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Effects of Heat Treatment and Formulation on the Phase Composition and Chemical
Durability of the EBR-I1 Ceramic Waste Form

W.L. Ebertl, N.L. Dietzl, and D.E. Janneyz’3

ABSTRACT

High-level radioactive waste salts generated during the electrometallurgical treatment
of spent sodium-bonded nuclear fuel from the Experimental Breeder Reactor-11 will be
immobilized in a ceramic waste form (CWF). Tests are being conducted to evaluate the
suitability of the CWF for disposal in the planned federal high-level radioactive waste
repository at Yucca Mountain. In this report, the results of laboratory tests and
analyses conducted to address product consistency and thermal stability issues called
out in waste acceptance requirements are presented. The tests measure the impacts of
(1) variations in the amounts of salt and binder glass used to make the CWF and (2)
heat treatments on the phase composition and chemical durability of the waste form. A
series of CWF materials was made to span the ranges of salt and glass contents that
could be used during processing: between 5.0 and 15 mass% salt loaded into the zeolite
(the nominal salt loading is 10.7%, and the process control range is 10.6 to 11.2
mass%), and between 20 and 30 mass% binder glass mixed with the salt-loaded zeolite
(the nominal glass content is 25% and the process control range is 20 to 30 mass%). In
another series of tests, samples of two CWF products made with the nominal salt and
glass contents were reheated to measure the impact on the phase composition and
durability: long-term heat treatments were conducted at 400 and 500 °C for durations
of 1 week, 4 weeks, 3 months, 6 months, and 1 year; short-term heat treatments were
conducted at 600, 700, 800, and 850 °C for durations of 4, 28, 52, and 100 hours. All of
the CWF products that were made with different amounts of salt, zeolite, and glass and
all of the heat-treated CWF samples were analyzed with powder X-ray diffraction to
measure changes in phase compositions and subjected to 7-day product consistency
tests to measure changes in the chemical durability. The salt loading had the greatest
impact on phase composition and durability. A relatively large amount of nepheline,
Nay(AlSiOy)s, was formed in the material made with 5.0 mass% salt loading, which
was also the least durable of the materials that were tested. Nepheline was not detected
in materials made with salt-loaded zeolites containing 15 or 20 mass% salt.
Conversely, halite was not detected with XRD in materials made with 5.0 or 7.5 mass%
salt loading, but similar amounts of halite were measured in the other CWF materials.
The sodalite contents of all materials were similar. The halite content in the CWF
source material used in the short-term heat-treatment study, which had the nominal salt
and binder glass loadings, was determined to be about 1.3 mass% by standard addition
analysis. Heat treatment had only a small effect on the phase composition: the amount
of halite increased to as much as 3.7 mass%, and trace amounts of nepheline were
detected in samples treated at 800 and 850 °C. The CWF samples treated at high
temperatures had lower amounts of halite detected in the rapid water-soluble test. The
releases of B, Na, and Si in the product consistency tests (PCTs) were not sensitive to
the heat-treatment conditions. The PCT responses of all salt-loaded and heat-treated
CWF materials were well below that of the Environmental Assessment (EA) glass.



1. INTRODUCTION

A ceramic waste form (CWF) has been developed at Argonne National Laboratory (ANL) to
immobilize waste salts generated during the electrometallurgical treatment of spent sodium-
bonded nuclear fuel from the Experimental Breeder Reactor (EBR)-II. Laboratory tests are
being conducted to evaluate the physical, chemical, and radiological properties of CWF materials
to support their acceptance for disposal at the planned federal high-level radioactive waste
repository to be constructed at Yucca Mountain, Nevada. The CWF is considered by the U.S.
Department of Energy (DOE) to be high-level radioactive waste (HLW), and the acceptance
requirements for vitrified HLW are being used as guidance for the laboratory testing program.
This report provides the results of laboratory tests that were conducted to address two
informational needs identified in the DOE Office of Civilian Radioactive Waste Management
Waste Acceptance System Requirements Document (WASRD) for vitrified HLW that are
relevant to the CWF:

e Time-Temperature-Transformation diagrams for the vitrified HLW and identification of
temperature limits (if any) necessary to preserve the properties of the vitrified HLW.

e Identification of the method to be used to assure consistency of production batches.

(DOE 2002, Section 5.4.1). The same product consistency test (PCT) method that was
developed to monitor the consistency of HLW glasses has been shown to be suitable for
measuring the consistency of CWF materials (Ebert et al. 2002a, Ebert et al. 2002b).

This report discusses two series of tests: tests that were conducted to provide information
needed to evaluate the thermal stability of the phase assemblage and construct a Time-
Temperature-Transformation (TTT) diagram, and tests that were conducted to evaluate the effect
of CWF composition on phase composition and durability. Samples from both test series were
analyzed with powder X-ray diffraction (XRD) to measure the relative amounts of crystalline
phases in the CWF, and subjected to 7-day PCTs to measure the chemical durability.

The thermal stability tests were conducted with two nonradioactive reference CWF materials that
had been made with the nominal production values of 25 mass% binder glass and 75 mass%
zeolite 4A containing 10.7 mass% occluded salt. Both CWF materials used in the tests were
made by pressureless consolidation (PC) at 915 °C for 16 hours, then allowed to cool in air.
Cylindrical samples prepared from cores cut from one source sample were reheated at
temperatures of 600, 700, 800, or 850 °C for durations of 4, 28, 52, or 100 hours, then slowly
cooled. Samples from previous heat treatments at 400 and 500 °C for durations up to 1 year were
also analyzed. The heat-treated samples were crushed and analyzed with XRD to measure the
phase compositions and subjected to 7-day PCTs to determine if the heat treatments and changes
in phase composition affected the chemical durability. The CWF materials that were used to
evaluate the effects of heat-treatment are referred to as “heat-treated CWF materials.”

Previous scoping tests had shown that the PCT response (the amount of B released) is sensitive
to differences in the relative amounts of salt-loaded zeolite (SLZ) and binder glass used to make
CWF materials for glass contents between 25 and 45 mass% (Lewis et al. 2002), although the



difference between materials made with 25 and 30 mass% was small. The tests discussed in this
report provide a more thorough measure of the effects of composition by studying CWF
materials that span ranges of salt and glass loadings. Differences in the phase compositions
(primarily the amounts of halite and nepheline formed) in CWF materials made with different
amounts of salt and glass are also measured and related to the PCT responses.

A suite of materials were made using 9 different proportions of salt, zeolite, and binder glass to
measure the effect of CWF composition on phase composition and chemical durability.
Materials were made by consolidating zeolite that was loaded with between 5.0 and 15 mass%
salt mixed with between 20 and 30 mass% binder glass. The ranges of salt, zeolite, and binder
glass contents selected for testing were based on the process control ranges established for CWF
materials made using a hot isostatic press (HIP) during process demonstration (Goff et al. 1999).
Control limits have not yet been established for the PC process. For the purposes of this report,
the control limits for CWF made using the PC process (PC CWF) are presumed to be the same as
those for HIP processing. It is possible that the limits for the PC process may be relaxed relative
to the limits for HIP processing based, in part, on the results of these tests. The target salt
loading is 10.7 mass%, and the process control range is 10.6 to 11.2 mass%. The target glass
content is 25 mass%, and the process control range is 20 to 30 mass%. Thus, the materials used
in testing, which are referred to as “salt-loaded CWF materials,” were made with proportions of
salt, zeolite, and glass that are either within or slightly outside the process control ranges with the
intention of evaluating waste forms that could result from a possible process upset, such as the
occlusion of too little or too much salt. The thermal stability tests represent waste forms with the
nominal composition that were heated beyond the control range.

