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SUMMARY

During the waste vitrification pfocess, troublesome minor components in high-level
radioactive waste streams (HLW) could adversely affect either waste vitrification rate or melter
life-time. Knowing the solubility limits for these minor components and their effects on
properties associated with waste vitrification operation and product durability are important in
many aspects, such as a determination of pretreatment options for waste streams, and glass
formulation to prevent potential problems dﬁring the waste vitrification as well as to improve
glass durability.

This letter report provides the research results obtained mainly from the Pacific
Northwest Laboratory (FY%4 and FY95) and some preliminary results obtained from a
subcontractor, Nuclear Research Institute Rez (Czech Republic). During this period, under the
HLW minor component project, seven borosilicate based HLW glass systems were investigated,
which covered four types of Hanford wastes: complexant concentrate waste (CCW), plutonium
finishing plant waste (PFP), double shell tank/single shell tank blend waste (DST/SST), and
complexant concentrate for tank waste SY103 (CC103-SY92SW). In addition, a West Valley
HLW glass was studied. A summary of this study follows for these six areas: molten salt phase
segregation during batch melting, solubility of sulfate as a function of glass composition,
chromate formation during batch reaction, crystallinity as a function of glass composition and
minor component concentration, effects of phosphate, chromium, and titanium on glass melt
viscosity, and effects of these minor components of interest on glass durability.

Molten Sait Phase Segregation

Molten sulfate segregation during HLW waste vitrification is a kinetic process, which
initiates at an early state of the batch melting. Segregated sulfate tends to flow toward the
surface of the molten glass and accummlates at the top of the melt where it evaporates. Glass
composition was found to have a significant influence on phase segregation. Alumina in glass
enhances sulfate segregation, while batches containing high boric acid and low sodium can
completely suppress it; this suppression is associated with melt foaming. Molten sulfate
segregation has been found to promote phase segregation of phosphate-rich phases, including
alkali-/alkaline- and rare earth- phosphates. An increase in alumina content in glass enhances an
overall segregation of both sulfate and phosphate phases.
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. ion D 1 f Sulfate in Gl

Sulfate solubility in glass varies significantly with glass composition (0.5 - 1.4 wt % SO,),
especially with phosphate present. Effects of various components on sulfate solubility were
investigated in terms of glass basicity, alumina content, and phosphate content. With the
exception of high phosphate glasses, sulfate solubility was successfully modeled using a semi-
empirical approach based on glass structure. According to the current understanding, sulfate
solubility in borosilciate waste glass is affected by the concentrations of non-bridging and
bridging oxygen, increasing with nonbridging oxygen concentration. Phosphate addition increases
the sulfate solubility (up to 1.4 wt% SO,),compared to 0.9 wt% SO3 for a glass with an
identical ratio of nonbridging over bridging oxygen.
Chromate. Formation during Batch Reaction

Chromate formation in an early stage of waste vitrification is inevitable; it peaks
approximately 650°C, depending on the glass composition. Chromate formation, mostly
Na,CrO,, is transient, depending on batch reaction time at a given temperature. Reaction of
chromate occurs above the peak temperature also. At the glass processing temperature, however,
the fraction of chromate, Cré*, is negligibly small; the most stable form is Cr** for waste glasses
vitrified in ambient air. For waste initially containing chromium oxide, no chromate phase
segregation was observed. Although the current results suggest no significant impact of high
chromic oxide content in the waste on HLW vitrification process, further investigation is
necessary to examine the impact of high chromate contents in HLW wastes on HLW glass
melting process. _
Eff f Minor C Crystallizati

Crystallization of certain phases containing minor components of interest in HLW glasses
is a complex process which not only depends on the temperature, thermal history of glass, and
amount of minor component in glass, but also is significantly affected by other glass
components. Results from this study show that the limiting factors of phosphate solubility in
glass are the concentrations of Na, Li, La, Nd, and Al. At relatively high concentrations of
alkalis, rare earth oxides, and alumina, crystallization of a variety of phosphate-bearing phases
were found, including Na;PO,, Li,PO,, Na;RE(PO,),, and AIPO,. In glasses with high
concentration of Cr,0; (> 1.0 wt%), eskolait (Cr,0,) precipitated from the melt. No settling
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of fine Cr, O, crystals (~10 pum) was observed. In HTB651 glasses containing relatively high
concentrations of both Cr and other transition metals (Mn, Ni, and Fe), a small amount of spinel
crystals formed, which were found at the interface between the melt and crucible wall. No spinel
settlement was found. Solubility of TiO, in borosilciate based HLW glasses was found to be
much greater than 1.0 wt% previously considered. A high melting temperature glass dissolved
as much as 5.0 wt% TiO, without precipitating any titanium bearing crystalline phases for
melting time as long as 24 hr at 1250 and 1350°C. However, at higher TiO, concentration (8.0
wt %), TiO, crystals precipitated from the melt at a lower temperature (1185°C). In this case,
no crystal settlement was observed. In addition, no effects of Al,O; and ZrO, on the solubility
limit of Ti0, were observed in HIB651 glasses.
Effects of Minor Components on Glass Melt Viscosity

Effects of minor components on glass melt viscosity depends on glass composition. An
addition of 1 wt% P,O; increases the glass melting temperature at 5 Pa.s approximately 6°C in
CVS3 glasses, but only 3°C in HTB651 glass, and 2°C in PFP2 glass. The effect of Cr;0O; on
glass viscosity is negligibly small. Formation of Cr,0, crystals does not change the normal
Arrhenius behavior of glass viscous flow at high temperature. An addition of 1.0 wt% TiO,
decreases glass melting temperature by about 10°C. '

Impact of sulfate on glass durability appears to be strongly glass composition dependent.
For CCW glasses, two distinct types of glass dissolution were observed, one by network
dissolution, and another by preferential leaching of Na-O-S-O and Li-O-S-O groups. The
preferential leaching, however, is not associated with crystals of Na,SO, and Li,SO, in glass,
suggesting that clusters of Na-O-5-O and Li-O-S-O exist in glass. Micro-chanrels of these
clusters are suspected to cause high-leaching rates of these species from the glass matrix.
Chemical durability of HLW glasses is affected by phosphate in two aspects, which are
associated with crystal formation in glass through the change of residual glass composition. For
a glass with a small fraction of phosphate crystals, Na;PO, or Li,PO, or both, glass durability
was either unchanged or improved slightly. This can be explained by the removal of alkali
oxides from the glass matrix, which in turn strengthens the residual glass network. However,
crystallization decreases glass durability when large amounts of alkali-phosphate crystals




precipitate in the glass. For glass containing high P,Os, crystallization of AIPO, and NaAISiO,
occurs in slowly cooled glass samples (using the canister centerline cooling treatment). The
crystallization is detrimental to glass durability, resulting in a sharp increase (up to a factor of
10) in sodium release tested using the 7-day PCT proceduré. The deterioration of glass durability
in this case can be attributed to weakening of the glass network by removal of Al or Si from the
glass matrix through crystallization. In HLW glasses spiked with Cr,0, (up to 0.8 wt%) and
TiO, (up to 5 wt%), no impact on glass dmablhty was found.
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1. INTRODUCTION

Hanford Site single-shell tank (SST) and double-shell tank (DST) wastes are planned to
be separated into low activity (or low-level waste, LLW) and high activity (or high-level waste,
HLW) fractions, and to be vitrified for disposal. Formulation of HLW glass must comply with
glass processibility and durability requirements, including constraints on melt viscosity, electrical
conductivity, liquidus temperature, tendency for phase segregation on the molten glass surface,
and chemical durability of the final waste form. A wide variety of HLW compositions are
expected to be vitrified. In addition these wastes will likely vary in composition from current
~ estimates. High concentrations of certain troublesome components,’ such as sulfate, phosphate,
and chromeé, raise concerns about their potential hinderance to the waste vitrification process. For
example, phosphate segregation in the cold cap (the layer of feed on top of the glass melt) in a
Joule-heated melter may inhibit the melting process (Bunnell, 1988). This has been reported
during a pilot-scale ceramic melter run, PSCM-19, (Perez, 1985). Molten salt segregation of
either sulfate or chromate is also hazardous to the waste vitrification proc&ss. Excessive (Cr, Fe,
Mn, Ni) spinel crystal formation in molten glass can also be detrimental to melter operation.

Titanium has aroused recent interest due to the possible use of silicotitanate as an ion- -
exchanger to remove radioactive Cs and Sr from the tank waste (Bunker, 1994 and Balmer and
Bunker, 1995). ' This would increase the amount of TiO, in HLW glass through the addition of
the loaded (or used) silicotitanate to the HLW stream. The solubility of TiO, in silicate glass can
_be as high as 10.0 wt% (Labarbe, et al., 1988). However, the current adopted TiO, solubility limit
is about 1.0 wi% in HL'W borosilicate waste glass (Bickford, et al., 1990). The exact range of
solubility' limits of TiO, as a function of glass composition for the waste glass is unknown.
Excessive TiO, would increase the liquidus temperature of glass and hence would be expected
to adverscly affect the melting process.

. To better understand the roles of these components in HLW glass and their effects on
vitrification and chemical durability, two consecutive studies were proposed (Langowski, et al.,
1994, and Langowski and Hrma, 1995). These studies have been carried out according to
milestone number PVTD-C94-03.01E Rev. 1 and PVTD-C95-02.015, respectively. The effects
of SO,, P,0;, Cr,0;, and TiO, on the vitrification and durability of a variety of HLW types have
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been studied. This report summarizes the experimental results and a current understanding of how
these components affect the vitrification process and glass durability, and its completion satisfies
milestone PVTD-T3C-95-125.

