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Summary

Immobilization of Hanford low-level waste (LLW), which is characterized by a high content of Na,0,
necessitates the development of durable high-sodium glasses. Simulated LLW glasses containing 20 wt%
Na,0, 6 to 12 wt% B,0;, 6 to 12 wt% Ca0, 6 to 15 wt% AL, O,, and 48 to 72 t% SiO, were tested at 90°C
by 7-day Product Consistency Test (PCT), vapor-hydration tests, and single-pass flow-through (SPFT) tests
at Pacific Northwest National Laboratory (PNNL). Glass dissolution extent decreased as AL,O; concentration
increased, replacing SiO,. Replacing SiO, by B,0; in glasses with 9-16 wt% Al O, improved PCT durability
up to the level of 6-9 wt% B,0;. When CaO was used instead of B,0,, only a mild improvement resulted at
< 6 wt% Ca0. Generally, Na,0-B,0,-Al,0,-Si0, glasses showed better leach resistance in both PCT and
vapor-hydration tests than did the Na,0-Ca0-Al,0,-Si0, glasses. However, the durability order ranked by a
SPFT at pH 12 is opposite to that of the vapor-hydration test and PCT.

The dependency of solubilities of minor components S, P, Cl, and F on temperature is negligible, but is
significant on glass compositions. Volatilities of molten glass with the addition of F, Cl, S, and P can be
significant once the minor components are in excess of their solubilities, which were in the order:

Cl> SO ;= F. Higher B,O, content in glass further increases the volatilities.

A vendor glass formulation study was carried out at PNNL and was built upon the LLW glass
optimization effort, supporting the Phase I and Phase Il melter vendor testing activities for Westinghouse
Hanford Company. For Phase I vendor melter testing, six glass formulations were developed at PNNL and
additional glasses were developed by Phase I vendors. All the glasses were characterized in terms of
viscosity and chemical durability by the 7-day PCT.

Twelve Phase II glass formulations were developed to accommodate 2.5 wt% P,O; and 1.0 wt% SO,
without significant processing problems. These levels of P,O, and SO, are expected to be the highest
possible concentrations from Hanford Site LLW streams, at 25 wt% waste loading in glass. The Phase II
compositions formulated were 6 to 23 times more durable than the Defense Waste Processing Facility
(DWPF) environmental assessment (EA) glass. They melt within the temperature range of 1160° to 1410°C
to suit different melting technologies. The composition types included boron-free glasses for volatilization-
sensitive melters; boron-containing glasses for cold-cap melters; Zr-containing glasses for enhanced long-
term durability; and Fe-containing glasses for reducing melting temperature and melt volatility while
maintaining chemical durability.

Glasses made from simulated waste slurries were more prone to foaming and phase segregation than
were glasses prepared from dry chemicals, especially those with high sulfur and phosphorus content.
Surprisingly, glasses prepared from slurries were more oxidized, i.e., had lower Fe(I)/(total Fe) ratios, and
had higher solubilities of sulfur. The glasses made from dry chemicals and slurries had similar chemical
durabilities, viscosities, and phosphorus solubilities. The Phase II formulations were also demonstrated to be
capable of incorporating a total 3 wt% of Cu, Zn, Pb, Sn, Cr, Mn, Ni, Mo, Sb, As, Bi, and Cd, although these
metal-containing glasses were slightly less durable.
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1.0 Introduction

1.1 Background

The radioactive defense wastes stored in 177 underground single-shell tanks (SST) and double-shell
tanks (DST) at the Hanford Site will be separated into low-level and high-level fractions. The Tri-Party
Agreement (TPA) between the State of Washington Department of Ecology, the U.S. Department of Energy,
and the U.S. Environmental Protection Agency specifies vitrification as the immobilization method for
Hanford Site low-level waste (LLW) (TPA 1993). A program is underway at Westinghouse Hanford
Company (WHC) to implement this TPA strategy through the LLW Disposal Program element of the Tank
Waste Remediation System (TWRS) Program. The Pacific Northwest National Laboratory (PNNL) is
providing technology support to the LLW Disposal Program through the PNNL Vitrification Technology
Development (PVTD) Program.

One technology activity underway at PNNL is the development of glass formulations for the
immobilization of the low-level tank wastes. A glass formulation strategy has been developed that describes
development approaches to optimize glass compositions prior to the projected LLW vitrification facility
start-up in 2005 (Kim et al. 1995). The Glass Formulation Strategy addresses the near-term needs driven by
TPA milestones (M-60-02) to select a reference melter technology and reference glass formulation by June
1996. Shade and Kelly® prepared a path forward strategy to outline the process and logic sequence for
defining a LLW reference glass formulation region as stated in the TPA milestone. The Glass Formulation
Strategy also addresses the longer term needs to develop and verify glass formulations based on evolving
waste characterization information, vitrification system design, and disposal system requirements. Initial
glass formulations for the high-sodium LLW are being developed from the alumino-silicate glass family. The
glasses will be characterized and selected based on their long-term chemical durability and their processing
behavior. The Strategy also includes verification of the glass formulations through 1) testing in small- and
pilot-scale melter systems to confirm processability and to support design and 2) radioactive testing with
~ actual wastes and formulations to validate simulants and models. Glass property models will be
developed/adapted to aid the formulation effort and as process control tools.

Implementation of this strategy requires testing of glass formulations spanning a number of waste
loadings, compositions, and additives over the range of expected waste compositions. The resulting glasses
will then be characterized and compared to processing and performance specifications yet to be developed.

A multi-phase melter-systems technology demonstration, testing, and evaluation program is underway to
identify the best overall melter-system technology available for vitrification of Hanford Site LLW to meet the
TPA milestones (Wilson 1995). Phase I is a "proof of principle" test to demonstrate that a melter system can
process a simulated highly alkaline, high nitrate/nitrite content aqueous LLW feed and produce a glass
product of consistent quality. Seven melter vendors were selected for the Phase I evaluation, as follows:
Joule-heated melters from GTS Duratek, Incorporated (GDI); Envitco, Incorporated (EVI); Penberthy
Electromelt, Incorporated (PEI); and Vectra Technologies, Incorporated (VTI); gas-fired cyclone burner from

(a) Internal Memo 74610-95-016, DJ Washenfelder, WHC, to RJ Murkowski, Transmittal of Letter
Report "Path Forward Strategy; Low-Level Waste Reference Glass Formulation Development"
Milestone Control No. T3B-95-234, July 21, 1995.
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Babcock & Wilcox (BCW); plasma torch-fired, cupola furnace from Westinghouse Science and Technology
Center (WSTC); and electric arc furnace with top-entering vertical carbon electrodes from U.S. Bureau of
Mines (UBM). .

Phase II evaluations will allow for more comprehensive testing of equipment and procedures for selected
promising technologies. Melter capability for handling wastes with high contents of F; Cl, P, and S will be
tested. Melter systems with the greatest flexibility to process feeds with these components will be identified.
Requirements Analysis will indicate-concentration limits for these components that can be realistically
processed by vitrification. At the end of Phase II, a preferred and a backup technology will be selected by
Westinghouse Hanford Company (WHC).

Pacific Northwest National Laboratory is providing glass formulation support for this melter technology
evaluation program (Feng et al. 1995). Melter vendors could select the glasses from the formulations
provided by PNNL or they were free to develop their own glass compositions, provided the glass meet the
two aforementioned criteria. Glasses adopted by vendors were also tested at PNNL to verify the required
properties. Testing included durability evaluation through PCT, viscosity measurements, and composition
analysis.

This report documents the glass formulation work conducted at PNL in fiscal years 1994 and 1995
including glass formulation optimization, minor component impacts evaluation, Phase I and Phase II melter
vendor glass development, liquidus temperature and crystallization kinetics determination. This report also
summarizes relevant work at PNNL on high-iron glasses for Hanford tank wastes conducted through the
Mixed Waste Integrated Program and work at Savannah River Technology Center to optimize glass
formulations using a Plackett-Burnam experimental design.

1.2 Objectives

The overall objectives of the glass formulation effort are to develop optimized glass compositions
containing the maximum fraction of waste while maintaining satisfactory long-term durability, acceptable
processing characteristics, and adequate flexibility to handle waste variations, and to develop a methodology
to respond to waste variations. The purpose of optimizing glass compositions through waste loading
maximization is to achieve reduction of final glass product volume and processing cost without adversely
affecting durability and requiring more elaborate disposal systems, and thus to minimize the overall
vitrification and disposal costs. Specific activities conducted in FY 1994 and FY 1995 to support these
objectives include the following:

* develop optimized glass compositions for vitrification of high-sodium tank waste;

« provide proper formulations for Phase I and Phase II melter testing;

» determine the solubiliiy limits of F, C1, P, S, and Cr in LLW glasses and develop
optimized composition to increase solubility of these minor components, while

maintaining the required processability and chemical durability; and

* evaluate glasses generated by vendors through durability testing, viscosity measurement,
and composition analysis.
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1.3 Approach

1.3.1 Considerations

The most important considerations for acceptable LLW waste glass compositions are the capability to
incorporate high sodium content from LLW; satisfactory long-term durability; and proper processability,
such as the capability of achieving the desired viscosity at melting temperature.

1.3.2 Chemical Durability

Long-term durability requirements and the link between short-term laboratory tests and long-term
durability have not been established (McGrail 1992). However, a three-stage corrosion mechanism of typical
silicate glasses in aqueous media is generally accepted (Cunnane 1994). The initial stage under solution-
dominated condition (dilute solution) is characterized by a forward-reaction rate; that is, the maximum rate
achievable depends only on glass composition, temperature, and solution pH. In the intermediate stage, the
glass reaction rate continuously decreases as the concentration of elements released from the glass in the
solution increases. The final stage of enhanced glass corrosion begins when secondary mineral phases
precipitate from the concentrated or "saturated/over-saturated" solution. The precipitation of mineral phases
causes the solution to become less concentrated and the glass reaction affinity increases.

Glass development demands testing many glasses in a short time; it is not practical to perform long-term
durability tests on every glass. The current chemical durability approach focuses on a suite of short-term
laboratory tests, such as dynamic flow-through tests (McGrail 1992), static PCT (Jantzen 1992), and vapor
hydration tests (Bates 1982).

The static PCTs will provide information about the second stage of glass reaction, which includes the
lowest rate attainable before secondary phase formation. These tests couple solution chemistry and glass
corrosion. Static PCT includes tests under standard test conditions (at 2000/m and 90°C for 7 days) and
under extended conditions, such as 20,000/m and longer test durations. The LLW glass optimization
program uses PCTs under both types of conditions. Only the results from the standard conditions are
discussed here. The results from extended test conditions will be discussed in a future report.

The dynamic flow-through test provides the glass forward-reaction rate, the maximum corrosion rate of a
glass composition at a given temperature, and solution pH. This is a single-path flow-through (SPFT) test
under controlled chemical conditions, including pH and temperature. Constant chemical conditions are
attained by flowing buffer solution through the system at high flow-rates. Controlled environmental test
conditions allow for the determination of key parameters (such as the intrinsic rate constant and power law
coefficients) required for modeling the dissolution kinetics of silicate glasses or minerals. In traditional static
leach tests, these parameters cannot be determined because the chemical affinity term (1-Q/K) and pH change
over the course of the test. The conditions of the flow-through test are meant to keep the leachant
undersaturated to eliminate precipitation effects and to maintain a constant pH. The results of this test
(obtained from leachant samples taken as a function of time) should provide supplementary performance
assessment information to model the kinetics of dissolution of various waste forms adequately.

Vapor hydration and product consistency tests under extended test conditions provide information
regarding the final stage of glass reaction. The final stage/or long-term glass reaction may be best described
by the dissolution rates in the presence of secondary phases formed from the glass/water reactions

-
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(Bates 1994). The long-term glass corrosion rate could be either close to the minimum rate of the
intermediate stage or similar to the forward-reaction rate, depending on the secondary phases formed.

- Vapor hydration tests expose glass samples to saturated vapor conditions at elevated temperatures. This
environment greatly accelerates the progression of glass corrosion into the final stage.

1.3.3 Melter Technology

Until recently, nuclear waste vitrification developers focused on low-temperature melters (<1150°C).
Glasses for such melters are mainly borosilicates. However, various glass-melting technologies available in
the commercial glass industry have been further developed for waste vitrification. The high-temperature
melters (> 1250°C) attempt to match commercial glass melters in their capabilities of processing glass at a
high melting rate and reducing waste-form volume by allowing the waste loading to increase above that of
low-temperature glasses.

The large variety of melting temperatures precludes development of any single glass composition that
could be used for all melter vendors. The Phase I vendor glasses research focused on high-temperature
glasses with melting temperatures (at viscosity = 10 Pa.S) between 1290-1380°C. The Phase II glasses were
- tested at both low and high temperatures (1150 to 1420°C).

1.3.4 Waste Loading and Compositions

Reasonable chemical durability can' be obtained with aluminosilicate glasses at 20 wt% sodium content
(Kim 1994). Such sodium-loading gives a practical and reasonable 25 wt% dry-solid loading of Hanford Site
LLW. The glass development effort has been focusing on compositions at 20 wt% Na,O. This waste-
loading can be adjusted in the future, depending on future decisions concerning glass performance and waste

_volume reduction requirements. .

- Two waste simulants were provided for the Phase I vendor test. The first waste simulant was based on
the analysis of six tanks of double-shelled slurry feed (DSSF) waste and on the projected composition of the
wastes exiting the pretreatment operation (Shade 1994). The second LLW stream simulant, referred to as the
remaining inventory (RI), included wastes not included in the DSSF tanks and the projected LLW fraction of
single-shell tank wastes (Shade 1994). Only the DSSF waste simulant was used in the Phase I vendor testing.
The waste compositions are shown in Table 1.1.

Two compositions of LLW simulants, modified DSSF (M-DSSF) and modified RI (M-RI), were
provided for use in Phase II melter vendor tests (Shade 1995). The modified DSSF simulants were spiked
with Cl and F at levels which would result in concentrations at their solubility limit in normal silicate glasses,
based on a 25 wt% waste oxide-loading in the glass. The simulant contained concentrations of F and Cl at
four times their solubility in glasses. Similarly, the modified RI contained four times the solubility of P,0;
and SO;. The compositions used in the Phase II vendor glass formulations were shown in Table 1.1.

1.4
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Table 1.1. Compositions of LLW Waste Simulants (wt%)

NLLW DSSF ° M-DSSF M-RI
Sio, 0.03
Na,0 84.42 76.05 74.02 78.93
Ca0 0.01 0.01 0.01 0.01
ALO, 6.19 12.20 11.69 3.46
Others 9.35 11.74 14.28 17.59
Others Components
Bi,0, 0.06
Cr,0, 0.15 0.15 0.15 0.14
Cs,0 0.56" 0.53" 0.60"
Fe,0, 0.02 0.01 0.01 0.01
K,O 1.38 554 531 0.12
MgO 0.01 0.01
MnO 0.03 0.01 0.01 0.04
MoO, 0.57" 0.54" 0.61°
Nd,0, 0.05
SrO 040" . 0.38 0.44"
Zt0, 0.02 '
P,0; 5.01 © 072 0.69 9.95
SO, 1.35 0.82 0.78 3.98
Cl 0.39 1.33 238 0.14
F 0.90 1.12 3.02 1.04

1 0.50" 0.47" 0.54"
*  These elements were spiked to increase the concentration so that mass balance

across the melter during melter evaluation tests can be determined.

The nominal LLW composition shown in Table 1.1 represents the average composition of all tank wastes
except those included in the DSSF. The simulated nominal LLW composition (NLLW) was used in glass
formulation activities except Phase I and Phase II vendor glass studies.
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1.3.5 Glass Systems
The following aluminosilicate systems are being considered for the development of vendor glasses:

Na,0-A1,0,-B,0,-Si0,
Na,0-ALO,-Ca0-Si0,
Na,0-A1,0,-Ca0-B,0,-8i0,
Na,0-AL0,-Fe,0,-Si0,
Na,0-A1,0,-B,0,-210,-8i0,
Na,0-AL0,-B,0,-Fe,0,-5i0,
Na,0-A1,0,-Ca0-Zr0,-Si0,
Na,0-AL0,-Ca0-Fe,0,-Si0,
Na,0-AL0,-Ca0-B,0;-Zr0,-Fe,0,-5i0,

These glass systems are assessed by chemical durability, processibility (viscosity and devitrification
behavior), and the capability to incorporate troublesome components (CL, F, S, P, and Cr). The study focused

on glasses with 20 wt% Na,O; the range of Na,O was expanded to 15-35 wi%. A comprehensive study of
the solubilities of troublesome components was carried out on the Na,0-Al,0,-Ca0-B,0;-Si0, glass system.
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2.0 Experimental Considerations

2.1 Waste Simulants

Waste simulants used in this study included nominal low-level waste (NLLW), double-shelled
slurry feed (DSSF), modified DSSF (M-DSSF), and modified remaining inventory (M-RI), as shown
in Table 1.1. For purposes of this composition study, these waste simulants were added as solid
reagent-grade chemicals. To assess the effect on glass properties from actual slurry wastes, a few
glasses were made from both reagent-grade solid chemicals and from simulated slurry wastes. Lokken
(1995) described the detailed procedures for makeup of these slurry simulants.

2.2 Glass Melting

The glasses were batched and melted according to PNL Procedure PSL-417-GBM ("Procedure
for Glass Batching and Melting, Rev. 0"). For each glass, the major glass components to be varied
were batched separately as oxides and carbonates. The remaining components were batched together
in constant proportions and treated as a single component, "Others." " Glasses with different Others
compositions were shown in Table 1.1. Using an Angstrom grinding machine, each batch was then -
mixed in a grinding cell for 5 min to achieve homogeneous mixture.

About 500 g of each glass was melted in a platinum crucible under a lid (to reduce
volatilization) using an electrically heated resistance furnace (Deltech DT-31). Furnace temperature
was controlled by a Honeywell controller/programmer and monitored by one S-type thermocouple on
the controller and a second independent S-type thermocouple. These thermocouples were located in
the middle of furnace hot zone. Variation in temperature readout from the two thermocouples was
+ 1.0°C with respect to the preset melting temperatures. For better homogeneity, the glass was
removed from the furnace after one hour of melting, cooled, crushed in a tungsten-carbide disc mill,
and remelted under a lid for another hour. Molten glass was poured into bars and annealed for 2 h at
520°C for MCC-1 test, glass solid characterization, and archive purposes. The remaining glass was
poured onto a steel plate and air-quenched.

Samples (4-5 g) of selected glasses were sent for elemental analysis for comparison to the as-
batched compositions. ’

2.3 Viscosity Measurements

Viscosity was measured by a rotating-spindle technique and evaluated using standard viscosity-
measurement procedures GDL-VSC ("Viscosity Spindle Calibration, Rev. 0") and GDL-VIS
("Standard Viscosity Measurement, Rev. 0"). Each glass sample was heated to its approximate
melting temperature in a platinum crucible and was maintained until thermal equilibrium was reached
(approximately 30 minutes). A measurement was then taken at the melting temperature and
subsequent measurements were taken about 50°C apart. The viscosity measurements within the
temperature range were taken twice, first at decreasing and then at increasing temperature, to check
that viscosity was independent of time. Two replicate viscosity measurements were made at the same
nominal temperature as that of the initial measurement during the cycle of increasing and decreasing
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melt temperatures, i.e., the viscosity was measured three times at this temperature. Usually eleven
measurements were made for each glass (i.e., three measurements at initial melting temperature and
eight duplicate measurements at four temperatures near the melting temperature). The melt viscosity
was expected to be affected by volatilization at higher temperatures and by crystallization at low
temperatures. Examination of the viscosity changes at the initial melting temperature provides
information about how prone this melt is to volatilization and crystallization.

Temperatures at viscosity = 10 Pa.S were obtained by fitting the raw viscosity at temperature

data for each glass to the Arrhenius equation:

. J

ILnV = A + B/T H

where A and B = the Arrhenius equation coefficients,
T = temperature (K), and
V = viscosity in Pa.S.

Accuracy of viscosity was controlled by using National Institute of Standards and Technology
(NIST) lead-silicate glass (NBS-711) for equipment calibration. Previous experience has demonstrated
that viscosity measurements of the same glass by different laboratories typically have good agreement.
Also, overcheck measurements of viscosity were made by Corning, Inc. on glass samples provided by
this laboratory.

2.4 Durability Testing

The chemical durability of the glasses was determined by three types of tests: PCT, single-
pass flow-through, and vapor hydration. The rationale for using these tests is discussed in Section
1.3.2.

2.4.1 Product Consistency Test

The product consistency test (PCT) was based on previous research (Jantzen 1992) and adapted
as PNL Procedure MCC-TP-19 ("Leaching Test Using PCT Test Method, Rev. 0"). The test was
conducted using deionized water in Teflon™ containers at 90°C. The new containers were baked at
200°C for one week to drive off fluorine and washed thoroughly according to the PCT procedure.
The glass was ground in a tungsten-carbide grinding chamber and then sieved through 100- and
200-mesh stainless-steel sieves to obtain particle sizes between 75 and 150 pm. The large particles
remaining on the top of the 100-mesh sieve were crushed repeatedly until all glass particles could pass
through it. Using an ultrasonic cleaner, the crushed glass was cleaned by washing it in deionized
water and ethanol. It was then dried, weighed, and 4 g of glass was added to a 60-mL Teflon
container filled with 40 mL of deionized water. The ratio of the surface area of glass to solution
volume was taken as 200/m. The Teflon container and its contents were placed for seven days in an
oven that had been preheated to 90°C. Aliquots of the leachate were filtered through a 0.45-uym
filter, after the test was terminated, and submitted for chemical elemental analysis. The PCT is
performed in duplicate.

’
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Results are reported as normalized elemental-mass releases according to:

(2)

where NL; = the normalized mass release based on element i (g/m?),
C; = the analyzed concentration of element i in leachate (g/m3),
f, = mass fraction of element i in the glass (unitless), and
S/V = the ratio of glass surface are to solution volume (1/m),

which is 2000/m here.

Nominal compositions were used for most of the normalized mass release calculations except where
the analyzed glass compositions were very different from the nominal compositions.

2.4.2 Single-Pass Flow-Through Test

In this test, monolithic or powdered samples were exposed to controlled environmental
conditions, including pH and temperature. A general schematic of the single-pass flow-through test
equipment (see Figure 2.1) and process description are described here. The test equipment uses 13
holding reservoirs for evaluating the effect of pH on dissolution kinetics of various waste form
compositions. Twelve of the 13 holding reservoirs were 2000-mL vessels into which a range of pH
buffer solutions could be placed, allowing the evaludtion of the effect of pH on a single waste-form
composition. The single large holding reservoir (25-L carboy) held a constant pH solution that was
" supplied to 12 independent cells/lines, from which the dissolution kinetics of 12 varying waste form
compositions were evaluated at a constant pH. The system also could have been set up to evaluate 24
varying compositions as a function of a constant pH (i.e., a single buffer solution placed in the 12
2000-mL vessels as well as the 25-L carboy). Nitrogen was used continuously as a cover gas for the
buffer-solution reservoirs.

