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Abstract 

Ruthenium (Ru), an important fission product in spent nuclear fuel, has low 

solubility in borosilicate glass and tends to precipitate during the vitrification process, 

which may adversely affect the stability and performance of the final waste form. In 

this work, the precipitation behavior of RuO2 in a simplified borosilicate glass system 

was systematically studied. The results showed that at 1200 °C, the solubility of Ru was 

less than 200 ppm, and nanocrystalline RuO2 began to form when the concentration 

exceeded this limit. About 80% of the excess Ru was retained in the glass in the form 

of crystals, whereas about 20% volatilized. RuO2 initially precipitated as flower-like 

clusters and then transformed into granular particles through a diffusion-controlled 

growth process. When the melting time exceeded 50 min, the crystal growth was 

significantly enhanced because of surface energy-driven particle aggregation. This 

study offers valuable insights into the precipitation and growth mechanism of RuO2 in 

borosilicate glass melts, which is crucial for optimizing the vitrification process and 

controlling noble metal behavior in nuclear waste immobilization. 

Keywords: Nuclear waste; Vitrification; Precipitation; Growth; Granular RuO2; 

Ostwald ripening 
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1. Introduction 

The high chemical durability and excellent thermal stability of the borosilicate 

glass matrix make it a preferred matrix for the immobilization of high-level liquid waste 

(HLLW) [1, 2]. HLLW generated from the high burnup spent fuel reprocessing process 

contains high proportions of platinum group metals (PGMs), including ruthenium (Ru), 

rhodium (Rh), and palladium (Pd)[3–5], which have low solubility in borosilicate glass 

(<500 ppm)[6, 7] and can precipitate as metals or oxides[8–10]. These precipitated crystals 

easily settle at the bottom of the melt to form a thick sludge layer, which partially or 

completely blocks the riser[11–14], resulting in furnace outlet blockage and thus 

obstruction of the glass discharge from the melter[8, 15–18]. The PGMs content in HLLW 

is about 6.5 kg/tU, with Ru having the highest content and accounting for more than 

50% of all PGMs[19–21]. Consequently, studying the precipitation and growth behavior 

of Ru in the vitrification process is imperative.  

The morphological features of precipitated RuO2 in simulated nuclear glass have 

been extensively investigated. For example, granular or acicular RuO2 crystals and a 

rutile structure (Ru,Rh)O2 solid solution usually agglomerate in a glass melt, which 

significantly increases the viscosity, density, and conductivity of the molten glass[3, 4, 9, 

16, 22, 23]. Additionally, individual and clustered RuO2 acts as a crystal nucleating agent 

to induce the formation of other crystal phases and spinel structures[24–26], but it does 

not compromise the leaching resistance of the nuclear waste glass[27–29]. Boucetta et 

al.[30] showed that the reaction between RuO2 compounds and glass precursors during 

vitrification formed crystalline RuO2 with granular or acicular morphologies. Usami et 

al.[14] found that when the dissolution rate of sodium in the glass matrix lags behind the 

reaction rate with RuO2, sodium ruthenate is formed as an intermediate phase, which 

subsequently decomposes to generate needle-like RuO2 crystals. Moreover, the 

formation of metallic ruthenium (Ru0) during waste vitrification by controlling the 

reduction reaction was determined. For example, Laurin et al.[23] reported that 

undissolved RuO2 particles are prone to redox reactions at high temperatures and that 

most RuO2 particles and small amounts of Ru0 particles precipitate in glass. 

Additionally, Ru0 particles were found to form via a disproportionation reaction of 
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RuO2 and an autocatalytic nucleation and growth mechanism involving the reduction 

of Ru4+ to Ru0[23, 31]. At high temperatures (e.g., 1500 °C), many fine Ru0 particles are 

formed, serving as nucleation sites that help capture volatile RuO3 and RuO4 and further 

support the growth of Ru0 particles. Bell and Tagami[32] reported that RuO2 reduction 

for 10–2 < p (O2) < 1 atm and RuO2 decomposition (RuO2 → Ru0 + O2 + ε (RuO2 (g), 

RuO3 (g), and RuO4 (g)) occurred at 1542 and 1403 °C for p(O2) = 1 and 0.21 bar, 

respectively. However, to the best of the authors’ knowledge, systematic studies on the 

precipitation and growth behavior of RuO2 in glass are still lacking, despite its 

importance for evaluating the accumulation and settling of platinum group metals 

(PGMs) during high-level liquid waste (HLLW) vitrification. 