2. TEST MATRIX DESIGN

Both low-melting (1'150°C) and high-melting (21300°C) HLW glasses were formulated
with a variety of simulated Hanford HLW streams (West Valley glass, WV182, was also tested).
These wastes include complexant concentrate waste (CCW) pretreated by sludge dissolution and
transuranic extraction (May and Watrous, 1992), plutonium finishing plant waste (PFP) pretreated
by sludge washing (May and Watrous, 1992), DST/SST all blend waste (Lambert and Kim, 1994,
and Kim and Hrma, 1994), and West Valley waste (Perez, 1985) from which WV 182 glass was
made. The following sections describe formulation of HLLW glasses using the five wastes listed
above.

2.1 CCW Glass _

CCW glasses were formulated (using the CCW composition found in Appendix A) to
examine molten salt phase segregation during glass melting and glass durability while
encompassing the following paramefers: waste loading (from 28.0 to 79.0 wt% of waste oxides
in glass), glass basicity (from 27.5 to 42.8 kcal/avogadro bond), ALO; (from 0.0 to 15.0 wt%),
and P,O; (from 4.5 to 12.0 wt%). All glasses were formulated using a first-order mixture
Arrhenius viscosity model (Hma, et al., 1994). The formulation targeted a vitrification
temperature of 1150°C, at which the estimated melt viscosity of about 5.0 Pa-s (only CCW4-4
had the estimated glass viscosity of 2.9 Pa-s). Appendix Bl summarizes nominal compositions
of the seventeen CCW glasses. Except for the waste 'loading series (CCW1), the glasses were
formulated with 67.0 wt% waste loading.

For CCW glasses, the glass basicity number, BN, was estimated according to Kriimer
(1991): :
BN =119.0 - X{(x;-bn;) (kcal/avogadro bond) )
where 119.0 is the basicity number of pure B,0O,, and x; and bn, are the mole fraction of i-th
oxide and its corresponding basicity number, respectively. Appendix Bl also summarizes the
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glass basicity numbers.
2.2 PFP Waste Glass _ _

Molten salt phase segregation was also studied using glasses formulated with 40.0 wt%
loading of PFP1 waste described in Appendix A, which contains high concentrations of sulfate,
phosphate, and chrome. The PFP1 glasses fit into two categories: low B,O; - high Na,0 (PFP1-1
to PFP1-3) and high B,0; - low Na,0 (PFP1-4 to PFP1-7). In addition, Li,O content varied in
all glasses to examine its role in phase segregation. The glass formulation targeted a vitrification
temperature of 1150°C, at which the glass melt viscosity was about 7.5 Pa's as estimated from
the first-order mixture viscosity model (Hrma, et al., 1994). Appendix B2 summarizes nominal
compositions of the seven PFP1 glasses tested. -

The effects of phosphate on glass melt viscosity and chemical durability were separately
studied using PFP2 waste, a variation of the PFP waste with lower NiO and SeQ, than PFP1
(Appendix A). The PFP2 glasses were formulated with 28.0 wt% waste loading and targeted to
melt at 1150°C, at which the estimated melt viscosities were about 6 Pa-s. Appendix B3 tabulates
the nominal compositions of the five PFP2 glasses tested. | |
2.3 WV Waste Glass ' '

A West Valley simulated radioactive waste glass (WV-182) was chosen as a base-line
glass to study phosphate ségregation observed during a pilot scale ceramic melter run, PSCM-19
(Perez, 1985). Appendix B4 tabulates the compositions of WV-182 glass and its modified forms
in which SO, was increased (using NaéSQ,) to 1.0, 1.5, and 2.0 wt%. The glass melt viscosities
at 1150°C were about 4.5 Pa- s. In addition, two more modifications were tested with increased
ALO; of 6.0 and 10.0 wt% at the expense of SiO, on an equal mass basis. Each of these
modified glasses were tested with the varied SO, levels. The estimated viscosities of the higher
~ alumina glasses at 1150°C varied from 4.7 to 6.1 Pa-s (using the first-order viscosity model).

2.4 All Blend Waste Glass - |
'All blend (DST/SST) waste composition was used to formulate CVS3 glasses (Langowski,
et al., 1994), in which CVS3-1 was a baseline glass. These glasses had 50.0 wt% waste loading
and the estimated melt viscosity of 4.0 Pa-s at a vitrification temperature of 1350°C. Four CVS3
glasses (nominally, 37 to 40) based on CVS3-1 with increased P,O; from 3.0 to 9.0 wt% were
tested to study the effects of P,O; on glass melt viscosity, crystallirﬁty,‘ and chemical durability
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(Langowski et al, 1994). Appendix B5 summaries the nominal compositions of the CVS3 glasses.
2.5 HTB651 Glass

Using the same all blend (DST/SST) waste (cf. Appendix A), HTB651 (high-temperature
blend) glasses were formulated based on 65.0 wt% waste loading with modifications to these
glasses of P,0Os (5.0, 7.0, and 9.0 wt%), Cr,O; (0.6 and 0.8 wt%), and TiO, (1.0, 3.0, 5.0, and ‘
8.0 wt%). Additionally, two HITB651 glasses with 5.0 wt% TiO, but higher ALO; (12.0 wt%)
or ZrO, (8.0 wt%) were formulated. The base-line glass was HTB651, a modification of HTB650
(Kim and Hrma, 1994), in which several minute species were removed from HTB650, including
B,0;, MgO, CdO, K,;0, MoO;, PbO, RuO,, and WO,. Appendix B6 summarizes the nominal
compositions of twelve HTB561 glasses tested. Based on 5.0 Pa-s melt viscosity, all glasses had
a vitrification temperature of 1350°C as estimated from the first-order mixture viscosity model.
2.6 CC103 Glass |

Using high Cr,0, waste, CC103-SY95SW, glasses were formulated with the waste
loading from 30.0 to 55.0 wt%. Since CC103-SY95SW waste contained high concentration of
ALQ, (54.0 wt%), the glass melting temperature varied from 1150 to 1450°C based on each
particular waste loading used in the formulation. The estimated melt viscosity at each specified
melting - temperature varied from 1.7 to 9.9 Pas. Appendix B7 summarizes the nominal
compositions of the five CC103 glasses tested.

3. EXPERIMENTAL

3.1 Sample Preparation

Chemical reagents (oxides, boric acid, carbonates, and salts, cf. Appendix A) were used
to prepare each glass batch which was blended in an agate disc mill for 4 min. In the study of
phase segregation, batch size varied from 40.0 to 130.0 g as well as glass melting duration from
1 to 2 hr. Melting occurred in Pt-10%Rh crucibles except for WV182 glasses, for which alumina
~ crucibles were used. To prepare glasses for viscosity and durability measurements, 500.0 g of
glass was prepared. Glass was melted in a Pt-10%Rh crucible. To achieve composition
homogeneity, molten glasses were quenched on a stainless steel plate after the first hour melting,
and ground in a tungsten carbide disk mill for 5 min, and remelted for the second hour. The




crucibles were covered through the entire vitrification process.

For PFP1 glass melting, especially within the first hour, the crucible was periodically
taken out of the fumace to visually examine the melt for phase segregation. Crystallinity of
HTB651 based glasses were studied using isothermal 24 hr-heat treatments at and 100°C below
the glass processing temperature (corresponding to viscosity of 5 Pa-s). PFP2 and CVS3 glasses
were heat-treated using different center-line canister cooling (CCC) schedules as shown in
" Appendix C. '

3.2 Characterization ;

~ Glass compositions were selectively analyzed using XRF/EDS (x-ray fluorescence with
energy dispersive spectroscopy), and ICP/AES (inductively coupled plasma with atomic emission
spectroscopy). An optical microscope, LECO® PGM-3, was used to characterize segregated a
phase on the glass surface and crystals in the bulk. Segregated salt(s) and other crystalline phases
were further analyzed using x-ray diffraction (XRD) and scanning electron microscopy with
energy dispersive spectroscopy (SEM/EDS).
3.3 Melt Viscosity

Glass melt viscosities were measured using the standard test procedures, GDL-VIS Rev.0,,
in a temperature range +150°C of the glass melting temperature. Using a Brookfield® DV-II
viscometer, the viscosity measurements were performed in a Deltech® DT-31 furnace. The
" apparatus was calibrated using NBS 711 standard glass.

3.4 Chemical Durability

Duplicate samples were evaluated using 7-day product consistency test (PCT) (Jantzen
and Bibler, 1990) in 90°C deionized water. Upon the completion of the PCT, the solution was
filtered through a 0.45 pm membrane, and concentrations of cations (Si, Al, B, Na, Ca, P, S, and
Cr) were analyzed using ICP/AES, from which normalized elemental mass losses, (NL),, were
calculated according to :

NL)=G /[ (V)] @
where C,; is the i-th element concentration (g/m’®) in the solution and f; is the i-th element mass
fraction in the glass. :

Certain types of crystals in the CCC-treated or quenched glass samples may dissolve in
water during sample prewashing for the PCT at room temperature. This may affect the final PCT
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data. To examine the prewashing effect, rinse water was collected for each PCT sample of the
CCC-treated PFP2 and CVS3 glasses, and concentrations of elements in rinse water were

analyzed using ICP.
4. RESULTS AND DISCUSSION

This study covered a variety of waste streams and glass property measurements. For
clarity, experimental results and discussion are going to be grouped in terms of properties instead
of each individual type of waste and related glasses.

4.1 Molten Salt(s) Phase Segregation

Phase segregation of sulfate and phosphate was investigated in CCW, PFP1, and WV
glasses at 1150°C. The primary segregated phase was NazsC-)4 as identified by XRD. Glass
composition effects on phase segregation is going to be addressed in terms of waste loading,
glass basicity, alumina content, and phosphate content. And then the composition effect on sulfate
solubility in glass is evaluated. The relationship between boric acid-induced melt foaming and
phase segregation will also be addressed. The mechanisms of phase scgrégation are explored in -
connection with the study of PFP1 and WV glasses.

