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ABSTRACT

The high-level radioactive waste currently stored in carbon steel tanks at the Savannah River Site
(SRS) will be immobilized in a borosilicate glass in the Defense Waste Processing Facility
(DWPF). The canistered waste will be sent to a geologic repository for final disposal. The
Department of Energy has defined requirements which the canistered waste must meet to be
acceptable for disposal in the repository. These requirements are the Waste Acceptance
Preliminary Specifications (WAPS) which require the identification of any inorganic phases that
may be present in the canister that may (1) lead to internal corrosion of "he canister or (2) that could
potentially adversely affect normal canister handling during storage and/or during an accident.

Borosilicate waste glass is poured into the canister at a temperature of about 1000tC and the
canister is filled under a slight vacuum. Potentially volatile halide and sulfate species (NAC1, N',d:,

Nai, CaF 2, Na2SO 4, CaSO 4, BaSO 4) are present in the waste but concentrations are limited by

process constraints. During vitrification, volatilization of mixed (Na, K, Cs)C1, (Na, K, Cs)2SO 4,

(Na, K, Cs)BF 4, (Na, K)2B407 and (Na,K)CrO 4 species from the surface of the glass melt have

been observed to condense in the melter off-gas line above the glass melt pool and in the cyclone

separator which is installed on the canister pour spout vacuum line. The volatilization and vapor
phase condensation of alkali halides and sulfates throughout the DWPF melter system, including
the pour spout vacuum line above the canister, indicated that similar species could possibly
condense on the interior of the canister.

A full-scale DWPF prototypic canister that had been filled during Campaign 10 of the SRS Scale
Glass Melter was sectioned and examined. Mixed (Na,K)CI, (Na,K)2SO 4, (Na,K) borates, and a

(Na,K) fluoride phase (either NaF or Na2BF 4) were identified as inorganic species on the interior

canister walls, neck, and shoulder above the melt pour surface. Similar deposits were found on
the glass melt surface and on glass fracture surfaces. Chromates were not identified on the interior
of the canister. Spinel crystals were found associated with the glass pour surface. Vaporization of
species from the melt as it enters the canister and condensation on the interior canister shoulder and
neck as the glass is poured is the most likely mechanism by which the halide and sulfate species
are deposited. Reference amounts of the halides and sulfates were found retained in the glass and
the glass chemistry, including the distribution of the halides and sulfates, was homogeneous.

Rust was visibly present and identified in the DWPF prototypic canister. In ali cases where rust
was observed, heavy metals (Zn, Ti, Sn) from the cutting blade/fluid were present indicating that
the rust was a reaction product of the cutting fluid with the glass and with the heat sensitized
canister or with carbon steel contamination on the canister interior which occurs during fabrication
and handling. Measured relative humidity in sealed simulated waste glass canisters indicates that
only minimal water vapor is present so that internal corrosion of the canister, as observed in this
sectioned canister, will not occur.
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INORGANIC ANALYSES OF VOLATILIZED AND CONDENSED
SPECIES WITHIN PROTOTYPIC DEFENSE WASTE PROCESSING

FACILITY (DWPF) CANISTERED WASTE (U)

INTRODUCTION

The high-level radioactive waste currently stored in carbon steel tanks at the Savannah River Site
(SRS) will be immobilized in a borosilicate glass in the Defense Waste Processing Facility
(DWPF). The canistered waste will be sent to a geologic repository for final disposal. The
Department of Energy has defined requirements which the canistercd waste must meet to be
acceptable for disposal in the repository. These requirements are the Waste Acceptance

Preliminary Specifications (WAPS). I Specification 3.9 of the WAPS is the chemical compatibility
specification. Specification 3.9 requires the identification of any inorganic phases that may be
present in the canister that may (1) lead to internal corrosion of the canister or (2) that could
potentially adversely affect normal canister handling during storage and/or during an accident.
Internal canister corrosion, chemical species, and any reaction products forming due to chemical
interactions within the canistered waste after exposure to temperatm'es up to the glass transition
temperature are to be identified.

The vitrification process operates at 1150q2 at a nominal melter residence time of 65 hours. 2 The
borosilicate waste glass is poured into a canister at a temperature of about 1000_ under a slight
vacuum. Potentially volatile halide and sulfate species (NAC1,Nal=,Nai, CaF2, Na2SO4, CaSO 4,

BaSO 4) are present in the waste. 3"5 Process constraints limit the total amount of NaC1to <0.6

wt%, NaF to <0.1 wt%, and SO4 2- species to <0.4 wt% of the glass. 6 The seven projected

DWPF glass compositions described in the DWPF Waste Form Compliance Plan (WCP) 2, 4-5
have NaC1 concentrations of 0.09 to 0.31 wt%, NaF concentrations of 0.04 to 0.08 wt%, Nai

concentrations of <0.0009 wt%, CaF 2 concentrations of <0.008 wt%, and SO42" concentrations
(from Na2SO 4 + CaSO 4 + BaSO4) of 0.165 to 0.284 wt%. These waste species are melted with
borosilicate glass frit chemicals and with other alkali borate waste stream species to form the
borosilicate nuclear waste glass.

During vitrification, the species present in the waste, frit, and alkal!i borate waste stream are
homogenized, and volatilization of chemical constituents with the highest vapor pressures occurs.
Volatilization of mixed (Na, K, Cs)C1, (Na, K, Cs)2SO4, (Na, K, Cs)BF 4, (Na, K)2B407 and
(Na,K)CrO 4 species from the surface of the glass melt have been observed to condense in the

melter off-gas line above the glass melt pool. 7-9 In addition, deposits highly enriched in NAC1,
Na2SO 4 and KBF 4 have been observed in the cyclone separator which is installed on the canister

pour spout vacuum line. 7 The volatilization and vapor phase cond:ensation of alkali halides and
sulfates throughout the DWPF melter system, including the pour spout vacuum line above the
canister, indicated that similar species could possibly condense oct the interior of the canister.

_



The presence of halides and fluorides on the canister interior is not of concern unless water vapor
is present. Halides in the presence of water vapor could initiate internal stress corrosion cracking
of the 304L canister. Since the glass enters the canister at --1000q2, and the canister is under a
slight vacuum, free liquids will not enter the canister with the molten glass stream. Any liquids or
moisture present in the canister prior to pouring are unlikely to remain due to the heat of the molten
glass and the reduced pressure. 2 The only path by which water or water vapor could enter the
canister is during the decontamination of the canister with a frit/water slurry. However, a shrink-

fit seal has been developed to ensure that this slurry does not enter the canister, l0 This temporary
canister closure seal will be inserted into the canister neck after filling, and before canister
decontamination, to prevent inleakage of the decontamination slurry. Every temporary canister
closure will be tested to ensure that it is water tight.

The measured relative humidity in sealed simulated waste glass canisters ranged from 5.5 to
18.5%, consistent with the absence of water which would increase the relative humidity to

100%. 11 The measured relative humidity in the waste glass canisters agrees with previously

calculated values. 12-13 The only difference in the gas phases noted within the canister was a
decreased CO 2 content relative to air. No other organics, pyrophorics, combustibles, or

explosives have been identified in the gas phase of the canistered waste. 11

The present study was initiated to document the inorganic (non-waste glass) species, e.g. the
waste glass volatiles, that might have condensed on the interior of the stainless steel waste
canisters and any reaction products observed. The mechanism by which the reaction products
formed was also to be determined.



EXPERIMENTAL

Glass and Deposit Sampling

A full-scale DWPF prototypic canister (-120" height) that had been filled during the SRS Scale
Glass Melter (SGM) Campaign 10 was sectioned at 80" height with a band saw (Figure 1). The
second canister of the SGM 10 Campaign, SGM 10-2 (Canister A-8), was chosen for sampling
because the SGM 10 feed contained the reference amounts of halides and sulfates. 14 Sectioning of
the canister occurred about 6 months prior to sampling.

DWPF canisters are filled to a reference height of'--91" with glass. Sectioning canister 10-2 from
80 to 120" provided about 11" of glass for sampling (Figure 1). The glass was chiseled out of the
canister in fist size pieces in order to ensure that the orientation of the melt surface was preserved
for sampling of deposits. Glass samples were taken at the 80" sectioned surface near the edge and
in the center of the canister (Figure 2) for determination of the glass composition. Samples of
glass from the edge and center of the canister were also taken at 86" and 89" heights (Figure 2) to
look for chemical variation of the glass and/or hafide and sulfate content in the canister.

Forty four glass samples, including the melt surface, fracture surfaces, andglass adjacent to the
canister walls were sampled for solids/deposit analysis. When the glass was completely removed
from the canister, visible deposits on the shoulder and neck of the canister (Figure 3) were
removed with sce tch tape for solids/deposit analysis. Two additional samples of deposits were
collected by flushing off the canister shoulder with deionized water. An eyedropper was used to
transfer the liquid to a watch glass. One half of each liquid sample was dried at 90_C for solids
analysis and one half sent for chemical analysis.

Glass Composition Analyses

The six glass samples were analyzed in duplicate by the following techniques:

• Dissolution by Na202 with an HCI uptake
- ICP for Al, Ca, Fe, Mg, Mn, Li, Si, Ct, B, Sr, Ti, P, Ba, Ph, Mo, Zn, Cu, Ni,

La, Cd

• Dissolution by HC1BIFmicrowave
- ICP for Na, Zr, Sn
- AA for Na, K, Si

• Dissolution by Na202 with a H20 uptake

- IC for SO 4, NO 3, and PO4
- ISE for C1and F

where ICP is Inductively Coupled Plasma Spectroscopy, A,_ is Atomic Absorption analysis,
IC is Ion Chromatography analysis, and ISE is Ion Selecti-ve Electrode analysis. The liquid
water flush deposits were submitted for C1and F analysis by ISE.
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I I

¢ -Upper Weld _ --::_:_;--_--_--::-:::-::--:::::--:---.......
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Figure 1 Schematic of full scale DWPF prototypic canister (Canister A-8, SGM 10-2)
sectioned at 80 inch height for analysis of inorganic canister species.
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91 inches

I ~11 inches

80 nches

Figure 2 Positions of six glass samples taken to examine the chemical homogeneity of the glass
in Canister A-8 (SGM 10-2).

E - side A, D

of flange _ top neck 120 inches

outs_

• s:aa,inslae of -40 inches

......... J 80 inches

Figure 3 Position of eight deposit samples removed with tape for solids analysis in
Canister A-8 (SGM 10-2).
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X-ray Diffraction and Scanning Electron Microscopy
Analyses

X-ray diffraction (XRD) and Scanning Electron Microscopy (SEM) analyses coupled with Energy
Dispersive Analysis by X-ray (EDAX) were performed on the 44 glass samples and the 8 tape
samples in order to determine the phase and chemical composition of any deposits and/or reaction
products. Dried solids from the water flush,were analyzed by XRD, SEM and EDAX as weil.

O UALITY ASSURANCE

The SRTC Glass Technology Task Control Matrix for ali the tasks in this study is given in
Reference 15. All tasks were carded out in accordance with RW-0214 and NQA-1. Analytical
Development Section (SRTC/ADS) procedures were followed for ali chemical analyses.

Glass and deposit analyses are recorded in WSRC-NB-92-201.
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RESULTS AND ,DISCUSSION

Glass Composition Analyses

The analyses of the twelve glass samples taken from the top of canister SGM 10-2 are given on a
normalized oxide basis in Table I. The anion analyses for CI, F, and SO4 are given in element
wt%. The detailed chemical analyses are given in Appendix I. The maximum standard deviations
on the twelve glass samples is <1.0 with the analyses for Na20 being the poorest, +0.94 wt%

followed by the analyses for SiO2, +0.77 wt%.

The average oxide composition of the SGM 10-2 glass is similar to that analyzed at the end of the

SGM- 10 Campaign when the melter was drained (Table I).16 The target alkali oxide/SiO 2 and

B203/SiO 2 ratios for the feed for the SGM 10 Campaign were 0.23 and 0.43, respectively. 17
The corresponding ratios for the glass in canister SGM 10-2 were 0.21 and 0.42. The ratios
measured at the end of the SGM-10 Campaign were 0,23 and 0.37.

The reference amount of chlorides and halides added to SGM 10 were based on the process

constraints of NaC1 < 0.6 wt%, NaF < 0.1 wt% and SOa 2" <0.4 wt%. This is equivalent to

C1 < 0.364 wt%, F < 0.036, and SO42- < 0.4 wt%. Table I indicates that the average
concentrations of these species in the canister 10-2 glass are 0.37 wt% C1, 0.02 wt% F, and 0.16

wt% SO42-.

The chemical analyses in Table I indicate that the SGM 10-2 canister glass was homogeneous. No
chemical gradients in the oxides, halide, or sulfate compositions were observed when the
compositions of the samples taken from the edge were compared to those taken from the center of
the canister.

Deposit and Reaction Product Analyses

The analysis of the fifty two glass and deposit samples taken from canister SGM 10-2 are given in
Table II. The small amounts of deposit material precluded any type of analysis but Scanning
Electron Microscopy (SEM) coupled with quantitative elemental Energy Dispersive Analysis by X-
ray (EDAX). The stoichiometry of the phases observed during SEM analysis was determined by
the similarly of these smaller deposits to larger deposits of the same chemistry found in the off-gas
lines and in the cyclone separator of several SRS scale glass melters. 7-9

Three deposit samples had sufficient volume that comparative X-ray Diffraction (XRD) and SEM
analysis could be performed. The speciation determined by SEM was similar to that observed
during XRD analysis (Table III). The samples that had been flushed from the top shoulder and
sides of the canister interior and dried were analyzed by XRD and SEM (Table IV). There was
insufficient liquid from the flushing to enable quantitative CI and F analyses.

