE-SEM, JSM-7610F, Tokyo, 

Japan) with energy dispersive spectroscopy (EDS). Prior to SEM observation, the bead samples 

were pre-processing in advance such as polishing and ion thinning treatment. The accelerating 

voltage and probe current of SEM were 15 kV and 8, respectively. The nanostructure of 

(La,Y)2(Zr,Ti)2O7 pyrochlore-based glass-ceramics were observed by Transmission Electron 

Microscopy (TEM), using a JEOL ARM 200F (JEOL Ltd.) Cold FEG microscope operating at 

200kV, equipped with a double spherical aberration correctors and fitted with a JEOL SDD 

CENTURIO EDS system. Bright-field (BF) and High Resolution TEM (HRTEM) images were 

recorded with a parallel beam. In addition, Scanning TEM – High Angle Annular Dark Field 

(STEM-HAADF) imaging, with a 68-174.5 mrad inner-outer collection angles, and STEM-EDS 

elemental mapping were performed with a probe size of 0.13nm. Prior TEM observations, the 

sample was crushed in ethanol, and a drop of the solution containing a small amount of material in 

suspension was deposited onto a carbon-coated copper grid. The glass transition temperature Tg 

was measured by a differential scanning calorimeter (Differential thermal analysis (DTA), 

STA499F3, NETZSCH, Selb, Germany) from room temperature to 1200 ˚C at a heating rate of 10 



7 
 

˚C/min in Ar atmosphere. 

3. Results and discussion 

The solidification cooling curves of the as-synthesized (La,Y)2(Zr,Ti)2O7 pyrochlore-based 

glass-ceramics at different cooling rates were shown in Figure 2(a), the method used to calculated 

the cooling rate is presented in Figure 2(b) and the inset picture showed the resulting bead samples. 

The cooling rates refer to the cooling from the melt (~2200 ˚C) down to melt solidification (~1500 

˚C), which could be set and automatically controlled by the temperature control system of the 

aerodynamic levitator via adjustment of the laser power. The cooling rates were set to 100 ˚C/s, 

130 ˚C/s, 200 ˚C/s, 300 ˚C/s and 500 ˚C/s (free cooling), respectively. In Figure 2(a), all samples 

were first heated up to melting (~2200 ˚C) and the recalescence peaks were observed during the 

cooling process, which indicated that the melt crystallized during solidification. The observed 

recalescence peaks at about 1500 ˚C are related to the main phase crystallization. Additionally, the 

recalescence peak temperatures vary with the cooling rate. Very tiny peaks were observed at about 

1500 ˚C when the cooling rate was 500 ˚C/s (free cooling), 300 ˚C/s and 200 ˚C/s, respectively. 

With the decrease of the cooling rate to 130 ˚C/s and 100 ˚C/s, the recalescence peaks became 

stronger and show a slightly up shift. The enhancement of recalescence peaks with the decrease of 

cooling rate was due to the higher crystallinity of the main crystal phase under the lower 

solidification cooling rates. The slightly down shifted recalescence peaks with the increased 

cooling rate could be owing to the solidification point depression caused by deep supercooling. 

Particularly, the second recalescence peaks were observed when the cooling rate was ≤ 138 ˚C/s, 

which was related to the secondary crystallization of residual amorphous phase. 

 

Figure 2. Cooling curves of samples during melt solidification. (a) Temperature-time profiles of 
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the solidified (La,Y)2(Zr,Ti)2O7 pyrochlore-based glass-ceramics at different cooling rates, (b)  

the enlargement of temperature-time patterns in the gray dotted area exhibits the method used to 

define the cooling rate (the insert showed the prepared bead samples at a maximum cooling rate of 

500 ˚C/s). The average cooling rates were 100 ˚C/s, 130 ˚C/s, 200 ˚C/s, 300 ˚C/s and 500 ˚C/s 

(free cooling), respectively. 

The XRPD patterns of the as-synthesized (La,Y)2(Zr,Ti)2O7 pyrochlore-based glass-ceramics 

synthesized at different cooling rates are shown in Figure 3(a). All samples match well with the 

standard card of Y2Zr2O7 (pyrochlore 04-001-9350) which indicating that the crystalline phase in 

the obtained samples were pyrochlore. Additionally, a secondary phase appears and the 

La0.9Ti0.466Al0.465O2.9 (perovskite 04-009-2737) is observed (see for example the peak at 2θ=33°) 

with the decrease of the cooling rate to 130 ˚C/s, which is consistent with the analysis of 

solidification cooling curves showing a second recalescence peak. For better analysis of the phase 

evolution of the second crystallization, the XRPD patterns of the as-synthesized (La,Y)2(Zr,Ti)2O7 

pyrochlore-based glass-ceramics at different cooling rates were enlarged between 30° and 36°, as 

presented Figure 3(b). It can be observed that the diffraction peak intensity of 2θ=33° appears 

negligible when the cooling rate is 500 ˚C/s (free cooling) and slightly increased while the cooling 

rate is decreased to 300 ˚C/s and 200 ˚C/s. Particularly, with the decrease of the cooling rate to 130 