In this work, a simplified nuclear waste glass system with various RuO2 contents 

and melting processes was employed to study the precipitation and growth behavior of 

RuO2 crystals during vitrification. The effect of the RuO2 content, melting temperature, 

and holding time on crystal growth was investigated using inductively coupled plasma-

mass spectrometry (ICP-MS), X-ray diffraction (XRD), and field emission scanning 

electron microscopy and energy spectroscopy (FESEM-EDS). Furthermore, the growth 

mechanism of granular RuO2 crystals was elucidated to provide a scientific basis for 

assessing their evolution and deposition behavior in glass melts. 

2. Materials and methods 

2.1 Preparation of samples 

A glass frit with a nominal composition of 50.00SiO2-18.89B2O3-6.67Al2O3-

13.33Na2O-5.00CaO-2.78Li2O-3.33ZrO2 (wt.%) was prepared (Table 1). The raw 

materials used to prepare the batches were analytical-grade reagents, including SiO2, 

B2O3, Al2O3, Na2CO3, CaCO3, Li2CO3, and ZrO2. First, 100 g of the batch was placed 

in a corundum crucible and melted in an electric furnace at 1200 °C for 1 h. Then, the 

melt was poured onto a copper plate, followed by air cooling and crushing to powder. 

Of the batch containing crushed base glass powder with different RuO2 contents (0.01, 

0.02, 0.04, 0.1, 0.5, 1.0, 4.0, and 6.0 wt.%), 3 g was then ground and mixed in an agate 

mortar for 15 min for homogeneity. The batch in a corundum crucible was subsequently 

melted at 1200 °C for 30 min under air, which resulted in glass samples containing 
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precipitated RuO2. The vitrified samples containing 0.01, 0.02, 0.04, 0.1, 0.5, 1.0, 4.0, 

or 6.0 wt.% RuO2 were labeled as Ru0.01, Ru0.02, Ru0.04, Ru0.1, Ru0.5, Ru1.0, Ru4.0, 

or Ru6.0, respectively, whereas the as-received pure RuO2 and those heat-treated at 

1200 °C for 30 min were labeled as PR and PR30, respectively. Additionally, the 

crushed base glass powder was mixed with 0.5 wt.% RuO2, and 3 g of the sample was 

melted at 1000, 1100, 1200, 1300, and 1400 °C. After melting, the crucible was 

transferred to a muffle furnace for annealing at 400 °C for 2 h. During the entire 

experiment, the lid was firmly placed on the crucible to limit Ru component loss at 

elevated temperatures. The RuO2–borosilicate glass composite samples were cut to 

thicknesses of 2–3 mm, followed by grinding and polishing to obtain flat faces. 

2.2. Characterization of the samples 

The sample was placed in a nickel crucible, followed by the addition of 0.5 g of 

Na2CO3, 0.5 g of NaHCO3, and 1.5 g of NaOH. The mixture was then heated in a muffle 

furnace at 900 °C for 1 h. After cooling to room temperature, the residue was rinsed 

with dilute acid to remove any adhering material and transferred into a microwave 

digestion vessel. Subsequently, 8 mL of HCl:HNO3 (3:1 in volume ratio) and 2 mL of 

HF were added to the vessel. The mixture was subjected to pre-digestion at 120 °C for 

30 min, followed by complete microwave digestion. Finally, the digested solution was 

diluted to a total volume of 25 mL with deionized water. The Ru concentrations in the 

samples were measured using inductively coupled plasma-mass spectrometry (ICP-MS, 

PerkinElmer, NexION 300X). The Ru loss (L) was calculated using the following 

formula: 

(1 ) 100%L R= −                                                    (1) 

0 0

T TC m
R

C m
=                                                              (2) 

where m0 and mT represent the masses of the initial and heat-treated glass samples, 

respectively, and C0 and CT represent the Ru concentrations in the initial and heat-

treated glass samples, respectively[2]. 

X-ray diffraction (XRD, Malvern Panalytical Empyrean) equipped with a 40 kV 

and 40 mA copper target radiation source was used to analyze the phase composition 
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of pure RuO2 powder and RuO2–borosilicate composite glass with a 2θ scanning range 

of 20–60 and a 0.02 step length. The diffraction patterns were refined using the 

Rietveld method in GSAS-II software to estimate the RuO2 precipitation content. 

Additionally, 10 wt.% corundum (Al2O3) was used as the internal standard. 

