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a b s t r a c t 

The Hanford Waste Treatment and Immobilization Plant will vitrify radioactive waste into borosilicate 

glass. The high-level waste (HLW) glass formulations are constrained by processing and property re- 

quirements, including restrictions aimed at avoiding detrimental impacts of spinel crystallization in the 

melter. To understand the impact of glass chemistry on crystallization, two HLW glasses precipitating 

small ( ∼5 μm) spinel crystals were individually mixed and melted with a glass that precipitated large 

( ∼45 μm) spinel crystals in ratios of 25, 50, and 75 wt%. The size of spinel crystals in the mixed glasses 

varied from 5 to 20 μm. Small crystal size was attributed to: (1) high concentrations of nuclei due to the 

presence of ruthenium oxide and (2) chromium oxide aiding high rates of nucleation. Results from this 

study indicate that the spinel crystal size can be controlled using chromium oxide and/or noble metal 

concentrations in the melt, even in complex mixtures like HLW glasses. Smaller crystals tend to settle 

more slowly than larger crystals, therefore smaller crystals would be more acceptable in the melter with- 

out a risk of failure. Allowing higher concentrations of spinel-forming waste components in the waste 

glass enables glass compositions with higher waste loading, thus increasing plant operational flexibility. 

An additional benefit to the presence of chromium oxide in the glass composition is the potential for the 

oxide to protect melter walls against corrosion. 

© 2021 Elsevier B.V. All rights reserved. 

1. Introduction 

On the Hanford Site in Richland, WA, approximately 56 million 

gallons of radioactive wastes are stored in 177 tanks [1] . Portions 

of this waste will be vitrified into high-level waste (HLW) glasses 

[ 2 , 3 ]. The glass waste forms will be formulated to meet regulatory 

limits, to be processable in a joule-heated melter, and to obtain 

high waste loading [4–7] . Spinel crystallization during melting and 

idling of the melter is a HLW glass processing concern because 

spinel settling may cause shorting of the electrodes and block the 

discharge port of the melter [ 4 , 5 , 8–11 ]. 

Previously suggested mitigation strategies, such as limiting 

crystal fraction to less than 1 vol% at 950 °C [12] , or limiting 

liquidus temperature ( T L ) to less than 1050 °C, are conservative. 

The above protocols impose excessive restriction on waste loading, 

leading to the production of substantially greater numbers of glass 

canisters, higher operation costs, and an increase in the Hanford 

∗ Corresponding author. 
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mission lifetime [13] . Constraints involving spinel settling behav- 

ior would likely be less restrictive and more able to address the 

potential risk to melter operations. 

The rate of undisturbed settling for multiple crystals is given by 

Stokes’ law in the form: 

r = 

k h k s g ( ρs − ρl ) a 
2 

η
(1) 

where r is the settling rate (m/s), k h is the hindrance factor (unit- 

less), k s is the particle shape factor (unitless), g is the gravity ac- 

celeration (m/s 2 ), ρs is the solid density (kg/m 

3 ), ρ l is the liq- 

uid density (kg/m 

3 ), α is the particle diameter (m), and η, is the 

melt viscosity (Pa • s). Further description of this relationship can be 

found in the literature [14] . As Stokes’ law suggests, settling rate 

is proportional to the square of the crystal size. Thus, decreasing 

the crystal size ten times reduces the settling rate by a factor of 

100. At this rate, crystals will not settle on the melter bottom or in 

the melt discharge port, but will be removed with the melt when 

poured into the canisters. 

For any melt composition, the equilibrium crystal size depends 

on the number density of crystal nucleation sites and the con- 
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tent of crystal-forming components in the melt [15] . Therefore, the 

amount of crystalline phase is a function of the difference between 

the heat treatment temperature and the T L . Consequently, the heat 

treatment temperature has a strong impact on the crystal size. For 

a variety of glass compositions, Riley et al. [16] observed ∼5 μm 

crystals forming at 10 0 0 to 120 0 °C and ∼30 μm crystals forming 

at temperatures above 1300 °C. These results confirm that crystal 

size is determined by the rate of nucleation, which increases as the 

heat-treatment temperature decreases, even though the total mass 

of crystals was smaller at higher temperatures. 