4.1.1 Composition Effect on Molten Salt(s) Phase Segregation

Segregated molten sulfate on the melt surface was observed in CCW1-(3-5) glasses with
SO, content greater than 1.3 wt% (in batch). These higher sulfate glasses exhibited significant
volatility at 1150°C. As a result, yellowish sulfate beads precipitated inside as well as outside the
crucible on its walls. Results clearly showed that at 1150°C the phase segregation and volatility
of sulfate increased with the increase of waste loading.

For the remaining CCW glasses with a fixed amount of sulfate (1.6 wt% in batch), the
molten salt phase segregation was observed except in CCW2-1, the composition of which was
on an immiscibility boundary established for high-level CVS glasses (Peeler and Hrma, 1994).
A correlation between glass amorphous phase separation and molten sulfate segregation is not
well understood at present. High boric acid and low sodium in CCW2-1 glass (cf. Appendix B1)
suggested an effect of melt foaming on suppression of sulfate phase segregation (Li, et al.,
1995a), which is going to be addressed in detail in section 4.1.3.
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Water rinsing on the melt surface dissolved sulfate layer easily, and by doing so, another
segregated phase, Li;PO,, was revealed on the melt surface (identified by XRD). The result
suggested that both sulfate and phOSphaie segregated from the melt at the glass melting
temperature.

4.1.2 Composition Effect on Sulfate Solubility in Glass

_ Sulfate content in each CCW glass was determined by XRF/EDS using a quenched glass
sample without the segregated phase and is tabulated in Table 1. Each measured sulfate
concentration can be approximatély treated as a solubility limit for that particular glass based on
the observations that an excessive amount of sulfate was separated out of the bulk of glass and
no sulfate crystalline phase in glass was detectable under XRD. However, it should be noted that
molten sulfate segregation started at an early stage of glass batch melting (see section 4.1.3),
which might result in sulfate slightly under-saturated in glass.

Figure 1 shows that except for glasses in the waste loading series, correlations of sulfate
solubility limit exist with glass basicfty, alumina content, and phosphate content. The solubility
of sulfate increases with an increase in either glass basicity (CCW2 glasses) or phosphate
concentration (CCW4 glasses), but decreases with. an increase in alumina content (CCWB
glasses).

Solubility of sulfate in simple silicate melts has been theoretically analyzéd by
Papadouplos (1973) and Krimer (1991). Under a given sulfate partial pressure, the solubility of
sulfate was shown to be affected by the concentration of nonbridging oxygen, Si-O;, in the glass
network (Papadouplos, 1973). However, this model has shown to be applicable to sodium rich
silicates, but not calcium rich silicates. Correlating the sulfate solubility with free oxygen
concentration (O%) in the melt, or glass basicity, Krimer (1991) proposed that logarithmic sulf;te
solubility is linearly proportional to the glass basicity with a slope of one. Under a given sulfate
partial pressure and melting temperature, the slope was experimentally found to be much greater,
and yet the linearity was preserved (Kréiner, 1991). In this study, a linearity is evident in CCW
glasses as shown in Figure 1. The slope, however, varies according to the e:q)erimental'scri&s,
and is even less than zero in case of the alumina content variation. Furthermore, no
straightforward correlation exists between the basicity value and sulfate solubility in glasses with
different waste loadings. Hence, the basicity model fails in complicated waste glass systems.
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Currently, a better semi-empirical model is under development (Li, et al., 1995b) for
borosilicate based waste glasses. It correlates the glass structure with the solubility of sulfate by
considering influences from a variety of glass constituents (in terms of oxide), i.e., an overall
glass structural effect on sulfate solubility. Preliminary results show that for CCW glasses, as
well as low-level waste glasses (Li, 1995 and Feng, et al., 1995), the sulfate solubility correlates
well with a glass structure factor, Cypo®/Cpo, (Where Cypo and Cpo are nonbridging and bridging
oxygen concentration, respectively). Figure 2 represents that correlation, in which only two CCW
glasses with high concentrations of phosphate do not fit. Investigation on structural interaction
between phosphate and sulfate in borosilicate waste glasses is underway (Li, et al., 1995c).
4.1.3 Possible Mechanisms for Phase Segregation

Considering Na,SO, is the primary segregated phase, it seems logical to relate the sulfate
segregation to its solubility in glass. In the earlier study of CCW glasses discussed above,
microscopic and visual inspections were made for each quenched glass after 60 min melting. To
better understand the phase segregation. process, it is desirable to examine the entire melting
process. Hence, in the later study of PFP1 glasses, the crucible was periodically taken out of the
furnace for visual inspection. Several melts were selectively chosen for microscopic examination
as well. |

Figure 3(a-c) illustrates the melting process of PFP1-7 glass spiked with 1.0 wt% SO,
No phase segregation is evident during the entire glass melting process, indicating that suifate
was completely soluble in the melt. Similar results have been observed in low-level waste glass
having high sulfate solubility limit (Feng, et al., 1995 and L, et al., 1995c¢). |

Figure 4(a-f) illustrates PFP1-1 glass batch melting and phase segregation process. At the
beginning, batch melting occurred on the surface of batch pile only (including the contacting
interface with the crucible wall, cf. Figure 4a). After 2 min (Figure 4b), droplets of yellowish
sulfate could be seen. After 7 min, batch reaction appeared to be completed, and a significant
amount of yellowish sulfate phase accumulated on the melt surface (Figure 4c). The sulfate
accumulation proceeded further during the next 15 min (Figure 4d). Upon further melting, no
detectable increase in the sulfate accumulation was found (Figures 4e and 4f). The sulfate
retained in the melt was 0.86+0.08 Wt%.

A sample of the segregated layer was collected for bhase analysis. Figure 5 illustrates
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XRD patterns, identifying the two segregated phases as Na,SO, and Na,PO,. This is further
evidence that segregation of sulfate and phosphate occurred sirriultaneously as observed in CCW
glasses (see section 4.1.1). ' ,

Sulfate solubility in PFP1-1 glass is expected to be higher than in PFP1-7, based on the
proposed effect of nonbridging oxygen concentration (see section 4.1.2), since the former has
relatively lower concentrations of sodium but higher concentrations of boron. Hence, the sulfate
phase segregation in PFP1-1 melt is not expected under an éssumption that sulfate solubility is
a limiting factor. Figure 4(a-f) clearly demonstrates that phase segregation is a kinetic process |
occurring in an early stage of batch melting before a homogeneous melt occurs. Accordingly, the
sulfate segregation can be affected by factors which influence the early stages of batch melting.
Once sulfate is segregated out of the melt, it is difficult to be redissolved back into the melt,
Hence, sulfate phase segregation is not governed by the sulfate solubility in glass. '

' Figures 6(a,b) illustrates optical micrographs of the surface and the bulk of the melts of
PFP1-5 glasses, demonstrating an occurrence of melt foaming both on the surface and in the bulk
during the glass melting. Various degrees of melt foaming were also observed in PFP1-4, -6, and
-7 glasses. Although the extent of melt foaming varies among these glasses, a common feature
was apparent, that the foaming was persistent during the entire melting process. All of these
glasses showed no sulfate segregation from the beginning of the glass melting. In contrast,
PFP1-1, -2, and -3 showed significant sulfate segregation, started from an early stage of glass
melting, while no foam was observed. An example is shown in Figure 6(c,d) for PFPII-I glass.
A mild sulfate content in silicate glass was reported to suppress the melt foaming (Kim and
Hrma, 1990, 1991 and 1992). The results from this study suggest that the melt foaming, on the
other hand, can suppress sulfate segregation. '

Although persistent melt foaming appears to be beneficial in suppressing sulfate
segregation, foaming itself can be hazardous to the melter operation. Whether the melt foaming
exists appears to be related to a ratio of B,Q; to Na,O in PFP1 glasses. The ratio is high in PFP1-
4 to -7 glasses, but significantly lower in PFP1-1 to -3 glasses. Furthermore, for glasses having
the high ratio of B,0,/Na,O, the extent of the melt foam was significantly reduced by deceasing
the B,0y/Li,O ratio in glass without changing Na,O. An example is shown in Figure 7,
demonstrating that PFP1-7 glass with a lower B,0y/Li,O ratio had less foam than PFP1-4 with
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a higher B,0yLi,O ratio. |

Results discussed so far do not tell whether the two phases, sulfate and phosphate, were
segregated indepehdently or they were influenced by one another. In laboratory crucible testing,
WV182 glasses with SO; < 1.0 wt% exhibited neither sulfate nor phosphate segregation at any
level of alumina content. At the same phosphate level (2.6 wt% P,Os), but higheér sulfate contents,
1.5 or 2.0 wt% SO;, a yellowish molten sulfate phase segregated out of the melt. An example
is shown in Figure 8 for WV182-4, -8, and -12 melted at 1150°C for 60 min. The melt surface
area, covered by the segregated layer, appears to increase with alumina content (Figure 8).
SEM/EDS analyses showed that EDS signals of Na, S, Ca, La, and P were significantly higher
in the segregated phases as shown in Figuré 9 (EDS signals of Cr, Fe, and Ni in Figure 9¢
resulted from spinel crystals trapped in the molten salt layer). The results not only reveal the
simultanecus phase segregation of sulfate and phosphate, but also demonstrate that phosphate
segregation was induced by the segregated sulfate. Furthermore, high Al,O; increased the extent
of phase segregation in WV glasses. The presence of ALQO; is known to slow down the batch
melting process (Takahashi, 1962). Since the phase segregation initiated at an early stage of batch
melting, higher alumina content in batch delays the generation of a glass-forming melt, allowing
more sulfate and phosphate to segregate from the melt.

4.2 Effects of Glass Composition and Temperature on Chromate Formation

In addition to segrégation of sulfate and phosphate phases, chromate phase segregation,
such as molten salt Na,CrO,, was also investigated using high chrome CC103 glasses. The
investigation was primarily conducted by Nuclear Research Institute ReZ (Czech Republic, cf.
Vojtéch, et al., 1995) under a subcontract.