Once the test conditions (buffers, flow rates, temperature, etc.) were defined and verified
through pretest procedures, a predetermined quantity of glass (powder or monolith) was added to the
solution in each preheated, 2-port sample vessel. The 2-port vessels were then sealed and flow of the
buffer solution was initiated by activating the pump(s) and the cover-gas source. The buffer
composition chosen should minimize compositional overlap between the buffer solution and the glass
component. Nitrogen flowed into the 3-port vessels and aided in the transfer of buffer solution to and
through the 2-port sample vessels into the sample collection vessels. Flow rates varied depending on
the durability of the sample, pH of the buffer solution, and test temperature. The test conditions were
controlled to keep the leachant undersaturated with respect to precipitation of secondary phases, but
above elemental detection limits of the analytical equipment used.
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Corrosion rates in the single-pass flow-through experiments were calculated for each pH value

from the steady-state concentrations of component (i) measured in the effluent. The measured
concentrations were converted to corrosion rate by:

where

) (3)

= corrosion rate for component i at time period j (g/m?/d),

R;;
2)
Ci,j = blank corrected steady-state concentration of Si (g/m3),
Q = flow rate at time period j (m3/d),
fi = mass fraction of component i in the sample, and
S.
J

= average total glass surface area over time period j-1 to j (m?).

The test conditions for the LLW glasses were as follows:
. Test temperature: 90°C

U Sample size: approximately 1 g

* Sample type: powder between 75 and 150 pm

. Flow Rate: approximately 100 mL/d

. Buffer solution: 0.0107 m LiOH

] pH @ 20°C: 11.95 (measured)

U pH @ 90°C: 10.56 (calculated).

2.4.3 Vapor Hydration Test

The vapor hydration test (Bates 1982; Ebert 1991) was used as an accelerated corrosion test to

measure the long-term durability of the glasses. This test was performed in saturated water vapor at
various temperatures. Durability was measured as a function of the rate and amount of secondary
alteration phase-formation on the surface of the glass and the thickness of the altered surface layers
surrounding the samples, as measured in cross-section. This information provided insight into the
long-term durability of the glasses.
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Figure 2.1. Schematic of Single-Pass Flow-Through Apparatus

Monoliths were used in the vapor hydration tests. The sample preparation procedure involved
cutting 10-mm-diameter cylinders from solidified glass casts. These cylinders were sectioned into
1-mm-thick circular disks which were then notched in two locations on opposite ends of the sample to
provide locations to attach the support threads to the samples. Surfaces of the glass samples were
next polished to a 600-grit finish and the samples were cleaned ultrasonically in a methanol bath. All
samples were examined by optical microscopy before vapor hydration testing began.

Tests were begun by suspending the sample disks from Teflon threads which were then
attached, in pairs, to a stainless-steel support rod. The entire sample support-rod assembly was
placed in a stainless-steel reaction vessel. A predetermined volume of water (0.25 mL for 200°C
test) was added to each vessel; this amount was sufficient to saturate the vessel atmosphere with water
vapor after heating to the appropriate experimental temperature, but was not sufficient to result in
water refluxing between the samples and the fluid in the bottom of the vessel.

After adding the water, the vessels were hermetically sealed and inserted into a preheatéd oven
that was controlled to £ 2°C. The elevated temperatures were chosen to accelerate reactions between
the condensed fluid and the samples.

Upon completion of the prescribed test interval, the sample vessels were removed from the
oven, cooled in an ice bath, and opened. All sample disks were first examined by optical microscopy
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and representative samples were then chosen for detailed scanning electron microscopy/energy-
dispersive X-ray analysis (SEM/EDS). Surfaces of the altered samples were characterized with
respect to the extent of alteration phase development.

2.4.4 Solution Analyses

Cations and radionuclides were analyzed with inductively coupled plasma atomic emission
spectrometry (ICP/AES) with an accuracy of 1 10% for major elements and + 50% for
radionuclides and minor elements. Anions were analyzed with ion chromatography with an accuracy
. of about 50%. The pH was analyzed with a combination electrode with an accuracy of + 0.1 pH
unit.
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3.0 Results and Discussion

3.1 Glass Optimization Investigation
The glass optimization investigation consisted of the 44 glasses shown in Table 3.1.

L7-series glasses were borosilicate glasses with calcium at the sodium contents of 15 to 35 wi%. The
rest of the glasses had the same sodium content of 20 wt%. Glass L0-0 is made of SiO, plus 25 wt% waste
(which results in 20 wt% Na,O in the glass) and belongs to alkali-silicate glass. L1-series are glasses made
from wastes plus silica and alumina, and belong to aluminosilicate glasses. L4-series glasses are borosilicate
glasses without calcium. L5-series glasses are soda-lime-aluminosilicate glasses. L6-series glasses are
borosilicate glasses with calcium. L8-series glasses are glasses designed to evaluate the effects on glass
properties by replacing B,0O, or CaO using Fe,O; or ZrO,. Glass L8-8 was designed to determine the effect of
replacing CaO with MgO. The nominal compositions of these glasses are shown in Table 3.1. The detailed
composition and the available analyzed compositions are shown in Appendix A.

3.1.1 Product Consistency Test Results

The product consistency test (PCT) results in terms of the normalized element releases (g/m?) of major
elements of Si, Al, B, Ca, and Na and leachate pHs are tabulated in Table 3.1. The releases of all the
elements are listed in Appendix B.

In Alkali Silicate Glass System - L0

The PCT results for glass L0-0 suggests that no durable glass can be made at 25 wt% waste-loading of
nominal Hanford waste by addition of just silica into the waste, since this alkali silicate glass was completely
dissolved within 7 days under PCT conditions.

In Alkali Aluminosilicate Glass System - L1

Figure 3.1 shows that replacing silica with alumina resulted in more durable glasses. This improvement
in durability is almost linear with the alumina content in the glass. Glass L1-6 with 6 wt% alumina is still not
durable enough to withstand the 7-day PCT, since so much glass content was dissolved and the solution
became gel. However, this glass is obviously more durable than L0-0 since L1-6 was not completely
dissolved. This improvement of glass durability by the addition of alumina is due to the capability of alumina
to convert the nonbridging oxygen (NBO) bonds created by alkalis into bridging oxygen (BO) bonds
(Alexander 1986; Dickenson 1981, 1986). ‘

In Borosilicate Glass System Without Calcium - L4

The PCT results for this glass system are shown in Figures 3.2 and 3.3. Figure 3.2a shows that the
addition of 6 wt% B,0O; (at the expense of Si0,) to a glass with 9% Al,O, improved the durability in terms of
sodium release by 12 times. The same 6 wt% B,0, addition to glasses with 12 and 15 wt% AL, resulted in
respective improvement of 10 and 4 times. Boron oxide also improves glass durability by replacing the NBO
bonds in the glass with BO bonds (Dell 1983). In the glasses with higher Al,O; contents, there were fewer
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Table 3.2. The Durability Ranking by PCT Results

Glass PCT-Si Glass PCT-Na
L7-15 ~ 0.06 L7-15 0.15
L5-1215 0.1 L4-915 0.225
L6-5415 0.1 L4-615 0.235
L6-6612 0.105 L4-612 0.27
L5-915 0.11 1.4-912 0.3
L4-1215 0.12 L6-5415 0.305
L4-915 0.12 L8-1 0.345
L5-615 0.12 L8-7 0.35
L6-5412 0.12 L6-6612 0.38
L8-1 0.12 L6-5412 0.395
L4-1212 0.13 14-1215 0.41
L4-612 0.13 L6-669 0.48
L4-615 0.13 L4-69 0.53
£4-912 0.13 L5-615 0.54
L6-669 0.13 L6-3312 0.575
L8-7 0.14 L4-99 0.595
L5-612 0.155 L6-549 0.595
16-3312 0.155 L5-1215 0.6
L8-3 ] 0.155 L8-6 0.615
L6-549 0.16 L5-815 0.64
L5-912 0.18 L8-3 0.67
L8-2 0.185 L4-1212 0.685
L8-6 0.19 L1-15 0.86
L1-15 0.21 L6-546 0.83
L4-99 0.21 L5-912 0.945
L5-1212 0.21 L5-612 1.01
L8-5 0.215 L8-4 1.015
L4-69 0.22 L8-2 1.03
L6-546 0.22 L5-1212 1.05
L4-129 0.245 L4-129 1.13
L5-129 0.29 L8-5 1.16
L5-89 10.335 L8-8 1.285
L5-69 0.35 L5-129 1.37
L7-25 0.37 L7-25 1.505
L1-12 - 0.4 L5-89 - 11.675
L8-8 0.4 L5-69 1.805
1L8-4 0.435 L5-96 2.235
L5-96 0.5 L4-96 2.29

iL1-9 0.68 L1-12 2.645
tiL4-96 0.785 L7-30 6.02

L7-30 0.855 L1-9 6.085
L7-35 16.6 L7-35 35.5
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NBO bonds available for such replacement; therefore, the durability improvement decreased as the alumina
content increased at fixed alkali content. It should be emphasized that the reaction of boron oxide, in trigonal
configuration with alkali to form the BO bond of tetrahedral boron, is usually far from complete (Dell 1983).
The additional 3 wt% boron oxide beyond 6 wt% made no improvement in durability; the addition of B,0,
beyond 9 wt% made the glass less durable. This is consistent with findings that maximum tetrahedral boron
can only be formed at certain ratios of alkali-to-boron and silica-to-boron (Dell 1983). Figure 3.2b presents
the same boron effects on glass durability in terms of silicon releases in PCTs. However, the addition of
B,0; (at the expense of Si0O,) to a glass consistently reduced leachate pH, as shown in Figure 3.2¢c. Figure
3.3 presents the same data as Figure 3.2, but in terms of replacing SiO, with A1,O,. This figure shows that
the addition of AL, O, into glasses with different levels of B,0, always improves glass durability. The extent
of improvement was also similar among the glasses investigated, because alumina always reacted with alkalis
to form tetrahedral aluminum, even though the alkalis were bound to boron; i.e., alkalis always satisfied the
charge-balance needs of alumina before boron. The alumna addition also reduced leachate pH due to its
capability to bind alkalis, which made the alkalis less available for ion-exchange reactions.

In Soda-Lime-Aluminosilicate Glass System - LS

The effects on chemical durability by replacement of SiO, with CaO in aluminosilicate glasses are shown
in Figures 3.4 and 3.5. The CaO addition clearly showed improvement in glass durability, up to 12 wt% in
glasses with 9 wt% AL O;, but only up to 9 wt% in glasses with 12 wt% Al,O,. Slight improvement in glass
durability was observed in up to 6 wt% CaO addition in glasses with 15 wt% AL,0,. The durability improve-
ment when CaO replaced SiO, was probably due to sharing NBO bonds with alkalis and making the NBO
bonds into hybrid bonds of NBO and BO bonds; i.e., the hybrid bonds were more durable than pure NBO
bonds, but less durable than pure BO bonds. Therefore, the improvement of durability by alkaline earths
depended on the availability of NBO bonds, and the durability improvement was less than formation of BO
from NBO bonds. This conversion reaction of NBO bonds into hybrid bonds seemed also far from comple-
tion, because the addition of CaO (at the expense of SiO,) no longer improved glass durability in L5-915,
L5-1215, and L5-1212, although these glasses have NBO bonds. The effects.of CaO on leachate pH were
consistent with its effect on chemical durability, as seen in Figure 3.4c; i.e., it reduced leachate pH if it
improved glass durability and it increased leachate pH if it reduced glass durability. Figure 3.5 shows that
the addition of alumina at the expense of silica to soda-lime-silicate glasses always improved glass durability,
regardless of the levels of CaO in the glasses. This effect was similar to the addition of alumina into the
alkali-borosilicate glass system discussed above, because alumina bound to alkalis preferentially over B,O,
and CaO and the alumina-alkali reaction usually goes to completion. The addition of alumina into calcium-
containing glasses lowered the solution pH more than that in boron-containing glasses (compare Figure 3.5
with Figure 3.3). The addition of alumina in calcium-containing glasses brought greater durability improve-
ment than the same in the boron-glass system, where there were more BO bonds than in the calcium-glass
system.

In Borosilicate Glass System With Calcium - L6

The addition of a mixture of CaO and B,O; (at the expense of Si0,) into alkali-aluminosilicate glasses
improved durability until the total addition reached 9 wt%, as shown in Figure 3.6. Beyond 9 wt%, the
addition showed no appreciable improvement in terms of sodium release (Fig. 3.6a) and slight improvement
in silica release (Figure 3.6b). The addition of B,0, + CaO also caused the leachate pH to lower until the
addition reached 9 wt% and increased leachate pH when beyond 9 wi%, as shown in Figure 3.6¢c. The
addition of alumina into soda-lime-borosilicate glasses always improved glass durability, as shown in Figure
3.7. The alumina addition was expected to lower the solution pH, as shown in Figure 3.7¢c. There is one
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anomalous point in Figure 3.7c where the pH values of the glass with 12 wt% AL O; at 6 wt%B,0; and
6 wt% CaO are higher than the pH in the glass with 9 wt% Al O, at 6 wt% B,0; and 6 wt% CaO. The
validity of these pH values is being reevaluated.

Figure 3.8 compares the effectiveness in improving glass durability by addition of alumina at the expense
of silica to the three glass systems, L4, L5, and L6. The general trend was that addition of alumina to all three
glass systems always improved glass durability. However, the extent of improvement was larger in the alkali-
soda-silicate glass system (L5) than in the alkali-borosilicate glass systems (L4 and L6). This was probably
due to the fact that CaO is much less effective in stabilizing NBO bonds, in comparison with B,0,, and the

"CaO-glasses (L5) were less durable than L4 and L6 glasses where boron oxides were added, as shown in
Figure 3.8. The addition of the same amounts of Al,O, into L5 glasses will be more effective in improving
the overall glass durability in comparison with the addition to L4 and L6, where the glasses were already
more durable than L5 glasses, although similar numbers of BO bonds were formed by the addition of Al,O,
among the three glass systems. Figure 3.8c clearly shows that the solution pH was lowered in all three glass
systems (L4, LS, and L6) by replacing silica with alumina, but the pH level was determined by boron and
calcium concentrations. L4 glasses with the highest amount of B,0; and, without Ca0O, had the lowest
leachate pH. LS5 glasses with the highest amount of CaO and without B,0; had the highest leachate pH. L6
glasses with both CaO and B,0; had the intermediate pH.

In Borosilicate Glass System with CaO and Variant Sodium Levels - L7

The L7 series glasses were based on glass L6-5412 by addition of Na,O to dilute other components to
produce L.7-25, L7-30, and L7-35 with sodium contents of 25, 30, and 35 wi%, respectively, and by
subtracting Na,O to concentrate other components to create L7-15 with 15 wt% Na,O. The 7-day PCT
releases of these glasses are shown in Figure 3.9. The data showed that the glasses with less than 25 wt%
Na,O, based on L6-5412, were relatively durable. L7-30 with 30 wt% Na,O had a similar chemical durability
as did the high-level EA glass; the glass with 35 wt% Na,O was much less durable than EA glass.

Decreasing 5 wt% Na,O from L6-5412 to L7-15 improved the durability by 2.6 times. Increasing 5 wt%

Na,O from L6-5412 to L7-25, from L7-25 to L7-30, and from L7-30 to L7-35, decreased the durabilities by -
a factor of 3.8, 4.0, and 5.9, respectively. The pH increase was almost linear with the sodium content

increase, as shown in Figure 3.9¢c.

In L8 Glass System

The L8-series glasses evaluated the effects on glass properties by replacing B,0O; or CaO using Fe,0O, or
Zr0,. Glass L8-8 was designed to determine the effect of replacing CaO with MgO. Figures 3.10 to0 3.13
summarize the results of L8 glass tests. The effects on 7-day PCT results by the addition of 6 wt% ZrO, into
a base glass of Si02 56.78, Na,0 20.0, AL, O, 9.0, but with different amounts of B,0, and CaO, are shown in
Figure 3.10. The addition of 6 wt% ZrO, created the lowest sodium release in the glass with 6 wt% B,0,
(L8-1), the highest release was in the glass with 6 wt% CaO (L8-2), and intermediate release was in the glass
with 3 wt% B,0; and 3 wt% CaO (L8-3). The silicon release and leachate pH data showed the same trend.

Figure 3.11 shows the effect on durability by addition of 6 wt% Fe,O, into a base glass of Si0, 56.78;
Na,0 20.0, Al,O, 9.0, but with different amounts of B,0O, and CaO. The sodium release was lower when
6 wt% of Fe,0; was added to the glass with 6 wt% B,0; (L8-4) than when the same amount of Fe,0, was
added to a glass with 6 wt% CaO (L8-5). It was interesting to see that the lowest sodium release occurred in
the glass with 3 wt% B,0; and 3 wt% CaO (L8-6). This was different from the results of the ZrO, glasses
discussed above, where the lowest release occurred in the B,0, glass (L8-1), not in the mixture glass (L8-3).
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However, the actual sodium release, 0.67 g/m2, of the Zr glass, L.8-3, was very similar to 0.62 g/m2 of the Fe
glass, 1.8-6, with equal amounts of B,O; and CaO. Also, the 6 wt% CaO-containing glasses had similar
sodium releases of 1.03 and 1.16 g/m? for L8-2 (ZrO, glass) and L-5 (Fe,0; glass), respectively. The
obvious difference was between L8-1 (ZrO, glass) and L8-4 (Fe,O, glass); the sodium release of 0.35 g/m?® of
L.8-1 was a factor of 2.9 different from the 1.02 factor of L8-4. Another difference among the ZrO, glasses
and Fe,0, glasses was that the sodium release trend was the same as the silicon release among ZrO, glasses
(Figure 3.10), while the sodium and silicon release trends were different among Fe,O, glasses (Figure 3.11).
The leachate pH trend among Fe,O, glasses was similar to that of ZrO, glasses, as shown in Figure 3.11c;
i.e., CaO glass had the highest pH, B,0; glass the lowest, and CaO-B,0, glasses the intermediate.

Glass L8-8 and Glass L6-549 were similar in that all had SiO, 59.8, B,0; 5.0, Na,0 20.0,°AL,0; 9.0, and
2.22 wt% Others, and were different in that L6-549 had 4 wt% CaO and L8-8 had 4 wt% MgO. Figure 3.12
clearly shows that the CaO glass, L6-549, was greater than a factor of 2.2 more durable than the Mg glass,
L8-8, in terms of both sodium and silicon releases. However, the leachate pH, 11.65, of CaO glass, L6-549,
was slightly higher than the 11.29 of the MgO glass, L8-8.

Figure 3.13 summarizes the composition effects on durability by 6 wt% addition of different oxides to a
base glass with Si0, 56.78, Na,0 20.0, Al,0; 9.0, B,0; 6.0, and Others 2.22. The sodium releases shown in
Figure 3.13a and the silicon releases in Figure 3.13b were similar. The results show that the order of oxides
(at the same mass addition) in improving glass durability in this particular glass system was:

Al120 > Zr02 > mixture (ZrO2+Fe203) > CaO > Si02 > Fe203 > B203.

The effects of these oxide additions on leachate pH were minor, as shown in Figure 3.13. This order of
durability improvement was consistent with the current understanding of glass chemistry (Feng 1989, 1994;
Ellison 1994). .

Durability Ranking by PCT

The durability ranking in Table 3.1 was established according to PCT sodium releases. The most durable
glass was the glass with the least sodium content, 15 wt%, while the least durable glass was the one with the
highest level of sodium, 35 wt%. The PCT data in Figures 3.14 and 3.15 show that at the same alumina,
silica, and sodium levels, the order of glass systems based on durability ranked as follows:

Boron-only (L4) > Mixture (L6) > Calcium-only (L5).

This order of durability-was consistent with our current understanding of glass chemistry. Alumina
increases glass durability by converting the nonbridging oxygen bonds generated by alkalis into bridging
oxygen bonds through formation of tetrahedral alumina in the glass structure (Bobkova 1983; Feng 1988;
Ellison 1994). There are still plenty of NBO bonds in these high-sodium glasses (Na,0 = 20 wt%) after
charge-balancing by available alumina in the glass. The addition of boron oxide (at the expense of SiO,, [i.e.,
SiO, was replaced by B,O; on the equal weight basis]) into such a high-sodium glass will convert more NBO
bonds into BO bonds by forming tetrahedral boron, resulting in an increase in chemical durability. Addition
of calcium oxide (at the expense of SiO,) also increased durability through oxygen-sharing between alkali and
alkaline earth. The NBO bonds convert to hybrid NBO and BO bonds. The addition of CaO can improve
glass durability if there are sufficient NBO bonds in the glass for such a conversion. The improvement is less
than that seen by the addition of boron oxide, which promotes direct conversion of NBO to BO. Another
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beneficial effect of the boron addition is that the boron release into the static glass leachate can lower the
solution pH due to the boric acid buffering capability, which lowers the corrosion process. The PCT pHs of
the boron-only glasses were observed to be 1 to 2 pH units lower than the corresponding calcium-only
glasses.

3.1.2 Vapor Hydration Test Results

Vapor hydration tests on eleven compositions are being conducted at Argonne National Laboratory
(ANL) (Bakel 1994). Tables 3.3a and 3.3b show the glass compositions (wt %) and their associated
identification numbers (assigned by ANL and PNNL). PNL-A (or LD6-5412) was selected for use in both
long-term PCT and the accelerated vapor hydration tests. The other ten glasses (PNL-B through PNL-K)
were tested only under accelerating conditions of the vapor hydration test.

All eleven glasses are being tested using the ANL vapor hydration test method to generate secondary
phases within a short period of time. Monolithic samples are exposed to a saturated waste vapor environ-
ment. These tests are being conducted at temperatures of 70, 120, 150, 175, and 200°C to determine the
effect of temperature on the alteration phases generated and the corrosion rate under these conditions. The
long-term corrosion rate and identification of secondary phases generated during glass corrosion as a function
to temperature will determined. A quantitative measure of the corrosion rate is given by the overall genera-
tion of the alteration material. The thickness of the alteration layer (including secondary phase formation and
the sodium-depleted layer) is used to approximate the rate of alteration at different reaction times.

For a detailed description of the test conditions, refer to the ANL interim report, “Long-Term and
Accelerated Testing of Candidate Waste Forms for Low-Level Hanford Waste for FY94” (Bakel 1994).
Most of the information reported in this summary was obtained from the interim report (Bakel 1994) for
fiscal year 1994, while limited data and discussion obtained through monthly reports were also provided.

3.10



Table 3.3a. Glass Compositions (Oxides in wt%) and Identifications

PNLID |LD6-5412 | L4-906 L4-909 L4-6012 L4-9012
ANL ID PNL-A PNL-B PNL-C PNL-D PNL-E
SiO, 5591 62.78 59.81 59.78 56.78
Na,0 20.0 20.0 20.0 20.0 20.0
B,0* 5.0 9.0 9.0 6.0 9.0
Ca0 4.0 0.0 0.0 0.0 0.0
ALO, 12.0 6.0 9.0 12.0 12.0
Others 3.09° 222" 2227 2227 2227

Table 3.3b. Glass Compositions (Oxides in wt%) and Identifications

PNLID | L4-12012 | L5-096 150912 | L6546 | L6-549 16-5412
ANLID |PNL-F PNL-G PNL-H PNL-I PNL-J PNL-K
Si0, 53.78 62.78 56.78 62.78 59.78 56.78
Na,0 20.0 20.0 20.0 20.0 20.0 20.0
B,0, 12.0 0.0 0.0 5.0 5.0 5.0
Ca0 0.0 9.0 9.0 4.0 4.0 4.0
ALO, 12.0 6.0 12.0 6.0 9.0 12.0
| Others 222" 222 222" 2227 2.227 2227

* Cr,05 (0.04), K,0 (1.46), MoO; (0.15), SrO (0.11), 1(0.13), Cs,0 (0.15), MgO (0.003),
(0.003), MnO (0.002), SO, (0.21), and C1 (0.35). ’

P,0; (0.19), F (0.29), Fe,0,

** B0, (0.014), K,0 (0.327), P,0; (1.188), C1 (0.093), Cr,0; (0.036), MnO (0.007), SO,
(0.004), Nd,0, (0.012), Z1O, (0.005).