The Pt-sprayed glass composite samples were analyzed by scanning electron 

microscopy (FESEM, Zeiss Ultra Plus, X-Max 50 X-ray spectrometer) at an 

accelerating voltage of 5 keV. The SEM images were analyzed to calculate the crystal 

size via Image-Pro Plus 6.0 software. 

3. Results 

3.1 Effect of the RuO2 content on precipitation 

Microstructural images of glass samples with different RuO2 contents (0.01, 0.02, 

0.04, and 0.1 wt.%) are presented in Fig. 1. According to the SEM analysis, no visual 

crystalline phases were observed in the glass matrix with 0.01 wt.% RuO2 (Fig. 1a). 

However, precipitated crystals began to emerge in the glass samples when the Ru 

content exceeded 0.01 wt.%. Notably, numerous dispersed flower-like clusters formed 

in the glass when the Ru content was 0.1 wt.% (the inset of Fig. 1d). Consequently, 

these observations indicated that the Ru solubility limit in this glass system was less 

than 200 ppm (equivalent to 0.02 wt.%), beyond which significant nucleation and 

growth occurred. In addition, the precipitated crystals were nonuniformly dispersed in 

the glass matrix (Fig. 1b, c and d), likely due to the large discrepancy in the densities 

of the glass and PGMs [20]. 

To identify the crystalline phase, the XRD patterns of glass samples with different 

RuO2 contents subjected to heat treatment at 1200 °C for 30, 60, 120, and 180 min are 

presented in Fig. 2. The XRD patterns of the 0.5, 1.0, 4.0, and 6.0 wt.% RuO2 glass 

samples presented three primary RuO2 diffraction peaks at 2θ = 28.02, 35.07, and 

54.27, which corresponded to the (110), (101), and (211) diffraction planes, 

respectively. The RuO2 diffraction peak gradually increased with increasing RuO2 

content, and more RuO2 crystals precipitated in the glass. Additionally, the XRD pattern 

showed the diffraction peak of metallic Ru0 at 2θ = 44.005, which corresponded to the 

(101) diffraction plane. This phenomenon was consistent with the results reported by 

Okamoto et al.[23, 33]. However, the XRD pattern showed only one diffraction peak 
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corresponding to metallic Ru0, indicating that the crystals that precipitated from the 

glass were primarily RuO2. As shown in Fig. 3, scanning electron microscopy-energy 

dispersive X-ray spectroscopy (FESEM–EDS) was used to accurately identify the 

morphologies of RuO2 and metallic Ru0 in the Ru4.0 samples. Numerous granular 

crystals were dispersed in the glass matrix. The compositional analysis of the 

precipitated crystals on the basis of back-scattered SEM images with energy dispersive 

X-ray spectroscopy (EDS) indicated that the gray polyhedral crystals (spot A) and 

bright crystals (spot B) were primarily RuO2 and metallic Ru0, respectively. 

Furthermore, the contents of the RuO2 crystal and metallic Ru0 precipitated from 

the glass were evaluated. As shown in Fig. 4a, the quantity of the precipitated RuO2 

crystalline phases increased from about 0.3 wt.% to 4.5 wt.% with increasing added 

RuO2 content (0.5–6.0 wt.%), but the metallic Ru0 content essentially remained 

constant. The quantitative analysis based on Rietveld-refined XRD patterns indicated 

that the overall Ru precipitation percentage reached about 80% (Fig. 4b). The 

crystallographic refined data of precipitated RuO2 and Ru0 from glass samples (in the 

Supplementary Information) confirmed the reliability of the results. Furthermore, this 

was corroborated by the Ru analysis with ICP-MS measurements, which suggested 

about 20% Ru volatilization, confirming the consistency and validity of the analytical 

results (Fig. 4b). 

To elucidate the precipitation and growth evolution process of RuO2 within the 

glass melt, the morphology and diameter size of both pure RuO2 and heat-treated pure 

RuO2 were observed and characterized. As illustrated in the corresponding 

morphologies of the PR and PR30 samples in Figs. 5a and b, they had predominantly 

rectangular nanorod and aggregated block-like particle shapes, and heat treatment at 

1200 °C for 30 min significantly increased their diameter to hundreds of nanometers 

(Figs. 5d and e). The morphology and diameter size distribution of the precipitated 

RuO2 crystals in the glass are shown in Fig. 5c, g, h and i. The results revealed that 

numerous flower-like clusters precipitated when the RuO2 content was 0.5 wt.% (Fig. 