Choosing Cr,0;.nH,0 hydroxide as a chemical source for Cr** in the batch, the conversion
of Cr* to Cr* during batch melting was investigated using CC103-2 and CC103-3 glass
compositions (cf. Appendix B7). Figure 10 illustrates chromate formed in the reacted batch
versus batch reaction temperature for various experiment durations, which is expressed as CrO,
in wt% related to the weight of the initial batch. Apparently, chromate formation is sensitive to
temperature, time, and batch composition. Although the reaction of Cr**-Cr®* was not in
equilibrium at those temperatures studied, the formation of Cr** peaked at 600°C for CC103-2,
and at 700°C for CC103-3, the positions of which seemed to be not affected by the reaction
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equilibrium. _
Below the peak temperature, an increase in Cr®, in a form of Na,CrO,, can be interpréted
as a reaction of Cr,O; with Na,O under atmospheric oxygen. The rate of reaction increases as
temperature increases. Above the peak temperature, a decrease in the Cr®* fraction results from
a shift of the redox equilibrium.

According to the trend depicted in Figure 10, the amount of Cr** in a molten glass should
be negligibly small at temperatures greater than 1000°C. In fact, no chromate molten salt
segregation was observed in the two glasses during vitrification at 1150 or 1450°C. According
to these observations, it can be concluded that for a waste containing a high concentration of
Cr,0,, chromate formation is unavoidable, but its related molten salt phase segregation is
unlikely. However, it is still not certain whether chromate molten salt phase segregation occur |
in the large-scale vitrification of HLW waste containing high concentration of chromic anions,
CrOZ. Based onthe current understanding (Darab, et al., 1995), chromium in borosilicate waste
glass exists mostly in the form of Cr”*, each of which associates with 6 oxygens. Combining the
above results (Vojtech, et al., 1995) with a pervious chromium spectroscopic study in borosilicate
based waste glasses (Darab, et al., 1995), it can be further concluded that under a normal glass
melting condition (ambient air), Cr’* is the most stable form in HLW glasses regardless the
oxidation state of the chromium in the batch. However, it is necessary to conduct further tests
to examine whether chromate segregates from the melt in the large-scale vitrification of HLW
waste containing a high concentration of chromate (instmd of Cr,0y).

4.3 Crystallinity

Table 2 summaries results of the crystallinity study. Discussion will be divided into two
subsections, crystallinity in quenched and 24-hr isothermal or the CCC-treated glasses.
4.3.1 Quenched Glass _

In the bulk of CCW1-(4&5) g]assés, Li,Si0; and Li,PO, were identified by XRD, with
a greater proportion of Li;PO,. There were no crystals detectable by XRD in the bulk of CCW1-
(1-3) glasses. The primary crystalline phase of Li;PO, was also identified by XRD in the rest
of CCW glasses. In CCW4-(1-3) glasses, two minor phases, Cas(PO,),SiO, and Ca,P,0,, were
detected by XRD as well. _ ,

Crystallizaﬁon of Li;PO, in CCW1 glasses initiated when phosphate content was greater
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than 1.0 wt% P,0;. However, the same phase formed at 0.5 wt% P,0, in CCW4-1 glass.

Comparison of compositions between CCW1-3 and CCW4-1 (Appendix B1) suggests that higher
alumina, 7.64 wt%, in CCW4-1 might reduce phosphate solubility, resulting in formation of
phosphate crystals at a lower P,O; level. The adverse effect of Al,O; on phosphate solubility in
borosilicate based waste glass, such as CCW glasses, is not well understood. Based on previously
‘published experimental results (Tomozawa, 1979), an incorporation of AL O, into silicate glass
with phosphate (on an equal molar basis) was beneficial for the stability of phosphate in the glass
network. Further investigation is needed to clarify this discrepancy for the role of alumina in
silicate and in borosilicate glasses.

Crystallization of Li;PO, was also found in PFP2 glasses with P,O, ranging from 3 3to
7.3 wt%. The amount of crystals increased with the increase of P,O; content in glass (cf. Table
2). Also, Cr,0; precipitated from all PFP2 melts, simply because its concentration was well above
the solubility limit of Cr,0; in borosxlmte waste glasses, typically < 1.0 wt% Cr,0; (L, et al.

199Sb) .
Concentrations of Li,0 and AL,O, in CVS3 glasses were much lower compared with those
in CCW and PFP2 glasses. However, CVS3 glasses had much higher concentrations of rare
earths, RE (= La, Nd, Ce), which promoted crystallization of Na3RB(PO4)2 as identified by XRD.
The primary phase was Na;Nd(PO,),, and it increased, up to 7 vol%, with the increase of
phosphate content (cf. Table 2). CVS3-40 glass with 9.0 wt% P205 also exhibited amorphous
phase separation as shown in Figure 11.

Na;Nd(PO,), was also found by XRD in HTB651 glasses spiked with P,O;. The amount
of crystals increased from 10.0 to 25.0 vol%, while P,Os increased from 5.0 to 9.0 wt%. In
addition, HTB651-4 glass with 9.0 wt% P,0O; also exhibited amorphous phase separation as
shown in Figure 12. |

Eskolaite (Cr;0;) appw'cd to be soluble up to 0.8 wt% in HTBS61 glass melted at
1350°C for as long as 24 hr. However, glass with 0.8 wt% Cr,O; exhibited spinel crystals when
heat-treated at a lower temperature, 1245°C (cf. 4.2.2). Crystallization of eskolaite (Cr,0;) were
observed in CC103 glasses at all levels of Cr,0; (4.1 Wt%). An example is shown in Figure
13. Although Cr,O; forms agglomerates, crystal settling was not observed. In CC103 glasses with
waste loading at 45.0 wt% or higher, nepheline (NaAlISiO,) was detected by XRD. Crystalline
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phases of nepheline (NaAISiO,) and beta-eucryptite (-Li,Al,Si,0,) were found in CC103-4 glass
by XRD. . '
No crystals'were detectable under both SEM and optical microscope in quenched HTB651
glasses with 1.0 - 8.0 wt% TiO,, suggesting that 8 wt% TiO, in glass was soluble at the glass
- processing temperature. |

4.3.2 Heat-Treated Glass . _

PFP2 glasses with various amounts of phosphate were treated using the canister-
centerline-cooling schedule (CCC). Crystalline phases of AIPO,, Li;PO,, and Cr,0,, were detected
by XRD (cf Table 2). The total volume of the crystals in each CCC-treated glass sample was
greater than that of the quenched sample with the same composition.

A primary crystalline phase of Na;Nd(PO,), and two minor phases of L1P03 and NdPO,
were found in CCC-treated CVS3 glasses. The total crystallinity increased with the increased
phosphate content (cf. Table 2). Figures 14-17 illustrate SEM micrographs and EDS patterns of
the treated CVS3 glass samples. Figure 14 shows spinel crystals, enriched in Cr, Mn, Fe, and Nj,
in CVS3-37. An unidentified phase can be also seen, which is assumed to be similar to the phase
found in the CCC-treated CVS3-38 glass (Figure 15). In CVS3-38 glass with higher phosphate
content (5.0 wt% P,O, compared to 3.0 wt% P,O; in CVS3-37 glass), the same heat-treatment
resulted in a larger spherical phase enriched in P, Ca, Nd, and Fe (Figure 15¢). A similar

spherical phase became even bigger in size in CVS3-39 glass with higher phosphate (7.0 wt%
| P,0;) after the same heat-treatment (Figure 16a). Overall, the spherical phase is enriched in P,
Ca, Ce, and Nd (Figure 16b). It is also evident that elongated phosphate crystals precipitated in
this glass (Figure 16a), which are enriched in P, Ce, and Nd. In CVS3-40 glass with the highest
phosphate content (9.0 wt% P,O;), the CCC-treatment resulted in the formation of a large
spherical phase as compared with that in the quenched glass (Figure 11). These spheres had
similar compositions, both enriched in P, Ca, Nd, Fe, and Ni (Figures 17b and 17c).

Based on the morphology of these spherical phases and their compositions aooording’to
EDS analyses, it is likely that they separated from the melt at the prdcessing temperature, and
subsequently crystallized during melt cooling. In all of the CCC-treated CVS3 glasses, spinel
: phase was found by SEM/EDS and also detected by XRD in CVS3-39 and CVS3-40 with higher
phosphate concentrations.
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HTB651 glasses with P,O; ( 5.0, 7.0, and 9.0 wt%y), Cr,0; (0.6 and 0.8 wt%), and TiO,
(1.0, 3.0, and 5.0 wt%) were separately heat-treated at and 100°C below the melting temperature
for 24 hr. For phosphate-spiked samples, no crystals were detectable under optical microscope
using both treatments. However, XRD revealed the presence of Na,Nd(PO,), as discussed
previously for the quenched samples which were melted at 1350°C for 2 hr. The discrepancy may
be related to different melt cooling rate. The rate of melt quenching for the 2 hr-melt was
believed to be much lower than that of the 24 hr-melt because of the size of the former being
200 times larger than that of the latter. | , |

For HTB651-6 glass with 0.8 wt% Cr,0, the heat-treatment at 1245°C for 24 hr (100°C
below the glass melting temperature) resulted in formation of spinel crystals as shown in Figure
-18a. A majority of the crystals was at the bottom of the melt surrounding the surface of bubbles.
EDS analysis (Figure 18c) suggested that the crystals belong to spinel crystal type, AB,O,, where
A can be Mn and Ni, and B can be Cr and Fe (Evans, 1978). The crystals appeared to nucleate
at the interface between the melt and the crucible wall, rather than settled from the melt. The
- connection between the crystals and bubbles suggests that the formation of spinel crystals
released oxygén due to the reduction of the associated transition metal species, M (most likely
Fe), acc_:ording to the reaction (Schreiber, et al., 1986):

AM™ iyt 20 OF ey = 4™ 410, ¢ - 3)