(0.32), F (0.213), Fe,0,
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Secondary Phases Observed

Four secondary phases (referred to as Phases A, B, C, and D) were observed and identified. From
X-ray diffraction data, the d-spacings measured for Phase A were similar to those of both gobbinsite
[Nay(AlLSi,,)05,°11H,0] and phillipsite (K,Na,AlS1,,0,,°12H,0); the chemical compositions were also
similar. Morphology considerations lead to Phase A being identified as gobbinsite.

The d-spacings measured for Phase B were in good agreement with those of analcime
[Na(AlSi,0,)°H,0].

Phase C had composition and d-spacings similar to those of Phase A, but a different morphology. Based
on the morphology, Phase C was identified as phillipsite.

Phase D was the only secondary phase that contained a high concentration of calcium, the primary sink
for calcium in these systems. Although the compositional analysis of Phase D showed there to be no
aluminum, the XRD results were in very good agreement with sodium-aluminum-silicate.

Table 3.4 shows the measured alteration thickness and the phases present on PNL-A at each test
temperature and time. Several measurements were taken; an average value is reported on the layer thickness
due to large variances about the perimeter of the sample. The hydration test, performed at 70°C and
terminated after 56 days, had only a few scattered fine-grained particles. Several crystals of Phase A
(possibly gobbinsite) were found in the 120°C tests conducted for 28 days, while no secondary phases were
found on the sample reacted for 56 days. No measurable alteration layer was present in either test.

In tests conducted at 150°C, all four phases were observed (Phase A only detected in the 7-day test).
During the early stages of the tests, only fine-grained particles were observed on the glass surface. As
reaction times increased at 150°C, Phase A particles scattered on the glass surface; the formation of a
measurable sodium-depleted layer and Phases B,"C, and D were identified.

In tests conducted at 175°C, alteration layers (sodium-depleted) and an outer crust of Phase B, C, and D
were observed after 1 day. As the reaction times increased, a thick surface layer of these three phases
(primarily Phase B) was observed. ‘

Secondary phases generated on PNL-A reacted at 200°C were large, abundant, and well-formed. All
samples developed a thick outer crust composed of Phase B (primary phase), Phase C, and Phase D.

Corrosion of PNL-A resulted in the formation of a sodium-depleted layer beneath the original sample
surface and several secondary phases which nucleated on the outer surface of the sodium-depleted layer. The
initial stage of corrosion involved the dissolution of material at the glass surface, primarily ion-exchange
reactions with water. This generally resulted in an increase in the solution pH, which then facilitated the
slower hydrolysis reaction to release boron and silicon. The formation of the sodium-depleted layer observed
in the 150°C tests (and higher) was consistent with the two different reaction (ion-exchange and hydrolysis)
rates and the experimentally observed solution analysis. The silicon and boron were released nearly stoichio-
metrically, while sodium was released to a greater extent. As the solution concentration became more
concentrated, the effects of secondary precipitation played a role in the overall dissolution once solution
saturation has been reached.
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Table 3.4. Alteration Phases on PNL-A After the
Vapor Hydration Tests (Bakel 1994)

0 = indicates no measurable layer observed
- =indicates this phase was not observed

+ = indicates this phase was observed

> = indicates that the sample was completely altered
++ = indicates this phase was observed to be the most abundant phase.

3.13

—Temperature Time Layer Phase A |.Phase Phase Phase
°O (days) (um) B C D
70 56 0 - - - -
120 28 0 + - - -
120 56 0 - - - -
150 3 0 - - - -
150 7 0 + - - -
150 11 200 - + + +
150 14 200 - + + +
150 18 > - + + +
150 21 > - + + +
150 28 > - + + +
175 1 200 - + + +
175 2 800 - ++ + +
175 3 1000 - ++ + +
175 5 800 - ++ + + -
175 7 > - ++ + +
175 14 > - 44 + +
175 18 > - ++ + +
175 21 > - ++ + +
175 28 > - + + +
200 3 > - ++ + +
200 7 > - +t + +
200 14 > - + + +




Estimating the Corrosion (or Alteration) Rate

From the layer thickness, the corrosion rate (or rate of alteration) of the PNL-A was estimated. From
Table 3.4, it can be seen that the corrosion of the glass (alteration layer thickness) occurred very quickly at
temperatures of 150°C or higher, but more slowly at lower temperatures. Samples reacted in tests at 70°C
and 120°C or 150°C (through 7 days) did not form a measurable alteration layer. An upper corrosion rate
for tests at 70°C and for tests at 120°C with layers less than 0.2-um thick (the minimal detectable thickness)
after 56 days was 4 x 102 um/day.

Although tests at 150°C conducted for 7 days or less did not produce a measurable layer, both the 11-
and 14-day tests yielded approximately a 200-ym-layer thickness. In both cases, the alteration layer was
dominated by the sodium-depleted layer. Assuming the layer thickness was 0.2 pm after 7 days, the glass
initially corroded at a rate of less than 3 x 10 wm/day. The dissolution rate for longer-term tests (> 18 days)
was 50 pm/day, which was consistent with that measured between 7 and 11 days.

In the tests conducted at 175°C, if the assumption was made that the corrosion rate could be expressed
based on the initial three days, a rate of about 300 nm/day was calculated. However, since the glass was
completely dissolved after 5 days, the rate of dissolution was estimated to be about 500 xm dissolved in
5 days, or 100 m/day. This was about twice the calculated rate of the tests at 150°C. It was noted that
since the same alteration phases are formed at 150°C and 175°C, the same reaction mechanisms are likely to
occur.

Vapor hydration tests at 200°C were conducted for 3, 7, and 14 days. All samples were completely
corroded. A lower limit of the corrosion rate was calculated to be approximately 170 nm/day, since about
500 pm of glass were totally dissolved within 3 days. Due to the same secondary phase formations at this
temperature compared to the lower temperatures, it was suggested that the corrosion mechanism did not
change over this temperature range.

These limited data can be used to estimate the corrosion rate at lower temperatures. These initial
estimates are based on limited data to demonstrate how the data will be used as more data becomes available
at the lower temperatures. Based on a plot of the measured corrosion rate as a function of temperature, the
data are well fit by a straight line with the formula log rate = 6.74 - 2.13(1000/T). Extrapolation of the line
to 120°C predicted a corrosion rate of about 20 m/day (about 50 g/m?/day); extrapolation to 90°C
predicted a corrosion rate of about 8 pm/day (about 20 g/m*day); and extrapolation to 20°C predicted a
corrosion rate of about 0.3 wm/day (about 0.8 g/m?/day).

The long-term corrosion rate extrapolated at 20°C (0.8 »m/day, based on the vapor hydration test) was
about 800 times that measured for the initial 30 days in the PCT at 20°C (about 0.001 g/m?/day, based on
sodium release). This suggests that the eventual formation of secondary phases at 20°C will increase the
corrosion rate of PNL-A by a factor of about 800.

Vapor Hydration of PNL-B Through PNL-K
Vapor phase tests with the remaining ten glasses (PNL-B through PNL-K) were performed at 150°C for
reaction times of 7, 14, and 28 days. The tests should demonstrate the use of a limited number of vapor

hydration tests at a single temperature to differentiate the long-term durabilities of glasses of different
compositions.
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Table 3.5. Alteration Layer Thickness Measured (in »m) on Samples from Vapor Hydration Test Run at
150°C for 7, 14, and 28 Days

Alteration Layer Glass Composition - Zeolite T

Thickness (vm) (wt%) Phase A, B,and C
Glass |.7 14 28 B,0; jCaO | ALO; |7 14 28 7 14 28

day | day |day day |day |day |day |day | day

B 0 300 j0 9 0 6 - - - - - -
C 0 0 0 9 0 9 - - - - - -
D 0 0 300 |6 0 12 - - - - - -
E 0 0 0 9 0 12 - - - - - -
F 0 0 0 12 0 12 - - - - - -
G 30 100 {300 10 9 6 + + + + + +
H 40 50 > 0 9 12 + + + + + +
I 50 |> > 5 4 6 + + + + + +
J 300 |> > 5 4 9 + + + - -+ +
K 0 400 | > 5 4 12 - + + - + +
A 0 200 > 5 4 12 - + + - + +

0 = indicates that no measurable alteration layer was observed in SEM
> = indicates that the monolith was completely altered
-= indicates this phase was not observed

+ = indicates this phase was observed.
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Table 3.5 summarizes the observed alteration of the ten glasses in terms of the sodium-depleted layer
thickness, the presence or absence of zeolite secondary phases (Phases A, B, or C), and the calcium-bearing
Phase D. The results showed an obvious trend wherein glasses containing calcium corrode in the tests and
glasses without calcium were not corroded. It was not surprising that the same secondary phases formed in
the calcium-bearing glasses and in PNL-A, due to the similarities in composition (see Table 3.4). This
suggests that the reaction mechanisms in the corrosion of glasses tested at ANL thus far are similar.

Within the group of calcium-bearing glasses (PNL-A, -G, -H, -1, -J, and -K), those with the highér
aluminum contents (-H, -K, and -A) were somewhat more durable than those with lower aluminum contents
(-G, -1, and -J) based on the alteration layer thickness. The extent of reaction also correlated to the boron
content of the glass. It was noted that the compositions of PNL-A and PNL-K differed only in the “Others”
added to the glass. These two glasses showed very sumlar corrosion behaviors, suggesting that the “Others”
component did not affect corrosion.

The vapor hydration tests results showed the following durability order for the different glass systems at
similar silicon, alumina, and sodium contents:

Boron-only > Mixture = Calcium-only.

The limited data carinot distinguish the durability order between the calcium-only system and the mixture
system (boron and calcium). In general, this order is similar to the order observed from PCTs and may also
provide evidence that the results from short-term vapor hydration tests are similar to those from PCTs. The
vapor hydration test in saturated vapor provided very high S/V conditions (only a few layers of water
molecules were adsorbed on the glass surface). The beneficial effects of boron oxide on glass structure and
on leachate pH were retained in the same way as in the static PCTs, but the higher S/V and higher
temperature in vapor test conditions promoted faster reaction progress.

3.1.3 Viscesity and Electrical Conductivity Results

Table 3.6 and Appendix E lists the viscosity data for all of the LLW glasses measured so far. Table 3.6
contains interpolated data from actual viscosity measurements by using Arrhenius temperature dependence.
For each glass, the temperatures (°C) at 10 and 5 Pa.S, and the viscosities at temperatures from 1000 to
1450 (°C) are listed.

' Electrical conductivity measurements were conducted by the following procedures, GDL-ECC
("Electrical Conductivity Calibration Procedure, Rev. 0") and GDL-ELC ("Electrical Conductivity
Measurement Procedure, Rev. 0"). Measurements were automated, using a General Purpose Interface Board
and an IBM PC to collect data. Procedures GDL-AECC, Rev. 0 and GDL-AEC, Rev. 0 ("Automated
Electrical Conductivity Calibration" and "Measurement Procedures for Molten Glass') were used for these
measurements. A probe with two platinum-10% rhodium blades was inserted into the glass to a known depth
and the resistance of the glass between the blades was determined by a resistance meter.
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A single rotation through a programmed loop of current frequencies at 0.1, 1, 10, and 100 kilohertz that
passed the currents quickly through the glass was used to measure resistance. The series of measurements
was taken once every 60 seconds after temperature stability had been reached in the furnace. Measurements
continued for an established time at each temperature, and the furnace would cool to the next designated
temperature. Temperatures ranged for 900°C to 1550°C. Because electrical conductivity is generally less
sensitive to glass alteration by volatilization or crystallization than viscosity, no replicate points were taken.

To normalize temperature and to compare the glasses, a simple Arrhenius relation was used,
In (EC)=A+B/T
where A and B are coefficients. A and B values fitted by using experimental data are given in Table 3.7.

Also given is the R?, which in is a measure of fitness. R?= 1.0 is a perfect fit. Based on literature and HLW
glass electrical conductivity measurement, 10 kilohertz data closely represents the true conductivity.
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3.1.4 Statistical Models for PCT Na Release’

First-, second- and third-order mixture models were fitted to the natural logs of PCT-normalized Na
release values (g/m?) averaged over duplicate 7-day PCT results for the glasses of L1-9 through L8-8
(42 glasses). The following sections discuss the results of the fitted models. -

Correlation Coefficients Among the Mixture Components

The pair-wise correlation coefficients among the nine mixture components were checked before model
development because highly correlated mixture components can cause problems in model fitting. If two
mixture components are highly correlated, then the fitted mixture model will not be able to separate the
effects from the two components; therefore, the results may be misleading. The pair-wise correlation
coefficients were computed and are given in Table 3.8.

The possible range of correlation coefficients is -1 to 1. The values -1 and 1 indicated perfect negative
and perfect positive linear correlation, respectively, while the value zero indicates that two components are
completely uncorrelated. According to-Table 3.8, the correlation coefficient between Na,O and Other is
0.999, which means the two components were almost perfectly correlated. Such highly correlated components
should not be treated as two independent terms in a model. Therefore, the two components were combined to
form a new component, "NaPlus," which is the sum of Na,0 and Other. Other correlation coefficients large
enough to be potentially bothersome are highlighted in bold type in Table 3.8.

First-Order Mixture Model

The first-order mixture model using mass fractions was fitted to the natural logs of Na-PCT released
values for glasses L1-9 through L8-8. The model coefficients and three. R? statistics are given in Table 3.9.
The three R2 statistics, R?, R,,4, R? ., are described in Section 6 6f Hrma, Piepel, et al. (1994).

The three R? statistics were used to evaluate fitted mixture models. Generally, R? statistics take values
between 0 and 1 and large R? values (i.e., close to 1) are desired. Among the three R? statistics, typically R? >
R?; > R?,.., More than a minor difference between R? and R?,; or R?,., was considered to be an indication
of problems. The three R? values of the first-order model indicated that the model fit the data reasonably
well, but there was considerable room for improvement.
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Table 3.8. Pair-Wise Correlations Among the Mixture Components

Sio, | B,O, | Na,0 | ca0 | ALO, | MeO | Fe,0, | 710, | Other
Sio, 1.000
B,0, |-0.305 |1.000
Na2,0  |-0.505 |-0.004 | 1.000
Ca0 -0.279 |-0.580 |-0.022 | 1.000
ALO,  |-0.585 0.106 | 0.007 | 0.134 | 1.000
MgO 0.043 |0.045 |-0.030 |-0.142 |-0.078 | 1.000
Fe,0, |-0.073 |-0.040 |-0.061 |-0.075 |-0.159 |-0.047 | 1.000
70,  ]-0.073 |-0.040 |-0.061 |-0.075 |-0.159 |-0.047 |-0.009 |1.000
Other  |-0.505 |-0.004 | 0.999 [-0.022 | 0.006 |-0.030 [-0.060 |1.000

Table 3.9. Coefficients for First-Order Mixture Model -

Component Coefficient

SiO, -2.2176
B,0, -15.0909
NaPlus 18.3060
CaO -7.2121
AlLO, -19.0564
MgO -0.5179
Fe,0, -10.0727 .
210, ) -16.2908

R? =0.8088, R%;=0.7694, R% . = 0.7140

All eight mixture components except MgO had significant effects on the PCT-normalized Na release.
Among them, NaPlus had the largest positive effect, while AL,O,, ZrO,, and B,0, showed the largest negative
effects. The estimated coefficient for MgO may not be very informative because the estimate was based on a
single glass (L8-8) containing MgO. The plot of predicted versus measured PCT Na release for the first-order
model is displayed in Figure 3.16. The plot indicates that the first-order model has reasonably accuracy but
noticeable imprecision. ‘

SecondTOrder Mixture Model

To obtain the "best"-fitting second-order mixture model, a statistical procedure was used to select the
second-order terms. Based on the R?, R?,;, and C, values, the procedure provided the candidates for the
"best" model selected from all possible model forms with a certain number of terms: The C, statistic
measures the bias of a model. If a model had negligible bias, the C, value should have been close to the
number of terms in the model. All second-order terms involving components MgO, Fe,O,, or ZrO, were
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excluded from the selection, because each of these three components appeared in only a few (one or four) L8
glasses. Such limited information cannot support the second-order terms involving these components.

The second-order mixture model with the best three R? and C, values is given in Table 3.10. The model
fit PCT Na-release data fairly well. The second-order model provided a better fit than the first-order model,
based on comparing the R? statistics of the two models. The plot of predicted versus measured PCT Na
release, shown in Figure 3.17, also indicates that the second-order model had a better prediction capability
than did the first-order model.

Third-Order Mixture Model

Third-order mixture models were also investigated to explore the possibility of further improvement for
model fitting. The same statistical procedure was used to select the second- and third-order terms. Again, all
second- and third-order terms involving MgO, Fe,0,, and ZrO, were excluded from the selection for the same
reason.

The third-order mixture model with the best R? and C, values is given in Table 3.10a. The R? statistics
of the third-order model were slightly increased compared to the second-order model. The plot of predicted
versus measured PCT Na release in Figure 3.18 also shows that better predicted values were obtained by the
third-order model for a few points (e.g., point #9, glass L4-96 and point #19, glass L5-96). However, the
improvement gained by upgrading the model from the second-order to the third-order is quite limited.

Table 3.10. Coefficients for Second-Order Mixture Model

Term Coefficient Term Coefficient
SiO, -67.9445 MgO 40.7025
B,0, . -7.2450  {Fe,0, 23.9476
NaPlus 41.6355 Zr02 17.7295
Ca0 22.1563 Si0, x Si0, 81.2173
AlLO, 8.5533 B,0, xB,0, . 222.9915
R2=0.9563, R%,g =0.9440, R%,. = 0.9241

Table 3.10a. Coefficients for Third-Order Mixture Model

Term Coefficient Term Coefficient
SiO, -32.7543 |Fe203 16.6262
B,0, 42742 |ZrO2 10.4081
NaPlus 33.2717 |B203 xB203 217.5201
Ca0O 14.8293 |SiO, x SiO, x SiO, 50.6837
Al O, 4.0427 |SiO, x B,0; xAlL,0, -156.7852
MgO 33.4808

‘ R?=0.9627,R%,4 = 0.9507, RZpess = 0.9290
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3.2 Minor Component Study of LLW Glasses

In addition to its high sodium content, some of the Hanford Site LLW has high enough concentrations of
minor components, including Cl, F, P,0Os, SO,, and Cr,O, to be concerned about their impacts on the glass
properties. These troublesome minor components could cause problems during waste-glass vitrification.
Minor component study of LLW glass is an important part of the LLW glass formulation program at PNNL.
The study addresses crucial issues relevant to the glass formulation and the melter evaluation, including .
solubilities of these minor components in LLW glass, glass composition effect on the solubilities, effects of
the minor components in glass on waste processibility, and their impacts on chemical durability of final glass
waste forms. Results of the minor component study of LLW glasses are summarized in a letter report.
Crucial parts in that report are summarized here, and new results obtained since that report was written are
also included to provide information necessary for vendor glass formulation.

3.2.1 Solubility of Minor Components

Solubility limits of minor components in glass were defined by their concentration levels at which both
quenched and annealed glasses were homogeneous, amorphous to X-ray, and free from crystals or a second
amorphous phase under an optical microscope. However, the true solubility limits may be higher at
temperatures at which glasses are processed. A good example can be found in fluorine-spiked glass. The
high fluorine-containing melts were transparent, but became either translucent or opalescent once the molten
glasses cooled. This suggests that fluorine is soluble in the melt at the glass-processing temperature, but
becomes over-saturated at lower temperatures. A similar observation was seen in the case of phosphate-
spiked glass. Accordingly, solubility data should be considered as lower bounds of these limits in general,
which provide a safety margin for both glass formulation and the actual waste vitrification process. -

Table 3.11 lists the nominal compositions of 1.6-5412 and L.4-9012 glasses, which were most extensively
used in the minor component study. Solubility limits of halide (Cl, F), phosphate (P,O,), sulfate (SO,), and
chromium oxide (Cr,0,) were determined in L6-5412 base glass at 1300, 1350, and 1400°C, as well as in
L4-9012 glass at 1350°C only. Table 3.12 summarizes the solubility limits of minor components in these
glasses.

As shown in L6-5412 glass, within experimental error the solubility limits were insensitive to the change
of the glass-processing temperature from 1300 to 1400°C. Effects of melt duration and the batch-size
variation on the solubility limits were examined using L6-5412 glass at 1300°C. Results confirmed the
validity of solubility data obtained from small-size batch melts for a shorter time.

The effect of glass composition on the solubilities of some of the minor components was apparent, except
for Cl. Compared to L6-5412 glass, F solubility increased by about 30%, but by more than 120% for P,O;
solubility in L.4-9012 glass. Solubility of Cr,0, also increased in L4-9012 glass by about 100%, while
solubility of SO, decreased by about 40%.
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Table 3.11. Nominal Compositions (wt%) of LLW Glasses Used in Minor Component Study

Table 3.12. Measured Solubility Limits (wt%) of Minor Components in LLW Glasses as a
Function of Glass Processing Temperature

Oxide L6-5412 | L4-9012 |Oxide Others
Sio2 56.78 56.78 |Bi203 0.014
B203 5.00 9.00 |(CI 0.092
Na20 20.00 20.00 (Cr203 0.036
CaO 4.00 0.00 |F . 0.213
Al203 12.00 12.00 [Fe203 0.005
Others 2.22 2.22 (K20 0.327
MnO 0.007
Nd203 0.012
P205 1.187
SO3 0.320
Zro2 0.005
Total 100.00 | 100.00 |Subtotal 2.217

Glass 1.6-5412 L4-8012

Minor Component 1300 C 1350 C 1400 C 1350 C

Cl# 0.56 (0.03) 0.57 (0.03) 0.52 (0.03) | 0.49 (0.04)
F #) 0.77 (0.02) 0.92 (0.02) 0.91 (0.02) 1.18 - 1.45
P205 (#) 1.94 (0.16) 2.10 (0.16) 2.28 (0.17) 5.8 (%) '
SO3 (#) 0.75 (0.06) 0.75 (0.07) 0.75 (0.07) | 0.47 (0.04)
Cr203 (&) 0.46 0.48 (0.02) 0.48 (0.02) | 1.04 (0.07)

(#) Values in aparenthese are one standard deviation, except for Cr203 case.
(&) For Cr203, values in apparenthese are differences between
Na- and K- fussion methods used in ICP.
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A limited amount of chlorine can be incorporated into silicate glass melt by substitution for BO (Sun and
Silverman 1945), which lies in its larger ionic radius, 1.81 A, compared to oxygen, 1.38 A. According to Cl
solubilities in L6-5412 and 1.4-9012 glasses, the change of B,0, seemed to slightly decrease or have no
influence on Cl1 solubility.

Fluorine, on the other hand, was expected to be more soluble in glass because its smaller ionic radius,
1.31-1.33 A, makes the substitution easier. However, at high F concentration, NaF and CaF, precipitated
from the glass. Reviewing F solubilities in L6-5412 and L4-9012 glasses, it can be seen that by removing
Ca0, the increase in F solubility was substantial. However, F solubility could have been strongly affected by
Nain LLW glasses.

A significant increase in P,O; solubility in L4-9012 was directly related to the removal of CaO, which
prevented glass from forming Na,Ca,(PO,),Si0, crystals. At a fixed level of CaO (4 wt%), concentration of
Na,O also influences the solubility of P,O; significantly. Experimental results reported by a subcontractor of
Rensselaer Polytechnic Institute (Crichton and Tomozawa 1995) demonstrated that by increasing Na,O from
20 wt% to 25 wt%, the phosphate solubility was increased from 2.1 wi% to 6.3 wt%. On the other hand,
phosphate solubility was reported to decrease with an increase in ALO, content at a given CaO content level
(4 wt%). With a complete removal of AL,O, from L6-5412 glass, the phosphate solubility increased up to 8.5
wi%, as compared to 2.1 wt% P,O; for L6-5412 glass with 12 wt% Al,O, (Crichton and Tomozawa 1995).
Although either increasing Na,O or decreasing Al,O, are beneficial to the phosphate solubility, an impact of
the composition change on glass durability must-be considered for optimization of glass formulation.