Apart from the temperature history of cooling, the main fac- 

tor influencing the size and amount of spinel phase formation is 

the melt composition. Alton et al. [15] studied the effect of vari- 

ous components on spinel crystal size, concluding, that nucleation 

agents such as platinum group metals (Ru, Rh, Pt) and Cr, pro- 

vide nucleation sites that allow crystals to start growing in large 

numbers as soon as the temperature drops below the liquidus. The 

large crystal number density strongly limits the final crystal size 

from the crystal-forming material available in the melt. 

A previous study [17] showed that ∼5 μm sized spinel crystals 

precipitated in HLW glasses over an extended glass composition 

region. These results conflicted with earlier studies [18–20] report- 

ing spinel crystals sizes up to ∼100 μm. Matyas et al. [20] showed 

for the HLW glass Ni1.5, which contains high nickel oxide con- 

centrations (1.5 wt%) that the average size of spinel crystals was 

92 μm ±18–20 μm depending on heat treatment time and the 

selected dopants. In the same study [20] , increasing the concentra- 

tion of Cr 2 O 3 (from 0.17 to 0.30 wt%) resulted in an increase of the 

average crystal size from 92 to 151 μm after a 7-day heat treat- 

ment at 900 °C. Similar to the effect of increasing Cr 2 O 3 , increas- 

ing Fe 2 O 3 concentrations (from 14.4 to 17.5 wt%) also increased the 

average crystal size. 

These contrasting results indicate that melts in the previous 

study [17] contained nucleation agents that were absent in stud- 

ies by Matyas et al. [20] . One obvious difference is a larger content 

of Cr in melts, which were formulated with an increased Cr con- 

tent intended to protect melter walls against refractory corrosion. 

Chromium oxide has low solubility in the melt [21] , which often 

results in an increased T L and initiation of spinel formation before 

other components (Ni, Fe, Mn). 

To determine the impact of glass composition on spinel crys- 

tal size, the Ni1.5 glass that precipitates large spinel crystals was 

mixed at various ratios with glasses such as CT16-IL-03 or CT16- 

OL-02 [17] that precipitate ∼5 μm sized spinel crystals. The crys- 

tal size in the resulting glass was measured as a function of Ni1.5 

content (from 0 to 100%) in the mixture. The CT16-IL-03 glass, 

i.e. IL-03, was chosen as it was the centroid composition of the 

statistically-designed matrix in a previous study [17] . The CT16- 

OL-02 glass from the same study, i.e. OL-02, was selected because 

it does not contain RuO 2 , a known nucleation agent [15] . Hence, 

the aim of mixing IL-03 and OL-02 with Ni1.5 was to understand 

the impact of composition on crystal size, including the effects of 

RuO 2 . 

The spinel content was determined with X-ray diffraction (XRD) 

and the spinel crystal sizes determined by scanning electron mi- 

croscopy (SEM). The T L was measured for the primary, or parent, 

glasses, and estimated for all other glasses. In the glass melter and 

laboratory experiments the time available for crystal growth may 

not allow phase equilibrium to be reached and the final size of 

crystals can be affected by the crystal growth rate, which is con- 

trolled by diffusion. According to the Stokes-Einstein equation, the 

rate of diffusion is indirectly proportional to viscosity. The melt 

viscosity was estimated for all glasses, and measured for a sub- 

set of glasses, to check whether the final crystal size was achieved 

during isothermal heat treatments of set duration. 

Table 1 

Compositions of parent glasses in wt%. 