In CC103-2 glass with 4.1 wt% Cr,Os, both eskolaite (Cr,0,) crystals and a solid solution
of Cr£03-FeQO3 were found after the heat-treatment at 1050°C for 24 hr (100°C below the glass
melting temperature). The solid solution had the same crystal structure as eskolaite (Vojtech, et
al., 1995). In the CCC-treated CC103-2 glass, Cr,0; and Cr,0,-Fe,O, solid solution were also
found (Figure 19a). In CC103-3 glass with 6.2 wt% Cr,0;, the heat-treatment at 1350°C for 24
hr (100°C below glass melting temperature) also resulted in crystallization of Cr,O; and Cr,0s-
Fe,)O, solid solution (Vojtech, et al., 1995). However, the CCC-&&tment almost devitrified the
glass sample completely, in which beta-eucryptite (3-LiAISiO,) and nepheline (NaAISiO,) also
formed (Figure 19b) in addition to Cr,0, and Cr,0,-Fe,0; solid solution. |

For HTB651 glasses spiked with TiO, up to 5.0 wt%, no Ti-containing crystals were
found using 24 hr-isothermal and CCC treatments. However, an isothermal treated sample with
8.0 wt% TiO, at a lower temperature, 1185°C, showed uniformly distributed TiO, crystals
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precipitated from the melt as shown in Figure 20. The above results suggest that HTBGSI glass
with 5.0 wt% TiO, can be safely vitrified without a potential proé&ssing problem associated with
crystallization of TiO,. In addition, other types of non-titanium-bearing crystals were cbserved
in HTB651 glasses spiked with TiO,. HTB651-7 glass with 1 wt% TiO,, after the isothermal
treatment at 1339°C for 24 hr, had a small amount of isolated Ca-S bearing crystals (Figure 21).
There was no evidence suggesting the connection between these crystals and TiO, in glass. In
HTB651-9 glass with 5 wt% TiO,, after the treatment at 1203°C for 24 hr, a cluster of ZrO,
particles was found near the bottom of the melt (Figure 22). HTB651-12 glass samples with 5.0
wt% TiO, and 8.0 wt% ZrQO, also showed ZrO, crystals after heat-treatments at 1328°C and
1228°C for. 24 hr, respectively. Figure 23 shows the heat-treated HTB651-12 glass at 1328°C,
demonstrating the settlement of ZrO2 particles at the bottom of the melt. In all cases, it is likely
that these ZrO, particles were undissolved batch material. No crystals were found in HTB651-11
glaés samples with 5.0 wt% TiO, and 12.0 wt% AL O;, which were treated at 1354°C and 1254°C
for 24 hr, respectively. .

4.4 Glass Melt Viscosity

4.4.1 Phosphate Effect

The Effect of P,O; on glass melt viscosity was experimentally. determined using Pi:P2,
HTB651, CVS3, and CC103 glasses. Figures 24-26 illustrate the melt viscosities as a function
of temperature for the three types of glasses with various amounts of phosphate. In all cases,
incorporation of P,O; into glass increases the melt viscosity. The phosphate effect can also be
evaluated in terms of glass melting temperature at a giveﬁ viscosity, such as at 5 Pa-s, which are
also shown in these figures. ‘

Glass melt viscosity increase with increased phosphate may be related to the reaction
phosphorous with sodium. Phosphorous competing with silicon for sodium has been found by
nuclear magnetic resonance (NMR) study of Na,0-CaO-P,05-SiO, glasses (Lockyer, et al., 1995),
showing that phosphorous is preferentially bonded with alkali or alkaline earth cations in the
network. Hence, the glass network is expected to be strengthened with reduced number of Na
reacting with bridging oxygen, Si-O-Si.
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4.4.2 Chrome and Titania Effect A

Incorporation of Cr,O; into HTB651 glass slightly decreased the viscosity of the baseline
glass as shown in Figure 27. The role of Cr,0; in borosilciate glass is either that of a glass
former or a glass modifier, depending on glass composition (Li, et al., 1995d). Figure 28 -
illustrates the melt viscosity of CC103-2 and CC103-3 glasses. As shown by the results of
CC103-2 glass, crystallization of Cr,0; or Cr,0,-Fe,0, did not alter viscous flow. However, this
anomaly was observed in the lower temperature viscosity data of the CC103-3 melt, which can
be attributed to crystallization of beta-eucryptite in the melt. In this case, the melt viscosity
appeared to be reduced with the increase of - beta-eucryptite crystals.

Titania has a negative effect on HTB651 glass melt viscosity as shown in Figure 29.
Analogous to Cr,O;, TiO, in silicate glass plays a dual role, depending on glass composition. For
a small fraction of TiO, (<1.0 wt%), more Ti*" ions enter into the network forming positions than
into the modifying positions, while the opposite is true at higher TiO, concentration (Morsi and
El-Shennawi, 1984). The experimental data obtained here suggest that TiO, acts as a glass
modifier in HTB651 glasses.

4.4.3 Prediction of Melt Viscosity using First-Order Mixture Model

Using the first-order mixture model for Arrhenius viscosity (Hrma, et al.,, 1994), the
viscosity of a particular glass at the glass melting temperature was estimated, for which P,Os,
TiO,, and Cr,O; were treated as components of Others. Figure 30 compares the predicted values
with the experimentally determined. Overall, the predictions appears to underestimate glass melt
viscosity, which increases with increasing concentration of phosphate in glass. A better
predictability by the revised viscosity model considering the phosphate effect can be found in a
separate report on HLW glasses (Vienna, 1995). ,

For glasses spiked with TiO,, the predictions appears to be better at hlgher TiO,
concentration. Since HTB651 glass contains no B,0;, which exceeded the model constraint for
B,0, (5.0 - 20.0 wt%), the effect is fortuitous.

The predictions for CC103-2 and -3 glasses with very high Cr,O; concentrations are
affected by the significant amount of Cr,O; crystals in the melt. Fmthermbre, in CC103-3 glass
(melted at 1450°C), the residual glass composition was changing with temperature due to the
crystal growth of beta-eucryptite. Therefore, the viscosity can not be properly predicted by the
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model.
4.5 Chemical Durability

The effect of composition on glass durability as treated by statistically designed
experiments can be defined in two ways: an averaged compositional effect due to changes of
several glass constituents and a single componént effect due to a change of one component of
interest in glass. The experimental design of CCW and CC103 glasses fits into the former, which
is going to be addressed first. Then, the single component effect is to be examined using PFP2,
CVS3, and HTBS61. glasses, which cover the effects of phosphate, chrome, and titania.
4.5.1 Glass Composition Effect '

Figure 31 illustrates 7-day PCT releases of Na, Li, B, S, and Cr for CCW1+(1-5) glasses
as a function of waste loading. The releases increase with waste loading. CCW1 glasses had
lower normalized Na releases than the EA glass, 6.67 g/m’, when the waste loading was kept at
or below 54.0 wt%. A significant deterioration in glass durability at higher waste loadings is
apparent. At and below 54 wt% waste loading, glasses were free from crystals. Crystals of
Li,SiO; and Li;PO, were found at higher waste loadings. Crystallization affects the residual glass
composition, and in turn, results in either increaéing glass durability by taking alkalis away from
the network or decreasing glass durability by taking glass formers away from the network (Kim,
Peeler and Hrma, 1995). In high waste loading CCW1 glasses with less than 2.0 vol% crystals,
both Li and Si were extracted from the network via crystallization through which more Li was .
removed than Si. Furthermore, in terms of an individual effect of Li and Si on 7-day PCT glass
durability, a removal of Li has a greater influence (Hrma, et al., 1994). Therefore, the observed
durability deterioration can not be associated with the residual glass composition after
crystallization of these two phases. , '

Figure 32 illustrates 7-day PCT data for CCW2-(1-4) glasses which had a wide range of
glass basicities. A basé}ine glass, CCW1-4, is also included fc;r comparison. In this case, sodium
release has a similar trend as the release of sulfur. All CCW2 glasses had the same waste loading
- (67.0 wt%); glass durability appears to be improved by either a decrease or increase in glass
basicity. A maximum release of Na was seen at a basicity of 36.2 kcal/avogadro bond.

Figure 33 shows a plot of 7-day PCT data versus alumina content for CCW3-(1-4)
glasses. Contrary to expectation, glass durability is improved by reducing alumina content in the
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baseline glass, and deteriorated as the alumina content increased. Once again, for all CCW3
glasses, sodium and sulfur releases have similar trends.

Figure 34 illustrates a comparison between the release of sodium and that of sulfur for
CCW4-(1-3) glasses along with those of the baseline glass. Results show the durability of CCW1-
4 glass being substantially improved by an addition of 8.0 wt% P,0;.

In CCW glasses formulated at 67.0 wt% waste loading, preferential dissolution of Na, Li,
and S are apparent. Figure 35 plots concentrations of alkali ions in solution versus concentration
of either sulfur or a sum of sulfur and phosphorous in solution after 7-day PCT. Because
concentrations of sulfur and sodium in leachates are si gnificantly higher in most cases, it was
first assumed that the two species, Na and S, are released into water congruently, i.e., in a ratio
of 2:1 between Na and S (based on analogy of dissolution of crystailine Na,SO, in water). The
slope, K, determined from a linear regression analysis (Figure 35a) suggests that the previous
assumption should be further corrected by taking lithium (in solution) into account in order to
balance sulfur in solution. The revised approach resulted in a higher ratio, K,, between the total
alkali in solution and sulfur released indicating alkali ion in excess. Alkalis in excess in leachates
are not unexpected, which were not associated with sulfur in glass and could leach into water via
ion-exchange with hydronium, H,O*, (Schnatter et al., 1988, Feng, 1991, and Li and Tomozawa,
1995). Furthermore, from XRD analysis, crystalline phase of Li;PO, was detected in high
phosphate glasses, and hence a small portion of lithium could leach into water from dissolution

~ of Li;PO, crystals.

