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ABSTRACT

Liquid high-level nuclear waste will be immobilized at the Savannah River Site (SRS) by
vitrification in borosilicate glass. The glass will be produced and poured into stainless steel
canisters in the Defense Waste Processing Facility (DWPF). Eventually these canistered waste
forms will be sent to a geologic repository for final disposal. In order to assure acceptability
by the repository, the Department of Energy has defined requirements which DWPF canistered
waste forms must meet. These requirements are the Waste Acceptance Product Specifications
(WAPS). The WAPS require DWPF to identify the crystalline phases expected to be present in
the final glass product. Knowledge of the thermal history of the borosilicate glass during filling
and cooldown of the canister is necessary to determine the amount and type of crystalline
phases present in the final glass product. Glass samples of seven projected DWPF
compositions were cooled following the same temperature profile as that of glass at the
centerline of the full scale DWPF canister. The glasses were characterized by x-ray diffraction
and scanning electron microscopy to identify the crystalline phases present. The volume
percents of each crystalline phase present were determined by quantitative x-ray diffraction.
The Product Consistency Test (PCT) was used to determine the durability of the heat treated
glasses.
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CHARACTERIZATION OF PROJECTED DWPF GLASSES HEAT
TREATED TO SIMULATE CANISTER CENTERLINE
COOLING (U)

INTRODUCTION

The high-level radioactive waste currently stored in underground carbon steel tanks at the
Savannah River Site (SRS) will be immobilized in a durable borosilicate glass in the Defense
Waste Processing Facility (DWPF). The canistered waste forms will eventually be sent to a
geologic repository for final disposal. The Department of Energy has defined requirements
which these canistered waste forms must meet to be acceptable for disposal in the repository.
These requirements are the Waste Acceptance Product Specifications (WAPS).1  Specification
1.1.1 of the WAPS requires the identification of the crystalline phases expected to be present in
the DWPF canistered waste forms. This requires exposure of the seven projected DWPF
glasses to the same thermal regimen as is expected for the canistered waste form during and
after canister filling.

The seven projected DWPF glass compositions are described in the DWPF Waste Form

Compliance Plan (WCP).2 Four of these compositions have been projected from existing
high-level waste inventory while three of them are hypothetical glass compositions. The three
hypothetical glasses are the design-basis waste (blend), high aluminum (HM) waste which
represents the upper design limit of glass viscosity, and Purex (high iron) waste which

represents the lower design limit of glass viscosity.2:3 The Purex represents a possible worst-
case composition.

In order to provide the necessary information required by the WAPS, large quantities of the
seven simulated waste glasses from the WCP were fabricated. The chemical analyses of the
seven glass compositions are shown in Table 1.

To comply with Specification 1.1.1 of the WAPS samples of the projected glasses were
exposed to the thermal regimen recorded during simulation of full scale canister production.
The amount of crystallinity present was measured quantitatively. The quantitative leach rate

enhancement for the glasses exposed to the thermal regimen was determined by comparing the
durability of the devitrified glasses to nondevitrified, i.e. quenched, glasses using the Product

Consistency Test (PCT).



Table 1.
DWPF Projected Compositions*

(C}(l)ansl;onents Batch Batch Batch Batch
Wt % Blend HM Purex #1 #2 #3 #4
AlL,O5 4.16 7.15 2.99 4.88 4.63 3.44 3.43
B,03 8.05 7.03 10.33 7.78 7.88 7.69 8.14
BaO 0.18 0.11 0.20 0.15 0.16 0.18 0.25
CaO 1.03 1.01 1.09 1.22 1.08 0.99 0.84
Cry03 0.13 0.09 0.15 0.11 ~ 0.3 0.14 0.14
Cs,O 0.08 0.06 0.06 0.06 0.02 0.06 0.09
CuO 0.44 025 042 0.40 0.42 0.40 0.45
Fe,03 1091 7.78 13.25 12.84 11.12 11.71 11.71
K»O 3.68 2.21 3.41 3.33 3.38 3.40 3.86
Li,O 4.44 4.62 3.22 4.43 4.50 4.51 4.29
MgO 1.41 1.49 1.41 142 - 142 1.42 1.43
MnO, 2.05 2.15 2.07 2.1 1.73 1.87 3.11
MoO5 0.15 0.22 0.08 0.11 0.17 0.12 0.20
Nay,O 9.13 8.56 12.62 9.00 9.21 9.01 9.16
Nd,03 0.22 0.55 0.06 0.15 0.26 0.17 0.39
NiO 0.89 0.41 1.19 0.75 0.90 1.05 1.06
RuO, 0.03 0.04 0.01 0.02 0.04 0.03 0.05
Si0, 51.9 55.8 46.5 50.2 52.1 52.6 50.1
TiO, 0.89 0.56 0.68 0.68 0.69 0.68 1.03
Z0, 014 033 0.05 010 017 012 022
Total 99.91  100.42 99.79  99.74  100.01 99.59 99.95

* Glasses produced and analyzed by Corning Engineering Laboratory Services as a Level 1
procurement, CELS Report 11988-027 (DPSTN-4771 and WSRC-NB-90-392).
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BACKGROUND

Since the late 1970’s, experimental glass melters have been used to develop the vitrification
process for the immobilization of high-level liquid waste (HLLW) in the DWPF. Full scale
DWPF prototypic canisters were filled during the Large Slurry Fed Melter (LSFM) and Scale
Glass Melter (SGM) campaigns. During one of the LSFM campaigns a canister was
instrumented with thermocouples to measure canister surface and centerline temperatures.
Canister centerline temperatures were measured at heights of 157, 277, 39”, 517, 63", 75”, and

87”4 The canister was filled at a nominal 240 1b/hr feed rate.