- 13-



Table I. Composition of (;lasses Sampled in Canister SGM-10-2

2/3 + 0 2/3 + 0 2/3 + 0 2/3 + 0 2/3 + 6 2/3 + 6 2/3 + 6 2/3 +6
OXIDE EDGE-A EDGE-B CEN-A CEN-B EDGE-A EDGE-B CEN-A CEN-B
WT% #200038840 #200038841 #200038842 #200038843 #200038844 #200038845 #200038846 #2_0038847

AI20 3 3.55 3.13 3.55 3.13 5.38 3.45 3.40 3.32
CaO 1.33 1.34 1.33 1.34 1.41 1.29 1.24 1.04

Fe203 11.15 9.69 11.15 9.69 10.62 10.90 10.88 10.74

MgO 0.84 0.85 0.84 0.85 0.84 0.85 0.82 0.80
MnO 2.19 1.92 2.19 1.92 2.10 2.12 2.03 2.11

Na20 10.95 11.99 10.95 11.99 11.62 11.72 12.83 13.61

Li20 4.47 4.61 4.47 4.61 4.37 4.52 4.40 4.38
NiO 0.94 0.81 0.94 0.81 0.89 0.90 0.89 0.87

SiO 2 50.84 51.65 50.84 51.65 49.54 50.61 49.98 49.59

Cr20 3 0.15 0.11 0.15 0.11 0.11 0.10 0.11 0.12

B203 12.07 12.35 12.07 12.35 11.67 12.04 11.94 11.73
SrO 0.04 0.05 0.04 0.05 0.05 0.04 0.04 0.04

ZrO 2 0.68 0.71 0.68 0.71 0.64 0.70 0.69 0.73

TiO 2 0.15 0.14 0.15 0.14 0.14 0.13 0.14 0.16

K20 0.43 0.45 0.43 0.45 0.36 0.43 0.44 0.48

P205 0.10 0.07 0.10 0.07 0.14 0.05 0.03 0.04
BaO 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
ZnO 0.12 0.13 0.12 0.13 0.12 0.13 0.11 0.22

CI 0.46 0.41 0.46 0.41 0.39 0.43 0.35 0.33
F 0.03 0.02 0.03 0.02 0.02 0.02 0.02 0.02

SO 4 0.16 0.15 0.16 0.15 0.16 0.17 0.18 0.19

OXIDE 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
SUMS

MOLAR BALANCE (M)

SALTS 1.11 1.04 1.11 1.04 0.94 1.05 0.92 0.96
OXIDES 98.89 98.96 98.89 98.96 99.06 98.95 99.08 99.04

CALCULATED PARAMETERS

ALK/S iO2 0.39 0.41 0.39 0.41 0.41 0.41 0.43 0.45

B203/S iO2 0.20 0.21 0.20 0.21 0.20 0.21 0.21 0.20
VISCOSITY 43 38 43 38 45 37 31 27

(Poise at 1150_)

LIQUIDUS 949 911 949 911 959 944 947 945
(_c)
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Table 1. Composition of Glasses Sampled in Canister SGM-10-2 (Cont'd)

2/3 + 9 2/3 + 9 2/3 + 9 2/3 + 9 AVERAGE STD SGM.10
OXIDE EDGE.A EDGE-B CEN-A CEN-B COMP DEV DRAIN
WT% #2ooo38s48 _ooo3ss49 #2ooo3ssso #2ooo3sssl GLASS

AI20 3 3.47 3.36 3.35 3.36 3.54 0.60 4.22
CaO 1.06 1.01 0.96 1.27 1.22 0.15 1.41

Fe203 10.89 10.79 10.77 10.75 10.67 0.48 13.45

MgO 0.84 0.80 0.77 0.83 0.83 0.02 0.60
MnO 2.18 2.11 2.12 2.09 2.09 0.09 1.72

Na20 11.54 13.31 13.31 12.96 12.23 0.94 12.85

Li20 4.48 4.40 4.37 4.42 4.46 0.09 4.02
NiO 0.91 0.90 0.90 0.88 0.89 0.04 1.21

SiO 2 50.99 49.81 49.64 50.03 50.43 0.77 47.28

Cr20 3 0.11 0.10 0.11 0.10 0.11 0.02 0.3

B203 12.04 11.90 12.13 11.84 12.01 0.21 11.04
SrO 0.04 0.04 0.04 0.04 0.04 0.00 0.3

ZIO2 0.69 0.72 0.73 0.69 0.70 0.02 0.5

TiO 2 0.13 0.13 0.14 0.13 0.14 0.01 0.3

g,_O 0.43 0.44 0.47 0.45 0.44 0.03 0.8

P205 0.06 0.04 0.04 0.03 0.06 0.03
BaO 0.01 0.01 0.01 0.00 0.01 0.00
ZnO 0.13 0.14 0.13 0.13 0.14 0.03

CI 0.36 0.23 0.38 0.26 0.37 0.07
F 0.02 N/A N]A N/A 0.02 0.00

SO4 0.17 0.15 0.11 0.18 0.16 0.02

OXIDE I00.00 100.00 100.00 I00.00 100.00 100.00
SUMS

MOLAR BALANCE (M)

SALTS 0.97 0.67 0.87 0.74 0.95
OXIDES 99.03 99.33 99.13 99.26 99.05

CALCULATED PARAMETERS

ALK/SiO 2 0.40 0.44 0.44 0.43 0.42 0.37

B203/S iO2 0.20 0.21 0.21 0.20 0.21 0.23
VISCOSITY 40 29 28 31 36

(Poise at 1150°12)
LIQUIDUS 942 946 946 943 941

(°c)
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Table II. Phase Identification of Canister Deposits.

Sample SampleLD_ _fication SEM Analysis

A Top of neck of canister spinel/rust (Fc, Ni, Cr)glass (Si, Al, F¢, Ca, etc)
(Na,K)C1
(Na,K)2SO4
NaF phase

spinel/rust (Fc, Ni, Ct)
B Inside of Seal (Na,K)CI

(Na,K)2SO4

C Inside of Seal spinel/rust (Fe, Ni, Ct)trace of glass (Si, Al, Fe, Ca, ctc)
trace of (Na,K)CI
trace of (Na,K)2SO4

D Top of neck of canister spinel/rust (Fe, Ni, Cr)
glass (Si, AI, Fe, Ca, etc)
(Na,K)CI
(Na,K)2SO4
NaF phase

E Outside of Flange (Na,K)C1(Na,K)2SO4
• Sn, Ti, Zn from cutting fluid/blade

F Inside Neck of canister rust (high Fe, Ni, Cr)
"rust" trace of B as Na2B40"/

trace of (Na,K)CI
trace of (Na,K)2SO4
Ti from cutting fluid/blade

G Side of canister above Sn, Ti, Zn from cutting fluid/blade
glass melt line spinel/rust (Fe, Ni, Cr)(Na,K)CI

(Na,K)2SO4
NaF phase
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Table II. Phase Identification of Canister Deposits (continued).

Sample Sample
II) Identification SEM Analysis

H White streaky deposit spinel/rust (Fe, Ni, Cr)
on side of canister above AI, Si rich material
glass melt line Zn from cutting fluid/blade

glass (Si, Al, Fe, Ca, etc)
(Na,K)C1
(Na,K)2SO 4

I Smear of bottom of' trace spinel/rust (Fe, Ni, Cr)
inner canister closure plug trace of (Na,K)CI

trace of (Na,K)2SO 4

J Gray powder from glass W, TJ, Zn from cutting fluid/blade
surface glass (Si, Al, Fe, Ca, etc)

trace of (Na,K)CI
trace of (Na,K)2SO 4

K White deposits near glass glass (Si, Al, Fe, Ca, etc)
pour surface (Na,K)C1

(Na,K)2SO 4
NaF phase

Zn from cutting fluid/blade

L Dark brown deposits near glass (Si, Al, Fe, Ca, etc)

glass pour surface (Na,K)C1
spinel/rust (Fe, Ni, Cr)

W, Ti, Zn from cutting fluid/blade

M Top of Pour Surface glass (Si, Al, Fe, Ca, etc)

N Top of Pour Surface glass (Si, Al, Fe, Ca, etc)
(Ca, K)2SO 4
Zn from cutting fluid/blade

O Top of Pour Surface glass (Si, Al, Fe, Ca, etc)
spinel/rust (Fe, Ni, Cr)
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Table II. Phase Identification of Canister Deposits (continued).

Sample Sample
ID Identification SEM Analysis

p Brown deposit on canister glass (Si, Al, Fe, Ca, etc)
side below melt surface (Na,K)C1

spinel/rust (Fe, Ni, Cr)

B (either glass or Na2B407)
Ti, Zn from cutting fluid/blade

Q Glass with large bubbles glass (Si, Al, Fe, Ca, etc)
spinel/rust (Fe, Ni, Cr)
Ti, Zn from cutting fluid/blade

R "Pock" mark on side of Sn, Ti, Zn from cutting fluid/blade
canister below melt a lot of dendritic (Na,K)CI
surface trace of (Na,K)2SO 4

spinel/rust (Fe, Ni, Cr)
spinel crystals (Fe, Ni, Cr)

S "Blister" on side of canister glass (Si, AI, Fe, Ca, etc)
below melt surface (Na,K)C1

(Na,K)2SO 4

T Deposits from"wet" glass glass (Si, Al, Fe, Ca, etc)
(Na,K)C1
(Na,K)2SO 4

U Brown deposit on glass glass (Si, Al, Fe, Ca, etc)
(Na,K)CI
(Na,K)2SO 4
NaF phase

V, W Deposits on glass glass (Si, Al, Fe, Ca, etc)
Zn from cutting fluid/blade

X Deposits on top glass surface glass (Si, Al, Fe, Ca, etc)
(Na,K)CI
(Na,K)2SO4
Ti from cutting fluid/blade
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Table II. Phase Identification of Canister Deposits (continued).

Sample Sample
II) JOentification SEM Analysis

Y Deposits on top glass surface glass (Si, Al, Fe, Ca, etc)
(Na,K)C1
(Na,K)2SO 4
spinel/rust (Fe, Ni, Cr)
Sn,Ti from cutting fluid/blade

Z Deposits on top glass surface glass (Si, Al, Fe, Ca, etc)
(Na,K_,CI
(Na,K)2SO 4
spinel/rust (Fe, Ni, Cr)

AA Deposits on top glass surface glass (Si, Al, Fe, Ca, etc)
dendritic (Na,K)C1
spinel/rust (Fe, Ni, Cr)

BB Deposits on top glass surface glass (Si, Al, Fe, Ca, etc)
with visible powdery deposits spinel/rust (Fe, Ni, Cr)

CC Melt pour surface glass (Si, Al, Fe, Ca, etc)
(Na,K)C1
(Na,K)2SO 4

DD White deposit embedded in Na aluminosilicate
glass W from cutting fluid/blade

EE, FF Melt pour surface glass (Si, Al, Fe, Ca, etc)
W,Ti, Zn from cutting fluid/blade
(Na,K)C1
(Na,K)2SO 4

GG Clean glass fracture surface glass (Si, Al, Fe, Ca, etc)
at top of canister

HH Glass fracture surface with glass (Si, Al, Fe, Ca, etc)
brown deposits cubic (Na,K)C1 crystals

(Na,K)2SO 4
NaF phase
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Table II. Phase Identification of Canister Deposits (continued).

Sample Sample
II) Identification SEM Analysis

II Glass fracture surface at glass (Si, Al, Fe, Ca, etc)
top of canister (Na,K)C1

(Na,K)2SO 4
NaF phase

JJ Opposite side of fracture Sn, Ti from cutting fluid
surface in II glass (Si, Al, Fe, Ca, etc)

(Na,K)CI
(Na,K)2SO 4
NaF phase

KK Glass fracture surface at Sn, Ti, Ni, Cu, W from cutting fluid
top of canister glass (Si, AI, Fe, Ca, etc)

(Na,K)C1
(Na,K)2SO 4

LL Glass fracture surface at glass (Si, AI, Fe, Ca, etc)
top of canister Sn from cutting fluid

spinel/rust (Fe, Ni, Cr)
(Na,K)CI
(Na,K)2SO 4

MM Glass fracture surface at W, Sn, Ti from cutting fluid/blade
top of canister with brown glass (Si, Al, Fe, Ca, etc)
deposits spinel/rust (Fe, Ni, Cr)

(Na,K)CI
(Na,K)2SO 4

NN, OO Glass fracture with "blister" spinel crystals in small vugs (Fe, Ni, Cr)
rust (Fe, Ni, Cr)
glass (Si, Al, Fe, Ca, etc)
trace (Na,K)CI
trace (Na,K)2SO 4

PP Elliptical bubbles (vugs) glass (Si, Al, Fe, Ca, etc)
spinel/rust (Fe, Ni, Cr)
(Na,K)CI
(Na,K)2SO 4
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Table II. Phase Identification of Canister Deposits (continued).

Sample Sample
II) Identification SEM Analysis

QQ Tape smear of melt pour spinel/rust (Fe, Ni, Cr)
surface glass (Si, Al, Fe, Ca, etc)

I,Na,K)CI
(Na,K)2SO 4

RR Miscellaneous deposits Sr from cutting fluid/blade
glass (Si, Al, Fe, Ca, etc)
spinel/rust (Fe, Ni, Cr)
(Na,K)CI
(Na,K)2SO 4

SS Clean glass fracture surface glass (Si, Al, Fe, Ca, etc)
at top of canister spinel crystals (Fe, Ni, Cr)

Sn from cutting fluid/blade
(Na,K)CI
(Na,K)2SO 4

qT Deposits on interior shoulder glass (Si, Al, Fe, Ca, etc)
of canister W, Cu from cutting fluid/blade

(Na,K)C1 (immiscible in SO 4 phase)

(Na,K)2SO4 (immiscible in C1phase)

UU Glass fracture surface at glass (Si, Al, Fe, Ca, etc)
top of canister W, Ti from cutting fluid/blade

spinel/rust (Fe, Ni, Cr)
(Na,K)C1 (immiscible in SO4 phase)

(Na,K)2SO4 (immiscible in C1phase)

VV _ White deposits on glass glass (Si, Al, Fe, Ca, etc)
stringer near interior Sn from cutting fluid/blade
shoulder of canister large cubic (Na,K)CI crystals

(Na,K)2SO 4

WW Glass fracture surface at glass (Si, Al, Fe, Ca, etc)
top of canister Sn,Ti from cutting fluid/blade

spinel/rust (Fe, Ni, Cr)
(Na,K)C1
(Na,K)2SO 4
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Table II. Phase Identification of Canister Deposits (continued).