Compared to L6-5412 glass, SO, was much less soluble in L4-9012 glass, which may be attributed to an
overall reduction of NBO concentration in glass due to both a removal of CaO and an increase in B,0,,
according to Holmquist (1966) and Papadopoulos (1977). It is not fully understood if an increase in
solubility of Cr,0, in L4-9012 glass is related to the change of CaO or to B,O;. The recent EXAFS (extended
X-ray absorption fine structure) data show that in LLW glasses, Cr,0; has a form of 6-fold Cr** in the glass
network. Combining the EXAFS results with a previously published model (Singh and Nath 1981), it seems
that increasing BO concentration in glass favors Cr,O, dissolution in glass. Comparing glass compositions
between L6-5412 and L4-9012, the latter has higher B,O, and no CaO, and hence is expected to have a
higher concentration of BO, which in turn results in higher solubility of Cr,0O,. Further investigation into the
relationship between the BO and Cr,0, solubility is necessary to support the current understanding.

3.2.2 Volatilization of Minor Components

Figure 3.19 presents total weight losses for L6-5412 base glass and glasses with minor components
versus minor component-loading at various temperatures. Clearly, volatility of the base glass and glasses
with either P,O; or Cr,0; was negligible. However, the weight loss in glasses with additions of Cl, F, and
SO, were significant once their concentrations in batch were in excess of their solubility limits. The volatility
is in the order C1 > SO, = F. For a batch with 5.0 wt% Cl, the total weight loss was found to be more than
the chlorine loading in the batch, suggesting that ClI also promotes volatilization of other constituents
identified as B,0; and Na,O.

Figure 3.20 presents a comparison of weight losses between L6-5412 and L4-9012 glasses with minor
components. It is evident that L.4-9012 glasses with minor components exhibited higher volatility than
L6-5412 glasses, indicating that B,0; in glass also promoted minor component volatility, probably during
the initial batch melting stage since melting temperature of boric acid is as low as 236°C.
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Weight-loss data presented in this study are for the melts under a static melting atmosphere. However,
the weight loss of L6-5412 glass melted at 1300°C is reported to increase with a flow-rate of atmosphere
above the melt (Crichton et al. 1995). In this case, the loss was presumably-associated with B,0; and Na,0,
and the rate of weight loss appeared to be mainly governed by the transportation of the alleged species away
from the melt surface (Crichton et al. 1995). Accordingly, it is important to evaluate further the impact of air
flow-rate on the volatility of glasses with additions of Cl, F, and SO,.

3.2.3 Effect of Minor Components on Crystalline Phase Formation

Various crystalline phases were found in glasses with minor components in excess of their solubility
limits, some of which formed in the bulk of glass and others which segregated from the melt, either on the top
of the melt, or at the interface between the melt and the crucible wall.

In glasses spiked with Cl over its solubility, a spherical crystalline phase, NaCl, precipitated from the
melt and then accumulated toward the top of the melt. The crystallization and consequent segregation toward
the top of the melt is considered to occur at glass-processing temperatures, based on the morphology and
distribution of NaCl crystals in the melt. However, once F is above its solubility, the glass was opalescent,
the extent of which depended on concentrations of NaF and CaF, formed in a melt (in L4-9012 glass, only
NaF existed). The crystallization of NaF and CaF, was found to occur during melt cooling, suggesting that at
the glass-processing temperature, F solubility should be higher than the values defined under the current
specification. The reasons to use lower solubility value can be found in the previous report.

Glass containing phosphate in excess of its solubility also became opalescent upon melt cooling; this was
caused by crystallization of Na,PO, and Na,Ca,(PO,),SiO, (in L4-9012 glass, only Na,PO, existed). At
1300°C, L6-5412 glass with 10 wt% P,O; exhibited an additional phase segregation on the top of the melt.
In this case, the segregated layer contained two distinctive phases, one rich in P and Ca, and another rich in
Si. At 1350°C or 1400°C, a phase-segregated layer was not observed for melts of the same glass, suggesting
these melts were likely outside of a glass immiscibility boundary for this particular glass system-(Tomozawa
1979).

In L4-9012 glass with 6.0 wt% P,Os, opalescence became visible to the eye. As previously addressed,
removal of CaO increased P,O; solubility significantly. One concern regarding CaO-free glass was whether
the presence of SrO in LLW glass would affect the phosphate solubility and hence its crystallization. A
preliminary study was conducted using L4-9012 glass with addition of both 6.0 wt% P,O; and 1 wt% SrO.
The melt was held at 1350°C for 2 h. Both quenched and annealed glass samples were visually examined.
No distinguishable appearance existed between L4-9012 glasses with and without SrO, suggesting that a
small amount of SrO in glass is unlikely to affect the solubility of P,O; in glass:

A primary crystalline phase was Na,SO, segregating from melts containing over-saturated SO;. The
segregated sulfate accumulated either on the top of the melt or at the interface between the melt and the
crucible wall, In addition, phases containing high P and Ca were found both in and near the segregated sulfate
phase. Furthermore, in a melt of LD6-5510 glass (with 0.3 wt% SO,), which was made from simulant and
glass additives, sulfate segregation was severe, and chromium content in the segregated sulfate was higher as
compared with chromium in the glass matrix (undetectable by EDS). The sulfate segregation in this case is
probably associated with an earlier batch melting under a reducing atmosphere due to the presence of a
reductant in the simulant (possibly NO,). Further investigation is necessary to clarify the real cause.
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Crystals, Cr,0;, in the bulk of glass formed in melts with over-saturated chromium oxide. No crystal
settlement was found in L6-5412 glass with 2.0 wt% Cr,O;, which was melted at 1350°C for 40 h.
However, it is important to realize that the result should not be viewed as a general picture for LLW glasses.
Specific attention must be paid if a glass contains certain amounts of either Fe,0, or NiO, or MnO. Under
these circumstances, spinel-like crystals are likely to form, and the tendency of the crystal settlement should
be investigated. ’

Reviewing the above results, a general conclusion can be drawn that two types of phase segregation exist
in these minor components. For F, P,O;, and Cr,0;, the phase segregation takes place within the glass melt
and no accumulation takes place on the top of the melt surface. (The segregated layer on the top of 10 wt%
P,O; melt is related to amorphous phase-separation phenomenon.) For Cl and SO,, however, the segregated
phases tend to accumulate first on the top of the melt, forming molten salt layers and then evaporate as the
melting proceeds. .

This study also found interactions between sulfate and phosphate, or between sulfate and chromium
oxide, during glass batch melting. Results show that segregation of SO, tends to extract P,O; and Cr,0,
from the melt, bringing them to the top of the melt. The similar phase-segregation phenomenon related to
minor component interaction has been reported in high-level waste glasses (Li et al. 1995; Sullivan et al.
1995). In addition, the effect of minor component interaction, particularly between P,Os and SO,, was studied
using L6-5412 (5 wt% B,0; - 4 wt% CaO - 12 wt% Al,0,); L4-9012 (9 wt% B,0, - 9 wt% Al,0;), L4-909
(9 wt% B,0; - 9 wt% ALO;); and L5-0912 (9 wt% CaO - 12 wt% AL,0,) glasses, which was done by using
the same amounts of P,O; (2.5 wt%) and SO, (1.0 wt%) in all batches. Table 3.13 summarizes XRF-
analyzed concentrations of these minor components in glass and the results of visual inspections for the
quenched glass samples (these glasses were melted at 1350°C for 2 h). Except for L5-0912 glass, remaining
glasses, spiked with both P,O, and SO,, were phase-separated, showing both molten sulfate segregation in
the early stage of batch melting and various degrees of opalescence in the bulk of quenched glasses, possibly
due to amorphous phase separation. Among these glasses, the phase separation in the bulk of L4-9012
appeared to be the strongest.

The sample opalescence was considered to be related to amorphous phase separation, related to cluster
formation of R-O-P-O and R-O-S-O (Darab et al. 1995). Results in Table 3.13 suggest that the phase
separation was promoted by SO;, based on the following reasons. First, at 2.5 wt% P,O;, phosphate phase
separation in L4-9012 was not expected because P,O5 was well below its solubility limit (5.8 wi%). For
L.6-5412, the phase separation was also unlikely since P,O5 was at its solubility limit (2.5 wt%) and no phase
separation was observed in L.6-5412 with the single addition of 2.5 wt% P,0,. However, these samples did
show phase separation and it was the worst in L4-9012 glass. For L5-0912, the phosphate phase segregation
was expected, but it was not observed. Therefore, the phase separation observed here cannot be explained in
terms of solubility of P,Os, but seems to be well correlated with solubility of SO,. The SO, solubility in
16-5412 is higher than that in L4-9012 glass. In L5-0912 glass, retained SO, was 1 wt%, the same as the
batched concentration, and yet no segregated Na,SO, was found, indicating even higher SO, solubility, above
1 wt% SO, in this glass. The overall impression was that the solubility of SO, in glass was a limiting factor
in the amorphous phase separation.

3.2.4 Effect of Minor Components on Glass Melt Viscosity

Glass melting temperature, T,,, as specified at 10 Pa.s melt viscosity, was determined in L6-5412 and
L4-9012 glasses with mipor component additions, which are summarized in Table 3.14. Figure 3.21
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illustrates the change in the melting temperature, T,,, of glass spiked with minor components at their
solubility limits. Overall, F significantly reduced T,,. On the other hand, Cl and P,QOs increased T,,, and the
effect of Cl was the largest. SO, appeared to increase T,, also. However, a mixed effect of Cr,0; on T,, was
observed. In L6-5412 glass, Cr,0O; increased T,,, while in L4-9012 glass, T,, decreased initially with the
addition of Cr,0O; and then increased at higher Cr,O; content. Compared to glasses with Cr,O; at its
solubility, it appears that precipitation of Cr,0; in the melt increased the melt viscosity or the melting
temperature (Table 3.14).
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Table 3.13. Measured Concentrations (wt%) of Phosphate and Sulphate in
LLW Glasses and Visual Inspection of Phase Separation

Glass L6-54J1 2 L4-8012 4-909 L5-0912
P205 (#) 2.24 (0.21) 2.20 (0.19) 2.05 (0.18) 2.29 (0.23)
SO3 #) 0.88 (0.07) 0.57 (0.05) | . 0.68 (0.06) 1.00 (0.08)
Phase

Separation slightly significant intermediate non

(#) Values in parentheses are one standard deviation.

Table 3.14. Glass-Melting Temperature (°C) at the Melt Viscosity of 10 PaeS
for LLW Glasses with Minor Component Additions

Minor L6-5412 {Minor L4-8012
Component (wt%) - Component (Wi%)
base glass
1351 1345
Cl : Cl .
0.40 wt%| 1363 0.49 wt%| 1352
0.56 wt%| 1374 ’
F F
0.77 wt%| 1216 1.18<X<1.45| 1216
P205 P205
1.94 wt%| 1361 5.8 wt%| 1366
SO3 SO3
0.5wt%| 1357 0.47 wt%| 1342
0.75 wt%| 1361 0.56 wt%| 1348
Cr203 Cr203
0.48 wt%| 1354 1.04 wt%| 1320
. 0.79wi%| 1361 1.19 wi%| 1342

(#) Values in Bold phase are for the minor components at

their solubility limits.
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In addition, T,, values of L6-5412, L4-9012, and L5-0912 glasses spiked with 1 wt% SO, and 2.5 wt%
P,0O; (batch compositions) were also determined. For L.6-5412 glass, addition of P,O; and SO, increased T,
further, compared to an individual increase in T,, when P,O, and SO, were added separately. However, for
L4-9012 glass, the addition of P,O; and SO; seemed to have no effect on the base glass-melt viscosity, or
. T)o. No viscosity data are available for L5-0912 glass spiked separately with these two minor components at
their solubility limits (the solubility limits have not been determined yet). However, available viscosity data
suggested that P,O; and SO, in L5-0912 had a smaller effect on the glass-melting temperature when
compared with the effect on L6-5412 glass. Overall, the results suggested that the effect of mixed minor
components on glass viscosity is nonlinear with respect to their concentrations.

3.2.5 Effect of Minor Components on Glass Chemical Durability

The static 7-day PCT and the single-pass flow-through test were used to evaluate chemical durability of
L6-5412 glasses with the minor components at their solubility limits; the PCT was also performed on the
samples with minor components above their solubility limits. Figure 3.22 illustrates the release of sodium as
determined by both the PCT and the SPFT. Results from both tests showed that P,Os, SO,, and Cr,0,
decreased glass durability; Cr,0; had the largest effect (Li et al. 1995). Glass with 0.48 wt% Cr,O, showed
an increase in either sodium release (PCT) or sodium leaching rate (SPFT) by about 20%. Apparent
durability of glass with F addition is increased, based on the PCT data; i.e., a reduction of sodium release by
about 10% at F solubility, but by about 30% above the solubility. The apparent durability increase was
considered to be a result of lower solution pH. Without the pH influence, the flow-through test showed that
F-spiked glass was the least durable, and that its sodium-leaching rate was 100% higher than that of the base
glass. Judging results from both the PCT and SPFT, Cl-spiked glass appeared to be as durable as the base
glass.

3.3 Phase I Vendor Glass Study

Phase I is a "proof of principle” test to demonstrate that a melter system can process a simulated highly
alkaline, high nitrate/nitrite content aqueous LLW feed and produce a glass product of consistent quality.
Seven melter vendors participated in the Phase I evaluation, including the following: joule-heated melters
from GTS Duratek, Incorporated (GDI), Envitco, Incorporated (EVI), Penberthy Electromelt, Incorporated
(PEI), and Vectra Technologies, Incorporated (VTI); gas-fired cyclone burner from BabCock & Wilcox
(BCW); plasma torch-fired, cupola furnace from Westinghouse Science and Technology Center (WSTC); and
electric arc furnace with top-entering vertical carbon electrodes from U.S. Bureau of Mines (UBM). A
detailed technology review on this phase I study has been reported (Wilson 1995).

3.3.1 Phase I Glass Compositions and Waste

The waste used for the Phase I study is the nominal composition of the double-shell sturry feed (DSSF)
as shown in Table 1.1. The nominal glass compositions are shown in Table 3.1. These glasses include five
PNNL glasses, LD4-912, LD5-912, LD6-5412, LD6-5510, and LD6-5314. Some of the vendors of Phase I
used PNNL composition for their testing. U.S. Bureau of Mines used PNL LD6-5510 in an arc furnace with
top-entering vertical carbon electrodes. Babcock & Wilcox used PNL LD6-5510 in its small-boiler
simulator-cyclone furnace. The simulator-cyclone furnace uses a slurry composed of the LLW simulant plus
glass formers that are injected into a horizontal, gas-fired cyclone burner. Envitco, Incorporated used LD4912
in its ceramic-lined, joule-heated melter that uses molybdenum rod electrodes.
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The other four vendors developed their own glass compositions. GTS Duratek, Incorporated used a
composition similar to most high-level waste borosilicate glass that melt at 1150°C or below, to be able to
melt the glass in their ceramic, refractory-lined, joule-heated melter that uses Inconel® plate electrodes.
Penberth Electromelt, Incorporated used boron-free aluminosilicate-glass composition in their ceramic
refractory-lined, cold-top, joule-heated melter with side-wall molybdenum electrodes. Vectra Technologies,

“Incorporated used a composition similar to PNNL LD6-5510 (replacing 3 wt% SiO, with 3 wt% B,0; and
replacing 2.1 wt% CaO with MgO) in its water-jacketed and joule-heated furnace with vertical top-entering
molybdenum electrodes. Westinghouse Science and Technology Center used a high-alumina borosﬂlcate
glass in a plasma-torch-fired, cupola furnace.

From the limited comparison between the nominal compositions and the analyzed composition of the
crucible melts performed in this laboratory, our crucible melts composition were usually similar to nominal
compositions, as shown in Appendix A. However, the analyzed compositions from some of the glasses
produced by Phase I vendors were very different from those of the target compositions (see Appendix A).
Most of the discrepancies were between sodium and boron compositions; i.e., the analyzed composition of a
vendor composition had sodium contents of 12 wt%, which was 40 wt% less than the targeted 20 wt% due to
severe volatilization of some particular melting operation. The products with 40% less sodium will be, of
course, more durable and this will have a great impact on the PCT results discussed below.

3.3.2 Phase I Glass Durability and Viscosity

The measured PCT releases for some major components of Phase I glasses are listed in Table 3.15; the
completed PCT releases are tabulated in Appendix B. These Phase I glasses were all much more durable than
the high-level nuclear waste EA glass (designated "EA" glass in Table 3.15). The BCW and UBM glasses
should have similar durabilities as the PNNL LD6-5510 glasses, since they have the same nominal
composition; the deviation from the measured PNNL LD6-5512 durability is an indication of the deviation in
glass composition. The analyzed BCW and UBM glass compositions had much lower sodium and boron
contents due to volatilization during melting, as shown in Appendix B. The relative durabilities of the Phase
I glasses, shown in Figure 3.23, were measured by 7-day PCT and in Figure 3.24, were measured by single-
pass flow-through tests. It is interesting to see that the durability order measured by PCT is different than
that measured by SPFT tests. The PEL glass was the least durable glass measured by PCT sodium release
(Figure 3.23); it was the most durable glass according to SPFT tests (Figure 3.24). This opposite durability
order was also observed through testing other LLW glasses with these two types of tests, performed under the
current conditions. However, the detailed investigation indicates that PCT results are more sensitive to glass
composition change and can be understood according to glass chemistry, while SPFT at pH 12 is not useful
for glass composition optimization but its results are understandable based on solution chemistry.
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‘The melting temperatures (at 10 Pa.S) of the Phase I glasses are listed in Table 3.15. The temperatures
were between 1096° to 1379°C. The GDI composition had the lowest melting temperature; LD6-5314 had
the highest melting temperature. The viscosity data from temperature 1000° to 1450°C are tabulated in
Table 3.6. The relative melting temperatures of Phase I compositions are also shown in Figure 3.25.

3.4 Phase II Vendor Glass Study

The Phase II glass formulation supports the overall Phase II véndor testing to allow for more
comprehensive testing of equipment and procedures for selected promising technologies. This includes
testing the capability of the melter technology to handle wastes with high contents of F, Cl, P, and S. These
data will identify melter systems with the greatest flexibility to process feeds with these components and
provide data on concentration limits for these components that can be realistically processed by vitrification.

To accommodate the highest contents of F, Cl, P, and S in the Phase II glasses, the Phase II formulations
were developed based on the following:

» the available minor component solubility data in LLW glasses as presented in Section 3.2;
» the expansion from the Phase I glass compositions;

. waste loading at the equivalent of 20 wt% Na,O but at higher minor component concentrations in the
simulants;

« the exploration of the trade-off between melt temperature vs durability (e.g., 100 poise temperature vs
PCT response) to determine how much difference there might be among viscosity and implied volatility
with respect to durability; '

» the examination of the effect of different sources of glasses formers (ZrO2 and Fe,0; as well as SiO,
and B,0,);

» the search for a good-quality glass, i.e., a glass with good long-term durability and reasonable
_ viscosity; and

» the provision of much wider melting temperat‘ure ranges, from approximately 1100 to 1450°C, to give
* the vendors more flexibility.

3.4.1 Phase II Glass Composition and Wastes

The simulated wastes used for the Phase II study are the modified DSSF (M-DSSF) and the modified
remaining inventory (M-RI), as shown in Table 1.1. The M-DSSF simulant had 3 wt% F and 2.4 wi% Cl,
which represented the highest possible fluorine and chlorine contents in the LLW waste streams. The M-RI
had 9.95 wt% of P,O; and 3.98 wt% SO,, which represented the highest possible phosphorus and sulphur
contents in the LLW streams. The 25 wt% waste-loading requirement translated to 0.75 wt% F and 0.6 wt%
Clin the glass formulations with M-DSSF, which are similar to the solubility limits of F and Cl in LLW
glasses shown in Table 3.12. A 25 wt% loading of M-RI meant 2.48 wt% P,0, and 0.995 wt% of SO, in
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glass formulations with M-R1, which exceeded some solubility limits in some glasses, especially for SO, as
shown in Table 3.12. Table 3.13 shows the interactions of SO, and P,0O; and the minimum interactions
observed in L6-5412 and L5-0912.

Based on these considerations for the solubility of minor components S, P, Cl, and F, 12 glass
formulations were tested as Phase II compositions shown in Tables 3.16 and 3.17. These 12 glasses are
divided into two groups: six LDM-glasses, made from M-DDSF waste and six LRM-glasses, made from
M-RI waste.

LRM-5412 was based on LD6-5412; the only difference between these two glasses is the difference in
waste composition. LRM-5412 used the M-RI waste and had high contents of P,Os and SO,. This glass was
expected to be able to accommodate 25 wt% of M-RI without phase segregation and phase separation
according to the results presented in Section 3.2.

LRM-1 was modified from LRM-5412 by replacing 3 wt% B,0,, 2 wt% CaO, and 6 wt% SiO, with
6 wt% Fe,0;, 4 wt% ZrO,, and 1 wt% Li,0. LRM-1 was supposed to have had better chemical durability,
especially in terms of the long-term durability due to the reduction of CaO and addition of ZrO, and lower
melting temperature.

LRM-0912 was based on L5-0912 which was shown to be able to accommodate high levels of P,O, and
SO;. LRM-2 was improved from LRM-0912 by replacing 3 wt% CaO and 3 wt% SiO, with 6 wt% Fe,0,.
The durability, especially the long-term durability, was supposed to be improved and the melting viscosity
should have been similar.

LRM-3 was supposed to be a glass with good chemical durability, especially in terms of long-term
durability, by eliminating CaO and keeping the correct amounts of ZrO,, B,0,, and AL O,.

. LRM-4 was supposed to be a glass with good short- and long-term chemical durability, but could be
melted at a temperature below 1200°C.

The LDR-1, LDM-2, LDM-3, LDM-4, LDM-0912, and LDM-5412 glasses were formulated for the
same purposes as were the corresponding LRM-glasses discussed above.

3.4.2 Phase Il Glass Melting

LRM-5412 was melted at 1350°C; the glass was green in color and homogeneous. No phase segregation
was observed during melting. LRM-1 was melted at 1345°C; the glass was black-brown in color. During the
first hour of melting, a yellow layer was observed on top of the glass and some yellow material (probably
Na,SO,) was found at the top interface between the cooled glass and the Pu crucible and also on part of the .
center surface, as shown in Figure 3.26, after the second one-hour melting at 1345°C. The measured
temperatures at 10 Pa.S for LRM-5412 and LRM-1 were 1356 and 1334°C, respectively, as shown in
Table 3.6.

LRM-0912 was melted at 1375°C and a layer of white materials was observed on top of the melt after
30 minutes melting (Figure 3.27a); the white layer disappeared after one hour of melting (Figure 3.27b).
Bubbles formed in the melt during cooling, as shown in Figure 3.27b. The glass was reground and melted for

-
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the second hour at 1375°C. The glass was dark green in color, free of white layers, but had some small
bubbles. LRM-2 was melted at 1360°C and a yellow layer was observed on top of the melt during the first
30 minutes. Bubble formation was observed after the crucible was removed from the furnace after the first
one-hour melting, as shown in Figure 3.28. The second melting at the same temperature still produced
bubbles after one hour of melting, as shown in Figure 3.28d. A small amount of yellow materials, similar to
those observed in LRM-0912, around the glass at the interface with the Pt crucible was observed. The glass
was dark-brown in color. The measured 10 Pa.S temperatures were 1381 and 1380°C, respectively. The
observed bubble formation was due in part to the low melting temperatures (1375 and 1360°C were both
below the measured 10 Pa.S temperatures of 1381 and 1380°C, respectively). The escaping bubbles were
slow in highly viscous melts.