Full scale DWPF canisters were also filled during the Scale Glass Melter (SGM) campaigns.
During the eighth SGM campaign, three of the canisters filled were instrumented with
thermocouples to determine axial and radial canister temperature profiles during filling and
cooldown of the canisters.5 Two of the canisters were filled under continuous pour conditions
at the DWPEF glass pour rate of 240 lbs/hr. Canister centerline temperatures were measured at
heights of 157, 27, 39”, 517, 637, 75, and 87"

The centerline temperature profiles obtained during the SGM work were compared to those
from the canister produced under simulated DWPF conditions with the LSFM. The two sets
of data were in reasonable agreement. The SGM work was performed prior to implementation

of a comprehensive Quality Assurance Program. Thus, this data was qualified® prior to using
it for this study. The SGM data was qualified by comparing it to the earlier LSFM canister

temperature profile study. As a result of this review, it was concluded that the uncertainty in
the SGM centerline cooling curve at a height of 51 was only + 20°C. The centerline
temperature measurements made at a height of 51" were chosen as the “worst case” since at
that location the glass cools at the slowest rate.

Centerline cooled heat treatments had been conducted on earlier SRL waste glass

formulations’-10 using the first set of canister centerline temperature profiles?.  The
devitrification occurring in the simulated canister cooled glasses had been evaluated by
quantitative x-ray diffraction (XRD). For high SiO containing glasses, like the family of 165

frit glasses mixed with varying types of SRS HLLW, about 5-10 volume percent spinel
(nominally NiFeOy4) and 15-18 volume percent acmite (nominally NaFeSi5Og) crystallized

(Table 2). For higher Na,O containing glasses, such as the family of 131 frit glasses mixed

with varying types of SRS HLLW, less spinel and acmite crystallized but higher concentrations
of nepheline (nominally NaAlSiO ) crystallized (Table 2). The relative amounts of spinel,

acmite, and nepheline which crystallized were dependent on the amount of Fe,O3 or Al,O3 in
the waste being vitrified, and the total amount of Si5O and Na,O in the glass including the
SiO, and Na,O contributions from both the waste and the frit being vitrified.

The durability of the quenched and centerline cooled devitrified glasses of each composition
listed in Table 2 were compared by means of a 24 hour static leach test developed by Corning,
Inc. for crushed glass and by a 28 day static scoping leach test suggested by the Materials

Characterization Center (MCC-1P) for monoliths of glass.!1



Table 2.

Volume Percent Devitrification of Simulated Canister Centerline Cooled
Sludge Only Glasses Determined by Quantitative X-ray Diffraction (from Ref.

9,10)*
Glass Waste Spinel Acmite Nepheline
Type Type Vol%) (Vol%) (Yol%)
165 HM 5 0 0
(high AD)
165 Average 58 1020 0
165 Purex 8-12 18 0
(high Fe)
131 HM 0 0 35-40
(high A
131 Average 6 4 13
131 Purex 10 0 14-16
(high Fe)

* error 2% spinel, 5% acmite, +10% nepheline; all data confirmed by optical microscopy
and scanning electron microscopy
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Crystallization of spinel was shown not to affect glass durability. while crystallization of large
amounts of the alkali silicate phases (acmite and/or nepheline) were shown to significantly

increase leachability.? For the 165 average glasses devitrified during cooling regimens
simulating canister centerline cooldown, the total of ~25 volume percent crystallization
increased the boron release by 2-3X relative to the boron release of a nondevitrified, i.e

quenched, glass.? For the 131 average and high Fe containing glasses devitrified by a canister
centerline cooling regimen, the appearance of the additional alkali silicate phase, nepheline,
caused a 5X increase in the boron release relative to a nondevitrified glass of the same

composition.?

The durability of these earlier SRS glass formulations were examined using leach tests that
were not developed specifically to examine glass consistency and homogeneity, e.g. the one

day Corning crushed glass durability test and the MCC-1P monolithic durability test.9 A new
7 day crushed glass durability test, designated the Product Consistency Test (PCT), has been
developed for glasses produced in the DWPF.12-18 The test was designed to be sensitive to
glass composition and homogeneity in order to evaluate the product consistency requirements

of the WAPS! and to evaluate the effect of heat treatments on glass durability. The PCT was
developed, in part, to satisfy the WAPS requirements by providing a test which is (1) sensitive
to glass composition and homogeneity, and (2) has the potential to be related to repository site-
specific release tests. The test was designed to provide confirmation of the consistency of
DWPF glass while considering the following:

sensitivity of the test to glass composition and homogeneity
time necessary to demonstrate product quality

ease of sample preparation for radioactive glass

case of test procedure for remote operation

precision of the test results

acceptance by waste form developers and repository projects

The earlier SRS glasses studied’-1° were sludge-only glasses fabricated from 28 wt% HLLW
on a dry basis and 72 wt% glass making frit. Process changes at SRS to accommodate in-tank

precipitation of Cs-137 necessitated formulation of new frit compositions.!9 Due to the in-
tank precipitation, an additional waste stream, composed primarily of 8 wt% Na,O, K»O and

B,O3 was incorporated into the glass composition. Since the waste stream components were
the same or similar to the alkali and boron in the frit, lower amounts of frit could be used to
make glasses of similar composition to the sludge only glasses by using the same 28 wt%

waste, 8 wt% frit components from the new precipitate hydrolysis aqueous (PHA) process,
and only 64 wt% frit. :

The PHA process frit formulations were recalculated to be similar to the sludge only process

glasses.!9 The 202 glass (frit 202 + PHA + sludge) was formulated to be chemically and
physically similar to 165 glass (frit 165 + sludge). The alkali and boron substitutions made
during the development of frit 202 were done on a weight percent basis rather than a mole
percent basis. Hence, the 202 PHA glasses are actually somewhat higher in SiO, and lower in

alkali than the 165 sludge only glasses.
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The 202 PHA frits were combined with the most recent waste tank composition projections
and these were used to formulate the PHA glasses in the WCP given in Table 1. The three
hypothetical glasses in the WCP are the design-basis waste (blend), high aluminum (HM)
waste, and Purex (high iron) waste which represents a possible worst-case composition.