Sample Sample
II) Identification _$._M Analysis

XX Fractured melt pour surface glass (Si, Al, Fe, Ca, etc)
Ti from cutting fluid/blade
spinel/rust (Fe, Ni, Cr)
(Na,K)CI
trace (Na,K)2SO 4

YY Glass in contact with canister glass (Si, AI, Fe, Ca, etc)
sidewall spinel/rust (Fe, Ni, Cr)

(Na,K)CI
trace (Na,K)2SO 4

ZZ Bubbles (vugs) on melt surface glass (Si, Al, Fe, Ca, etc)
spinel crystals (Fe, Ni, Cr)
(Na,K)C1

trace (Na,K)2SO 4
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Table III Comparison of Scanning Electron Microscopy (SEM) and X-ray
Diffraction (XRD) Deposit Identification.

Sample Sample
ID Identification SEM Analysis XRD Analysis

E Outside of Flange (Na,K)C1 A12Si205(OH)4

(Na,K)2SO 4 KB305
Sn, Ti, Zn from ZnO, TiO2
cutting fluid/blade

F Inside Neck of canister rust (high Fe, Ni, Cr) Fe203

"rust" trace of B as Na2B407 KB305
trace of (Na,K)CI
trace of (Na,K)2SO 4
Ti from cutting fluid/blade

H White streaky deposit spinel/rust (Fe, Ni, Cr) amorphous
on side of canister above Al, Si rich material
glass melt line Zn from cutting fluid/blade

glass (Si, Al, Fe, Ca, etc)
(Na,K)C1
(Na,K)2SO4

- 23 -



Table IV Liquid Samples Flushed from Side Walls of Canister

SEM XRD
Sample Identification Analysis Analysis

Flush Top Solid glass (Si, Mn, Fe) Insufficient
(Na,K)CI Sample
(Na,K)SO 4

Flush Side Solid glass (Si, Fe, Mn, Ni, Cr) NaCI

spinel]rust (Fe, Mn, Ni, Cr)
(Na,K)CI

(Na,K)SO 4
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The off-gas line and cyclone separator deposits of scale glass melters at SRS were shown to form
by vapor phase transport and condensation. 7-9 Vaporization of species from the melt as it enters
the canister and condensation on the interior canister shoulder and neck as the glass is poured is the
most likely mechanism by which halide and sulfate species could be deposited in these regions of
the canister. The vapor phase transported phases observed in the off-gas line deposits were
identified by XRD and include the following:

• Sodium/potassium/cesium salts
(Na,K,Cs)2SO 4
(Na,K,Cs)CI
(Na,K,Cs)BF 4

• Sodium/potassium borate
(Na,K)2BaO 7

• Sodium/potassium chromates
(Na,K)2CrO 4

Similar (Na,K)2SO 4 and (Na,K)CI deposits were identified on the samples of tape which had
been used to remove deposits from the shoulder and side of the interior of canister SGM 10-2
above the glass fill line (Samples A through H; Table II, III, Figure 3). An NaF phase presumed
to be (Na,K)2BF 4 was also identified in many of these samples. The positive identification of this
phase is complicated by the fact that the conventional SEM/EDAX detector is not sensitive to
elements as light in atomic weight as B. Hence, the EDAX spectra for NaF and Na2BF 4 appear
identical. Positive identification of a borate phase in Sample F from the inside neck of the canister
was made by XRD (Table III). Reanalysis of sample F by EDAX with a wide angle detector
indicated that B was, indeed, present (Table II). The phase was assumed to be (Na,K)2B407 as
identified in the off-ga s line deposits. Distribution of (Na,K)2B407 may be more ubiquitous but
the presence of this phase is difficult to establish due to its amorphous nature upon condensation.
The only other borate deposits noted on the interior walls of the canister above the melt line were
traces of shards of glass.

Alkali chromates were not identified on the interior of the SGM 10-2 canister as they were in the
SGM off-gas line deposits. The presence of alkali chromates in the off-gas line was complicated
by evidence that the deposits were formed by reaction of the other alkali salts with chromium from
the Inconel 690 off-gas pipe. Chromate deposits may, therefore not form when the other alkali
salts interact with 304L stainless steel. The chromium rich phases that were detected during
EDAX analysis of the SGM 10-2 canister deposits were primarily spinel crystals and/or Fe-Cr-Ni
rich deposits of rust. However, the presence of alkali chromates as condensates in the canister
interior can not be precluded.

Rust was visibly present on the shoulder and side of the interior of canister SGM 10-2 above the
glass fill line (Samples A through H; Table II, III, Figure 3). The analysis of rust by SEM/EDAX
is complicated by the fact that the EDAX spectra for rust and spinel appear the same, e.g. deposits
enriched in Fe, Ni and Cr. If spinel crystals could not be identified morphologically the phase
identification in Table II was given as spinel/rust. Positive identification of Fe203 rust was made
in Sample F by XRD analysis (Table Hl). The bottom of the inner canister closure plug, sample I,
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was not rusted and the identification of traces of rust, halides, and sulfates (Table II) is likely loose
particulates from the neck of the canister that were deposited on the closure plug when the canister
was lying on its side after sectioning and during sampling.

In almost ali cases, when rust was identified as being present, Ti, W, Zn, Sn or aluminosilicate
material from the cutting blade and fluid was also present, indicating that the cutting fluid had
penetrated through or around the 11" of glass and come h_contact with the halides and sulfates that
had condensed on the interior shoulder and neck of the canister. The Ti, W, Zn and Sn are known
to be embedded in the cutting blade of the band-saw used to section the canister, and significant
amounts of them are not present in the glass (Table I). The aluminosilicate and rust deposits are,
therefore, most likely reaction products of the cutting fluid with the glass and the heat sensitized
canister or carbon steel contamination, which occurs on the canister interior during fabrication and
handling. Samples of deposits on the glass pour surface, Samples J and K, indicated that a grey-
white powder enriched in the W, Ti and Zn from the cutting blade/fluid was indeed present.

Glass pour surface samples L through Q indicated the same halide, sulfate, borate, rust and/or
spinel deposits and Sn, Ti, Zn from the cutting blade/fluid (Table II). Deposits on glass fracture;
surfaces from the pour surface to the saw blade surface (L through ZZ) indicated the same types of
deposits (Table II). Some of the samples were still wet (Sample T) although the canister had been
sectioned several months before sampling.

Samples HH and II which were glass fracture surfaces from near the top of the canister exhibited
cubic crystals of NAC1,molten globules of the NaF and Na2SO 4 phases and dendritic growths of

mixed (Na,K)CI phase (Figure 4-7). Samples "II' and UU indicated that the (Na,K)CI and
(Na,K)SO 4 phases were immiscible in each other as suggested during heat treatment studies of

similar species in the off-gas deposits. 7-9 Sample VV, which appeared as white deposits on a
glass str;.nger near the interior shoulder of the canister also contained large cubic NaCI crystals.
The solid dried samples flushed from the canister shoulder (Table IV) indicated that the NaC1 had
recrystallized to a dendritic form after flushing and drying the halide from the canister interior
(Figure 8). Spincl crystals were often found associated with the glass pour surface (Figure 9).

CONCLUSIONS

Mixed (Na,K)CI, (Na,K)2SO 4, (Na,K) borates, and a (Na,K) fluoride phase (either NaF or

Na2BF4) were identified as inorganic species on the interior canister walls_ neck, and shoulder
above the melt pour surface. Similar deposits were found on the glass melt surface and on glass
fracture surfaces. Spinel crystals were only found associated with the glass pour surface.

The stoichiometry of these deposits is similar to the phases identified in scale glass melter off-gas
systems. The off-gas deposits form by vapor-phase transport andcondensation. Vaporization of
species from the melt as it enters the canister and condensation on the interior canister shoulder and
neck as the glass is poured is themost likely mechanism by which halide and sulfate species could
be deposited in these regions of the canister. Reference amounts of the halides and sulfates were
found to be retained in the glass and the glass chemistry, including the distribution of the halides
and sulfates, was homogeneous.
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Rust was visibly present and identified by both SEM and XRD analysis. In ali cases where rust
was observed, heavy metals (Zn, Ti, Sn) fi'om the cutting blade/fluid were present indicating that
the cutting fluid had penetrated through or around the 11 inches of glass to the interior walls of the
top of the canister. The Ti, W, Zn and Sn are known to be embedded in the cutting blade of the
band saw used to section the canister and significant amounts of these species are not present in the
glass. Aluminosilicate and rust deposits identified are, therefore, reaction products of the cutting
fluid with the glass and with the heat sensitized canister or with carbon steel contamination on the
canister interior which occurs during fabrication and handling. Measured relative humidity in
sealed simulated waste glass canisters indicates that only minimal water vapor is present so that
internal corrosion of the canister, as observed in the SGM 10-2 sectioned canister, will not occur.
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Figure 4. Morphology of alkali halide and sulfate species in canister SGM 10-2 glass fracture
surface (Sample HH).
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Figure 5. Morphology of molten alkali halide (dark streaks) in canister SGM 10-2 glass fracture
surface (Sample II).
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Figure 6. Different morphologies of alkali halides in canister SGM 10-2 glass fracture surface
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Figure 7. White alkali halide deposits in canister SGM 10-2 glass stringer near interior shoulder
of canister (Sample VV). Very large cubic NaC1 ca'ystals visible at higher
magnification.
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Figure 8. Dendritic alkali chloride and globular mixed chloride and sulfate deposits in canister
SGM 10-2 that were flushed from the canister shoulder and sides with deionized water
and dried at 90_C for phase identification (Sample Flush Top Solid).
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Figure 9. Morphology of isometric spinel crystals associated with the melt pour surface in iCanister SGM 10-2 (Sample ZZ).
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APPENDIX I
DETAILS OF THE GLASS CHEMICAL ANALYSES
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GLASS IO= 2/3 • 0 EOGE • A (AOS #200038640) (SPREADSHEET REVISION5.0. OCTOBER23. 1990)

ELEMENT GRAV OXIDE NOF_IOXI[_ M.W. MOLE NOI_40XI[_ OOMPONENT _ ENERGY NBO KCALtKG
WT% FACTOR WT'/,. WT% FRACTION MOLE% FFEEENB:_"Y HYDRATION

AI203 1,9120 1.8895 3.6127 3.6342 101,9600 0. 0354 2.2931 3.0400 0.0697 -0 0459 1,0772
CaO 0.8920 1.3992 1.2481 1.2555 56.0794 0.0223 1.4403 -16.1160 -0.2321 0.0288 -3.5867
Fe203 7.6060 1.4297 10,8743 10.9391 159.6922 00681 4.4069 155000 0.6831 -0.0881 105548
RiO NIA 1.2865 0.0000 0.0000 71.8464 00000 0.0000 -14.6090 0.0000 0.0000 0.000(_
k_ 0.4950 1,6583 08209 0.8257 40.3114 0,0204 1.3178 -13.8880 -0.1830 0.0264 -2.8280
MO 1.6640 1.2912 2.1486 2.1614 70.9374 0,0303 1.9601 - 14.8710 -0.2915 O,0392 -4. 5041

Na20 9,1440 1.3480 12,3261 12.3995 61,9790 0.1989 12.8705 -28.8150 -3.7086 0,2574 -57.3060
Li20 2.0300 2.1525 4.3696 4.3956 29.8774 0.1463 9.4648 -22.7400 -2.1523 0.1893 -33.2573
NK) 0.7290 1.2726 0.9277 0.9333 74,7094 0.0124 0.8036 -14.3470 -0,1153 0.0161 -1.7816
,SK)2 23.2530 2.1393 49,7451 50.0414 60.0848 O.8279 53.5796 5.5900 1,3_55 0.0000 21 5633
Cr203 0.0810 1,4616 0.1184 0,1191 151.9974 0.0008 0.0504 37.3600 0.0188 -0.0010 0 2910
B203 3.6360 3.2201 11,7083 11.7780 69.6204 0.1682 10.8835 -9.9300 -1.0807 0.0000 -16,6996
UQ2 1.1344 0.0000 0.0000 270,0388 0.0000 0.0000 -6.8000 0.0000 0,0000 O0000
ThO2 1.1379 0.0000 0,0000 264,0400 0.0000 0.0000 -2.5330 0.0000 0.0000 0,0000

SrO 0.0380 1.1826 0.0449 0.0452 103.6194 0.0004 0,0281 -24.4000 -0.0068 0,0006 -0.105(;
7.JO2 0.4930 1.3508 0.6659 0.6699 123.2188 0.0054 0.3498 45,1000 0.1577 0.0140 2.4375
TiO2 0.0910 1,6680 0.1518 0.1527 79.8988 0.0019 0,1229 15.9900 0.0197 0.0049 0.3038
1<20 0.3340 1,2046 0.4023 0.4047 94.2034 0.0043 0.2764 -41.7350 -0.1154 0.0055 -1.7825
C420 1,0602 0.0000 0.0000 281.8094 0.0000 0.0000 -46.8200 0.0000 0,0000 0.0000
,.qb203 1.1970 0.0000 0,0000 291.4982 0.0000 0.0000 0.0000 0.0000 0,0000 0.0000

