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Abstract

The cold crucible induction melter (CCIM) is an alternative technology to the currently deployed
liquid-fed, ceramic-lined, Joule-heated melter (LFCM) for immobilizing of U.S. tank waste generated
from defense related reprocessing. In order to accurately evaluate the potential benefits of deploying a
CCIM, glasses must be developed specifically for that melting technology. Related glass formulation
efforts have been conducted since the 1990s including a recent study that is first documented in this report
(Section 4.0). The purpose of this report is to summarize the silicate based glass formulation efforts for
CCIM testing of U.S. tank wastes. Summaries of phosphate based glass formulation and phosphate and
silicate based CCIM demonstration tests are reported separately (Day and Ray 2013 and Marra 2013,
respectively). Combined these three reports summarize the current state of knowledge related to waste
form development and process testing of CCIM technology for U.S. tank wastes.

Unique aspects of the CCIM technology allow for higher processing temperatures and higher
tolerance to solid inclusions in the melt as compared to the LFCM. Insufficient testing and system design
work has been performed to identify the exact melter processing related glass property limits. However, a
preliminary set of limits has been developed based on the testing performed to date. These limits include:
viscosity at the melting temperature (Ty) between 0.6 to 6 Pa-s, electrical conductivity at Ty between 20
to 80 S/m, spinel content in the melt of <10 volume % at Ty, and no metal or ceramic corrosion limits.
These preliminary limits can serve as a starting point for glass formulation until sufficient testing data is
available to refine them.

Hanford tank wastes from tanks C-102 (characterized by high-aluminum) and 244-TX (high-iron)
were selected for glass formulation development in this study. They are two among eight tank wastes
with appreciable quantity of large particulate Pu oxide and Pu metal that could challenge the criticality
safety for these Hanford tanks and possibly the Hanford Tank Waste Treatment and Immobilization Plant
(WTP). The C-102 glass with 34 wt% Al,O; (54.4 wt% waste loading) was successfully formulated to
satisfy the major constraints for the high-alumina glasses, crystallinity after slow cooling and product
consistency test (PCT) of as-prepared and slow cooled glasses. The glass formulation with high-iron
244-TX waste also resulted in the maximum loading of 34 wt% Fe,0; (55.9 wt% waste loading) that
satisfy the major constraints for the 244-TX glasses, no salt formation and PCT of as-prepared and slow
cooled glasses. The C-102 glass with 34 wt% Al,O3; was recommended for CCIM melter testing and was
fully characterized for all the properties required for melter operation.

A number of glasses have been formulated to take advantage of the higher processing temperature
and tolerance to solid inclusions aspects of the CCIM and are summarized in this report. Generally, waste
loading can be increased for the CCIM. The loading of selected Savannah River Site high-level wastes
(HLW) in glass increases by between 37 and 76 relative percent. The loading of selected Hanford HLWs
increase by between 21 and 95 relative percent compared to the current system plan waste loading
estimates (Certa et al. 2011). However, in comparison to recent advanced LFCM glass formulations
(Vienna et al. 2013), the loading increase is between 2 and 70 relative percent (with all but one value
below 20 relative percent). The loadings of Hanford low-activity waste and Idaho sodium-bearing waste
don’t significantly differ between the two melter technologies. Lifecycle glass mass estimates could not
be estimated for any U.S. waste stream due to a lack of data and predictive models.
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1.0 Introduction and Background

The U.S. Department of Energy (DOE) is committed to cleaning up the legacy wastes from roughly
50 years of nuclear weapons materials production at the Hanford and Savannah River Sites. The
cornerstone of these efforts is the vitrification of high-level radioactive tank waste (HLW). At the
Savannah River Site (SRS), HLW is being retrieved from the tanks, separated into low-activity waste
(LAW) and HLW fractions. The HLW fraction is being vitrified into borosilicate waste glass at the
Defense Waste Processing Facility (DWPF) while the LAW fraction is immobilized in a cementitious
waste form called salt stone. The DOE Office of River Protection (ORP) is constructing the Hanford
Tank Waste Treatment and Immobilization Plant (WTP) to separate Hanford HLW into LAW and HLW
fractions, to vitrify the HLW fraction into borosilicate glass, and to vitrify a portion of the LAW fraction
into a borosilicate glass. The melters used at DWPF and planned to be used at WTP are liquid-fed,
ceramic-lined, metal-electroded, Joule-heated melters (LFCM). The LFCM, first developed at the Pacific
Northwest National Laboratory in 1970 has been fully developed, tested, and deployed at the West Valley
Demonstration Project (WVDP), DWPF and a number of international waste vitrification plants; and
therefore represents the most mature technology for treatment of current US HLW inventories. The
LFCM was selected for Hanford HLW vitrification after a number of expert reviews of potential melter
technologies (Brinko et al. 2003; Calmus 1995; Elliott et al. 1996; Perez et al. 2001) and was the
technology proposed by the contractors selected for the Hanford Waste Vitrification Plant (HWVP), Tank
Waste Remediation System — Privatization (TWRS-P), and WTP projects. The selection of the LFCM, in
each case, was primarily due to good general performance and high technical readiness.

The rate of glass production and loading of waste in glass is strongly dependent on glass melter
design and operation. Melters with higher throughput rate may shorten cleanup missions; in addition
melters that allow for higher waste loading in glass may significantly reduce lifecycle costs. The cold
crucible induction melter (CCIM) technology offers the potential for higher vitrification process
temperatures which could lead to increased waste loading and melting rates for feeds that are troublesome
for the reference LFCM technology. Furthermore, the bottom pouring configuration and ability to fully
empty may make the CCIM more tolerant to crystallization within the melter and reduce some of the
constraints associated with crystal formation in the LFCM. Recently completed melter demonstrations
with varying melter feeds have shown that the CCIM is flexible and robust with respect to variations in
feeds as a result of different vitrification flowsheet conditions.

A number of recent studies have been performed to generate the data necessary to determine the
suitability and quantify the costs, risks, and benefits of the CCIM technology in immobilizing DOE
HLW. These studies include scaled melter tests, preliminary plant design, and waste form development
and testing. Scaled melter tests were performed with the aim of process proof-of-principle, generation of
design data, and determining process limits as summarized by Marra (2013). Preliminary design work
was performed for a potential retrofit of the DWPF with a CCIM under the Advanced Remediation
Technologies (ART) project (Lauzel and Thurin 2009). Preliminary design efforts for a potential retrofit
of the WTP using CCIM were initiated, but, not completed or reported. Glass development efforts have
been conducted for vitrification of Hanford and Savannah River Site tank wastes and Idaho sodium
bearing waste using a CCIM. Phosphate based glass formulations have been described by Day and Ray
(2013). The previously completed silicate-based waste form development efforts are summarized in this
report along with new CCIM glass formulation results for Hanford HLW compositions.



2.0 Quality Assurance

The Pacific Northwest National Laboratory (PNNL) Quality Assurance (QA) Program is based on the
requirements defined in U.S. Department of Energy (DOE) Order 414.1D, Quality Assurance, and
10 CFR 830, Energy/Nuclear Safety Management, Subpart A — “Quality Assurance Requirements” (also
known as the “Quality Rule”). PNNL has chosen to implement the following consensus standards in a
graded approach:

e ASME NQA-1-2000, Quality Assurance Requirements for Nuclear Facility Applications, Part I,
“Requirements for Quality Assurance Programs for Nuclear Facilities.”

e ASME NQA-1-2000, Part II, Subpart 2.7, “Quality Assurance Requirements for Computer
Software for Nuclear Facility Applications”, including problem reporting and corrective action.

e ASME NQA-1-2000, Part IV, Subpart 4.2, “Guidance on Graded Application of Quality
Assurance (QA) for Nuclear-Related Research and Development.”

To provide detailed instructions to staff performing research work under the Environmental
Management Support Program (EMSP), the EMSP supplements the PNNL Laboratory-wide QA Program
and procedures with the program-specific EMSP QA Program and an associated suite of implementing
procedures. The EMSP implements an NQA-1-2000 Quality Assurance Program, graded in accordance
with the approach presented in NQA-1-2000, Part IV, Subpart 4.2, which defines the three phases of
research and development as Basic Research, Applied Research, and Developmental Work.

The research work described in this report was planned as Applied Research in accordance with the
EMSP QA Program and is documented in Test Plan TP-EMSP-0012, Next Generation Cold Crucible
Induction Melter Glass Formulation Development. Shortly after the Test Plan was issued, funding for
this activity was de-obligated and project closeout was initiated. Although the planned experimental
work and reporting tasks were completed, the full QA rigor associated with Applied Research was not
implemented. Therefore, the results presented in this report should be considered “For Information Only”
(FIO) and are not provided with the full QA pedigree associated with Applied Research.



3.0 Previous Silicate Glass Formulation Efforts for CCIM
Processing of U.S. Tank Wastes

To take full advantage of the potential benefits of the CCIM in processing U.S. tank waste, glass
compositions must be tailored specifically for the melter in which the waste is vitrified. The subsections
below list the silicate based glass formulation efforts performed specifically for vitrification of U.S. tank
wastes in CCIMs. Appendix A summarizes the property constraints assumed for each of the formulation
efforts. A summary of silicate based CCIM demonstration tests and associated CCIM melter descriptions
are reported in a companion document (Marra 2013).

3.1 Hanford TWRS-P HLW

In 1998 a team comprised of Société générale pour les techniques nouvelles (SGN), Commissariat a
'énergie atomique (CEA), and Pacific Northwest National Laboratory (PNNL) developed and tested for
the first time, Hanford HLW glass formulations targeted to be produced in a CCIM (Nicaise et al. 1999).
In this study, glasses were formulated for two simulated Hanford HLW compositions representing the
first three tanks to be immobilized under the Tank Waste Remediation System — Privatization (TWRS-P)
program: 1) a blend of tanks 241-AZ-101 and 241-AZ-102; and, 2) 241-C-106. The property limits used
for the formulation included the waste form quality related requirements derived from the Waste
Acceptance Product Specifications for Vitrified High-Level Waste Forms (WAPS) (DOE 1996), plus
specific processing related properties for the CCIM based on roughly 15 years of testing at CEA:

e Product Consistency Test method A (PCT-A) normalized releases of Na, B, and Li below the
Defense Waste Processing Facility (DWPF) Environmental Assessment (EA) glass for both
quenched and simulated canister-centerline cooled (CCC) samples.

e No measureable nepheline in the quenched or CCC samples (to ensure that CCC PCT was both
acceptable and predictable).

e Processing temperature of 1200°C.

e Viscosity (1) at 1200°C between 7 and 15 Pa-s.

e Electrical conductivity (g) at 1200°C between 10 and 50 S/m.

e Liquidus temperature (Ty) less than 1200°C

The resulting formulations are given in Table 1. Pilot scale (at 40% of full plant scale) testing based
on these two compositions suggested that they could be successfully processed in a CCIM with calciner
and would meet all product quality constraints (Nicaise et al. 1999). The processing temperature for the
AZ-Blend waste was increased from the target of 1200°C to 1300°C during the test to reduce viscosity
(from 15.5 to 7.4 Pa-s) and increase melting rate; while the C-106 glass was successfully processed at
1200°C. The temperature and crystal content constraints assumed did not fully challenge the potential for
the CCIM. Ladirat et al. (2001) reported follow-on formulation and melter testing work with the same
HLW compositions. Although they do not report the specifics of the formulation, they do report
increased waste loading (~31% for AZ-Blend; ~44% for C-106) until both the Ty = 1220°C and the
nepheline constraint were met. The glass was successfully processed with liquid slurry fed directly into
the CCIM and a melt temperature of 1300°C.



3.2

Table 1. Glass Compositions Formulated for CCIM Testing, wt% (Nicaise et al. 1999)

Oxides | AZ-Blend C-106
Si0p 50.23 50.55
B203 10.34 8.43
NapO 13.14 14.96
Li2O 1.37 1.13
CaO 0.23 0.92
MgO 0.08 0.14
FexO3 9.89 13.84
AlpO3 7.40 6.81
V410)) 1.98 0.10
Others 5.33 3.32

Hanford C-106/AY-102 Formulation for Crystal Tolerant Melters

Pecler et al. (2002) developed glass formulations for the immobilization of a Hanford tank
C-106/AY-102 blend HLW in a CCIM or other advanced melters (Table 2). They proposed that the
CCIM would be more tolerant to solid phases in the melt without adversely affecting the melter process
or melter life. As such, they used the following list of property constraints:

PCT-A normalized releases of B, Na, and Li < 2 g/m” (a conservative value to avoid approaching
the EA glass limit).

No nepheline formation on CCC (to ensure both acceptable and predictable PCT-A responses).
Melter operating temperature between 1100°C (to ensure sufficient processing rate) and 1400°C
(to avoid excessive volatility).

Viscosity at melting temperature between 2 and 10 Pa-s.

Electrical conductivity at melting temperature between 10 and 100 S/m.

Crystal fraction in equilibrium with the melt at melting temperature less than 3 vol%.

A total of 15 glass compositions were formulated and tested at crucible scale with waste loadings
between 55 and 70 wt% (Table 3). Three of the compositions were successfully tested in melters:

ICCM-2 tested at SIA Radon in a 55-h test producing 130 kg of glass in an 8.5 inch diameter
CCIM operated at 1260°C with a steady-state glass production rate of 1600 kg/m*/d (Herman et
al. 2004).

Aloy-3 tested at Khlopin Radium Institute (KRI) in an 8-h test producing 2.3 kg of glass in a

6 inch diameter CCIM operated at ~1350°C (Herman et al. 2004).

ICCM-13 tested at PNNL in a 120-h test producing 51 kg of glass in a 6 inch diameter LFCM
operated at 1150°C with a steady-state glass production rate of 660 kg/m?/d (Goles et al. 2002a).

Comparing the results between ICCM-2 and ICCM-13 melter tests showed that the CCIM could
achieve a higher waste loading (70 wt% compared to 60 wt%) and a higher processing rate (1600 vs.
660 kg/m?/d) than the LEFCM.



Table 2. Nominal Composition for C-106/AY-102 Waste Simulant, wt%

Component | Concentration
Ag,0O 0.46
AlLO; 20.91
BaO 0.13
CaO 1.39
Cdo 0.09
CeO, 0.06
[ 0.05
CI'203 0.32
Cs,0 0.20
F® 0.05
Fe, 04 22.76
K,0 0.05
LazO3 0.22
MgO 0.43
MnO 8.61
Na,O 16.23
NiO 0.30
P,0;s 0.29
PbO 0.42
Pdo®™ 0.01
Rh,0;® 0.01
RuO,® 0.02
SO;® 0.05
SiO, 11.43
SrO 14.26
TiO, 0.08
U0o,® 1.01
7r0, 0.23
TOTAL 100.00

(a) Components Cl, F, SO;, and UO, were removed and the waste compositions renormalized for
crucible-scale and melter-scale testing.

(b) Component PdO, Rh,0;, and RuO, were removed for melter-scale testing (but, included in
crucible scale testing) and the waste compositions renormalized.



Table 3. Frit Compositions and Waste Loadings (WL) for C-106/AY-102 Glasses, wt%

Frit B,0; K;O Li,O Na,O P,0s SiO, WL
ICCM-1 12.50 7.32 4.24 0.52 0.00 75.41 60
ICCM-2 10.00 1.55 1.67 0.00 0.00 86.78 70
ICCM-3 8.54 14.93 1.26 17.59 0.00 57.68 60
ICCM-4 7.50 10.61 3.00 17.91 3.30 57.68 60
ICCM-5 7.32 1.74 2.84 24.99 3.84 59.28 59
ICCM-6 8.89 0.00 5.25 23.30 241 60.16 55
ICCM-7 7.50 0.00 1.25 30.00 3.30 57.95 60
ICCM-8 6.67 0.00 3.50 27.27 0.00 62.57 55
ICCM-9 7.50 0.00 0.00 32.53 0.00 59.97 60

ICCM-10 10.00 0.00 0.00 32.07 0.00 57.93 60
ICCM-11 17.26 13.06 2.59 0.00 0.00 67.10 60
ICCM-12 15.00 14.93 1.33 3.51 0.00 65.24 60
ICCM-13 30.20 0.00 2.70 0.00 0.00 67.10 60
ICCM-14 8.33 0.00 6.66 0.00 0.00 85.01 70
Aloy-3 13.33 0.00 6.67 0.00 0.00 80.00 70

3.3 Idaho Sodium Bearing Waste

Idaho sodium bearing waste (SBW) is a high-sodium, high-sulfate, acidic waste with a composition
shown in Table 4. Vienna et al. (2002a) developed frit formulations for vitrifying SBW using LFCM
technology (Table 5). The compositions were limited by two primary factors: 1) incorporation of alkali
(Na and K) while maintaining adequate durability and 2) incorporation of sulfur and halides without the
accumulation of a salt layer. Extensive formulation efforts resulted in glass compositions with between
20 and 30 wt% waste loading (target SO; values of 0.91 to 1.4 wt%).

Table 4. 2001 WM-180, Sodium Bearing Waste Target Composition, wt% Oxide and Halogen

Ocxide / Species Target Oxide / Species Target
Al O; 27.58 Na,O 52.00
B,0; 0.349 P,0s 0.793
CaO 2.157 PbO 0.238
Fe,0; 1.415 Cl 0.925
K,0 7.544 F 0.533
MgO 0.3956 SO; 4.556
MnO 0.816




Table 5. Composition of SBW Frits, wt% Oxides

Oxide B203 BaO | CaO Fe203 Kzo Lizo MgO NaZO Si02 Ti02 V205 Zl'Oz
SBW-1 1426 | O 0 11.31 0 |2.67 0 0 68.69 | 3.08 0 0
SBW-2 12 0 0 11.31 0 4 0 0 69.61 | 3.08 0 0
SBW-3 15 0 0 11.31 0 4.5 0 0 66.11 | 3.08 0 0
SBW-4 12 0 2 12 0 4 0 0 70 0 0 0
SBW-5 15 0 4 12 0 4 0 0 65 0 0 0
SBW-6 15 0 2 12 0 4 0 0 67 0 0 0
SBW-7 10 0 4 15 0 5 0 0 66 0 0 0
SBW-8 15 0 2 15 0 5 0 0 63 0 0 0
SBW-9 15 0 5 10 0 5 0 0 65 0 0 0
SBW-10 12 2 0 12 0 4 0 0 70 0 0 0
SBW-11 | 12.15] O 5.02 | 1.52 0 |611]1.75] 19 [6423] O 4.88 | 2.44
SBW-12 | 6.03 0 5.02 | 1.52 0 |611]1.75]| 698 6527 O 4.88 | 2.44
SBW-13 | 12.15] O 0 1.52 | 8.15 ] 6.11 0 1.9 16285| 0 4.88 | 2.44
SBW-14 | 1445] O 5.02 | 1.52 0 611175 19 [6681] O 0 2.44
SBW-15 7 0 8 8 0 6 0 7 64 0 0 0
SBW-16 14 0 7 0 0 6 0 2 71 0 0 0
SBW-17 12 0 2 12 0 4 0 0 70 0 0 0
SBW-18 12 0 2 12 0 3 0 4 64 0 2 1
SBW-19 12 0 2 12 0 3 0 4 62 0 4 1
SBW-20 12 0 4 12 0 3 0 4 60 0 4 1
SBW-21 10 0 4 12 0 3 0 4 62 0 4 1
SBW-22 | 6.03 0 5.02 | 1.52 0 | 611175 429 6795 O 4.88 | 2.44
SBW-23 | 12.15] O 0 1.52 432 ]6.11 0 1.9 166.68| 0 4.88 | 2.44
SBW-24 | 11.1 0 5.02 | 1.52 0 |611]1.75] 19 [70.16] O 0 2.44
SBW-25 | 12.15] O 5.02 12 0 1344|175 0 5832 0 4.88 | 2.44
SBW-26 | 6.03 0 | 14.19| 1.52 0 1352175 19 [63.77] O 4.88 | 2.44
SBW-27 | 6.03 0 | 11.75] 1.52 0 1408|175 19 [6321] O 732 | 244

The 30 wt% SBW loaded glass with SBW-9 frit was successfully fabricated in an LFCM test (Goles

et al. 2001). A second LFCM test was successfully performed with SBW-22 frit and 20 wt% SBW
(Goles et al. 2002b).

