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ACRONYMS AND DEFINITIONS

o electrical conductivity

n viscosity

A slope of Arrhenius equation

B intercept of Arrhenius equation

ASTM ASTM International (formerly American Society for Testing and Materials)
BSE backscatter electron (imaging detector)

CCIM cold crucible induction melter

DWPF Defense Waste Processing Facility

INL Idaho National Laboratory

PNNL Pacific Northwest National Laboratory

SC slow cool

SEM scanning electron microscope
SRM standard reference material

T temperature

Tm melting temperature

XRD X-ray powder diffraction
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1. INTRODUCTION

A glass ceramic waste form is being developed at Pacific Northwest National Laboratory (PNNL) for
treatment of secondary waste streams generated by aqueous reprocessing of commercial used nuclear fuel
(Crum et al. 2011; Crum et al. 2012b; Crum et al. 2010; Ryan et al. 2009). The waste stream contains a
mixture of transition metals, alkali, alkaline earths, and lanthanides, several of which exceed the solubility
limits of a single-phase borosilicate glass (Crum et al. 2009; Caurant et al. 2007). A multi-phase glass
ceramic waste form allows for the incorporation of the insoluble fraction of the waste by designed
crystallization into durable heat tolerant phases.

The glass ceramic formulation and processing targets the formation of the following three stable
crystalline phases: 1) powellite (XMoO,) where X can be (Ca, Sr, Ba, and/or Ln), 2) oxyapatite (Yy,Zqo-
031026 Where Y is alkaline earth, Z is Ln, and 3) lanthanide borosilicate (LnsBSi,O,3). These three
phases incorporate the waste components that are above the solubility limit of a single-phase borosilicate
glass.

The glass ceramic is designed to be a single-phase melt, just like a borosilicate glass, and then crystallize
the targeted crystalline phases upon slow cooling. The slow cooling schedule is based on the centerline
cooling profile of a 2-foot diameter canister such as the Hanford high-level waste canister. Up to this
point, crucible testing has been used for glass ceramic development with a cold crucible induction melter
(CCIM) targeted as the ultimate processing technology for the waste form. Idaho National Laboratory
(INL) will conduct a scaled CCIM test in FY2012 with a glass ceramic to demonstrate the processing
behavior.

This data package documents the laboratory studies of the glass ceramic composition to support the
CCIM test. Melt viscosity, electrical conductivity, and crystallization behavior upon cooling were
measured to identify a processing window (temperature range) for melter operation and cooling profiles
necessary to crystallize the targeted phases in the waste form.

A small set of glass ceramic compositions were selected for characterization of processing properties after
which a single composition was selected for CCIM testing. A melter feed was selected based on prior
laboratory scale melter testing of the baseline borosilicate glass with the same waste stream by (Riley et
al. 2009). Both melter feed additives and waste loading were changed to the current glass ceramic
formulation while the waste simulant remained unchanged.

2. EXPERIMENTAL SETUP
2.1 Electrical Conductivity

Impedance spectroscopy was performed on four glass compositions over a cooling temperature range of
1350°C to 750°C according to the temperature schedule plotted in Figure 1 (Crum and McCloy 2012).
Duplicate impedance measurements were performed at each temperature. The impedance analyzer was
calibrated “as a system” with 0.1 M and 1 M KCI reference solutions at room temperature to determine
the cell constant. In addition, a DWPF standard glass was measured to confirm the calibration results
(Crum et al. 2012a).
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Figure 1. Electrical conductivity measurement temperature schedule (Crum and McCloy 2012).

2.2 Viscosity

Melt viscosity was measured according to ASTM C 965 Method A where the spindle is rotated and the
crucible is fixed (ASTM-C-965-94 1994). The viscometer was calibrated with the DWPF standard glass
(Crum et al. 2012a). The viscometer is most accurate for viscosities between 2 and 200 Pa-s. Viscosities
measured below 2 Pa-s were assumed to be less accurately measured because the torque generated by the
melt is below linear response range of the viscometer. Viscosities measured above 200 Pa-s, on the other
hand, were assumed to be less accurate because of edge effects due to crucible size. However, the data
outside the 2 to 200 Pa-s range are included in the data package because they qualitatively describe the
change in behavior of the glass ceramic upon cooling and re-heating.