P205 0.0460 2.2910 0.1054 0.1060 141.9370 0.0007 0,0481 -53.6200 -0.0258 0.0000 -0.3981
Nd203 1,1660 0.0000 0.0000 336.4782 0.0000 0.0000 -28.3200 0.0000 0.0000 0.0000
La203 1.1728 0.0000 0,0000 325,8100 0,0000 0.0000 -31,1400 0.0000 0.0000 0,0000
Y'203 1.2699 0.0000 0.0000 225.8082 0.0000 0.0000 -12.9500 0,0000 0.0000 0.0000
BIO 0,0130 1.1165 0.0145 0.0146 153.3394 0.0001 0.0061 -30.5700 -0.0019 0.0001 -0.0289
RIO 1.0772 0,0000 0.0000 223.1900 0,0000 0.0000 -8.8100 0.0000 0.0000 0.0000

Ce(_ 1.2284 0.0000 0.0000 172.1200 0.0000 0.0000 11.3450 0.0000 0.0000 0.0000
MoO3 1.5003 0,0000 0.0000 143.9382 0.0000 0 3000 -21.7500 0.0000 0.0000 0.0000

;_O 0.099 1,2447 0.1232 0.124 C; 81,3800 0. O015 0.0980 - 2.4000 -0.0024 0.0020 -0.0383
OJO 1.2518 0.0000 0.0000 79.5454 O.0000 O.0000 1.7900 0,0000 O.0000 0.0000
Fe2+lFe3+ 0

CI 0.3971 0.3971 0.3971
F 0.0253 0.0253 0.0253
SO4 0.1633 0.1633 0.1633

OXI[_ SUMS 52.5560 99.4079 100.0000 1.5452 100.0000 -5.5713 0.4492 -86.0875
NORMALIZED SUM+pH Si -5.5713

MOLARBALANCE(M) MOLARSUld8 MOLE% MOTE'/, SUM+pHB -5.5713

pH=
K2SO4 0.2962 SALTS 1.1727 0.9537

KCl 0.8345 BORATES 22.1288 17.9965
KBF4 0.0419 CHROMATES 0,2523 0.2052
NaO(_ 22.1288 OXIDES 99.4079 80.8446
Na2CrO4 0.2523

TOTAL 122.9616 100.0000

K excess(M) -0.01
I_ oxen= (M) 0.08
SO4 excess (M 0.00
CI ex©em 0.00
F exce_ 0.00

B excees 0.00

AILK/SIO2 = 0.422 TEST=
ALK+ B203,'SIO2 = 0.625 TIME=
B203/STO2 = 0.203

VISCOSITY @TEMP(=C) 34.462 SAIV=
MQUIOUS RATIO = 0.079

UQUIDUS (°(;) : 049.7677138

NOTE UQUIDiJ_ AND ViSCOSiTY FORMULASCHANGE0TO CALCULATEALL FIEA8 FE203 (OCTOBER 23, 1990)



GLASSlD=. 2/3 + 0 EDGE - B (ADS #200038841) (SPREADSHEET REVISION S.0, OCTOBER 23, 1990)

ELEMENT GRAV OXIDE NORMG0(IDE M.W. MOLE NOR_OXIDE _ _ ENERGY NBO KCAIJKG
WT% FACTOR WT% WT% FRACTION MOLE% FREE_ HYDRATION

AIL_O3 1.4550 1.8895 2,7492 3.1276 101.9600 0.0270 1.9597 3.0400 00596 -0.0392 0.8197
OIO 0.7650 1.3992 1.0704 1,2177 56.0794 0.0191 1.3873 -16.1160 -0.2236 0.0277 -3.0761
F6203 6.2390 1.4297 8.9199 10.1476 159.6922 0.0559 4.0597 15,5000 0,6293 -0,0812 8.6578
F_ N/A 1.2865 0.0000 0.0000 71.8464 0.0000 0.0000 -14,6090 0.0000 0.0000 0.0000
MOO C 4240 1.6583 0.7031 0.7999 40.3114 0.0174 1.2677 -13.8880 -0.1761 0.0254 -2.4224
MO 1.,,370 1.2912 1.8555 2.1108 70.9374 0,0262 1.9011 - 14.8710 -0.2827 0.0380 -3.8697
N_O 6.7860 1.3480 ,. °:93 134460 61.9790 0.1907 13.8600 -28.8150 -3.9938 0.2772 -54.9496
Ll,_ 1.8100 2.1525 3.8960 4.4322 29.8774 0.1304 9.4776 -22,7400 -2,1552 0.1896 -29 6531

NK) 0.5830 1.2726 0.7419 0.8440 74.7094 0.0099 0.7216 -14.3470 -0.1038 0.0144 .I 4248
SK)2 20,6360 2.1393 44.1466 50.2226 60.0848 0.7347 53,4012 5.5900 1.3382 0.0000 18 4120
Cd203 0.0790 1.4616 0.1155 0.1314 151.9974 0.0006 0.0552 37.3600 0.0206 -0.0011 0.2838
6203 3,2450 3,2201 10.4492 11,8874 69.6204 0,1501 10.9085 -9.9300 -1.0832 0.0000 -14.9038

1.1344 0.0000 0.0000 * 270.0388 0.0000 0.0000 -6,8000 0.0000 0.0000 0.0000
Th0_ 1.1379 0.0000 0.0000 264.0400 0.0000 0.0000 -2,5330 0.0000 0,0000 0.0000
StO 0,0330 1.1826 0,0390 0.0444 103.6194 0.0004 0.0274 .24_4000 -0.0067 0,0005 -0.0919
ZKY2 0.4790 1.3508 0.6470 0.7361 123,2188 0.0053 0.3817 45.1000 0.1721 0.0153 2.3682

TIO2 0.0780 t .6680 0.1301 O.1480 79.8988 0.0016 O.1184 15.9900 0.0189 0.0047 0.2604
0.3360 1.2046 0.4047 0.4605 94.2034 0.0043 0.3123 -41.7350 -0.1303 0,0062 -1.7931

Cs20 1.0602 0.0000 0.0000 281.8094 0.0000 0.0000 -46.8200 0.0000 0.0000 0.0000
86203 1.1970 0,0000 0.0000 291.4982 0.0000 O.0000 0.0000 0.0000 0.0000 0.0000
P205 0.0300 2.2910 0,0687 0.0782 141.9370 0.0005 0.0352 -53.6200 -0.0189 0.0000 -0.2596
Nd2C_ 1.1660 0.0000 0.0000 336.4762 0.0000 0.0000 -28.3200 0.0000 0.0000 0,0000
La203 1.1728 0.0000 0.0000 325.8100 0,0000 0.0000 -31.1400 0.0000 0.0000 0 0000
YaE)3 1.2699 0.0000 0.0000 225,6082 0.0000 0.0000 -12.9500 0.0000 0,0009 0 0000

BeO 0.0100 1.1165 0,0112 0.0',.27 153.3394 0,0001 0.0053 -30.5700 -0,0016 0,0001 -0 0223
I:bO 1.0772 0.0000 0.0000 223.1900 0.0000 0.0000 -8.8100 0.0000 0,000,0 0,0000

1.2284 0.0000 0.0000 172.1200 0,0000 0.0000 11.3450 0.0000 0.000_3 0.0000
Mo{_l 1,5003 0.0_00 0,0000 143.9382 0,0000 0.0000 -21,7500 0,0000 0,000_:) 0.0000
_O 0. 108 1.2447 0.1344 0.1529 61.3600 0.0017 0.1201 -2.4000 -0.0029 0.002,1 -0.0396
CLIO 1.2518 0.0000 0,0000 79.5454 0.0000 0.0000 1,7900 0.0000 0.0000 0.0000
Fe2+/Fe3+ 0

CI 0.5004 0.5004 0.5004
F 0.0326 0.0328 0.0328
804 O.1838 O.1838 O.1838

OP_DESUMS 46.5150 87.9018 100.0000 1.3759 100.0000 -5.9397 0,4801_ -81,7240

NORMAI.BED SUM + pH Si -5.9397
MOtAR BAi.N_E (kt) MOLARSUMS MOLE% MOLE% SUM+ pHB -5.9397

pH=
K2504 0.3334 SALTS 1.4394 1.3165
KCI 1,0516 BORATES 19.7492 18.0628
KBF4 0.0543 Q'I::IlOMATES 0.2460 0.2250
NaBQ2 19.7492 OX]DES 87.9018 80,3957
Na2CK)4 0.2460

TOTAL 109.3364 100.0000
K exces_M) -0.01
Ne excess (ld) 0.06

excess (M 0.00
Cl excees 0.00
F excees 0.0O
B excea 0.0O

ALK/_O2 : 0.443 TEST:
ALK, B203/Si02 = 0.647 TIME=
B203/Si02 : 0.204

VISC(NHTY@TEMP('C) 29,358 SAIV:
IJQLIIDUSRATIO : 0.072

LKIUIDUS (=(;:): 927.3222662

NOTE UQUIOUS ANl) VISCOSffY FORMULASCHANGE0 TO CALCULATEALL FIEAS FE203 (OCTOBER23, 1090)
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GLASS ID=- 2/3 * 0 CENTER - A (ADS #200038842) (SPREAOSHEETREVISION 5.0, OCTOBER 23, 1990)

GRAV OXIDE NORMGO(Ii_E MW MOLE NOR_GO(IDE_ FREEENERGY NBO KCAL/KG
WT% FACTOR WT% WT% FRACI"ION MOLE% FFE_ENEl:IGY HYDRATION

AJ203 1.7630 1.8895 3.3312 3,5450 101.9600 0.0327 2.2373 3.0400 0.0680 -0.0447 0.9932
CIO 0.8930 1,3992 1.2495 1.3297 56.0794 0.0223 1.5257 -16,1160 -0.2459 0.0305 -3.5907
Fe203 7.3280 1.4297 10.4768 11.1493 159.6922 0.0656 4.4926 15.5000 0.6963 -0.0899 10.1690
RIO N/A 1.2865 0.0000 0.0000 71.8464 0.0000 0.0000 -14.6090 0,0000 0.0000 0.0000

0.4780 1.6583 0.7927 0.8435 40.3114 0o0197 1.3465 -13.8880 -0.1870 0.0269 -2.7309

MO 1.5960 1.2912 2.0608 2._,930 70.9374 0.0291 1.9893 -14.8710 -0.2958 0.0398 -4.3201
NIQO 7,6330 1.3480 10.2893 10.9497 61.9790 0.1660 11.3681 -28.8150 -3.2757 0.2274 -47.8365
Lt20 1.9530 2.1525 4.2038 4.4737 29.8774 0.1407 9.6350 -22.7400 -2,1910 0.1927 -31.9958
MO 0.6970 1.2726 0.8870 0.9439 74.7094 0.0119 0.8130 -14.3470 -0.1166 0,0163 -1.7034
SK)2 22.3300 * 2.1393 47.7706 50.8368 60.0848 0.7951 54.4431 5.5900 1.5090 0.0000 22.0360
Cr203 0.0940 1.4616 0.1374 0.1462 151o9974 0.0009 0.0619 37.3600 0.0231 -0.0012 0.3377
B203 3.5210 3.2201 11.3380 12.0857 69.6204 0.1629 11,1518 -9.9300 -1.1074 0.0000 -16.1714
U(_ 1,1344 0.0000 0.0000 270.0388 0.0000 0.0000 -6.8000 0.0000 0.0000 0.0000

11102 1.1379 0.0000 0,0000 264.0400 0.0000 0.0000 -2.5330 0.0000 0.0000 0.0000
SK) 0.0340 1.1826 0.0402 0.0428 103.8194 0.0004 0.0266 -24.4000 -0.0065 0.0005 -0.0947
ZrO2 0.4700 1.3508 0.6349 0.6756 123.2188 0.0052 0.3528 45.1000 0.1591 0.0141 2.3237
TiO2 0.0840 1.6680 0.1401 0.1491 79.8988 0.0018 0.1201 15.9900 0.0192 0.0048 0.2804
IQO 0.3320 1,2046 0.3999 0.4256 94.2034 0.0042 0.2907 -41.7350 -0.1213 0.0058 -1.7718
Ci20 ; .0602 0.0000 0.0000 281.8094 0.0000 0.0000 -46.8200 0.0000 0.0000 0.0000
Sb203 11970 0.0000 0,0000 291.4992 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

P205 0.0400 2.2910 0.0918 0.0975 141.9370 0,0006 0.0442 -53.6200 -0.0237 0.0000 -0.3462
Nd203 1.1660 0.0000 0.0000 336.4782 0.0000 0.0000 -28.3200 0.0000 0.0000 0.0000
I.a203 1.1728 0.0000 0.0000 325.8100 0.0000 0.0000 -31 .I400 0,0000 0.0000 0.0000
Y203 1.2699 0.0000 0.0000 225.8082 0.0000 0.0000 -12.9500 0.0000 0.0000 0.0000
BiO 0.0080 1.1165 0.0089 0.0095 153.3394 0.000 t. 0.0040 -30.5700 -0.0012 0.0001 -0.0178
R_O 1.0772 0.0000 0.0000 223.t900 0.0000 0.0000 -8.8100 0.0000 0.0000 0.0000
CeO2 1.2284 0.0000 0.0000 172.1200 0.0000 0.0000 11.3450 O.OU00 0.0000 0.0000
MoOt 1.5003 0.0000 0.0000 143.9382 0.0000 0.0000 -21.7500 0.0000 0.0000 0.0000

_O 0.093 1.2447 0.1158 0.1232 81.3800 0.0014 0.0974 -2.4000 -0.0023 0.0019 -0,0341
1.2518 0.0000 0.0000 79.5454 0.0000 0.0000 1.7900 0.0000 0.0000 0.0000

Fo2+/Fe3+ 0
CI 0.4591 0.4591 0.4591
F 0,0259 0.0259 0.0259

SO4 0.1601 0.1601 0.1601

O00DESUMS 49.3470 93.9684 100.0000 1.4603 100.0000 -5.0997 0.4250 -74.4734

NO_ SUM+ pH Si -5.0997
MOLARBALANCE(M) MOLARSUMS MOLE% MOLE% SUM+pHB -5.0997

pH=
K2504 0.2904 SALTS 1.2982 1.1097
KCI 0.9648 BORATES 21,4289 18.3171
KBF4 0.0429 CHROMATES 0.2928 0.2502
NaB(_ 21.4289 OX]OF..S 93.9684 80.3230
NI2CrO4 0.2928