5c), with crystal sizes ranging from 100 to 150 nm (Fig. 5f). The different morphologies 

of RuO2 in samples PR30 and Ru0.5 indicate that RuO2 may react with the glass melt 
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and subsequently reprecipitate. The morphology of the RuO2 precipitates changed from 

flower-like clusters to granular clusters when the RuO2 content > 0.5 wt.% (Figs. 5g-i). 

When the RuO2 content was 1.0 wt.%, the sizes of the precipitated crystals were 

primarily distributed in the 300–350 nm and 400–450 nm ranges (Fig. 5j). When the 

RuO2 content was >1.0 wt.%, the crystal sizes were primarily in the ranges of 350–400 

nm and 450–600 nm (Figs. 5k and l). These results indicated that a higher RuO2 content 

enhanced the agglomeration of the RuO2 crystals in the glass, which improved the 

probability of mutual aggregation between the particles and promoted the growth of the 

RuO2 crystals. 

3.2 Effects of heat treatment temperature and duration on the growth of RuO2 

Although flower-like RuO2 clusters were observed in our glass (Fig. 1d and Fig. 

5c), their evolution process is not fully understood. To study the evolution and growth 

process of RuO2 in glass as a function of heat treatment temperature and duration, the 

Ru0.5 sample was subjected to extensive analysis. SEM images of the Ru0.5 glass 

samples melted at various temperatures (1000, 1100, 1200, 1300, and 1400 °C) and 

durations (30, 60, and 120 min) are presented in Fig. 6. Large tracts of fine RuO2 

particles, which are much smaller than those with added RuO2 particles, were dispersed 

in the glass matrix at 1000 °C, suggesting that their dissolution reactions with the glass 

melt at this stage (e.g., Region 1). When the temperature increased to 1100 °C for a 

short duration (~30 min), RuO2 had the same morphology as that observed at 1000 °C 

but with a slightly increased particle size, and some white rod-like precipitates were 

present for a longer duration (e.g., Region 2). These findings indicated that RuO2 began 

to precipitate from the glass melt. Numerous independent flower-like RuO2 clusters 

appeared within the glass matrix after heat treatment for 30 min at 1200 °C. With further 

increases in temperature and duration, the RuO2 crystals developed well-defined 

granular shapes (e.g., Region 3), suggesting that RuO2 precipitation and further 

agglomerated growth from the glass melt initiated at 1200 °C. A three-dimensional (3-

D) diagram was plotted to correlate the heat-treatment temperatures, durations, and 

average crystal sizes, which provided a model to predict the average sizes of the RuO2 

crystals precipitated from the waste glass heat-treated for different durations at 1200–
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1400 °C (Fig. 7). 

The morphology and size distribution of RuO2 crystals in Ru0.5 glass at 1200 °C 

for 5, 50, 180, and 300 min are shown in Figs. 8a-h. When t = 5 min, the crystal sizes 

were concentrated in the 100–150 nm range (Fig. 8e). When t = 50 min, the crystals 

grow noticeably larger and begin to agglomerate, with the morphology evolving from 

nanoscale particles to granular shapes (Fig. 8b). Correspondingly, the size distribution 

shifts markedly toward the 400–500 nm range (Fig. 8f). This trend becomes even more 

pronounced after 180 min and 300 min of heat treatment, with the particle size 

distribution curve continuously shifting toward larger sizes (Figs. 8c, d, g and 8 h). The 

morphology and size distribution of RuO2 crystals in the Ru0.5 glass at 1300 °C for 5, 

50, 180, and 300 min are also shown in Figs. 8i-p. The increase in temperature and 

duration significantly promoted the growth of the RuO2 crystals, which progressively 

coarsened. The particle size distributions in Fig. 8 reveal a gradual decrease in the 

population of fine crystals and an increase in larger ones over time, indicating a 

coarsening trend. This behavior, together with the linear correlation between r3 and time 

shown in Fig. 9, supports the occurrence of Ostwald ripening driven by dissolution and 

reprecipitation. These observations suggest that with longer heat treatment durations, 

RuO2 crystals grow through agglomeration and Ostwald ripening, resulting in a 

broadened size distribution that gradually shifts toward larger particle sizes. 