Samples of the salt-loaded CWF materials were analyzed with XRD to measure the effects of the
salt and glass loadings on the phase composition, and other samples were subjected to triplicate
7-day PCTs to measure the effects of composition on the chemical durability. The heat-treated
CWF samples were also analyzed with XRD and subjected to 7-day PCTs. Use of the 7-day
PCT has been recommended for monitoring the consistency of CWF products. These results can
also be interpreted as a measure of the sensitivity of the 7-day PCT to changes in the CWF
chemical and phase composition due to the salt and glass loadings or heating histories. The
results of tests and analyses with the salt-loaded CWF and heat-treated CWF samples are
presented separately.



2. EFFECTS OF SALT LOADING AND GLASS LOADING

2.1 PRODUCTION OF SALT-LOADED CWF PRODUCTS

The salt-loaded CWF materials were prepared at the former ANL-West laboratory (which is now
part of the Idaho National Laboratory) and shipped to ANL for testing. The materials were made
using different amounts of the same three starting materials: dehydrated zeolite 4A, simulated
300 driver salt, and glass frit. Prescribed amounts of dehydrated zeolite and crushed salt were
first hot-mixed in a laboratory-scale V-mixer to occlude the salt into the zeolite structure. The
salt-loaded zeolite (SLZ) was allowed to cool, and then the appropriate amount of binder glass
was added and mixed with the SLZ in the V-mixer. The processing range of glass/SLZ mixtures
is 20%-30% glass by mass, with a target glass loading of 25% (Goff et al. 1999, p. 21). The
target proportions of each starting material for each of the waste forms made for this study and
the masses of dried zeolite, salt, and binder glass required to make 900 grams of each material
are given in Table 1. This would provide enough mixed material to make two 400-g CWF
products, if necessary. (Note: The term “CWF product” is used to identify a particular piece
that was made. More than one CWF product was made from some mixtures.)

2.1.1 Components

Zeolite

Large amounts of the zeolite used to make CWF had been purchased from UOP (Des Plaines,
IL) in a granular form in which fine-grained zeolite 4A (about 5 ym average particle diameter) is
aggregated with a clay binder. The zeolite is size-reduced to about —60 +325 mesh (smaller than
60 mesh and larger than 325 mesh) before use to facilitate processing (e.g., transferring to the V-
mixer and mixing with the binder glass). Zeolite received from the vendor can have a water
content in excess of 20% and is routinely dried to a water content <1% prior to mixing with salt.
The drying is controlled so that the zeolite retains a small amount of water (e.g., 0.1%), which is
required to maintain the cage structure. A sample of the dried zeolite from each batch that is
dried is rehydrated before use to be sure the cage structure was not damaged during the drying
step; the zeolite must rehydrate to at least 18% (Goff et al. 1999, p. 18). Two batches of dried
zeolite were prepared for production of the salt-loaded CWF materials. The first batch (referred
to as MPE-1) was dried in May 2004. It was transferred from the dryer into several 1-liter
polyethylene bottles that were placed in a glovebox having an argon environment. The zeolite
was kept in a dry environment because the moisture content of the zeolite affects its capacity for
occluding salt. Moisture analyses of zeolite samples collected when batch MPE-1 was unloaded
from the dryer indicated a moisture content of about 0.2%. The zeolite is very hygroscopic and
takes up even very small amounts of residual moisture from the glovebox atmosphere. After
being dried and placed in the glovebox in May, the moisture contents of zeolites taken from two
of the bottles were measured to be 0.3% and 0.9 %. Rehydration experiments conducted with
zeolite prepared for use in making the salt-loaded CWF materials for this study resulted in a
moisture content (as determined by Karl Fischer titration) of 17% after being contacted by moist
air for about 27 hours. Although this is slightly less than the required extent of rehydration,
moisture analysis of Li,SO4H,0 by Karl Fischer titration as a check standard commonly results
in moisture contents that are about 1% lower than what is expected from stoichiometry. The



moisture contents measured for the zeolites may be similarly biased low. Direct measurements
of water uptake by mass indicated that more than 18% water was taken up, and the zeolite was
deemed acceptable for use.

The dried zeolite taken from all bottles of MPE-1 had numerous lumps up to several millimeters
in diameter. These usually broke up when the zeolite was transferred between containers by
pouring through a funnel. These lumps did not appear to be localized near the top of the zeolite
or at the bottle walls. Other lumps with diameters up to 1 cm formed and broke up while the
zeolite was being mechanically sieved during size characterization studies.

A second batch of about 14 kg ground zeolite (referred to as MPE-070904) was prepared and
dried in late October 2004. It was transferred to several 1-liter polyethylene bottles labeled
“MPE-070904 #1, #2, #3, etc.,” and placed in an argon-environment glovebox. Analysis of
zeolite taken from the top of bottle MPE-070904 #5 on November 1, 2004, showed a moisture
content of 0.2%. Zeolite from this batch was only used to make CWF product S3E. Rehydration
experiments conducted with zeolite taken from the same bottle showed a moisture content (as
determined by Karl Fischer titration) of 18% after being contacted by moist air for about one
week.

A previous study showed no discernable differences in the microstructure or chemical durability
of CWF materials made using zeolites having water contents of 0.15 and 3.5% (Morss et al.
2002). One minor difference is that some of the oxide inclusion phases appeared “fuzzier” in
CWEF materials made with zeolite having less water. This probably reflected small differences in
the physical separation of the submicrometer-sized inclusion phases within the binder glass.
Although the water content was not measured prior to processing the CWF materials, the range
of water contents of zeolite taken from different bottles and at different times is presumed to be
small and to have no effect on the phase composition or durability.

Salt

All of the salt in the simulated CWF was from the same source that was prepared at ANL and
shipped to ANL-West. Table 2 provides the nominal composition of simulated 300 driver salt
(Goff et al. 1999, Table 5) and the as-batched composition of the salt that was provided to make
the salt-loaded CWF materials. The nominal composition provides a nonradioactive surrogate
salt representing the waste salt composition after processing 300 driver assemblies. This salt
composition has been used for almost all of the CWF materials used in the testing program. A
mixture of the appropriate amounts of reagent-grade chemicals were mixed then melted to
homogenize. The resulting salt was mechanically ground and sized before being occluded in the
zeolite. Separate batches of salt were ground to make the SLZ used for the first two waste forms
(CWF S1 batch 1 and CWF S2 batch 1). Because it was thought that the exact size distribution
of the salt particles might affect the efficiency of the mixing and salt occlusion steps, a single
source of salt was prepared for the remaining CWF materials by consolidating several batches of
ground salt in a I-liter polyethylene bottle. The salt was mixed by manually rolling and
inverting the bottle for several minutes; 870 g of salt was prepared and used to make the other
CWF materials. The Cl contents measured in the CWF products (see Section 2.2.2) are in good
agreement with the as-batched salt composition.