To verify the contribution of Li;PO, dissolution, Figure 35b shows concentration of
(2S+3P) in leachate versus that of (Na+Li) in leachate. In this case, a ratio of lithium to
phosphorous was assumed to be 3 : 1 based on Li;PO, precipitated in these glasses. The identical
slope, K;, was obtained as compared with the Kj-value. Although there exists no difference
statistically between the two treatments in data analyses (K, versus K;), the third treatment was
considered more appropriate based on XRD data. According to the result shown in Figure 35b,
it can be concluded that the preferential dissolution of Na, Li, and S is mainly associated with
R-O-8-O groups in the glass network, and the contribution of Li;PO, crystals to lithium release
is negligibly small. _ ,

Interestingly, PCT results show a correlation in dissolution of alkali species with that of
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sulfur (SO,%). The preferential dissolution of Na-O-S-O and Li-O-S-O can be. further

demonstrated in terms of the percentage of the elemental release into solution over its original

concentration in glass. Figure 36 illustrates the percentage of reléases of sulfur, sodium, and

lithium against that of boron release (a representative of the glass network) for CCW glasses. The -
results are consistent with the previous conclusion that alkali-sulfate groups dissolved faster than

the network, and also indicate that the concentration of Na-O-S-O in glass is greater than that

of Li-O-S-O.

The observed parallel trends between sodium and sulfurr releases in CCW glasses suggest
that Na-O-S-O groups formed in glass are highly soluble in water, and there exists some degree
of clustering for these Na-0-S-O groups, and yet the clusters have not become crystalline Na,SO,
based on the XRD results. Formation of Na-0-S-O groups has been recently confirmed in
borosilicate waste glasses (Darab, et cl., 1995). Another possibility is that fracture surfaces
created by glass crushing pass through the Na-O-S-O enriched areas. However, preferential sulfur
leaching did not occur in other types of borosilcate waste glasses with a compaxﬁble level of
_ sulfate (Li, et al, 1995¢). Hence, the role of glass composition on the behavior of sulfur-bearing
species is still not well understood. '

The effect of waste Joading was also studied in CC103 glasses. Figure 37 illustrates 7-day

PCT releases of Si, B, Na, and Li as a function of waste loading. Apparently, glass durability
deteriorates sharply once the waste loading is above 45.0 wt%. Solution pH also jumped to a
corresponding higher level. Crystals of Cr,0, were found in all glasses, which appwéd not to
affect glass durability according to the PCT data at lower waste loading. At the waste loading
~ of 50.0 wt%, nepheline (NaAlSiO,) crystallized in quenched CC103 glasses (cf. Table 2), which
in tum reduce Al and Si in the residual glass matrix and is the main factor causing a great
reduction in glass durabi]ity-(Kim, Peeler and Hrma, 1995, and Bailey and Hrma, 1995). This
_ was confirmed in CC103-4 glass with 55.0 wt% waste loading, which had the greatest amount’
- of nepheline crystals, and the glass durability further decreased by about 100% as compared with
that of CC103-3. The detrimental effect of nepheline formation on durability of borosilciate HLW
glasses was studied in detail by Kim, Pecler and Hrma (1995), and Baily and Hrma (1995).
Summarizing the effect of composition on glass durability, the above results clearly show

that "by manipulating glass composition, glass duxability can be improved significantly.
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Additionally, nepheline formation should be avoided because of its detrimental effect on glass
durability.
4.5.2 Single Component Effect
4.5.2a Phosphate ,

| Three types of HLW glasses were used to evaluate the effect of phosphate on chemical
durability assessed by 7-day PCT, including PFP2, CVS3, and HTB651 glasses. Depending on
glass composition, the phosphate effect varies, which is discussed in detail in the following.

- Figure 38 illustrates dissplution of Si, B, Li, and P of PFP2-(1-3, and 5) glasses both as
quenched and CCC-treated, along with pH values of solutions after the test. For the quenched
samples, phosphate in glass did not affect glass durability. The primary crystalline phases in these
glasses are Li,PO, and Cr,0,, both of which have a very limited solubility in water.
Concentrations of PO anions in the solution increased with phosphate content in glass, and in
tumn decreased solution pH as shown in Figure 38(A2). However, in CCC-treated samples,
phosphate -adversely affected glass durability as shown in Figure 38(B1). In the CCC-treated
samples, in addition to Li;PO, and Cr,0;, Al;PO, crystals also formed, taking aluminum from
the glass matrix. Previous study (Kim, Peeler, and Hrma, 1995) showed that a crystalline phase
has a detrimental effect on glass durability if it removes glass former oxides from the glass
matrix, and leaves the residual glass matrix rich in alkali species. No direct correlation of glass
dissolution with solution pH was observed for quenched and treated samples,.

Figure 39 represents the effect of phosphate on CVS3 glasses both quenched and CCC-
- treated. For the quenched glasses, the results suggested that cxystéllization of Na;RE(PO,), was
beneficial, which strengthened residual glass network by taking Na from glass. However, for the
CCC-treated samples, lithium and phosphorous releases were significantly higher for samples
with higher phosphate contents. , |

Figure 40 illustrates a temary phase diagram of a submixture of (Na+Li cquvateny)=Si0s~B,05
established for similar HLW glasses according to Peeler and Hrma (1994). Based on information
of semi-quantitative XRD data on crystallinity in the CCC-treated samples (cf. Table 2), the
submixture of the. residual glass compositions was determined (cf. Figure 40), in which the
position of CCC-treated CVS3 glasses moves towards the glass immiscibility boundary with
increased phosphate content and hence increased phosphate-bearing crystals in glass, suggesting
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that the treated glasses were prone to amorphous phase separation, which were confirmed by
SEM results shown in Figures 14-17. Accordingly, preferential dissolution of Li and P can be
attributed to the arhorphous phase separation. Similar to the previous case of PFP2 gléss&s, there
appeared to be no correlation between solution pH and glass dissolution.

Figuré 41 illustrates normalized reléases of Si, Al, and Na, and solution pH values versus
phosphate content in HTB651 glasses. In contrast to the previous glasses, phosphate in HTB651
glasses appears to be beneficial, i.e., sodium release decreased with the increase of the phosphate
content. Since all glasses contained Na,Nd(PO,), crystals, which increased with the increase of
the phosphate content, it is expected that the residual glass matrix should have a less sodium and
hence, the network is strengthened. On the other hand, crystalline Na,Nd(PO,), appears to be at
least as durable as residual glass matrix. HTB651-5 glass with 9.0 wt% P,O; exhibited amorphous
phase separation as shown in Figure 12. Similar to the case of CCC-treated CVS3-37 (cf. Figure
37{B1]), amorphous phase separation did not lower glass durability. No correlation of solution
pH and glass dissolution was found in this case. |

To summarize the effect of phosphate on glass durability, two important conclusion can
be drawn from this investigation. First, below phosphate solubility limit, phosphate in glass had
a negligible effect on glass durability. Secondly, crystallization of phosphate-bearing species in
- glass with phosphate in excess of its solubility limit ultimately changed the residual glass
composition in such a way that can either improve or deteriorate glass durability, depending on
the crystalline phases and their concentrations in the glass. Crystalline Na,;Nd(PO,), was shown
at least as durable as strengthened residual glass matrix, while Li,PO, was more soluble in hot
water compared to its surrounding residual glass matrix. '
4.5.2b Chrome and Titania

Although the amount of soluble Cr,0; and TiO, in glass affected glass melt viscosity as
- shown previously, their influence on glass durability was negligibly small, as illustrated in
Figures 42 and 43. The presence of either Cr,0; or TiO, in glass was previously reported to
affect glass durability to some extent, depending on the glass composition (Li, et al., 1995¢, and
Rao, 1963). Based on the current results, it appears that Cr,O; and TiO, in borosilicate based
HLW glass do not deteriorate glass durability significantly. |
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4.5.3 Prediction of Glass Dissolution using First-Order Mixture 7-Day PCT Model

Using the first-order mixture model of 7-day PCT sodium and boron releases (Hrma; et
al., 1994), dissolution of glasses investigated in this study was predicted based on nine major
oxide components and Others. Figure 44(a,b) illustrates the predicted versus the measured sodium
releases for HTB651 and CVS3 glasses. Considering the composition range, some of which
exceeded the constraints of the model applicability, the predictability was reasonably good, within
about a factor of two. However, for same CCW, CC103, and PFP2 glasses, predictions were not
so close to the measurements as shown in Figure 44(c-e). For CCW glasses, the prediction on
boron release appears to be higher, .while much lower on sodium release. In these predictions,
neither crystallization nor liquid phase separation were taken into consideration. Hence, the
predictability can be significantly affected by these two phenomena. However, in the worst cases,
the prediction of sodium release was about a factor of +10. By considering the effect of
crystallization on the residual glass composition, the model predictability can be significantly
improved according to a previous study on HLW glasses (Bailey and Hrma, 1995).
4.5.4 Examination of the Imjmct of Sample Washing on 7-day PCT Results

The CCC-treated glass samples had crystals which may dissolve in rinse water during the
sample preparation for PCT. If so, the PCT results obtained from washed particles of glass would
not give a complete description of the effect of crystallization on glass durability. Appendix F
summarizes the normalized releases of B, Li, Na, P, and Si in solution collected from rﬁwe water
of CCC-treated PFP2 and CVS3 glasses. For the CCC-treated PFP2 and CVS3 glasses, the
normalized lithium loss from particle washing was at the most 10% (release of lithium from the
PCT test was the highest in most cases). Additionally, quenched HTB651 glasses were also
examined (cf. Appendix F), in which the normalized sodium loss from powder washing is less
than 10%. Based these results, it was concluded that alkali losses from particle washing does not
affect the outcome of 7-day PCT results in this study. However, the obtained results should not
be over-generalized. In cases where glass contains much higher concentrations of soluble crystals,
it is recommended to modify the PCT procedures by washing the sample in acetone rather than
water and ethanol in order to obtain more accurate durability test results.
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5. CONCLUSIONS

In FY94 and FY95, under the HLW minor component project, seven borosilicate based
HLW glass systems were investigated, which covered several Hanford wastes: complexant
concentrate waste (CCW and CC103-SY92SW), plutonium finishing plant waste (PFP), and
double shell tank/single shell tank blended waste (DST/SST). In addition, a West Valley HLW
glass was studied. Several conclusions can be drawn from the research results as follows:

5.1. Molten Salt Phase Segregation

Sulfate segregation during HLW waste vitrification is a kinetic process, which initiates
at an early stage of the batch melting. Accumulation of segregated sulfate tends to flow toward
molten glass surface, especially at the top of the melt, and is followed by sulfate evaporation. The
overall segregation extent depends on glass composition. However, its composition dependency
significantly differs from the composition dependency of sulfate solubility in glass. Alumina in
glass enhances the sulfate segregation, while batches containing high boric acid and low sodium
can suppress the segregation, which appears to be associated with the melt foaming. Glass
formulation can be optimized to control melt foaming and suppress the sulfate segregation.
Molten sulfate segregation has been found to promote segregation of phosphate-rich phases,
including alkali-/alkaline- and rare earth- phosphates. An increase in alumina content in glass
enhances the overall segregation of both sulfate and phosphate phases.