Components Ni1.5 IL-03 OL-02 

Al 2 O 3 8.14 13.00 10.61 

B 2 O 3 7.92 14.00 6.00 

Cr 2 O 3 0.17 1.00 0.33 

Fe 2 O 3 14.38 10.00 18.55 

Li 2 O 1.97 1.65 3.87 

MnO 0.35 2.00 6.12 

Na 2 O 18.50 15.00 8.50 

NiO 1.50 1.10 0.09 

SiO 2 39.96 34.15 37.77 

CaO 0.57 1.30 1.30 

F 0.01 0.20 0.20 

K 2 O 0.34 0.45 0.45 

La 2 O 3 0.22 0.50 0.50 

MgO 0.13 0.30 0.30 

P 2 O 5 0.32 1.30 1.30 

ZrO 2 4.12 2.25 2.37 

SO 3 0.08 0.00 0.00 

TiO 2 0.03 0.00 0.00 

ZnO 0.02 0.00 0.00 

Cl 0.02 0.00 0.00 

Ce 2 O 3 0.20 0.00 0.00 

CoO 0.01 0.00 0.00 

CuO 0.04 0.00 0.00 

Nd 2 O 3 0.18 0.00 0.00 

SnO 2 0.10 0.00 0.00 

BaO 0.09 0.00 0.00 

CdO 0.64 0.00 0.00 

RuO 2 0.00 0.05 0.00 

Ag 2 O 0.00 0.05 0.05 

Bi 2 O 3 0.00 1.20 1.20 

PbO 0.00 0.50 0.50 

2. Experimental 

2.1. Glass preparation 

The parent glasses ( Table 1 ) were prepared in 500 g portions 

from oxides and carbonates of 99% purity or greater and RuO 2 

was added as ruthenium (III) nitrosylnitrate solution. The batches 

were mixed in an agate milling chamber of an Angstrom vibratory 

mill and melted at 1150 to 1200 °C in covered Pt-10% Rh crucibles 

( ∼10 0 0 mL) for 1 h. The melt was poured onto a stainless-steel 

quench plate, allowed to cool to room temperature, ground, and 

mixed in a tungsten carbide milling chamber in the same vibra- 

tory mill for 4 min and remelted for 1 h at 1150 °C. Glasses that 

appeared inhomogeneous after the second melt, primarily mixed 

glasses with 50% or more of IL-03 and OL-02, were melted again 

under the same conditions as the first melt. 

Two series of glasses for the spinel crystallization study were 

prepared by mixing 0–100 wt% Ni1.5, in 25 wt% increments, with 

either IL-03 or OL-02 glass. Prior to mixing, the individual glasses 

were crushed to a fine powder in the tungsten carbide milling 

chamber for 3 min. After crushing, the powders (150 g total) were 

mixed in varying amounts and homogenized in the agate mill 

chamber for 4 min. The mixed powders were subsequently melted 

in covered Pt-10% Rh crucibles at 1150 °C for 1 h. Melts were 

poured into 1 cm 

3 platinum boats and cooled to room tempera- 

ture before heat treatment. 

2.2. Crystal characterization 

The glass-filled platinum boats were placed in a furnace pre- 

heated at 1150 °C and held for 1 h, then the temperature was de- 

creased to 900 °C and kept for 24 h. After 24 h, the samples were 

transferred to an annealing furnace for 1 h at 450 °C prior to al- 

lowing the furnace to cool to room temperature. The cooled sam- 

ples were cut diagonally for analysis via XRD and SEM. Heat treat- 
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Fig. 1. BSE micrograph of Ni1.5 sample heat treated at 900 °C for 24 h showing spinel crystals (white), glass matrix (gray), and epoxy (black). 

ments and sample preparation were completed according to ASTM 

C1720, Section 12.3.2 [22] . 

For quantitative XRD, samples were mixed with 5 wt% CaF 2 (in- 

ternal standard) in a tungsten carbide milling chamber accessory in 

the vibratory mill for 2 min. The XRD pattern was collected using 

a Bruker D8 Advance X-ray diffractometer (Bruker AXS Inc., Madi- 

son, WI, USA) equipped with a Cu K α target ( λ = 1.5406 Å) at a 

power level of 40 kV and 40 mA, goniometer radius of 250 mm, 

fixed divergence slit 0.3 °, and a LynxEye TM position-sensitive de- 

tector. The scan settings range (2 θ ) was 5 °–71 °, step size 0.015 °, 
and the minimum hold time 1.5 s/step. Bruker AXS© EVA (ver- 

sion 4) and Bruker Topas (version 4.2) software programs were 

employed to identify and quantify phase assemblages, respectively. 