TOTAL 116.9883 100.0000

K oxceu(M) -0.01
Na ex©eu (M) 0.O0
804 excess (M 0.00
Q oxcom 0.00
F oxcem 0.00
B excem 0.00

ALK/SlO2 = 0.391 TEST=
AI.K. B203/SIO2 = 0.596 TIME=
B20_SiO2 = 0.205

VlSCOSt'TY@TEMP('C) 42.626 8A/V=
UQUIDUS RATIO = 0.079

UQUIDUS (*(_) = 949.4943159

NOTE UQIADUS AND VllSCOSlTYFORMULASCHANGEDTO CALCULATEALL IREA'J FE203 (OCTOBER 23. 1_0)
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GLASS lD= 2/3 • 0 CENTER - B (ADS #200038843) (SPREADSHEET REVISION 5.0_OCTOBER 23, 1990)

ELEk_cNT GRAV OXIDE NOFIMOXIDE MW. MOLE hio(:IMOX)DE _ FREEB4ERG'Y NBO KCAL/KG
WT% F/_TOR WT% WT% FRACTION MOLE% F'REEENERGY HYDRATION

AI203 1,4780 1.8895 2.7927 3,1264 101,9600 0.0274 1.9473 3.0400 0,0592 .0.0389 0.8327
CaO 0.8550 1.3992 1.1963 1.3393 56.0794 0.0213 1.5166 -16.1160 -0.2444 0.0303 -3.4380
F8203 6.0560 1.4297 8.6583 9.6930 159.8922 0.0542 3.8548 15.5000 0.5975 -0.0771 8.4039
FIO NIA 1.2865 0.0000 0.0000 71.8464 0.0000 0.0000 -14.6090 0.0000 0.0000 0.0000
M_O 0.4590 1.6583 0.7612 0.8521 40.3114 0.0189 1.3424 -13.8880 -0.1864 0.0268 -2.6223
MO 1.3270 1.2912 1.7134 1.9182 70,9374 0.0242 1.7172 -14.8710 -0.2554 0.0343 -3.5919

Na20 (1CP) 7,9480 1.3480 10.7139 11,9944 61.9790 0.1729 12,2896 -28.8150 -3.5412 0.2458 -49.8106
Li20 1.9150 2.1525 4.1220 4,6147 29.8774 0,1380 9.8085 -22.7400 -2,2305 0.1962 -31.3733

NK) 0.5690 1.2726 0.7241 0.8107 74.7094 0.0097 0.6891 -14.3470 -0,0989 0.0138 -1.3906
SiO2 (iCP) 21.5640 2.1393 46.1319 51.6453 60.0848 0.7678 54.5647 5.5900 1.4771 0.0000 20 7763
Cr203 0.0670 1.4616 0,0979 0.1096 151.9974 0.0006 0.0458 37.3600 0,0171 -0.0009 0 2407
6203 3.4260 3.2201 11.0321 12.3505 69.6204 0.1585 11.2656 -9.9300 -1.1187 0.0000 -15 7351
UCI2 1.1344 0.0000 0.0000 270.0388 0.0000 0.0000 -6.8000 0.0000 0.0000 0.0000
ThO2 1.1379 0.0000 0.0000 264.0400 0.0000 0.0000 -2.5330 0.0000 0.0000 0.0000
SK) 0.0350 1.1626 0.0414 0.0463 103.6194 0.0004 0.0264 -24.4000 -0.0069 0.0006 .0.0975
ZrO2 0.4670 1.3508 0.6308 0.7062 123.2188 0.0051 0.3640 45.1000 0.1642 0.0146 2.3089

TiO2 0.074.) 1.8680 0.1234 0.1382 79.8988 0.0015 0.1098 15.9900 0.0176 0. O044 0.2470
K20 0.3320 1.2046 0.3999 0.4477 94.2034 0.0042 0.3018 -41.7350 -0.1260 0.0060 -1.7718

1.0602 0.0000 0.0000 281.8094 0.0000 0.0000 -46.8200 0.0000 0.0000 0.0000
Sb203 1.1970 0.0000 0.0000 291.4982 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
P205 0.0270 2.2910 0.0619 0.0892 141.9370 0.0004 0.0310 -53.6200 -0.0166 0.0000 -0.2337
Nd203 1.1660 0.0000 0.0000 336.4782 0.0000 0.0000 -26.3200 0,0000 0.0000 0,0000
Ls203 1,1728 0.0000 0.0000 325,8100 0.0000 0,0000 -31.1400 0,0000 0.0000 0.0000
Y203 1.2699 0.0000 0,0000 225.8082 0.0000 0.0000 -12,9500 0.0000 0.0000 0.0000
BiO 0.0090 1.1165 0.0100 0.0112 153.3394 0.0001 0.0047 -30.5700 -0.0014 0.0001 -0.0200

RoO 1.0772 0.0000 0.0000 223.1900 0.0000 0.0000 -8.8100 0.0000 0.0000 0.0000
Ce(_ 1.2284 0.0000 0,0000 172.1200 0.0000 0.0000 11.3450 0,0000 0.0000 0,0000
MoO3 1.5003 0.0000 0.0000 143.9382 0.0000 0.0000 -21.7500 0.0000 0.0000 0.0000

0.091 1.2447 0.1133 0.1268 81.3800 0.0014 0.0990 -2.4000 *0.0024 0.0020 .0.0334
CLO 1.2518 0.0000 0.0000 79.5454 0.0000 0.0000 1.7900 0.0000 0.0000 0.0000
Fe2+/Fe3+ 0

CI 0.4091 0.4091 0.4091
F 0.0187 0.0167 0.0187
804 0.1467 0.1467 0.1467

C0OOESUMS 46.6990 89.3245 100.0000 1.4066 100.0000 -5.4982 0.4579 -77.3087

NORMAMZlEO SUM+ pH Si -5.4962
MOLARBALANCE(M) MOUU_SUMS MOLE% MOtJE% SUM+pH B -5.4962

pH=
K2SO4 0.2661 SALTS 1.1568 1.0372
KCl 0.8597 BORATES 20.8507 18.6934
KBF4 0.0310 CHROMATES 0.2087 0.1871
NaBO2 20.8507 OXIDES 89.3245 60.0824
Na2Cd_4 0.2087

TOTAL 111.5408 100.0000
K excess(M) - 0.01

I_ oxcsss (M) 0.03
804 excess (M 0.00
Cl excess 0.00
F excess 0.00

B excess 0.00

ALK/8102 = 0.410 TESTs
ALK. B203/'3102 = 0.617 TIME=
B203P3102 = 0.208

VISCOSITY @TEMP(°C) 36.481 SAIV=
MQUIDU5 RATIO = 0.066

LIOUIDUS ('(_) = 910.6307776

NOTE UQUIDUS AND VISCOSITY FORMULASCHANGEDTOCALCULATE ALL FE ASFF.203 (OCTOBER23. 1990)
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GLASS lD=- 2/3 ,,, 6 EDGE - A (ADS 8200036844) (SPREADSHEET REVISION 5,0, OCTOBER 23, 1990)

ELEMENT GRAV OXIDE NOF_OXIDE M.W MOLE _ C0(IDE _ FREEE_EFIGY NBO KCALJKG
WT% FACTOR WT% WT% FRACTION MOLE% FREEENERGY HYDRATION

AI203 2,8080 1.8895 5.3057 5.3766 101.9600 0.0520 3,4089 30400 0,1036 -0,0662 1.5619
OaO 0.9910 1.3992 1.3866 1.4051 56.0794 0.0247 1,6198 -16.1160 -0,2610 0,0324 -3.9848
Fe203 7.3330 1.4297 10,4840 10,6241 159.6922 0.0657 4.3008 15 5000 0.6666 -0.0860 10,1759
FeO NtA 1,2865 0.0000 0.0000 71.8464 0.0000 0.0000 -14.6090 0.0000 0.0000 0.0000

M(]O 0.5010 1.6583 0.8308 0.8419 40.3114 0 0206 1.3501 - 13.8880 -0,1875 0.0270 -2.8623
MO 1.6050 1.2912 2.0724 2.1001 70.9374 0.0292 1.9138 -14,8710 -0.2846 0.0383 -4,3444
Na20 8.5030 1.3480 11,4620 11,6152 61.9790 0.1649 12.1150 -28,8150 -3.4909 0.2423 -53.2888
Li20 2.0020 2.1525 4,3093 4,3669 29,8774 0.1442 9.4486 -22.7400 -2,1486 0.1890 -32.7986
NiO 0.6920 1.2726 0.8806 0.8924 74,7094 0.0118 0,7722 -14.3470 -0.1106 0.0154 -1.6912
SiO2 22.8500 2.1393 48.8830 49.5361 60.0648 O.8136 53.2964 5.5900 1.4177 0.0000 21.6411
Cr203 0.0760 1.4616 0,1111 0.1126 151.9974 0.0007 0.0479 37,3600 0.0179 -0.0010 0.2730
B203 3,5760 3.2201 11,5151 11.6669 69.6204 0,1654 10.8351 -9.9300 -1.0759 0.0000 -16.4240
UCI2 1.1344 0.0000 0.0000 270.0388 0,0000 0.0000 -6,8000 0,0000 0.0000 0.0000

ThO2 1.1379 0,0000 0.0000 264.0400 0,0000 0.0000 -2.5330 0,0000 0.0000 0.0000
SIO 0.0390 1.1826 0.0461 0,0467 103.6194 0.0004 0,0292 -24.4000 -0.0071 0,0006 -0.1086

7JO2 0.4710 1.3508 0,6362 0.6447 123.2188 0,0052 0.3383 45,1000 0,1526 0.0135 2.3287
TiO2 0.0830 1,6680 0,1384 0,1403 79.8988 0.0017 0.1135 15.9900 0.0182 0.0045 0.2771
K20 0.2920 1,2046 0,3517 0.3564 94.2034 0.0037 0,2446 -41.7350 -0.1021 0.0049 -1.5583
Cs20 1,0602 0,0000 0.0000 281.8094 0.0000 0.0000 -46.8200 0,0000 0,0000 0,0000
Sb203 1,1970 0.0000 0.0000 291.4982 0.0000 0,0000 0.0000 0.0000 0.0000 0.0000
P205 0.0590 2.2910 0,1352 0.1370 141.9370 0.0010 0.0624 -53.6200 -0,0335 0.0000 -0.5106

Nd203 1.1660 0,0000 0.0000 336.4782 0.0000 0.0000 -28.3200 0.0000 0.0000 0.0000
La203 1.1728 0.0000 0.0000 325.8100 0.0000 0.0000 -31.1400 0.0000 0,0000 0,0000
Y203 1.2699 0,0000 0.0000 225,8062 0,0000 0.C000 -12.9500 0.0000 0.0000 0,0000
BsO 0.0090 1.1165 0.0100 0.0102 153.3394 0.0001 0.0043 -30.5700 -0.0013 0,0001 -0.0200
RoO 1.0772 0,0000 0.0000 223.1900 0.0000 0.0000 -8.8100 0.0000 0.0000 0.0000

P-,,?Q2 1,2284 0.0000 0.0000 172.1200 0.0000 0.0000 11.3450 0.0000 0.0000 0,0000
MoO3 1,5003 0.0000 0.0000 143.9382 0.0000 0.0000 -21.7500 0.0000 0.0000 0.0000
;_O 0.099 1.2447 0,1232 0,1249 81.3800 0.0015 0.0992 -2.4000 -0.0024 0.0020 -0.0363
CuO 1,2518 0.0000 0.0000 79.5454 0.0000 0,0000 1.7900 0,0000 0.0000 0,0000
Fe2./Fe3+ 0
CI 0.3914 0,3914 0,3914
F 0.0229 0,0229 0.0229

SOl 0,1597 0.1597 0.1597

C0ODESUMS 51.9890 98.6816 100,0000 1.5265 100.0000 .5.3292 0.4149 -81,3502

NORMAMZED SUM+ pH Si -5.3292
MOLARBALANCE(M) MOLAR_ M(X,E% MOLE% SUM+pHB -5.3292

pH=
K2SO4 0.2897 SALTS 1.1502 0,9441
KCI 0.8225 BORATES 21.7636 17.8636

KBF4 0.0379 CHRCMA'i'ES 0.2367 0.1943
NalBO2 21.7636 OX]DES 98.6816 80.9980
Na2CrO4 0,2367

TOTAL 121.8322 100.0000

K excess(M) -0.01

Hs excess (M) 0.04
SO4 excess (ii 0.00
CI excess 0.00
F oxcex 0.00
B excoss 0.00

ALK/SIO2 : 0.409 TEST=
ALK. B203/SIO2 = 0.612 TIME:
B2031SiO2 : 0.203

VISCOSITY @TEMP(=C) 45.073 SAIV:
LIGUIDUSRATIO : 0.062

LIOUIOUS ('(_) : 959.1188304

NOTE UOUIDUSAND VISCOSITYFORMULASCHANGEOTOCALCULATE ALL FIEAS FE203 (OCTOBER 23, 1990)
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GLASS lD= 2/3 . 6 EDGE - B (ADS #200036845) (SPREADSHEET REVISION 5.0, OCTOBER 23, 1990)

ELEMENT GRAV OXIDE NOI:_AOXIDE M.W. MOLE NORMO001_E COMI:_M3_IT F_EEENERGY NBO KCAIJKG
W/% FACTOR WT'/, W'I'% FRACTION MOLE% FREEENB:_G'Y HYDP,ATION

AI203 1.7430 1.8895 3.2934 3.4534 101.9600 0.0323 2,1729 3.0400 0.0661 -0.0435 0,9819
CK) 0.8810 1.3992 1.2327 1.2928 56.0794 0.0220 1.4787 -16.1160 -0.2383 0,0296 -3.5425
Fe203 7.2690 1.4297 10.3925 10.8973 159.6922 0.0651 4.3779 15.5000 0.6786 -0,0876 10,0871