5.2 Composition Dependency of Sulfate in Glass \

Sulfate solubility in glass varies significantly with glass composition (0.5 - 1.4 wt% SO;),
especially with phosphate content (up to 1.4 wt% SO;). Various component effects on sulfate
solubility were investigated in terms of glass basicity, alumina concentration, and phosphate
concentration. With the exception of high phosphate glasses, sulfate solubility can be predicted
(correlated with glass composition) using a semi-empirical model based on glass structure. Based
on the current understanding, sulfate solubility' in borosilciate waste glass is affected by the
concentrations of non-bridging and bridging oxygen. Sulfate solubility in glass increases with the
increase of nonbrid ging oxygen in glass. Increasing phosphate content in glass appears to increase
sulfate solubility (~1.4 wt% SO;); without phosphate, the solubility would be much lower (0.9 wt%
SO,) in a glass of identical ratio of nonbridging over bridging oxygen.
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5.3 Chromate Formation during Batch Reaction

Chromate formation in early stages of vitrification is inevitable. The fraction of chromate
(Na,CrO,) peaks at a temperature about 650°C, depending on the glass composition. A process
of chromate formation (from Cr,0,) was transient, decreasing with further increase of
temperature. At the glass processing temperature, the fraction of chromate is negligibly small;
the most stable form in ambient air is Cr’*. For CC103 glasses initially containing high
concentrations of Cr,0,, no chromate phase ségregation was observed. However, an additional
study is necessary to evaluate a tendency of chromate molten salt segregation in waste streams
containing high concentrations of CrO, anion.
5.4 Effects of Minor Components on Crystallization

Crystallization of certain phases containing minor components in HLW glasses is a
complex process which depends on the temperature, thermal history of glass, the concentration
of minor components in glass, and concentrations of other glass componénts. Results from this
study show that the limiting factors to phosphate solubility in glass are the concentrations of Na,
Li, La, Nd, and Al. Further, Cr,0, generally precipitates from the melt during cooling, yet settling
of fine Cr,0, crystals (~10 um) was not observed. However, in glass with higher concentrations
of Mn, Ni, and Fe, spine] crystals are found mostly at the bottom of the melt after 24 hr of
melting. These crystals appeared to be nucleated at the interface between the molten glass and
the crucible wall. Finally, solubility of TiO, in borosilciate based HLW glasses was found to be
much greater than 1.0 wt% previously considered. In this study, high melting temperature glass
dissolved as much as 5.0 wt% TiO, without precipitating any titanium associated crystalline
phases during melting times as long as 24 hr at 1250 and 1350°C. '
5.5 Effects of Minor Components on Glass Melt Viscosity

The effect of minor components on glass melt viscosity depends on glass cdmposition.
The glass meltirig temperature at 5 Pa.s increased approximately 6°C per wt% P,O; addition in
CVS3 glass, by 3°C in HTB651 glass, and by 2°C in PFP2 glass. The effect of Cr,0, was
negligibly small. Formation of Cr,0; crystals did not change the normal Arrhenius behavior of
glass viscous flow at high temperature. A negative effect of TiO, on glass viscosity was
established for HTB651 glass, approximately 10°C decrease per wt% TiO, within the measured
temperature range.
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5.6 Effects of Minor Comporients on Glass Durability

The impact of sulfate on glass durability appears to be strongly glass composition
dependent. For CCW glasses, two distinct dissolution mechanisms were observed, one by network
dissolution, the other by preferential leaching of Na-O-S-O and Li-O-S-O. The preferential
leaching, however, is not associated with crystals of Na,SO, and Li,SO, in glass, suggesting that
- clusters of Na-O-S-O and Li-O-S-O may exist in glass. Micro-channels of these clusters, which
permit a high leaching rate of these species from the glass matrix, are suspected. Chemical
durability of HLW glasses is affected by phosphate. For a glass with a small amount of
phosphate crystals, Na;PO, and/or Li;PO,, "glass durability is either unchénged or improves
slightly, which can be explained by the removal of alkali oxides from glass matrix resulting in
a stronger residual glass network. However, for a glass with a large amount of these crystals,
glass durability deteriorated. In addition, for glass containing high P,Os, crystallization of either
AIPO, or NaAISiO, occurs in slow cooled glass samples (using the canister centerline cooling
treatment). In both cases, crystallization is detrimental to glass durability, resulting in a sharp
increase (up to a factor of 10) in normalized boron release from the 7-day PCT. The deterioration
of glass durability in the latter case can be also related to weakening of the glass network as a
result of the removal of Al or Si from the glass matrix by crystallization. In HLW glasses spiked
with Cr,O; (up to 0.8 wt%) and TiO, (up to 5 wt%), no impact on glass durability was found.
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Table 1 SO3 Content (wt%) in CCW Glasses

GlassID - SO3 S03
: (nominal) (measured)
CCwi1-1 0.67 0.66
CCw1-2 1.00 0.94
ccwi1-3 1.30 117
CCW1-4(1) 1.60 1.09
CCW1-4(2) 1.60 1.06
CCW1-4(3) 1.60 0.96
CCwW1-4(4) 1.60 1.03
CCw1-5 1.90 1.06
CCw2-1 1.60 0.64
CCw2-2 1.60 0.85
cCcw2-3 1.60 1.13
ccw24 1.60 . .1.34
CCwW3-1 1.60 1.13
CCwW3-2 1.60 1.02
cCcws-3 - 1.60 1.01
CCw3+4 - 1.60 0.89
CCW4-1 1.60 1.04
CCw4-2 1.60 1.15.
CcCwa4-3 1.60 1.36

(Experimental error within 10 %)
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Figure 1. Sulfate solubility limits in CCW glasses
as a function of glass basicity.

32




Solubility of SO, in glass (Wt%)

2.0
CCW glasses LLW glasses
O Basicity @ LRM glasses (Feng, et al., 1995)

A Awmina L4-0912, L6-5412 (Li, 1995)
O Phosphate
%9

1.6 |
Waste loading
5 o o
\P205 /
1.2 o

N /A<>

&
A/Agxr

>

SO, error bar §
(HLW base-line glass)

. { N ! . b 1

0.0 4.0 80 120 © 160 200

2
CNBO / CBO

Figure 2. Sulfate solubility limits in CCW glasses
as a function of C NBO2/CBO (where Cp and
Cpyo are the concentrations of nonbridging

and bridging oxygen in glass).
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as a function of batch reaction temperature.
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Figure 11. SEM micrograph of CVS3-40 glass with 9 wt% P ,O,
revealing glass amorphous phase separation (Glass was melted

at 1350°C for 2 hr)."
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Figure 13. SEM micrographs showing crystal distribut
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Figure 18. SEM micrograph and EDS elemental analyses of HTB651-6 glass with
0.8 wt% Cr,0,, revealing spinel crystals (high in Cr, Fe, Mn,
~ Ni) surrounding a bubble at the bottom of the melt (Glass was melted at
1350°C for 2 hr and then heat-treated at 1245 °C for 24 hr in a
closed Pt container).
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Figure 19. TEM micrographs of CCC-treated CC103-2 (a) and CC103-3 (b) glasses
showing crystals of Cr,0, (eskolait, Es) in both glasses, and NaAlSiO, (nepheline, Neph)
and beta-LiAlSiO, (beta-eucryptite, Eu) in CC103-3 glass.
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Figure 20. SEM micrograph (a) and EDS elemental analyses (b,c) of HTB651-10
glass with 5 wt% TiO,, revealing precipitation of TiO, crystals

from the melt (Glass was melted at 1350 °C for 2 hr and then heat-treated
at 1185°C for 24 hr in a closed Pt-container).
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of HTB651-7 glass with 1 wt% TiO,, revealing isolated crystals rich in

Ca and S (Glass was melted at 1350 °C for 2 hr and then heat-treated

at 1339°C for 24 hr in a closed Pt container).
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Figure 22. SEM micrograph (a) and EDS elemental analyeses (b,c) of HTB651-9
glass with 5 wt% TiO,, revealing an isolated cluster of ZrO, particles near the

bottom of the melt (Glass was melted at 1350 °C for 2 hr and then heat-
 treated at 1230°C for 24 hr in a closed Pt container).
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Figure 23. Optical micrograph of HTB651-12 glass with 5.0 wt% TiO 2
and 8.0 wt% ZrO,, revealing settlement of ZrO, particles at the

bottom of the melt (Glass was melted at 1350 °C for 2 hr and
then heat-treated at 1328 °C for 24 hr in a closed Pt-container).
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log,,(Viscosity, Pa.s)
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o
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0.0 i | t ! i 1 1 l i 1 i - 1 } A 1
6.0 6.5 7.0 7.5 8.0