Both 20 wt% and 30 wt% SBW waste glass formulations were fabricated in the KRI 86-mm diameter
CCIM to determine if the salt accumulation problems would be as pronounced in a CCIM (Herman et al.

2004). KRI adjusted the additive compositions for both the 20 and 30 wt% waste loaded glasses by
adding higher Na,O and Li,O to achieve higher electrical conductivity (Table 6). Both melts were

conducted with liquid feeding and did not result in an accumulated salt. However, most of the SO; was

volatilized (85 and 88% loss for 20 and 30 wt% waste loading melts, respectively).




Table 6. Target Composition of Modified SBW Glasses Tested at KRI, wt% Oxide

. Waste Loading

Oxide ™ 390 20%
AlpO3 8.32 5.52
B203 4.56 4.96
CaO 4.55 4.41
Cs20 1.00 0.45
Fe203 1.55 1.49
K20 1.27 1.497
Li20 2.20 4.85
MgO 1.64 1.46
Na20O 17.44 13.8
SiO2 49.94 53.9
V205 3.58 3.87
Zr02 1.79 1.94
SO3 1.37 0.904

The recommended SBW-22 frit with 20 wt% SBW loading glass composition (same composition as
the LFCM test reported above) was successfully fabricated at Radon in the 216 mm CCIM operated at
1350°C (Herman et al. 2004). Despite the higher melting temperature, only 18% loss of SO; was
measured.

3.4 Savannah River Sludge Batch 2 Glasses

Frit 200 was formulated for the Savannah River coupled flowsheet which combined the HLW sludge
with the Precipitate Hydrolysis Aqueous (PHA) product of the in tank precipitation (ITP) process (Jantzen
1988). As the ITP process was never fully implemented at SRS, frit 200 was an adequate but not ideal
frit formulation for operation of the DWPF. Frit 320 was formulated as a joint SRNL and PNNL activity
to increase the loading and throughput of the DWPF operating a sludge only flowsheet (Peeler et al.
2001). Both these frits were used in DWPF processing and were tested in CCIM tests with SRS sludge
batch 2 (SB2) simulated waste composition for direct comparison. Although the frit compositions were
not adjusted compared to those used in DWPF, the waste loading did increase for CCIM testing. Table 7
lists the laboratory-scale crucible melt compositions for the CCIM test glasses developed. Table 8
summarizes the SB2 frit 200 and frit 320 glass results chosen for CCIM melter testing. Column “Frit
320-WL” in Table 8 is a compilation of data from melter runs that incrementally reached a 60 wt% waste
loading to evaluate maximum waste loading. It is interesting to note that the crystal contents ranged from
3 to 23 wt% spinel in melter pour stream samples, suggesting that high crystal content glasses could be
processed in the CCIM.



Table 7. Target Compositions for SB2 Glasses Formulated and Tested at Crucible Scale, wt%

Oxides F200-45 | F320-45 | F320-50 | F320-55 | F320-60 | F320-65 | F320-70
ALOs 8.58 8.58 9.53 9.90 10.87 11.53 12.25
B,0; 6.60 4.40 4.00 3.85 3.44 3.17 2.86
BaO 0.14 0.14 0.15 0.16 0.17 0.18 0.19
CaO 1.92 1.92 2.13 2.21 2.42 2.57 2.72
Cl 0.77 0.77 0.85 0.89 0.97 1.03 1.09
Cr,04 0.19 0.19 0.21 0.22 0.24 0.26 0.27
CuO 0.10 0.10 0.11 0.12 0.13 0.14 0.15
F 0.01 0.01 0.00 0.00 0.00 0.00 0.00
Fe,0; 21.55 21.55 23.94 24.85 27.30 28.95 30.77
I 0.02 0.02 0.02 0.00 0.00 0.00 0.00
K,O0 0.04 0.04 0.05 0.05 0.05 0.06 0.06
Li,O 2.75 4.40 4.00 3.85 3.44 3.17 2.86
MgO 1.22 0.12 0.14 0.15 0.15 0.17 0.18
MnO 1.98 1.98 2.21 2.29 2.51 2.67 2.83
Na,O 12.21 12.76 12.84 12.88 12.97 13.03 13.10
NiO 1.11 1.11 1.23 1.28 1.40 1.49 1.58
P,0s 0.07 0.07 0.08 0.08 0.09 0.10 0.10
PbO 0.16 0.16 0.19 0.19 0.20 0.22 0.23
SO; 0.42 0.42 0.47 0.49 0.54 0.58 0.61
SiO, 39.51 40.61 37.12 35.80 32.30 29.90 27.27
SrO 0.05 0.05 0.06 0.06 0.06 0.07 0.07
Zn0O 0.20 0.20 0.22 0.22 0.25 0.26 0.28
710, 0.40 0.40 0.44 0.46 0.50 0.53 0.56
Waste 45 45 50 55 60 65 70
Loading
Table 8. Summary of CCIM Testing with SRS SB2

Test Frit 200-45% Frit 320-45% Frit 320-WL

Waste loading 45% 45% 45-60%

Test duration 17-h 16-h 32-h

Melter diameter 216 mm 216 mm 418 mm

Nominal temp. 1200-1350°C 1200-1350°C 1300-1400°C

Glass produced 62 kg 86 kg 318 kg

Process rate 1.9 MT/m*/d 3.0 MT/m’/d 2.4-1.1 MT/m’/d

Crystal fraction 15% Spinel 3-6% Spinel 4-23% spinel (linear with waste

loading)

Reference

Kobelev et al. (2006a)

Kobelev et al. (2006a)

Kobelev et al. (2006b)

3.5 Savannah River Sludge Batch 3 Glasses

Peeler (2007) formulated a glass to process simulated SRS sludge batch 3 (SB3) waste in a CCIM. The

target glass and melt property limits used include:

e processing temperature of 1250°C

e viscosity at 1150°C between 2 and 4 Pa-s (it was hypothesized that this would yield an
appropriate processing viscosity at 1250°C)




o Tp<1150°C

e normalized releases of B, Na, and Li below the EA glass level by PCT-A

e 1o nepheline formation on CCC.

A paper study was performed in which the target SB3 was combined with a series of frit compositions
and the properties of the resulting glasses were estimated using the DWPF process models. Table 9 lists
the nominal SB3 composition used and Table 10 lists the candidate frit compositions considered. Based
on this analysis, the Frit 202-11A composition allowed for the maximum waste loading before exceeding
predicted property requirements and was selected for further testing (Peeler et al. 2007a).’

Table 9. Target SRS Sludge Batch 3 (SB3) Composition, wt%

Oxide | Concentration
AlDO3 16.898
CaO 3.305
Cr203 0.192
CuO 0.075
Fe2O3 37.302
K20 0.339
MgO 3.813
MnO 7.085
NapO 24.174
NiO 1.921
SiO2 3.940
TiO2 0.057
SO4 0.719
V4(0)) 0.184

Table 10. Candidate Frit Compositions and Predicted Properties at 50% SB3 Loading Plus Max Waste

Loading at Viscosity and Nepheline Limits

Frit ID ALO; | B,O3; | CaO | Li,O | Na,O | SiO, | Ty, °C | Viscosity | Max Waste | Max Waste

(1150°C), | Loading at | Loading at

Pa's Lown Nepheline

Limit, wt% | Limit, wt%
202-11A 0 9 0 6 3 82 1135 33 53 54
HTL-182 0 9 2 6 4 79 1127 2.6 51 53
HTL-277 0 10 1 5 4 80 1137 3.2 53 53
HTL-686 1 8 2 7 3 79 1132 2.6 51 53
HTL-8 0 8 0 6 5 81 1114 2.7 52 53
202-Ca 0 8 2 7 6 77 1097 1.7 46 51
202-Ca-Al-1 3 8 4 6 5 74 1134 2.2 49 47
202-Ca-Al-2 2.5 8 4 6 5 74.5 | 1131 2.2 49 49

2 Composition 202-11A should not be confused with composition 202 (B,O; = 8, Na,O = 6, Li,O =7, MgO = 2,
and SiO, = 77 wt %) developed by C. M. Jantzen, Glass Compositions and Frit Formulations Developed for
DWPF (Aiken, SC: Savannah River Laboratory, 1988).
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Glass samples composed of frit 202-11A and SB3 in waste loading of 44, 45, 46, 48, 50, 52, 54, 55,
56, and 58 were fabricated at crucible scale for characterization. Glasses above 50% waste loading did
not form nepheline on slow cooling while several glasses below 50% waste loading did. The T, of the
50% waste loading glass was measured at slightly above the target processing temperature of 1250°C.
The viscosities of the 50% waste loading glass were 2 and 1.3 Pa-s at 1250 and 1300°C, respectively.
Based on these results, it was recommended that a 50% waste loading glass with frit 202-11A and SB3 be
tested in the CCIM (Peeler et al. 2007D).

An exploratory test was performed in the 650 mm CCIM at CEA with a melt temperature of 1250°C
(Girold et al. 2008). During this run, 336 kg of glass were fabricated with a steady state glass production
rate of 898 kg/m?/d. The PCT-A response of the CCC cooled glass samples were found to be
significantly degraded compared to the as-poured glass with the cause identified as nepheline in the CCC
samples. Therefore it was decided to increase the loading of waste in glass for the baseline test to 52 wt%
waste loading.

A baseline test was performed in the 650 mm CCIM at CEA using two melt temperatures — 1250 and
1300°C (Girold et al. 2008). A total of 477 kg of glass were produced with melting rates of 1512 and
1807 kg/m?/d for the two process temperatures. Glass product analyses showed no presence of nepheline
on as-poured or CCC samples and good, and predictable, PCT-A responses. No mention was made of the
spinel content of the melter glass, although crucible tests showed spinel in the quenched and CCC
samples of this glass (Peeler et al. 2007a).

3.6 Savannah River Sludge Batch 4 Glasses

Marra et al. (2008) formulated glasses for CCIM fabrication of SRS sludge batch 4 (SB4) waste
(Table 11). In determining the property constraints for glass formulation it was recognized that previous
tests showed that significant crystal fractions can be processed through a CCIM, at least during short term
tests. Although a specific crystallinity criterion is needed for long-term application of CCIM to U.S.
wastes, Marra et al. (2008) opted to formulate glass compositions with Ty < melter operating temperature.
The target properties used in the formulation effort include:

e Melting temperature of 1250°C

e T_<1250°C

e No nepheline formation in quenched or CCC glass
e PCT-A responses below those of the EA glass

Redox, viscosity, electrical conductivity, and thermal conductivity were to be monitored, but, not
constrained in initial formulation efforts.
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Table 11. Nominal SB4 Composition, wt%

Oxide Concentration
AlLO3 28.16
BaO 0.08
CaO 3.06
Ce,0; 0.24
Cr,0; 0.22
CuO 0.06
Fe,04 32.03
K,O 0.08
MgO 3.06
MnO 6.39
Na20 20.67
NiO 1.83
SO,~ 0.96
Si0, 3.00
ZnO 0.06
7r0O, 0.10

Frit 503, developed for DWPF operation, was used as a starting point for formulation efforts and
systematic variations around that frit composition were made for candidate SB4 glass formulations. Frit
503-R4 was developed and used for SB4 CCIM testing with higher levels of spinel crystallization due to
higher liquidus temperatures. Frit 503-R4 was then modified by increased boron or alkali content to
decrease the liquidus temperature. Table 12 lists these frit compositions derived from frit 503-R4 (i.e.,
503-R3, 503-R6, and 503-R7). Compositions of frits 503 and 503-R4 are provided in Table 12 for
comparison. Glasses were fabricated and tested with frits 503-R3, -R4, -R6, and —R7 at 45, 50, and
55 wt% SB4 loading (plus 503-R4 at 40 wt% waste loading).

Table 12. Target SB4 Frit Compositions, wt%

Oxide 503 503-R3 503-R4 503-Ré6 503-R7
B203 14 16 16 14 14
Na20 4 2 0 3 2
Li20 8 8 8 9 10
SiO2 74 74 76 74 74

3.6.1 Frit 503-R4 (SIA Radon)

Frit 503-R4 replaced the 4 wt% Na,O in frit 503 with additional 2 wt% of both B,O; and SiO,. It was
selected for a series of CCIM tests conducted at Radon with waste loadings varying from 40 to 70 wt%
(Kobelev et al. 2009; Kobelev et al. 2007; Marra et al. 2010; Stefanovsky et al. 2010; Stefanovsky et al.
2009). These tests, summarized by Marra (2013), investigated the ability to process melts with increasing
concentrations of spinel. The melt with 40% SB4 and 60% frit 503-R4 has essentially no crystal content
in the melt (T, = 1088°C). The 50% waste loading melt contained 5-7 vol% spinel while the 60% waste
loading melt had 10 vol% spinel in small (236 mm) CCIM tests (Kobelev et al. 2007). The larger CCIM
(418 mm) test using 50% waste loading produced roughly 12 vol% spinel (Kobelev et al. 2009). The

12



higher spinel fraction in the larger test was attributed to a larger pour canister of glass with slower
cooling.

Marra et al. (2010) found strong evidence of spinel accumulation in the 216 mm CCIM test
performed with frit 503-R4 and 55 wt% SB4 loading. Roughly 250% relative increase in spinel
components were found in chemical analysis of the melter dead-zone compared to the pour stream. This
suggests that although short-term tests with significant concentration of spinel (~10 vol%) in the melt is
possible, long-term operation may be more problematic.

3.6.2  Frit 503-R3 (KHNP)

Frit 503-R3 replaced 2 wt% of Na,O in frit 503 with additional 2 wt% of B,O;. It was selected for a
550 mm CCIM (with 12 bubblers) test conducted at Korea Hydro and Nuclear Power (KHNP) research
center with waste loading of 50 wt% (Smith 2008; Smith et al. 2009). The total alkali content of this
glass was slightly increased from that of frit 503-R4 to increase the electrical conductivity at the targeted
melting temperature of 1250°C. Crucible tests determined the Ty of this glass to be 1252°C. Trace
amount of spinel were seen in the as-received pour stream samples from the KHNP test. Smith (2008)
notes difficulty in glass pouring that may have been due to crystal accumulation in the melter bottom.

An additional note of concern from this test was a higher concentration of Na,O in the fabricated
glass compared to the target value (15% vs 11.3). Because of this composition difference, CCC
heat-treated samples from the KHNP melter test contained a significant concentration of nepheline and
had PCT-A responses more than an order of magnitude higher than the as-received samples and exceeded
the EA glass limit.

3.6.3 Frit 503-R6 (CEA)

Frit 503-R6 replaced 1 wt% of the Na,O in frit 503 with Li,O. It was selected for a 650 mm CCIM
test conducted at CEA with a waste loading of 46 wt% (Marra et al. 2008). This composition and waste
loading reduced Ty to well below the 1250°C target operating temperature and added sufficient room for
potential composition variation while maintaining all the properties in the acceptable range. A 12 glass
study was performed to determine the properties of the glass with expected potential composition
variations around the target formulation (Marra et al. 2008). Across the expected composition region,
only two of the 12 glasses contained trace concentrations of spinel in as fabricated glass (48% waste
loading and high Cr,0; + NiO). The PCT responses were all well below the EA glass limit for both
as-fabricated and CCC samples of the composition variation study glasses. The PCT responses of the
CCC samples were generally higher than the as fabricated samples. One glass contained a small amount
of nepheline after CCC and resulted in the largest difference between as fabricated and CCC PCT
responses.

During a 72 hour test performed using the 650 mm (Creuset Froid Avancé) CCIM at CEA 2259 kg of
glass were produced with average and maximum production rates of 2,260 and 2,921 kg/m*/d (Delaunay
et al. 2009; Veyer et al. 2009). Small concentrations of spinel were discharged in the melter pour stream
and there was some evidence of a spinel layer at the bottom of the melter that did not appear to grow with
time or disrupt pouring.
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3.7 Hanford AZ-101 High Level Waste Glass

Hanford tank AZ-101 was selected as a representative PUREX waste with relatively high iron,
aluminum, and zirconium concentration for glass formulation efforts (Kim et al. 2011). Table 13 lists the
nominal composition used in glass formulation efforts. Initial formulation development was performed
with the following property constraints:

e  Melting temperature (Ty) < 1500°C

e Viscosity at Tyy = 4 Pa's

o Electrical conductivity at Ty between 10 and 100 S/m

e TCLP Cd response for quenched and CCC samples < 0.48 mg/L

e PCT-A response for quenched and CCC samples < EA glass values
e No nepheline in CCC samples.