4. Discussion 

Previous studies reported that the solubility of Ru in glasses was determined by 

the glass composition, melting temperature, and oxygen partial pressure [6, 7, 34]. For 

example, the solubility of Ru in soda-silica glass can increase from 100 to 2000 ppm 

when the amount of alkali oxides and the melting temperature increase[35]. Additionally, 

the increased oxygen partial pressure from 1.0 to 8.4 atm at 1873 K in molten slag could 

also enhance Ru solubility from 100 to 500 ppm[6], likely owing to the stable Ru 

oxyanions with high-valence integrated with the glass network. The Ru solubility (<200 

ppm) estimated in this work is comparable with that reported in previous studies [5, 35], 

indicating the reliability of our experiments. However, the present work concentrated 

on the precipitation and growth behavior of RuO2 crystals in the glass matrix. Thus, the 
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following focuses on how heat-treatment conditions affect the nucleation, morphology, 

and diameter size distribution of precipitated RuO2 phases. The predominant phase 

formed in the glass melt was RuO2, accompanied by a small Ru0 fraction. No other 

crystalline phases were detected throughout the melting process. The type of crystalline 

phase remained unchanged regardless of the initial RuO2 content or the increase in the 

melting temperature and duration, which indicated stable crystallization behavior under 

the investigated conditions. The 20% volatilization of Ru did not significantly affect 

the content of the formed metallic Ru0, which suggested that the redox equilibrium 

between Ru4+ and Ru0 was established relatively early in the process and was not 

significantly influenced by prolonged heat treatment. 

Compared with the initial state, the RuO2 crystals in the glass melt exhibited 

significant morphological evolution, suggesting that a dissolution-reprecipitation 

mechanism occurred during vitrification. Specifically, it was presumed that the initially 

formed fine RuO2 particles partially dissolved and reprecipitated to form larger and 

more well-defined crystals over time. This phenomenon was consistent with the 

Ostwald ripening mechanism, which describes the growth kinetics of particles in 

supersaturated solutions that have completed the nucleation stage [36, 37]. In essence, 

driven by a certain temperature, the high interface energy in an uneven particle system 

can reduce the system interface, leading to the migration of component solutes from 

small to large particles, the dissolution and disappearance of small particles, and the 

coarsening of large particles[38–40]. According to the basic principles of thermodynamics 

and the diffusion control mechanism, the relationship between the average crystal size 

of RuO2 and the coarsening rate of crystal particles can be obtained and is given in Eq. 

(3). 

 𝑟3 - 𝑟0
3= Kt (3) 

where r, r0, and K represent the average radius at any time (except t = 0), the average 

radius at t = 0, and the rate constant, respectively[10]. 

The time evolution of r3 obtained from the average sizes measured at 1200 and 

1300 °C is illustrated in Fig. 9. The linear fitting result implies that two different driving 

forces control growth, with each being dominant within a different time regime. In the 
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early stage of melting (t ≤ 50 min), the RuO2 growth behavior followed a diffusion-

controlled mechanism. During this stage, particle diffusion played a critical role in 

controlling the kinetics of crystal growth since the RuO2 particles reprecipitated and 

subsequently agglomerated in the glass melt. Notably, the curve corresponding to 

1300 °C was significantly above that corresponding to 1200 °C, suggesting that 

elevated temperatures significantly promoted RuO2 crystal growth and accelerated the 

reaction kinetics. However, the growth rate notably changed as the melting time 

increased beyond 50 min. This could be attributed to the increased particle size, which 

improved the probability of mutual aggregation of the particles. This particle-particle 

interaction introduced an additional driving force for crystal growth, which potentially 

shifted the mechanism to being interface controlled. Furthermore, these findings were 

supported by the microstructural observations presented in Fig. 8. 

The formation process and evolution mechanism of granular RuO2 crystals can be 

summarized as follows (Fig. 10). In the initial stage, RuO2 particles reacted with the 

glass melt, and a small number of RuO2 crystals were locally saturated and precipitated. 

As the melting duration increased, RuO2 crystals further diffused into the melt and 

aggregated to form flower-like clusters (1200 °C, 30 min). With further extension of 

the melting duration (>30 min), RuO2 crystals grew rapidly to form granular RuO2 

crystals due to the mutual aggregation of the particles; this process primarily depended 

on the Oswald ripening mechanism. 