FeD NtA 1.2865 0.0000 0,0000 71.8464 0.0000 0.0000 o14.6090 0.0000 0,0000 0,0000

M(;O 0.4860 1.6583 0,8059 0.8451 40.3114 0,0200 1.3449 -13.8880 -0.1868 0,0269 -2.7766
M10 1.5690 1.2912 2.0259 2.1243 70.9374 0.0286 1.9212 -14.8710 -0,2857 0.0364 -4.2470
NIQO 8.2920 1,3480 "11,1776 11,7206 61,9790 0.1803 12.1320 -28.8150 -3.4958 0.2426 -51 9665
Li20 2,0020 2.1525 4,3093 4.5186 29,8774 0.1442 9.7027 -22,7400 -2.2064 0.1941 -32 7986
N40 0.6740 1.2726 0.8577 0.8994 74,7094 0.0115 0.7723 -14.3470 -0.1108 0.0154 -1 6472
SiD2 22.5620 2.1393 48.2669 50,6115 60.0848 0,6033 54,0397 5.5900 1.4476 0.0000 21.5192

Cr203 0.0650 1.4616 0.0950 0.0996 151.9974 0,0006 0.0420 37.3600 0.0157 -0.0008 0,2335
B203 3.5650 3.2201 11,4797 12,0373 69.6204 0.1649 11.0923 -9.9300 -1,1015 0.0000 -16.3735
UCE 1,1344 0.0000 0.0000 270.0389 0.0000 0.0000 -6,8000 0.0000 0.0000 0,0000
The2 1.1379 0.0000 0.0000 264.0400 0.0000 0.0000 -2.5330 0.0000 0.0000 0,0000
SK) 0.0350 1.1826 0.0414 0.0434 103.6194 0.0004 0.0269 -24.4000 -0.0066 0.0005 -0.0975
ZtO2 0.4950 1.3508 0.6686 0.7011 123.2188 0.0054 0.3650 45.1000 0.1846 0.0146 24473

TiD2 0.0770 1.6680 0.1284 0.1347 7_.8988 0.0016 O.1081 15.9900 0.0 ! 73 0.0043 0 2570
K20 0.3400 1.2046 0.4096 0.4295 94,2034 0.0043 0.2925 -41.7350 -0.1221 0.0058 -1.8145
OI20 1.0602 0.0000 0.0000 261.8094 0.0000 0.0000 -46.8200 0.0000 0.0000 0,0000

• Sb203 1.1970 0.0000 0.0000 291.4982 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
P205 0.0220 2.2910 0.0504 0.0529 141.9370 0.0004 0.0239 -53.6200 -0.0128 0.0000 -0.1904
Nd203 1.1660 0,0000 0,0000 336.4782 0.0000 0.0000 -28.3200 0.0000 0,0000 0,0000
I.a203 1,1728 0.0000 0.0000 325.6100 0.0000 0,0000 -31.1400 0.0000 0.0000 0,0000
Y203 1.2699 0.0000 0.0000 225.8082 0.0000 0.0000 -12.9500 0.0000 0.0000 0.0000
BaD 0,0060 1.1165 0,0067 0.0070 153.3394 0.0000 0,0029 -30.5700 -0.0009 0.0001 -0,0134
PoD 1.0772 0,0000 0,0000 223.1900 0.0000 0.0000 -8.6100 0.0000 0.0000 0,0000

Ce(_ 1.2284 0.0000 0.0000 172.1200 0,0000 0.0000 11.3450 0.0000 0,0000 0,0000
MoO3 1,5003 0.0000 0.0000 143.9382 0.0000 0.0000 -21.7500 0.0000 0.0000 0,0000
ZnO 0.101 1.2447 0.1257 0,1318 81.3800 0,0015 0,1039 -2.4000 -0.0025 0,0021 -0,0371
CuD 1,2518 0.0000 0.0000 79.5454 0.0000 0.0000 1.7900 0.0000 0.0000 0,0000
Fe2+/Fe3+ 0
CI 0.4284 0.4284 0,4284
F 0.0233 0.0233 0.0233
SO4 0,1698 0.1698 0.1698

OXIDESUMS 50.1840 95.3675 100.0000 1.4865 100.0000 -5.3802 0.4426 -79.9784
NORMALIZED SUM+pH Si -5.3802

MOLAR BALANCE(M) MOLARSUMS MOLE% MOLE% SUM+pHB -5.3802
pH=

K2SO4 0.3080 SALTS 1.2469 1.0521
KCI 0.9003 BORATES 21.6967 18.3074
KBF4 0.0366 CHROMATES 0.2024 0.1706

NaB(_ 21.6967 OX]DES 95.3675 80.4697
Na2CrO4 0.2024

TOTAL 118.5135 100.0000

K excess(M) -0.01

NI excess (PA) 0,03
SD4 excess (M 0.00
CI excess 0.00
F excess 0.00
B excess 0.00

ALKJSIO2 : 0,409 TEST:

ALK_ B203]SIO2 = 0.615 TIME=
B203/SIO2 : 0.205

VISCOS_Y @TEMP(°C) 37.226 SAIV=
UQUIOUS RATIO = 0.077

UQUIDUS (=(_) : 944.3934019
NOTE LIQUtOUSANO VISCOSITYFORMULASCHANGEDTO CALCULATEALL REAS FE203 (OCTOBER 23, 1990)
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GLASS ID=- 213 + 6 CENTER - A (ADS #200038846) (SPREADSHEET REVISION 5.0. OCTOBER 23. 1990)

ELEMENT GRAV OXIDE _ OXIDE M.W. MOLE _ OXICE _ FREEE_EI::IGY NBO KCAL/KG
WT% FACTOR WT% WT% FRACTION MOLE% FREEENERGY HYDRATION

AI203 1.7480 1.8895 3.3028 3.3983 101.9600 0.0324 2.1404 3.0400 0.0651 -0.0428 0.9848
OK) 0.8620 1.3992 1.2061 1.2410 56.0794 0.0215 1.4211 -16.1160 -0.2290 0.0284 -3.4661
F8203 7.3990 1.4297 10.5784 10.8839 159.6922 0.0662 4.3770 15.5000 0.6784 -0.0875 10.2875

NIA 1.2865 0.0000 0.0000 71.8464 0.0000 0.0000 -14.6090 0.0000 0.0000 0.0000

kt_O 0.4830 1.6583 0.8010 0.8241 40.3114 0.0199 1.3129 -13.8880 -0.1823 0.0263 -2.7594
MO 1.5300 1.2912 1.9755 2.0326 70.9374 0.0278 1.8402 -14.8710 -0.2736 0.0368 -4.1414
Na20 9.2490 1.3480 12.4677 12.8278 61.9790 0.2012 13.2918 -28.8150 -3.8300 0.2658 -57.9641
Li20 1.9870 2.1525 4.2770 4.4006 29.8774 0.1432 9.4589 -22.7400 -2.1510 0.1892 -32.5528
NK) 0.6820 1.2726 0.8679 0.8930 74.7094 0.0116 0.7676 -14.3470 -0.1101 0.0154 -1.6667
SiO2 22.7080 2.1393 46.5792 49.9825 60.0848 0.8085 53.4233 5.5900 1.3724 0.0000 20.7704
C¢203 0.0730 1.4616 0.1067 0.1098 151.9974 0.0007 0.0464 37.3600 0.0173 -0.0009 0.2623

B203 3.6040 3.2201 11.6052 11.9405 69.6204 0.1667 11.0144 -9.9300 -I .0937 0.0000 -16.5526
UCI2 1.1344 0.0000 0.0000 270.0388 0,0000 0.0000 -6.8000 0.0000 0.0000 0.0000
ThO2 1.1379 0.0000 0.0000 264.0400 0.0000 0.0000 -2.5330 0.0000 0.0000 0.0000
SK_ 0.0340 1,1826 0.0402 0.0414 103.6194 0,0004 0.0256 -24.4000 -0.0063 0.0005 -0.0947
ZJO2 0.4960 1.3508 0.6700 0.6894 123.2188 0.0054 0.3593 45.1000 01620 0.0144 2.4523
TiO2 0.0810 1.6580 0.1351 0.1390 79.8988 0.0017 0,1117 15.9900 0.0179 0,0045 0 2704
K20 0.3580 1.2046 0.4312 0,4437 94.2034 0.0046 0,3025 -41,7350 -0.1262 0.0060 -_ 9106
Cs20 1.0602 0.0000 0.0000 281.8094 0.0000 0.0000 -46.8200 0.0000 0.0000 0 0000
Sb203 1.1970 0.0000 0.0000 291.4982 0.0000 0,0000 0.0000 0.0000 0.0000 O0000

P205 0.0140 2.2910 0.0321 0,0330 141.9370 0.0002 0,0149 -53.6200 -0.0080 0.0000 -0,1212
Nd203 1,1660 0.0000 0,0000 336.4782 0.0000 0,0000 -28.3200 0.0000 0.0000 0.0000
La203 1.1728 0.0000 0.0000 325.8100 0.0000 0.0000 -31.1400 0.0000 0.O000 0.0000
Y203 1.2699 0.0000 0.0000 225.9082 0.0000 0,0000 -12,9500 0.0000 0.0000 0,0000
BIO 0.0060 1,1165 0.0067 0.0069 153.3394 0.0000 0,0029 -30.5700 -0.0009 0.0001 -0.0134
PoO 1.0772 0.0000 0.0000 223.1900 0.0000 0,0000 -8.8100 0.0000 0.0000 0.0000

Ce(_ 12284 0.0000 0.0000 172.1200 0.0000 0.0000 11.3450 0.0000 0.0000 0.0000
MoO3 1.5003 0.0000 0.0000 143.9382 0,0000 0,0000 -21,7500 0.0000 0.0000 0.0000

ZnO 0.088 1.2447 0.1095 0.1127 81.3800 0.0013 0,0889 -2.4000 -0.0021 0.0018 -0.0323
CuO 1.2518 0.0000 0.0000 79.5454 0.0000 0,0000 1.7900 0,0000 0.0000 0.0000

Fe2./Fe3+ 0
CI 0.3502 0.3502 0.3502
F 0.0237 0.0237 0.0237
SO4 0.1815 0.1815 0.1815

OXIDESUMS 51.4020 97.1924 100.0000 1.5134 100.0000 .5.7002 0,4578 -86.2676

NORMALIZED SUM+pH Si -5.7002

MOLARBALANCE(M) MOLAR_ MOLE% MOL.E% SUM+ pHB -5. 7002
pH:

K2SO4 0.3293 SALTS 1.1045 0.9169
KCI 0,7360 BORATES 21.9341 18.2088
KBF4 0.0393 _ATES 0.2274 0.1887
NeBC_2 21.9341 OXIDES 97.1924 80.6855

Na2CrO4 0.2274
TOTAL 120.4583 100,0000

K excess(M) 0.00
Nt excess (M) 0.07
804 excess (M 0.00
CI excess 0.00

F excess 0.00
B oxcoml 0,00

ALK/SIO2 = 0.432 TEST=
AI.K, B203/SIO2 = 0.638 TIME=

B203/SIO2 = 0.206

VISCOSITY @TEMP('C) 31.154 SAIV=
MQUIDUS RATIO = 0.078

MQUIOUS (_:) = 947.0715139
NOTE LIOUIDUSAND VISCOSITY FORMULASCHANGEDTO CALCULATE ALL REAS FF.203 (OCTOBER 23, 1990)
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GLASSlD= 2/3 + 6 CENTER - B (ADS #200030847) (SPREADSHEET REVISION 5.0, OCTOBER 23, 1990)

ELEMENT C-:-:-:-:-:-:-:-_V OXIDE _ OXI[_ M W. MOLE _ OXIDI_ COMF_t,_K F't-EEB_F__RGY NBO KCAtJKG
WT% FACTOR WT% WT% FRACTION MOLE% _ ENERGY HYDRATION

AI203 1.5880 1.8895 3.0005 3.3181 101.9600 0.0294 20900 3.0400 0.0635 -0.0418 0.8946
CaO 0.6750 1.3992 0.9445 1.0444 56.0794 0.0168 1.1961 - 16 11 60 -0.1928 0.0239 -2.7142
Fe203 6.7940 1.4297 9.7134 10.7413 159.6922 0.0608 4.3198 15.5000 0.6696 -0.0864 9.4280
FeO NIA 1.2865 0.0000 0.0000 71.8464 0.0000 0.0000 -14.6090 0.0000 0.0000 0.0000

I_O 0.4380 1.6583 0.7263 0.8032 40.3114 0 0180 1.2796 -13.8880 -0.1777 0.0258 -2.5024
MO 1.4810 1.2912 1.9123 2.1146 70.9374 0.0270 1.9145 -14.8710 -0.2847 0.0383 -4.0088
Na20 9.1270 1.3480 12.3032 13.6052 61.9790 0.1985 14.0978 -28.8150 -4.0623 0.2820 -57.1995
Lt20 1.8410 2.1525 3.9628 4.3821 29.8774 0.1326 9.4196 -22.7400 -2.1420 0.1884 -30.1609
N_O 0.6200 1.2726 0.7890 0.8725 74.7094 0.0106 0.7500 -14.3470 -0.1076 0.0150 -1.5152
SiO2 20.9600 2.1393 44.8397 49.5851 60.0848 0.7463 53.0002 5.5900 1.3098 0.0000 18.4423
Cr203 0.0730 1.4616 0.1067 0.1180 151.9974 0.0007 0.0499 37.3600 0.0186 -0.0010 0.2623

