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Summary

This report provides the results of a continuing study to help determine the composition range of low-
activity waste (LAW) glasses that will meet performance expectations of the Hanford site burial facility.
This is a continuation of the Hanford Immobilized Low Activity Waste Product Acceptance: Tanks Focus
Area Testing Data Package II (Schulz et al. 2000). In addition to the completion of Phase I testing
(glasses HLP-01 through -55), new product consistency test (PCT), vapor hydration test (VHT), and
alteration products data for Phase II (glasses HLP-58 through -77) are included to use when comparing
the response of the various glasses to different test conditions.

An original test matrix of 55 glasses (Phase 1) was developed to identify the impact of glass
composition on long-term corrosion behavior and to develop an acceptable composition region for
Hanford LAW glasses. Of the 55 glasses, 45 were designed to systematically vary the glass composition,
and 10 were selected because large and growing databases on their corrosion characteristics had
accumulated. A second matrix (Phase II) was developed, consisting of 20 glasses, to help determine the
influence on the test responses of key glass components that were not varied systematically in Phase .
All glasses were fabricated according to standard procedures and heat treated to simulate the slowest
cooling that will occur in a portion of the waste glass after vitrification in the planned treatment facility at
Hanford.

A series of VHTs was performed at temperatures from 90°C to 300°C. The amount of glass converted
to alteration products, m,, is listed along with test time, #, and temperature in Appendix C; these are
discussed in Sections 3.5 and 4.0. The alteration rates, determined from the linear portion of the m,-¢
function, are also listed in Appendix C. The rates were determined for most test-matrix glasses at 200°C;
they range from 0.00 to 1708 g/m?/d (covering five orders of magnitude). The glasses with the five
highest rates (in g/m?/d) at 200°C are HLP-63 (1708), HLP-66 (1337), HLP-52 (1219), HLP-53Q (553),
and HLP-02 (265). The glasses with the lowest rates at 200°C are HLP-42 (0.00), HLP-19 (0.01), HLP-
34 (0.04), and HLP-32 (0.18). The major crystalline alteration products were identified. The most
prevalent crystalline alteration products include analcime, sodium aluminum-silicate-hydrate (or sodium
aluminum silicate boron hydroxide hydrate with a similar crystal structure), and clinopyroxene. A
combination of X-ray diffraction (XRD) and scanning electron microscopy/energy dispersive
spectroscopy (SEM/EDS) analyses revealed that a majority of the alteration products are amorphous
materials with compositions similar to those of the unreacted glass, and crystalline alteration products
generally appear on the surface of the reacted specimens. The impact of inverse temperature on the
logarithm of the VHT rate was found to be nearly linear with slopes, E,, ranging from 80 to 102 kJ/mol.
A correlation was found between the alteration rate measured by VHT at 200°C and glass composition.
This correlation showed that alkali, divalent components, and aluminum oxides increase VHT rate while
Si0,, Ti0,, ZrO,, B,03, and Fe, 05 decrease VHT rate. Glass redox was found to have little effect on
VHT rate. Correlations were found between the time required to reach an acceleration in rate by VHT at
200°C and by PCT-B performed at 99°C with a 20 000 m™ glass surface area to solution volume ratio
(S/V) and between the VHT rate at 200°C with pressurized unsaturated flow-through test rates. It was
found that although conservative for short time tests, single-point VHT measurements may be useful for
meeting contract specifications for Hanford LAW glasses.
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The testing (via PCT) of Phase I glasses was complete with the 10 000-h tests. This modified PCT
(PCT-B) was performed at 90°C with a S/V of approximately 20 000 m™'. The normalized release rates
for the 10 000-h tests ranged from 2.13 x 10™ to 1.52 x 10™" g/(m*d) for boron and 4.33 x 10 to 8.55 x
107 g/m*/day for sodium. The glasses with the highest boron release rates were HLP-02, -29, -46, -27,
and -53 at 10 000 h, while those with the highest release rates for sodium were HLP-27, -53, 46, -29, and
-52. The twenty glasses of Phase I were subject to the same test conditions of the PCT as the Phase |
glasses (thus far up to 5000 h complete). The Phase II glasses with the largest release for boron were
HLP-71, -66, -73, -63, and -64 at 1000 h, and HLP-70, -66, -73, -67, and -64 at 5000 h. At 5000 h, the
release rates for boron ranged from 2.66 x 10 to 1.50 x 10™ g/m*/day. In the case of sodium release, the
glasses with the largest releases were HLP-71, -63, -66, -73, and -67 at 1000 h, and HLP-70, -66, -67, -64,
and -73 at 5000 h. At 5000 h, the release rates for sodium ranged from 3.73 x 10 to 8.62 x 107
g/m*/day. The data gathered thus far for the Phase II glasses indicate that they follow the same general
trends as the Phase I glasses—the release rates decrease steadily up to 1000 h and then either level off or
continue a gradual decrease up to the 5000-h time period. It appeared from all supplied data (Phases I and
IT) that some of the least durable glasses were HLP-02, -33, -39, -70, and -71, and that some of the most
durable were HLP-30, -49, -59, -62, and -69. For PCT as a function of glass composition, it appeared that
glasses with higher alumina and silica contents did not have large release rates for sodium or boron. Also,
glasses with relatively high concentrations of sodium were typically among those with the largest short-
term releases of sodium. It should be noted that these trends were based on single data points, and further
testing is required before conclusions can be drawn with any certainty.