The current study was initiated to address the WAPS specification 1.1.1 which require that the
DWPF determine the phases expected to be present in the DWPF glass product. The study
also determined the effects of crystallization on glass durability (measured by the PCT). This
study differed from earlier studies through use of:

updated canister centerline cooling curves
updated quantitative x-ray diffraction calibration curves

the seven PHA glasses from the WCP which span the range of compositions
that may be processed in DWPF

the Product Consistency Test (PCT) which is more sensitive to glass
homogeneity and more precise than previously available glass durability tests.
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EXPERIMENTAL

Simulated Canister Centerline Cooling

In order to provide the necessary information required by the WAPS, Corning, Inc. was
contracted to supply large quantities of the seven simulated waste glasses from the WCP. The
glasses were formulated so that they would be affected by centerline cooling in the same
manner as actual waste glass. The Group A waste components are predominantly Mo and
were added to the glass as MoO3. The Group B waste components are predominately Nd and

Zr. These were added to the glass in the ratio of 2:1 as Nd,0O; and ZrO,. All of the sodium,

calcium, and barium compounds were added as their oxide equivalents for simplicity.
Corning, Inc. was unable to handle uranium containing glasses and so the U30Og component of

the WCP glasses2 was omitted and the glass compositions renormalized. Reference amounts
of the minor Ru component were added as RuO, because previous work by Bickford and

Jantzen” had shown that this could effect the crystalline content of the glass. Other minor
constituents were omitted either because their amounts in the glass were insignificant or
because it was felt that their effects on crystallization would be adequately represented by
species such as RuO,. The Coming analyses of the seven glass compositions as fabricated is

shown in Table 1.

In order to simulate centerline canister cooling the WCP glasses were exposed to the
temperature profile measured at the centerline of the prototypic DWPF canister during the
eighth campaign of the SGM. The centerline temperature measurements made at a height of
51" were chosen as the “worst case” since at that location the glass cools at the slowest rate.

Two samples of each of the glass compositions were heat treated in separate furnace runs to
simulate canister cooling. Two furnace runs were used to compensate for any variation.
Approximately 60 grams of glass was placed in a covered high purity (99.8%) alumina
crucible. The crucibles were placed in a Lindberg programmable furnace and melted at the
DWPF melt temperature of 1150°C for four hours. The glasses were then cooled according to
the thermal regimen shown in Figure 1. As can be seen in the figure the furnace temperature
profile was within 20°C of the temperatures measured at a height of 51" at the centerline of the
canister filled during the SGM campaign.

In order to simulate quenched glass which may be found at the outer surface of the canister, the
as-received glass from Corning was remelted and quenched. Approximately 60 grams of each
of the seven DWPF projected compositions was placed in a covered high purity (99.8%)
alumina crucible. The crucibles were placed in the same Lindberg furnace discussed above and
melted at 1150°C for four hours. After melting, the glasses were removed from the furnace
and air cooled rapidly to room temperature.

X-ray Diffraction and Scanning Electron Microscopy Analysis

Scanning electron microscopy (SEM) coupled with energy dispersive analysis by x-ray
(EDAX) was used to determine the phase compositions of the crystallizing phases in the
centerline cooled WCP glasses. Determination of the approximate phase composition of these
solid solutions was necessary before preparation of the phase pure standards for quantitative x-
ray diffraction (XRD) analysis.

-13-
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Full Scale and Simulated Centerline Cooling Curves

-14-



Scanning electron microscopy with EDAX indicated that the spinel which crystallized in the
WCP glasses was the nominal NiFe,Oy4 containing some Cr, Ti and Mn as observed in

previous studies.”-19 Therefore, phase pure NiFe,Oy4 was fabricated synthetically from NiO
and FeyO3 at 1400°C for 4 days and used to prepare the quantitative x-ray diffraction
standards.

The SEM/EDAX analysis indicated that the acmite that crystallized in the WCP glasses was not
the nominal NaFeSi,Og observed in previous studies’-10 because it contained considerable Ca,

Ti, and K. A natural acmite was obtained from Ward’s Scientific and used to prepare the
quantitative x-ray diffraction standards.

The nepheline phase, nominally NaAlSiO4 was not observed in SEM/EDAX analysis.
Repeated attempts at preparing phase pure nepheline from batch chemicals were unsuccessful
due to the incongruent melting of this phase.20 Fabrication of phase pure NaAlSiO4 by sol-gel
techniques is in progress. For the purposes of this study, the quantitative amounts of
nepheline were calculated by the reference intensity method.21-23

Quantitative x-ray analysis for NiFe,0,4 was performed by developing x-ray calibration curves
from six standards' made by mixing both known weight and volume fractions of the phase
pure components with nondevitrified Blend glass. The “internal standard” quantitative

technique was used and 10 wt% Si added to each standard and each unknown.24 The Si (liI)
Bragg reflection was chosen as the internal standard because it did not interfere with any of the
major peaks of NiFe,Oy, acmite, or nepheline.

The volume percent calibrations used in this study for NiFe,O4 are curved versus the more
common representation in weight percent. Curvature of the volume percent calibrations is due
to the significant differences in density between the glass and the spinel. In previous studies’-

10 the volume percent calibrations exhibited more curvature because of the density difference
coupled with the effects of plotting the volume percent NiFe,Oy in the phase pure standards

against the ratio of the integrated area of a NiFe,O, standard peak divided by the integrated

area of a Si standard peak which is then normalized by the integrated area of the Si standard
peak in the glass alone. Use of the normalization accounts for the interferences in the mass
adsorption coefficients of the glass, the NiFe,Oy, and the Si standard?5 as well as for

differences in diffractometer parameters, diffractometer geometry, and sample preparation
between laboratories and researchers.