Variable Ty and crystal fraction as a function of temperature values were evaluated during the
formulation. Glass property models (Vienna et al. 2009) were used to formulate a series of 16 candidate
glass formulations as listed in Table 14. Seven of the 16 compositions did not form a homogeneous glass
when melted at the targeted Ty (temperature at predicted viscosity of roughly 4 Pa-s). These glasses,
marked with “No” in the “char” row were not further characterized. The CCC crystallinity of all glasses
were acceptable with between 4 and 6 vol% spinel, between 0 and 1.3 vol% baddeleyite, and no
nepheline. PCT-A responses of all quenched and CCC samples were roughly an order of magnitude
below the EA limit with no significant difference between quenched and CCC heat treatments. The
TCLP responses of all quenched and CCC samples were acceptable. The crystal fraction of samples
decreased systematically with both increasing temperature and decreasing waste loading. Three
compositions were selected for the best mix of properties for their target waste loadings AZ-10 (45.1 wt%
waste loading), AZ-16 (42.5), and AZ-29 (39.8). The viscosity (3.8-4.1 Pa-s) and electrical conductivity
(21-30 S/m) of these formulations were all measured to be satisfactory at the target Ty=1200°C.
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Table 13. Nominal Composition of Hanford AZ-101 HLW, wt%

Table 14. AZ-101 Glass Formulation Compositions, wt%

Component | Concentration
AL O; 24.58
CaO 1.40
CdoO 2.16
CezO3 0.80
Cr203 0.46
Cs,0 0.50
F6203 37.67
LaQO3 0.89
MnO 0.91
Na,O 10.58
Nd,05 0.65
NiO 1.66
P,0s 1.34
RuO, 0.15
SiO, 3.77
SnO, 0.66
SOs 0.38
710, 11.44

AZ-02|AZ-03|AZ-05|AZ-06 AZ-08|AZ-10|AZ-16|AZ-17|AZ-18|AZ-19|AZ-20|AZ-29|AZ-30|AZ-31|AZ-32|AZ-33
Al203 12.65|12.65|11.83|13.05|11.09|11.09 | 10.44|11.09|11.09|10.44|10.44| 9.79 | 9.79 | 9.79 | 9.79 | 9.79
B203 16.60 | 10.00 | 15.68 | 8.00 | 8.00 | 11.00 | 11.00 | 14.00 | 14.00 | 11.00 | 11.00 | 11.00 | 11.00 | 7.00 | 15.00 | 11.00
CaO 072 | 0.72 | 0.67 | 2.00 | 0.63 | 0.63 | 0.60 | 0.63 | 0.63 | 0.60 | 0.60 | 0.56 | 0.56 | 0.56 | 0.56 | 4.00
CdO 1.11 | 1.11 | 1.04 | 1.15 | 098 | 098 | 0.92 | 0.98 | 0.98 | 092 | 0.92 | 0.86 | 0.86 | 0.86 | 0.86 | 0.86
Ce203 041|041 | 039 | 043 | 0.36 | 0.36 | 034 | 0.36 | 0.36 | 0.34 | 0.34 | 0.32 | 0.32 | 0.32 | 0.32 | 0.32
Cr203 024 | 024 | 0.22 | 0.24 | 0.21 | 0.21 | 0.20 | 0.21 | 0.21 | 0.20 | 0.20 | 0.18 | 0.18 | 0.18 | 0.18 | 0.18
Cs20 026 | 0.26 | 0.24 | 0.27 | 0.23 | 0.23 | 0.21 | 0.23 | 0.23 | 0.21 | 0.21 | 0.20 | 0.20 | 0.20 | 0.20 | 0.20
Fe203 19.39119.39|18.12{20.00 | 17.00 | 17.00 | 16.00 | 17.00 | 17.00 | 16.00 | 16.00 | 15.00 | 15.00 | 15.00 | 15.00 | 15.00
K20 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 4.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
La203 045|045 | 042 | 047 | 040 | 040 | 037 | 0.40 | 040 | 0.37 | 0.37 | 0.35 | 0.35 | 0.35 | 0.35 | 0.35
Li20 098 | 3.00 | 2.52 | 2.00 | 3.50 | 3.00 | 3.00 | 3.00 | 3.00 | 5.00 | 3.00 | 3.00 | 5.00 | 450 | 3.00 | 3.00
MnO 046 | 046 | 043 | 048 | 041 | 041 | 0.38 | 041 | 041 | 0.38 | 0.38 | 0.36 | 0.36 | 0.36 | 0.36 | 0.36
Na20 8.34 | 7.88 | 8.10 | 8.15 | 12.12[10.78 | 11.38 | 8.64 | 10.78 | 6.87 | 9.04 | 11.99| 7.50 [ 11.99| 9.25 | 9.12
Nd203 034 | 034 | 031 | 0.35] 029 | 0.29 | 0.28 | 0.29 | 0.29 | 0.28 | 0.28 | 0.26 | 0.26 | 0.26 | 0.26 | 0.26
NiO 0.85 ] 085 1] 079 | 088 | 0.75 | 0.75 | 0.70 | 0.75 | 0.75 | 0.70 | 0.70 | 0.66 | 0.66 | 0.66 | 0.66 | 0.66
P205 0.68 | 0.68 | 0.64 | 0.71 | 0.60 | 0.60 | 0.57 | 0.60 | 0.60 | 0.57 | 0.57 | 0.53 | 0.53 | 0.53 | 0.53 | 0.53
RuO2 0.08 | 0.08 | 0.07 | 0.08 | 0.07 | 0.07 | 0.06 | 0.07 | 0.07 | 0.06 | 0.06 | 0.06 | 0.06 | 0.06 | 0.06 | 0.06
Si02 30.04 | 35.08 | 32.52 | 35.15|37.76 | 36.59 | 38.26 | 35.73 | 33.59 | 40.78 | 36.61 | 39.93 | 42.42 | 42.43 | 38.67 | 39.35
SO3 0.19 | 0.19 | 0.18 | 0.20 | 0.17 | 0.17 | 0.16 | 0.17 | 0.17 | 0.16 | 0.16 | 0.15 | 0.15 | 0.15 | 0.15 | 0.15
Sn0O2 034 | 034 | 032 | 0.35] 030 | 0.30 | 0.28 | 0.30 | 0.30 | 0.28 | 0.28 | 0.26 | 0.26 | 0.26 | 0.26 | 0.26
ZrO2 5.88 | 588 | 550 | 6.07 | 5.16 | 5.16 | 486 | 5.16 | 5.16 | 4.86 | 4.86 | 4.55 | 455 | 455 | 455 | 4.55
% waste | 51.5 | 51.5 | 48.1 | 53.1 | 45.1 | 45.1 | 425 | 45.1 | 45.1 | 425 | 425 | 39.8 | 39.8 | 39.8 | 39.8 | 39.8
loading,
Ty, °C 1250 | 1250 | 1200 | 1300 | 1200 | 1200 | 1200 | 1200 | 1150 | 1200 | 1200 | 1200 | 1200 | 1200 | 1200 | 1200
Char No No No No No Yes | Yes | Yes | Yes No No Yes | Yes | Yes | Yes | Yes

15




Based on these results any of the three formulations would be satisfactory depending on the desired
crystal constraint. Figure 1 shows the equilibrium crystal fractions measured at 1100 and 1200°C as a
function of waste loading for the three selected compositions.

1.8
1.6
1.4
1.2 1100°C
1.0

0.8

0.6 -
0.4 -
0.2 -

39 40 41 42 43 44 45 46

Waste Loading, wt%

Spinel, vol%

1200°C

Figure 1. Equilibrium Crystal Fraction for Selected AZ-101 Glasses as a Function of Waste Loading

AZ-10 (45 wt% waste loading) was selected for testing in a 505 mm CCIM at the Electrotechnical
University of St. Petersburg (ETU). A series of 10 experiments lasting a total of 80 hours of operation
were performed using dry feed to determine the electrical properties of the melt and test a new drain
system (Marra 2013).

An 80 h continuous test was performed with AZ-16 (42.5 wt% waste loading) with the 267 mm
CCIM at the Idaho National Laboratory (INL). Slightly higher than target waste loading was obtained
(43.5 instead of 42.5). No process difficulties were observed and the product glass met the PCT-A
requirements by more than an order of magnitude (Marra 2013).

3.8 Hanford AN-105 Low-Activity Waste Glass Formulation

Hanford tank AN-105 was selected as a representative high alkali Hanford low-activity waste (LAW)
for glass formulation efforts (Kim et al. 2011). Table 15 lists the nominal composition used in glass
formulation efforts. Initial formulation development was performed with the following property
constraints:

e Melting temperature (Ty) < 1500°C

e Viscosity at Tyy = 4 Pa-s

e Electrical conductivity at Ty between 10 and 100 S/m

e PCT-A Na and B response for quenched and CCC samples < 4 g/L.

e Vapor hydration test (VHT) response of quenched and CCC samples < 50 g/m*/d (at 200°C)
e No nepheline in CCC samples.

Glass property models (Kim et al. 2011; Vienna et al. 2009; Vienna et al. 2002b) were used to
formulate a series of 10 candidate compositions as listed in Table 16. The measured properties are also
included in Table 16. The CCC samples of all 10 glasses were crystal free. Only the first six glasses
were tested for VHT due to an abrupt project closeout. The VHT responses of all six quenched and
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six CCC samples were roughly an order of magnitude below the limit with no significant increase
between quenched and CCC heat treatments. The PCT responses of all quenched and CCC samples were
acceptable with the exception of the quenched PCT boron response of AN-11 which was slightly above

4 g/L.. Based on the results of the initial tests, two glasses AN-09 and -18 were selected for further
characterization — both with 24 wt% Na,O. The measured viscosity was roughly 4 Pa-s for both glasses
at Tyy = 1250°C. The electrical conductivities at Ty of 44 and 53 S/m were well within the acceptable
range.

Table 15. Nominal Composition of AN-105 LAW, wt%

Component | Concentration
AlL,O3 17.88
B,O; 0.08
Cl 2.17
Cr,0; 0.07
Cs,O 0.50
F 0.01
K,0 1.72
Na,O 76.79
Re,0, 0.10
Sio, 0.10
S04 0.59
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Table 16. Compositions (in wt%) and Measured Properties of Initial AN-105 LAW Glasses

AN-02 | AN-04 | AN-09 | AN-11 | AN-18 | AN-20 | AN-23 | AN-27 | AN-28 | AN-31
AlOs3 6.0 6.0 5.6 5.6 6.0 5.8 5.8 6.1 6.1 7.5
B20s 10.4 10.0 9.1 11.6 7.7 8.1 6.7 7.0 5.7 5.5
CaO 0.0 3.0 0.0 0.0 2.0 0.0 2.0 0.0 2.0 0.0
Cl 0.6 0.6 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
Cr20s3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cs20 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
F 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
K20 0.5 0.5 0.5 0.5 0.5 0.6 0.6 0.6 0.6 0.6
Na20 23.0 23.0 24.0 24.0 24.0 25.0 25.0 26.0 26.0 26.0
Re207 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Si02 48.1 45.4 48.7 45.2 47.7 48.4 47.8 48.2 47.5 48.2
SOs 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
SnO2 2.5 2.5 2.5 2.5 2.0 2.5 2.0 2.5 2.0 2.0
ZnO 2.5 2.5 2.5 2.5 2.0 2.5 2.0 2.5 2.0 2.0
ZrO2 6.0 6.0 6.0 7.0 7.0 6.0 7.0 6.0 7.0 7.0
% waste loading 30.0 30.0 31.3 31.3 31.3 32.6 32.6 33.9 33.9 33.9
Ty, °C 1250 1200 1250 1200 1250 1250 1250 1250 1250 1300
VHT, quenched,
g/mz/d 0.7 0.4 2.9 2.3 0.6 2.4
VHT, CCC,
g/m?/d 1.0 <0.4 3.0 1.9 2.6 1.0
PCT-B,
quenched, g/L 2.12 0.92 1.79 4.18 0.80 1.05 0.85 1.54 0.95 0.69
PCT-Na,
quenched, g/L 1.47 1.05 1.41 2.87 1.07 1.04 1.58 1.85 1.91 1.60
PCT-B, CCC,
g/L 1.34 0.74 1.14 3.02 0.68 0.70 0.50 0.39 0.36 <0.01
PCT-Na, CCC,
g/L 1.03 0.91 1.05 2.06 1.00 0.88 1.57 1.62 1.87 1.59
Viscosity at Ty,
Pa‘s 4.2 4.2
EC at Ty, S/m 43.9 52.7
Empty cells represent “not measured”

No CCIM tests were performed with these AN-105 glass compositions.

3.9 Hanford HLW Waste Cluster Groups

Kim et al. (2011) performed statistical analyses of projected Hanford HLW compositions to
“clusters” of like waste composition. The clusters were further combined into groups of waste
compositions based on the projected glass compositions and associated waste loading limitations. The six
groups are:

e High-Al,O; which contain more than roughly 50% Al,O; in waste. Formulation for these wastes
is dominated by controlling nepheline formation and to a lesser extent Ty (or other spinel crystal
constraint).

e High-Fe,O; which contain roughly 35% Fe,0; in waste. Formulation for these wastes is
dominated by controlling Ty (or other spinel crystal constraint) and to a lesser extent nepheline
formation. Examples of wastes similar to those in this group include SB2, SB3, SB4, and
AZ-101 discussed earlier.
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e Spinel limited which contain intermediate concentrations of Fe,O3 (15-20 wt%) and Al,O3
(15-40 wt%) and relatively high concentrations of Cr,O; plus NiO (3.5 to 6 wt%). Formulation
for these wastes is dominated by controlling Ty (or other spinel crystal constraint).

e (05 and SO; limited which contain between 5 and 11 wt% Cr,O3 plus SO;. Formulation for
these wastes is dominated by controlling salt accumulation in the melter and to a lesser extent Ty,
(or other spinel/eskolaite related constraint).

e P,O5 and CaO limited which contain between 10 and 15 wt% P,Os and CaO. Formulation for
these wastes is dominated by controlling immiscible phase separation of the melt and refractory
phases in the cold-cap (so-called killer scum).

e High-Na,O which contain greater than 50 wt% Na,O. Formulation for these wastes is dominated
by chemical durability.

All of the Hanford HLW composition estimates from 2008 can be grouped into one of these
categories. It was decided to formulate high waste loading glasses for each of these six groups for both
the reference LFCM and the CCIM in order to directly compare the waste loadings and processing rates.
Although the work was initiated for the spinel limited and Cr,O; and SO; limited waste groups, the
project ended before it could be completed. The results to date are documented in Kim et al. (2011) and
summarized here.

No complete testing was performed on any glass formulated for the spinel limited and Cr,O; and SO;
waste groups; however, several glass compositions were batched and melted. Only a fraction of the
formulated spinel limited glasses formed a single phase glass on melting at their target temperature of
1200°C. One parameter that appeared to strongly influence the ability to form a glass at 1200°C was the
combined Al,O3;+Fe,05;+ZrO, wt% which ranged from 27-35 for successful glasses. Salt accumulation
was found in all Cr,O; and SO; waste group crucible glass melts with all but one glass containing 3 wt%
Cr,0; and 0.81 wt% SO;. The one glass (CCIM-HCC14-2) contained the highest B,O; concentration
(14 wt%) and the lowest Na,O concentration (12.3 wt%) of the test glasses. Based on this, four glasses
were fabricated with a higher waste loading (containing 3.5 wt% Cr,O; and 0.94 wt% SO5); all with
higher B,0; (14-17 wt%) and lower Na,O (9.1-12.7 wt%). All four higher loaded glasses formed a salt in
the crucible upon melting at 1200°C. This suggests that the optimal Cr,O; and SO; concentrations for
this waste would be roughly 3 and 0.8 wt%. It should be noted that formation of a salt in crucible melts is
not necessarily indicative of formation of salt in a melter. Also, previous experience has shown that the
tendency to form salt (in either crucible melts or melter tests) is strongly dependent on the melt
composition and operating conditions.

3.10 Summary of Key Processing Related Properties for CCIM Test
Glasses

Summarizing the results from melter testing will give insight into the range of allowable viscosity,
electrical conductivity, and crystal content in the melt. This will aid in future CCIM glass formulation
efforts. Table 17 summarizes these properties for the tests described in Marra 2013. Many of the key
properties were not reported in the test report. In those cases, the viscosity and conductivity were
estimated using glass property models from Vienna et al. 2009. Generally our experience is that these
particular models are relatively accurate across a wide range of composition as shown in Section 3.0.
However, it should be noted that, when significant crystal content is present in the melt (more than
roughly 5 volume percent), the rheology may be strongly impacted by the crystals and therefore viscosity
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measurements (which were measured using procedures appropriate for single phase melts) and model
predictions (which were predicted for models only appropriately applied to single phase melts) are not
valid.

The first comment is that successful melts were obtained with significant concentration of spinels in
the melt. Multiple tests with between 10 and 15 vol% spinel (roughly 20 to 30 wt% spinel) were
successful, at-least for the sort term tests performed. One test with 17 vol% spinel showed difficulty
pouring along with another test that reported the presence of spinel, but without the volume fraction
information. This suggests significantly higher spinel tolerance than what is anticipated from the
reference LFCM technology currently deployed in the U.S. To determine the exact crystal phase
tolerance, longer-term tests with melters containing prototypic mixing and pouring mechanisms to the
melter likely to be deployed would be required. Until a final design is set and tested, formulation and
testing should be performed with significant crystal content including melts with 10 vol% or more.

Generally, slow melting was observed when measured (or predicted) viscosity values at the melting
temperature (Ty;) exceeded 6 Pa-s. There are three exceptions:

1. the mechanically stirred CEA melter that processed fine at 7.4 and 11 Pa-s, but not at 15.5 Pa-s
2. the very small (86 mm diameter) KRI melter that processed fine with one melt at 11 Pa-s, but
processed slow with a different melt at 6 Pa-s.

Based on this observation and the inherent tolerance to melt corrosion, it is recommended that the
target viscosity range for CCIM waste glass formulations span between 0.6 and 6 Pa-s with a nominal
target at the average point for successful melts of roughly 2 Pa-s at Ty.

Successful melts were achieved with electrical conductivity values ranging from 21 to 79 S/m at Ty,.
The conductivity and viscosity as functions of temperature need to be tuned for the melter keeping in
mind the coil frequency, number of coils, melter diameter, and other key melter parameters. Roach
(2014)’ gives a discussion of these factors. Until a final design is set and tested, it is recommended to use
a conductivity constraint of 20 to 80 S/m at Ty, for formulation purposes.

3 Roach JA and DB Lopukh. “Topical Report — Cold Crucible Induction Melter Technology.” NuVision
Engineering, Frederick, MD 21704. (To be published May 2014).
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Table 17. Summary of Key Processing Related Properties for CCIM Test Glasses

Tm

Spinel @

n (Pa-s)

€ (S/m)

Glass Reference Melter ©C) Ty (vol %) | @ Ty @ Ty, Comment
Nicaise et al. 1999 CEA 1200 0 15.5 25" Too high n
AZ-Blend 550 | 1300 0 7.4 36 | OK
C-106 Nicaise et al. 1999 (;]g(l)\ 1200 0 10% 37 OK
Peeler et al. 2002 1260 small but 6 71 OK
Herman et al. 2004 Radon detectable
ICCM-2
216 1 ypgp | smallbut 17 17" 1 Too high nepheline &
detectable gh nep i
Peeler et al. 2002 KRI small but N
Aloy-3 Herman et al. 2004 155 1350 Jetectable 0.6 43 OK (reformulated glass)
KRI SBW- Herman et al. 2004 KRI 1150 NR 6* 39% Too highn
20 86 1250 NR 3* 55% OK
13(511 SBW- Herman et al. 2004 Iél;l 1150 NR 11* 36 OK
Vienna et al. 2002a | Radon
SBW-22-20 Herman et al. 2004 216 1350 NR 2 79 OK
SB2-Frit Kobelev et al. 2006a | Radon | 1200- 15 1.3 34-49% Surface temp ranged from 1200 to 1350°C throughout the test, Test
200-45 216 1350 OK
SB2-Frit Kobelev et al. 2006a | Radon 1200- 4 1% 50-69* Surface temp ranged from 1200 to 1350°C throughout the test, Test
320-45 216 1350 i ) OK
SB2-Frit Kobelev et al. 2006b | Radon " "
320-50 418 1350 7 1 66 OK
SB2-Frit Kobelev et al. 2006b | Radon % "
320-55 418 1350 12 0.8 65 OK
SB2-Frit Kobelev et al. 2006b | Radon " " . . .
320-60 418 1350 17 0.7 62 Some difficulty in pouring
SB3-Frit Peeler et al. 2007b CEA 1250 some 2 ~43 Slow melting
202-Al11 Girold et al. 2008 650 1300 some 1.3 ~50 Increased temp. = 20% increase in process rate
SB4-Frit Marra et al. 2008 Radon | 1000 to 0 33* 14* Too high 7, increased temp. required for melt pouring
503-R4-40 Kobelev et al. 2007 236 1310 2% 42% OK at 1300-1310°C
SB4-Frit Marra et al. 2008 Radon % %
503-R4-50 | Kobelevetal. 2007 | 236 | 0 57 2 427 | OK
SB4-Frit Marra et al. 2008 Radon % %
503-R4-60 | Kobelevetal. 2007 | 236 | 120 10 15 43¢ | OK
SB4-Frit Marra et al. 2008 Radon 1300 12 2% 42% OK once 1300°C was used
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Tm Spinel @ | n (Pa's) | £(S/m)
Glass Reference Melter ©C) Ty (vol %) | @ Ty @ Ty Comment
503-R4-50 Kobelev et al. 2007 418
SBA.Fri Marra et al. 2008 Detectable,
-kt Smith et al. 2008 KHNP 1250 small ~5 ~45 Difficult to pour w/time; possible crystallization in drain valve
503-R3 -50 .
Smith et al. 2009 amount
SBA-Fri Marra et al. 2008
-t Delaunay et al. 2009 | CEA 1250 ~0.5 ~2 ~50 Stable melter operation
503-R6-46
Veyer et al. 2009
Kim et al. 2011 o . e .
AZ-10 ETU 1200 ~1.5 ~4 ~21 Recommended 1200°C operation to facilitate bottom drain
Marra 2013
Kim et al. 2011
AZ-16 Marra 2013 INL 1250 ~1 ~3 ~28 OK

*Property predicted using Vienna et al. 2009 models, not measured.
NR = not reported
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4.0 Glass Formulation and Testing for Hanford High-Alumina
and High-lron HLWs

The subsections below describe the results of new CCIM glass formulation efforts for Hanford HLW
compositions.