For phase identification, Rietveld refinements were performed us- 

ing whole pattern fitting according to the fundamental parame- 

ters approach and the Inorganic Crystal Structure Database ver- 

sion 2014-2. The main file used for fitting the XRD data was ICSD 

#94872 for trevorite. An example diffractogram is shown in sup- 

plemental information. 

For microscopic analysis, samples were mounted in quick- 

setting epoxy (Allied High Tech Products, Inc.) and allowed to set 

for at least 1 h. The glasses were then polished on a Buehler 

EcoMet TM /AutoMet 250 automatic polisher with silicon carbide 

polishing pads in the grit sequences 240, 320, 40 0, 60 0, 80 0, and 

1200. The final steps were performed using felt polishing pads 

with 3 μm and 1 μm diamond particles in aqueous suspension. 

Crystalline phases were identified using a JEOL JSM-7001F field 

emission SEM instrument for collection of all backscattered elec- 

tron (BSE) micrographs. BSE imaging was used to achieve atomic 

number contrast. Images were taken with a chamber pressure of 

30 Pa (low-vacuum mode), 15 kV acceleration voltage, objective 

lens aperture 4, and a working distance of 10 mm. No conductive 

coating was applied. Image analysis was done with Adobe Photo- 

shop CS6. 

Magnification calibration was accomplished by imaging a Na- 

tional Institute of Standards and Technology (NIST)-certified mag- 

nification standard (NIST SRM 8820) under imaging conditions 

identical to those used for each specimen. To verify the scales used 

for analysis, the length of a known feature size on the standard 

was measured in pixels on the digital image to obtain the number 

of pixels per unit length. After length calibration, the crystal size 

was determined by selecting all the spinel crystals in the image 

by capitalizing on the high contrast between the dark gray glass 

matrix and the white spinel crystals. 

The average crystal size was measured in Photoshop, by “Record 

Measurements” and the Ruler Tool. For each sample, 70 or more 

crystals, or features, were used to arrive at the average crystal size 

reported in this text. The average linear size of the triangular and 

rectangular sections of the octahedrons that made occasional twins 

and agglomerates does not represent the true length of crystals 

captured [ 23 , 24 ], but the results are assumed to be reasonably rep- 

resentative for the purpose of relative comparison. 

2.3. Liquidus temperature and viscosity 

T L was determined following the ASTM-C1720-11 standard [22] . 

Samples were heat treated in 1 cm 

3 platinum boats for 72 h at 

temperatures below 900 °C, for 24 h at temperatures between 

900 °C and 1250 °C, and for 6 h at temperatures above 1250 °C. T L 
was determined by extrapolating the crystal fraction versus tem- 

perature to zero [25] . 

Glass melt viscosity was measured with a rotational Anton Paar 

viscometer (model FRS1600) in a Pt-10%Rh crucible with a Pt- 

10%Rh cylindrical spindle in samples equilibrated for 60 min at 

1150 °C, 1050 °C, 950 °C, 1150 °C, 1250 °C, and 1150 °C in the order 

of measurement sequence. The shear stress was measured over a 

3 min period at a shear rate of 10 s −1 . 

3. Results 

3.1. Crystal mass fraction and crystal size 

Spinel precipitated from the parent glasses (Ni1.5 [20] , IL-03 

[17] , and OL-02 [17] ) as the only crystalline phase present. Figs. 1 , 

2 , and 3 show SEM images of spinel crystals in glass samples heat 

treated for 24 h at 900 °C. 

Tables 2 and 3 list spinel mass fractions and the average spinel 

sizes, respectively, in the Ni1.5–IL-03 and Ni1.5–OL-02 glass mix- 

tures. As expected, more spinel precipitated at 900 °C than at 

1150 °C and in Ni1.5–OL-02 glasses than in Ni1.5–IL-03 glasses, 

3 
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Fig. 2. BSE micrographs of Ni1.5–IL-03 samples with 75 (a), 50 (b),25 (c), and 0 (d) wt% of Ni1.5. Glasses were held at 900 °C for 24 h. Spinel crystals are white and the 

glass matrix is gray. 