˚C/s and 100 ˚C/s, a significant enhancement of the diffraction peak intensity of the secondary 

phase was detected, which indicates that a relatively low cooling rate was unfavorable to the 

preparation of (La,Y)2(Zr,Ti)2O7 pyrochlore-based glass-ceramics. The formation of the secondary 

phase seems related to the slow crystallization of the remaining glass. The reduced cooling rate 

provides more time for atomic rearrangement and crystallization of La0.9Ti0.466Al0.465O2.9 in the 

residual amorphous phase. Therefore, increasing the cooling rate is conducive to obtaining ideal 

(La,Y)2(Zr,Ti)2O7 pyrochlore-based glass-ceramics. 
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Figure 3. XRPD patterns of the as-synthesized (La,Y)2(Zr,Ti)2O7 pyrochlore-based glass-ceramics 

at different cooling rates (a) and the enlargement of XRPD patterns in 30°~36° revealing the 

secondary crystallization evolution (b). The average cooling rates were 100 ˚C/s, 130 ˚C/s, 200 

˚C/s, 300 ˚C/s and 500 ˚C/s (free cooling), respectively. 

The typical microstructure is shown in Figure 4(a). Two different phases with different 

greyscale contrasts are observed on the polished surface. The bright phase appears curved stripe, 

in which the dark phase is embedded homogenously. Both phases exhibit microscale size. 

Additionally, the two phases are tightly mixed and no cracks can be observed, which is interesting 

for further use in immobilization of high-level wastes (HLWs). Compared with previous works on 

pyrochlore-based glass-ceramics [16,20-21], the great difference in distribution between the 

crystalline pyrochlore phase and the amorphous phase in (La,Y)2(Zr,Ti)2O7 glass-ceramics can 

mainly be attributed to the preparation methods. For conventional preparation methods, ample 

time was available for nucleation and crystal growth of pyrochlore and therefore to form the 

thermodynamically stable cubic structure. For rapid levitated melts solidification process, as 

shown in Figure 2, the sample melts solidified within 1.5 s when the cooling rate is 500 ˚C/s and 

the pyrochlore dendritic crystals are obtained by rapid crystal growth from the edge of the bead 

towards the center, which results in the curved stripe structure of pyrochlore [42]. Figure 4(b) to 

4(e) shows the microstructure of samples with diameters of ~2 mm, ~3 mm, ~4mm and ~5 mm, 

respectively. The typical curved stripe structure of pyrochlore were observed for all sizes of 

samples and the two phases was homogeneity distributed. For samples with larger diameter, the 

stripe width of pyrochlore phase increased gradually, which is owing to the decreased 

solidification rate with the increase of sample size, and thus the pyrochlore phase has more time 
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for crystal growth. 

The (La,Y)2(Zr,Ti)2O7 pyrochlore-based glass-ceramics elaborated using a cooling rate of 

500 ˚C/s (free cooling) were further studied using EDS mapping. The EDS maps of 

(La,Y)2(Zr,Ti)2O7 pyrochlore-based glass-ceramics are performed to analyze the distribution of Ti, 

La, Zr, Y and Al at a micrometer scale, as shown in Figure 4(f). The Ti and La are homogenously 

distributed in the two phases. Meanwhile, the enrichment of elements occurs for Zr, Y and Al, 

where Zr, Y are concentrated in the bright phase and Al is concentrated in the dark phase. For the 

formation of pyrochlore structures, the ionic radius and valence state of elements are the most 

important two factors. The ionic radius of La
3+

, Y
3+

 in 8-coordination and Zr
4+

, Ti
4+

 in 

6-coordination are 1.16 Å, 1.019 Å and 0.72 Å, 0.605 Å respectively [43]. The calculated average 

ratio of rA/rB is 1.64, which is comply with the radius requirements of 1.46-1.78 for the stable 

existence of pyrochlore [34]. Although Al in its trivalent state could meet the substitution 

requirement of A2B2O7 in A site, the small atomic radius (0.39-0.535 Å [43]) makes it remain 

challenging to form a stable pyrochlore phase. Consequently, Zr and Y elements appear preferably 

located in the bright region and form a pyrochlore structure whereas Al is preferably located in the 

dark region in the amorphous phase. 

 

Figure 4. SEM images and corresponding EDS elemental maps of the as-synthesized 

(La,Y)2(Zr,Ti)2O7 pyrochlore-based glass-ceramics. (a) Back scattering images of the polished 

sample with a cooling rate of 500 ˚C/s. (b-e) Back scattering images of the polished sample with 
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diameters of ~2 mm, ~3 mm, ~4mm and ~5 mm, respectively. (f) Secondary electron image of the 

polished surface and corresponding EDS maps of O, Ti, La, Zr, Y and Al. 