2.3 Crystallinity

Crystallization behavior of the glass ceramic was measured for a series of cooling rates, given Table 1 and
graphically in Figure 2, based on the centerline cooling temperature profile of a 2-foot diameter canister.
The cooling curves begin at the melting temperature (Ty) = 1300°C followed by a series of seven
segments with gradually slowing cooling rates down to 400°C. Controlled cooling stopped at 400°C
because it is ~ 200°C below the glass transition temperature of the final glass phase. The cooling rates
ranged from 0.25x to 4x of the typical centerline cooling temperature profile.
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Table 1. Slow cooling (SC) temperature schedules (4x to 0.25x) based on 1300°C melting temperature.

Temperature, °C | 4xSC 2xSC 1xSC 0.75xSC | 0.5xSC | 0.25xSC
min min min min min min
1300 0 0 0 0 0 0
1150 0.6 1.3 25 3.3 5.0 10.0
1050 3.6 7.1 14.3 19.0 28.6 57.1
950 26.8 53.6 107.1 142.9 214.3 428.6
886 56.5 112.9 225.9 301.2 451.8 903.5
845 87.9 175.7 351.4 468.6 702.9 1405.7
626 273.8 547.5 1095.0 1460.0 2190.0 4380.0
400 484.3 968.6 1937.1 2582.9 3874.3 7748.6
Total, min 933.3 1866.7 3733.4 4977.8 7466.8 | 14933.5
Total, hr 15.6 31.1 62.2 83.0 124.4 248.9
Total, days 0.6 1.3 2.6 35 5.2 10.4
1300
T —B-4XSC
1200 =—2XSC
—4—1XSC
1 (m ——0.75XSC

——=0.5XSC
1000 =0=0.25XS8C|
900
800 \ \
700 L& \\\\ \
600 \ \ \\ \ \
B \ \\ \ \
400 —&
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time, min

Temperature, °C

Figure 2. Slow cooling temperature schedules from 0.25x to 4x that of 2-foot diameter canister centerline
temperature profile.

The crystal types and concentrations were determined by X-ray powder diffraction (XRD). The samples
were ground into a fine powder and doped with a known concentration of rutile (SRM-674b 2007). The
XRD patterns were collected on Bruker D8 Advance system equipped with a Cu-target over a scan range
of 5-75° 20 using a step size of 0.015° 26 and a 4 second hold time per step.

The scans were analyzed with TOPAS version 4.2 whole pattern fitting software according to the
fundamental parameters approach (Cheary et al. 2004). Structure patterns were selected from the
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Inorganic Crystal Structure Database with unit cell dimensions refined in the fitting process of each
pattern. The amorphous content of each sample (remainder after crystalline phases quantified) was
calculated by the software based on concentration of the known internal standard.

Scanning electron microscopy (SEM) was performed to examine morphology of the slow cooled samples
with a JEOL JSM-7001F microscope. The SEM was also coupled with an Apollo XL Si drift detector
energy dispersive spectrometer to perform elemental analysis. Image analysis was performed to
determine the volume % of each phase with Scandium software. Phases were selected by grey scale
thresholding and the software calculated the area fraction of each phase; area fractions were extrapolated
into volume fractions.

3. Results
3.1 Electrical Conductivity

Electrical conductivity was the first property measured on the series of glass ceramics, with results given
in Table 2. The electrical conductivity data fits the Arrhenius relationship quite well as seen in Figure 3

In(c) =B x 1/T+A (1)
where o is the electrical conductivity in S/m, B is the slope, T is temperature in K, and A is the intercept.