Table 2 

Spinel mass fraction in samples quench from 1150 °C and heat treated for 24 h at 900 °C. 

Ni1.5 

Glass(wt%) 

Spinel Fraction (wt%) 

Ni1.5–IL-03 Ni1.5–OL-02 

Quenched from 

1150 °C 
Heat Treated at 

900 °C for 24 h 

Quenched from 

1150 °C 
Heat Treated at 

900 °C for 24 h 

0 3.4 5.1 7.1 12.9 

25 2.2 4.1 3.4 10.4 

50 1.4 3.4 1.2 5.4 

75 0 3.4 0 3.3 

100 0 4.4 0 4.4 

Table 3 

Average size of spinel crystals in samples heat treated for 24 h 

at 900 °C. 

Ni1.5 Glass 

(wt%) 

Average Crystal Size (μm) 

IL-03 OL-02 

0 3.8 5.7 

25 3.1 9.6 

50 2.7 10.4 

75 1.2 18.3 

100 42.3 

which contained less spinel-forming components such as Fe 2 O 3 

and MnO ( Table 1 ). 

For melts heat treated for 24 h at 900 °C, the average crystal 

size was 3.8 μm in IL-03 glass, 5.7 μm in Ru-free OL-02 glass, and 

42.3 μm in Ni1.5 glass. The largest crystals in Ni1.5 were 77 μm, 

similar to previously reported values [ 5 , 20 ]. Crystal sizes were near 

or below 5 μm in the Ni1.5 + IL-03 series ( Fig. 2 ). In the Ni1.5–OL- 

02 series ( Fig. 3 ), crystal sizes varied from 5.7 μm at 0 wt% Ni1.5 

to ∼10 μm at 25 and 50 wt% Ni1.5, 18.3 μm at 75 wt% Ni1.5, 

42.3 μm at 100 wt% Ni1.5 ( Fig. 1 ). 

3.2. Liquidus temperature 

Fig. 4 displays the spinel fraction (listed in Tables 2 and 3 ) ver- 

sus temperature for Ni1.5 (a) and IL-03 (b). The spike at 1300 °C in 

Fig. 4 b (the red dot) was caused by crystallization during quench- 

ing, i.e. formation of secondary crystals, as previously observed by 

Riley et al. [16] . The secondary crystals are on the order of hun- 

dreds of nanometers, as shown in Fig. 5. The crystals that were 

< 1 μm formed outside the diffusion “aura”, defined as a re- 

4 
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Fig. 3. BSE micrographs of Ni1.5–OL-02 samples with 75 (a), 50 (b),25 (c), and 0 (d) wt% of Ni1.5. Glasses were held at 900 °C for 24 h. Spinel crystals are white and the 

glass matrix is gray. 

Table 4 

Liquidus temperature component coefficients [25] . 

Components T L,i ( °C) Components T L,i ( °C) 

Al 2 O 3 3307 Na 2 O -1826 

B 2 O 3 395 NiO 8210 

Cr 2 O 3 18864 SiO 2 834 

Fe 2 O 3 2644 MgO 2827 

Li 2 O -1470 Others 4419 

MnO 1870 – –

gion with decreased concentration of spinel-forming components, 

around the larger crystals during sample cooling. 

T L was determined by extrapolating the spinel fraction, prior 

to secondary crystal formation, to zero, resulting in T L equal to 

1125 °C for Ni1.5 and 1362 °C for IL-03. For all other glasses, the 

T L was estimated using a first-order model: 

T L = sum ( T L,i x i ) (2) 

where T L,i is the i th liquidus temperature component coefficient 

and x i is the i th component mass fraction in glass. The model co- 

efficients are reported in [25] and listed in Table 4 . The “Others”

component accounts for components not shown in the table, e.g. 

RuO 2 . Table 5 shows estimated and measured T L values. 