To further study the structure of the (La,Y)2(Zr,Ti)2O7 pyrochlore-based glass-ceramics, a 

nanoscale analysis was performed by Transmission Electron Microscope (TEM). Figure 5(a) 

confirms the coexistence of two phases, which appear interweaved with each other and tightly 

mixed at the nanometer scale. According to the different contrasts, two typical regions with 

different atom arrangements can be distinguished in the samples using high-resolution TEM mode. 

Some areas present a disordered atomic distribution and this amorphous character is confirmed by 

typical diffraction ring patterns on the FFT (Fast Fourier Transform), as shown in Figure 5(b). On 

the other hand, other areas show crystallographic plans characteristic of crystallized grains and the 

corresponding FFT patterns can be indexed with the pyrochlore structure, as shown Figure 5(c). 

Figure 5(d) shows an enlarged FFT pattern, indexed with the Y2Zr2O7 pyrochlore structure along 

the [0  2] zone axis, showing the (242) weak reflection and the (400) strong reflection. The 

combination of the microstructural analyses mentioned above makes possible to define that the 

bright and dark regions of the as-synthesized samples correspond to pyrochlore crystalline and 

amorphous areas, respectively. This is in accordance with the XRPD results and suggests that 

(La,Y)2(Zr,Ti)2O7 pyrochlore-based glass-ceramics are successfully synthesized in a rapid melts 

solidification way using aerodynamic levitator (ADL). They possess high density, i.e. no porosity, 

and therefore may exhibit good mechanical properties. 
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Figure 5. Transmission Electron Microscope (TEM) images and corresponding FFT patterns of the 

as-synthesized (La,Y)2(Zr,Ti)2O7 pyrochlore-based glass-ceramics using a cooling rate of 500 ˚C/s. 

(a) Bright field image of the mixed crystalline and amorphous phases at nanoscale, (b) HRTEM 

image of an amorphous region (glass) with the corresponding diffraction ring FFT pattern inserted 

in the left corner, (c) HRTEM image of a crystalline region with the corresponding FFT pattern 

inserted in the left corner and (d) the previous FFT pattern enlarged and indexed by the Y2Zr2O7 

pyrochlore structure along the [0  2] zone axis. 

The element distribution at the micro-scale of (La,Y)2(Zr,Ti)2O7 pyrochlore-based 

glass-ceramic materials was previously characterized by EDS mappings (Figure 4). The results 

showed that all elements are present both in the pyrochlore and amorphous phases but their 

contents vary. However, due to a tightly intertwined nanometric microstructure between 

pyrochlore and amorphous phases, the accuracy of the EDS maps obtained by scanning electron 

microscopy appears limited. The quantitative analysis of the elemental distribution is challenging 

as some subtle composition contrasts could be hidden. Therefore, in order to quantify the 

composition and distribution of Al, La, Y, Zr and Ti elements, STEM-HAADF image and 

corresponding EDS elemental maps were acquired on the as-synthesized (La,Y)2(Zr,Ti)2O7 

pyrochlore-based glass-ceramics, as shown in Figure 6. STEM-HAADF is a Z-contrast imaging 

mode where the intensity is proportional to the density or to the average atomic number (≈ Z²) of 

the phase, consequently heavier is a phase brighter it appears. The STEM-HAADF images exhibit 

two different phases with different contrasts, the crystalline one is brighter and the amorphous one 

darker. The STEM-EDS elemental maps clearly demonstrate that aluminum is present in the 

amorphous areas whereas Y and Zr which are located in the pyrochlore areas. Meanwhile, Ti and 

La appear present in both phases (amorphous and pyrochlore). Combined with the substitution 

requirement of A and B site in A2B2O7, they suggest that the formed pyrochlore by rapid melts 

solidification is composed of La, Ti, Zr and Y, where La and Y occupy the A site and Ti and Zr are 

located on the B site. Aluminum and the remaining La and Ti contents are homogeneously 

distributed in the residual amorphous phase. 
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Figure 6. STEM-HAADF image and corresponding STEM-EDS cationic elemental maps of the 

as-synthesized (La,Y)2(Zr,Ti)2O7 pyrochlore-based glass-ceramics at the cooling rate of 500 ˚C/s. 

The corresponding TEM image and the overlaid EDS maps of Al (glass) and Zr (pyrochlore). 