Volume percent calibration curves were developed for the most intense NiFe,O4 Bragg

reflection, the (311)25 which can be used for quantitative analysis in the absence of acmite or
corrected for acmite interference when acmite is present, and for the less intense (440) used in

revious studies’-10 which can be used in the presence of acmite.
P pre

7555, 11.1, 22.2, 33.3, 44.4, 55.5 wt% NiFe40,
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An additional set of sixteen NiFe,Oy standards? containing 10 wt% Si, were also used to

verify the initial calibration curves over a larger compositional range. The volume percent
determinations given in this study were made from the volume percent calibration curves based
on six standards. The use of the weight percent calibration curves would have allowed for
linearization of the data through the origin and enhanced the accuracy based on fewer
standards. Calibration curves were developed for the NiFe,O4 (311) and (440) Bragg

reflections as discussed above.

A set of three acmite standards,” containing 10 wt% Si, were used to determine weight percent
and volume percent calibration curves. Calibration curves were developed for the two most

intense Bragg reflections, the (121) and the (310)26 which can be used for quantitative analysis

in the absence of nepheline and for the less intense (110) used in previous studies’-19 which
can be used in the presence of nepheline.

Product Consistency Test

The seven duplicate centerline cooled glasses and seven as quenched glasses from the WCP

were examined using Version 3.0 of the PCT.18 In the PCT analysis, crushed glass of 100-
200 mesh is immersed in ASTM Type I water for 7 days at 90°C. The volume of solution (V)
used was the recommended 10 mL per gram of glass. Leachates were filtered to remove
colloids and/or particulates. The leachates were analyzed for pH and the elemental
concentration of the glass species of interest.

A standard glass, ARM-1 was used as a control to eliminate long term bias in the experimental
analysis and in the analytical data. Duplicate PCT centerline cooled glass analyses and triplicate
as quenched glass analyses were performed along with triplicate glass standards which were
run simultaneously.

A multielement solution standard was used during the centerline cooled PCT leachate analysis
to ensure that instrumental drift did not significantly bias the short term analysis of the
leachates. Durability tests containing ASTM Type I water but no glass samples were run
simultaneously to all the glasses as “blanks.” The use of blanks ensure that test vessel
preparation was adequate and that the sample leachates can be corrected for elemental variation
occurring independently of the glass-solution interactions.

The leachate concentrations are reported as normalized elemental mass losses, NC;, released
from the glass in grams of glass per L of leachant. This has the advantage that the release

concentrations in parts per million are normalized by the weight fraction of that element present
~ in the glass.

The expression below for normalized elemental mass loss, NC; has been used in this study.

22,4,6,8,10, 12, 14, 16, 18, 20, 25, 30, 35, 40, 45, 50 volume % NiFe,O, in Blend 1 glass which
corresponds to a range of 4 to 66.4 wt% NiFe,04

* 259, 5.00, and 10.67 wt% acmite
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NG = Cp (1)

F;
where NC; = normalized elemental mass loss (gglass/L)
Ci = mass of element "i" in the solution corrected for the

average mass of element “i” in the blanks (gi/m?’)

"i"

F; = fraction of element "i" in the glass (gy/gg]ass)

The surface area of the glass and the solution volume are constant during PCT analyses and,
therefore, do not appear in equation 1.
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RESULTS AND DISCUSSION
Simulated Canister Cooling

The furnace temperature profile used to simulate centerline canister cooling was within 20°C of
the temperature measurements made on the DWPF prototypic canister filled during the eighth

campaign of the SGM (Figure 1).
X-ray Diffraction and Scanning Electron Microscopy Analysis

The quantitative x-ray diffraction analysis indicated that there was less than 3.5 volume percent
crystallization in any of the centerline cooled WCP glasses (Table 3). Because of the small
volume fractions of spinel present the most intense x-ray diffraction Bragg reflection, the

(311), had to be used rather than the (440) reflection used in previous studies’-10 and

recommended in the task plan27. Likewise, the most intense x-ray diffraction reflection, the
(121), had to be used for the acmite determinations rather than the less intense (110) and (221)

used in previous studies 7-10 and recommended in the task plan? because of the small volumes
present and lack of interference from other phases.

The glasses based on blended waste (Blend-1 and Batches 1-4) crystallized primarily spinel
and smaller amounts of acmite except for the Batch 3 glasses in which the amount of spinel and
acmite was about equal. Batch 3 and 4 glasses had the highest total amount of crystallization,
approximately 3.1-3.2 volume percent. The high alumina waste glass (HM) primarily
crystallized more acmite than spinel while the high iron waste glass (Purex) crystallized
primarily nepheline.

The WCP glasses are more resistant to devitrification than the previously tested sludge only
gla.sses"'10 due to their higher SiOy content!® and concomitant higher melt viscosity.28

Comparing Table 2 and Table 3 demonstrates that the average WCP glasses and the high
alumina (HM) containing WCP glasses mimic the phase assemblages of the sludge only 165
glasses but at much lower concentrations of acmite and spinel. The WCP high iron containing
Purex glasses mimic the phase assemblages observed in the sludge only 131 high iron glasses.
Although the WCP high iron (Purex) glass is formulated with the same high SiO5 containing

202 frit that the remaining WCP glasses were formulated with, the updated Purex waste
composition is much higher in Na5O than the Purex waste simulations used in the previous

sludge only studies. 10

The phases identified during the scanning electron microscopy analyses were consistent with
the x-ray diffraction phase identifications (Table 4) except in the case of nepheline. Nepheline
was identified in the Purex glass during the XRD analysis but could not be identified in SEM.
Nepheline was probably not observed in the SEM/EDAX analysis because of the low volume
fractions of this phase present in the Purex glass (< 1.5 vol%; Table 3). In addition, the
observation of nepheline by SEM/EDAX is limited by the lack of phase contrast and the
similarity of the EDAX spectra for this phase to EDAX spectra of the glass matrix. Small
amounts of spinel and acmite were identified in the Purex glass by SEM which were not
detected during the XRD analysis. '
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Table 3.
Volume Percent Devitrification of Simulated Canister Centerline Cooled WCP
Glasses Determined by Quantitative X-ray Diffraction