According to specifications established in Hanford Contract DE-AC27-01RV 14136, Section C (DOE
2000), all glasses must pass a PCT-A limit of 2.0 g/m” and a VHT limit of 50 g/(m*d). Of all the HLP
glasses tested, only 20 did not pass these criteria by at least one test. The glasses that failed typically had
low concentrations of ZrO, and high concentrations of alkali oxides. More thorough evaluations of
composition effects on PCT-A releases and VHT rates are required before an acceptable glass
composition region can be clearly defined. However, the work presented in this report provides a starting
point.

The final section of the main document provides a summary of the results obtained thus far, as well as
recommendations for future study. In addition, the Appendices contain additional useful information that
was too extensive to be included in the main text of this report.
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Glossary

tests conducted to attain certain conditions faster than it would be possible under

Accelerated tests .\ .\ . .
natural conditions or tests conducted under conditions that increase the reaction rate

AES atomic emission spectroscopy

AGCR acceptable glass composition region

thermodynamically more stable phases formed during glass corrosion. These phases
may incorporate constituents from glass and other species from the solution,
atmosphere, and barrier materials.

Alteration
products

mass of glass dissolved, calculated from the thickness of glass reacted, which is

A tof gl . ) . . .
MOUNLOL LIS determined by subtracting the remaining glass layer thickness (determined by

dissolved OM/IA) from initial glass thickness

ANSI American National Standards Institute

ARM Analytical Reference Material

ASTM American Society for Testing and Materials

Behavior the response of a material to its environment, specifically to the temperature and
solution chemistry

Corrosion the process of glass dissolution and conversion to alteration products

Corrosion layer layer of alteration products formed on the surface of bulk glass

Corrosion rate  the rate at which glass is dissolved or converted to alteration products

Dissolution the process of dissolving solid material into the solution
DIW deionized water

DOE U.S. Department of Energy

DOE-EM DOE’s Office of Environmental Management

EA Environmental Assessment

E, apparent activation energy

EDS energy dispersive spectroscopy

HLP Hanford LAW product acceptance (glass nomenclature)
IA image analysis

ICP inductively coupled plasma

ILAW immobilized low-activity waste

LAW low-activity waste

LRM low-activity waste reference material

Mg mass of glass converted to alteration products in g/m”



NIST
OM
ORP
PA
PCT
PCT-A
PCT-B
PDF

Performance

PNNL
PUF

p
repeated glasses
RH
RSD
SV
SEM
SRTC
t

TBD
TDS
TFA
VHT
WTP
XRD

National Institute for Standards and Technology
optical microscopy

Office of River Protection

performance assessment

Product Consistency Test

method A of the PCT as defined in ASTM (1998)
method B of the PCT as defined in ASTM (1998)
powder diffraction file

the ability of the burial system, primarily waste form in this work, to meet regulatory
limits on release of radioactive and hazardous components