B203 3.2950 3.2201 10.6102 11.7331 69.6204 0.1524 10.8235 -9.9300 -1.0748 0.0000 -15.1334
t./02 1.1344 0.0000 0.0000 270.0388 0.0000 0.0000 -6.8000 0.0000 0.0000 0.0000
ThO2 1.1379 0.0000 0.0000 264.0400 0.0000 0.0000 -2.5330 0.0000 0.0000 0.0000
SIO 0.0310 1.1826 0.0367 0.0405 103.6194 0.0004 0.0251 -24.4000 -0.0061 0.0005 -0.0863
Zr02 0.4870 1.3508 0.6578 0.7275 123.2188 0.0053 0.3792 45.1000 0.1710 0.0152 2.4078
TIO2 0.0860 1.6680 0.1434 0.1586 79.8988 0.0018 0.1275 15.9900 0.0204 0.0051 0.2871
1<20 0.3600 1.2046 0.4337 0.4795 94.2034 0.0046 0.3269 -41.7350 -0.1364 0.0065 -1.9212

CI20 1.0602 0.0000 0.0000 281.8094 0.0000 0.0000 -46.8200 0.0000 0.0000 0.0000
Sb203 1.1970 0.0000 0.0000 291.4982 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

P205 0.0170 2.2910 0.0389 0.0431 141.9370 0.0003 0.0195 -53.6200 -0.0104 0.0000 -0.1471
Nd203 1.1660 0.0000 0.0000 336.4782 0.0000 0.0000 -28.3200 0.0000 0.0000 0.0000
I..1203 1.1728 0.0000 0.0000 325.8100 0.0000 0.0000 -31.1400 0.0000 0.0000 0.0000
Y203 1.2699 0.0000 0.0000 225.8082 0.0000 0.0000 -12.9500 0.0000 0.0000 0.0000
BaO 0.0070 1.1165 0.0078 0.0086 153.3394 0.0001 0.0036 -30.5700 -0.0011 0.0001 -0.0156
PoO 1.0772 0.0000 0.0000 223.1800 0.0000 0.0000 -8.8100 0.0000 0.0000 0.0000

CeQ2 1.2284 0.0000 0.0000 172.1200 0.0000 0.0000 11.3450 0.0000 0.0000 0.0000
MoO3 1.5003 0.0000 0.0000 143.9382 0.0000 0.0000 -21.7500 0.0000 0.0000 0.0000

ZIG 0.163 1.2447 0.2029 0.2244 81.3800 00025 0.1771 -2.4000 -0.0042 0.0035 -0.0598
CUO 1.2518 0.0000 0.0000 79.5454 0.0000 0.0000 1.7900 0.0000 0.0000 0.0000
Fe2+/Fe3+ 0
CI 0.3277 0.3277 0.3277
F 0.0227 0.0227 0.0227
SO4 0.1906 0.1906 0.1906

OXY'DESUMS 48.0430 90.4298 100.0000 1.4081 100.0000 -5.9474 0.4749 -83.7424
NORMAMZED SUM+ pH S_ -5.9474

MOLAR BALANCE(M) MOLARSUMS MOLE% IkK)I.E% SUM+pHB -5.9474
pH=

K2SO4 0.3458 SALTS 1.0720 0.9590
KCI 0.6887 BORATES 20.0535 17.9397

KBF4 0.0376 CHROMATES 0.2274 0.2034
NaBO2 20.0535 OXIDES 90.4298 80.8979

Na2CrO4 0.2274
TOTAL 111.7827 100.0000

K excess(M) 0.00
Na excess (M) 0.09
SO4 excess (M 0.00
Cl excess 0.00
F excess 0.00
B excess 0.00

ALKJSIO2 = 0.450 TEST=

ALK+ B203/SIO2 = 0.654 TIME=
B2031SIO2 = 0.204

VISCOSITY @TEMP('C) 27.277 SA/V=
MQUIDUS RATIO = 0.077

MQUIDUS ('(;:) = 945.3955655
NOTE MQUlDUSAND VISCOSITYFORMULASCHANGEDTO CALCULATE ALL FE AS FE203 (OCTOBER23, 1990)
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GLASSlD= 2/3 _. 9 EDGE - A (ADS #200038648) (SPREADSHEET REVISION 5.0, OCTOBER 23, 1990)

ELEMENT GRAV OXIDE NORMOXIDE M.W. MOLE NOF_VlOXIDE _ F'FEEENERGY 1,430 KCAL/KG
WT% FACTOFI WT'/,, WT% FRACTION MOLE% IT:lEEENERGY HYDRATION

AI203 1.6940 1.8895 3.2008 3.4686 101.9600 0.0314 2.1841 3.0400 0.0664 -0.0437 0.9543
CK) 06960 1.3992 0.9738 1.0553 56.0794 0.0174 1.2082 -16.1160 -0.1947 0.0242 -2.7986
Fe203 7.0280 1.4297 10.0479 10.8886 159.6922 0.0629 4.3778 15.5000 0.6785 -0.0876 9.7527
FeD NIA 1.2865 0.0000 0.0000 71.8464 0.0000 0.0000 -14.6090 0.0000 0.0000 0.0000

M(;O 0.4650 1.6583 0.7711 0.8356 40.3114 0.0191 1.3309 -13.8880 -0.1848 0.0266 -2.6566
MrO 1.5580 1.2912 2.0117 2.1800 70.9374 0.0284 1.9730 -14.8710 -0.2934 0.0395 -4.2172

Na20 7.8990 1.3480 10.6479 11.5387 61.9790 0.1718 11.9525 -28.8150 -3.4441 0.2391 -49.5035
LI20 1.9220 2.1525 4.1371 4.4832 29.8774 0.1385 9.8338 -22.7400 -2.1907 0.1927 -31.4879
NiO 0.6600 1.2726 0.8399 0.9102 74.7094 0.0112 0.7822 -14.3470 -0.1122 0.0156 -1.6130
SlD2 21.9960 2.1393 47.0560 50.9931 60.0848 0.7832 54.4871 5.5900 1.4993 0.0000 21.5505
Cr203 0.0710 1.4616 0.1038 0.1125 151.9974 0.0007 0.0475 37.3600 0.0177 -0.0010 0.2551

B203 3.4510 3.2201 11.1126 12.0423 69.6204 0.1596 11.1051 -9.9300 -1.1027 0.0000 -15.8499
UCI2 1.1344 0.0000 0.0000 270.0388 0.0000 0.0000 -6.8000 0.0000 0.0000 0.0000

The2 1.1379 0.0000 0.0000 264.0400 0.0000 0.0000 -2.5330 0.0000 0.0000 0.0000
sre 0.0320 1.1826 0.0378 0.0410 103.6194 0.0004 0.0254 -24.4000 -0.0062 0.0005 -0.0891
ZrO2 0.4730 1.3508 0.6389 0.6924 123.2188 0.0052 0.3608 45.1000 0.1627 0.0144 2.3386
TiD2 0.0740 1.6680 0.1234 0.1338 79.8988 0.0015 0.1075 15.9900 0.0172 0.0043 0.2470
K20 0.3310 1.2046 n.3987 0.4321 94.2034 0.0042 0.2945 -41.7350 -0.1229 0.0059 -1.7665
Cs20 1.0602 J.0000 0.0000 281.8094 O.0000 0.0000 -46.8200 0.0000 0.0000 0.0000
Sb203 1.1970 0.0000 0.0000 291.4982 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

1>205 0.0230 2.2910 0.0527 0.0571 141.9370 0.0004 0.0258 -53.6200 -0.0138 0.0000 -0.1991
Nd203 1.1660 0.0000 0.0000 330.4782 0.0000 0.0000 -28,3200 0,0000 0.0000 0.0000
La203 1.1728 0.0000 0.0000 325.8100 0.0000 0.0000 -31.1400 0.0000 0.0000 0.0000
Y203 1.2699 0.0000 0.0000 225.8082 0.0000 0.0000 -12.9500 0.0000 0.0000 0.0000
BeD 0.0060 1.1165 0.0067 0.0073 153.3394 0.0000 0.0030 -30.5700 -0.0009 0.0001 -0.0134
R:)O 1.0772 0.0000 0.0000 223.1900 0.0000 0.0000 -8.8100 0.0000 0.0000 0.0000
Ce(_ 1.2284 0.0000 0.0000 172.1200 0.0000 0.0000 11.3450 0.0000 0.0000 0.0000
MoO3 1.5003 0.0000 0.0000 143.9382 0.0000 0.0000 -21.7500 0.0000 0.0000 0.0000

_10 0.095 1.2447 0.1182 0.1281 81.3800 0.0015 0.1011 -2. 4000 -0.0024 0.0020 -0.0349
CLO 1.2518 0.0000 0.0000 79.5454 0.0000 0.0000 1.7900 0.0000 0.0000 0.0000
Fe2./Fe3. 0
CI 0.3627 0.3627 0.3627
F 0.023 0.0230 0,0230
SO4 0.1744 0.1744 0.1744

OX]DESUMS 48.4740 92.2792 100.0000 1.4373 100.0000 -8.2271 0.4326 -75.1315

NORMALIZED SUM+pH Si -5.2271

MOLARBALANCE(M) MOLARSUMS MOLE% MOLE% SUM+pH B -5.2271
pH=

K2SEN 0.3164 SALTS 1.1167 0.9743
KCI 0.7622 BORATES 21.0029 18.3239
KBF4 0.0381 CHROMATES 0.2211 0.1929
Na902 21.0029 OX]DES 92.2792 80.5089

Na2Cr04 0.2211
TOTAL 114.6199 100.0000

K excess(M) -0.01
Hs excess (M) 0.02
804 excess (M 0.00
Cl excess O.O0
F excess 0.00
B excess 0.00

ALK/SiO2 = 0.402 TEST=

AI.K+ B203/SIO2 = 0.605 TIME=
B203/SIO2 = 0.204

VISCOSITY @TEMP(°C) 39.892 SAIV:
UQU4DUSRATIO = 0.076

UQUIDUS (°(;:)= 942.2957817
NOTE UQUIDUS AND VISCOSITY FORMULASCHANGEDTO CALCULATEALL RE AS FE203 (OCTOBER23, 1990)
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GLASSlD= 2/3 . 9 EDGE - B (ADS #200036849) (SPREADSHEET REVISION 5.0, OCTOBER 23. 1990)

GRAV OXIDE NO_VIOX1DE M.W. MOLE NORMG0(IDE _" FF_EENERGY NBO KCAL/KG
WT'/, FACTOR WT/, WT% FRACTION MOLE% FREEENIB_3Y HYDRATION

AI203 1.6140 1.6895 3.0497 3.3605 101.9600 0.0299 2.1166 3.0400 0.0643 -0.0423 0.9093

CaO 0.6570 1.3992 0.9193 1.0130 56.0794 0.0164 1.1600 -16.1160 -0.1869 0.0232 -2.6418
F6203 6.8500 1.4297 9.7934 10.7915 159.6922 0.0613 4.3398 15.5000 0.6727 -0.0868 9.5057

FeO NIA 1.2865 0.0000 0.0000 71,6464 0.0000 0.0000 -14,6090 0_0000 0.0000 0.0000
Mild 0.4360 1.6583 0.7230 0.7967 40.3114 0.0179 1.2692 -13.8880 -0.1763 0.0254 -2.4909

M'O 1.4840 1.2912 1.9161 2.1114 70.9374 0.0270 1.9115 -14.8710 -0.2843 0.0382 -4.0169
Na20 8.9640 1.3480 12.0835 13.3149 61.9790 0.1950 13.7962 -28.8150 -3.9754 0.2759 -56.1779
Li20 1.8530 2.1525 3.9886 4.3951 29.8774 0.1335 9.4469 -22.7400 -2 1482 0.1889 -30.3575
NK) 0.6430 1.2726 0.8183 0.9017 74.7094 0.0110 0.7751 -14.3470 -0.1112 0.0155 -1.5714
SiO2 21.1280 2.1393 45.1991 49.8055 60.0848 0.7523 53.2328 5.5900 1.3451 0.0000 19.0080

C...1203 0.0620 1.4616 0.0906 0.0999 151.9974 0.0006 0.0422 37.3600 0.0156 -0.0008 0.2227
B203 3.3530 3.2201 10.7970 11.8973 69.6204 0.1551 10.9744 -9.9300 -1.0898 0.0000 -15.3998
UO2 1.1344 0.0000 0.0000 270.0388 O.0000 0.0000 -6.8000 0.0000 0.0000 0.0000
1'hO2 1.1379 0.0000 0.0000 264.0400 0.0000 0.0000 -2.5330 0.0000 0.0000 0.0000

0.0290 1.1826 0.0343 0.0378 103.6194 0.0003 0.0234 -24.4000 -0.0057 0.0005 -0.0808
ZlO2 0.4610 1.3508 0.6497 0.7160 123.2188 0.0053 0.3731 45.1000 0.1683 0.0149 2.3781

TiO2 0.0730 1.6680 0.1218 0.1342 79.6988 0.0015 0.1078 15.9900 0.0172 0.0043 0. 2437
K20 0.3350 1.2046 0.4035 0.4447 94.2034 0.0043 0.3031 -41.7350 -0.1265 0.0081 -1.7878
(_20 1.0602 0.0000 0.0000 281.8094 0.0000 0.0000 -46.8200 0.0000 0.0000 0.0000
,510203 1.1970 0.0000 0.0000 291.4982 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
P205 0.0140 2.2910 0.0321 0.0353 141.9370 0.0002 0.0160 -53.6200 -0.0086 0.0000 -0.1212
Nd203 1.1660 0.0000 0.0000 336.4782 0.0000 0.0000 -28.3200 0.0000 0.0000 0.0000
La203 1.1728 0.0000 0.0000 325.8100 0.0000 0.0000 -31.1400 0.0000 0.0000 0.0000
Y203 1.2699 0.0000 0.0000 225.8082 0.0000 0.0000 -12.9500 0.0000 0.0000 0.0000

BnO 0.0050 1.1165 0.0056 0.0062 153.3394 0.0000 0.0026 -30.5700 -0.0008 0.0001 -0.0111
FbO 1.0772 0.0000 0.0000 223.1900 0.0000 0.0000 -8.8100 0.0000 0.0000 0.0000