Four compositions were measured, of which the first three had electrical conductivities below the typical
operating window of the INL CCIM. Electrical conductivity of a melt is dominated by the amount of
alkali in the melt, more so the light alkali (Li,O, Na,O, and K,0) and less so the heavy alkali (Rb,O and
Cs,0) (Hrma and Piepel 1994b, a). The originally formulated glass ceramics have only a small amount of
Na,O, Rb,0O, and Cs,0 and no Li,O or K,O. For this reason, a new glass ceramic was formulated (GC-
Mo-Li-6.25) to raise the electrical conductivity by adding Li,O at the expense of other additives. The
electrical conductivity determined for GC-Mo-Li-6.25 is adequate for processing in the CCIM at
temperatures above 1150°C. There is a small shift in the electrical conductivity between the temperatures
of 1000°C and 1050°C that can possibly be attributed to measurement uncertainty or it may be related to a
physical change in the samples, such as crystallization.

Table 2. Measured electrical conductivity (o in S/m) as a function of temperature and fitted Arrhenius
coefficients.

T (°C): 750 | 850 | 950 | 1000 | 1045 | 1144 | 1242 | 1340
Arrhenius Fit
T (K): 1023 | 1123 | 1223 | 1273 | 1318 | 1417 | 1515 | 1613
. - . B A
Sample Electrical Conductivity (¢ in S/m)

(slope) | (intercept)

GC-Mo-5.86 0.06 | 0.16 | 0.45 | 0.65 | 0.78 | 1.56 | NA | NA | -12,072 8.984

GC-Mo-6.25 0.04 | 012 | 0.30 | 046 | 0.69 | 1.49 | 3.22 | 598 | -14,012 10.345

GC-Mo-6.94 0.03 | 0.08 | 0.20 | 0.39 | 0.49 | 151 | 3.44 | 6.88 | -15,495 11.324

GC-Mo-Li-6.25 | 0.35 | 0.94 | 1.95 | 232 | 3.24 | 6.44 | 11.43 | 18.50 | -10,959 9.614

DWPF Startup

Erit! 251 | 6.66 | 13.20 | 17.43 | 21.13 | 31.72 | 36.96 | 37.36 | -7,741 8.763

! Standard glass (Crum et al. 2012a).
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Figure 3. Arrhenius electrical conductivity relationship of glass ceramics and DWPF standard glass.

3.2 Viscosity

Viscosity of GC-Mo-Li-6.25 was measured as a function of temperature, upon cooling from ~1350°C and
upon reheating from a low temperature overnight hold at 850°C, to see the impact of crystallization on
melt viscosity behavior. Figure 4 shows viscosity plotted as In (1) versus 1/T for cooling and heating.
The plot clearly shows viscosity has an Arrhenius relationship until crystallinity impacts behavior <
1100°C (1/T = 0.00073 K). The viscosity behavior is very similar upon heating and cooling, indicating
that crystal(s) precipitation and melting happens at a similar temperature and in a short time span relative
to the measurement.

These data were also plotted as shear stress versus shear rate in Figure 5 to show changes in behavior of

the partially crystallized melt versus rate of flow and temperature. The yield stress is fairly constant (30
to 50 Pa) above ~1125°C; however, at lower temperatures, the yield stress (intercept) increases from 50

Pa to 274 Pa as temperature decreases. Also, the plastic viscosity (slope) dramatically changes (14 Pa to
1400 Pa) as a function of temperature between 1075°C — 1125°C.
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Figure 4. Arrhenius viscosity relationship of GC-Mo-Li-6.25 glass ceramic. The blue shaded region denotes the temperature range where the
viscosity is significantly impacted by crystallization.
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Figure 5. Shear stress versus shear rate of GC-Mo-Li-6.25 glass ceramic as a function of temperature.
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3.2.1  Crystallinity

Results of SEM and XRD analysis both show the targeted phases of oxyapatite, powellite, (Zr;,Cex)O,
and noble metal oxides [(PdyRuy,Rh;...,)10,] where formed at similar concentrations regardless of cooling
rate. Figure 6 shows XRD patterns of GC-Mo-Li-6.25 at slow cooling rates from 0.25x up to 4x relative
to the centerline cooling rate of a 2’ diameter canister. The XRD scans were all very similar with only
subtle differences in unit cell size. Powellite unit cell does vary slightly with cooling rate. Tungsten
carbide is a contaminant (WC grinding chamber) present in the 4x XRD pattern from XRD sample
preparation. Quantitative analysis of the XRD patterns was performed using TOPAS 4.2 software
according to the fundamental parameters approach, with results given in Table 3 and graphically in Figure
6. The total crystallinity and concentrations of individual phases is somewhat variable but fairly constant
as a function of cooling rate.