LRM-3 was melted at 1440°C and no phase segregation was observed during either first or second
melting as shown in Figure 3.29. However, the glass was cloudy and yellow-green in color. The cloudiness
suggested phase separation during cooling; the crystallinity is being investigated. - The measured 10 Pa.S
temperature was 1411°C,

LRM-4 was melted at 1140°C and a light brown layer was observed on top of the melt after 30 minutes
melting during the first melting, as shown in Figure 3.30. The light-brown surface layer gradually dissolved
in the melt as the melting duration increased, as shown in Figure 3.30. This disappearance of the light-brown
surface layer was not due to volatilization, as indicated by the high retention of SO, and P,O, contents in the
melted glass analysis results.

All of the six LDR-glass series were melted smoothly without obvious phase segregation and separation.
The melting temperature for LDR-5412 was 1290°C and the glass was light-green in color. The measured 10
Pa.S temperature was 1310°C. The melting temperature for LDR-1 was 1310°C and the glass was black-
yellow in color. The measured 10 Pa.S temperature was 1365 °C. The melting temperature for LDR-0912
was 1381°C and the glass was yellow-green in color. The measured 10 Pa.S temperature was 1348°C. The
melting temperature for LDR-2 was 1320°C and the glass was yellow-black in color. The measured 10 Pa.S
temperature was 1345°C. The melting temperature for LDR-3 was 1410°C and the glass was green in color.
The measured 10 Pa.S temperature was 1376°C. The melting temperature for LDR-4 was 1130°C and the
glass was black in color. The measured 10 Pa.S temperature was 1161°C.

The detailed measurements of viscosities for Phase II glasses are shown in Figures 3.31 and 3.32. The
comparison of the melting temperature, at 10 Pa.S, among Phase II glasses are shown in Figure 3.33. This
figure demonstrates that the LDR-glasses usually had lower melting temperatures due to the F content in the
M-DSSF waste than did the corresponding LMR-glasses, due to the P and S contents in the R-RI waste.
LD5-0912 had a melting temperature (at 10 Pa.S) of 1371°C, as shown in Table 3.6. The melting
temperatures for LDM-0912 and LRM-0912 were 1348° and 1381°C, respectively. The addition of 0.8 wt%
F and 0.6 wt% Cl reduced the melting temperature by over 20°C, while the addition of 2.5 wt% P,0O, and
1.0 wt% SO; increased the melting temperature by .10°C. LD6-5412 had a melting temperature (at 10 Pa.S)
of 1323°C, as shown in Table 3.6. The melting temperatures for LDM-5412 and LRM-5412 are 1310° and
1356°C, respectively. The addition of 0.8 wt% F and 0.6 wt% Cl reduced the melting temperature by 13°C
while addition of 2.5 wt% P,05 and 1.0 wt% SO; increased the melting temperature by 33°C.
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3.4.3 Solubilities of F, Cl, S, and P in Phase II Glasses

The nominal concentrations of F and Cl in the LDR-glasses were 0.82 and 0.64 respectively, which were

expected to be close to the solubility limits reported in Section 3.2 and caused no difficulties in crucible
melting as discussed above. The actual contents of F and Cl in LDR-glasses have not been analyzed yet.

Table 3.18. Sulfur and Phosphorus Contents in Phase Il Glasses (wt%)

Glass LRM-5412 | LRM-1 LRM-0912 | LRM-2 LRM-3 LRM-4
Nominal 1.01 1.01 1.01 1.01 1.01 1.01
SO,

Analyzed 0.87 0.76 1.01 0.74 0.59 0.93
SO,

Nominal 252 2.52 2.52 252 2.52 252
P;0s

Analyzed 2.67 272 2.67 2.60 2.82 2.62
P2OS

Glass LDM-5412 | LDM-1 LDM-0912 | LDM-2 LDM-3 LDM-4
Nominal 0.21 0.21 0.21 0.21 0.21 0.21
SO,

Analyzed 0.69 0.22 0.26 0.23 0.21 0.26
SO,

Nominal 0.19 0.19 0.19 0.19 0.19 0.19
P;0;

Analyzed 0.62 0.46 0.24 0.28 0.28 0.27

L — —
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The SO, and P,O; contents were similar to the nominal compdsition in the LDM-glasses. The P,O;
contents in LRM-glasses were also the same as the nominal composition, as shown in Table 3.18. Among
the LRM-glasses, LRM-0912, and LRM-4 composition were able to accommodate almost 100% of the SO,
and P,0; added to the batching mixture under crucible-melting conditions without significant phase
segregation and phase separation. LRM-3 was least capable of retaining SO, under the crucible-melting
condition because it had the least NBO bonds available in this formulation. LRM-5412, LRM-1, and LRM-2
had slightly lower SO, contents than did the targeted values due to volatilization.

Another special property of our crucible melting is the high oxidizing conditions. The chemicals used in
the crucible melting are high valance oxides such as Fe,O,; the contact of laboratory air with the small
volume of melt in the crucible was good and resulted in a strong oxidizing condition. The analysis of the
ratio of Fe(II) to total Fe for the Fe-containing phase II glasses is shown in Table 3.19 for LRM-1, LRM-2,
LRM-4, LDM-1, LDM-2, and LDM-4, respectively. The majority of irons are still in the Fe(IIl) state. In
general, more Fe(II) were present in LRM glasses than were in LDM-glasses, which may be an indication

Table 3.19. Redox State of Phase II Glasses Measured by Fe(II)/Fe Ratio

Glass Wt % Fe(Il) in Glass Wt% Fe (total) in Glass | Ratio of Fe(Il)/Fe
LRM-1 0.2669 3.5585 0.075
LRM-2 0.3190 2.9045 0.110
LRM-4 0.0868 3.6249 0.024
LDM-1 - 0.2144 3.4041 0.063
LDM-2 0.2346 3.4618 0.068
LDM-4 0.0730 2:9329 0.0249
LDMS-1 0.1159 42328 0.0274
LDMSM-1 0.0694 3.9936 0.0174
LRMS-1 0.1651 4.1961 -| 0.0394
LRMSM-1 0.0355 4.0224 0.0088
NIST Obsidian 0.9268 1.3156 0.7045

NIST Obsidian 0.9117 1.2523 0.7280

NIST Obsidian -- NIST ) 0.7050
Values __ __
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of the reduction of iron by sulfur in the LRM-glasses. Another obvious trend was that the glasses melted at
high temperature were more reduced, as seen from the comparison of the ratios of Fe(I[)Fe between low-
temperature glass, LRM-4, with LRM-1 and LRM-2, or by comparison between LDM-3 with LDM-1 and

- LDM-2. One should be aware of that when the melting condition becomes a reducing one, it may affect the
solubilities of minor components, as well as processing difficulties such as foaming and decreasing
durabilities. This is especially true for those Fe-containing formulations where iron will be reduced to Fe(II).

3.4.4 Phase II Glass Durability

The 7-day PCT durability of the Phase II glasses is shown in Figures 3.34 and 3.35 for sodium and
silicon releases. The complete PCT results are tabulated in Appendix B. All of the Phase II glasses were
much more durable than the EA glasses. The highest 7-day PCT sodium releases were from LDM-0912 and
LRM-0912, 1.2 and 1.02 g/m?7 d. Compared with 6.6 g/m?/7 d, these glasses were still a factor of 6 more
durable than EA glass. The most durable glasses were LDM-3, which had a sodium release of
0.29 g/m?/7 d, which was a factor of 23 more durable than EA glass. Within the LDM-glass group the
durability order is:

LDM-3 > LDM-1 > LDM-5412 > LDM-4 > LDM-2 > LDM-0912.
The durability order for the LRM-glasses is:
LRM-3 > LRM-5412 > LRM-1 > LRM-4 > LRM-2 > LRM-0912.

The comparison between LRM-glass and LDM-glass is complicated. The durabilities for LDM-3,
LDM-4, and LDM-1 are better than those of the corresponding LRM-3, LRM-4, and LRM-1. This may be
an indication that the addition of F and Cl into glasses will be more beneficial than the addition of SO, and
P,O; under PCT conditions, which are consistent with the results presented in Section 3.2. However, the
durabilities for LDM-0912 and LDM-2 are worse than those of LRM-0912 and LRM-2, while both
LDM-0912 and LRM-0912 are less durable than the base glass L5-0912. We interpret this to mean that.the
addition of either F and Cl or SO, and P,O; into calcium oxide-containing glasses decreases glass durability
and that the addition of F plus Cl is worse than the addition of SO, and P,0;. The durability of LDM-5412
and LRM-5412 was similar and was also similar to the durability of base glass L6-5412. This was probably
due to the opposite effects with the addition of these minor components into boron-only glasses (improving
durability) and into calcium-only glasses (decreasing durability) in a glass with almost equal amounts of
boron and calcium oxides. These durability results on LRM-5412 and LDM-5412 were also consistent with
the results discussed in Section 3.2, where opposite effects were observed with the addition of F and Cl and
small effects were observed with the addition of SO, and P,O;.

3.4.5 Phase II Glass Melting from Simulant Solutions

The Hanford Site LLW streams will likely be in the form of sludge after it is separated from high-level
waste. There is a need to explore the differences of glass melting from dry chemicals and sludge. The work
described below is one of such efforts. Only preliminary information was available when this report was
prepared; a detailed discussion on this topic will be included in the year-end report of the LLW glass
formulation program.
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Four compositions were prepared and melted with simulant waste slurries added as the "Others"
component. The resulting glasses were characterized for chemical composition by ICP, durability by PCT,
and viscosity. Two glasses, LRMS-1 and LRMSM-1, were based on the LRM-1 composition, and two
glasses, LRMS-1 and LRMSM-1, were based on the LDM-1 composition. The simulant solution (slurry) for
the "Others" in the LRM-1-based compositions came from the M-RI simulant (Table 1.1), while the slurry of
"Others" in LDM-1-based glass compositions was from the M-DSSF simulant (Table 1.1). The difference
between LRMS-1 and LRMSM-1 is that LRMSM-1 has additional 3 wt% of metal ion mixture of Cu, Zn,
Pb, Sn, Cr, Mn, Ni, Mo, Sb, As, Bi, and Cd, although both were made from simulant solutions. The same
difference exists between LDMS-1 and LDMSM-1. The detailed nominal and analyzed compositions of
these four glasses are in Appendix A2. The detailed procedure for the preparation of the simulant solutions
and the metal mixture solutions are described in details in (Lokken 1995).

Each batch was made from dry chemicals, either oxide or carbonate, except for the "Others" mixture and
the metal additions. Simulant solutions were agitated by either shaking the container vigorously or heating
the solution on a hot plate and stirring with a impeller to dissolve particles. The solutions were then
measured using a graduated cylinder and hand-stirred into the dry chemicals in a 1L stainless-steel beaker.

_ The resulting slurry was smooth with a creamy consistency.

The slurries were dried in a convection oven, heating from 120°C to approximately 200°C during the
day. The slurry was checked occasionally for boiling. The samples were left, at a minimum, overnight at
200°C. They dried into a hard cake which was chipped out and put in a 500-cc platinum crucible and placed
in a melting furnace at 650°C. The temperature was increased at 50°C intervals until foaming occurred,
between 800° and 850°C. The temperature was held steady while foaming to allow NOx to escape. At
times, the sample would be removed from the furnace to cool and allow the foam to subside and often the
foamed samples needed to be pushed back into the crucible with a stainless-steel rod. When the foam ceased
to rise, the crucible was removed from the furnace, the temperature was elevated to 1230° or 1250°C, and the
crucible was placed back into the furnace.

Melting was then conducted following the same procedure as described in Section 2.2. General
observations of the melts are that all glasses except LDMS-1 had a yellow segregated phase on their surface
after the final melt. This yellow substance was soluble in water. When contrasting simulant melts with dry-
chemical melts, the melt produced with simulants had more volatilization at melt temperature. Consequently,
the viscosity is believed to increase the longer the melt was at temperature, due to the continued volatilization.
All of the glasses were black except for the segregated yellow layer.

LDMS-1 was initially melted at 1250°C but lowered to 1230°C shortly after the melt began, due to low
viscosity and high volatilization. No segregation of sulfur was observed. The viscosity was
10 Pa.S at 1376°C.

LDMSM-1 had the same starting composition as LDMS-1, but had the 3 wt% added metals. This glass
was melted like LDMS-1, starting at 1250°C and then lowered to 1230°C. In both of the first and second
melts, a thin layer of yellow segregate was observed on the glass surface. Volatilization and foaming were
more prevalent in this melt than in LDMS-1. The viscosity was 10 Pa.S at 1323°C. Volatilization increased -
the viscosities of both LDMS glasses significantly during viscosity measurements.

3.42



LRMS-1 began its melt at 1230°C. During the second melt the volatilization was moderate and the glass
appeared to be viscous, so the temperature was raised to 1275°C. The viscosity was estimated to be 12 Pa.S
at the final pour, but the measured viscosity was 10 Pa.S at 1338°C. A yellow segregated layer was observed
in both first and second melts. .

LRMSM-1 had the same initial composition as LRMS-1, but with 3 wt% added metals. This glass was
melted at 1230°C. Both melts had a pool of yellow segregate. The segregate poured quickly from the main
melt and formed its own solid in two separate beads approximately 1-cm diameter and 0.5-mm thick. In
addition, a yellow layer coated most of the surface of the poured glass. The viscosity was 10 Pa.S at 1297°C.

The redox states of these four glasses were analyzed in terms of the ratio of Fe(Il) to total Fe, as shown in
Table 3.19. It was surprising to find that the glasses made from simulant solutions were more oxidizing, i.e.,
with lower Fe(I)/Fe ratio, than were the glasses made from dry chemicals. Thede(II)/Fe ratio of 0.0274 of
LDMS-1 was only 43% of the value of 0.063 of LDM-1 (made from dry chemicals) and the ratio, 0.0394 of
LRMS-1, was also only 53% of the 0.075 of LRM-1 (made from dry chemicals). The metal-added glass had
even lower Fe(II)/Fe ratios. These results may suggest a more oxidizing environment corrected by the
simulant solutions during glass melting instead of the general perception that the simulant solution provides a
more reducing condition.

The solubilities of SO; and P,O; in these four glasses are tabulated in Table 3.20. LRMS-1 had a higher
SO, solubility than that of LRM-1, which was consistent with the redox ratios discussed above, i.e., oxidized
sulfur has higher solubility. The trend on phosphorus solubilities is not clear since the values in Table 3.20
are essentially within experimental errors.

The observed sulfur solubilities can be explained by the observed redox ratios, but the increased foaming
and sulfur segregation in the melting with simulant solutions are still not clear. The melting viscosities shown
in Table 3.6 are basically the same for glasses made from dry chemicals and from simulant solutions. Very
minor differences were also observed in glass durability (Appendix B2) between glasses made from dry
chemicals and from simulant solutions. :

Table 3.20. Sulfur and Phosphorus Contents in Phase II Simulant Glasses (wt%)

Glass LRM-1 LRMS-1 LRMSM-1 | LDM-1 LDMS-1 LDMSM-1
Nominal 1.01 1.01 1.01 0.21 0.21 0.21

SO,

Analyzed 0.76 0.96 0.70 0.22 0.32 0.26

SO,

Nominal 2.52 2.52 2.57 0.19 0.19 0.18

P;0s

Analyzed 2.72 243 239 0.46 0.29 0.28

P,0s
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3.5 Liquidus Temperature and Crystallization Kinetics

Crystallization will alter the glass properties such as durability (Kim et al. 1995). If excessive,
crystallization may generate enough mechanical stress to fracture the glass, thus increasing surface area for

leaching. Hence, crystallization rate may limit the acceptable cooling rates or compositions for LLW glass
produced at Hanford.

The objective of this study is to characterize the glass-to-crystal transformation kinetics in simulated
LLW glasses. Since crystallization rates are dependent on glass composition and test conditions, many glass
compositions and test methods were employed. The preliminary results presented here include scoping
studies using different methods on different glass compositions. Complete characterization of crystallization
kinetics, including composition and nucleation effects, will be documented in the future.

3.5.1 Crystallization Process

This transformation is caused by the reduction of free energy (Gibbs free energy if constant pressure,
temperature, and composition). Below the liquidus temperature (T;) the crystal is a lower energy phase than
the glass so crystallization is promoted. However, additional energy is produced at the glass-crystal interface
from surface work.

This energy forms a barrier to the formation of very small crystallites (or nuclei), as seen in Figure 3.36.
Nucleation is the process by which this barrier is overcome. The rate of nucleation is proportional to the
driving force and rate of particle motion. A majority of glass systems nucleate heterogeneously on impurity
particles, surfaces, and concentration fluctuations. Heterogeneous nucleation sites lower the thermodynamic
barrier by decreasing the surface energy associated with nuclei formation.

Generally, crystallization occurs below the T, and above the transition temperature (T,) of glass, if
cooled slowly enough. The crystal growth rate is directly linked to atomic mobility and hence, to temperature.
At high temperatures growth is rapid and crystallinity quickly reaches equilibrium levels. At lower
temperatures, growth is slower and equilibrium may not be achieved even with very long heat treatments.
Figure 3.37 illustrates the temperature dependence for nucleation and growth.

3.5.2 Experimental Approach

The measurement procedures for transformation of glass to crystal include both isothermal
transformation kinetics, which can be measured using a gradient furnace, or isotherm furnace in which
samples are heat-treated isothermally at several temperatures for a range of times. The samples
are then characterized for crystal volume fraction using OM and SEM with image analysis and/or XRD
calibrated for quantitative measurements.

Nonisothermal transformations are measured in two common ways, the first way is to place the samples
in a furnace with a scheduled heating or cooling rate. This rate can be constant (linear change in temperature
with time), or logarithmic. Several samples are measured with varying rates and dwell-times. Like the
isothermal method, the samples are then analyzed for crystal volume fraction.

The second method to measure nonisotherm transformation kinetics entails the use of thermoanalytical
devices (DSC and DTA). By this method, small samples are heated or cooled at constant rates while
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measuring the amount of enthalpy change in the sample. The crystallization exotherm is then characterized.
The exotherm peak location and area are compared for samples with different rates. The total enthalpy (or
peak area) is related to the amount of crystal formation and the peak location (measured as the temperature at
the peak maximum) is related to crystallization rate.

For thorough analysis of crystallization kinetics, the above methods should be combined. Isothermal
kinetics can be used to estimate nonisothermal crystallization and vice versa for some glasses (depending on
crystallization mechanisms).

Transformation measurements on a range of glass compositions varied systematically can yield an
effective method for estimating the effect of composition on crystallization kinetics. Several glass samples
must be tested (~10) to elucidate these composition effects in the simple LLW glass systems. This amount of
testing is beyond the scope of this study.

Nucleation rate is strongly dependent on the concentration on nucleation sites in glass. To characterize
crystallization kinetics effectively in simulated LLW glass, one must ensure control of nucleating agents.
Several methods can be used to study or control the nucleation in glass. The maximum crystal count is
obtained by supplying nuclei up to the saturation level before crystal growth occurs. The nuclei can be
supplied by heat-treating a glass with a high concentration of nucleatmg agents (or high surface area glass
powder) in the nucleation temperature range (see Figure 3.37). The minimum crystal count is obtained by the
removal of all nucleating agents, then equilibrating well above the liquidus temperature and quenching
directly to the heat-treatment temperature.

3.5.3 Preliminary Test Results

Scoping studies of crystallization kinetics of simulated LLW glasses have been completed. Two glasses
were selected and tested, L8-3 and L8-6. The former contains B,0,, CaO, and ZrO,, and showed a great deal
of crystals from a heat-treated sample, while the latter contains B,0,, Ca0, Fe,0,, and ZrO and showed a
strong contrast (refractive index/color) between crystal and glass.

The high crystallinity sample (L8-3) was used to test the appropriateness of thermal analytical
techniques. Using the DTA method, the sample must be cooled (or heated) at a number of rates. As the
cooling rate increases, the crystallization exotherm becomes sharper and shifts to lower temperatures. When
decreased, the exotherm becomes flatter and shifts to higher temperatures. If the sample is cooled (or heated)
too quickly, crystallization won’t occur and no exotherm will be visible. If too slow, the exotherm will be too
broad and will disappear in the noise (will move out of instrument capabilities). The use of this method is
directly related to the crystallization rate, amount of crystals formed, and enthalpy change upon
crystallization. This method proved unsuccessful for L8-3 glass. Unsuccessful attempts were also made for
two additional simulated LLW glasses.

The gradient furnace method was used to characterize L8-6 glass. It was found that the contrast between
crystal and glass was not adequate to rely upon optical microscopy methods; XRD was successfully
employed. . .

This sample was also used to identify the effects of nucleation on crystallinity. It was found that crushed

glass surfaces provided an adequate source of nuclei to the glass at low temperatures. At high temperatures,
the glass powder would sinter before the surfaces formed stable nuclei.
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Glass samples with different nuclei concentrations have been heat-treated at the same growth temperature
for 24 hours. Three powdered glass samples were used, as follows: (1) heated to equilibrate above T, then
quenched directly to the growth temperature; (2) heated from powder directly to the growth temperature
(through the nucleation temperature); and (3) heated at a nucleation temperature (just above T,), then raised
to the growth temperature. The results show a dramatic effect of nuclei on the total crystallinity. f

3.5.4 Liquidus Temperature (T;) Measurement

Liquidus temperature measurements were completed on 17 select Hanford low-level waste glasses. To
determine T; two experimental methods were used: gradient furnace temperature and isothermal heat
treatment. The Glass Development Laboratory's standard test procedures GDL-GFC, Rev 0 and GDL-LQT
Rev 0 were used for gradient furnace measurements; GDL-HRT Rev 0 was used for the isothermal heat
treatments.”

To measure T, by the gradient furnace method, a Thermcraft gradient furnace was used with a gradient of
approximately 1°C/mm in the sample test zone. Samples were placed in a 95% Pt - 5% Au boat, 6 mm wide
by 6 mm high by 15 to 30 cm long. The samples were placed in the gradient furnace for 24 hours, removed,
and annealed in a box furnace. Samples were thin sectioned and observed using optical microscopy.

Liquidus temperature obtained using the isothermal heat treatment method was accomplished by placing
the sample in a 95% Pt - 5% Au boat, 6 mm high by 12 mm wide by 12 mm long. A platinum lid was placed
over the top of the boat and the sample placed in a Del Tech Furnace at a designated temperature for
24 hours. The sample was rapidly cooled to room temperature or placed in an annealing oven after the heat
treatment was completed. Samples were observed using a metallurgical microscope to examine the glass and
determirie if the sample had crystals. Additional isothermal heat treatments were made until the T, was
measured within 4 to 5 degrees of the last sample that had crystals present. For closer observation, select
samples close to T}, were thin sectioned and examined using a high-powered microscope.

Examination of the crystals in most of the glasses proved to be very difficult. The crystals were clear, in
most cases, and matched the appearance of the glass; only with very careful examination and adjustments to
lighting were the crystals observed. Some of the samples examined by using the scanning electron
microscopy (SEM) were difficult to interpret. In sample L8-1, no crystals were detected by SEM although by
optical microscopy it was a crystal rich sample. With other samples, SEM found crystals only after a slight
contrast was made between the glass matrix and the crystal.