Pacific Northwest National Laboratory
Pressurized Unsaturated Flow-Through (test)
alteration rate in g/m?*/d

multiple glasses with the same target composition, fabricated and tested separately
relative humidity

relative standard deviation

glass surface area to solution volume ratio
scanning electron microscopy

Savannah River Technology Center

Time

to be determined

Total Dissolved Solids

Tanks Focus Area

Vapor Hydration Test

Waste Treatment Plant

X-ray diffraction

density in g/cm’

standard deviation
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1.0 Introduction

The U.S. Department of Energy (DOE), Office of River Protection (ORP) intends to immobilize
Hanford’s low-activity waste (LAW) in the form of borosilicate glass for storage and disposal. The LAW
glass will be disposed of in a shallow land-burial facility. It must be demonstrated that the disposal
system will adequately retain the radionuclides and prevent contamination of the surrounding
environment. Waste-form performance is the first line of defense against releases of contaminants after
disposal and an integral part of the multiple-engineered barrier system. Mann et al. (2001) found that the
release of radionuclides from the waste form via interaction/reaction with water is the prime threat to the
environment surrounding the disposal site. The two major dose contributors in Hanford LAW glass that
must be retained are **Tc and '*I (Mann et al. 2001).

McGrail et al. (2000) described the strategy for testing and modeling to determine/assess the
radionuclide release rates from LAW glass. This strategy requires extensive testing and modeling for
each glass considered. The program includes, for example, in situ testing, tests with waste-package
components, tests that simulate the hydrology and geochemistry of the burial site, and coupled flow-
reaction modeling. The resources required to perform such a thorough study on a large number of glasses
are not practical. The Tanks Focus Area (TFA) Immobilization Program, DOE-EM® Office of Science
and Technology, has outlined a task to help determine the composition range of LAW glasses that will
meet performance expectations.

A methodology is needed to determine the range of LAW glass compositions that satisfy performance
requirements for the burial facility at Hanford. Following the high-level waste glass experiences at the
West Valley Demonstration Project, the Defense Waste Processing Facility, and Hanford, this
methodology will be based on acceptable glass composition regions (AGCRs) determined by process and
product property limits and property-composition relationships. This report summarizes the preliminary
results of a study aimed at developing a series of short-term tests, test data, property restrictions, property-
composition models, and ultimately an AGCR for Hanford LAW glass.

The work performed in this study was planned and conducted with the aid of an expert panel to assure
that program direction and progress were founded on a solid and defensible foundation and to avoid
expending resources on approaches with low chances of successfully meeting the program needs. Vienna
et al. (1999) described the initial program plan and accounted for the expert panel suggestions on
implementation strategy. Vienna et al. (2000) provided an initial data package from this study. Brown et
al. (2000) summarized the mid-program review by the expert panel and described the plan for the second
phase of study. Schulz et al. (2000) gave an updated data package of results from the first phase of the
study. Ebert et al. (2001) gave a detailed account of alteration products formed on some of the study
glasses during vapor hydration tests (VHTSs) and product consistency tests (PCTs). Muller et al. (2001)
gave the results of VHT and PCT evaluations of glasses recently formulated for Hanford LAW.

This document, which is a follow-up to the initial data packages (Vienna et al. 2000; Schulz et al.
2000), provides additional information on long-term PCT-B® tests, VHTS, and alteration products formed

(a) The U.S. Department of Energy’s Office of Environmental Management.
(b) Method B of the PCT as defined in ASTM (1998).
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on selected glasses subjected to durability testing. Much of the initial data and background information
from the original documents was retained in this document to allow the current report to stand-alone.
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2.0 Experimental Approach

During the first phase of this study, 45 glasses were designed with systematically varying
compositions along with 10 additional glasses, including glasses similar to those being considered by the
Waste Treatment Plant (WTP) at Hanford (Vienna et al. 1999). An additional 20 glasses were statistically
designed to backfill the initial 55 glasses and expand the composition region as a second phase of the
study (Brown et al. 2000). In total, 75 glasses were fabricated and heat treated to simulate the slowest
cooling that is expected to occur during plant operation. The homogeneity, density, and chemical
composition of test glasses were measured. The responses of each glass to the VHT and the PCT (both
PCT-A and PCT-B) were measured.