For Ni1.5 and IL-03 glasses, the estimated T L values are off by 

44 °C (3% relative to measured) for IL-03 glass and by 3 °C (0.2% rel- 

ative to measured) for Ni1.5 glass, giving confidence in estimated 

values. The estimated T L values of IL-03 series are lower than those 

of OL-02 series, as IL-03 possesses higher fractions of Cr 2 O 3 and 

Table 5 

Measured and estimated liquidus temperatures for the Ni1.5 −IL-03 and 

Ni1.5 −OL-02 mixtures; NM = not measured. 

Amount of Ni1.5 

Glass(wt%) 

IL-03 OL-02 

Measured ( °C) Estimated ( °C) Estimated ( °C) 

100 1125 1122 1122 

75 NM 1193 1218 

50 NM 1264 1315 

25 NM 1335 1411 

0 1362 1406 1508 

NiO as well as higher Na 2 O and B 2 O 3 . In contrast, OL-02 has signif- 

icantly less Na 2 O and more Fe 2 O 3 and MnO ( Table 1 ), all of which 

have been shown to strongly affect T L ( Table 4 ). 

3.3. Melt viscosity 

Fig. 6 displays measured viscosity data for Ni1.5 and IL-03 

glasses as a function of inverse temperature. The linear trendlines 

show that: 

ln ( η) = A + 

B 

T 
(3) 

where the intercept, A , and the slope, B , are listed in the legends. 

For HLW glasses, A is independent of glass composition and B is a 

linear function of component mass fractions [26] . Because the i th 

component mass fraction of the Ni1.5 −IL-03 mixed glasses is: 

x i = z x Ni 1 . 5 + ( 1 − z ) x IL −03 (4) 

5 
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Fig. 4. Spinel concentration versus temperature for a) Ni1.5 and b) IL-03. 

Fig. 5. Secondary spinel crystals formed in the IL-03 sample after heat treatment 

at 1300 °C for 6 h. 

Fig. 6. Viscosity versus temperature for (a) Ni1.5 and b) IL-03 glasses. 

Table 6 

Measured ( ∗) and estimated viscosities of Ni1.5 −IL-03 and 

Ni1.5 −OL-02 mixtures at 900 °C. 

Ni1.5 

Glass(wt%) 

Viscosity at 900 °C (Pa • s) 

IL-03 OL-02 

0 88.0 ∗ 76.5 

25 81.8 73.6 

50 76.0 70.9 

75 70.6 68.2 

100 65.6 ∗ 65.6 

where z is the Ni1.5 glass fraction in the mixture, it is reasonable 

to assume that the viscosity of a mixed glass is given by the for- 

mula: 

l n ( η) = zl n ( ηNi 1 . 5 ) + ( 1 − z ) l n ( ηIL −03 ) (5) 

Table 6 lists measured and estimated viscosities at 900 °C. The 

value of ηIL-03 is an average of the two runs shown in Fig. 6 b. The 

second run was performed after holding at 900 °C. As Fig. 7 shows, 

during the viscosity measurement, crystals grew near the top por- 

tion of the molten sample, likely causing a slightly higher viscosity 

measurement for the second IL-03 run. Viscosity of the OL-02 glass 

was not measured and was estimated using component coefficients 

from the literature [26] . 

6 
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Fig. 7. Photograph of IL-03 glass after the viscosity measurement: (a) top portion of the quenched glass; (b) the bulk glass ( ≥ 80% of volume) after measurement. 

4. Discussion 

4.1. Effect of mixing ratio on crystal size 

This study used a two-glass mixture approach, with each indi- 

vidual glass being a multicomponent mixture. As a rule, the ra- 

tio at which two glasses are blended would generally preclude at- 

tributing the observed changes in properties to any single compo- 

nent of the mixture because the fractions of individual components 

in the original glasses are correlated. Quantification of individual 

component effects on spinel crystal size was not the initial pur- 

pose of this study; the goal was to find out whether the crystal 

size would change gradually or abruptly with the ratio of mixing. 