Crystal growth in the LLW glasses can be affected by contact with the glass surface, a nucleating site for
crystals. This phenomenon was observed in the gradient furnace samples where the top surface of the glass
had crystals at a much higher temperature than the sides or bottom of the glass which was in contact with the
platinum. Further, most of the samples were prepared with chunks of glass. The surfaces of the glass
particles or chunks precipitated what appeared to be crystals or bubbles; so small (0.5 microns) that they
were only detected because of the cloudy appearance caused from the numerous inclusions in the area around
the fused glass surfaces. In the gradient furnace samples this could be observes at the low temperatures
where the viscosity was high, convections in the glass were low, and the outline of the glass particles could
still be observed. Examination by SEM revealed spherical shapes which could be bubbles of phase
separation. Additional study will be needed to determine if there are soluble phases (perhaps Na,SO,) which
are in these inclusions but are washed out as the sample is being cut and polished for examination.
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Glass Obseved | Observed SEM Method
T, (°C) Crystal
Type
L8-2 1048 Lathe GF
L8-5 1009 CC GF
L5-069 [960] + GF and Iso
L5-096 [<955] + GF and Iso
-||L5-0615 1051 CR (Na, Ca, P, |GF
Si)
1L5-0129 [1015] + GF
1L5-01212 |1078 CC (Ca, Si, O) |GF and Iso
1.5-01215 1079 CF, Hex (Ca, Si, Q) |GF and Iso
(Na, AL Sj,
0)

Note: All temperatures in [] are preliminary estimates of T;.
GF = Gradient Furnace Method
Iso = Isothermal Heat Treatment

CC = clear cubic crystal; CR = clear round crystal; Hex = hexagonal; Lathe = long,

s

flat crystal; CF = clear with facets on the surface of the crystal; + = need more
experimental study before determiniation can be made.

SEM = compositional analysis generated using energy-dispersion spectroscopy; ND
= not detected.
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Three categories will be used to examine the T, data: calcium silicate, borosilicate, and calcium
-borosilicate glass systems. Eight calcium silicate glasses were measured:



L8-2 has 9 wt% Al O, and 6 wt% ZrO, and CaO. The lathe-like crystal was observed among the masses
of small crystal-type inclusions commonly observed in this sample. The lathe-like crystals probably contain
zirconium, which has a strong effect on increasing T;. L8-5 is the same composition as L8-2, except 6 wt%
Fe,0, is substituted for 6 wt% Zr0O,. With the lack of zirconium in this sample, the T, has decreased. In the
last four glasses, the highest T, exists for the measured LLW glasses. L5-0129 has 9 wt% Al,O, while
L5-0615,L5-01212, and L5-01215 have 12 and 15 wt% alumina present. The high alumina also has a
strong effect on increasing T;. Calcium has some effect on modifying T;, which can be seen when comparing
L5-069 (6 wt% CaO) with L5-0129 (12 wt% CaO). In the L5-01215, two crystal types were identified by
SEM just below T;. This glass has a 3 wt% increase in Al,O; over L5-01212, only a slight increase in T, but

a change in crystal type.

Four borosilicate glasses were measured:

Glass T, (°C) Crystal Type Method
L8-1 1044 CC ND

L8-7 [<780] None GF
L4-6015 |[<780] ' None GF and Iso
L4- [<800] + GF and Iso
12015

L8-3 has 3 wt% CaO and B,0;, 6 wt% ZrO,, and 9 wt% Al O,. In L8-6 the zirconia is substituted for 6
wt% Fe,0;. Both of these glasses show a rather low T;. The last two glasses show a rather average T, for
LLW glasses. This suggests that the combination of B and Ca in the glass tend to moderate T;. SEM was
only able to find the one crystal type in L8-6 even though the clear cubic crystal was twice as numerous as the

hexagonal, zirconium bearing crystal.

The sample L8-8 was also measured. This borosilicate glass had 4 wt% MgO and 9 wt% AlL,O;. Both
methods of measurement were performed on the glass with no crystals observed. Unusual formations at the
bottom in bubbles and a phase separated layer on the surface are still being investigated.

The method of measurement has been noted for each of these glasses because the gradient furnace
temperature method had strong convections present in the samples. For those samples with the strongest
convection linés, the sample was rerun using the isothermal heat treatment method. This method is more
precise but takes much more time due to the number of samples that need to be generated. The isothermal
method was always used as the primary method for T, in the data. Some of the gradient furnace temperature

samples may have higher T; because of these convections.

Further analysis by scanning electron microscopy and X-ray diffraction is need to fully evaluate this T,
data. Additional samples and further testing by the isothermal heat treatment method would also strengthen

the data.
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3.6 High Iron Glass Study

3.6.1 Introduction

Boron oxide has been recognized as an important component in a waste glass for lowering the melting
temperature and melt viscosity without compromising the glass durability. However, inherent problems exist
with the use of boron oxide. Volatility of boron throughout the batch reaction and glass-melting process, and .
potential phase separation are two important factors to consider. Since the refractory materials have been
improved significantly, melters can now be operated at higher temperatures. In addition, lower level wastes
are high in sodium oxide, which is an effective flux for lowering the glass melting temperature. Therefore,
boron oxide can potentially be replaced by other trivalent oxides like Fe,O, in a lower level waste formulation
without sacrificing the chemical durability and increasing the melt temperature.

Through work funded by the Mixed Waste Integrated Program (MWIP), Merril et al. studied the
feasibility of using high iron and boron-free glasses as a matrix for Hanford low-level tank wastes (Merril
1995). Nearly all glasses formulated are based on the system of oxides: Na,0-Al,0;-Fe,0,-Si0,. Some
glass compositions contain high waste loading (up to 30 wt% Na20) with leach resistant comparable to high-
level waste glasses. Viscosity of 10 Pass can be achieved at temperatures of 1350° to 1500°C. Most high
iron glasses are homogeneous and non-crystalline.

3.6.2 Experimental

Glass development work involves determining the waste composition, glass formulation, bench-scale
melting and glass property characterization, especially the glass processibility and durability. The LLW
stream composes primarily of sodium nitrate, sodium nitrite, sodium hydroxide, and sodium aluminate. High
sodium oxide loading glass formulation can result in considerable cost reduction to process, given the volume
of LLW wastes. :

Composition Desfgn

A non-replicated, two-level factorial design was adopted to investigate the variation of glass durability
with composition in this glass system Na,0-Al,0,-Fe,0;-SiO, The centroid glass composition contains by
weight: 25% Na,0, 10%Al1,0;, 10%Fe,0, and 55%Si0,. The three independent variables (Na,0, Al,O,, and
Fe,0,) vary 5 wt% above and below this base composition, with changes offset by corresponding changes in
SiO,. The centroid glass composition was melted in triplicate so that the experimental error could be esti-
mated. These glass compositions (No. 1 through No. 11), along with some additional revised compositions
(No. 12 through No. 18) are listed in Table 3.21.

Leach Test

The static leaching test was use to evaluate glass durability. The test procedure is similar to the PCT,
with the following major differences: (1) glass particle size used was 250 to 400 .m compared, to 75 to 150
um for PCT; (2) 24-hour test duration compared to 7-day or 28-day for PCT; (3) the test temperature is
40°C, compared to 90°C for PCT. The leaching rates of standard reference glasses were also measured
under the same condition.
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3.6.3 Results and Discussion
Compositional Effects

Analysis of leaching rates in relation to glass composition for No. 1 through No. 11 indicated that both
Al O, and Fe,0; help to reduce leaching. Al,O, showed a stronger response at the same content level. The
interaction effects among Na,O, Al,O,, and Fe, O, are less obvious. There is slight indication that Fe,O,
interacts with Na,O to minimize the leaching rate.

Pairwise comparison is presented in Figure 3.38 and 3.39. In Figure 3.38, Na,O and AL O, are kept the
same for each pair, while 10wt% Fe,O, is used to replace 10 wt% SiO,. It can be seen from Figure 3.38 that
the benefit of this replacement is more significant when the Na,O content is high and the Al,O, content is
low. See Table 3.21 for glass compositions.

Figure 3.39 compares the effect of Al,O; replacing Fe,O, in each pair while the Na,O and SiO, content
are kept the same in each pair. The benefit of such a replacement is more for low Na,O containing glass in
terms of leaching rate ratio. For the compositions studied, Al,O, is more effective for sodium containment
that Fe,0;. However, the melting temperature increased at least 100°C in each case when 10 wt% AL,O,
replaced 10 wt% Fe,0,.

It is not surprising that the sodium leaching is inherently related to sodium content in a glass. Figure 3.40
shows the sodium release as a function of sodium content in simple dilution of a base glass (LLW91) or
simple replacement of SiO, (Al,0; and Fe, 0, are both at 15 wt% level). Comparing to reference glasses
DWVP-EA reference glass and the approved reference material (ARM) glass, some high iron and boron-free
glasses are quite promising in high sodium loading and low leaching rates. Leaching rates for DWVP-EA
and ARM are represented as dashed lines in Figure 3.40.
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Table 3.21. Selected Properties of High Iron, Boron Free Glasses

Norm.
10Pa*S | Release »  Composition (wt%)

No.MeltID  |1emp (°C)| (g/m?) | Na20 | SiO, | ALO, | Fe,0, | CaO
1 [LLWS1 1350  0.080] 30.00{ 4000 1500 15.00
2 [LLWS2 1550] 0.012| 20.00{ 5000 1500  15.00
3 [LLWS3 1300 0280 3000 5000 500 15.00
4 |LLW84 1450 0.086| 2000 6000 500  15.00
5 [LLWS5 1400 0164 3000 s000] 1500 5.0
6 [LLwss6 1600] 0.030] 20.00 60.00] 1500  5.00
7 [LLws7 1350{ 1.600| 30.00| 60.00f 500,  5.00
8 [LLwss 1500{ 0.181] 20.00| 7000 500  5.00
9 [LLws9-1 1450 0.084| 2500 5500 1000 10.00
10 [LLW89-2 0.073] 25.00] 5500 1000 10.00
11 [LLW89-3 0.059| 25.00] 5500 10.00| 10.00
12 |[LLW91 0.016{ 2000 4572 1714 17.14
13 |LLW92 0.028] 2200 4457 1671 1671
14 |{LLW93 0.078| 24.00] 4343 1629] 1629
15 |LLW94 0.030| 26.01| 4228 1585 1585
16 |[LLW95 0.047| 28.00| 4114 1543] 1543
17 |LLW102 1450  0.023] 25.00] 4500 1500 15.00
18 [LLW104 1450 0.034] 25.00{ 4500 1500 1000  5.00
Ref [DWVP-EA 0.055
Ref |ARM 0.022

Note: This table is compiled using data from (Merrill 1995).
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Table 3.22. Response Variables and the Associated Weighting Factors

Response Weighting
Variable Factor (%)

Durability 35
Homogeneity 25
Viscosity 25
Volatility 15

3.6.4 Conclusions

High iron glasses have less foaming and volatilization. Higher sodium loading can be achieved with
high iron glasses. Compared with other trivalent oxides, especially Al,O,, Fe,0; helps to lower melting
temperature. Lowest leaching rate based on the study is when AL, O, and Fe,O, are presented in near equal
amount and the total is about 30 wt%.

3.7 A Plackett-Burman Experimental Design Approach

Marra at Savannah River Technology Center used a self-directed optimization approach to develop a
glass composition for plasma vitrification of a high sodium content nuclear waste (Marra 1995). This
approach used four weighted response variables to access prospective compositions. Table 3.22 shows the
four response variables and the weighting factor used. The weighting factors were determined based on
perceived importance.

A priori criteria were established from which the response value would be experimentally measured
or subjectively quantified. Durability was assessed by the 7-day PCT relatively to the EA glass limit for
normalized sodium release. A range of “acceptable” viscosity values were defined to assess processibility and
other related characteristics. The viscosity values for each glasses were predicted using a viscosity prediction
model based on the concepts of glass structure (Kielpinski 1994). Homogeneity was visually assessed.
Response values were determined based on glass homogeneity; crystalline phases only, glass only, or a glass
with associated crystals. The volatility variable was based on the quantification of gall formation (or salt
layer) on the melt surface. Since no gall layer was observed during testing, each composition received the
maximum rating (1). The response variable was given a value of 0 to 1 (intermediate values usually based on
a linear scale between extreme or “acceptable” values) and multiplied by the corresponding weighting factor.
These values were added together to give a total “desirability quantity” for each composition. Based on the
cumulative results, a simple algorithm was used to develop additional glass formulations and eventually to
focus on the optimal composition.
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Table 3.23. 10M Na" Simulant Composition

Oxide Calcine Solid

(Wt%)

Sio, 12.76

Ca0 0.01

Cr,0, 0.16

Fe,0; 0.01

K,0 5.78

MgO 0.01

MnO, 0.01

MoO, 0.60

Na,0 72.56

SrO 0.43

Cs,0 0.59

P,0; 0.75

Nal 0.62

NaCl 229

NaF : 2.58 )

SO, 0.84

Total 100

3.7.1 Experimental Considerations

Initially, twelve compositions were determined by a Plackett-Burman design. Glass formers
additives included Al,O,, B,0,, Ca0, Li,0, ZrO,, and SiO,. Lithia was used to facilitate fritting. Preset high
and low values of oxide ratios were determined for the initial 12 melts. A waste loading of 25% on a calcined
oxide basis was used in the formulations. Table 3.23 shows the “waste” compositions which were added as a
10M Na* solution (obtained from Optima Chemical, Douglas, GA). The solution was a surrogate for the
Hanford DSSF waste. All glasses were formulated using reagent-grade chemicals (either as oxides or
carbonates) and melted at 1150°C for 2 hours in a covered alumina crucible and allowed to air cool.
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Table 3.24. Ratios of Glass Additives for the 25 Glasses Tested

Composition { Round | Al,0,/Si0, | B,0,/SiO, | CaO/SiO, | Li,0/Si0, } ZrO,/SiO,
1 1 0.23 0.22 0.07 0.08 0.16
2 1 0.23 0.22 0.11 0.08 0.05
3 1 0.23 0.09 0.11 0.02 0.16
4 1 0.35 0.22 0.11 0.02 0.05
5 1 0.35 0.09 0.11 0.08 0.16
6 1 0.35 0.22 0.07 0.02 0.05
7 1 0.35 0.22 0.07 0.08 0.16
8 1 0.23 0.22 0.11 0.02 0.16
9 1 0.23 0.09 0.07 0.08 0.05
10 1 0.23 0.09 0.07 0.02 0.05
11 1 0.35 0.09 0.07 0.02 0.16
12 1 0.35 0.09 0.11 0.08 0.05
13 2 0.20 0.09 0.11 0.005 0.02
14 2 0.32 0.09 0.07 0.005 0.13
15 2 0.20 0.22 0.07 0.005 0,02
16 2 0.20 0.22 0.07 0.06 0.02
17 3 0.15 0.25 0.07 0.00 0.08
18 3 0:27° 0.25 0.11 0.04 0.08
19 3 0.27 0.12 0.11 0.00 0.00
20 3 0.18 0.25 0.11 0.06 0.00
21 4 0.27 0.30 0.07 0.03 0.00
22 4 0.30 0.17 0.11 0.00 0.11
23 4 0.23 0.27 0.07 0.05 0.13
24 4 0.32 0.14 0.07. 0.00 0.13
“Best - 0.26 0.20 0.09 0.03 0.05
Average”
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3.7.2 Ranking and Rating Methodology

The first twelve glasses were ranked according to the “desirability quantity.” The four worst glass
compositions were used to generate four new glasses by subtracting twice the average composition of the
eight better glasses. The four new glasses were formulated, melted, characterized, and ranked with the eight
better glasses. The new ranking then provided four poor glasses which were replaced by the same
methodology as before. Four rounds (24 glasses) of this rank-and-replace methodology was used until the
decision was made that further compositional development would not significantly improve or change the
best eight glasses. The methodology used does not guarantee that the new formulations will be an
improvement on the previous compositions. If fact, the new formulation may fall outside the compositional
region of durable and/or processible glasses. However, as long as there is some progress with the new
formulations, the rank-and-replace methodology will be pursued. An optimized composition was determined
by averaging the eight best glasses following round 4. Table 3.24 shows the glass additive compositions for
the 24 glasses tested in the study as well as the best average composition in terms of oxide ratios. For the
24 glass compositions see Appendix C.

3.7.3 Results
Rating and Ranking
Table 3.25 shows the ratings and rankings of the final 12 glasses after round 4. Glass compositions 4, 6

and 15 obtaining the maximum rating (1) for each response variable identified. For the rankings and
respective response variable values after each round refer to Appendix D.

2

Durability and Viscosity

Tables 3.26 and 3.27 show the durability and viscosity results, respectively, for the final best eight
glasses and the best average glass. The durability results are given as normalized PCT release (g/L) for
various elements and for comparison purposes those values associated with the EA glass are also listed.
Viscosities (poise) based on the model predictions are shown in Table 6.
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Table 3.25. Ratings and Ranking After Round 4

Composition | Durability Viscosity Homogeneity Volatility Total
4 35 425 25 15 100
6 35 25 25 15 100
15 35 25 25 15 100
8 35 245 25 15 99.5
21 33.8 25 25 15 98.8
9 312 25 25 15 96.2
13 35 16.8 25 15 91.8
18 35 16.2 25 15 91.2
17 135 : 25 12.5 15 87.5
23 33.9 12,5 25 15 86.4
22 ¥ 25 12.5 15 -

24 -* 0 0 15 -

* Durability (PCT) not measured since composition did not form a glass.

Table 3.26. Normalized PCT Results for the Final Best Eight and Best Average Glasses

Composition | Rating | Na(g/L) Si(g/L) B (gl) Li (g/L)
8 35 0.568 0.123 0.449 0.231
6 35 0.502 0.134 0.549 0.270
4 35 0.609 0.112 0.630 0.284
13 135 0.610 0.079 0726 | 0.185
15 35 0.685 0.099 0.940 0.364
Best Average | 35 0.732 0.119 0.792 0.430
18 35 1.055 0.160 1.116 0.756
21 338 1.382 0.209 1.771 1.516
9 312 1.463 0.344 0.808 0.895
EA Glass - 13.346 3.922 16.695 | 9.565
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Table 3.27. Viscosity Results for the Final Best Eight and Best Average Glasses

Predicted Deviation
Viscosity from
Composition | Rating (poise) 100 poise

4 25 94.8 5.2

Best Average | 25 84.1 -159

15 25 116.0 +16.0

6 25 125.5 +25.5

9. 25 65.9 -34.1

21 25 65.4 -34.6

8 245 592 - -40.8

18 16.2 45.9 -54.1

13 16.8 159.8 +59.8

In an attempt to identify a centralized glass formulation (in terms of compositional space) for the best
eight glasses, the glass formers concentrations were averaged to produce a best average composition (see
Table 3.28).

Marra identified several general obsefvations regarding the concentrations of glass formers and the
interactions on glass quality (Marra 1994). These include the following:

(1) Typically, a low level of lithia coupled with an elevated level of boria constituted a good glass.

(2) In the initial Plackett-Burman compositions, a high level of alumina or zirconia, but not both, produced
the better glasses. In the latter tests, moderate levels of alumina produced good glasses, so long as the
boria levels were not excessive and the lithia levels were very low.

(3) Low zirconia levels were prevalent in the eventual eight best glasses.

(4) Calcia levels appeared to have no relationship to the quality of glass produced.

A nominal composition was also batched and melted with and without lithia additions. The latter was an

attempt to minimize the total alkali content. Both formulations produced somewhat cloudy glasses with
significant undissolved batch present.
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3.7.4 Melter Run

To examine the feasibility of processing the waste compositions in a continuous melter, a small-scale
vitrification campaign was performed. A joule-heated melter was operated for approximately 96 hours,
producing approximately 80 1bs of simulated waste glass. Composition 4 was selected for this application.
A melt temperature of 1150°C was maintained for the duration of the campaign. Some general observation
during the melter campaign were reported. These include the following:

» Several deposits containing chlorine, sulfur, and phosphorous formed during the run. The salts likely
caused the failure of several dome heaters in the pour chamber.

»  The resulting glass product was blackish-brown due to the additional iron in the glass (requested by a
Hanford customer). Based on optical microscopy, SEM/EDS, and X-ray diffraction, the glass was
“generally homogeneous.” A minor crystalline phase (sodium alumina silicate sulfate by XRD) was
observed in one glass sample.

«  Two samples form different can pours were tested by the 7-day PCT to assess durability. The
normalized releases were well below the EA limit (see Table 3.29).