SPINEL ACMITE NEPHELINE TOTAL
WCPGLASS 61D az21) (201)* VOL %
BLEND 1-1-7-1 1.6 0.9 BDL 2.5
BLEND 1-1-7-2 1.5 0.7 BDL 2.2
BLEND 1-2.7-1 1.6 BDL BDL 1.6
BLEND 1-2-7-2 1.9 0.8 BDL 2.7
AVERAGE 1.7 0.6 2.3
STANDARD DEV 0.2 0.4 0.5
BATCH 1-1-7-1 1.6 1.0 BDL 2.6
BATCH 1-1-7-2 1.4 0.9 BDL 2.3
BATCH 1-2-7-1 1.6 0.8 BDL 2.4
BATCH 1-2-7-2 1.6 0.8 BDL 2.4
AVERAGE 1.6 0.9 2.4
STANDARD DEV 0.1 0.1 0.1
BATCH 2-1-7-1 1.7 0.9 BDL 2.6
BATCH 2-1-7-2 1.9 1.1 BDL 3.0
BATCH 2-2-7-1 1.8 0.8 BDL 2.6
BATCH 2-2-7-2 1.8 0.7 BDL 2.5
AVERAGE 1.8 0.9 2.7
STANDARD DEV 0.1 0.2 0.2
BATCH 3-1-7-1 1.5 1.1 BDL 2.6
BATCH 3-1-7-2 1.5 1.2 BDL 2.7
BATCH 3-2-7-1 1.5 1.8 BDL 3.3
BATCH 3-2.7-2 1.5 2.1 BDL 3.6
AVERAGE 1.5 1.6 3.1
STANDARD DEV 0.0 0.5 0.5
BATCH 4-1-7-1 2.6 1.0 BDL 3.6
BATCH 4-1-7-2 2.6 0.7 BDL 3.3
BATCH 4-2.7-1 2.5 BDL BDL 2.5
BATCH 4-2-7-2 2.5 0.8 BDL 3.3
AVERAGE 2.6 0.6 3.2
STANDARD DEV 0.1 0.4 0.5
HM-1.7-1 0.7 1.6 BDL 2.3
HM-1.7-2 0.6 1.7 BDL 2.3
HM-2.7-1 0.5 2.6 BDL 3.1
HM-2.7-2 0.5 2.7 BDL 3.2
AVERAGE 0.6 2.2 2.7
STANDARD DEV 0.1 0.6 0.5
PX-1-7-1 BDL BDL 1.7 1.7
PX-1-7-2 BDL BDL 1.4 1.4
PX-2-7-1 BDL BDL 1.2 1.2
PX-2-7-2 BDL BDL 1.3 1.3
AVERAGE 1.4 1.4
STANDARD DEV 0.2 0.2
DETECTION LIMITS 0.4 0.4 0.5

*Data in WSRC-NB-91-198: Data for Nepheline volume percent is calculated.
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Table 4.
Comparison of Phases Identified in Simulated Canister Centerline Cooled

WCP Glasses Determined by Scanning Electron Microscopy (SEM) and X-ray
Diffraction Analysis (XRD)

Phases Identified*

WCP Glass XRD SEM

Blend 1 Spinel + Acmite Spinel + tr. Acmite
Batch 1 Spinel + Acmite Spinel + Acmite

Batch 2 Spinel + Acmite Spinel + Acmite

Batch 3 Spinel + Acmite Spinel + Acmite + RuOy
Batch 4 Spinel + Acmite Spinel + Acmite

HM Spinel + Acmite Spinel + Acmite + RuO,
Purex Nepheline Spinel + Acmite + RuO,

*Data in WSRC-NB-92-124
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The SEM analysis indicated that the nominal composition of the NiFeO4 was enriched in Ti
and Mn (Figure 2a ). The nominal composition of the NaFeSiyOg acmite was enriched in Cr,

Ti, and K(Figure 2b). The SEM analysis also confirmed the crystallization was heterogeneous
in that the spinel formed on melt insolubles such as RuO, while the acmite nucleated on the

spinel (Figure 3). This sequence of heterogeneous nucleation was observed in previous
studies.”-10

Product Consistency Test
n Analysi

During PCT analysis, a multiclement solution standard was used to ensure that instrumental
drift did not significantly bias the short term analysis of the leachates. The multielement
solution standard was run before leachate analysis began and after every 5 leachate samples
(Appendix I). Analysis of the solution standard data indicated that there was less than 0.5 ppm
bias in the ICP analyses for B, Li, K, Fe, a less than 0.75 ppm bias in Na and Al and a greater
than 5 ppm low bias for Si in solution.

Standard Glass Analysis

Historical control charting using PNL’s Approved Reference Material (ARM-1) as the standard
glass as the PCT standard glass did not indicate any significant bias in the elemental releases
(in ppm) for all elements since May 1989. All the standard glass elemental releases used in this
study fell within one-sigma of the average elemental release for ARM-1 glass since May, 1989.

W lin 1 - 1

The leachate pH, the raw data, and the conversions of the leachate concentrations to NC; (g/L)

are given in Tables 5 to 8 for the centerline cooled WCP glasses and for the as quenched WCP
glasses. The normalized releases were calculated using the analyzed glass compositions given
in Table 1. The normalized releases were calculated in grams of glass (grams of B, Li, and Na)
leached per liter of leachate (g/L) as given in Equation 1. The leach rate enhancement ratio, is
also indicated in Tables 6-8 and was calculated from the average durabilities of the crystallized
and quenched glasses by the following equation:

leach rate enhancement = durability of crystallized glass
durability of as quenched glass

The leach rate enhancement was minimal, e.g. values of 1.0 to 1.2 except for the high iron
~ (Purex) glass where nepheline was the major crystalline phase to devitrify. The data is shown
graphically in Figure 4. The maximum leach rate enhancement for the Purex glass based on
the lithium release was 3.2. The range of leach rate enhancements (1-3X) is lower than the
factors of 3-5X observed previously. Increased leach rate enhancement in the presence of

nepheline, is, however, consistent with the previous studies.”-10
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SEM/EDAX Analysis of Spinel Phase
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Figure 2b.