Binder Glass
Crushed glass received from the vendor (PEMCO Corp., Baltimore, MD) was used without
further preparation. The nominal size range of the glass is —60 +325 mesh
(74-250 ym). All of the glass used to prepare the salt-loaded CWF materials was taken from the
same source.

The zeolite, salt, and binder glass are all sized similarly to facilitate handling and processing of
CWF materials. Table 3 gives the measured particle-size distribution of the zeolite and glass
used to make the salt-loaded CWF materials.

2.1.2  Processing

Processing the starting materials into waste forms involved three steps: (1) preparing the SLZ by
occluding the salt in the zeolite, (2) mechanically mixing the glass frit with the SLZ, and (3)
consolidating the powdered mixtures into individual products. During the process-development
phase of the EBR-II waste treatment project, mixtures of SLZ and binder glass were consolidated
using a hot isostatic press (HIP) operated at 850-900 °C and 14,500-25,000 psi. The baseline
consolidation process was changed from HIPing to pressureless consolidation (PC) during the
inventory-reduction phase of the project to increase the throughput (Federal Register 2000).
Although the PC process is essentially remelting of the binder glass, it is referred to as
pressureless consolidation within the project to distinguish it from the HIP process. When
heated above about 800 °C, the SLZ converts stoichiometrically to the mineral sodalite according
to the reaction

Nalz(AISiO4)12°4 NaCl — 2 Nag(AISIO4)6C12 (1)
SLZ sodalite

The fate of the clay binder used to aggregate the zeolite during consolidation is not known. (The
identity and composition of the clay binder are proprietary.) It may dissolve in the binder glass,
convert to nepheline or some other phase, or remain as a clay inclusion phase. Note that because
a substoichiometric amount of NaCl will be occluded in the zeolite when processing the CWF,
there will be a slight excess of zeolite, which will result in the formation of a small amount of
nepheline Nay(AlISiO4)s. This is discussed in Section 2.2.3. The separate processing steps for
making the CWF materials are discussed below, and the processing data are summarized in
Table 4.

Salt Occlusion

Salt occlusion was done by placing the appropriate amounts of zeolite and salt in a laboratory-
scale V-mixer at room temperature, and then heating to 500-525 °C as the V-mixer was rotated
at a nominal rate of 30 rpm. The heating profile was controlled by one of two programs. In
program 1, the temperature was raised to a nominal temperature of 500 °C at a rate of 4 degrees
per minute, although the process-control thermocouple indicated that the maximum temperature
was typically ~490 °C. Zeolite processed with V-mixer program 1 generally had numerous hard
lumps and high free-chloride values (see Appendix) that sometimes varied significantly for
samples taken from the same batch of SLZ. In program 2, the V-mixer temperatures was ramped
to a maximum of 515-523 °C, as measured by the process-control thermocouple, at a rate of 4



degrees per minute. Use of program 2 resulted in SLZ with lower free-chloride values that were
more consistent for replicate samples from the same batch; however, salt-occluded MPE-1
zeolite also had large (several millimeters across) hard lumps. Similar lumps formed in
previously-made SLZs were determined to consist of cores of salt coated with a layer of zeolite,
and it is assumed that similar lumps are formed in the present case. The lumps were screened
out of the SLZs used to make products S1B and S3B, but left in the SLZs used to make the other
products. The formation of lumps of salt lowers the salt loading in the remaining zeolite.

After the V-mixer had reached its maximum temperature, it was maintained at that temperature
for about 20-24 hours. The heater was turned off, and the SLZ was allowed to cool in the V-
mixer. Rotation continued for about 3—4 hours more while the SLZ cooled. The duration that
each batch of SLZ was at the maximum temperature, the length of time the V-mixer was rotated
after the heater was turned off, and the SLZ temperature when rotation was stopped are listed in
Table 4. The masses of salt, zeolite, and binder glass used to make each material and the
resulting mass fractions in the CWF are also listed in Table 4.

Before the binder glass was added, three 0.5-1.5 g samples were taken from each batch of SLZ
for free-chloride analyses. The V-mixer was rotated at 30 rpm for approximately 1 minute
before collection of each sample. (One exception was CWF S3 batch 3, for which the salt-
occluded zeolite was unloaded from the V-mixer into a 1-L polyethylene bottle and shaken
vigorously between samplings.) The free-chloride analysis is a hold point used during
processing to measure the effectiveness of the salt-occlusion step. It involves immersing a
known mass of SLZ in a mass of demineralized water that is 60 times the mass of SLZ at room
temperature for 60 seconds to dissolve salt that was not occluded in the zeolite. The solution is
then passed through a 0.45-uym pore size filter into a bottle and analyzed for CI” with ion
chromatography. The measured CI” concentration is used to calculate the percentage of salt that
was not occluded in the zeolite, which is referred to as free chloride, as

solution volume, mL x[CI™ |, g/ mL

% free chloride =100 x (2)

mass SLZ, g

The target and process control limits for the free-chloride content of occluded waste salt are 0.05
and 0.5%, respectively (Goff et al. 1999, p. 19).



Mixing SLZ and Binder Glass

After the SLZ had cooled to room temperature and samples had been collected for free-chloride
analysis, a measured amount of glass frit was added to the V-mixer. The V-mixer was then
rotated at a nominal rate of 30 rpm (at room temperature) to mix the glass and SLZ. The mixing
times for the individual batches are given in Table 4.

Consolidation

Approximately 400-g charges of mixed SLZ and glass were used to make each CWF product.
The mixture was poured into a clean 600-mL stainless steel beaker, and a stainless steel disk was
placed on top of the mixture. A plug weighing approximately 1.5 kg was placed on top of the
disk. The disk and plug are used to help densify the CWF as it consolidates during processing.
A similar plunger arrangement will be used for actual CWF waste forms. Pressureless
consolidation was done in a Thermcraft® crucible furnace that was heated from room
temperature at a rate of 10 °C per minute to a maximum temperature of 916 °C, and then held at
that temperature for an additional 16 hours. The furnace was then turned off, and the waste form
allowed to cool while still in the furnace. Argon gas was flowed through the furnace at a rate of
~2 standard cubic feet per hour during the consolidation and cooling steps. Additional
information regarding their preparation and photographs of the CWF products are included in the
Appendix. Each of the CWF products was broken into a few large pieces; some of the pieces
were shipped to ANL for testing and analysis. Other pieces were retained at ANL-West (now
INL).