Table 3 , Figs. 1 , 2 , and 8 , show a 35-fold decrease in crystal size 

when 25 wt% of the RuO 2 -containing IL-03 glass (the minimum 

fraction tested) was mixed with the Ni1.5 glass. Mixing increas- 

ingly larger fractions of the IL-03 glass with the Ni1.5 glass made 

minor changes (from 1.2 to 2.8 μm), which are within the impacts 

of expected variations in experimental parameters such as temper- 

ature of furnace, time for heat treatments, etc. that may influence 

crystal size. The mixture of 25 wt% IL-03 glass with 75 wt% Ni1.5 

glass contains 0.01 wt% RuO 2 (see Table 1 ), which was enough to 

nucleate a large number of small spinel crystals ( Fig. 2 a). 

Table 3 , Figs. 1 , 3 , and 8 , show the response of the crystal size 

to the Ni1.5–OL-02 mixing ratio that did not contain RuO 2 . The 

change in crystal size with the mixing ratio was more gradual, rel- 

ative to the Ni1.5–IL-03 series. However, the 25 wt% addition of 

OL-02 glass mixed with the Ni1.5 glass still results in an over 2- 

fold decrease in average crystal size from 42 to 18 μm. 

Mixing a glass producing small crystals of spinel ( ∼5 μm) 

with a glass producing large spinel crystals ( ∼50 μm) leads to a 

sharp decrease in the crystal size in the mixed glass even when 
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Fig. 8. Average crystal sizes after heat treatment at 900 °C for 24 h versus mass fraction of Ni1.5 (black square) in the Ni1.5–IL-03 glasses (blue triangles) and in Ni1.5–OL-02 

series glasses (red circles). The black symbols indicate the three parent glasses. 

the added fraction is relatively small (25 wt%). If the added glass 

has a powerful nucleation agent (RuO 2 ) the minimum crystal size 

( ∼5 μm) is reached with relatively small additions (25 wt%). In 

the absence of such an agent, further additions lead to a gradual 

change of crystal size. 

4.2. Effect of nucleation rate 

Fig. 9 shows crystal size as a function of T L and Cr 2 O 3 content. 

Fig. 9 a plots the crystal size of glasses heat treated at 900 °C versus 

T L values listed in Table 5 . In the Ni1.5–IL-03 series, the difference 

between T L and the heat-treatment temperature did not influence 

the crystal size that has already been determined by the nucleation 

sites from RuO 2 . This can be seen by minimal changes in crystal 

size when T L becomes greater than 1175 °C. For the Ni1.5–OL-02 

series, which did not contain RuO 2 , the effect of the T L on crystal 

size was notably different. 

A higher T L causes a higher rate of nucleation during the 

constant-temperature heat treatment (900 °C), resulting in a 

higher crystal number density and a smaller crystal size [19] . As 

the liquidus temperature coefficient of Cr 2 O 3 being exceptionally 

high, 18864 °C ( Table 4 ), it influences the T L more strongly than 

any other glass component. Therefore, it appears that Cr 2 O 3 sig- 

nificantly contributes to the large number of seeds in the mixed 

glasses. Fig. 9 b shows a plot of crystal size versus Cr 2 O 3 concen- 

tration. There is little impact of Cr 2 O 3 on Ni1.5–IL-03 series, where 

the presence of RuO 2 was dominant, but the effect on the Ni1.5–

OL-02 series is prominent. 

Hence, the large number of seeds in blended glasses coming 

from the premelted OL-02 and IL-03 glasses naturally resulted in 

smaller crystals even when the fraction of OL-02 and IL-03 glasses 

in the mixture was relatively small (25 wt%). 

4.3. Effect of viscosity 

The high crystal number density seen in Figs. 2 d and 3 d in- 

dicates that the melts reached phase equilibrium during the heat 

treatment at 900 °C. The distances between crystals were relatively 

short, and thus 24 h allows sufficient time for diffusion of the 

spinel-forming species to the crystals from the surrounding melt. 

Accordingly, the average crystal sizes of ∼5 μm are the equilibrium 

sizes for the associated compositional region. The time needed 

for a diffusion process to reach equilibrium is proportional to the 

square of the diffusion distance, which decreases with decreasing 

crystal number density, so the potential effect of crystal growth 

rate on the crystal size can be considered for the Ni1.5 glass and 

even some glasses of the Ni1.5–OL-02 series that produced crys- 

tals of ∼10 μm or larger. If this effect exists, i.e. the final crystal 

size after the heat treatment is affected by diffusion, it would be 

more pronounced for compositions with a low diffusion coefficient 

or with a high viscosity. 