4.1 Selection of Wastes

The selection of wastes for the present glass formulation and testing efforts focused on Hanford waste
streams because they are likely to show the highest cost benefit to implementation, considering the size
and cost of the Hanford tank waste cleanup program and the timing of startup. INL treatment is likely to
show a cost increase because of the low cost baseline options selected, and DWPF will be so far
progressed in their program before CCIM implementation that it will have only moderate cost impacts.

Settling of plutonium-bearing particles > 10 pm in WTP process vessels is a concern for the WTP
pretreatment facility (PTF) (Sams 2012). Recently it was estimated that approximately 30 kg of
plutonium present in the tank farms was delivered to the Hanford tank farm as >10 um particulate Pu
oxide and Pu metal from processing at the Plutonium Finishing Plant (PFP), PUREX, and REDOX
facilities. This inventory is located in 16 tanks; eight with minimal quantities, and eight with appreciable
quantities that could challenge the Criticality Safety Evaluation Report (CSER). The eight tanks with
appreciable quantity (> 750 g) are TX-105, TX-109 and TX-118, 244-TX, SY-102, C-102, AN-101, and
S-108.

Alternative treatment approaches for these tanks with safety concerns for processing within the WTP
PTF are being considered. Direct vitrification using a near-tank CCIM unit is a strong candidate. The
compositions of the above eight tanks considered for use in initial CCIM glass formulations are given in
Table 18, expressed in terms of mass fraction of oxides and halogens (referred to as “oxides” in this
report). Table 18 shows only the components that had 0.01 wt% or higher in at least one of the eight tank
wastes.

The tank wastes 244-TX and C-102 were selected for initial glass formulations and demonstration for
CCIM based on the following reasons. The 244-TX composition has an exceedingly high iron oxide
concentration (>59 wt%). This high iron concentration would significantly limit waste loading using the
current LFCM technology with a process temperature limit of 1150°C and relatively low crystal
tolerance. The C-102 composition has a high Al,O; concentration (>60 wt%). The high alumina
concentration limits waste loading due to the propensity to form nepheline and spinel in glasses with high
alumina contents. These wastes also represent Hanford HLW composition families in general (as
described by Kim et al. 2011). Therefore, the information gained from this study may also be helpful for
future glass formulation development efforts for Hanford HLWs in general. Table 19 shows the
composition of these two wastes after adjusting the full composition (Appendix A) by removing
radioactive components (UQO3), by replacing PuO, and ThO, with ZrO, and lanthanide and actinide oxides
with La,05 (molar equivalent), and by removing minor components with <0.01 wt%. Each waste was
also spiked with Cs,O to ensure adequate analysis of this key volatile component after melter tests if
performed.
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Table 18. Wastes Considered for Glass Formulation for CCIM®
Comp. | TX-105 | TX-109 | TX-118 | 244-TX | SY-102 | C-102 | AN-101 S-108
Ag,0 | 0.00000 | 0.00000 | 0.00000 | 0.00011 | 0.00000 | 0.00000 | 0.00000 | 0.00000
ALO; | 0.10792 | 0.11283 | 0.03583 | 0.00798 | 0.20811 | 0.60368 | 0.17816 | 0.09294
As,0s | 0.00000 | 0.00000 | 0.00000 | 0.00066 | 0.00000 | 0.00000 | 0.00000 | 0.00000
BaO | 0.00000 | 0.00000 | 0.00000 | 0.00020 | 0.00000 | 0.00000 | 0.00000 | 0.00000
Bi,O; | 0.00009 | 0.07085 | 0.00038 | 0.00000 | 0.00659 | 0.00310 | 0.00004 | 0.00005
CaO | 0.00136 | 0.00552 | 0.00070 | 0.00366 | 0.00573 | 0.01062 | 0.00420 | 0.00073
Cl 0.00886 | 0.00384 | 0.00483 | 0.00368 | 0.00880 | 0.00206 | 0.00389 | 0.01003
Cr,0O; | 0.00640 | 0.00408 | 0.00683 | 0.00227 | 0.06400 | 0.00108 | 0.00312 | 0.02056
F 0.00733 | 0.03412 | 0.03698 | 0.00058 | 0.00300 | 0.00476 | 0.04139 | 0.00212
Fe,O3 | 0.00483 | 0.05279 | 0.00425 | 0.59478 | 0.03191 | 0.02897 | 0.03760 | 0.00396
K20 | 0.00442 | 0.00129 | 0.00297 | 0.00920 | 0.00460 | 0.00165 | 0.00384 | 0.00349
La,O; | 0.00000 | 0.00001 | 0.00008 | 0.00018 | 0.00014 | 0.00016 | 0.00006 | 0.00000
MgO | 0.00000 | 0.00000 | 0.00000 | 0.03274 | 0.00000 | 0.00000 | 0.00000 | 0.00000
MnO | 0.00124 | 0.00041 | 0.00288 | 0.00000 | 0.00810 | 0.00222 | 0.00860 | 0.00123
Na,O | 0.74943 | 0.44968 | 0.61439 | 0.30821 | 0.57030 | 0.16469 | 0.48109 | 0.80415
NiO 0.00021 | 0.00033 | 0.00015 | 0.00000 | 0.00088 | 0.00937 | 0.00333 | 0.00026
P,0s | 0.03018 | 0.17348 | 0.26848 | 0.00369 | 0.03393 | 0.01406 | 0.00675 | 0.02078
PbO | 0.00023 | 0.00071 | 0.00028 | 0.00039 | 0.00158 | 0.00200 | 0.00091 | 0.00028
PuO, 0.00001 | 0.00002 | 0.00010 | 0.00000 | 0.00019 | 0.00007 | 0.00006 | 0.00000
SeO, 0.00000 | 0.00000 | 0.00000 | 0.00061 | 0.00000 | 0.00000 | 0.00000 | 0.00000
SiO, 0.00237 | 0.04401 | 0.00714 | 0.00000 | 0.02907 | 0.08642 | 0.02176 | 0.00289
SO; 0.05791 | 0.03737 | 0.01134 | 0.00812 | 0.01072 | 0.00689 | 0.01056 | 0.03452
SrO 0.00000 | 0.00057 | 0.00001 | 0.00000 | 0.00020 | 0.00021 | 0.00010 | 0.00001
ThO, | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00146 | 0.02855 | 0.07832 | 0.00000
U0, 0.01709 | 0.00748 | 0.00229 | 0.02285 | 0.01032 | 0.02142 | 0.03300 | 0.00185
ZrO, | 0.00009 | 0.00062 | 0.00009 | 0.00000 | 0.00029 | 0.00801 | 0.08321 | 0.00010
SUM | 0.99998 | 0.99999 | 0.99998 | 0.99990 | 0.99992 | 1.00000 | 0.99997 | 0.99997
After deleting components with < 0.0001 in all eight tank wastes (the full composition is given in
Appendix A).
Bold face represents the concentration of component that is likely to limit waste loading.

(a) Shown for components with >0.01 wt% at least in one of eight tank wastes (the full composition is given in
Appendix A).
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Table 19. Adjusted® Composition of Wastes Selected for CCIM Glass Formulation and Testing

Comp. 244-TX C-102
Ag20 0.00011 0.00000
Al203 0.00815 0.62541
As205 0.00068 0.00000
Bi203 0.00000 0.00322
Ca0O 0.00374 0.01101
Cl 0.00376 0.00213
Cr203 0.00232 0.00112
Cs20 0.00195 0.00202
F 0.00059 0.00493
Fe203 0.60805 0.03001
K20 0.00941 0.00171
La203 0.00020 0.00017
MgO 0.03347 0.00000
MnO 0.00000 0.00230
Na20 0.31508 0.17062
NiO 0.00000 0.00970
P205 0.00378 0.01457
PbO 0.00040 0.00207
Si02 0.00000 0.08953
SO3 0.00830 0.00714
SrO 0.00000 0.00022
7102 0.00000 0.02214
SUM 1.00000 1.00000

(a) Normalized after removing radioactive components (UO3) and minor components with
<0.01 wt% and replacing PuO, and ThO, with ZrO, and lanthanide and actinide oxides with
La,0; (molar equivalent).

4.2 Experimental Methods

This section describes the experimental procedures to test the glasses formulated for tank wastes
C-102 (High-Al,0O3) and 244-TX (High-Fe,05) described in Section 3.1.

4.2.1 Glass Fabrication and Canister Centerline Cooling Treatment

Glasses for property measurements were prepared in platinum-alloy crucibles with a lid following a
two-step melting process. The first melt was of raw materials after mechanically mixing them in an agate
milling chamber. Melting was performed nominally for 1 h at a recommended melting temperature that
was estimated based on model predicted viscosity (recommended melting temperature is given for all
glasses formulated in this study in Sections 3.4 and 3.5). A second melt of the glass was performed after
the quenched glass was ground to a fine powder in a tungsten carbide mill. Generally, the temperature of
second melt was adjusted, based on the fluidity of the melt estimated during pouring of the first melt. For
some glasses with evidence of undissolved materials, a third melt was performed at a higher temperature.

Selected glass melts were cooled according to the CCC profile for WTP HLW glasses as given in
Table 20. This cooling is intended to simulate the center line temperature/time profile of melts prepared
at 1150°C. For glasses with the melting temperature of 1200°C or higher, the melt was brought to
1150°C, cooled to 1050°C at -2°C /min, and then cooled following the profile given in Table 20.
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Table 20. CCC Profile for HLW Glasses

Segment Time (min) Start Temp (°C) Rate (°C/min)
1 0-45 1050 -1.556
2 45-107 980 -0.806
3 107-200 930 -0.591
4 200-329 875 -0.388
5 329-527 825 -0.253
6 527-707 775 -0.278
7 707-1776 725 -0.304

4.2.2 Composition Analyses

To confirm that the “as-fabricated” glasses correspond to the defined target compositions, a
representative sample of each glass for selected compositions was chemically analyzed at the SRNL
Process Science Analytical Laboratory (PSAL). Two preparation methods were used in measuring these
chemical compositions: HNO; dissolution or lithium metaborate fusion followed by HNOj; dissolution.
For each glass, measurements were obtained from samples prepared in duplicate. All of the prepared
samples were analyzed (twice for each element of interest) by inductively coupled plasma-atomic
emission spectroscopy (ICP-AES).

4.2.3 Product Consistency Test

PCT responses were measured in triplicate on each selected glass, including quenched or CCC
samples using Method A of the procedure (ASTM C1285). Also included in the experimental test matrix
and tested in triplicate was the environmental assessment (EA) (Jantzen et al. 1993) glass, the Approved
Reference Material-1 (ARM-1) (Mellinger and Daniel 1984) glass, and blanks from the vessel cleaning
batch. Glass samples were ground, washed, and prepared according to the standard PCT procedure. The
resulting solutions were sampled (filtered and acidified) and analyzed. Normalized release rates were
calculated based on target compositions using the average of the logs of the leachate concentrations.

The normalized elemental mass loss, Ij, is calculated from:

r (g/L) =CT (1)

I
where ¢; is the concentration of the i™ element in the leachate (g/m® = ppm = pg/ml = mg/L assuming a
solution density of 1 g/mL) and f; is the mass fraction of the i™ element in glass (unitless), which is
calculated from target glass composition.

4.2.4 Viscosity

The viscosity of glass was measured as a function of temperature following PNNL procedure
GDL-Visc-Test-01* using a Brookfield rotating spindle digital viscometer (DV-III) staged above a
high-temperature Deltech® furnace and equipped with a Pt/Rh spindle which fits through a hole in the top
of the furnace. A 50 mL glass sample, measured by liquid displacement, was added into a Pt/Rh crucible

* GDL-Visc-Test-01, Rev. 0. 2013. High-Temperature Viscosity Measurement.
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and placed into the furnace set at 1150°C. The spindle was immersed into the molten glass in the center
of the crucible with the lower end of the rod at 5.1 mm above the bottom. A thermocouple was located
directly under the bottom center of the crucible. The furnace was set to the required ramp/soak schedule
and digital data collection of spindle torque and temperature commenced. The temperature sequence was
1150°C, 1100°C, 1050°C, 1000°C, 950°C, 1050°C, 1150°C, 1200°C, and then 1150°C. The soak time
was 30 min. at each temperature, except the second soak at 1150°C was for 45 min. The hysteresis
approach allows for the potential impacts of crystallization (at lower temperatures) to be assessed (via
reproducibility) with duplicate measurements being taken in the range at which the melter is anticipated
to be operating. Volatilization (at higher temperatures) is minimized by measuring viscosity at
temperatures above 1150°C as the final viscosity measurement. The viscometer was calibrated with a
standard glass (DWPF start-up frit) at specified intervals following PNNL procedure GDL-VSC.

4.2.5 Electrical Conductivity

The electrical conductivities of molten glasses were measured as a function of temperature using a
probe with two platinum-10% rhodium blades according to the PNNL procedures GDL-Elec-Test-01°.
The 50 mL of glass used for viscosity measurements was added back into a platinum/rhodium crucible
and placed into the furnace at 1100°C. The probe was then lowered through a hole in the top of the
furnace and into the melt, making sure that the probe was in the center of the crucible. Using the
automated Solartron Analytical 1455 Cell Test System which was connected to the probe, the probe was
lowered into the glass precisely 1.27 cm (0.5 inch) below the glass melt surface. The glass soaked at
temperatures between 950 and 1350°C for 30 minutes at each temperature, allowing the program to
collect impedance data at frequencies 0.1 to 106 Hz. The results are extrapolated to zero frequency by the
electrical conductivity system to obtain the DC conductivity.

The electrical conductivity system was checked at specified intervals in 0.1 and 1 M solutions of KCI
at room temperature to determine a cell constant. Two measurements were taken at intervals of
approximately 5 min. for each solution. The cell constant was then used to calculate the conductivity of
each glass melt.

4.2.6 Equilibrium Crystal Fraction and Crystal Identification After Canister
Centerline Cooling

The equilibrium crystal fraction as a function of temperature was measured in Pt-alloy crucibles and
boats with tight fitting lids (to minimize volatility) according the PNNL procedure GDL-LQT®. The heat
treatment time was 24 + 2 hours for 950-1150°C to ensure equilibrium was achieved without excessive
volatility. Selected glasses were subjected to simulated CCC treatments (roughly 150 g glass sample in
Pt-alloy boats) according to the profiles given in Table 20. Samples were analyzed by X-ray diffraction
(XRD) to determine the type and quantity of crystal fractions (quantitative analyses) according to PNNL
procedure APEL-D-8-ADV’,

’ GDL-Elec-Test-01, Rev 0. 2012. High-Temperature Electrical Conductivity.

6 GDL-LQT, Rev. 4. 2008. Standard Test Methods for Determining the Liquidus Temperature (TL) of Waste
Glasses and Simulated Waste Glasses.

" APEL-D-8-ADV, Rev. 1. 2013. Operation of Bruker D-8 Advanced X-Ray Diffractometer.
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4.3 Glass Formulation Approaches

The primary objective of glass formulation efforts for CCIM tests with two representative Hanford
HLW was to estimate the maximum waste loading that can be processed by a CCIM while satisfying
glass quality and processing requirements and select the glass composition for melter tests.

Glass quality constraints are concerned with the resistance against corrosion to prevent the spread of
the radioactive and toxic elements into the environment. The current regulation for immobilized HLW
product at Hanford uses two standard test methods—product consistency test (PCT) (ASTM C1285) and
toxicity characteristic leach procedure (TCLP) (EPA 1997). The PCT normalized releases should be less
than the EA glass (Jantzen et al. 1993). As Hanford tank waste is a listed hazardous waste, a delisting
action is required. A draft petition for delisting specifies that the CdO concentration in glass is below
0.1 wt% or the TCLP cadmium concentration is below 0.48 mg/L and the T1,O concentration in glass is
below 0.465 wt%. However, two selected wastes given in Table 19 do not contain CdO or TL,O and
hence the TCLP requirement is not a concern in this study.

The PCT requirements need to be met for both as-prepared (referred to as “quenched”) and CCC
treated glasses. To make sure that the glasses satisfy the PCT requirement when produced in the melter
considering the uncertainties in controlling the glass composition and measuring the PCT responses, one
half of the PCT responses for EA glass was used as “provisional” constraints for the glass formulations in
this study. That is, the provisional PCT limits of 8.4 g/L for B, 4.8 g/L for Li, and 6.7 g/L for Na were
used.

Slowly cooled glasses are more susceptible to amorphous phase separation or crystallization.
Crystallization of the slowly cooled glass near the center of the canister, simulated by the CCC treatment,
can result in a severe deterioration of glass chemical durability as determined by PCT, especially if
nepheline (NaAlSiO,) is formed (Kim et al. 1995; Li et al. 1997). Therefore no nepheline formation after
CCC treatment was used as a constraint in this study. It has been known that the formation of spinel
crystals in many HLW glasses does not affect the PCT durability (Bickford and Jantzen 1984). To
formulate glasses without nepheline precipitation, empirical rules based on nepheline discriminator (Ns;)
(Li et al. 2003) and optical basicity (OB) have been developed (see McCloy and Vienna 2010 for how to
calculate OB from glass composition):

Ng = Jsio >0.62
Osio, T 9na,0 T a0, 2)
OB (Optical Basicity) < 0.575 3)

where (; is the mass fraction of the i oxide in glass. The nepheline rule is met, i.e., nepheline is

predicted not to form, when either the Ng; or OB rule is satisfied (McCloy and Vienna 2010).

The processing constraints are used to make sure of adequate processability of glass in the melter in
terms of melt properties (viscosity, electrical conductivity, temperature at 1 vol% spinel) and component
concentrations to avoid the formation of separated phases (sulfate and phosphate). The viscosity and
electrical conductivity of the glass melt should be maintained within a certain range for acceptable
processing. Unlike LFCM that imposes a fixed processing temperature, the processing temperature for
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the CCIM is set for each composition based on the desired viscosity within the acceptable range. The
permitted range for electrical conductivity of molten glass is wide and its requirement is met usually when
the viscosity is within the acceptable range.

To prevent a potential problem with precipitation of crystalline phases, especially spinel, in the
melter, the WTP has developed a constraint to limit the equilibrium volume percent of spinel crystal at
950°C to less than 1%, i.e. T1e < 950°C for the glasses processed at 1150°C. For the high-iron and
high-aluminum wastes in this study, the crystal fraction versus temperature has a potential to limit the
waste loading, although the main potential benefit of the CCIM compared to that of the WTP baseline
LFCM melter is higher tolerance to crystallization. Because there is no established limit for CCIM on the
crystal fraction versus temperature, no constraints were imposed. However, the crystal fraction at 950°C
was measured for some glasses as necessary to sort out the glasses that form massive amount of crystals.
The crystal fraction as a function of temperature was determined for the selected glasses recommended
for melter tests.