SEM/EDAX Analysis of Acmite Phase
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Figure 3.

SEM Micrograph Showing Heterogeneous Nucleation
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Table S.
Leachate pH for Quenched and Centerline-Cooled DWPF Glasses

pH pH (R&Q) pH pH (CC) RATIO
GLASS ID REMELTED & STANDARD CANISTER STANDARD pH(CC)/pH(R&Q)
QUENCHED DEVIATION CENTERUINE DEVIATION
COOLED
BLEND 1-1.7-1 9.60 10.28
BLEND 1-1-7-2 9.59 10.28
BLEND 1-2-7-1 9.61 10.34
BLEND 1-2-7-2 10.35
AVERAGE .60 0.01 10.31 0.04 1.07
BATCH 1-1.7-% 9.69 10.40
BATCH 1-1.7-2 9.65 10.38
BATCH 1.2.71 9.68 10.35
BATCH 1.2.7-2 10.35
AVERAGE 9.67 0.02 10.37 0.02 1.07
BATCH 2-1-7-1 9.59 10.27
BATCH 2-1-7-2 9.53 10.00
BATCH 2-2-7-1 9.53 10.00
BATCH 2.2.7-2 10.27
AVERAGE 9.55 0.03 10.14 0.18 1.08
BATCH 3-1-7-1 9.60 10.36
BATCH 3-1-7-2 9.54 10.00
BATCH 3-2-7-1 9.53 10.35
BATCH 3.2.7-2 10.36
AVERAGE 9.568 0.04 10.27 0.18 1.07
BATCH 4-1.7-1 9.67 10.00
BATCH 4-1-7-2 9.70 10.47
BATCH 4-2-7-1 9.7 10.48
BATCH 4-2-7-2 10.00
AVERAGE 9.69 0.02 10.24 0.27 1.06
HM-1-7-1 9.37 10.27
HM-1-7-2 9.37 10.28
HM-2-7-1 9.31 10.00
HM-2-7-2 10.00
AVERAGE 9.35 0.03 10.14 0.16 1.08
PX-1-7-1 9.81 10.59
PX-1-7-2 9.86 10.60
PX-2-7-1 9.88 10.00
PX-2-7-2 10.00
AVERAGE 9.84 0.03 10.30 0.34 1.05

*Data in WSRC-NB-90-271,WSRC-NB-91-199, and WSRC-NB-91-200
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GLASS 1D

BLEND 1-1-7-1
BLEND 1-1-7-2
BLEND 1-2.7-1
BLEND 1-2.7-2
AVERAGE

BATCH 1-1-7-1
BATCH 1-1-7-2
BATCH 1-2.7-%
BATCH 1-2-7-2

AVERAGE

BATCH 2-1-7-1
BATCH 2-1-7.2
BATCH 2-2-7-1
BATCH 2-2-7-2
AVERAGE

BATCH 3-1-711
BATCH 3-1-7-2
BATCH 3-2-71
BATCH 3-2.7.2
AVERAGE

BATCH 4-1.7-1
BATCH 4-1-7-2
BATCH 4-2.7-1
BATCH 4-2.7-2
AVERAGE

HM-1-7-1
HM-1-7-2
HM-2-7-1
HM-2-7-2
AVERAGE

PX-1-7-1
PX-1-7-2
PX-2-7-1
PX-2-7-2
AVERAGE

Boron (ppm)
REMELTED &
QUENCHED

14.90
15.38
15.17
15.15
15.35
15.26
16.11
15.57 .
13.70
12.88
12.92
13.17.
18.08
17.41
17.21
17.57
20.79
20.80
21.35
20.98
9.21
8.86
9.14
9.07
20.07
27.80
28.11

28.33

Boron R&Q (ppm)
STANDARD
DEVIATION

0.24

0.47

0.46

0.48

0.32

0.19

Boron (ppm)
CANISTER
CENTERLINE

17.83
17.70
20.22
19.56
18.83

16.38
14.39
19.75
15.88
16.60

14.91
14.66
17.21
16.99
15.94

20.46
20.92
18.38
19.20
19.74

21.12
24.34
22.93
24.33
23.18

10.84
9.44
11.76
11.66
10.92

93.67
93.26
97.11
103.20
96.81

‘Data in WSRC-NB-90-271,WSRC-NB-91-199, and WSRC-NB-91-200

Boron CC (ppm)
STANDARD
DEVIATION

1.26

2.26

1.34

1.52

1.07

4.60

Table 6.

RATIO B(ppm)
CC/R&Q

1.24

1.07

1.21

1.12

1.10

1.20

PCT Data for Boron

Boron (g/L)
REMELTED &
QUENCHED

0.60
0.62
0.61
0.81
0.64
0.63
0.67
0.64
0.56
0.53
0.53
0.54
0.76
0.73
0.72
0.74
0.82
0.82
0.84
0.83
0.42
0.4
0.42
0.42
0.91
0.87
0.88

0.88

Boron R&Q (g/L)
STANDARD
DEVIATION

0.01

0.02

0.02

0.02

0.01

Boron (g/L)
CANISTER
CENTERLINE

0.7
0.71
0.81
0.78
0.75

0.68
0.60
0.82
0.66
0.69

0.61
0.60
0.70
0.69
0.65

2.92

3.02

Boron CC (g/L)
STANDARD
DEVIATION

0.05

0.09

0.05

0.05

0.06

0.05

0.14

RATIO B(giL)
CC/R&Q

1.24

1.07

1.21

1.10

1.20

3.42
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GLASS 1D

BLEND 1-1-7-1
BLEND 1-1.7-2
BLEND 1-2-7-1
BLEND 1-2-7-2
AVERAGE

BATCH 1.1-711
BATCH 1.1.7-2
BATCH 1-2-7-1
BATCH 1-2-7-2
AVERAGE

BATCH 2-1-741
BATCH 2-1.7-2
BATCH 2.2-7-1
BATCH 2.2-7-2
AVERAGE

BATCH 3-1
BATCH 3-1
BATCH 3-2-
BATCH 3-2-
AVERAGE

7-1
7-2
7-1
7-2

BATCH 4-1-7-1

BATCH 4-1-7-2
BATCH 4-2-7-1
BATCH 4-2.7-2
AVERAGE

Lithium (ppm) Lithium R&Q (ppm;