The only differences between cooling rates were observed in the SEM micrographs, which show slower
cooling rates did result in larger crystal size (see Figure 7). Crystal size is commonly a function of time at
temperature. The largest change in crystal size is between 1x and 0.75x slow cooling rates.

Image analysis was performed on the SEM backscattered electron (BSE) micrographs (150, 250, and
500x) samples to confirm the quantitative XRD phase analysis results. The averaged image analysis
results of the three images along with XRD results converted to volume % are given in Table 4. Note that
image analysis relies on differences in grey scale to distinguish different phases, making it difficult to
separate crystalline phase with similar density. So the minor phases (Zr;.,Ce,)O,, (PdyRuy,Rh1.4,)102,
and GdsBSi,O,, were combined with the oxyapatite measured volume % because they overlap in grey
scale and could not be individually fit. The difference in grey scale between the glass and crystals were,
however, adequate to confirm XRD results. The total crystallinity measured by both techniques was
similar and confirm that there were no gross errors in either analysis.

Overall the XRD and SEM results show that crystalline phase formation in GC-Mo-Li-6.25 is not
hindered by kinetics, so it should be quite accommodating to cooling rate differences from the center of a
canister to the outside edges. Phase types and concentrations remain fairly constant as a function of slow
cooling rate.
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Figure 6. X-ray powder diffraction patterns of GC-Mo-Li-6.25 slow cooled at rates of 0.25xSC, 0.5xSC, 0.75xSC, 1xSC, 2xSC, and 4xSC
relative to centerline cooling rate for 2’ diameter canister (K, fit and removed, amorphous background retained).
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Table 3. Quantitative XRD analysis results for GC-Mo-Li-6.25 glass ceramic as a function of slow cooling rate (relative to centerline cooling rate
of 2’ diameter canister).

Slow Mass % Measured by XRD
ggtoellng Cg:%gsg;gg’% Fg):xjggi’ (Zr1,Ce)0, | Gd3BSI019 | (PdyRU,RN1):0, | Total Crystallinity | Amorphous
0.25x 20.4 10.7 1.8 2.0 0.5 354 64.6
0.5x 21.3 10.8 2.2 2.0 0.5 36.9 63.1
0.75x 22.7 11.5 2.3 1.2 0.5 38.2 61.8
1x 20.6 9.9 35 15 0.4 35.9 64.1
2x 22.0 10.4 2.2 1.4 0.3 36.2 63.8
4x 19.3 9.4 1.5 1.8 0.2 32.1 67.9

Figure 7. Backscattered electron images (500x) of GC-Mo-Li-6.25 slow cooled at various rates (0.25x, 0.5x%, 0.75x, 1x, 2x, and 4x).
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Table 4. Image analysis (SEM) and measured crystallinity (XRD) as a function of slow cool rate (values
in volume %).

S'Oévatioo' Technique C‘;ﬁgi’gﬂtg% F’C";’V,\;ggi (ZrxCe)0; | GdsBSiOw | (P,RULRNL).0, | Glass | Total
025x | SEM 15.1 82 NA NA NA 766 | 100.0
025x | XRD 12.2 85 10 12 0.2 770 | 1000
05x | SEM 146 78 NA NA NA 776 | 1000
05%x | XRD 128 8.7 12 12 02 759 | 100.0
0.75x | SEM 147 8.4 NA NA NA 769 | 100.0
0.75x | XRD 138 9.2 12 0.7 02 748 | 1000