In addition, single or multiple component constraints are used to limit the concentrations of the
potential troublesome components and thereby reduce the risk of their deleterious effects on glass
processing. For WTP, the SO; concentration constraint and a set of phosphate phase rules are applied.
For the high-iron and high-aluminum wastes in this study, there is no need to pay attention to the
phosphate limit because of low phosphorous concentrations. However, there is a potential that the waste
loading can be limited by sulfate salt formation. The glass formulation testing in this study focused on
avoiding sulfate salt formation in crucible melts. However, because sulfate salt formation can be
evaluated accurately only through melter tests, melter verification is essential.

Available glass property models (Vienna et al. 2009; McCloy and Vienna 2010) were used to predict
some of the key properties including viscosity, PCT responses, T1y, and nepheline formation (Nsi/OB
rule) whenever possible. However, the predicted values were used only as guidelines for glass
formulation because the high waste loaded glasses that are considered in this study are well outside the
model validity composition range of these models or, any models of which the authors are aware.

4.4 High-Al,0O3 Glass Formulation and Testing for C-102

Table 21 summarizes the glass composition (in mass fraction of oxides and halogens), waste loading,
and predicted properties of interest for high-Al,O; glasses formulated for C-102 waste. The properties of
interest include predicted melting temperature (Tp,), T1%, Nsi and OB. The predicted PCT responses were
near zero (<< 0.0001 g/L) for all glasses implying the inapplicability of the PCT models for these
high-Al,O; glasses that are well outside the model validity range. The predicted melting temperatures
were based on the predicted viscosity of 4 Pa-s for the glasses tested initially (up to C36-14 in Table 21),
but it was changed to 3 Pa-s because the testing of initial glasses indicated a general tendency of
under-predicting the melting temperature. Table 21 also includes the final melting temperatures used to
prepare the glass. The predicted T, ranged from 1084 to 1453 °C, which are much higher than the WTP
requirements of 950°C as expected. All glasses except for one glass (C32-3) with the lowest waste
loading failed the nepheline rules, i.e., were predicted to form nepheline according to McCloy and Vienna
(2010).
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Table 21. Composition and Predicted Properties of High-Al,O; Glasses
Glass ID C36-7 C36-8 C38-1 C40-1 C42-1 C42-2 C36-9 | C36-10 | C36-11
Ag,O 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
Al,O5 0.36000 | 0.36000 | 0.38000 | 0.40000 | 0.42000 | 0.42000 | 0.36000 | 0.36000 | 0.36000
As,Os5 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
B,0; 0.13604 | 0.14438 | 0.12308 | 0.11015 | 0.09717 | 0.11225 | 0.15000 | 0.07000 | 0.10000
Bi,0; 0.00185 | 0.00185 | 0.00195 | 0.00206 | 0.00216 | 0.00216 | 0.00185 | 0.00185 | 0.00185
CaO 0.04000 | 0.05000 | 0.04000 | 0.04000 | 0.04000 | 0.04000 | 0.07000 | 0.00634 | 0.00634
Cl 0.00123 | 0.00123 | 0.00130 | 0.00136 | 0.00143 | 0.00143 | 0.00123 | 0.00123 | 0.00123
Cr,05 0.00064 | 0.00064 | 0.00068 | 0.00072 | 0.00075 | 0.00075 | 0.00064 | 0.00064 | 0.00064
Cs,0 0.00116 | 0.00116 | 0.00123 | 0.00129 | 0.00135 | 0.00135 | 0.00116 | 0.00116 | 0.00116
F 0.00284 | 0.00284 | 0.00300 | 0.00315 | 0.00331 | 0.00331 | 0.00284 | 0.00284 | 0.00284
Fe, 05 0.01727 | 0.01727 | 0.01823 | 0.01919 | 0.02015 | 0.02015 | 0.01727 | 0.01727 | 0.01727
K,O 0.00099 | 0.00099 | 0.00104 | 0.00110 | 0.00115 | 0.00115 | 0.00099 | 0.00099 | 0.00099
La,0O4 0.00010 | 0.00010 | 0.00010 | 0.00011 | 0.00011 | 0.00011 | 0.00010 | 0.00010 | 0.00010
Li,O 0.04500 | 0.05000 | 0.04500 | 0.04500 | 0.04500 | 0.04995 | 0.04500 | 0.04000 | 0.06000
MgO 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.07231 | 0.05000
MnO 0.00133 | 0.00133 | 0.00140 | 0.00147 | 0.00155 | 0.00155 | 0.00133 | 0.00133 | 0.00133
Na,O 0.12459 | 0.12083 | 0.13663 | 0.14858 | 0.16066 | 0.11458 | 0.09821 | 0.13494 | 0.09821
NiO 0.00558 | 0.00558 | 0.00590 | 0.00621 | 0.00652 | 0.00652 | 0.00558 | 0.00558 | 0.00558
P,0Os 0.00838 | 0.00838 | 0.00885 | 0.00932 | 0.00978 | 0.00978 | 0.00838 | 0.00838 | 0.00838
PbO 0.00119 | 0.00119 | 0.00126 | 0.00132 | 0.00139 | 0.00139 | 0.00119 | 0.00119 | 0.00119
SiO, 0.23483 | 0.21524 | 0.21244 | 0.19012 | 0.16771 | 0.19375 | 0.21724 | 0.25687 | 0.26591
SO; 0.00411 | 0.00411 | 0.00434 | 0.00457 | 0.00479 | 0.00479 | 0.00411 | 0.00411 | 0.00411
SrO 0.00013 | 0.00013 | 0.00013 | 0.00014 | 0.00015 | 0.00015 | 0.00013 | 0.00013 | 0.00013
710, 0.01274 | 0.01274 | 0.01345 | 0.01416 | 0.01487 | 0.01487 | 0.01274 | 0.01274 | 0.01274
SUM 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000
Waste loading | 0.57563 | 0.57563 | 0.60761 | 0.63959 | 0.67156 | 0.67156 | 0.57563 | 0.57563 | 0.57563
Pred. T, °C 1285 1219 1292 1303 1316 1348 1243 1353 1304
Final T, °C 1300 1250 1325 1350 1350 1375 1280 1400 1350
T1o, °C 1175 1171 1226 1277 1328 1365 1206 1453 1375
ND 0.326 0.309 0.291 0.257 0.224 0.266 0.322 0.342 0.367
OB 0.591 0.594 0.602 0.612 0.624 0.603 0.589 0.623 0.601

Tm: melting temperature, Ty temperature at 1 vol% spinel, ND: nepheline discriminator, OB: optical basicity
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Table 21. Composition and Predicted Properties of High-Al,0; Glasses (Continued)

Glass ID C36-12 | C36-13 | C36-14 | C36-15 | C36-16 | C36-17 | C36-18 | C36-19 | C36-20
Ag,O 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
AL Os 0.36000 | 0.36000 | 0.36000 | 0.36000 | 0.36000 | 0.36000 | 0.36000 | 0.36000 | 0.36000
As,05 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
B,O; 0.13000 | 0.17000 | 0.14500 | 0.10000 | 0.13000 | 0.16000 | 0.13604 | 0.13000 | 0.13000
Bi,04 0.00185 | 0.00185 | 0.00185 | 0.00185 | 0.00185 | 0.00185 | 0.00185 | 0.00185 | 0.00185

CaO 0.05500 | 0.05500 | 0.08500 | 0.00634 | 0.00634 | 0.00634 | 0.04000 | 0.05500 | 0.02500
Cl 0.00123 | 0.00123 | 0.00123 | 0.00123 | 0.00123 | 0.00123 | 0.00123 | 0.00123 | 0.00123
Cr,05 0.00064 | 0.00064 | 0.00064 | 0.00064 | 0.00064 | 0.00064 | 0.00064 | 0.00064 | 0.00064
Cs,0 0.00116 | 0.00116 | 0.00116 | 0.00116 | 0.00116 | 0.00116 | 0.00116 | 0.00116 | 0.00116
F 0.00284 | 0.00284 | 0.00284 | 0.00284 | 0.00284 | 0.00284 | 0.00284 | 0.00284 | 0.00284
Fe,O; 0.01727 | 0.01727 | 0.01727 | 0.01727 | 0.01727 | 0.01727 | 0.01727 | 0.01727 | 0.01727
K,0 0.00099 | 0.00099 | 0.00099 | 0.00099 | 0.00099 | 0.00099 | 0.00099 | 0.00099 | 0.00099
La,04 0.00010 | 0.00010 | 0.00010 | 0.00010 | 0.00010 | 0.00010 | 0.00010 | 0.00010 | 0.00010
Li,O 0.04500 | 0.04500 | 0.04500 | 0.04000 | 0.06000 | 0.06000 | 0.04500 | 0.04500 | 0.04500
MgO 0.00000 | 0.00000 | 0.00000 | 0.07231 | 0.05000 | 0.05000 | 0.03000 | 0.03000 | 0.03000
MnO 0.00133 | 0.00133 | 0.00133 | 0.00133 | 0.00133 | 0.00133 | 0.00133 | 0.00133 | 0.00133
Na,O 0.09821 | 0.09821 | 0.09821 | 0.13494 | 0.09821 | 0.09821 | 0.12459 | 0.09821 | 0.09821
NiO 0.00558 | 0.00558 | 0.00558 | 0.00558 | 0.00558 | 0.00558 | 0.00558 | 0.00558 | 0.00558
P,05 0.00838 | 0.00838 | 0.00838 | 0.00838 | 0.00838 | 0.00838 | 0.00838 | 0.00838 | 0.00838
PbO 0.00119 | 0.00119 | 0.00119 | 0.00119 | 0.00119 | 0.00119 | 0.00119 | 0.00119 | 0.00119
SiO, 0.25224 1 0.21224 | 0.20724 | 0.22687 | 0.23591 | 0.20591 | 0.20483 | 0.22224 | 0.25224
SO; 0.00411 | 0.00411 | 0.00411 | 0.00411 | 0.00411 | 0.00411 | 0.00411 | 0.00411 | 0.00411
SrO 0.00013 | 0.00013 | 0.00013 | 0.00013 | 0.00013 | 0.00013 | 0.00013 | 0.00013 | 0.00013
71O, 0.01274 | 0.01274 | 0.01274 | 0.01274 | 0.01274 | 0.01274 | 0.01274 | 0.01274 | 0.01274
SUM 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000
Waste loading | 0.57563 | 0.57563 | 0.57563 | 0.57563 | 0.57563 | 0.57563 | 0.57563 | 0.57563 | 0.57563
Pred. Ty, °C 1328 1241 1210 1335 1289 1238 1271 1311 1370
Final T, °C 1325 1325 1300 1350 1400 1375 1350 1350 1350
T1y, °C 1214 1189 1214 1434 1356 1337 1280 1319 1309
ND 0.355 0.317 0.311 0.314 0.340 0.310 0.297 0.327 0.355
OB 0.587 0.581 0.596 0.618 0.596 0.592 0.604 0.600 0.589

Tm: melting temperature, Ty temperature at 1 vol% spinel, ND: nepheline discriminator, OB: optical basicity
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Table 21. Composition and Predicted Properties of High-Al,0; Glasses (Continued)

Glass ID C36-21 | C344 | C34-5 | C32-3
Ag,0 0.00000 | 0.00000 | 0.00000 | 0.00000
AlLO4 0.36000 | 0.34000 | 0.34000 | 0.32000
As,05 0.00000 | 0.00000 | 0.00000 | 0.00000
B,0; 0.17000 | 0.15000 | 0.17000 | 0.17000
Bi,0; 0.00185 | 0.00175 | 0.00175 | 0.00165
CaO 0.04800 | 0.07000 | 0.05500 | 0.05500

Cl 0.00123 | 0.00116 | 0.00116 | 0.00109
Cr0; 0.00064 | 0.00061 | 0.00061 | 0.00057
Cs,0 0.00116 | 0.00110 | 0.00110 | 0.00103

F 0.00284 | 0.00268 | 0.00268 | 0.00252
Fe,05 0.01727 | 0.01631 | 0.01631 | 0.01535
K,0 0.00099 | 0.00093 | 0.00093 | 0.00088
La,0; 0.00010 | 0.00009 | 0.00009 | 0.00008
Li,0 0.04200 | 0.04500 | 0.04500 | 0.04815
MgO 0.00000 | 0.00000 | 0.00000 | 0.00000
MnO 0.00133 | 0.00125 | 0.00125 | 0.00118
Na,O 0.09821 | 0.09276 | 0.09276 | 0.08730
NiO 0.00558 | 0.00527 | 0.00527 | 0.00496
P,0s 0.00838 | 0.00792 | 0.00792 | 0.00745
PbO 0.00119 | 0.00112 | 0.00112 | 0.00106
Si0, 0.21499 | 0.24601 | 0.24101 | 0.26662
SO; 0.00411 | 0.00388 | 0.00388 | 0.00365
SrO 0.00013 | 0.00012 | 0.00012 | 0.00011
Zr0O, 0.02000 | 0.01204 | 0.01204 | 0.01133
SUM 1.00000 | 1.00000 | 1.00000 | 1.00000

Waste loading | 0.57563 | 0.54365 | 0.54365 | 0.51167
Pred. Ty, °C 1318 1307 1301 1290
Final Ty, °C 1350 1350 1350 1350
Tio, °C 1201 1155 1138 1084
ND 0.319 0.362 0.358 0.396
OB 0.579 0.584 0.576 0.571

Tm: melting temperature, Ty temperature at 1 vol% spinel, ND: nepheline discriminator, OB: optical basicity

Table 22 summarizes the results of chemical analyses performed for selected glasses (C36-17 and the
last five glasses formulated) to confirm that the “as-fabricated” glasses correspond to the defined target
compositions. The relative percent differences (RPD) between analyzed and target compositions
calculated for major components with higher than 0.5 wt% in at least one glass are also included in
Table 22. The analyzed composition matches reasonably well with the target composition for five glasses
out of six indicating that there was no batching error. However, the C36-21 glass showed high RPD
values for Li,O, P,0s, and ZrO,, suggesting a likely batching error. The difference in P,Os is relatively
small (0.3 wt% lower than the target) to have noticeable impacts on glass properties (P,Os is also one of
the “neutral” components that do not have strong influence on general glass properties), but the
differences in Li,0O (2 wt% higher than the target) and ZrO, (0.5 wt% lower than the target) may not be
negligible.
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Table 22. Analyzed Composition of Selected High-Al,O; Glasses and Relative Percent Difference
(RPD) Between Analyzed and Target Compositions

Analyzed Composition
Glass ID C36-17 | C36-20 | C36-21 C34-4 C34-5 C32-3
AlLO; 0.3481 0.3548 0.3514 0.3289 0.3293 0.3098
B,0; 0.1629 0.1346 0.1919 0.1513 0.1741 0.1741
Bi,0; 0.0017 0.0018 0.0018 0.0016 0.0016 0.0015
Ca0O 0.0064 0.0248 0.0473 0.0666 0.0528 0.0528
Cl 0.0005 0.0003 0.0004 0.0003 0.0004 0.0004
Cr,0; 0.0006 0.0007 0.0006 0.0006 0.0006 0.0006
CSzO
F 0.0001 0.0002 0.0002 0.0001 0.0002 0.0001
Fe,0; 0.0167 0.0167 0.0177 0.0156 0.0161 0.0147
K,0 0.0010 0.0011 0.0011 0.0011 0.0011 0.0011
L21203
Li,O 0.0586 0.0444 0.0626 0.0435 0.0439 0.0466
MgO 0.0505 0.0271
MnO 0.0015 0.0012 0.0013 0.0012 0.0012 0.0012
Na,O 0.0977 0.0968 0.0956 0.0917 0.0910 0.0885
NiO 0.0049 0.0052 0.0050 0.0048 0.0048 0.0046
P,0s 0.0080 0.0082 0.0051 0.0078 0.0080 0.0076
PbO 0.0010 0.0011 0.0010 0.0009 0.0009 0.0009
Si0, 0.2089 0.2492 0.2111 0.2503 0.2396 0.2674
SOs 0.0022 0.0024 0.0026 0.0023 0.0023 0.0023
SrO
710, 0.0118 0.0112 0.0151 0.0108 0.0112 0.0094
Sum 0.9832 0.9818 1.0118 0.9797 0.9790 0.9838
RPD between measured and target®
Glass ID C36-17 | C36-20 | C36-21 C34-4 C34-5 C32-3
Al O; -3.3% -1.5% -2.4% -3.3% -3.1% -3.2%
B,0; 1.8% 3.6% 12.9% 0.9% 2.4% 2.4%
Bi,0;
CaO 0.3% -0.8% -1.4% -4.8% -4.0% -4.0%
Cl
Cr203
CSzO
F
Fe,0; -3.6% -3.1% 2.6% -4.5% -1.2% -4.0%
K,0
La203
Li,0 -2.3% -1.3% 49.1% -3.3% -2.4% -3.2%
MgO 1.0% -9.6%
MnO
Na,O -0.5% -1.5% -2.7% -1.1% -1.9% 1.3%
NiO -12.3% -7.1% -10.1% -8.8% -9.8% -7.1%
P,0s -4.5% -2.4% -38.8% -0.9% 0.7% 2.5%
PbO
Si0, 1.5% -1.2% -1.8% 1.8% -0.6% 0.3%
SO4
SrO
710, -7.4% -12.0% | -24.7% | -10.7% -6.7% -16.6%

(a) Calculated as (9im — 9i1)/0it, Where @i is the measured and target mass fraction of i™ component.
Empty cell represents that the component was below detection (composition) or target concentration is lower than
0.5 wt% or less in all glasses (RPD).
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Table 23 summarizes the measured properties for the high-Al,O; glasses tested. For some glasses
with duplicate or triplicate test results, the average values are given except for crystallinity for which the

replicate results are given.