3.7.5 Low Boron Glass
Glass composition 4 was also used for the vitrification trials at the Westinghouse Waltz Mill Plasma
Center. Significant volatility of sodium and boron was apparent following post-test analysis of the plasma

melter cupola and off-gas system. Approximately 15% and the sodium and 20% of the boron were not
incorporated in the glass.
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Table 3.28. Best Average Glass Composition

 Glass Additive Final Glass
Oxide (Wt%) (Wt%)

Si0, 61.1 46.08
ALO, 16.1 15.35
B,0, 12.3 9.28
Ca0 5.5 4.15
70, 33 2.49
Li,0 17 1.28
Na,0 - 19.06
KO - 145
SO, - 0.21
P,0; - 0.19
MoO;, - 0.15
Cs,0 - 0.15
SrO - 0.11
Cr,0, - 0.04
Fe,0, - 0.004
MgO - 0.002
MnO, - 0.002
Total - 99.998

Table 3.29. Normalized PCT Release Results for the 774-A Melter Run

Composition | Na (/L) Si (/L) B (g/L) Li (g/L)
Can8 0.302 0.193 0.469 0.363
Can 9 0.287 0.204 0.438 0.540
EA 13.346 3.922 16.695 9.565
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Table 3.30. Compositions of the Five Melted Glasses Containing No or Low Boron

Oxide | JH-1 JH-3 IM-2 IM-3 IM-5
Sio, 43.12 43.12 53.17 53.93 52.42
Na,0 19.05 19.05 19.06 19.06 19.06
ALO, 17.91 17.91 12.26 12.26 12.26
B,0, 0 0 2.26 0 2.26
Ca0 13.35 11.69 6.04 7.55 7.17
Zr0, 2.11 2.11 3.02 3.02 3.77
Fe,0, 0.50 0.50 0.004 0.004 0.76
Li,0 1.66 3.32 1.88 1.88 0
K,0 1.45 1.45 1.45 1.45 1.45
SO, 0.21 0.21 0.21 021 0.21
P,0; 0.19 0.19 0.19 0.19 0.19
MoO;, 0.15 0.15 0.15 0.15 0.15
Cs,0 0.15 0.15 0.15 0.15 0.15
SrO 0.11 0.11 0.11 0.11 0.11
Cr,0, 0.04 0.04 0.04 0.04 0.04
MgO 0.002 0.002 0.002 '0.002 0.002
MnO, 0.002 0.002 - ] 0.002 0.002 0.002
Total 100.004 | 100.004 | 99.998 100.008 | 100.004

Ten potential glasses containing no or low boron were formulated of which five were melted. Table 3.30
shows the compositions of these five glasses. Three glasses were melted at 1150°C while the other two were
melted at 1275°C. Compositions JM-3 and JM-5 formed homogeneous glass. JM-3 was successfully melted
at both 1275°C and 1175°C (a remelt). However, at 1175°C the glass contained a significant amount of
bubbles indicating that the viscosity was relatively high. Both melts of JM-3 were subjected to the 7-day
PCT to assess the durabilities. Table 3.31 shows the results in terms on normalized elemental releases.
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Table 3.31. Normalized PCT Results of JM-3 Glasses Containing No Boron

Composition | Na (g/L) Si (g/L) Li (g/L)
IM-3 (1275°C) 1.769 0.224 1.185
IM-3 (1175°C) 1.844 0.216 1.345
EA Glass 13.346 3.922 9.565
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Figure 3.26. LRM-1 was Melted for (a) the First Hour at 1345°C and V(b) for the Second Hour at 1345°C
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Figure 3.27. LRM-0912 was Melted at 1375°C: (a) for 30 min During the First Melting; (b) for 60 min
During the First Melting; (c) for 60 min During the Second Melting, 15 min After Cooling; (d) for 60 min,
During the Second Melting, Immediately out of Oven
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Figufe 3.28. LRM-2 was Melted at 1360°C: (a) for 30 min During the First Melting; (b) for 60 min During
the First Melting; (c) for 30 min During the Second Melting; and (d) for 60 min During the Second Melting
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Figure 3.29. LRM-3 was melted at 1444°C: (a) for 30 min During the First Melting; (b) for 60 min buring
the First Melting; (c) for 30 min During the Second Melting; and (d) for 60 min During the Second Melting
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Figure 3.30. LRM-4 was melted at 1140°C: (a) for 30 min During the First Melting; (b) for 60 min During

the First Melting; and for 60 min During the Second Melting
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4.0 Conclusions and Recommendations

The improvement on glass durability by the addition of similar amounts of oxides follows an
order of ALO; > ZrO, > SiO, > Fe,0; > B,0; > CaO for certain glasses. The composition
effects on durability are composition-dependent, i.e., the effects of the added oxides depend on the
concentrations of other components in the glass. The composition effects are nonlinear, i.e., the
extent of improvement is not the same with equal amounts of addition. The effect is also inconsistent,
i.e., the addition of an oxide can improve glass durability for one glass and can also decrease the
durability of another glass. There is a need to understand these nonlinear and inconsistent
composition effects on glass chemistry and glass structure. Boron-only glasses are more durable than
calcium-only glasses, especially in terms of long-term durability such as vapor hydration test results.
Zr-containing glasses are expected to have better long-term chemical durabilities in comparison with
high-alumina formulations. Boron improves glass durability while the concentration is in the region
of about 6 wt% or less in the LLW glasses investigated, but promotes volatility of the melts. Fe-
containing glasses are expected to have good chemical durability while maintaining low melting
temperatures; iron oxide can be considered as a good replacement for B,O; without the volatility of
boron. However, the benefit of iron oxide on chemical durability can only be realized under
oxidizing conditions and with free alkalis to which Fe,O; can bind. These results and structural
chemistry considerations suggest that PCT and MCC-1 Na releases can be minimized by optimizing
glass composition. However, LLW glass formulation must also comply with other requirements, such
as the capability of glass to incorporate troublesome components (SO;, P,Os, F, Cl, Cr,0,, etc.).
Moreover, the effect of possible devitrification on durability must be taken into account. Finally, |
information from the long-term testing, vapor hydration studies, and flow-through dissolution data
must be considered with respect to the relevance for the glass long-term performance.

The dependency of solubilities of minor components S; P, Cl, and F on temperature is
negligible, but is significant on glass compositions. Volatilities of molten glass with the addition of F,
Cl, S, and P can be significant once the minor components are in excess of their solubilities, which
were in the order: Cl > SO; = F. Higher B,0O; content in glass further enhanced their volatilities.

Two types of phase segregation were observed among these minor components. For glasses
oversaturated with Cl or SO,, phase segregation initiated in the melt and then accumulated on the melt
surface, which occurred at glass-processing temperature. For glasses oversaturated with F, P,Os and
Cr,0,, no phase segregation was observed on the melt surface, and crystallization occurred only in
the melt. Chlorine and phosphate were found to increase glass melt viscosity, while fluorine had a
pronounced opposite effect. SO;, P,Os, and Cr,0; decreased glass durability. F appeared to improve
PCT durability by lowering solution pH, but decreased glass durability in the single-pass flow-through
test.

Phase II glass formulations were developed that can accommodate 2.5 wt% P,Os and 1.0 wt%
SO,, which are expected to be the highest possible concentrations of Hanford Site LLW streams,
without significant processing problems under laboratory crucible conditions. These Phase II
compositions are also a factor of 6 to 23 more durable than EA glasses. These glasses melted
satisfactorily in high temperature ranges from 1160° to 1410°C to suit different melting technologies.
The compositions included boron-free glasses for those melters that prefer low-volatility formulations;
boron-containing glasses for those melters that can reduce volatility through cold-caps and other

4.1




operaticins; Zr-containing glasses for those vendors producing glasses with long-term durability; and
Fe-containing glasses for those melters operated under oxidizing conditions.
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Appendix Al. Glass Compositions for Glass Optimization Investigatation

Vendor] Type Glass ID|A1203 {B203 |Ca0_ |Fe203 |[K20 {MgO [Na20 |Si02 |[ZrO2
PNL |Nominal |LO-0 147 0.00{ 1.05{ 0.00f 20.00| 76.32
PNL |Analyzed |L1-12 12.38] 0.17} 0.28 0.22 2748{ 5941
PNL |[Nominal ([L1-12 12.00 0.00] 1.05f 0.00] 20.00{ 65.78
PNL |Analyzed [L1-15 1529 230 0.27 0.20 26.35] 55.55
PNL |Nominal |[L1-15 15.00 0.00; 1.05} 0.00| 20.00] 62.78
PNL |Analyzed |L1-6 585 0.09] 141 0.01f 20.30f 72.22| 0.06
PNL |[Nominal |L1-6 6.00 0.00] 1.05{ 0.00| 20.00{ 71.78
PNL |Analyzed [L1-9 9.57f 0.76] 0.32 0.24 27.99| 61.08
PNL |Nominal |L1-9 9.00 0.00] 1.05| 0.00] 20.00{ 68.78
PNL {Analyzed |L4-1212] 11.69] 1145} 0.21 0.24 25.16] 51.21
PNL |[Nominal |L4-1212} 12.00] 12.00 0.00; 105} 0.00] 20.00{ 53.78
PNL |[Nominal |L4-1215| 15.00{ 12.00 0.00f 1.05f 0.00{ 20.00{ 50.78
PNL [Nominal |L4-129 9.00{ 12.00 0.00] 1.05{ 0.00] 20.00] 56.78
PNL |[Analyzed |L4-612 | 1216/ 6.54] 0.23 0.26 25.08} 55.69
PNL |Nominal |L4-612 | 12.00| 6.00 0.00} 1.05| 0.00] 20.00{ 59.78
PNL |Analyzed |L4-615 | 13.68| 5.67] 120 0.00] 20.24| 59.131 0.02
PNL |Nominal |[L4-615 | 15.00| 6.00 0.00] 1.05] 0.00f 20.00{ 56.78
PNL |Analyzed |[LA4-69 9.50f 0.05] 151 0.01f 22.51| 6632 0.04
PNL [Nominal |[L4-69 9.00} 6.00 0.00] 1.05f 0.00{ 20.00| 62.78
PNL lAnalyzed |[L4-912 | 12.16f 7.62] 021 0.21 26.23| 53.52
PNL |Analyzed |L4-912 | 11.68] 791 155 0.00| 21.81] 56.95| 0.03
PNL |Nominal L4912 | 12.00] 9.00 0.00] 1.05] 0.00] 20.00] 56.78
PNL |Analyzed [IA4-915 | 2044] 1.01] 2.10 001} 3.23| 73.10] 0.03
PNL |Nominal |L4-915 | 15.00f 9.00 0.00] 1.05( 0.00] 20.00{ 53.78
PNL |Analyzed |LA4-96 598 9.90] 025 0.23 25.52| 5748
PNL [Nominal |L4-96 6.00] 9.00 0.00f 1.05{ 0.00{ 20.00| 62.78
PNL |Analyzed |LA4-99 8.82| 839 0.28 0.23 25.67| 56.56
PNL |Nominal |[L4-99 9.00| 9.00 0.00 1.05{ 0.00 20.00{ 59.78
PNL f[Analyzed [L5-1212| 11.31] 0.12| 11.21 0.09] 21.44| 55.76] 0.02
PNL |[Nominal |[L5-1212| 12.00 12,00} 0.00] 1.05| 0.00{ 20.00] 53.78
PNL |Analyzed |LS5-1215| 14.17} 0.07] 1048 0.08| 19.51} 55.61f 0.02
PNL |[Nominal [LS5-1215} 15.00 12.00; 0.00] 1.05f 0.00| 20.00{ 50.78
PNL |Analyzed |LS5-129 9.01] 10.53] 154 0.00| 20.88] 57.977 0.02
PNL |Nominal |L5-129 9.00 12,00 0.00} 1.05| 0.00] 20.00| 56.78
PNL |Nominal |L5-612 | 12.00 6.00| 0.00f 1.05] 0.00{ 20.00] 59.78
PNL |Nominal |[LS5-615 | 15.00 6.00] 0.00] 1.05{ 0.00] 20.00] 56.78
PNL [Nominal [L5-69 9.00 6.00f 0.00| 1.05{ 0.00] 20.00} 62.78
PNL |[Analyzed |[L5-912 | 1248| 2.80| 8.06 0.24 22.63| 53.75
PNL |Nominal |[L5-912 | 12.00 9.00| 0.00f 1.05] 0.00{ 20.00] 56.78
PNL |Analyzed L5915 | 1338} 0.15{ 826 0.06] 19.40| 58.67] 0.02
PNL |Nominal |[L5-915 | 15.00 9.00f 0.00{ 1.05] 0.00{ 20.00] 53.78
PNL |Analyzed [LS-96 5.74] 261 993 0.20 26.08| 55.40
PNL |Nominal |[L5-96 6.00 9.00| 0.00] 1.05f{ 0.00] 20.00] 62.78
PNL |Analyzed [LS-99 894 038] 9.12 0.06| 21.63| 59.78] 0.02
PNL _|Nominal |L5-99 9.00 9.00} 0.00{ 1.05] 0.00] 20.00] 59.78
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Appendix Al. Glass Compositions for Glass Optimization Investigatation (Cont.)

Vendor| Type Glass ID |A1203 |B203 |CaO  |Fe203 [K20 |MgO |Na20 |Si02 (ZrO2
PNL ([Nominal [L6-3312| 12.00| 3.00] 3.00 0.00{ 104 0.00] 20.00] 59.78

PNL |Analyzed [L6-5412| 11.84] 4.77| 3.36 . 0.24 26.99| 52.76

PNL |Nominal [L6-5412| 12.00f 5.00f 4.00] 0.00] 1.04] 0.00] 20.00] 56.78

PNL |Nominal [L6-5415| 15.00f 5.00f 4.00] 0.00{ 1.04] 0.00{ 20.00] 53.78

PNL [Analyzed [L6-546 5821 6.75| 34 0.25 26.19| 5747

PNL |Nominal |L6-546 6.00 5.00{ 4.00] 0.00| 1.04] 0.00] 20.00] 62.78

PNL |Analyzed |L6-549 8.72| 555 3.48| 0.21 . 27.02} 54.98

PNL |Nominal |L6-549 9.00f 5.00f 4.00] 0.00] 1.04f 0.00| 20.00] 59.78

PNL |[Nominal |L6-6612| 12.00] 6.00| 6.00] 0.00] 1.04] 0.00] 20.00] 53.78

PNL {Nominal [L6-669 9.00 6.00] 6.00f 0.00] 1.04f 0.00] 20.00| 56.78

PNL [Analyzed [L7-15 12.59] 6.92} 3.86 0.15 20.14] 56.30

PNL |Nominal |[L7-15 12451 5.39] 4.31f 0.00f 0.78] 0.00{ 15.00{ 61.19

PNL |Analyzed |L7-25 11.23] 528] 294 0.31 3340| 46.79

PNL |Nominal {L7-25 11.55) 4.61} 3.69] 0.00] 131} 0.00{ 25.00] 52.38

PNL. |Analyzed |L7-3 10.84) 4.87| 2.83 0.35 30.04| 50.98

PNL |Nominal |L7-33 1110 4.22} 3.38] 0.00] 1.57| 0.00| 30.00| 47.97

PNL Analyzed |L7-35 1040 3.77] 257 043 38.25| 44.52

PNL |Nominal [L7-35 10.65 3.84] 3.07{ 0.00| 1.83] 0.00] 35.00] 43.57

PNL |Nominal |L8-1 9.00] 6.00 0.00f 1.04| 0.00] 20.00] 56.78] 6.00
PNL |Nominal [L8-2 9.00 6.00f 0.00| 1.04f 0.00] 20.00| 56.78| 6.00
PNL |Nominal [L8-3 9.00] 3.00} 3.00] 0.00{ 1.04] 0.00| 20.00] 56.78| 6.00
PNL {Nominal |[L8-4 .9.00] 6.00 6.00f 1.04{ 0.00] 20.00] 56.78

PNL [Nominal [L8-5 9.00 6.00] 6.00f 1.04] 0.00] 20.00] 56.78

PNL |[Nominal |{L8-6 9.00] 3.00] 3.00] 6.00{ 104 0.00 20.00] 56.78

PNL |[Nominal |[L8-7 9.00] 6.00 3.00] 1.04] 0.00] 20.00{ 56.78| 3.00
PNL, |Nominal {L8-8 9.00] 5.00 0.00] 1.04] 4.00] 20.00] 59.80]
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Appendix Al. Glass Compositions for Glass Optimization Investigatation (Cont.)

Vendor| Type Glass ID cl Cr203|Cs20 |(F 1 MnQ [|MoQ3 [P205 iSO3 {SrO

PNL |{Nominal [L0-0 02s| 0.03] o011} o021} o009 000 o011 014] 0.15] 008
PNL |Analyzed [L1-12 0.03 0.01

PNL |Nominal [L1-12 025 003] o011 021 009 000 011 014[ 015 008
PNL |Analyzed |L1-15 0.03 0.01

PNL |Nominal [L1-15 025{ 0.03| o0.11] -021] 009 000 011 014 0.15] 008
PNL |Analyzed |L1-6 - 0.03| 0.0 0.01

PNL ([Nominal [L1-6 025 003f o011 o021 009 000| - 0.11] 0.14] 0.5 o0.08
PNL |Analyzed [L1-9 0.03 0.01| -

PNL |Nominal |L1-9 025 003 o011} o021] o009 000 0.11] 014 0.15] 008
PNL |Analyzed [L4-1212 0.03 0.01 |

PNL |Nominal (L4-1212 025 003 o11f o021} 005 000f o0.11f 014 015 0.08
PNL |Nominal [L4-1215 025 003} o.a11f o021 o009 o000 o0.11] 014 0.5 0.08
PNL |Nominal |L4-129 025| 003 o.a11] 021 009 o000 011] 014 0.15] 008
PNL |Analyzed [L4-612 0.03 0.01 :
PNL |Nominal |[L4-612 025 003] o0.11f 021] 009 000 0.11] 0.14] 015 0.08
PNL |Analyzed |LA4-615 0.03 0.01 N

PNL |[Nominal [L4-615 025| 0.03| o.a11] o021 009 o000 011] 014 o0.15] 0.08
PNL |Analyzed [L4-69 0.04 0.01 )

PNL |Nominal [L4-69 02sf 003} o011} o021 005 000 o011 o014} 015] o008
PNL |Analyzed [14-912 0.03 0.01

PNL |Analyzed [14-912 0.04 0.01

PNL |Nominal |L4-912 025 003 o011 021 009] 000] 0.11f 0.14{ .15 0.08
PNL |Analyzed |[14-915 1 005 : oo1f -

PNL (Nominal [L4-915 025{ 003 011} 021] 005 000 o011} o014] o015 008
PNL |Analyzed [14-96 0.03|" 0.01

PNL |Nominal |L4-96 025/ 003 o.11] o021] 009 o000 o011 014} 015 008
PNL |Analyzed [14-99 0.03 0.01 )

PNL |Nominal [14-99 02s5| 003 o0.11f 021} 009} 000 011] 014] 0.15 0.08
PNL |Analyzed [L5-1212 0.03 0.01

PNL |[Nominal [L5-1212 025| 003| o0.11f o021 009 o0.00{ o011 014 0.15] 008
PNL |Analyzed [L5-1215 0.04 0.01

PNL |Nominal [LS-1215 025 003f o.a11] o021 o009 000 011} 014 0.15] 008
PNL |Analyzed [L5-129 0.03 0.01

PNL |Nominal |[L5-129 025 003 o.a1f .021f 009 000} 011 o014 015] 008
PNL |Nominal [L5-612 025| 003} o.11] o021 009 o0.00| o011 o0.14f 015 0.08
PNL |[Nominal [L5-615 025 003] o0.a1f o021 009 0.00] 011 014 015 008
PNL |[Nominal |L5-69 025] 003| o.11f o021/ 009 o000} o011 o0.14] 015 0.08
PNL |Analyzed [L5-912 0.03 0.01

PNL [Nominal [L5-912 025 003 o.a1] o021 o009 o000 o011 014 015 008
PNL |Analyzed [L5-915 0.03 0.01

PNL |Nominal [L5-915 02s] 003 o011} o021 009 o000 o011] 0.4 015] 008
PNL |Analyzed |L5-96 0.03 0.01

PNL |Nominal [LS5-96 025 003 o0.a1f o021 o009 o0.00f o011 o014 015 0.08
PNL |Analyzed |L5-99 0.03 0.01

PNL [Nominal [1.5-99 0251 0031 0110 o021] 009 o000l 011 0.14] 015 008
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Appendix Al. Glass Compositions for Glass Optimization Investigatation (Cont.)

Vendor|Type Glass ID Cl Cr203|Cs20 |F MnO [{MoO3 |P205 {SO3 |SrO
PNL |[Nominal {L6-3312 02s5| 0.03] 0.0 0.21f 009} 0.00f 0.1 0.14] 0.15] 0.8
PNL [Analyzed {L6-5412 . 0.03 0.01

PNL |Nominal |L6-5412 0.25{ 0.03] 0.10} 0.21f 0.09} 0.00f 0.1} 0.14{ 0.15] 0.08
PNL |Nominal |[L6-5415 025] 0.03] o0.10{ 0.21] 009} 0.00f 0.1} 0.14 0.15] 0.08
PNL |Analyzed [L6-546 0.03 . 0.01 ‘

PNL |Nominal |L6-546 0.25| 0.03] 0.10f 0.21f 009 0.0 0.1 0.14] 0.15] 0.08
PNL |Analyzed [L6-549 0.03 0.01

PNL |Nominal |L6-549 025 0.03] 010/ 021} 0.09/ 0.0, 0.11| 0.14{ 0.15/ 0.08
PNL |Nominal {L6-6612 025} 0.03{ o010 o021f 009} 0.00f 011 014 0.15] 0.08
PNL [Nominal JL6-669 025 0.03{ 0.10{ 021} 009} 0.00] 0.11f 0.14{ 0.15] 0.08
PNL |Analyzed |L7-15 0.02 0.01

PNL |Nominal- [L7-15 0.19f 0.02| 0.08f 0.16{ 0.07[ 0.00{f 0.08f -0.10] 0.12] 0.06
PNL |Analyzed |L7-25 0.04 0.01

PNL |Nominal |L7-25 031} 0.04] 013} 026 012 0.00] 0.13f 017 0.19] 0.10
PNL |Analyzed [L7-3 0.05 ‘ 0.01

PNL |Nominal |L7-33 0.38] 0.04f 0.16] 0.32f 0.14} 0.00f 0.6 020f 023} 0.11
PNL |Analyzed |L7-35 ' 0.05 0.01

PNL |Nominal |L7-35 044! 0.5/ 018 037f 0.16f 0.00f 0.19] 024 027} 0.13
PNL |Nominal |L8-1 025] 0.03] 0.10f 021} 0.09 0.00{ 0.11] 0.14] 0.15f 0.08
PNL |Nominal |[L8-2 0.25{ 0.03] 010 0.21f 0.09f 0.00] 0.11f 0.14{ 0.15] 0.08
PNL |Nominal |L8-3 025 0.03|. 010} 021 0.9 0.00] 0.11] 0.14] 0.15] 0.08
PNL {Nominal |[L8-4 025 0.03 0.10f 021 0.9 0.00] 0.11] 0.14] 0.15| 0.08
PNL |Nominal |L8-5 025| 0.03f 0.10{ 021] 0.9 0.00] 0.1} 0.14] 0.15] 0.8
PNL [Nominal {L8-6 025 0.03} 0.10{ 021f 005 0.00] 011} 0.14{ 0.15] 0.08
PNL. |Nominal |L8-7 025] 0.3} 010 0.21f 0.09| 0.00] ©.11} 0.14] 0.15f 0.08
PNL._|[Nominal {I8-8 0.25] 0.031 0.10{ 021} 0.09] 0.00} 0.11] 0.14{f 0.15{ 0.08
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APPENDIX B

7-Day PCT Elemental Release Data






Aﬁpendix B1. 7-Day PCT Elemental Release (g/m®) of LLW Glasses

Vendor{Glass ID [Comp. Used pH{ A1203| B203] CaOlFe203}] K20l Na20| SiO2} S03| MnO| Mo0O3
PNL |L1-12C [Nominal 12,331 0.39 6.24 257 040 191

PNL |L1-12C |Nominal 12.331 0.39 265 040

PNL, |L1-12D |Nominal 12.35] 0.39 641 2.64] 040 1.96

PNL |L1-9C Nominal 12721 039 0.00 11.15 5.99] 093] 1.08]f 3.33

PNL |L1-9D Nominal 12,751 0.39] 0.00 12.19 6.18] 094] 1.13] 3.39

PNL. |L4-1212R |Nominal 10411 0.13] 1.15 3541 0031 075 0.13} 025

PNL, [L4-912CR |Nominal 10.52| 0.13] 0.28 3.77 0.30] 0.131 040

PNL |L4-912DR |Nominal 10.54] 0.13] 0.28 3.60] 0.04] 030 013} 026

PNL |L5-1215R {Nominal 11.75} 0.09 0.06 0.61{ 009 022

PNL |L6-3312C |Nominal 11.63] 0.15] 0.16{ 0.02] 1.03 0.56{ 0.15| 027

PNL [L6-3312D [Nominal 11.64| 0.15} 0.17{ 0.02| 0.67 0.59] 0.16f 026

PNL |L6-5412C |Nominal 11.39] 0.11} 0.13] 0.02] 0.26 -0.39] 012 0.19

PNL |L6-5412D {Nominal 1141 0.11}] 0.13] 0.02 040] 0.12f 0.19

PNL |L6-5415C |Nominal 11.22] 0.10{ 0.11] 0.02] 027 0.31f 0.10] 0.16

PNL |L6-5415D |Nominal | 1126 0.10f 0.11} 0.02] 032 0.30] 0.10; 0.15

PNL |[L6-546C |Nominal 11891 0.18] 0.23f 0.04 0.04] 091 022 039

PNL |L6-546D |[Nominal 11911 0.19] 024 0.04 097 022 0.39

PNL |L6-549C |Nominal 11.64| 0.14] 0.17| 0.03] 0.20{ 0.03f 0.58f 0.15] 028

PNL |L6-549D |Nominal 11,661 0.15] 0.17| 0.03 061} 0.16] 026

PNL. |L6-6612C jNominal 1147 0.10] 0.12 0.04 0.39] 0.11] 0.18

PNL |L6-6612D |Nominal 1146f 0.10] 0.11] 0.04 0.37] 0.10f 0.19

PNL. |L6-669C |[Nominal 11.36] 0.12] 0.14f 0.04 0.07] 049| 0.13| 0.31

PNL. |L6-669D {Nominal 1137 0.12] 0.14f 0.04 0.04] 049 0.13] 0.30

PNL |L7-35C  |Nominal 13.33] 0.25 52.60 13.82] 10.35] 41.93] 19.62) 92.05 0.31
PNL |L7-35D |Nominal 13.38] 0.15| 36.17 16311 9.20] 29.11} 13.59} 64.05 0.26
PNL |L8-4C Nominal 10.70 128 0.01{ 0.08{ 1.00] 043} 2.52] 050 0.01
PNL ' |L8-4D Nominal 10.71 1.30 001} 0.0s5] 1.03| 043 247f 0.18] 001
PNL |L8-5C Nominal 1193 022 0.01f 0.01] o0.04f 1.17] 021 0.53