2.1.3 As-batched CWF and SLZ Compositions

The gross compositions of the CWF materials calculated from the masses of salt, zeolite, and
binder glass used to make them are given in Table 5. The calculation does not take into account
the small amount of SLZ removed for free-chloride analyses. Note that products S1B and S3B
were made with SLZ that had been screened to remove hard lumps, whereas products S1A and
S3A were made with SLZ that was not screened. The nominal compositions of the salt, zeolite,
and binder glass used in the calculations were measured previously (Lewis et al. 2002, Table 3).
The number of chloride ions per zeolite unit cell was calculated using the nominal CI™ content of
the salt (59.5%) and formula weight of fully dehydrated zeolite, (NaAlSiO4);2 (1704 g):

mass salt, g x (0.595g CI™ / g salt) x (1 Cl™ ion/35.45 g CI)
mass zeolite, g x (1 unit cell /1704 g zeolite)

€)

Cl™ per unit cell zeolite =

The small water content of the zeolite (<1 mass%) is ignored in the calculation. The calculated
numbers of CI" ions per unit cell zeolite for the different CWF products are included in Table 5.
Actual CWF waste forms will be formulated to be slightly substoichiometric in CI” (i.e., to have
less than 4 Cl per unit cell zeolite): the production range is 3.4 to 3.6 Cl per formula. (This
corresponds to 10.6 to 11.2 mass% salt in the SLZ.) The contents of products S4A and S5B are
greater than 4 CI” per unit cell zeolite, and represent waste salt contents exceeding the processing
specifications. The salt contents of products S1A, S1B, and S2C are lower than the processing
specifications. The Cl™ contents of the other CWF products are within the production range.



2.2  ANALYSIS OF SALT-LOADED CWF PRODUCTS

2.2.1 Preparation of Salt-Loaded CWF Test Samples

Representative samples were prepared from the provided CWF products for testing and analysis
as follows. The large pieces of CWF were first fractured to generate marble-sized pieces. This
was done by placing chunks of material in two plastic bags, laying the bags on an aluminum
plate, and then striking the bags with a hammer. All of the material was placed in a beaker and
then poured in a pile on a sheet of paper. The material was divided into four roughly equal
fractions (cut 1), and one fraction was selected at random for further processing. The other three
fractions were placed in a clean plastic bag and archived. The cut 1 fractions contained about 40
g of material. These were further size-reduced using a laboratory mill fitted with a tungsten
blade. Each material was crushed briefly in the mill, and all the material was collected in a
beaker. The material was then poured into a pile on a piece of paper and divided into two
roughly equal fractions (cut2). One of the fractions was selected randomly for further
processing, and the other fraction was placed in a clean plastic bag and archived. This resulted
in about 20 g of each material from cut 2 for further processing. A small amount of material
(about 5 g) was poured into the laboratory mill and further crushed. The crushed material was
passed through a series of 80, 100, 200, and 325 mesh sieves using a laboratory sifter. Material
that did not pass through the 80 mesh sieve was placed back into the mill along with additional
material from cut 2. Both the —100 +200 and —200 +325 mesh size fractions were retained. The
fine material that passed through the 325 mesh sieve was discarded. The cut 2 materials were
crushed and sieved until at least 5 g of each material in the —100 +200 mesh size fraction was
collected. The remaining coarse materials and the —200 +325 mesh size fractions were archived.
The materials prepared for testing and analysis are expected to be representative of each salt-
loaded CWF product, including regions that may not have been completely transformed from
zeolite to sodalite. Only enough of the salt-loaded CWF materials S1B and S3B were prepared
in the =200 +325 mesh size fraction to perform XRD analyses to determine if removing lumps of
SLZ prior to processing affected the phase composition of the final product. These are otherwise
presumed to be identical to the products S1A and S3A that were made with the same mixture of
SLZ and binder glass.

2.2.2  Compositional Analysis of Salt-Loaded CWF Products

Approximately 50-mg samples of the —100 +200 mesh size fractions were dissolved in a mixture
of 2 mL HC1+ 1 mL HNO;s + 0.5 mL HF + 5 mL H,O in a sealed stainless steel vessel at 140 °C.
The resulting solutions were diluted to 50.0 mL total and analyzed with inductively coupled
plasma-mass spectrometry (ICP-MS). A sample of low-activity reference material (LRM) glass
was dissolved in parallel with the CWF materials as a standard. The LRM glass was developed
as a standard material for testing low-activity waste glasses, and the LRM composition was
measured previously as part of an interlaboratory study (Ebert and Wolf 2000). It was used here
to validate the compositional analyses of the salt-loaded CWF materials.

The mass of each CWF material that was dissolved and the measured concentrations are
summarized in Table 6. The mass fraction of each component was calculated as



measured concentration i,mg /L, x 0.050 L
1000 mg / g x mass CWF dissolved, g

J0) = (4)

where f(i) is the mass fraction of element i and the volume of all solutions was 0.050 L (50.00
mL). The B and CI contents reflect the relative amounts of glass and salt, respectively, in the
different materials. Note the similarities in f{B) for products S1A, S2B, S3A, S3C, S3E, S4A,
and S5B, in which the glass content is constant, and the increase in f{B) as the glass content
increases as G1<G2<S3A, S3B, S3C<G4<GS5. The values of f{Cl) increase as the salt loading in
the SLZ in the CWF material increases, as SIA<S2B<S3A, S3C, S3E<S4A<S5B, but decrease
as the amount of SLZ decreases, as G1A>G2A>S3A, S3C, S3E>G4A>G5A. Most other
components are present in both the zeolite and glass, and their contents do not reflect changes in
the glass and salt loadings, as obviously as do B and CI.

The elemental mass fractions of LRM glass were calculated from the mean values of the oxide
mass fractions reported in Table 4 of Ebert and Wolf (2000). The differences in the major
components are: 4.5% for Al, 6.4% for B, 1.9% for Na, and 10.1% for Si. The estimated
reproducibilities for composition analysis of several elements in LRM glass (Table 6 of Ebert
and Wolf 2000) are given in Table 5 in the rows labeled “LRM std.” The contents of quantified
elements measured in the present analysis of LRM glass are within the expected uncertainty
ranges.

The compositions of products S3A, S3C, and S3E indicate the repeatability of making materials
with the same target composition, and the compositions of dissolved solution S4A and S4A dup.
indicate the analytical repeatability. The compositional similarity of Products S3A, S3C, and
S3E can be compared with the reproducibility of measuring the LRM glass composition by
calculating and comparing “percent relative uncertainty” values analogous to the percent relative
standard deviation. For example, the estimated reproducibility for the Al content of LRM glass
is 5.03 + 0.53, and the percent relative uncertainty is 100 x (0.53/5.03) = 10.5%. Values for
other major components in LRM glass are 12.3% for B, 16.9% for Na, and 7.5% for Si. The
relative uncertainties in the compositions of the replicate samples (products S3A, S3C, and S3E)
are 7.2% for Al, 0.8% for B, 6.3% for Na, and 2.1% for Si. The variations in the results of
duplicate analyses of product S4A (S4A and S4A dup. in Table 5) are 2.2% for Al, 2.0% for B,
4.1% for Na, and 2.0% for Si. The results for analysis of replicate materials and the duplicate
analyses are within the percent relative uncertainties measured for LRM glass in the
interlaboratory study.