1x SEM 15.3 9.2 NA NA NA 756 | 100.0
1x XRD 123 79 19 0.9 0.2 768 | 100.0
2x SEM 14.9 13.0 NA NA NA 721 | 1000
2x XRD 13.2 83 12 08 0.1 764 | 1000
4x SEM 12.2 125 NA NA NA 752 | 100.0
ax XRD 113 73 0.8 10 0.1 795 | 100.0

4. Conclusions and Recommendations

PNNL selected three glass ceramic compositions as candidates for possible melter testing in the INL
CCIM. Electrical conductivity, viscosity, and crystallinity were measured as a function of temperature to
down select to a single glass composition for the melter test.

Electrical conductivity was the first property measured, and values of preliminary glass ceramics
immediately identified a processing concern. The first three glass ceramic compositions tested had
significantly lower measured electrical conductivity than a typical borosilicate waste glass, eliminating
them as selections for this melter test. Therefore, a new glass ceramic, GC-Mo-Li-6.25, was formulated
with increased alkali (mainly in the form of Li) to raise the conductivity of the glass ceramic closer to the
typical conductivity range (20-60 S/m) of borosilicate waste glasses. The measured electrical
conductivity of the new formulation was deemed processable at 1300°C = 14 S/m (Table 5).

The viscosity results show that GC-Mo-Li-6.25 behaved similarly to a typical borosilicate glass melt at
1300°C down to ~ 1100°C, below which crystallization rapidly increased the viscosity as a function of
temperature. Between 1100°C and 1070°C, the viscosity increased by a factor of 3 from ~100 Pa-s up to
~300 Pa-s. The ideal pouring range of 10 to 2 Pa-s equates to temperatures of 1150 to 1280°C,
respectively, however the melter should be operated at ~1300-1350°C to maintain high electrical
conductivity. The predicted viscosity at 1300°C is acceptable at 1.84 Pa-s (Table 5).

According to the viscosity results, formation and re-melting of crystals in these samples occurs in a matter
of <10 minutes. This indicates that the pour spout of the CCIM melter should operate similarly to
borosilicate glass processing, with the possibility of a short delay when beginning the melt pour.
Conversely, stopping pouring may be quicker than borosilicate glass with the rapid crystallization. The
pour spout temperature may need to be raised to ~1150°C to begin pouring.
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Table 5. Summary data table for GC-Mo-Li-6.25 glass ceramic.

Property (validity range) Predicted Arrhenius Fit
Tw=1300°C | Slope Intercept

Viscosity, n (>1100°C) 1.84 Pa-s 26830 -16.447

Electrical Conductivity, ¢ (>750°C) 1411 S/m | -10959 9.6137

Slow cool rate Crystallionity, Crystallinity,

mass % vol %

0.25x% 35.4 33.0

0.5x 36.9 34.1

0.75x% 38.2 35.2

1x 35.9 33.2

2x 36.2 33.6

4x 321 30.5

Variations of the cooling rate from 4x to 0.25x, relative to centerline cooling profile of a 2-foot diameter
canister, showed no differences in the phases formed and only minimal differences in there
concentrations, see Table 5. The only significant differences observed were changes in crystal size as
shown in Figure 7. These tests indicate that the glass ceramic should accommodate quite well the radial
cooling rate differences present in a canister. The glass composition should also be consistent radially.
The melter test should add more data points on the effect of cooling rate on crystallinity.

Based on the electrical conductivity and viscosity results, the recommended operating temperature of the
melter should be initially maintained at ~1300°C then adjusted based upon melt behavior observed in the
melter test. Molybdenum is well above the solubility limit of the silicate melt and may phase separate in
the melt at temperatures just below the melting temperature. A separate Mo-rich layer has not been
observed in crucible melts, but it could possibly form in the melter. A series of cooling rates should be
picked to optimize melter run operations; however, one canister should ideally be cooled at the standard
cooling rate (1x) and another large canister allowed to simply naturally cool outside a furnace to provide
large range of cooling variability.
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