REMELTED &
QUENCHED

13.47
13.97
13.75
13.73
16.01
14.14
14.85
15.00
13.24
12.54
12.61
12.80
16.13
15.52
15.27
15.64
16.61
16.51 "
16.95
16.69
11.39
11.13
11.52
11.35
12.78
12.28
12.42

12.49

STANDARD
DEVIATION

0.25

0.94

0.39

0.44

0.23

0.20

0.26

Lithium (ppm)
CANISTER

CENTERLINE

14.87
14.62
15.72
16.24
15.11

14.85
13.29
9.94
14.22
13.08

13.37
13.19
14.10
13.98
13.65

17.23
17.54
16.77
19.20
17.44

16.51
18.68
17.91
18.75
17.96

12.47
11.06
12.30
12.16
12.00

30.06
32.62
33.95
36.15
33.20

‘Data in WSRC-NB-90-271,WSRC-NB-91-199, and WSRC-NB-91-200

Table 7.

PCT Data for Lithium

Lithium CC (ppm)
STANDARD
DEVIATION

0.44

1.41

1.04

0.64

2.55

RATIO Lippm)
CC/A&Q

0.87

1.07

1.11

1.08

2.66

Lithium (giL)
REMELTED &
QUENCHED

0.65
0.68
0.67
0.67
0.78
0.69
0.72
0.73
0.63
0.60
0.60
0.61
0.77
0.74
0.73
0.75
0.83
0.83
0.85
0.84
0.53
0.52
0.54
0.53
0.85
0.82
0.83

0.84

Lithium R&Q (g/L)
STANDARD
DEVIATION

0.01

0.08

0.02

0.02

0.01

0.01

0.02

Lithium (g/L)
CANISTER
CENTERLINE

0.72
0.71
0.76
0.74
0.73

0.72
0.65
0.48
0.69
0.64

0.64

0.67
0.67
0.65

0.82
0.84
0.75
0.92
0.83

0.83
0.94
0.90
0.94
0.90

0.58
0.52
0.57
0.57
0.56

2.01
2.18
2.27
2.42
2,22

Lithium CC (gil)
STANDARD
DEVIATION

0.02

0.02

0.07

0.05

0.03

RATIO Lig/L)
CC/R&Q

0.87

1.07

1.1

1.06

2.66
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GLASS ID

BLEND 1-1-7-1
BLEND 1-1-7-2
BLEND 1-2-7-1
BLEND 1-2-7-2
AVERAGE

BATCH 1-1-7-1
BATCH 1-1-7-2

-BATCH 1-2-7-1

BATCH 1-2-.7-2
AVERAGE

BATCH 2-1-7-1
BATCH 2-1.7-2
BATCH 2-2-7-1
BATCH 2-2-7-2
AVERAGE

BATCH 3-1-7-1
BATCH 3-1.7-2
BATCH 3-2-7-1
BATCH 3-2-.7-2
AVERAGE

BATCH 4-1-7-1
BATCH 4-1-7-2

- BATCH 4.2.7-1

BATCH 4-2-7-2
AVERAGE

HM-1-7-1
HM-1-7-2
HM-2-7-1
HM-2.7-2
AVERAGE

Sodium (ppm)
REMELTED &
QUENCHED

41.51
42.92
42.27
42.23
41.77
41.26
44.05
42.3¢
40.00
37.68
37.84
38.51
49.10
47.48
46.48
47.69
54.63
54.19
55.63
54.82
27.12
26.53
27.34
27.00
86.50
83.03
84.16

84.56

Sodium R&Q (ppm) Sodium (ppm)

STANDARD
DEVIATION

68.71

1.49

1.30

1.32

0.74

0.42

1.77

CANISTER
CENTERLINE

44.08
43.51
45.87
44.40
44.48

44.67
39.86
49.55
42.92
44.25

39.34
38.85
4111
40.76
40.01

51.29
52.39
46.38
48.16
49.5¢

62.00
59.44
56.90
69.68
57.00

30.31
26.89
29.54
29.28
29.00

173.21
184.49
192.25
208.28
189.56

“Data in WSRC-NB-80-271,WSRC-NB-91-199, and WSRC-NB-91-200

Sodium CC (ppm)
STANDARD
DEVIATION

4.06

1.09

2.77

3.57

1.48

14.73

Table 8.

PCT Data for Sodium

RATIO Ne(ppm)
CC/RAQ

1.05

1.04

1.04

1.04

1.07

2.24

Sodium (g/L)
REMELTED &
QUENCHED
0.61
0.63
0.62
0.62
0.63
0.62
0.66
0.63
0.59
0.55
0.55
0.56
0.73
0.7%
0.70
0.71
0.80
0.80
0.82
0.81
0.43
0.43
0.43
0.92
0.89
0.90

Sodium R&Q (giL)
STANDARD
DEVIATION

0.01

0.02

0.02

0.02

0.01

0.02

Sodium (g/L)
CANISTER
CENTERLINE

0.65
0.64
0.68
0.66
0.66

0.77

0.48

0.46

1.85
1.97
2.05
2.22

~2.02

Sadium CC (g/L)
STANDARD
DEVIATION

0.01

0.06

0.02

0.05

RATIO Na (g/L)
CC/IRAQ

1.05

1.04

1.04

1.07

2.24
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Figure 4.