10



2.2.3 Density Analysis of Salt-Loaded CWF Products

The densities of CWF materials made by the pressureless consolidation method (sometimes
indicated as “PC CWF”) are typically about 2000 kg/m’, compared with the theoretical density
of about 2300 kg/m’. PC CWF materials made for laboratory testing typically have about 10 to
15% closed porosity with pore sizes as large as about 100 um. However, the porosity of the
crushed PC CWF materials used for XRD analyses and PCTs is expected to be much lower
because most of the pores are eliminated when the material is crushed. The densities of the CWF
materials recovered from the PCTs were measured by water displacement. Each dried material
was poured into a 50-mL volumetric flask and weighed. The flask was filled with demineralized
water to slightly below the volumetric line and slowly rotated to be sure all of the CWF was
wetted and to free any adhering air bubbles. The volumetric flask was placed in a 40 °C oven for
about 1 hour. The flask was then removed from the oven, and demineralized water was added
until the meniscus reached the volumetric line, and the flask was weighed. (The slightly higher
density of the small amount of room-temperature water that was added was neglected.) The
water and glass were then removed from the flask, and the flask was rinsed several times with
water, then filled with demineralized water to near the volumetric line and placed in a 40 °C oven
overnight. The flask was then removed from the oven, and demineralized water was added until
the meniscus reached the volumetric line, and the flask was weighed. The mass of water
required to fill the flask to the line was used to verify the volume of the flask based on the
density of air-saturated water at 40 °C (0.99224 g/cm3).

The total volume of water added to the flask for measurements with glass was calculated based
on the measured mass of water that was required to fill the flask to the volumetric line when the
CWEF was present. The mass of added water was calculated based on its mass and density, and
the volume of the CWF was calculated by the difference between the calculated volume of water
and the measured volume of the flask. The density was calculated as the ratio of the measured
mass of glass added to the flask and the calculated volume of CWF. The densities measured for
the different CWF materials were then used to calculate the specific surface areas of the —100
+200 mesh size fractions by modeling the particles as spheres having a diameter equal to the
average sieve opening. The specific surface area, Sy, is calculated as

6
pxd

S

sp

()

where p is the density and d is the particle diameter. The mesh openings of 100 and 200 mesh
sieves are 150 and 75 pm, respectively, and the modeled particle diameter is 112.5 ym. The
results of the density measurements and specific area calculations for each material are given in
Table 7. The mean and standard deviation of the specific surface areas of the nine different salt-
loaded CWF materials is 0.0229 + 0.0010 m*/g. The densities do not correlate with either the
salt or glass contents, and the differences are attributed to uncertainties in the measurements.
Therefore, the mean specific surface area of 0.023 m?/g was used for all materials. The density
measured for the CWF material used in the heat-treatment tests is included in the table as “no
heat.” The measured value of 0.0237 m?/g is within the range measured for the salt-loaded CWF
materials, and the same specific surface area of 0.023 m?*/g was also used for all heat-treated
samples.
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2.2.4 XRD of Salt-Loaded CWF Products

Powder X-ray diffraction analysis (XRD) was performed using the —200 +325 mesh size fraction
material. Spectra were collected with a Rigaku D/max Rotatin Anode Diffractometer equipped
with a vertical goniometer using Cu Kq radiation at 40 kV and 100 mA using a nominal scan rate
of 2.4 degrees/minute. The spectral peaks were matched with those from reference spectra of
sodalite, halite, and nepheline based on the measured d-spacings and relative peak heights. The
d-spacings and relative peak heights of the reference spectra used to identify peaks in both the
salt-loaded and heat-treated CWF materials spectra are summarized in Table 8. The XRD
spectra for the different salt-loaded CWF materials are shown in Figs. 1a—1m, and the d-spacings
and relative peak heights and areas (both reported as percentages of the values of the sodalite
3.624 A peak) are summarized in Tables 9-12. Because sodalite remained the most abundant
crystalline phase in all products, the sodalite peaks in the spectra of the salt-loaded CWF
materials were used as internal references to help match the less intense peaks to those of
nepheline or halite. The sodalite peaks in most spectra were shifted several hundredths of an
Angstrom from those in the reference spectra, and similar shifts of neighboring peaks are
assumed to occur. The observation that the peak shifts differed for different samples suggests
that the shifts are due primarily to artifacts in the collection of the spectra. The peak shifts are
discussed more thoroughly for spectra of heat-treated CWF samples in Section 3.2.2 because
replicate analyses were conducted with the source CWF material.

The heights of the major peaks in the spectra of the salt-loaded CWF materials that were
matched to the reference materials are summarized in Table 13. All peak heights are given
relative to the sodalite 3.624 A peak, which is the most intense peak in all spectra. Note that the
relative heights of various sodalite, halite, and nepheline peaks in the CWF materials do not
match those given for the reference materials in all instances. For example, the sodalite peaks at
2.093 A are higher than the peaks at 6.280 A for most CWF products, whereas the height of the
6.280 A peak is twice that of the 2.093 A peak in the reference spectrum. This may be due to
minor compositional differences between the sodalite formed in CWF and the reference material.

The peak areas were used to compare the relative amounts of halite, nepheline, and sodalite in
the different salt-loaded CWF materials. These are summarized in Table 14. Although the peaks
areas were not calibrated, they are used to provide a semiquantitative measure of the effect of
salt and glass loading on the relative amounts of halite and nepheline that form. The relative
areas of major halite, nepheline, and sodalite peaks in CWF materials made with various salt and
binder glass loadings are plotted in Figs. 2a—2c. Materials S1A, S1B, and S2A contained
comparatively large amounts of nepheline (Fig. 2¢), but no detectable halite (Fig. 2a). The halite
content increased slightly in CWF materials made with higher salt loadings. Products S3A, S3B,
S3C, and S3E provide a measure of the sensitivity of the CWF material to variations in
processing. The four products were made to have the same salt and glass loadings, but there
were slight variations in the how they were processed (see Table 4): products S3A, S3B, S3C,
and S3E were made with different mixtures of SLZ and binder glass (but having the same
proportions); product S3B was made with SLZ from which lumps were removed prior to
processing; product S3E was made with a different batch of zeolite than the other products. The
areas of the halite peaks in the S4A spectrum are within the ranges measured for peaks in the
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S3A, S3B, S3C, and S3E spectra, but the peaks in the S5A spectrum are significantly higher
(Fig. 2a). The areas of the sodalite peaks were insensitive to the salt content, although two of the
three peaks being compared are highest in the spectrum of product S1A (Fig. 2b). The areas of
the nepheline peaks decrease as the salt loading increases from 5% to higher values (Fig. 2c).

The halite fraction was not correlated with the glass content of the salt-loaded CWF materials.
Only a small amount of nepheline was formed in materials made with 10.7% salt in the SLZ, and
similar amounts were formed with various glass contents (Fig. 2¢). The spectrum of product
G4A had the highest 3.844 A and 3.273 A nepheline peaks, but the 3.006 A peak was average.
The areas of the sodalite peaks are not affected by the glass loading (Fig. 2b). The spectrum of
product G1A has the greatest 6.28 A and 6.563 A sodalite peak areas, but the smallest 2.093 A
peak area.