PNL |L8-5D Nominal 11.94] 0.20 0.01} 0.01} 0.03] 115 022 0.9

PNL |L8-6C Nominal 1146; 0.17{ 024] 0.02] 0.04 0.62] 0.19] 041

PNL |L8-6D Nominal 1148 0.17] 024 0.02| 0.04 0.61] 0.19] 044

PNL |L8-7C Nominal 1099 0.14] 0.19 0.13}. 0.35] 0.14] 0.30f 0.30

PNL |L8-7D Nominal 1098 0.15{ 0.18 0.17 035 0.14] 0.25; 040

PNL |L8-8C Nominal ©11.30] 0.09} 143 3.08] 008} 136/ 038 231§ 023 001
PNL {L8-8D Nominal 1127} 0.05] 144 1.36] 0.05] 1.21] 042| 267 0.01

Note: R stands for repeated measurement.
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APPENDIX C

Glass Compositions






Table C.1. Glass Compositions: Glasses 1 - 5

Oxide Comp. 1 Comp. 2 Comp. 3 Comp. 4 Comp. 5
SiO, 42.84 44.65 46.87 43.07 42.16
Na,O 19.06 19.06 19.07 19.06 19.06
AL O, 13.09 13.47 14.00 18.29 17.99
B,0; 9.43 9.80 4.23 9.50 3.77
Ca0 3.02 491 5.14 4.76 4.61
ZrO, 6.86 2.26 7.47 2.19 6.71
Li,0 3.39 3.55 0.91 0.83 3.39
K,0 1.45 1.45 1.45 1.45 1.45
SO, 0.21 0.21 0.21 0.21 0.21
P,0; 0.19 0.19 0.19 0.19 0.19
MoO, 0.15 0.15 0.15 0.15 0.15
Cs,0 0.15 0.15 0.15. 0.15 0.15
SrO 0.11 0.11 0.11 0.11 0.11
Cr,0, 0.04 0.04 0.04 0.04 0.04
Fe,0O; 0.004 0.004 0.004 0.004 0.004
MgO 0.002 0.002 0.002 0.002 0.002
MnO, 0.002 0.002 0.002 0.002 0.002
Total 99.998 100.008 99.998 100.008 99.998
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Table C.2." Glass Compositions: Glasses 6 - 10

Oxide Comp. 6 Comp. 7 Comp. 8 Comp. 9 Comp. 10
Sio, 44.09 40.16 43.40 49.63 51.63
Na,O 19.04 19.07 19.07 19.06 '19.04
ALO, 18.65 17.25 13.17 14.60 15.11
B,0; 9.72 8.83 8.51 445 4.67
Ca0 3.09 2.80 4.76 3.47 3.62
Zr0, 2.19 6.42 6.95 249 2.56
Li,0 0.91 3.17 0.83 4.00 1.06
K0 1.45 1.45 145 1.45 1.45
SO, 0.21 0.21 0.21 0.21 0.21
P,0; 0.19 0.19 0.19 0.19 0.19
MoO; 0.15 0.15 0.15 0.15 0.15
Cs,0O 0.15 0.15 0.15 0.15 0.15
SrO 0.11 0.11 0.11 0.11 0.11
Cr,04 0.04 1 0.04 0.04 0.04 0.04
Fe,0, 0.004 0.004 0.004 0.004 1 0.004
MgO 0.002 0.002 0.002 0.002 . 0.002
MnO, 0.002 0.002 0.002 0.002 0.002
Total 99.998 100.008 99.998 100.008 99.998

C.2




Table C.3. Glass Compositions: Glasses 11 - 15

Oxide Comp. 11 Comp. 12 Comp. 13 Comp. 14 Comp. 15
Si0o, 1 44.65 44 88 52.87 46.61 49.70
Na,0 19.06 19.06 19.06 19.06 19.06
AlL,O, 18.82 18.90 13.77 18.14 13.16
B,0, 4.00 4.07 475 422 10.94
CaO 3.10 491 5.81 3.25 347
Zr0, 7.16 2.26 1.21 6.18 1.13
Li,O 0.91 3.62 0.23 0.23 0.23
K,O 1.45 145 1.45 145 1.45
SO, 0.21 0.21 0.21 0.21 0.21
P,0; 0.19 0.19 0.19 0.19 0.19
MoO, 0.15 0.15 0.15 0.15 0.15
Cs,0 0.15 0.15 0.15 0.15 0.15
SrO 0.11 0.11 | 0.11 0.11 0.11
Cr,0, 0.04 0.04 0.04 0.04 0.04
Fe,0, 0.004 0.004 0.004 0.004 0.004
MgO 0.002 0.002 0.002 0.002 0.002
MnO, 0.002 0.002 0.002 0.002 0.002
Total 100.008 100.008 100.008 99.998 99.998
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Table C.4. Glass Compositions: Glasses 16 - 20

Oxide Comp. 16 Comp. 17 Comp. 18 Comp. 19 Comp. 20
SiO, 47.82 48.65 43.07 50.31 47.14
Na,0 19.06 19.06 19.06 19.06 19.06
ALO; 12,78 10.52 14.82 16.78 11.65
B,O, 10.56 12.14 10.79 6.03 11.77
Ca0 332 3.40 476 5.51 5.21
Z10, 1.06 3.92 347 0.00 0.00
Li,0 3.09 0.00 1.73 0.00 2.87
K0 1.45 145 1.45 145 1.45
SO, 0.21 021 0.21 0.21 0.21
P,O; 0.19 0.19 0.19 0.19 0.19
MoO, 0.15 0.15 0.15 0.15 0.15
Cs,0 0.15 0.15 0.15 0.15 0.15
SrO 0.11 0.11 0.11 0.11 0.11
Cr,0, 0.04 0.04 0.04 0.04 0.04
Fe,04 0.004 0.004 0.004 0.004 0.004
MgO 0.002 0.002 0.002 0.002 0.002
Mnbz 0.002 0.002 0.002 0.002 0.002
Total 99.998 99.998 100.008 99.998 100.008
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Table C.5. Glass Compositions: Glasses 21 - 24

Oxide Comp. 21 Comp. 22 Comp. 23 Comp. 24
Si0O, 45.10 44.65 43.07 45.48
Na,O 19.06 19.06 19.06 19.06
ALO, 15.42 16.63 13.16 17.76
B,0; 13.58 7.54 11.62 6.34
CaO 3.17 491 3.02 3.17
Zr0, 0.00 490 5.58 5.88
Li,0 1.36 0.00 2.19 0.00
K0 1.45 1.45 -1.45 1.45
SO, 0.21 0.21 0.21 0.21
P,Os 0.19 0.19 0.19 0.19
MoO, 0.15 0.15 0.15 0.15
Cs,0 0.15 0.15 0.15 0.15
SrO 0.11 0.11 0.11 0.11
Cr,0, 0.04 0.04 0.04 0.04
Fe,O, 0.004 . 0.004 0.004 0.004
MgO 0.002 0.002 0.002 0.002
MnO, 0.002 0.002 0.002 0.002
Total 99.998 99.998 100.008 99.998
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APPENDIX D

Ratings and Ranking After Each Round







Table D.1. Ratings and Ranking After Round 1.

mn Durability Viscosity Homogeneity | Volatility Total
4 35 25 25 15 100
6 35 25 25 15 100
8 35 24.5 25 15 99.5
9 31.2 25 25 15 96.2
3 35 25 12.5 15 87.5
12 35 25 12.5 15 . 87.5
10 35 12 25 15 87
35 6.5 25 15 81.5
’/ 35 13.5 12.5 15 76
2 27.3 4.5 25 15 71.8
-k 25 0 15 -
11 * 24 0 15 -

* Durability (PCT) not measured since composition did not form a glass.
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Table D.2. Ratings and Ranking After Round 2.

Composition | Durability Viscosity Homogeneity | Volatility Total
4 35 25 25 15 100
6 35 25 . |25 15 100
15 35 25 25 15 100
8 35 24.5 25 15 99.5
9 - 312 25 25 15 96.2
13 35 16.8 25 15 91.8
3 35 25 12.5 15 87.5
16 30.8 15.5 25 15 -86.3
12 35 25 12.5 15 87.5
10 35 12.5 25 : 15 87

1 35 6.5 25 15 81.5
14 =¥ 0 0 15 -

* Durability (PCT) not measured since composition did not form a glass.
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Table D.3. Ratings and Ranking After Round 3.

Composition | Durability | Viscosity Homogeneity | Volatility Total
4 35 25 25 15 100
6 35 25 25 15 100
15 + |35 25 25 15 100
8 35 24.5 25 15 99.5
9 31.2 25 25 15 96.2
13 35 16.8 25 15 91.8
18 35 16.2 25 15 91.2
17 35 25 12.5 15 87.5
3 35 25 12.5 15 87.5
16 30.8 15.5 25 15 86.3
20 * 6.5 . 25 15 -

19 ‘ ¥ 6.5 12.5 15 -

* Durability (PCT) not measured since composition did not form a glass.
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APPENDIX E

Viscosities of LLW Glasses







Appendix E1. Viscosities of LLW Glasses

Vendor{Glass ID

PNL |LA4-1215 |Temp (°C) 1140} 1189| 1239] 1288| 1337| 1338| 1387| 1388| 1388| 1437| 1488
Viscosity (Pa*S)| 439| 276] 184 105 73| 76 52| 58] 66| 44| 35

PNL |L4-129 |Temp (°C) 1089 1139{ 1189| 1238| 1287} 1287 1336] 1337} 1338] 1387 1437
Viscosity (Pa*S)| 41.6] 249| 158} 95| 66] 67| 47| 49 53F 371 29

PNL |L4-615 {Temp (°C) 1214] 1264| 1314] 1363| 1412] 1413| 1462| 1462| 1464 1516
Viscosity (Pa*S)| 79.1} 50.1| 329] 189] 139| 13.5] 9.5 10.1| 111 9.7

PNL |L4-912 |Temp (°C) 1140] 1189f 1239| 1289} 1338] 1338] 1388{ 1388| 1388| 1438| 1489
Viscosity (Pa*S){ 66.5| 40.6f 264| 14.3| 102] 104 72| 76f 89| 60] 5.0

PNL |L4-96 |Temp (°C) 1139] 1189{ 1239] 1288| 1337| 1337| 1387| 1387] 1388{ 1437| 1488
Viscosity (Pa*S)| 40.8] 25.5] 164} 95| 68| 69| 48] 50 56| 37| 29

PNL |L5-1215 |Temp (°C) 1139} 1189| 1238| 1287] 1287| 1336| 1337| 1338| 1387| 1437| 1487
Viscosity (Pa*S)| 852} 46.6| 27.1] 16.5{ 16.5| 10.8] 10.8] 108 7.3] 49| 33

PNL |L5-129 |Temp (°C) 1089] 1139f 1189| 1238| 1238} 1287] 1287| 1288} 1337} 1387 1438
Viscosity (Pa*S)| 108.8] 58.0f 320! 19.5| 19.7] 12.8] 129| 129] 84| 58| 4.0

PNL |L5-96 |Temp (°C) 1139 1189f 1238§ 1287| 1287| 1336| 1337| 1338| 1387 1437| 1487
Viscosity (Pa*S)| 74.5] 43.0] 26.0{ 16.5] 16.6| 11.2| 112} 114 76| 55| 39

PNL |L6-3312 |Temp (°C) 1188] 1238| 1287] 1336} 1336| 1386] 1386] 1388] 1436| 1487 1538
Viscosity (Pa*S)| 869 53.2| 29.8| 199 203{ 13.6f 144| 155f 10.1] 74{ 56

PNL |L6-5412 |Temp (°C) 1139] 1188 1238| 1287| 1287} 1337| 1337| 1337| 1387| 1437
Viscosity (Pa*S)| 71.3] 43.1} 24.6] 16.0] 16.5] 109| 117| 126 84| 62

PNL |L6-5415 |Témp (°C) 1138| 1188 1237] 1287| 1287| 1336| 1336] 1337| 1386| 1437
Viscosity (Pa*S){ 89.4] 53.2| 31.7| 20.5] 21.0| 13.6] 14.5 15.0] 100] 7.3

PNL |L6-546 |Temp (°C) 10891 1138| 1188 1237| 1238] 1286{ 1287] 1287 1337| 1387| 1437
Viscosity (Pa*S)| 78.6] 45.1] 25.6] 16.7] 164] 11.5( 11.0]{ 122] 8.0] 59| 43

PNL |L6-549 |Temp (°C) 10891 1138 1187] 1236| 1237| 1286] 1286 1287| 1336| 1386] 1436
Viscosity (Pa*S){ 95.2| 55.0] 29.5{ 19.6] 19.0| 12.8] 13.6] 148 94| 69| 5.1

PNL |L6-6612 |Temp (°C) 1089} 1138| 1188| 1238{ 1238| 1287} 1287 1287| 1337| 1387
Viscosity (Pa*S)| 62.8] 36.2] 21.3| 14.2] 143] 94 97| 99 69] 49

PNL |L6-669 |Temp (°C) 1090| 1140} 1189| 1239| 1239{ 1288 1288| 1289| 1338] 1388
Viscosity (Pa*S)| 50.7| 294| 172} 11.5| 116 7.7 80| 83| 56| 4.1

PNL |L7-15 |Temp (°C) 1188] 1237| 1287] 1336| 1386| 1386] 1436} 1436| 1436
Viscosity (Pa*S)| 154.5] 91.3] 56.3| 35.8] 23.6] 25.0f 15.7} 17.71 16.

PNL |[L7-25 |Temp (°C) 1089f 1138| 1188| 1237| 1237} 1286] 1286] 1287| 1336{ 1387
Viscosity (Pa*S)| 364| 22.6] 138 94| 95| 64| 66| 6.7 46] 33

PNL |L7-30 |Temp (°C) 990} 1040] 1090] 1139] 1188| 1189{ 1238| 1238| 1239] 1288
Viscosity (Pa*S)| 43.7] 254| 154 9.71 65| 65| 44f 44 4.5 3.1

PNL |L7-35 |[Temp (°C) 891] 941| 991| 1040 1089} 1089f 1139| 1139f 1140{ 1189
Viscosity (Pa*S)| 63.7] 324| 183| 11.0] 6.8 68| 44 44| 44| 3.0
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Appendix E1. Viscosities of LLW Glasses (Continued)

Vendor|Glass ID
PNL |L8-1 Temp (°C) 1189] 1239| 1288] 1338| 1388{ 1389 1438{ 1438| 1438| 1488
Viscosity (Pa*S)| 72.5| 42.1| 26.1f 144| 100 97| 69| 75| 17171 5.7
PNL |L8-2 Temp (°C) 1186] 1236| 1286| 1336| 1336] 1386| 1386| 1386| 1436| 1486| 1536
Viscosity (Pa*S)| 108.9{ 60.1| 32.6] 19.8] 20.0| 129| 129| 13.1] 84| 57| 4.0
PNL |L8-3 Temp (°C) 11891 1239| 1288} 1338| 1338 1388 1388| 1388| 1438| 1488
Viscosity (Pa*S)| 83.1] 47.7| 267} 16.5| 17.0] 10.5| 11.3| 119 7.8 5.5
PNL |L84 Temp (°C) 1094] 1145| 1194] 1244| 1244| 1294| 1294| 1294] 1344} 1344
Viscosity (Pa*S)| 77.3] 39.7| 21.8{ 13.3| 134| 81| 84| 85| 54 57
PNL |L8-5 Temp (°C) 1091§ 1141| 1191} 1241] 1291] 1341 1391
Viscosity (Pa*S)| 143.3] 78.6] 45.6] 282| 17.8] 120| 82 .
PNL |L8-6 Temp (°C) 1142] 1192| 1242 1292| 1292| 1342| 1342| 1343] 1392} 1443
Viscosity (Pa*S)] 60.0] 35.8| 219| 149| 14.6] 10.0| 104| 107 7.3} 5.5
PNL |L8-7 Temp (°C) 1141 1191] 1240] 1290] 1290] 1340| 1340| 1341} 1390} 1442
Viscosity (Pa*S)| 76.3| 453 24.1| 15.7] 159| 106 112 124 79} 6.0
PNL |{L8-8 Temp (°C) 1190 1239f 1289| 1339{ 1339| 1388| 1389] 1390] 1439{ 1489
Viscosity (Pa*S)| 54.5| 33.1f 196 133} 134] 93| 9.0 102 7.1} 54
PNL |LD4-912 |Temp (°C) 10451 1144| 1243] 1342] 1343| 1392| 1442} 1492
Viscosity (Pa*S)| 1534} 485| 194 74 92| 58] 44| 37
PNL |LD5-912 |Temp (°C) 1095} 1145| 1244] 1343| 1343] 1393| 1443
Viscosity (Pa*S)| 179.9] 94.6] 322| 123| 126 82| 5.8
PNL |LD6-5314 |Temp (°C) 1070] 1119| 1220{ 1318| 1319] 1368| 1418
Viscosity (Pa*S){ 198.3} 109.4] 39.6] 144| 169; 106 8.1
PNL |LD6-5412 |Temp (°C) 1046] 1145| 1244| 1342
Viscosity (Pa*S){ 161.0f 49.7| 19.1} 87
PNL {LD6-5510 | Temp (°C) 997! 1096| 1195] 1294]| 1294| 1344
Viscosity (Pa*S)| 244.2| 694| 237} 9.6 103| 7.1
PNL |LDM-0912}Temp (°C) 1138| 1186] 1236] 1236] 1285| 1285 1286 1336] 1385] 1436
Viscosity (Pa*S)| 76.8| 409| 24.8] 259| 15.6| 16.5| 17.1| 112{ 7.6 53
PNL |LDM-1 ° |Temp (°C) 1092| 1142} 1191| 1241| 1241 1290| 1290] 1292 1343} 1392
Viscosity (Pa*S)| 179.3] 96.11 50.8| 29.8f 31.1} 179| 19.3] 19.8{ 13.0] 8.6
PNL |LDM-2 |Temp (°C) 1091 1141] 1190| 1239{ 1240| 1289| 1290 1290f 1340] 1392
Viscosity (Pa*S)| 133.5{ 72.7| 38.6| 24.7| 23.7| 15.7] 149 161} 10.8f 7.8
PNL |LDM-3 |Temp (°C) 1138] 1187| 1236| 1286] 1286} 1336] 1336{ 1336| 1386| 1436
Viscosity (Pa*S)| 111.1] 62.8| 31.8] 20.0] 20.8] 125} 139f 150 9.7 6.9
PNL |LDM-4 |Temp (°C) 941| 992| 1041} 1090| 1091} 1140{ 1141) 1141| 1190] 1240
Viscosity (Pa*S)| 158.7] 72.6| 359{ 20.1| 20.1} 122} 119{ 124 75| 52
PNL |LDM-5412}Temp (°C) 1083| 1138| 1187 1187| 1236| 1237{ 1237| 1286| 1336] 1386
Viscosity (Pa*S)| 78.7| 40.0| 249{ 259| 15.8] 17.0f 18.8| 12.0{f 8.6 63
PNL |LDMS-1 |Temp (°C) 1143] 1193 1243| 1292] 1293] 1342| 1342| 1344| 1393} 1444
Viscosity (Pa*S)| 108.1] 60.3f 30.1| 199} 18.8| 122| 134| 144} 838f 6.3
PNL |LDMSM-1|Temp (°C) 1143| 1194 1244| 1294} 1295]| 1344| 1344| 1344] 1395} 1445
Viscosity (Pa*S)| 64.3| 36.0] 189| 12.5{ 1201 74| 8.1} 9.0 57| 40
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Viscosities of LLW Glasses (Continued)

Appendix E1.

Vendor|Glass ID

PNL |LRM-091jTemp (°C) 11871 1237] 1286 1336| 1336| 1386| 1386 1386| 1436| 1437
Viscosity (Pa*S)| 59.9| 353| 21.8] 14.0 142 96/ 97| 97| 66| 47

PNL |LRM-1 |Temp (°C) 1142] 1192} 1242| 1291| 1292| 1341} 1341] 1342) 1392} 1442
Viscosity (Pa*S)| 67.3| 383| 22.6] 142 140! 92| 95| 95| 63| 43

PNL [LRM-2 |Temp (°C) 1191} 1241| 1201} 1291] 1340| 1340| 1342] 1392 1441| 1492
Viscosity (Pa*S)| 549| 33.0] 209| 210] 137 139} 136] 94| 62| 43

PNL (LRM-3 |Temp (°C) 1187| 1237| 1286] 1336| 1386| 1386| 1435| 1436| 1436| 1485
Viscosity (Pa*S)| 90.3] 519| 313} 179 117 122} 76{ 82} 85| 60

PNL |LRM-4 |Temp (°OC) o40! 990| 1040| 1089! 1090] 1139| 1140| 1140{ 1189} 1240
Viscosity (Pa*S)| 203.9| 89.4| 419| 224 213| 12.7] 12.8] 131 79| 54

PNL |LRM-5411Temp (°C) 1188 1237} 1286| 1287| 1336| 1336| 1337| 1386| 1437 1488
Viscosity (Pa*S)| 40.8] 23.6| 158{ 153 103{ 11.1] 119] 80{ 59 438

PNL |LRMS-1 |Temp (°C). 1142} 1192] 1243| 1292| 1293} 1341| 1342| 1343| 1392 " 1443
Viscosity (Pa*S)| 673 385( 22.5) 14.1 140| 94 96/ 98] 66| 46

PNL |LRMSM-|Temp (°C) 1002] 1143| 1193| 1245| 1294| 1295| 1344] 1344| 1344} 1394
Viscosity (Pa*S)| 84.5] 45.7| 267 15.1 oof 98| 66| 68 70 46

PNL |SSHTM-1Temp (°C) 1195| 1245] 1294] 1295| 1344| 1345| 1345| 1395| 1446
Viscosity (Pa*S)| 469| 224| 142 1371 86| 9.1} 90| 58] 39

GDI |Duratek |Temp (°C) o41] 992| 1041 1001| 1091} 1140{ 1141} 1141} 1190{ 1241
Viscosity (Pa*S)| 76.5{ 350{ 17.3| 98| 99 60| 59| 62| 391 29

PEI |PEI Temp (°C) 1000] 1140| 1188 1238| 1238| 1287| 1287 1288| 1337| 1387 1438

’ Viscosity (Pa*S)| 116.8] 64.7| 35.0] 213 214} 1361 137 139 9.1] 63| 44

VTI |VECTRA{Temp (°C) 1000| 1140] 1190 1240| 1240| 1289 1290 1291| 1340{ 1390
Viscosity (Pa*S)| 334| 206 12.6] 84 84| 59| 60f 64| 44| 32

WSTC |WSTC |Temp (°C) 1040! 1090| 1000| 1139| 1139| 1140} 1188} 1237| 1238} 1287| 1337
Viscosity Pa*S)| 5471 30.8{ 31.3] 18.6| 18.8] 20.1 12.1] 82| 86| 58] 4.1
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