Effect of Canister Centerline Cooling on PCT Release of
DWPF Projected Glasses

-29-




This page intentionally left blank.

-30-



CONCLUSIONS

Centerline cooling studies of the seven DWPF projected glass compositions show that while
some crystallization does occur during canister cooling it is minimal and concomitantly has a
minimal effect on glass durability. These studies of the seven glasses in the WCP have

revealed the same phase assemblages as observed in previous studies’-10 but a factor of ~10
less total amount of crystallization. The crystallization mechanism is by heterogeneous
nucleation of spinel on melt insolubles such as RuO; and nucleation of acmite on spinel as

observed previously.”-10 The lower volume percentages of total crystallization are attributed to
the higher SiO, content of the family of 202 glasses represented in the WCP compared to the

previous 165 and 131 SRS glasses studied. The lower volume percentages of total crystallinity
indicate only marginal leach rate enhancement, where

leach rate enhancement = durability of crystallized glass
durability of as quenched glass

Leach rate enhancements of 1.00 to 1.25 were observed for all the WCP glasses except for the
high iron containing Purex glass where leach rate enhancements of up to 3.4 were observed.
The larger leach rate enhancement was associated with the crystallization of nepheline as

observed in previous studies.”-10

QUALITY ASSURANCE

The SRL Glass Technology Task Control Matrix for all the tasks in this study is given in
Reference 26. All tasks were carried out in accordance with RW-0214 and NQA-1. The PCT
Version 3.0 is a Glass Technology Category 1 Procedure requiring experimenter data input and
signoff at every step.18 All the ovens, balances, and water purification systems used for the
PCT are M&TE Category 1.

Analytic Development Services (SRL/ADS) procedures were followed for all chemical
analyses. .

Glass fabrication and analyses are recorded in DPSTN-4771 and WSRC-NB-90-392. All the
heat treatment data for this study is recorded in WSRC-NB-90-229. The quantitative x-ray
diffraction analyses and the scanning electron microscopy analyses are recorded in WSRC-
NB-91-198 and WSRC-NB-92-124. All the PCT data and analyses for the centerline cooled
glasses are recorded in WSRC-NB-90-271 and WSRC-NB-91-199. All the PCT data and
analyses for the as quenched glasses is recorded in WSRC-NB-91-200.
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Appendix I

Instrumental Bias During Inductively Coupled Plasma
Spectroscopy Analysis of PCT Leachates

ilysls Run During Centeriine Cooled Glasses*

Run after 5 Run atter 5§ Run atter 10 Run after 10 Run after 15 Run after 16 Run after 20 Run after 20 Aun after 25 Run after 25

Element Concentration Run before  Run before
! of Multiel it Samples-1 Samples-2 Samples-1 Samples-2 Samples-1 Samples-2 Samples-1 Samples-2 Samples-1  Samples-2 Samples-1  Samples-2
3 Standard ug/mi) ug/mL ug/mL ug/mL ug/mb ug/mL ug/mi ug/mL ug/mb ug/mL ug/mL ug/miL ug/mL
! Na (iCR) 50.10 49.20 49.44 49.62 49.55 49.55 49.52 49.39 49.34 49 52 49.61 49.37 49.11
Na (AA) 46.42 45.00 47.18 46.35 49.31 52.13 51.09 52.13 50.94 49.90 §0.35 50.20
Si 50.10 44.68 44.96 45.41 45.17 45.34 45.05 45.15 44 .91 45.16 45.06 45.00 44.53
8 20.10 19.64 19.74 19.81 19.75 19.76 19.73 19.61 19.60 19.63 19.67 19.57 19.45
K 10.00 9.65 9.52 9.56 9.50 9.52 9.65 9.79 9.61 9.56 9.52 9.56 9.42
Li 10.00 9.88 9.93 9.96 9.94 9.94 9.92 9.869 9.88 9.89 9.93 9.87 9.36
Al 4.08 3.45 3.42 3.37 3.36 3.33 3.27 3.32 3.29 3.25 3.28 3.29 3.25
Fe 3.98 4.19 41 4.2 4.21 4.21 4.20 4.19 4.19 4.20 4 4.18 4.16
Element Concentration Average Bias Average Bias Average Bias Average Blas Average Bias Average Bias TOTAL AVERAGE
of Multielementiefore Leachate after 5 Leachate after 10 Leachate after 15 Leachate atter 20 Leachate after 25 Leachate BIAS
Standard Analysis Analyses Analyses Analyses Analyses Analyses
ug/mL ug/mL ug/mL ug/mL ug/mL ug/mbL ug/mL ug/mL
Na (ICP) 50.00 -0.68 -0.42 -0.47 -0.64 -0.43 ~0.76 -0.57
Na (AA) -4.29 -3.23 0.72 1.61 0.42 0.28 -0.75
Si 50.10 -5.28 -4.81 : -4.91 -6.07 -4.99 -5.34 -5.06
B 20.10 -0.41 -0.32 -0.35 -0.49 -0.45 -0.59 -0.44
K 10.00 -0.42 -0.47 -0.42 -0.30 -0.46 -0.51 -0.43
Ll 10.00 -0.10 -0.05 -0.07 -0.12 -0.09 -0.38 -0.13
Al 4.00 -0.58 -0.64 -0.70 -0.70 -0.74 -0.73 -0.68
Fe 4.00 0.20 0.21 0.20 0.19 0.20 0.17 0.20

3C-NB-90-271 and WSRC-NB-91-199



This page intentionally left blank.

.38 -



	ABSTRACT
	INTRODUCTION
	BACKGROUND
	Product Consistency Test

	RESULTS AND DISCUSSION
	Simulated Canister Cooling
	X-ray Diffraction and Scanning Electron Microscopy Analysis
	Product Consistency Test
	Multielement Standard Analysis
	Standard Glass Analysis
	WCP Centerline Cooled vs As-Quenched Glass Analysis


	CONCLUSIONS
	QUALITY ASSURANCE
	REFERENCES