2.2.5 PCT with Salt-LLoaded CWF Products

The product consistency test (PCT) was developed as a partial dissolution test to compare the
relative chemical durabilities of waste glasses within a short test duration. The test was
developed to be conducted with crushed glass to facilitate use of the method in a hot cell. The
method calls for reacting crushed glass of a specific size fraction (—100 +200 mesh) with
demineralized water at a glass-to-water mass ratio of 0.1 at 90 °C for 7 days. The resulting
solution is passed through a 0.45 pm pore size filter and analyzed for soluble glass components,
including B, alkali metals, and Si. The masses of these elements released to solution are
normalized to the masses in the glass to allow direct comparison to releases from other glasses.
Two variations of the PCT procedure have been standardized by the American Society for
Testing and Materials as standard test method C 1285 (ASTM 2004). Method A is used
specifically to measure the chemical durability of a glass (or glass-ceramic) for comparison to
that of a benchmark glass under prescribed test conditions. Method B is used for testing under
other conditions to study the dissolution behavior of the glass (or glass-ceramic). The PCT is a
static test method.

Although the relative masses of glass and water are controlled in the PCT, the surface area of
exposed glass will significantly affect the test response. The use of a specific size fraction
ensures similar particle sizes, but glasses having different densities will have different specific
surface areas, and the 1:10 mass ratio will result in different exposed surface areas. The mass of
a glass component that is released into solution will depend on the product of the dissolution rate
and the surface area, as well as its mass fraction in the glass. A reliable estimate of the surface
area of crushed glass (or glass-ceramic) based on the size fraction requires that fines be removed
from the crushed material.

The PCT can be applied to CWF materials and provides a measure of the simultaneous
dissolution of halite, sodalite, and binder glass. In practice, halite is dissolved from the surface
prior to the static dissolution step. The release during the tests is then due to dissolution of
sodalite and the binder glass. Since B is only present in the binder glass, the releases of B and Si
can be used to distinguish the dissolution of the binder glass and sodalite.
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The PCT procedure calls for washing the crushed glass with demineralized water and ethanol,
and analyzing the wash solution if water-soluble phases are suspected to be present in the
material being tested (ASTM 2004, see step 19.6.1). Halite exposed at the surface of the crushed
CWF is assumed to dissolve immediately when contacted by water. Therefore, as part of
applying the PCT to CWF materials, the solution generated by washing the crushed material with
demineralized water is retained and analyzed to measure the amount of halite that dissolves
during the water wash. For PCTs with CWF materials, the crushed materials are first washed
several times with absolute ethanol to remove fines, and then washed once with demineralized
water. The PCT calls for the glass to be washed with demineralized water first and then with
ethanol. The water wash is used to monitor the amount of halite present in the waste form and is
referred to as the “rapid water-soluble” (RWS) test. The order is reversed for CWF materials to
exclude fines from the RWS test. The RWS test is conducted using an amount of demineralized
water equal to 10 times the mass of CWF material being washed. In this way, the concentrations
measured in the RWS text can be compared directly with the concentrations measured in the
PCT, which is also conducted using an amount of water equal to 10 times the mass of crushed
solid.

The —100 +200 mesh size fraction material of each CWF product was washed with absolute
ethanol to remove fines, without dissolving halite, before it was subjected to PCTs. The crushed
materials were placed in 50-mL beakers, and the masses determined. Fines were removed from
the materials by adding absolute ethanol to the beaker and swirling to suspend the fines, and then
decanting the ethanol into a waste container. This was repeated 5 times for each sample, after
which no fines could be seen in the ethanol. The beakers with the ethanol-washed materials
were placed in a 90 °C oven to dry.

One RWS test was conducted for each material. About 5 g of each CWF material was sized and
washed with ethanol, which is enough to conduct three PCTs. The CWF materials were left in
the same beakers used for the ethanol wash. The mass of ethanol-washed salt-loaded CWF
material was measured after drying. The target mass of demineralized water used in the RWS
test was 10 times the mass of CWF material. About 20 mL of water was added initially and
swirled manually to ensure all the CWF material was wetted. Additional demineralized water
was then added up to the target mass. The water was stirred briefly using a stainless steel
spatula, then decanted into a syringe fitted with a 0.45-pym pore size filter. The filtrate solution
was collected in two bottles for replicate Cl™ analysis with ion chromatography. About 2 minutes
elapsed between the time water was first added to the CWF material, and the second aliquot of
RWS solution was decanted into the syringe. The test data for the RWS tests with the salt-
loaded CWF materials are given in Table 15.
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The results of PCT and other corrosion tests are commonly presented in terms of normalized
concentrations and normalized elemental mass losses to facilitate comparing the behaviors of
different materials under slightly different test conditions. The normalized concentration (NC) is
calculated by dividing the concentration of an element in the test solution by the mass fraction of
that element in the CWF material:

CH-C0

NC@OH) =
D=7

(6)

where C(i) is the concentration of element i in the test solution, C°(i) is the background
concentration of element i, and f{i) is the mass fraction of element i in the material. The
background concentrations are generally measured in blank tests conducted in parallel with
PCTs, so that NC(7) represents only material released from the test material. The normalized
elemental mass loss is calculated by dividing the concentration of an element in the test solution
by the mass fraction of that element in the CWF material and by the surface area of the
dissolving material:

_COH-C0)

N = SV x f(i)

(7)

where S is the surface area of the material exposed in the test and V is the leachant volume.

When applying Eqs. 6 and 7 to CWF materials, the overall mass fraction of an element in the
CWEF material is used rather than the mass fractions in individual phases (see Table 6 for overall
mass fractions of CWF components). In this way, the surface area that is calculated as the
product of the CWF mass and specific surface area can be used to calculate the amounts of each
element exposed at the surface. Of course, the concentrations measured in the test solutions
represent the combined dissolution of all phases. This approach presumes that relative amounts
of each phase exposed at the surface are the same in the fraction of that phase in the bulk.
Previous studies showed that this is a valid assumption for the CWF materials because the
domain sizes of the individual phases (e.g., less than about 100 uym for the sodalite domains and
less than about 10 ym for the halite inclusions) are similar to or smaller than the size of the
crushed particles, and the CWF does not preferentially fracture along phase boundaries or
become fractionated during sizing (Ebert et al. 2002a). Note that the concentrations of B, Na,
and Si in the blank tests were negligible compared to those in the test solutions (i.e., <1%), and
background subtraction was neglected in the calculations of NC(7) and NL(7).

The RWS test results are summarized in Table 16 in terms of the measured concentrations and
the normalized chloride mass loss. Values of NL(CI) are plotted in Fig. 3 for materials having
different salt loadings and different glass loadings. The values of NL(CI) increase significantly
as the salt content increases and decrease as the glass content increases: the ratio of the highest
and lowest values of NL(CI) (11.5 gm™ for product G1A and 0.0336 gm™ for product S1A) is
342X.