1.2284 0.0000 0.0000 172.1200 0.0000 0.0000 11.3450 0.0000 0.0000 0.0000
IdoO3 1.5003 0.0000 0.0000 143.9382 0.0000 0.0000 -21.7500 0.0000 0.0000 0.0000
ZnO 0.101 1.2447 0.1257 0.1385 61.3800 0.0015 0.1093 -2.4000 -0.0026 0.0022 -0.0371
CuO 1.2518 0.0000 O.0000 79.5454 0.0000 0.0000 1.7900 0.0000 0.0000 0.0000
Fe2+/Fe3+ 0

CI 0.2272 0.2272 0.2272
F NIA NIA NIA
SO4 0.1485 0.1485 0.1485

C00DESUMS 48.0620 90.7513 100.0000 1.4131 100.0000 -5.6329 0.4652 -82.4268

NORMAUZED SUM+ pH,Si -5.6329
MOLAR BALANCE(M) MOLARSUMS MO_JE% MOLE% SUM+pHB -5.8329

pH=
K2SO4 0.2694 SALTS 0.7469 0.6663
KCl 0.4775 BORATES 20.4065 18.2042
KBF4 CHROMATES 0.1931 0.1723
NaBO2 20.4065 OXIDES 90.7513 80.9573
NI2CPD4 0.1931

TOTAL 112.0977 100.0000
K excess(M) 0.00
Nn excess (M) 0.08

excess (M 0.00
CI excess 0.00
F excess

ezexcess O.O0

ALKJSIO2 = 0.442 TEST=
ALK+ B203/SIO2 = 0.648 TIME=
B203/SIO2 : 0.206

VISCOSITY @TEMP(=C) 28.736 SA/V=
LIQUIDUS RATIO = 0.077

UQUIOUS (o(_) = 945.6550561

NOTE MQUIOUS AND VISCOSITYFORMULASCHANGEDTO CALCULATE ALL REAS FF.203 (OCTOBER 23, 1990)
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GLASS lD=- 2/3 + 9 CENTER - A (ADS #200038850) (SPREADSHEET REVISION 5.0. OCTOBER 23. 1990)

ELEMENT GRAV OXIDE _ O0(IDE M.W. MOLE _OXIDE _ FREEENERGY NBO KCAIJKG
WT'/, FACTOR WT% WT% FRACTION MOLE% FREEENEFtGY HYDRATION

AI203 1.6170 1.8895 3.0553 3.3476 101.9600 0.0300 2.1102 3.0400 0.0641 -0.0422 0.9110
CaO 0.6250 1.3992 0.8745 0 9581 56.0794 0.0156 1.O981 -16.1160 -0.1 770 0.0220 -2.5131
Fs203 6.8750 1.4297 9.8292 10.7693 159.6922 0.0616 4.3344 15.5000 0.6718 -0.0867 9.5404
FaO NIA 1.2865 0.0000 0.0000 71.8464 0.0000 0.0000 -14.6090 0.0000 0.0000 0.0000

MoO 0.4260 1.6583 0.7064 0.7740 40.3114 0.0175 1.2341 -13.8880 -0.1714 0.0247 -2.4338
MriO 1.5000 1.2912 1.9368 2.12;_1 70.9374 0.0273 1.9227 -14.8710 -0.2859 0.0385 -4.0602
Na20 9.0120 1.3480 12.1482 13.3101 61.9790 0.1960 13.8025 -28.8150 -3.9772 0.2761 -56.4788

Li20 1.8550 2.1525 3.9929 4.3748 29.8774 0.1336 9.4110 -22.7400 -2.1401 0.1882 -30.3903
NiO 0.6430 1.2726 0.8183 0.8985 74.7094 0.0110 0.7713 -14.3470 -0.1107 0.0154 -1.5714
SiO2 21.1790 2.1393 45.3082 49.6419 60.0848 O.7541 53.1013 5.5960 1.3430 0.0000 19.0715
Cr203 0.0690 1.4616 0.1009 0.1105 151.9974 0.0007 0.0467 37.3600 0.0175 -0.0009 0.2479
B203 3.4390 3.2201 11.O739 12.1331 69.6204 0.1591 11.2010 -9.9300 -1.1123 0.0000 -15.7948
UQ2 1.1344 0.0000 0.0000 270.0388 0.0000 0.0000 -6.6000 0.0000 0.0000 0.0000

ThO2 1.1379 0.0000 0.0000 264.0400 0.0000 0.0000 -2.5330 0.0000 0.0000 0.0000
Sd:) 0.0320 1.1826 0.0378 0.0415 103.6194 0.0004 0.0257 -24.4000 -0.0063 0.0005 -0.O891

7.JO2 0.4940 1.3508 0.6673 0.7311 123.2188 0.0054 0.3814 45.1000 0.1720 0.0153 2.4424
TiO2 0.0770 1.6680 0.1284 O.1407 79.6988 0.0016 0.1132 15.9900 0.0181 0.0045 0.2570
K20 0.3580 1.2046 0.4312 0.4725 94.2034 0.0046 0.3224 -41.7350 -0.1345 0.0064 -1.9106
C_,s20 1.0602 0.0000 0.0000 281.8094 0.0000 0.0000 - 46.8200 0.0000 0.0000 0.0000
Sb203 1.1970 0.0OO0 0.0000 291.4982 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1205 0.0150 2.2910 0.0344 0.0377 141.9370 0.0002 0.0170 -53.6200 -0.0091 0.0000 -0.1298

Nd203 1.1660 0.0000 0.0000 336.4782 0.0000 0.0000 -28.3200 0.0000 0.0000 0.0000
La203 1.1728 0.0000 0.0000 325.8100 0.0000 0.0000 -31.1400 0.0000 0.0000 0.0000
Y203 1.2699 0.0000 0.0000 225.8082 0.0000 0.0000 -12.9500 0.0000 0.0000 0.0000
BaO 0.0050 1.1165 0.0056 0.0061 153.3394 0.0000 0.0026 -30.5700 -0.0008 0.0001 -0.0111
PoO 1.0772 0.0000 0.0000 223.1900 0.0000 0.0000 -8.8100 0.0000 0.0000 0.0000
C.e(_ 1.2284 0.0000 0.0000 172.1200 0.0000 0.0000 11.3450 0.0000 0.0000 0.0000
MoO3 1.5003 0.0000 0.0000 143.9382 0.0000 0.0000 -21.7500 0.0000 0.0000 0.0000

ZnO 0.097 1.2447 O.120? 0,1323 81.3800 0.0015 0.1045 -2.4000 -0.0025 0.0021 -0.0356
CuO 1.2518 0.0000 0.0000 79.5454 O.0000 0.0000 1.7900 O.0000 0.0000 O.0000
Fe2+IFe3+ 0

Cl 0.3768 0.3768 0.3768
F NIA N/A NIA
SOl 0.1098 0.1098 0.1098

OXIDESUMS 48.3180 91.2701 100.0000 1.4201 100.0000 -5.8412 0.4639 -82.9485

NORMALIZED SUM +pH Si -5.8412

MOLAR BALANCE(M) MOLARSUMS MOLE% MOLE% SUM+pHB -5.8412
pH=

K2SO4 0.1992 SALTS 0.9910 0.8739
KCI 0.7919 BOP_TES 20.9299 18.4557
KBF4 CHRGMATES 0.2149 0.1895
NaBO2 20.9299 OXIDES 91.2701 80.4809
Na2CrO4 0.2149

TOTAL 113.4059 100.0000

K excess(M)
Na excess (M) 0.07
_4 excess (M 0.00
CI excess 0.00
F excess

B excess 0.00

ALK/SIO2 = 0.443 TEST=

ALK+ B203/SIO2 = 0,654 TIME=
B203/SI02 = 0.211

VISCOSITY @TEMp(oc) 28.005 SAlVe
UQUIDUS RATIO = 0.077

UQUIDU$ (0_:) = 945.943831

NOTE UQUIDUS AND VISCOSITY FORMULASCHANGEOTO CALCULATE ALL FIEAS FE203 (OCTOBER 23, 1990)
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GLASS lD= 2/3 + 9 CENTER - B (ADS #200038851) (SPREADSHEET REVISION 5.0, OCTOBER 23, 1990)

GRAV OXIDE NOF_IO001_E M.W. MOLE NORMQXIDE _ R:a,:EENERGY NBO KCAL/KG
WT% FACTOR WT% WT% FRACTION MOLE% _ ENERGY HYDRATtON

A1203 1.6900 1,8895 3.1933 3,3600 101.9600 0.0313 2.1133 3,0400 0.0642 -0.0423 09521
CK) 0.8610 1.3992 1.2047 1.2676 56.0794 0.0215 1.4496 -16.1160 -0.2336 0.0290 -3.4621
Fl203 7.1430 1.4297 10.2123 10.7455 159.6922 0.0640 4.3153 15.5000 0.6689 -0.0863 9.9123
FIO NIA 1.2865 0.0000 0.0000 71.8464 0.0000 0.0000 -14.6090 0.0000 0.0000 0.0000

M(;O 0.4740 1.6583 0.7860 0.8271 40.3114 0.0195 1.3158 -13.8880 -0.1827 0.0263 -2.7080
MqD 1.5360 1.2912 1.9833 2.0868 70.9374 0.0280 1.8866 -14.8710 -0.2806 0.0377 -4.1577

Na20 9.1380 1.3480 12.3180 12.9611 61.9790 0.1987 13.4111 -28.8150 °3.8644 0.2682 -57.2684
U20 1.9510 2.1525 4.1995 4.4188 29.8774 0.1406 9.4847 -22.7400 -2.1568 0.1897 -31.9630
NK) 0.6580 1.2726 0.8374 0.8811 74.7094 0.0112 0.7563 -14.3470 -0.1085 0.0151 -1.6081
SiO2 22.2260 2.1393 47.5481 50.0305 60.0848 0.7913 53.3993 5.5900 1.3582 0.0000 20.1275
Cf203 0.0650 1.4616 0.0950 0.1000 151.9974 0.0006 0.0422 37.3600 0.0158 -0.0008 0.2335
B203 3.4950 3.2201 11.2542 11.8418 69.6204 0.1617 10.9081 -9.9300 -1.0832 0.0000 -16.0520
U02 1.1344 0.0000 0.0000 270.0388 0.0000 0.0000 -6.8000 0.0000 0.0000 0.0000
ThO2 1.1379 0.0000 0.0000 264.0400 0.0000 0.0000 -2.5330 0.0000 0.0000 0.0000
SK) 0.0340 11826 0.0402 0.0423 103.6194 0.0004 0.0262 -24.4000 -0.0064 0.0005 -0.0947

ZJrO2 0.4840 1.3508 0.6538 0.6879 123.2188 0.0053 0.3580 45.1000 0.1615 0.0143 2.3930
TiO2 0.0760 1.6680 0.1268 0.1334 79.8988 0.0016 0.1071 15.9900 0.0171 0.0043 0.2537
K:L=O 0.3560 1.2046 0.4288 0.4512 94.2034 0.0046 0.3072 -41.7350 -0.1282 0.0061 -I .8999
CI20 1.0602 0.0000 0.0000 281.8094 0.0000 0.0000 -46.8200 0.0000 0.0000 0.0000
Sb203 1.1970 0.0000 0,0000 291,4982 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
P205 0.0110 2.2910 0.0252 0.0265 141.9370 0.0002 0.0120 - 53.6200 -0.0064 0.0000 -0.0952

Nd203 1.1660 0.0000 0.t)000 336.4782 0.0000 0.0000 -28.3200 0.0000 0.0000 0.0000
]- I.a203 1.1728 0.0000 0.0000 325.8100 0.0000 0.0000 -31.1400 0.0000 0.0000 0.0000

Y203 1.2699 0.0000 0.0000 225.8082 0.0000 0.0000 -12.9500 0.0000 0.0000 0.0000
B=O 0.0040 1.1165 0.0045 0.0047 153.3394 0.0000 0.0020 -30.5700 -0.0006 0.0000 -0.0089
FbO 1.0772 0.0000 0.0000 223.1900 0.0000 0.0000 -8.8100 0.0000 0.0000 0.0000

1.2284 0.0000 0.0000 172.1200 0.0000 0.0000 11.3450 0.0000 0.0000 0.0000
MoO3 1.5003 0.0000 0.0000 143.9382 0.0000 0.0000 -21.7500 0.0000 0.0000 0.0000
ZnO O.102 1.2447 0.1270 0.1336 81.3800 0.0016 0.1053 -2.4000 -0.0025 0.0021 -0.0374
CuO 1.2518 0.0000 0.0000 79.5454 0.0000 0.0000 1.7900 0.0000 0.0000 O.0000

Fe2+lFe3+ 0
Cl 0.2573 0.2573 0.2573
F N/A N/A N/A
SO4 0.1804 0.1804 0.1804

SUMS 50.3040 95.0381 100.0000 1.4819 100.0000 -5.7683 0.4641 -85.4834

NORMALIZED SUM+ pHSi -5.7683
MOLARBALANCE(ld) MOLARSUMS MOLE% MOLE% SUM+pH B -5.7683

pH=
K2SO4 0.3273 SALTS 0.8680 0.7395
KCt 0.5407 BORATES 21.2707 18.1213
KBF4 C_TES 0.2024 0.1725
NaBO2 21.2707 OXIDES 95.0381 80.9667
Na2CrO4 0.2024

TOTAL 117.3792 100.0000

K excess(M)
NI excess (M) 0.07
SO4 excess (M 0.00
Cl oxcom

F excem
B excem 0.00

ALK/SIO2 = 0.435 TEST=
ALK* B203/5102 = 0,639 TIME=
B203/8102 : 0.204

VISCOSITY @TEMP('C) 30.822 SA/V=
UQUIDUS RATIO = 0.077

UOUIDUS (0(_)= 943.3955774

NOTEUQUIDUS ANO VISCOSITY FORMULASCHANGEDTO CALCULATEALL REAS FE203 (OCTOBER23, 1990)
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