Table 23. Measured Properties of High-Al,O; Glasses

Glass ID C36-7 C36-8 C38-1 C40-1 C42-1 C42-2
Q XRD vol% Sp 0.4 Sp3.8
Np52,Sp | Np41.5,Sp | Np39.8,Sp8, | almost fully | almost fully | almost fully
9.8, 10.3, CaAl2B207 crystallized | crystallized | crystallized
CCC XRD vol% | CaAl2B207 | CaAlI2B207 | 1, Li2S04 5.2,
0.8, Li2SO4 | 1.7, Li2SO4 Melilite 7
1.9 3.6
Empty cell: not measured, Sp: spinel, Np: nepheline, Q: quenched
Table 23. Measured Properties of High-Al,O3 Glasses (Continued)
Glass ID C36-9 C36-10 C36-11 C36-12 C36-13 C36-14
Q XRD vol% amorphous Sp 10.8 Sp 7.2 amorphous amorphous Provisional
Np 1.7,Sp 7.0, | Np44.5,Sp | Sp11.8, | Np39.5, | Sp7.2,Badd | Np8.2,Sp PCT
Badd 0.1 (R: 17.9, Nosean Np 29, Sp 6.7, 04, 8.2, Badd Limits
CCC XRDvol% | Np 10.2, Sp 2.7, Li2SO4 Clinopyroxene 0.2 (g/L)
7.4, Badd 0.2) Cristobalite 6.6 0.2
0.8
Q-PCTB, g/L 9.0 9.3 11.2 8.4
Q-PCT Li, g/L 14.3 12.6 18.7 4.8
Q-PCT Na, g/L 20.6 225 26.9 6.7
CCC-PCT B, g/L 5.9 0.4 3.2 8.4
CCC-PCT Li, g/L 10.6 0.4 5.1 4.8
CCC-PCT Na, g/L 7.2 0.7 4.5 6.7
Empty cell: not measured, Q: quenched, Sp: spinel, Np: nepheline, Badd: baddeleyite, R: replicate
Table 23. Measured Properties of High-Al,O3 Glasses (Continued)
Glass ID C36-15 C36-16 C36-17 C36-18 C36-19 C36-20
Q XRD vol% Sp9.8 Sp2.4 Sp4.5 Sp 1.4 Sp2.2 Sp2.8 Provisional
Np42.2,Sp | Sp11.5,Np | Np3.7,Sp | Np37.6,Sp | Np14.6, | Np2.5,Sp 8.4 PCT
14.8, 23.6, 11.3 (R: 10.4, Sp 8.8, | (R1:Np2.6,Sp Limits
CCC XRD vol% Nosean 2.7, | Cristobalite | Np 0.8, Sp | Cristobalite 9.8, R2: Np 3.7, (g/L)
Cristobalite 0.4 12.4) 0.4 Sp 12, Badd
0.6 0.4)
Q-PCTB, g/L 23.6 1.6 8.4
Q-PCT Li, g/L 13.6 1.6 4.8
Q-PCT Na, g/L 18.9 1.2 6.7
CCC-PCTB, g/L 8.5 5.3 8.4
CCC-PCT Li, g/L 5.6 3.2 4.8
CCC-PCT Na, g/L 4.8 22 6.7

Empty cell:
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Table 23. Measured Properties of High-Al,O3 Glasses (Continued)

Glass ID C36-21 C34-4 C34-5 C32-3
Q XRD vol% amorphous | amorphous amorphous amorphous | Provisional

PCT

950C 24h, XRD vol% Sp (‘E?’SBPTEI)O'Q Limits

CCC XRD vol% Sp 4.9 Sp 4.2 Sp zi.é :(Isill) :4?)5‘3, Sp 1.6 (g/L)
Q-PCTB, g/L 23.5 1.5 2.1 1.2 8.4
Q-PCT Li, g/L 8.1 1.8 1.7 1.4 4.8
Q-PCT Na, g/L 27.4 1.4 2.1 1.0 6.7
CCC-PCT B, g/L 2.5 0.5 0.9 0.9 8.4
CCC-PCT Li, g/L 1.1 0.5 1.0 1.1 4.8
CCC-PCT Na, g/L 2.3 0.3 0.9 0.8 6.7

Empty cell: not measured, Q: quenched, Sp: spinel, Badd: baddeleyite, R/R1/R2: replicate

A set of six glasses with between 36 and 42 wt% of Al,O3 (C36-7 through C42-2) were tested to
determine a rough estimate of the highest waste loading achievable. All the quenched glasses were glassy
visually even at 42 wt% Al O;. The two glasses with 42 wt% Al,O; tested by XRD for quenched samples
showed the presence of spinel at 0.4 and 4 vol%. However the CCC glasses with 40 and 42 wt% Al,O;
almost fully crystallized (quantification of crystals not performed) and the CCC glasses with 36 and
38 wt% Al,O; formed 40 to 52 vol% nepheline along with spinel and other crystals in smaller fractions.
No additional tests were performed on these glasses.

The second set of six glasses (C36-9 through C36-14) tested focused on finding the compositions
with low or no nepheline formation at 36 wt% AlL,Os. Out of the five glasses tested for XRD crystallinity
in quenched samples, three (C36-9, C36-13, and C36-14) were crystal free and two glasses, C36-10 and
C36-11, had 11 and 7 vol% spinel. These two glasses, that formed spinel in quenched samples, contained
MgO while the other three glasses did not, which may suggest that the addition of MgO promotes
crystallization of spinel in these high-Al,O; glasses. All six glasses were tested for crystallinity after
CCC treatment. Five out of six CCC glasses in this set formed nepheline between 6 and 45 vol% along
with 8 to 15 vol% spinel and small fractions of other crystals. One glass (C36-13) that did not form
nepheline after CCC had 7.2 vol% spinel along with small fractions of clinopyroxene group crystals and
baddeleyite. Three compositions were tested by the PCT for both quenched and CCC treated samples.
All three quenched glasses failed the “provisional” PCT constraints. Considering that these three
quenched samples were crystal free, it is likely that the high Al,O; concentration in these glasses is
responsible for poor PCT performance. It is known that Al,O; exhibits a non-linear effect on the PCT
performance, i.e., Al,O; addition strongly decreases the PCT releases initially (the range of Al,O4
concentration depends on the base composition), but, further addition increases the PCT releases after
reaching the minima (Vienna et al. 2013). Of three CCC treated glasses tested for PCT, two passed the
“provisional” PCT constraints. It is interesting to note that the PCT releases decreased after CCC
treatment for all three glasses. It is possible that the crystallization of spinel (identified as Al, 4704 in
these samples by XRD, a non-stoichiometric alumina with a spinel-type structure) removes Al,O; from
the matrix glass and results in the improved PCT performance.

The third set of six glasses (C36-15 through C36-20) was formulated based on the idea that the
precipitation of spinel crystals in quenched glasses may improve PCT performance. It was suggested
from the previous set of glasses that the addition of MgO may promote the formation of spinel in
quenched samples. All six glasses with 3 to 7 wt% MgO formed 1 to 10 vol% spinel in quenched
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samples. All CCC glasses formed nepheline between 3 and 42 vol% along with spinel and/or various
other crystals. Two glasses with low nepheline, C36-17 (4 vol%) and C36-20 (3 vol%), were tested for
PCT for both quenched and CCC treated samples. The C36-17 glass failed but the C36-20 passed the
“provisional” PCT constraints for both quenched and CCC samples. The PCT results on these two
quenched samples suggest that the idea of precipitating spinel crystals in quenched glasses to improve
PCT performance does not always work. The C36-20 glass, although it formed a small fraction of
nepheline, is a potential candidate for a CCIM melter test as it is the only glass that passed the PCT
constraints out of 14 glasses tested at 36 wt% AlLO;.

A final set of four glasses were tested at 36, 34, and 32 wt% AL,O;. All four quenched glasses were
crystal free by XRD. None of the four glasses formed nepheline after CCC treatment, and formed spinel
only at 2 to 5 vol%. For the C36-21 glass with 36 wt% Al,O;, the quenched sample failed the
“provisional” PCT constraints although the CCC sample passed. However, the high PCT releases in
quenched samples can be partly attributed to a potential batching error as shown in Table 22, i.e., both
higher Li,O and lower ZrO, tend to increase PCT releases. The two glasses with 34 wt% Al,O; and one
with 32 wt% Al,O; all passed the “provisional” PCT constraints for both quenched and CCC samples.
These results suggest that the maximum Al,O5 concentration in the glass that can be achieved while
satisfying the PCT constraints is roughly 36 wt%. Considering the likeliness that the glass with this
maximum loading may be susceptible to failing the property requirements upon relatively small change of
composition, the glass with 34 wt% Al,O; is recommended for CCIM melter testing. Out of two glasses
with 34 wt% ALOs, the C34-5 was selected because its higher B,0j; is preferred for nepheline tolerance
although neither glass formed nepheline after CCC. This C34-5 glass was characterized for crystal vs
temperature, viscosity, and electrical conductivity.

Figure 2 shows the effect of the heat treatment temperature on the spinel vol% determined by XRD
for the C34-5 glass. Linear extrapolation of the data to 1 vol% results in the T19, value of 1138 °C, which
is the same as the predicted value by the model (Vienna et al. 2009) as given in Table 21.
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Figure 2. Spinel Vol% as a Function of Temperature of the C34-5 Glass

Table 24 summarizes the viscosity and electrical conductivity of the C34-5 glass. Figure 3 and
Figure 4 display the results of viscosity and electrical conductivity of this glass as a function of
temperature. Also shown in Figure 3 and Figure 4 are the curves of fitted data (Arrhenius form) to the
measured values and of predicted data by the model (Vienna et al. 2009). The measured viscosities were
significantly lower than the predicted values (Figure 3). The large difference between measured and
predicted viscosities is understandable because the composition of this glass is well outside the model
validity range. The recommended processing temperature is 1200°C based on the measured
(interpolated) viscosity of ~3 Pa-s. The measured electrical conductivities agree reasonably well with the
predicted values, which is likely due to the fact that the electrical conductivity is primarily affected by the
alkali oxides, i.e., the concentrations of alkali oxides are well within the model validity range although
other components, especially Al,O; and SiO,, are outside the model validity range. The measured
(interpolated) electrical conductivity at 1200°C is 29.7 S/m, which is well within the desired range of
10 S/m to 100 S/m according to Marra et al. (2008).
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Table 24. Viscosity and Electrical Conductivity of the C34-5 Glass as a Function of Temperature

Viscosity
T, °C n, Pa‘s
1052 13.91
1148 4.50
1260 1.72
1374 0.854
1383 0.815
Electrical Conductivity
T, °C &, S/m
950 9.14
1050 16.04
1150 25.30
1250 36.53
1350 47.41
20
\
\
\
\
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AN - - - Predicted by model
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Figure 3. Viscosity of C34-5 Glass as a Function of Temperature
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Figure 4. Electrical Conductivity of C34-5 Glass as a Function of Temperature

4.5 High-Fe,O3 Glass Formulation and Testing for 244-TX

Table 25 summarizes the glass composition (in mass fraction of oxides and halogens), waste loading,
and predicted properties of interest for high-Fe,O; glasses formulated for 244-TX waste. The properties
of interest include predicted melting temperature (Tp,), PCT responses, T1y, Nsj and OB. The predicted
melting temperatures were based on the predicted viscosity of 4 Pa-s for the glasses tested initially (up to
TX36-11(32) in Table 25), but it was changed to 3 Pa-'s after melting initial glasses and determining a
general tendency of under-predicting the measured melting temperature. Table 25 also includes the actual
melting temperature. All 14 glasses were predicted to satisfy the provisional PCT requirements. The
predicted T, ranged from 1245 to 1499°C, which are 300—550°C higher than WTP requirements of
950°C. Out of 14 glasses formulated 5 glasses were predicted to pass the nepheline rules, i.e., predicted
not to form nepheline according to McCloy and Vienna (2010).
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Table 25. Composition and Predicted Properties of High-Fe,O; Glasses

Glass ID TX36-1 | TX36-2 | TX36-3 | TX36-4 | TX36-5 | TX36-6 | TX36-7 | TX36-8 | TX36-9
Ag,O 0.00006 | 0.00006 | 0.00006 | 0.00006 | 0.00006 | 0.00006 | 0.00006 | 0.00006 | 0.00006
AlLO; 0.00483 | 0.06000 | 0.06000 | 0.06000 | 0.02000 | 0.02000 | 0.02000 | 0.02000 | 0.04000
As,05 0.00040 | 0.00040 | 0.00040 | 0.00040 | 0.00040 | 0.00040 | 0.00040 | 0.00040 | 0.00040
B,0; 0.00000 | 0.00000 | 0.04000 | 0.00000 | 0.07000 | 0.00000 | 0.10000 | 0.07000 | 0.05000
Bi,04 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
CaO 0.00221 | 0.00221 | 0.00221 | 0.04000 | 0.00221 | 0.07000 | 0.00221 | 0.03000 | 0.02000
Cl 0.00223 | 0.00223 | 0.00223 | 0.00223 | 0.00223 | 0.00223 | 0.00223 | 0.00223 | 0.00223
Cr,05 0.00137 | 0.00137 | 0.00137 | 0.00137 | 0.00137 | 0.00137 | 0.00137 | 0.00137 | 0.00137
Cs,0 0.00116 | 0.00116 | 0.00116 | 0.00116 | 0.00116 | 0.00116 | 0.00116 | 0.00116 | 0.00116
F 0.00035 | 0.00035 | 0.00035 | 0.00035 | 0.00035 | 0.00035 | 0.00035 | 0.00035 | 0.00035
Fe,05 0.36000 | 0.36000 | 0.36000 | 0.36000 | 0.36000 | 0.36000 | 0.36000 | 0.36000 | 0.36000
K,0 0.00557 | 0.00557 | 0.00557 | 0.00557 | 0.00557 | 0.00557 | 0.00557 | 0.00557 | 0.00557
La,04 0.00012 | 0.00012 | 0.00012 | 0.00012 | 0.00012 | 0.00012 | 0.00012 | 0.00012 | 0.00012
Li,O 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.02000
MgO 0.01982 | 0.01982 | 0.01982 | 0.01982 | 0.01982 | 0.01982 | 0.01982 | 0.01982 | 0.01982
MnO 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
Na,O 0.18655 | 0.18655 | 0.18655 | 0.18655 | 0.18655 | 0.18655 | 0.18655 | 0.18655 | 0.18655
NiO 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
P,0; 0.00224 | 0.00224 | 0.00224 | 0.00224 | 0.00224 | 0.00224 | 0.00224 | 0.00224 | 0.00224
PbO 0.00023 | 0.00023 | 0.00023 | 0.00023 | 0.00023 | 0.00023 | 0.00023 | 0.00023 | 0.00023
SiO, 0.40795 | 0.35278 | 0.31278 | 0.31499 | 0.32278 | 0.32499 | 0.29278 | 0.29499 | 0.26499
SO; 0.00491 | 0.00491 | 0.00491 | 0.00491 | 0.00491 | 0.00491 | 0.00491 | 0.00491 | 0.00491
SrO 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
71O, 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.02000
SUM 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000
Waste loading | 0.59205 | 0.59205 | 0.59205 | 0.59205 | 0.59205 | 0.59205 | 0.59205 | 0.59205 | 0.59205

Pred. Ty, °C 1208 1232 1140 1169 1039 1100 961 982 917

Final Ty, °C 1200 1200 1200 1250 1150 1150 1200 1200 1200

PCT-B, g/L 2.35 0.18 0.34 0.17 2.60 0.82 4.23 2.59 1.20

PCT-Li, g/L 2.04 0.23 0.25 0.24 1.20 0.92 1.80 1.23 0.69

PCT-Na, g/L 5.85 0.73 0.54 0.87 1.88 3.51 2.20 2.14 1.43

T1, °C 1354 1487 1462 1499 1347 1412 1328 1356 1420

ND 0.681 0.589 0.559 0.561 0.610 0.611 0.586 0.588 0.539

OB 0.659 0.669 0.660 0.689 0.647 0.697 0.641 0.660 0.681

Tm: melting temperature, T temperature at 1 vol% spinel, ND: nepheline discriminator, OB: optical basicity
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Table 25. Composition and Predicted Properties of High-Fe,O; Glasses (Continued)

Glass ID fggg; ffgg) T’S"S' TX34-5 | TX32-7
A0 | 0.00006 | 0.00006 | 0.00006 | 0.00006 | 0.00006
ALOs | 0.04000 | 0.04500 | 0.03000 | 0.02000 | 0.02000
As:0s | 0.00038 | 0.00036 | 0.00040 | 0.00038 | 0.00036
B,0, 0.07000 | 0.08000 | 0.09000 | 0.07000 | 0.07000
Bi,O; | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
Ca0 0.04000 | 0.04500 | 0.00221 | 0.00209 | 0.00197
Cl 0.00210 | 0.00198 | 0.00223 | 0.00210 | 0.00198
Cr,0, | 0.00130 | 0.00122 | 0.00137 | 0.00130 | 0.00122
Cs,0 0.00109 | 0.00103 | 0.00116 | 0.00109 | 0.00103
F 0.00033 | 0.00031 | 0.00035 | 0.00033 | 0.00031
Fe,05 | 0.34000 | 0.32000 | 0.36000 | 0.34000 | 0.32000
K-0 0.00526 | 0.00495 | 0.00557 | 0.00526 | 0.00495
La,05 | 0.00011 | 0.00011 | 0.00012 | 0.00011 | 0.00011
Li,0 0.02000 | 0.02000 | 0.00000 | 0.00000 | 0.00000
MgO 0.01872 | 0.01762 | 0.01982 | 0.01872 | 0.01762
MnO 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
NaO | 0.17618 | 0.16582 | 0.18655 | 0.17618 | 0.16582
NiO 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
P,0, 0.00211 | 0.00199 | 0.00224 | 0.00211 | 0.00199
PbO 0.00022 | 0.00021 | 0.00023 | 0.00022 | 0.00021
Sio, 0.27749 | 0.28999 | 0.29278 | 0.35540 | 0.38802
S0, 0.00464 | 0.00437 | 0.00491 | 0.00464 | 0.00437
S10 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
710, 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
SUM 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000

Waste loading | 0.55916 | 0.52627 | 0.59205 | 0.55916 | 0.52627

Pred. T, °C | 872 | 910 | 1026 | 1128 | 1178

Final Ty, °C | 1150 | 1150 | 1200 | 1200 | 1250

PCT-B,o/L | 138 | 106 | 211 | 202 | 157

PCT-Li, gL | 079 | 065 | 099 | 103 | 089

PCT-Na, gL | 134 | 098 | 133 | 149 | LI8
Ti, °C 1333 | 1289 | 1359 | 1296 | 1245
ND 0.562 | 0.579 | 0575 | 0.644 | 0676
OB 0.665 | 0.653 | 0.645 | 0.634 | 0.622

Tn: melting temperature, T1g: temperature at 1 vol% spinel, ND: nepheline discriminator, OB: optical basicity

Table 26 summarizes the results of chemical analyses performed for selected glasses (the last three
glasses formulated) to confirm that the “as-fabricated” glasses correspond to the defined target
compositions. The relative percent differences (RPD) between analyzed and target compositions
calculated for major components with higher than 0.5 wt% in at least one glass are also included in
Table 26. The analyzed composition matches well with the target composition for all three glasses
confirming that there was no batching error for these three glasses.
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(RPD) Between Analyzed and Target Compositions

Table 26. Analyzed Composition of Selected High-Fe,O; Glasses and Relative Percent Difference

Analyzed Composition RPD Between Measured and Target®
Glass ID | TX36-12 TX34-5 TX32-7 TX36-12 TX34-5 TX32-7
Ag20
Al203 0.0319 0.0214 0.0220 6.4% 7.0% 10.2%
As205 0.0006 0.0004 0.0006
B203 0.0969 0.0726 0.0757 7.6% 3.7% 8.1%
Ca0O 0.0025 0.0022 0.0022
Cl 0.0008 0.0008 0.0012
Cr203 0.0011 0.0013 0.0012
Cs20
F
Fe203 0.3382 0.3340 0.3143 -6.1% -1.8% -1.8%
K20 0.0055 0.0052 0.0050 -0.9% -1.9% 1.8%
La203
MgO 0.0191 0.0171 0.0151 -3.6% -8.9% -14.2%
Na20 0.1759 0.1658 0.1550 -5.7% -5.9% -6.5%
P205 0.0020 0.0019 0.0018
PbO 0.0003 0.0002 0.0002
Si02 0.3060 0.3555 0.3931 4.5% 0.0% 1.3%
SO3 0.0061 0.0053 0.0053
Sum 0.9869 0.9836 0.9928 NA NA NA

(a) Calculated as (9im — 9i1)/0it, Where @i is the measured and target mass fraction of it component.

Empty cell represents that the component was below detection (composition) or target concentration is lower than
0.5 wt% or less in all glasses.