2.1 Test Matrix Design

A matrix of 75 glasses was developed and tested with the aim to identify the relationship between
glass composition and response to the PCT and VHT (Vienna et al. 1999; Brown et al. 2000). The target
compositions of these Hanford LAW product-acceptance (HLP) glasses are listed in Table 2.1. They are
split into five groups of glasses:

1. The first 24 glasses contained variations in nine components—SiO,, Al,Os, B,O3, Fe,05, TiO,, ZnO,
ZrO,, MgO, and waste (primarily Na,O)—one-at-a-time (HLP-01 through -24) from a central
composition (HLP-01). These glasses give a direct indication of the impact of each of these oxides
on the behavior of glasses in the testing program. Glasses HLP-44 and -45 have the same target
composition as HLP-01, but were melted and heat treated under reducing atmospheres to increase the
ratio of divalent to total iron (Fe(II)/Fe).

2. Four glasses (HLP-01, -25, -26, and -43) have the same target composition and were fabricated and
tested separately to assess the reproducibility of the glass fabrication and test procedures.

3. Sixteen glasses (HLP-27 through -42) varied four components at a time—SiO,, Al,Os, B,0s, and
waste (primarily Na,O)—to assess the interactive effects of the components expected to have the
largest effect on glass behavior in corrosion testing.

4. Ten glasses (HLP-46 through -56) (see below) were included because large and growing databases on
their corrosion characteristics had accumulated:

e HLP-46 is the LD6-5412 glass that was characterized by Kim et al. (1995), Feng et al. (1996),
and McGrail et al. (1997a,b).”) This glass expands the composition ranges of test glasses to
higher concentrations of SiO,, CaO, and K,O.

e HLP-47 is the low-activity waste reference material (LRM) glass that was characterized by Wolf
et al. (1998) and Ebert and Wolf (1999). This glass increases the range of SiO,, K,O, CI', and F
concentrations in the test glasses.

e HLP-48 is the LAW-A33 glass that was characterized by McGrail et al. (1999) and Muller et al.
(2001). This glass represents a nominal composition that may be processed by the WTP.

(a) W.L.Ebert, A. J. Bakel, D. M. Strachan, and S. F. Wolf. 1998. Laboratory Testing of LD6-5412 Glass,
DRAFT, Argonne National Laboratory, Argonne, Illinois.
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Table 2.1. Target Compositions (in mass% of oxides) of the Hanford LAW Product-Acceptance Glasses

b

Glass ID* Description ALO; B,O; CaO Cl Cr,O; F Fe203,j K,O La,0; Li,O MgO MoO; Na,O P,0s ReO, SO; SiO, TiO, ZnO ZrO,| Total
HLP-01 Baseline 7.00 10.00 0.01 0.28 0.08 0.01 550 041 0.00 0.00 1.50 0.00 20.00 0.06 0.01 0.07 49.07 3.00 1.50 1.50 |100.00
HLP-02 L Si 8.79 12.57 0.02 035 0.09 0.01 692 052 0.00 000 1.88 0.00 2514 0.07 0.01 0.09 36.00 3.77 1.88 1.88 | 99.99
HLP-03 HSi 6.60 943 0.01 026 0.07 0.01 519 039 0.00 000 141 0.00 18.85 0.05 0.01 0.07 52.00 2.82 141 1.41 | 99.99
HLP-04 1Si 8.24 11.78 0.01 0.33 0.09 0.01 648 049 0.00 0.00 1.77 0.00 23.57 0.07 0.01 0.09 40.00 3.53 1.77 1.77 | 100.01
HLP-05 L Al 4.00 1032 0.01 0.29 0.08 0.01 5.68 043 0.00 0.00 1.55 0.00 20.65 0.06 0.01 0.08 50.65 3.09 1.55 1.55|100.01
HLP-06 H Al 11.94 947 0.01 026 0.07 0.01 521 039 000 00