Part of the difference in the RWS results for different CWF materials may be attributable to
differences in extent of salt occlusion in the SLZs. The results of the free-chloride measurements
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made for the various SLZ mixtures used to make the different CWF materials are included in
Table 16; these values are given as percentages (see Eq. 2). Figure 4 shows the results of three
separate measurements of each SLZ used to make CWF materials. Although there are
significant variations in the three CI" measurements made for the SLZs used to make products
S1A and S3A, and run 3 for product S5B is significantly higher than runs 1 and 2, the results for
the other SLZ mixtures are similar. The range in results for products S1A and S3A may be an
effect of the lumps observed in the SLZ (see Appendix A). Also, it is worth noting that the SLZ
used to make product S3A was rotated in the V-mixer for more than 24 hours while it cooled to
room temperature, whereas mixing of other SLZs occurred for only a few hours. However, this
should not decrease the effectiveness of occluding the salt. No obvious trend in the free-chloride
values with salt loading is revealed in Fig. 4, and, except for the scatter in the three
measurements of S3A, the separate SLZ mixtures having a salt loading of 10.7% (SLZ batches 1,
2, and 3 for material 3A) give similar free-chloride values. Therefore, differences in the NL(CI)
values for the RWS tests are probably not due to differences in the effectiveness of salt occlusion
in the different SLZs. They are instead attributed to differences in the amounts of halite
generated when the CWF materials were processed. Part of the decrease in NL(CI) as the glass
content increases is due to the decrease in the amount of SLZ available to generate halite as the
mixture is processed in going from product G1A (made with 80% SLZ) to product G5A (made
with 70% SLZ).

Test data for the triplicate PCTs conducted with the different salt-loaded CWF materials are
summarized in Table 17. This includes data regarding the amounts of CWF and water used in
each test, the calculated surface area/solution volume ratio, the test vessel identification number,
the total vessel masses at the initiation and termination of the test, the pH of the test solution at
the end of the test (measured at room temperature), and data for the test solution collected for
analysis. The test solutions were diluted with demineralized water and acidified with
concentrated nitric acid prior to submission for analysis with ICP-MS. A dilution factor was
calculated using the mass of solution collected and the masses of water and acid that were added
as

mass test solution + mass water + mass HNO,

(8)

dilution factor =

mass test solution

The measured concentrations were multiplied by the dilution factors to correct for the dilutions.
Two blank tests were conducted with demineralized water in a test vessel placed in the oven
along with the tests with CWF materials. The water recovered from the blank tests was acidified
prior to analysis, but it was not filtered or diluted. The concentrations measured in the blank
tests were to be used as background concentrations to calculate NC(7) and NL(i) (see Eqgs. 6 and
7), but, as mentioned above, they were negligible compared to concentrations in the test
solutions and ignored in the calculations.

The results of PCTs with the salt-loaded CWF materials are summarized in Table 18, which
includes the dilution-corrected solution concentrations of Al, B, Na, and Si, and the normalized
concentrations and normalized elemental mass losses based on the concentrations of B, Na, and
Si. The releases of Li and K were not tracked because of the low Li content of the CWF
materials (less than 0.6 mass% Li) and because the Environmental Assessment (EA) glass used
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as a benchmark for the chemical durability of HLW glass does not contain K (see Section 4.4).
(In addition, analysis of K using ICP-MS has high uncertainty due to the isobaric interference
with the Ar carrier gas.) The Al concentration was measured, but the normalized concentrations
and normalized mass losses were not calculated based on Al to evaluate durability.

The values of NL(B), NL(Na), and NL(Si) for the 7-day PCTs are plotted in Figs. Sa—5c for CWF
products made with various salt and glass loadings. Values of NL(B) are significantly higher in
the 3 tests conducted with product SA1, which was made with 5% salt in the SLZ, but are similar
in tests with other salt loadings (Fig. 5a). The values of NL(Na) are similar for the various salt-
loaded CWF products (Fig. 5b), but the values of NL(Si) decrease as the salt content increases
(Fig. 5c). The values of NL(B) are not significantly affected by glass content of the CWF
products, within the scatter in the results (Fig. 5a), but the values of NL(Na) decrease slightly as
the glass loading increases (Fig. 5b). The values of NL(Si) are higher for the products made with
25% glass (Fig. 5c) than for products made with either more or less glass.
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3. EFFECTS OF HEAT TREATMENT

The DOE WASRD requires that waste form producers provide Time-Temperature-
Transformation (TTT) information to assure that neither unplanned heating during manufacture
(e.g., due to a process upset) nor heating during transporting, storage, or disposal will adversely
affect the durability of the high-level radioactive waste forms. Although the requirement
addresses concerns regarding the devitrification of glass waste forms, the possible effects of
heating on the durability of the CWF were evaluated to measure its thermal stability. To support
qualification of the CWF, tests were conducted to identify any changes in the phase assemblage
due to heat treatment at various temperatures and durations, including the relative amounts of
each phase.

In contrast to standard borosilicate glass waste forms, which typically contain only about 1
volume% crystalline inclusion phases, the CWF contains about 75 volume% crystalline phases
and 25 volume% borosilicate binder glass. Despite the relatively low binder glass content, the
chemical durability of the CWF under repository-relevant conditions depends strongly on the
durability of the binder glass phase. In fact, the performance of the CWF is modeled based on
the durability of the binder glass (Fanning et al. 2003). This is because the solutions contacting
the CWF under disposal conditions are expected to be saturated with respect to sodalite.
Changes in the glass composition that result from changes in the phase assemblage, such as the
formation of new alumino-silicate phases, could affect glass durability. Previous work has
shown that the dissolution of sodalite into the binder glass could enhance glass durability by
increasing its aluminum and silicon content (Jeong et al. 2002, Section 3.6; Frank 2004). In
contrast, an increase in the halite content could lower the durability of the CWF by either
chemical or physical effects. That is, dissolution of halite inclusions increases the surface area of
exposed binder glass.

Another potentially detrimental effect is the formation of nepheline. The formation of nepheline
often reduces the durability of a borosilicate glass by consuming aluminum and silicon (Li et al.
1997). Small amounts of nepheline are known to form in CWF materials when zeolite in excess
of that needed to react with the occluded salt to generate sodalite is present. Small amounts of
nepheline were commonly detected in HIP CWF materials by XRD, but nepheline has not been
detected in most PC CWF materials. These tests are expected to provide insight regarding the
effect of heating on nepheline formation and the effect of nepheline on the durability of the
binder glass in the CWF. Therefore, a key objective of this series of tests and the TTT diagram
to be constructed was to determine changes in the halite and nepheline contents as the CWF
material was heated. Insight into changes in the halite content was provided directly by XRD
analysis of the heat-treated materials and indirectly by the RWS tests that were conducted as part
of the PCT.

Samples from two series of heat-treatment studies were analyzed with XRD to measure the phase
composition and provide data for constructing a TTT diagram. The first set of CWF samples had
been heat-treated at 400 °C or 500 °C for durations between 1 week and 1 year previously; these
are referred to as long-term heat-treated CWF samples. A second set of samples was heat-treated
at 600, 700, 800, or 850 °C for durations between 4 and 100 hours; these are referred to as short-
term heat-treated CWF samples. The short-term heat-treated CWF samples provide insight into
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the impact of exceeding processing parameters of time and temperature on the phase
composition and durability. The long-term heat-treated CWF samples provide insight into the
stability of waste forms during storage prior to emplacement in the repository. The phase
stability of the heat-treated CWF samples is also pertinent to waste form behavior under a
volcanic intrusion event in the repository.