NA: not applicable

Table 27 summarizes the measured properties for the high-Fe,O; glasses. A set of four glasses
(TX36-1 through TX36-4) were initially formulated at 36 wt% Fe,O; (59.2 wt% waste loading). The first
glass (TX36-1) was formulated with SiO, as the only additive; the TX-244 waste has already high
concentration of Na,O (31.5 wt% Na,O in waste and 18.7 wt% Na,O at 36 wt% Fe,0; loading). The next
three glasses were formulated focusing on improving PCT performance considering that this glass may
fail the “provisional” PCT requirements. They were formulated with the addition of Al,O; alone
(TX36-2) or Al,O; combined with B,O5 (TX36-3) or CaO (TX36-4). The PCT of quenched samples
performed on two glasses, TX36-1 and TX36-2, showed that the addition of 6 wt% of Al,O; decreased
the PCT Na releases (B and Li are not present in these glasses) from 9.8 g/L (fail) to 2.8 g/L (pass). This
suggests that the PCT requirements can readily be met by the addition of AL,O5 to these high-Fe,O;
glasses. However, all four glasses formed a significant amount of a separate salt layer after the first and
second melts (re-melted after grinding the glass from the first melt). Although it is not possible to
conclude that these glasses will form a salt layer during processing in a CCIM melter, it is likely that salt
formation can be a limiting factor. The TX36-3 was characterized for crystallinity after a 24 h heat
treatment at 950°C resulting in 7.4 vol% hematite. The TX36-4 was fabricated but not characterized for

any property.
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Table 27. Measured Properties of High-Fe,O; Glasses

Glass ID TX36-1 | TX36-2 TX36-3 TX36-4 | TX36-5 TX36-6 TX36-7
Salt — first melt Yes Yes Yes Yes Yes Yes No .
Salt — second melt Yes Yes Yes Yes No Yes No Prol\;g!;)nal
Q XRD vol% amorphous Limits
950C 24h, XRD Hm 7.4 (IA: Hm 5.2 Hm 6.4, (g/L)
vol% Hm 9.9) Sp 0.6
CCC XRD vol% Hm 4.4 Hm 6.1 Hm 8.1
Q-PCTB, g/L No B No B 5.1 No B 1.8 8.4
Q-PCT Li, g/L No Li No Li No Li No Li No Li 4.8
Q-PCT Na, g/L 9.8 2.8 32 2.1 2.9 6.7
CCC-PCTB, g/L 5.4 6.0 8.4
CCC-PCT Li, g/L No Li No Li 4.8
CCC-PCT Na, g/L 9.2 10.2 6.7
Empty cell: not measured, Q:quenched, Sp: spinel, Hm: hematite, IA: SEM image analysis.
No B/Li represents that the glass does not contain B or Li.
Table 27. Measured Properties of High-Fe,O3 Glasses (Continued)
Glass ID TX36-8 TX36-9 T’gg; 10 T)gg) 1
Salt — first melt Yes Yes No No .
Salt — second melt No No No No Pro}:fg{;mal
Q XRD vol% Limits
950C 24h, XRD vol% | 1M 3 15 »Sp | Sp8 1%*: Sp Sp Sp+Hm ®/L)
CCC XRD vol% Hm 6.5 Sp 4.1 111151 ?\ig’ :g
Q-PCTB, g/L 33 7.0 8.2 8.4
Q-PCT Li, g/L No Li 8.3 10.4 4.8
Q-PCT Na, g/L 53 12.7 14.6 6.7
CCC-PCT B, g/L 6.5 1.8 6.4 8.4
CCC-PCT Li, g/L No Li 2.0 7.7 4.8
CCC-PCT Na, g/L 12.2 3.8 12.3 6.7

Empty cell: not measured, Q:quenched, Sp: spinel, Hm: hematite, IA: SEM image analysis Np: nepheline, NB: tested
on the glass prepared from new batch.
No B/Li represents that the glass does not contain B or Li.

Table 27. Measured Properties of High-Fe,O3 Glasses (Continued)

TX36- TX34-
Glass ID TX36-12 12NB TX34-5 SNB TX32-7 | TX32-7NB
Salt — first melt Yes Yes Yes No Yes No Provisional
Salt — second melt Yes No Yes No Yes No Ll:i'rfl;l;s
Q XRD vol% Hm 1.2 amorphous amorphous (g/L)
950C 24h, XRD vol% Hm 5.3 Hm 4.3 Hm 3.7
CCC XRD vol% Hm 6.9 Hm 6.9 Hm 5.9 Hm 5.7 Hm4.2 Hm 5.3
Q-PCTB, g/L 3.3 34 2.6 8.4
Q-PCT Li, g/L No Li No Li No Li 4.8
Q-PCT Na, g/L 2.8 2.8 1.9 6.7
CCC-PCT B, g/L 9.0 8.0 43 8.4
CCC-PCT Li, g/L No Li No Li No Li 4.8
CCC-PCT Na, g/L 7.7 6.6 33 6.7

Empty cell: not measured, Q:quenched, Hm: hematite, NB: tested on the glass prepared from new batch.
No B/Li represents that the glass does not contain B or Li.
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The second set of five glasses (TX36-5 through TX36-9) at 36 wt% Fe,O; was formulated focused on
eliminating or decreasing the salt phase. The TX36-7 composition did not form salt after the first or
second melt. The remaining four glasses all formed salt after the first melt, but only one glass (TX36-6)
formed salt after the second melt. However, the amount of salt formed in the first melt of the four glasses
(TX36-5 and TX36-7 through TX36-9) was significantly smaller than the first set of four glasses (TX36-1
through TX36-4). These four glasses (TX36-5 and TX36-7 through TX36-9) were tested for crystallinity
after a 24 h heat treatment at 950°C and three glasses (TX36-5, TX36-7, TX36-8) formed 5 to 6 vol%
hematite with a small fraction of spinel and one glass (TX36-9) had 8 vol% spinel. Since spinel has a
higher potential for settling, the three glasses (TX36-5, TX36-7, and TX36-8), which formed hematite
after 24 h at 950°C and did not form salt in the second melt, are preferred CCIM melter glass candidates.
Four glasses (TX36-5 through TX36-8) were tested for CCC crystallinity and all formed 4 to 8 vol%
hematite without forming nepheline. PCT was performed on four quenched glasses (TX36-5 through
TX36-8) and they all passed the “provisional” PCT requirements. However, the three preferred candidate
glasses (TX36-5, TX36-7, and TX36-8) all failed the “provisional” PCT requirements for the CCC treated
samples. It is surprising that these glasses formed hematite only after CCC treatment but they all had
increased PCT releases after CCC.

The third set of two glasses [TX36-10(34) and TX36-11(32)]* formulated were initial efforts to
evaluate the effect of lower Fe,O; content at 34 and 32 wt% Fe,0;. Both glasses did not form salt from
the first and second melts. After a 24 h heat treatment at 950°C, TX36-10(34) formed spinel only and
TX36-11(32) formed spinel and hematite (crystal quantification was not performed). After CCC
treatment, TX36-10(34) formed spinel only, but surprisingly TX36-11(32) formed 6.5 vol% nepheline
along with hematite and spinel. Both glasses failed the “provisional” PCT requirements on quenched
samples. However, for the CCC samples, TX36-10(34) at 34 wt% Fe,O; passed the “provisional” PCT
requirements but surprisingly TX36-11(32) at 32 wt% Fe,0; failed. Additional tests to investigate the
cause of these unexpected results were not pursued because the combination of relatively high Al,O4
(>4 wt%) and high CaO (> 4 wt%) is a likely reason for poor performance in these two glasses.

The last set of three glasses (TX36-12, TX34-5, and TX32-7) were formulated at 36, 34, and 32 wt%
Fe,05 with 2 to 3 wt% Al,O; and 7 to 9 wt% B,0;5 without CaO. They are modifications of TX36-5 that
had the best PCT performance after CCC treatment among three preferred candidate glasses in the second
set of glasses tested. The TX36-12 glass had increased Al,O; from 2 to 3 wt% and increased B,O; from 7
to 9 wt% at the expense of SiO; starting from TX36-5. The TX34-5 and TX32-7 were designed to keep
the same 2 wt% Al,O5 and 7 wt% B,0; as TX36-5 while increasing SiO, as the waste loading decreased.
These three glasses formed salt in both first and second melts, which was not anticipated because the
lower waste loading glasses (TX34-5, and TX32-7) are not likely to form more salt than the higher waste
loading glass (TX36-5). Careful examination of all lab records did not give any indication of batching
errors, which was confirmed later by the chemical analyses as presented in Table 26. To resolve this
discrepancy, melting was repeated for TX36-5 glass twice and for TX36-12 once but with the same
results, i.e., all three newly batched glasses resulted in the formation of salt in both first and second melts.
Various efforts to identify the source of the discrepancy pointed to the hematite (Fe,O;) (used to prepare
the last set of three glasses (TX36-12, TX34-5, and TX32-7) and the additional three glasses (TX36-5
twice and TX36-12) being contaminated with sulfur (the other glasses formulated used a different brand

¥ Note that the ID in these two glasses had the Fe,O; concentration in parenthesis unlike all other glasses that
specified the Fe,O3 or Al,O; concentration right after the tank ID abbreviations, e.g., TX36-1 is a glass with 36 wt%
Fe,O; formulated for 244-TX tank waste.
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of hematite). This finding was confirmed by re-melting the TX36-5 glass with the other source of
hematite (used in all previous sets of glasses formulated), which produced the same result as the original
glass, i.e., a slight salt in the first melt and no salt in the second melt. The repeat glasses were not
characterized for any properties. The last set of three glasses (TX36-12, TX34-5, and TX32-7) was then
prepared with the no-sulfur hematite for further characterization. Table 27 includes the results from both
the glasses prepared with high-sulfur hematite initially and with low-sulfur hematite later (denoted as
“NB” to specify that the test results are from the “new batch” glass).

The initial three glasses prepared with high-sulfur hematite were tested for the crystallinity after CCC
treated samples and the PCT on quenched and CCC samples. The new batch glasses were characterized
for salt formation and the crystallinity of quenched, 950°C 24 h heat treated, and CCC treated samples. It
is not likely that the minor difference in SO; concentration in glass would make any noticeable difference
in glass properties. The results of CCC crystallinity testing from the new batch glasses were very similar
to those from the initial glasses with high-sulfur hematite. The quenched glass at 36 wt% Fe,O;
(TX36-12) formed 1 vol% hematite and the lower waste loaded glasses (TX34-5 and TX32-7) were
crystal free. After 24 h 950°C and CCC treatments only hematite formed and its amount decreased as the
waste loading decreased. Similar to the second set of glasses, all quenched samples passed the
“provisional” PCT requirements. For the CCC samples, the 36 wt% Fe,O; glass (TX36-12) failed the
“provisional” PCT requirements while the two glasses (TX34-5 and TX32-7) at lower waste loading
passed, showing the decreasing trend of PCT normalized release as the waste loading decreased.

Based on the glasses tested in the present study it has been shown that a loading of 34 wt% Fe,0Os is
readily possible while satisfying the major constraints evaluated. It is likely that glasses with the higher
waste loading (at 36 wt% Fe,0;) are likely to be successful for CCIM processing if additional formulation
efforts are completed. Selection and full characterization of the glass for CCIM melter tests were not
performed for the high-Fe,O; glasses.

4.6 Summary of Glass Formulation Results for C-102 and 244-TX

The major constraints that limit the waste loading in the high-Al,O; loaded glasses for C-102 tank
waste were crystallinity after CCC treatment and PCT responses in quenched (as-prepared) and CCC
treated samples. One glass (C36-5) was successfully formulated at 36 wt% Al,O; to pass the
“provisional” PCT requirements for both quenched and CCC samples. However, this glass did not pass
the nepheline constraint because it formed 3 vol% nepheline after CCC treatment although this small
amount of nepheline did not cause the glass to fail the PCT after CCC treatment. The glasses with 34 and
32 wt% Al,O; passed both the nepheline constraint after CCC and the “provisional” PCT requirements for
both quenched and CCC samples. The glass with 34 wt% Al,O5 (C34-5) was recommended for CCIM
melter testing. The recommended melting temperature for this glass is 1200°C at the measured
(interpolated) viscosity of ~3 Pa-s and electrical conductivity is 29.7 S/m at 1200°C. The selected glass
had the T, of 1138 °C and the estimated crystal fraction at 1000°C (analogues to 950°C for the glasses
with the nominal melting temperature of 1150°C) was 3.5 vol%.

The initial focus of glass formulation for the high-Fe,O; loaded glasses for 244-TX tank waste was to
design the composition without sulfate salt formation that may interfere with normal melter operation.
However, the primary focus shifted to the PCT requirements for both quenched and CCC glasses after
finding the composition regions that avoid salt formation. The maximum Fe,O; loading that passed all
the major constraints evaluated was 34 wt%.
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5.0 Evaluation of Glass Formulations for Hanford Tank Waste
Using CCIM

To determine the optimal loading of wastes in glasses to be fabricated in any melter technology,
glasses must be optimized and tested through an iterative process of optimization calculations, laboratory
experiments, and melter tests. To make reasonable estimates of glass volumes to be produced from
Hanford wastes in the reference LFCM technology, numerical optimization methods have been used.
Glass property models were fit to glass compositions designed to adequately cover certain composition
regions (Hrma et al. 1994; Vienna et al. 2002b; Piepel et al. 2007; Piepel et al. 2008; Vienna et al. 2009;
McCloy and Vienna 2010; and Vienna et al. 2013). The each model has a composition and property
region over which they are valid (model validity). A set of property constraints are developed to reduce
the risks of unprocessable or unacceptable glass compositions. Using the waste composition estimates,
the property-composition models, the model validity constraints, and the property constraints, numerical
optimization is applied to determine the maximum waste loading achievable by each waste composition.
This process has been successfully applied a number of times and forms the basis for glass volume
estimates in the Hanford system plan (Certa et al. 2011).

The results obtained by such a numerical method are only as good as the models and assumptions
used to generate them. Four notable concerns are inherent in the assumptions typically used for glass
volume estimates for the life of the Hanford tank waste treatment mission:

1) The data used to fit the glass property models are limited resulting in either using overly
restrictive model validity constraints or risking the extrapolation of model predictions beyond
their validity region; making them unreliable.

2) Not all the properties important to successful waste vitrification can be modeled and used to
calculate glass compositions (e.g., melting rate, volatility, melter corrosion, etc.).

3) Uncertainties in normal plant operation and property prediction are not accounted for in glass
optimization. Ifa glass is calculated to have a maximum allowable waste loading within the
range of constraints, then small variations or uncertainties in composition may cause the glass to
fail. During plant operation, the loading of waste in glass is lowered sufficiently that the final
glass will pass all constraints with sufficient statistical confidence (Vienna and Kim 2008, Kim
and Vienna 2012).

4) Waste composition and mass estimates are highly uncertain and change from time to time with
additional data and revised assumptions. This problem encompasses a number of aspects in
waste composition estimation including: a) uncertain estimates of current tank farms inventories,
b) uncertain projections of waste blending during retrieval and staging, and c¢) uncertain waste
component partitioning during pretreatment to separate LAW from HLW fractions; among other
uncertainties.

To apply the numerical method to CCIM technology there are two added concerns:

5) The property constraints for operating the CCIM are not yet known. This issue is particularly
important when considering the tolerance of CCIM to solid inclusions such as spinel crystals.

6) The currently existing property models were developed based on data for glasses targeting the
LFCM technology. So they are centered on compositions with lower melting temperatures and
lower crystal fractions than would be possible with the CCIM. Even if the current model validity
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constraints were used, the compositions would be at the edges of the model validity regions
where their uncertainty is the highest.

Despite these issues, efforts have been made to determine the glass volume likely to be produced
from Hanford tank wastes with either LFCMs or CCIMs. A few of these efforts are summarized below.

5.1 High-Level Waste Melter Study Report

Perez et al. (2001) performed a detailed analysis of the impacts of various property constraints on the
volume of HLW glass projected for Hanford. It was a challenge to represent the potential for CCIM
processing using the glass property models available at the time. It was assumed that the CCIM would
reasonably allow for a higher melting temperature and more crystals in the melt. To implement these
improvements with existing models the temperature at which the viscosity and electrical conductivity
constraints were applied was increased from 1150 to a maximum of 1350°C. The crystal tolerance was
more difficult to address. The Ty limit was progressively changed from Ty-150°C to Ty and to
Tmt200°C. The Cr,0; limit was also changed from 0.5 to 1.0 and to 1.5 wt%; the theory being that
increasing Ty and Cr,O; would increase crystal content in the melt. The impacts of these changes were
described by Kim and Vienna (2002) and are shown in Figure 5. Comparing the glass produced from the
LFCM baseline (Ty=1150°C, 1 wt% Cr,03, and T;=1000°C) to the most optimistic CCIM case
(Tm=1350°C, 1.5 wt% Cr,05, T;=1550°C) reduced the glass mass by 16 relative percent (26,539 to
22,243 MT).
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Figure 5. Effect of Cr,0; wt% and T Constraints on Projected Hanford HLW Glass Canisters (Kim and
Vienna 2002)

5.2 Evaluation of Hanford HLW Vitrification Process Alternatives

Brinko et al. (2003) evaluated the suitability of a number of different melter technologies for
vitrification of Hanford HLW. To estimate the glass masses to be generated by each melter technology,
an optimization was performed using glass property models from Vienna et al. (2002b). The property
limits assumed for the baseline (LFCM) and the CCIM are compared in Table 28. Two estimates of
CCIM glass were made. The first estimate (Case 8 in Table 28) assumed a 3 wt% limit for Cr,0s, a
Tnm<1350°C, and Ty < 1350°C; this resulted in a 10 relative percent reduction in glass mass compared to
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the baseline. The second estimate (Case 9 in Table 28) assumed a Ty < 1350°C, unlimited Ty and Cr,Os,
and did not apply any model validity constraints; this resulted in a 26 relative percent reduction in glass
mass compared to the baseline. The purpose of the two cases was to bound the range of likely outcomes
by deploying the CCIM as the Hanford HLW melter system.

Table 28. Comparison of Key Property Limits and Resulting Glass Masses for Baseline and CCIM
Melter Technologies (Brinko et al. 2003)

Constraints Unit | Baseline CCIM

Case 1 Case8 | Case9
Tum °C 1150 <1350 <1350
Ty (spinel) °C <1050 <1350 NL
Ty (zircon) °C <1050 <1350 NL
Viscosity (1) (at Ty) Pa-s 2-10 1-30 1-30
Electrical Conductivity (g) (at Tym) S/m 10-100 10-100 | 10-100
PCT rg g/m’ | <4.18 <4.18 | <4.18
PCT gm’ | <239 <2.39 <2.39
PCT I'na gm’ | <334 <334 | <334
All Model Validity Constraints wt% limited limited NL
[Cr,0;] wt% <1 <3 NL
[SO;] wt% <0.8 NL NL
[SiO,]/([SiO,]+[Na,OJ+[ALLOs]) >0.62 >0.62 NL
TCLP Ccq mg/L <0.11 <0.11 <0.11
Resulting HLW Glass Mass MT 20,239 18,144 14,933
NL = not limited

5.3 River Protection Project System Plan (Current Baseline)

The River Protection Project (RPP) System Plan includes the Hanford tank waste treatment baseline.
To help determine mission life, the amount of glass produced from both the HLW and LAW fractions of
Hanford tank waste are estimated using glass property models from Vienna et al. (2009) and Hamel et al.
(2004). The plan is currently on its sixth revision (Certa et al. 2011). The current system plan estimates
31,968 MT of HLW glass (10,586 canisters) and 527,838 MT of LAW glass (95,825 containers). The
HLW constraints most responsible for determining glass mass are: 55% model validity constraints (24%
Bi,03, 19% S0O;, 11% Cr,03, and 1% P,0s) and 45% combined property constraints (including nepheline,
temperature at 1 vol% spinel [T,=950°C], and viscosity). The LAW constraints include 20 wt% Na,O
or 0.8 wt% SO;. However, the SO; constraint is based on the amount in glass and as the concentration of
SO; increases, the fraction volatilized is estimated to increase. On average 17.8 wt% Na,O was
incorporated into glass.