The heat release generated by the decay of radionuclides is one of the major challenges in the 

immobilization of high-level wastes. Therefore, waste forms with good thermal stability are seek 

with great interest. Figure 7 shows the comparison of glass transition temperatures (Tg) between 

(La,Y)2(Zr,Ti)2O7 pyrochlore-based glass-ceramics and some typical borosilicate glasses used for 

the immobilization of HLWs. The glass transition temperature of the La2O3-TiO2-Al2O3 (LaTiAlO) 

amorphous phase is 863 ˚C, which is much higher than the values of the glasses currently used for 

actinide immobilization, such as borosilicate glasses (BSG, ~540 ˚C), alumina borosilicate glass 

(AlBSG, ~547 ˚C), barium borosilicate glass (BaBSG, ~512 ˚C) and lead borosilicate glass 

(PdBSG, ~476 ˚C) [44]. Therefore the prepared (La,Y)2(Zr,Ti)2O7 pyrochlore-based 

glass-ceramics demonstrate much better thermal stability for practical applications. As shown in 

Table 1, the amorphous phase of the prepared glass-ceramic samples consist of La2O3, TiO2 and 

Al2O3, whose molar dissociation energy is 193.9 kJ/mole, 103.9 kJ/mole and 192.0 kJ/mole, 

respectively. The amorphous phase of conventional glass-ceramics for nuclear waste solidification 

mainly consist of alkali metal oxides (˂71.6 kJ/mole), SiO2 (101.3 kJ/mole) and B2O3 (170.0 

kJ/mole) [21,22,45]. In contrast, the La2O3-TiO2-Al2O3 amorphous phase possesses a higher 

dissociation energy. Therefore, the higher glass transition temperatures may be mainly attributed 

to the different glass compositions and dissociation energies. Additionally, the glass transition 

temperature is also related to the thermal history of the material. In this work, the glass-ceramic 
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samples were solidified from a molten state at a relatively fast cooling rate (500 ˚C/s), which 

increases the glass transition temperature and thus improve the thermal stability of the amorphous 

phase. 

 

Figure 7. Comparison of glass transition temperature Tg of (La,Y)2(Zr,Ti)2O7 

pyrochlore-based glass-ceramics at the cooling rate of 500 ˚C/s and some typical borosilicate 

glasses used for the immobilization of HLWs [44]. The insert showed DTA curve of the 

as-synthesized glass-ceramics.  

To demonstrate the advantages of the (La,Y)2(Zr,Ti)2O7 pyrochlore-based glass-ceramics 

solidified by aerodynamic levitation, comparisons of pressure demand, reaction time and the 

complexity of the solidification process of samples with some typical sintering and crystallization 

methods of the preparation of pyrochlore-based glass-ceramics waste forms are presented in 

Figure 8. For a common route, glass precursors and/or pyrochlore precursors are required before 

reaction, which increases the preparation time, as well as the complexity of the process. 

Conventional sintering and crystallization methods are generally time-consuming and require high 

pressure, as shown in the gray region of Figure 8. Compared with the previous reports, it can be 

noticed that the pressure demand (room atmosphere) and reaction time (within 1.5 s, as shown in 

Figure 2(B)) of (La,Y)2(Zr,Ti)2O7 pyrochlore-based glass-ceramics are drastically reduced 

compared to the conventional sintering and crystallization methods. The complexity of the 

solidification process of samples are also greatly simplified (no glass/pyrochlore precursors are 

required). In conclusion, the rapid melt solidification of (La,Y)2(Zr,Ti)2O7 pyrochlore-based 
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glass-ceramics by aerodynamic levitation demonstrates great potential applications for the 

immobilization of high-level wastes. 

 

Figure 8. Pressure demand versus consolidating time during the synthesis of (La,Y)2(Zr,Ti)2O7 

pyrochlore-based glass-ceramics at the cooling rate of 500 ˚C/s via melting method together with 

some typical sintering and crystallization methods of the preparation of pyrochlore-based 

glass-ceramics waste form. 

4. Conclusions 

Novel (La,Y)2(Zr,Ti)2O7 pyrochlore-based glass-ceramics were designed and successfully 

prepared by melt solidification process with foreseen applications for the immobilization of HLWs. 

The structure of the obtained glass-ceramic samples were characterized using XRPD, SEM, EDS, 

HRTEM and STEM-HAADF. The prepared (La,Y)2(Zr,Ti)2O7 pyrochlore-based glass-ceramics 

appear dense and crack-free. The typical curved and striped structure of the glass-ceramics was 

owed to the rapid crystal growth from the outside towards the center of the bead during the 

solidification process. The thermal properties of the samples were measured by DTA. The high 

glass transition temperature Tg (863 ˚C) demonstrates that the obtained samples possess 

outstanding thermal stability compared with the conventional borosilicate glass. In summary, the 

rapid solidification synthesis of (La,Y)2(Zr,Ti)2O7 pyrochlore-based glass-ceramics propose a 

promising path towards the immobilization of HLWs, and show great potential applications for 

future’s nuclear waste disposal. 
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