Fig. 10 plots the crystal size after heat treatment at 900 °C for 

24 h against melt viscosity, which is inversely proportional to the 

diffusion coefficient. The trends are similar to those displayed in 

Fig. 8 , in which they are explained as result of the crystal number 

density. Consequently, if large crystals formed in melts of high vis- 

cosity have not reached their maximum sizes, such an effect can- 

not be discerned from the current data. The effect of the crystal 

number density is dominant and the crystal size is controlled by 

the rate of nucleation, rather than by crystal growth rate, which is 

governed by diffusion. This conclusion can be further supported 

using the Stokes-Einstein equation: 

D = 

k B T 

6 π rη
(6) 
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Fig. 9. Average crystal sizes after heat treatment at 900 °C for 24 h for Ni1.5 + IL-03 glasses (blue triangles) and in Ni1.5 + OL-02 glasses (red circles) versus liquidus temper- 

ature (a) and Cr 2 O 3 , in mass fraction (b); black solid symbols indicate the parent glasses. 

where k B is the Boltzmann constant (1.38 × 10 −23 m 

2 kg s −2 K 

−1 ) 

and r is the oxygen atomic radius (m). For molten glass at 

T = 1400 K and η = 2 Pa s, D = 5 × 10 −13 m 

2 s −1 . The charac- 

teristic diffusion distance to reach equilibrium is then: 

x = 

√ 

Dt (7) 

After a 24 h heat treatment, we can estimate that x ≈ 200 μm. 

As Fig. 3 shows, the distance between crystals is significantly 

shorter than 2x. Thus, one can safely conclude that phase equi- 

librium was reached during all heat treatments. 

4.4. Potential impact on Hanford mission 

The results presented indicate that glass melts lacking noble 

metals as nucleation agents can still precipitate spinel crystals 

small enough to prevent their settling in the melter or in the dis- 

charge riser if the content of chromium oxide in these melts is 

high enough. Spiking waste glasses with chromium oxide has al- 

ready been considered to protect the melter walls against corro- 

sion [27] , so chromium oxide addition may now serve a double 

purpose. The inclusion of chromium oxide to glass melts may ex- 

tend the melter lifetime and shorten the Hanford cleanup mission 

via formulating glasses with an increased waste loading when the 

spinel constraint is relaxed. 

A question arises as to whether the outcome seen in this work 

can be reproduced if melter feeds are batched instead of mixing 

premelted glasses and if the crystals are produced in the cold cap 

from the slurry feed charged into the joule-heated melter. More 

data are needed regarding the formulation of melter feeds to limit 

spinel size in the melter during idling or in the melter discharge 

riser. Regardless, the current study shows that the size of spinel 

crystals can be controlled by varying glass chemistry, in particular, 

the presence, or absence, of RuO 2 and the fraction of Cr 2 O 3 in the 

melt. 
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Fig. 10. Average crystal sizes after heat treatment at 900 °C for 24 h versus melt 

viscosity at 900 °C. 

5. Conclusions 

Mixing a glass with an average spinel crystal size of around 

5 μm with a glass that grew spinel crystals of an average size 

of approximately 42 μm (max crystal size = 77 μm) revealed 

that RuO 2 and Cr 2 O 3 were the most impactful components on 

the resulting crystal size. The presence of RuO 2 , a known nucleat- 

ing agent, in one mixture (Ni1.5–IL-03) resulted in a small size of 

spinel crystals. Increased Cr 2 O 3 concentration resulted in the for- 

mation of small spinel crystals in the mixed glasses without RuO 2 . 

It is clear that the presence of RuO 2 (a common HLW component) 

and Cr 2 O 3 (a component that can aid in reducing refractory corro- 

sion) at relatively higher concentrations can lend to the formation 

of smaller crystals which can increase the tolerance for spinel in 

waste glass melters, allowing for a substantial increase in waste 

loading. 
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