5.4 Advanced HLW Glass Property Models and Constraints
Significant advancements have been made in glass formulations for both the baseline (LFCM) and the

CCIM technology since the impacts of melter technology on Hanford HLW glass mass were estimated by
Perez et al. (2001) and Brinko et al. (2003). Many of the advancements for LFCM glass formulation are
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summarized by Vienna et al. (2013), in which new glass property models with significantly expanded
model validity regions and new property constraints are proposed.

Vienna et al. (2013) compare the Hanford HLW glass amount estimated for four different sets of
glass property-composition models and constraint sets (constraint sets include model validity constraints
and property constraints), all for the current Hanford LFCM. The four constraint sets include:

L.

The WTP Baseline is described by Vienna and Kim (2008). This constraint set covers the
narrowest composition region of the current model sets, but has the full quality assurance (QA)
pedigree to operate the WTP.

The Hanford Tank Waste Operations Simulator (HTWOS) 2009 models and constraints set are
described by Vienna et al. (2009). This constraint set is the basis for the baseline case in the
current RPP system plan (Certa et al. 2011). This constraint set is significantly broader than the
WTP Baseline and gives a much more realistic assessment of the amount of glass that could be
produced. However, the models were not developed under the required QA for plant operation.
A large fraction of the data was not generated under the appropriate QA program. Also, by the
nature of the broad composition region covered, the models are less precise than those used in the
WTP Baseline.

The HTWOS 2010 models and constraints set are described by McCloy and Vienna (2010). This
constraints set is based on those of Vienna et al. (2009) with the addition of new data that was
used to slightly relax the nepheline constraint and the model validity constraints for P,Os and
Bi203.

The Advanced models and constraints set are described by Vienna et al. (2013). This constraints
set covers the broadest composition region of all currently existing models/constraints sets for
Hanford HLW. It represents the most aggressive waste loading estimates and was aimed at
estimating the maximum waste loading that might be achieved in the current melter technology to
help bound the range of possibilities for mission planning purposes.

Figure 6 schematically compares the composition regions covered by the different constraints sets
(detailed descriptions are in Vienna et al. 2013). The resulting HLW amounts projected using each of the
four constraints sets are given in Figure 7.

Advanced

Figure 6. Schematic Representation of the Composition Region (model validity constraints) of the

Different Constraint Sets Used to Estimate Hanford HLW Glass Amount
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Figure 7. Comparison of Hanford HLW Glass Amount for Different Model and Constraint Sets (Vienna
etal. 2013)

The key glass property models used in the advanced constraints and models set were compared to the
measured values for recent CCIM testing (described in Section 3.0). The most critical properties to
estimating the amount of Hanford HLW to be produced with a CCIM include formation of nepheline on
CCC, PCT-A response of quenched glass, and spinel crystal formation as a function of temperature.

No correlation was found between the measured PCT-A values and those predicted by the advanced
model as shown in Figure 8. Also, no correlation was found between the measured concentration of
nepheline and the predicted probability of nepheline formation as shown in Figure 9. Because several
glasses did not form any nepheline and so would be good glasses but had significantly higher probability
of forming nepheline than the 27% probability cut-off, this model is not suitable. The differences
between prediction and measurement are not surprising as the glasses tested fall well outside the model
validity region (particularly for the C-102, high-Al,O; glasses). Figure 10 compares the predicted and
measured spinel (plus hematite in the case of measurement) for the CCIM glasses using the advanced
model. The correlation is significantly better for this property and reasonably good considering that the
model is significantly extrapolated beyond its validity region.
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Based on the lack of predictability for two of the three key properties, it is not currently feasible to
update the projection of Hanford HLW glass volumes for CCIM. To enable such a projection, additional

data and glass property-composition models in the composition regions of interest to CCIM formulations
for Hanford HLW glasses are needed.
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6.0 Summary and Recommendations

Successful glass formulations have been developed for the application of CCIM technology to
immobilization of U.S. tank wastes including selected wastes at SRS, Hanford, and Idaho. The ranges of
processing related properties have not been fully determined. It is likely that these ranges will need to
change iteratively with formulation and testing of target waste glass melts and design of melter and
auxiliary systems. However sufficient data has been developed to make an initial estimate of the
processing related properties that can be used as a place holder until further testing and design work is
performed. Table 29 compares the potential processing property limits for CCIM with an example set of
limits for the LFCM. The proposed viscosity range is lower, conductivity range is slightly higher, and
there are no known reasons for corrosion of melt contact material limits. The crystal tolerance limit
appears to be significantly higher for CCIM than LFCM; but neither of the stated limits is well known at
this point in time and so should be used with caution. Although some tests with high crystal contents
were performed, they were of insufficient length and without the benefit of a final melter design to be
useful in determining a crystal limit at this point in time.

Table 29. Comparison of Proposed Processing Related Limits for LFCM and CCIM

Property Limiting Range for Typical Proposed Range for CCIM
LFCM
Viscosity at Ty 2to 10 Pas 0.6 to 6 Pa's
Conductivity at Ty 10 to 70 S/m 20 to 80 S/m

Spinel content in melt

Currently 1 vol% at 950°C, but
current efforts to increase the limit

A rough estimate of 10 vol% at Ty

Inconel corrosion at Ty

roughly 1 cm/5Sy service life

No known reason for a limit

No known reason for a limit

Refractory corrosion at Ty; | roughly 3 cm/5y service life

The higher operating temperature and the assumption of higher crystal tolerance in the CCIM has led
to glass formulations and selected melter tests with significantly higher waste loading than have been
achieved in LFCM testing to date. Side-by-side comparisons of the loadings of waste in glass for each
melter have shown significant increases in loading for US HLW glass at both SRS and Hanford.
However, a comparison of loadings obtained for CCIM and LFCM for both Hanford LAW and Idaho
SBW has not shown significant differences in waste loading. Table 30 summarizes this comparison. The
waste loading estimates for CCIM are those discussed in this report. For the LFCM waste loading, SRS
sludge batches are those actually achieved in DWPF processing; the Hanford waste loading estimates are
based on the algorithm used for the Hanford site system plan revision 6 (Certa et al. 2011) using models
from Vienna et al. (2009) and the advanced glass models from Vienna et al. (2013) (described in
Section 4.4) were used for comparison. For SBW formulations for both CCIM and LFCM, waste loading
estimates were generated using Vienna et al. 2002a. It is clear from Table 30 that the CCIM glass
loadings are significantly higher for HLWs than the reference LFCM waste loading estimates (21 to
95 relative percent different). However, the advanced glass formulations for LFCM are only significantly
different than those for the CCIM for C-102 and TX-244 wastes (20 and 70 RPD, respectively). There is
no advantage in waste loading for high soda wastes such as Hanford LAW and Idaho SBW.
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Table 30. Comparison of Waste Loading Estimates for Selected Wastes

Waste Loading
Waste Stream Estimated for Estimated for Hf;;::;igv:l;l:e d
CCIM, wt% LFCM, wt% .

Formulations, wt%
SRS SB2 60 34 n/a
SRS SB3 52 38 n/a
SRS SB4 60 34 n/a
Hanford AZ-101 HLW 45 37.2 442
Hanford C-106/AY-102 HLW 70 51.8 66.3
Hanford C-102 HLW 54.4 28.3 45.4
Hanford TX-244 HLW 55.9 28.6 329
Hanford AN-105 LAW 31.3 27.3 31.3
Idaho SBW 20% 20% n/a

Estimates have been made on the overall glass volume improvements for the CCIM technology
deployment in the Hanford HLW vitrification facility (Perez et al. 2001; Brinko et al. 2003). However,
there is more information now related to high waste loaded glasses in both CCIM and LFCM
technologies. An attempt was made to reevaluate the mission impacts of the CCIM. However, when the
most advanced current glass property model predictions were compared to the measured properties of
recent CCIM glasses (Section 4.0), they were found to be inadequate to make such predictions.
Additional glass property data would need to be measured and new models fitted to key glass properties
in order to credibly estimate lifecycle impacts of the CCIM for Hanford HLW. It is clear from the results
that the impact on the amount of glass left to produce at SRS would be in the range of 60 relative percent
lower with the CCIM. Little impact can be expected for Hanford LAW or Idaho SBW. It should be
noted that all these conclusions are based on borosilicate based waste forms. A separate report has been
written to describe the current state of knowledge on iron phosphate based waste forms (Day and Ray
2013).

A number of technical gaps exist for the use of CCIM to immobilize U.S. defense tank wastes. These
gaps include those related to waste form formulation, waste form qualification, melter design, melter
operation, auxiliary system design and operation, flowsheet and system impacts, and process
demonstration. It is recommended that the first logical step to the development of the CCIM for these
wastes would be to complete a detailed cost, benefit, and risk analysis. Although the program to develop
such an analysis was initiated (resulting in this preliminary document among others), it was not
sufficiently completed. The following CCIM technology development steps are recommended:

1. Additional glass property data and predictive models should be developed to estimate the impact
on glass volume.

2. Additional process data should be developed to estimate the throughput rate, component
partitioning, processing limits, and component service lives.

3. Preliminary design should be completed for the system to be deployed including energy balances,
mass balances, equipment sizing, piping and interface diagrams, and general equipment layouts.

4. A CCIM project technology maturation plan and risk register should be completed.

5. The data from the above four items should be used to estimate installation and operating costs,
lifecycle cost impacts, and quantify risks.
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Appendix A

Table of Target Properties for Formulation Efforts

Formulation . Twm, |natTy,|eatTy,| PCT-A Crystal
Effort Section °C Pa-s S/m | response | Constraint Other
| 21 | 1200 | 715 | 10-50 [ EAglass | T <Ty
Hanford C- 1100- 2 o
106/AY-102 2.2 1400 2-10 | 10-100 | <2 g/m” |Cry <3 vol%
1100- 2 CTM <3 vol% .
Idaho SBW | 2.3 1400 5-10 | 10-100| <I g/m Ce <5 vol% no salt accumulation
SRS SB2 24 | 1150 | 3-45 n/a | <2g/m’ | T, <1000°C
SRS SB3 2.5 1250 n/a n/a |<EA glass| Ty < 1150°C |2 <1;50°c < 4 Pa‘s, no nepheline on CCC
SRS SB4 2.6 | 1250 | n/a n/a |<EA glass| T <1250°C
Hanford . no nepheline on CCC
AZ-101 2.7 |<1500f ~4 |10-100 |<EA glass| variable TCLP Cd response < 0.48 mg/L
Hanford 5 no nepheline on CCC
AN-105 28 |<1500f ~4 ) 10-100| <2 g/m n/a VHT response < 50 g/m”/d (at 200°C)
Hanford .
1150- as low as  |no nepheline on CCC
glI;StViI‘S 29 1300 ~4 | 10-100|<EA glass possible |TCLP Cd response < 0.48 mg/L

A.

1




Appendix B

Composition of Eight Tank Wastes



Appendix B

Composition of Eight Tank Wastes, Mass Fractions of Calcined Oxides and

Halogen

Comp. | TX-105 | TX-109 | TX-118 | 244-TX | SY-102 C-102 AN-101 S-108
Ac,05 | 8.528E-14 | 4.950E-15 | 6.009E-14 | 0.000E+00 | 3.380E-13 | 2.209E-11 | 2.684E-11 | 6.679E-14
Ag,0 | 0.000E+00 | 0.000E+00 | 0.000E+00 | 1.058E-04 | 0.000E+00 | 0.000E+00 | 0.000E+00 | 0.000E+00
ALO; | 1.079E-01 | 1.128E-01 | 3.583E-02 | 7.976E-03 | 2.081E-01 | 6.037E-01 | 1.782E-01 | 9.294E-02
Am,O; | 2.408E-07 | 3.480E-07 | 2.761E-06 | 3.400E-05 | 1.402E-05 | 3.895E-07 | 1.390E-06 | 7.022E-08
As,0s | 0.000E+00 | 0.000E+00 | 0.000E+00 | 6.623E-04 | 0.000E+00 | 0.000E+00 | 0.000E+00 | 0.000E+00
BaO | 3.639E-13 | 9.483E-14 | 2.256E-13 | 2.021E-04 | 5.868E-13 | 5.318E-14 | 4.162E-13 | 4.794E-13
Bi,0; | 8.895E-05 | 7.085E-02 | 3.755E-04 | 0.000E+00 | 6.590E-03 | 3.103E-03 | 3.880E-05 | 5.207E-05
CaO | 1.363E-03 | 5.519E-03 | 7.046E-04 | 3.655E-03 | 5.734E-03 | 1.062E-02 | 4.199E-03 | 7.305E-04
CdO | 1.354E-10 | 8.299E-13 | 9.560E-11 | 6.899E-05 | 2.433E-10 | 1.025E-11 | 1.625E-10 | 1.874E-10
cl 8.858E-03 | 3.835E-03 | 4.832E-03 | 3.680E-03 | 8.803E-03 | 2.058E-03 | 3.893E-03 | 1.003E-02
Cm,0; | 2.892E-12 | 2.764E-14 | 5.281E-11 | 0.000E+00 | 2.769E-10 | 1.823E-12 | 4.194E-11 | 1.731E-12
CoO | 4.058E-11 | 1.818E-13 | 2.039E-11 | 2.383E-11 | 1.377E-11 | 7.383E-11 | 1.369E-10 | 1.748E-11
Cr,0; | 6.404E-03 | 4.075E-03 | 6.829E-03 | 2.270E-03 | 6.400E-02 | 1.079E-03 | 3.121E-03 | 2.056E-02
Cs,0 | 2.263E-06 | 5.897E-07 | 1.403E-06 | 7.626E-10 | 3.650E-06 | 3.308E-07 | 2.588E-06 | 2.982E-06
Ew,0; | 7.738E-10 | 2.848E-12 | 7.531E-10 | 4.267E-10 | 4.147E-09 | 1.174E-10 | 3.330E-09 | 4.702E-10
F 7.335E-03 | 3.412E-02 | 3.698E-02 | 5.799E-04 | 2.996E-03 | 4.761E-03 | 4.139E-02 | 2.117E-03
Fe,0; | 4.828E-03 | 5.279E-02 | 4.247E-03 | 5.948E-01 | 3.191E-02 | 2.897E-02 | 3.760E-02 | 3.958E-03
I 1.203E-06 | 9.533E-09 | 9.264E-07 | 0.000E+00 | 1.910E-06 | 1.481E-06 | 4.463E-06 | 1.442E-06
K.O | 4.417E-03 | 1.292E-03 | 2.968E-03 | 9.205E-03 | 4.598E-03 | 1.654E-03 | 3.844E-03 | 3.492E-03
La,0; | 2.317E-14 | 6.669E-06 | 7.660E-05 | 1.779E-04 | 1.425E-04 | 1.596E-04 | 5.715E-05 | 1.064E-06
MgO | 0.000E+00 | 0.000E+00 | 0.000E+00 | 3.274E-02 | 0.000E+00 | 0.000E+00 | 0.000E+00 | 0.000E+00
MnO | 1.242E-03 | 4.051E-04 | 2.875E-03 | 0.000E+00 | 8.099E-03 | 2.223E-03 | 8.597E-03 | 1.234E-03
Na,O | 7.494E-01 | 4.497E-01 | 6.144E-01 | 3.082E-01 | 5.703E-01 | 1.647E-01 | 4.811E-01 | 8.041E-01
Nb,Os | 1.768E-10 | 3.004E-11 | 1.249E-10 | 0.000E+00 | 2.801E-10 | 1.317E-12 | 7.720E-11 | 2.515E-10
NiO | 2.082E-04 | 3.295E-04 | 1.458E-04 | 0.000E+00 | 8.849E-04 | 9.365E-03 | 3.325E-03 | 2.639E-04
NpO, | 1.383E-06 | 1.111E-08 | 8.240E-07 | 0.000E+00 | 1.209E-05 | 4.796E-09 | 5.334E-06 | 3.287E-06
P,0s | 3.018E-02 | 1.735E-01 | 2.685E-01 | 3.693E-03 | 3.393E-02 | 1.406E-02 | 6.753E-03 | 2.078E-02
Pa,0s | 6.423E-10 | 3.389E-11 | 4.538E-10 | 0.000E+00 | 2.076E-09 | 3.187E-09 | 4.381E-09 | 5.043E-10
PbO | 2.319E-04 | 7.063E-04 | 2.839E-04 | 3.868E-04 | 1.583E-03 | 1.997E-03 | 9.081E-04 | 2.791E-04
PuO, | 8.905E-06 | 2.236E-05 | 1.001E-04 | 0.000E+00 | 1.873E-04 | 7.169E-05 | 5.547E-05 | 1.423E-06
RaO | 8.850E-14 | 2.274E-14 | 5.894E-14 | 0.000E+00 | 3.962E-13 | 5.489E-12 | 1.523E-11 | 6.886E-14
RuO, | 2.325E-19 | 4.364E-24 | 1.640E-19 | 0.000E+00 | 4.278E-19 | 5.338E-21 | 4.322E-18 | 5.933E-19
Sb,0; | 1.881E-12 | 1.138E-15 | 1.328E-12 | 0.000E+00 | 3.240E-12 | 1.864E-14 | 3.667E-11 | 8.192E-12
SeO, | 2.632E-08 | 1.927E-10 | 1.907E-08 | 6.050E-04 | 4.406E-08 | 1.376E-10 | 1.081E-07 | 3.704E-08
SiO, | 2.368E-03 | 4.401E-02 | 7.138E-03 | 0.000E+00 | 2.907E-02 | 8.642E-02 | 2.176E-02 | 2.894E-03
Sm,0; | 8.092E-07 | 1.470E-08 | 5.147E-07 | 0.000E+00 | 3.698E-06 | 2.862E-09 | 2.456E-06 | 1.866E-06
SnO, | 1.375E-07 | 7.963E-10 | 1.330E-07 | 0.000E+00 | 2.482E-07 | 5.426E-10 | 8.017E-08 | 1.729E-07
SOs | 5.791E-02 | 3.737E-02 | 1.134E-02 | 8.120E-03 | 1.072E-02 | 6.891E-03 | 1.056E-02 | 3.452E-02
SrO | 2.292E-06 | 5.698E-04 | 1.072E-05 | 3.025E-10 | 1.991E-04 | 2.101E-04 | 1.029E-04 | 1.247E-05
Tc,0; | 1.846E-05 | 7.487E-06 | 1.468E-05 | 0.000E+00 | 4.289E-05 | 9.383E-08 | 1433E-05 | 2.517E-05
ThO, | 1.666E-06 | 1.167E-11 | 1.177E-06 | 0.000E+00 | 1.456E-03 | 2.855E-02 | 7.832E-02 | 1.410E-06
UO; | 1.709E-02 | 7.476E-03 | 2.293E-03 | 2.285E-02 | 1.032E-02 | 2.142E-02 | 3.300E-02 | 1.848E-03
Y,0; | 1.212E-11 | 3.443E-11 | 6.076E-10 | 1.905E-14 | 9.127E-10 | 6.872E-11 | 9.341E-10 | 1.252E-10
Zr0, | 9.161E-05 | 6.220E-04 | 8.709E-05 | 0.000E+00 | 2.899E-04 | 8.014E-03 | 8.321E-02 | 1.005E-04
Sum | 1.000E+00 | 1.000E+00 | 1.000E+00 | 1.000E+00 | 1.000E+00 | 1.000E+00 | 1.000E+00 | 1.000E+00
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