3.1 GENERATION OF HEAT-TREATED CWF SAMPLES

3.1.1 Preparation of CWF Source Materials

The CWF source material used in the set of long-term heat treatments at 400 and 500 °C was
prepared by pressureless consolidation with the nominal composition of 25 mass% binder glass
and 75 mass% SLZ (batch 10090) that contained 10.71 mass% salt (300 driver salt identified as
“Putty 06/22/00”) occluded in dehydrated zeolite (batch D10020) having the nominal —120 +325
mesh sieve size. The SLZ is calculated to occlude 3.8 CI™ per zeolite unit cell, and the measured
free-salt concentration was 0.03%. Four 20-g CWF products were made from the mixture
(product numbers PC10501, PC10601, PC10701, and PC10801) by heating at 915 °C for 16
hours, then cooling at about 5 °C per minute. The resulting CWF products were fractured into
several pieces for use in the tests. The fragments were heated at 400 or 500 °C in laboratory
ovens (in air) for durations up to 1 year. As a part of the original testing, samples were analyzed
with XRD and subjected to static leach tests following the Materials Characterization Center test
method number 1 (MCC-1). It was reported that no changes due to heat treatment were detected
by X-ray diffraction and that the heat treatments did not affect the physical integrity of the CWF.

Pieces of the heat-treated CWF materials that had been potted in epoxy resin for SEM analyses
were used for the current tests. The samples were recovered by cutting away most of the epoxy
using a wafering blade with absolute ethanol as a lubricant. Previous microscopic analyses of
CWF materials embedded in the same epoxy indicated that the epoxy fills pores at the surface,
but does not penetrate into the CWF. The recovered CWF samples were first fractured manually
with a hammer and then crushed using a laboratory mill. The crushed material was sieved with a
mechanical sifter to isolate the —100 +200 and —200 +325 mesh size fractions. Small pieces of
epoxy that had not been cut off the outer surfaces of the recovered samples but became separated
from the CWF during crushing were removed from the crushed materials using forceps.
Although it is likely that epoxy remained on the surfaces of a few grains in the sieved materials,
this is not expected to affect the XRD results,, because the epoxy is X-ray amorphous, or the
PCT results, because the epoxy doesn’t contain significant amounts of B, Cl, Na, or Si. In
addition, the small amounts of surface area that could be masked by epoxy are insignificant.
Enough material was available to conduct XRD analysis and 1 PCT for each treatment condition,
although less than the 1 g of material recommended in the PCT procedure was recovered for
several CWF materials.

The CWF source material used in the short-term heat treatments between 600 and 850 °C was
prepared with the nominal proportions of salt, zeolite, and binder glass with 75.0 mass% SLZ
and 25.0 mass% binder glass. The same SLZ (batch 10090) that was used to make the long-term
samples was used for the short-term samples: 10.7 mass% simulated 300 driver salt “Putty
06/22/00” was occluded in dehydrated zeolite (batch D10020). A free-chloride concentration of
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0.03% was measured for SLZ batch 10090. A 500-g PC CWF product was made under typical
processing conditions: heating at 915 °C for 16 hours, then cooling at about 5 °C per minute.
The resulting CWF product is referred to as PC10402. Test samples were prepared by first core-
drilling 1.5-cm-diameter cylinders from the CWF products and then cutting the cores into 3-cm-
long samples using a low-speed saw with a diamond wafering blade. The coring and cutting
steps were performed using absolute ethanol as the cutting fluid to minimize the loss of exposed
halite inclusions. Enough samples were prepared for treatment of two specimens under each
time-temperature condition to provide sufficient material to conduct XRD analysis and 1 PCT.
Several samples were retained for use in replicate XRD analysis and PCTs as a “no heat” CWF
source material for comparison with the heat-treated samples and to provide a measure of the
uncertainty in the analyses and testing.

3.1.2 Short-Term Heat Treatment

The heat treatments at 600, 700, 800, and 850 °C were conducted in a small electrical furnace
with a NIST-traceable thermocouple placed near the center. The furnace was adjusted to the
desired temperature and allowed to stabilize. Two samples that were to be heat-treated at that
temperature for the same duration were placed in a platinum crucible, which was then placed into
the furnace. The crucibles were used to facilitate handling and to keep them from contacting the
firebrick furnace lining in the event a CWF material became sticky or melted. Samples were
placed in the furnace at different times so that all of the samples to be heated at the same
temperature could be cooled simultaneously. The furnace temperature was monitored using the
NIST-traceable thermocouple and found to remain stable within 1 °C for all test durations (based
on frequent observations of the thermocouple temperature read-out). At the end of the heat
treatment, the power to the furnace was turned off with the samples left in the furnace. This
method provides slow cooling similar to what will occur with large CWF products. The
temperature of the thermocouple was recorded periodically for the first two hours after the
furnace had been turned off following treatments at 800 and 850 °C. The cooling curves are
shown in Fig. 6. Although they were not measured directly, the temperatures of the CWF
samples are assumed to be about the same as the measured oven temperatures, based on their
small size. Attempts to monitor the sample temperatures directly were not successful. The
treated samples were removed from the furnace after it had cooled to near room temperature.
They were placed in labeled plastic bags and stored in a desiccator.
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3.2  ANALYSIS OF HEAT-TREATED CWF SAMPLES

3.2.1 Preparation of Heat-Treated CWF Test Samples

The materials that had been heated at 400 or 500 °C were first broken using a hammer, then the
large pieces were crushed further using a steel mortar and pestle. The resulting fragments were
crushed until they passed through a 100 mesh (150 um) sieve. The material was then placed in a
laboratory grinding mill and further size-reduced so that the largest glass fragments were less
than about 20 um. Care was taken to ensure that all of the crushed material was carried through
the size-reduction process and that the final fraction contained all of the material from the
starting monolith. Representative SEM images of the —100 +200 and —200 +325 mesh size
fractions and the pulverized CWF material are shown in Fig. 7. The large particles seen in Figs.
7c and 7d are binder glass, and the much smaller particles are sodalite (and halite). The size
difference occurs because sodalite is much more friable than the glass. The XRD spectra of the
finely pulverized materials were not significantly different from the spectra of the —100 +200 or
—200 +325 mesh size fractions, so XRD spectra for the other materials were obtained using the —
200 +325 mesh size fractions.

The short-term heat-treated CWF samples were crushed and sieved to isolate both the
—100 +200 and —200 +325 mesh size fractions. This was done by placing the cylindrical samples
directly in the laboratory mill and pulsing the mill several times to fracture and crush the
material. The crushed material was passed through 100, 200, and 325 mesh sieves using a
laboratory sifter. Material that did not pass through the 100 mesh sieves was poured back into
the mill for further size reduction, except one piece was retained as an archive sample. Small
amounts of each heat-treated CWF sample were processed until more than 1 g of the —100 +200
mesh size fraction was collected for use in PCTs. About 5.7 g of the —100 +200 mesh size
fraction was generated with the “no heat” CWF material (i.e., material that had not been heat-
treated). The material generated in the —200 +325 mesh s