Interestingly, the RuO2 crystals precipitated in this study exhibited only flower-

like and granular morphologies, but acicular morphologies were not observed. The 

flower-like crystals appeared in the early stage of the precipitated RuO2 crystal and 

transformed into granular shapes via Ostwald ripening upon further growth. Previous 

studies have suggested that the precipitation of needle-shaped RuO2 crystals in glass is 

likely due to the formation of the intermediate phase of sodium ruthenate, which arises 

from the reaction between NaNO3 and RuO2
[21]. In our study, the prepared base glass 

powder melted with pure RuO2, and sodium ruthenate did not appear throughout the 

whole process, which might have caused only granular RuO2 formation in the final 

stage of RuO2 growth. 
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Although in the realistic HLLW vitrification process, other PGMs (Rh and Pd) as 

well as other components affect the crystalline phase, morphology, and growth of the 

precipitated PGMs, the study of the growth behavior of RuO2 crystals in glass provides 

a scientific basis and supportive clue to fully understand the precipitation and growth 

of PGM-related phases during HLLW vitrification. More specifically, if the size of 

precipitated PGM-related phases is easily estimated through a kinetic model of PGM 

growth in a glass melt and the crucial factors controlling the growth of PGMs are 

determined, countermeasures could be applied to address the challenges associated with 

PGM-induced operation issues. 

5. Conclusions 

This study investigated the precipitation and growth behavior of RuO2 working 

with simplified nuclear waste glass. The conclusions drawn were as follows: 

(1) The solubility of Ru in borosilicate glass was less than 200 ppm, and initial 

nanocrystalline precipitates appeared for ≥ 0.02 wt.% RuO2. The primary precipitation 

phase in the glass melt was RuO2 crystals accompanied by small amounts of metallic 

Ru0. The changes in the glass melting temperature, duration, and RuO2 content did not 

significantly affect the crystal phase. The size of the RuO2 crystals increased with 

increasing RuO2 content, temperature, and duration. Furthermore, a higher RuO2 

content accelerated the agglomerated growth of the RuO2 crystals. 

(2) When T < 1200 C, RuO2 primarily underwent a reaction with the glass melt. 

At T ≥ 1200 °C, RuO2 crystals begin to precipitate and further diffuse and agglomerate 

from the glass melt. The morphology of the RuO2 crystals changed from initial 

nanoparticles to flower-like clusters and then agglomerated into granules. 

(3) The growth rate constant of the RuO2 crystals increased with increasing 

melting temperature and duration. The growth kinetics revealed that diffusion-

controlled and surface energy-controlled mechanisms, following Oswald ripening, 

governed the growth-driving force of RuO2 crystals.  
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Figure Captions 

Fig. 1 FESEM images of glass samples with different RuO2 contents: (a) Ru0.01, (b) Ru0.02, (c) 

Ru0.04, and (d) Ru0.1. 

Fig. 2 XRD patterns of glass samples with different RuO2 contents heat-treated at 1200 °C for 30, 

60, 120, and 180 min. Al2O3 was added as the internal standard for quantitative analysis. 

Fig. 3 Back-scattered SEM images showing the morphology of RuO2 and the distribution of metallic 

Ru0 n in the Ru4.0 glass sample. 

Fig. 4 Rietveld refinement of the XRD patterns of glass samples for semiquantitative phase analysis 

of crystalline RuO2 and metallic Ru0: (a) Relationships between the contents of RuO2 crystals and 

metallic Ru0 precipitated from the glass melt and the added RuO2 content; (b) volatilization and 

precipitation of Ru as a function of the added RuO2 content. 

Fig. 5 SEM images of RuO2 crystals and their size distributions: (a and d) PR, (b and e) PR30, (c 

and f) Ru0.5, (g and j) Ru1.0, (h and k) Ru4.0, and (i and l) Ru6.0. 

Fig. 6 FESEM images showing the morphology of RuO2 crystals precipitated in Ru0.5 glass with 

different melting temperatures and durations. 

Fig. 7 3D diagram correlating the heat-treatment temperatures, durations, and average crystal sizes. 

Fig. 8 Size distributions of RuO2 crystals in glass for 5, 50, 180, and 300 min at (a-d) 1200 °C and 

(e-h) 1300 °C. 

Fig. 9 Time evolution of the RuO2 crystal size at 1200 °C and 1300 °C and linear fits for the Ru0.5 

glass. 

Fig. 10 Schematic diagram of the formation mechanism of polyhedral RuO2 crystals. 
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Table 1 Composition of simplified nuclear waste glass (wt.%) 

Oxide Nominal composition Measured composition 

SiO2 50 49.70 

B2O3 18.89 18.51 

Al2O3 6.67 8.85 

Li2O 2.78 2.77 

Na2O 13.33 12.54 

CaO 5.00 4.76 

ZrO2 3.33 2.87 

Sum 100.00 100.00 
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