10000/T (K

‘Figure 24. Measured glass melt viscosity as a fucntion of

temperature for PFP2 glasses with various concentrations of

P,0, (T, is the estimated tempearture at which the glass
melt viscosity is 5 Pa.s). ‘
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‘Figure 25. Mcasuréd glass melt viscogity as a focntion of
temperature for HTB651 glasses with various concentrations of -

P O (T, is the estimated tempearture at which the g!ass -
‘melt viscosity is 5 Pa. s)




loglo(Viscosity, Pa.s)
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5

CVS3 Glass
b T 0.8wt% PO, T; = 1363°C
O 3wt%P,0, T, = 1378°C
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! | n I ! ! !
5 6.0 6.5 7.0 ° 7.5

10000/T (K

Figure 26. Measured glass melt viscosity as a fucntion of
temperature for CVS3 glasses with various concentrations of
P,0, (T is the estimated tempearture at which the glass

melt viscosity is 5 Pa.s).
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Figure 27. Measured glass melt viscosity as a fucntion of

temperature for HTB651 glasses with various concentrations of

Cr,0, (T is the estimated tempearture at which the glas
melt viscosity is 5 Pa.s).
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Figure 28. Measured -glass melt viscosity as a fucntion of -

temperature for CC103-2 and CC103-3 glasses with two
different levels of Cr,0, (T is the estimated temp-
erature at which the glass melt viscosity is 5 Pa.s).
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log (Viscosity, Pa.s)

2.5
HTB651 Glass
L~ 0 wt%Ti0,, Ty = 1373°C
O 1 wt% Ti0, T, = 1358°C
20 O 3wt% TiO, T, = 1336:C o
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Figure 29. Measured glass melt viscosity as a fucntion of - ‘
temperature for HTB651 glasses with various concentrations of

TiO, (T is the estimated tempearture at which the
glass melt viscosity is 5 Pa.s).
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Predicted viscosity (Pa.s)
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PFP2 (1150°C) - P,0,
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Figure 30. A comparison between the measured and the predicted
glass melt viscosities at glass processing temperature for

various HLW glasses.
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Figure 31. Normalized elemental mass losses of CCW1 glasses
as a function of waste loading (Data were determined after

7-day PCT in deionized water at 90°C).
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Figure 32. Normalized elemental mass losses of CCW2 glasses
as a function of glass basicity (Data were determined
' after 7-day PCT in deionized water at 90°C).
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Figure 33. Normalized elemental mass losses of CCW3 glasses
as a function of alumina content in glass (Data were

determined after 7-day PCT in deionized water at 90°C).
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Figure 34. Normalized elemental mass losses of CCW4 glasses
as a function of phosphate content in glass (Data were

determined after 7-day PCT in deionized water at 90°C).
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Figure 35. Relationship between released sulfur or sulfur plus

phosphorous and released sodium or sodium plus lithium in solution
for all CCW glasses (after 7-day PCT).
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‘ ' (after 7-day PCT).
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Figure 37. Normalized elemental mass losses (a) and solution
pH values (b) of CC103 glasses as a function of waste loading
(Data were determined after 7-day PCT in deionized water
at 90°C).
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N2a,0 (cquivalent)

0.4

Bzo_\ 5‘02

Figure 40. Normalized submixture of (N2 ,0),q,ivaienSi0; -B,0, glass system
(after Peeler and Hrma, 1994), showing that the residual glass submixture
compositions move toward the glass immissibility boundary (IMB) when

more phosphate-bearing crystals precipitate in glass (for CCC-treated CVS3
‘glasses from -37 to -40). '
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Figure 41. Normalized elemental mass losses (a) and solution
pH (b) for HTB651 glasses as a function of phosphate
. content in glass (Data were determined after 7-day PCT

. . . o
in deionized water at 90 C).
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Predicted elemental release (g/mz)
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Appendix A

Nominal Compositions (wt%) of HWVP Wastes




Appendix A Nominal Compositions (wt%) of HWVP Wastes

Component] CCW PFP1 PFP2 DST/SST |CC103-SY92SW| Raw Materials
Sio2 69.09 1.90 1.91 10.68 1.69 Si02
B203 0.00 0.25 0.25 0.08 0.00 H3BO3
Na20 9.88 14.90 14.95 27.02 20.82 Na2CO03
Li20 0.00 0.00 0.00,; 0.00 0.00 Li2CO3
Ca0 0.28 3.00 3.01 2.20 0.62 CaCo03
MgO 0.18 1.06 1.06 0.08 - 0.06 MgO
Fe203 1.13 12.70 12.74 11.75 4.66 Fe203
Al203 11.40 30.70 30.80 13.88 54.04 Al203
2r02 0.08 0.20 0.20 7.56 0.07 Z2r02
Ag20 0.00 0.08 0.00 0.00 0.00 Ag20
Bi203 0.00 0.00 0.00 2.08 0:.00 Bi203
Cdo 0.00 0.40 0.40 0.10 0.00 Cdo
Ce02 0.00 0.42 0.43 2.92 0.00 Ce0O2

Cl 1.31 0.21 0.00 0.00 0.41 NaCli
Cr203 0.43 8.58 8.61 0.48 13.81 Cr203
Cuo 0.00 0.57 0.58 0.00 0.00 Cu0

F 0.73 0.40 0.40 0.59 0.09 NaF
K20 0.00 0.06- 0.08 0.24 0.25 K2C03
La203 0.15 0.20 0.20 0.46 0.07 La203
MnO2 0.52 5.39 5.41 1.59 1.37 MnO2
MoQ3 0.23 0.10 0.10 0.08 0.36 Mo0O3
Nd203 0.00 0.93 0.93 9.33 0.20 Nd203
NiO 0.19 1.80 0.30 2.43 0.30 NiO
P205 2.01 11.83 11.84 5.03 0.36 NaPO3
Pb0O2 0.00 0.49 0.50 0.00 0.00 Pb0O2
PdO 0.00 0.50 0.50 0.38 0.00 PdO
Rh203 0.00 0.21 0.21 0.00 0.00 -|Rh203
Ru02 0.00 0.21 0.21 0.05 0.00 Ru0O2
Sb203 0.00 0.15 0.15 0.00 " 0.00 Sb203
SeQ2 0.00 0.00 1.15 0.00 0.00 Se02
SrO 0.00 0.00 0.00 0.44 0.00 SrCO3
SO3 2.39 2.49 2.50 0.36 0.19 Na2S04
TeO2 0.00 0.17 0.18 0.00 0.00 TeO2
Ti0o2 0.00 0.10 0.10 0.00 0.00 TiO2
WO3 0.00 0.00 0.00 0.19 0.00 WO3
Zn0O 0.00 0.00 0.00 0.00 » 0.62 ZnO
Total 100.00 100.00 100.00 100.00 100.00
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Appendix B2 Nominal Composition (wt%) of PFP1 Glasses

Glass ID PFP1-1 | PFP1-2 | PFP1-3 | PFP14 | PFP1-5 | PFP1-6 | PFP1-7
WL (%) 40.0 40.0 40.0 40.0 40.0 40.0 40.0
Si02 39.56 41.12 41.87 37.11 37.85 38.97 43.09
B203 6.40 5.50 4.36 22.05 20.91 19.19 12.86
Na20 19.36 | 18.49 18.49 5.96 5.96 5.96 5.96
Li20 1.50 1.70 2.10 1.70 2.10 2.70 490
Ca0 1.20 1.20 1.20 1.20 1.20 1.20 1.20
MgO 0.42 0.42 10.42 0.42 0.42 0.42 0.42
Fe203 5.08 5.08 5.08 5.08 508 | 5.08 5.08
AI203 12.28 12.28 12.28 12.28 12.28 12.28 12.28
Zr02 0.08 0.08 0.08 0.08 0.08 0.08 0.08
Others 14.12 14.10 14.12 14.10 14.10 14.10 14.10
Total 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00
Others

Ag20 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Cdo 0.16 0.16 | 0.16 0.16 0.16 0.16 '0.16
Ce02 0.17 0.17 0.17 0.17 0.17 0.17 0.17
Cl 0.08 0.08 0.08 0.08 0.08 0.08 0.08
Cr203 3.44 - 3.43 3.43 3.43 3.43 3.43 3.43
CuO 0.23 0.23 0.23 0.23 0.23 0.23 0.23
F 0.16 0.16 0.16 0.16 0.18 0.16 0.16
K20 0.03 0.03 0.03 0.03 0.03 0.03 0.03
La203 0.08 0.08 0.08 0.08 0.08 0.08 0.08
MnO2 2.16 2.16 2.16 2.16 2.18 2.16 2.16
MoO3 0.04 0.04 0.04 0.04 0.04 0.04 0.04
Nd203 0.37 0.37 - 0.37 0.37 0.37 0.37 0.37
NiQ 0.72 0.71 0.71 0.71 0.71 0.71 0.71
P205S 473 4.72 4.72 472 4.72 472 4.72
PLO2 0.20 0.19 0.19 0.19 0.19 0.19 0.19
£dO 0.20 0.20 0.20 0.20 0.20 0.20 0.20
Rh203 0.09 0.08 0.08 0.08 0.08 0.08 “§{ 0.08
Ru0Q2 0.09 0.08 0.08 0.08 0.08 0.08 0.08
S03 1.00 1.00 1.00 1.00 1.00 .1.00 1.00
Sb203 0.06 0.06 0.06 0.06 0.06 0.06 0.06
TeO2 0.07 0.07 0.07 0.07 0.07 0.07 0.07
TiO2 0.04 0.04 0.04 0.04 0.04 0.04 0.04
Subotal 14.12 14.10 14.12 14.10 14.10 14.10 14.10
Viscosity (Pa.s) 6.00 7.48 7.48 7.48 7.48 7.48 7.48
Melting Temp. (C)} 1150 1150 1150 1150 1150 1150 1150




Appendix B3 Nominal Composition (wt%) of PFP2 Glasses

Glass ID PFP2-1 | PEP2-2 | PFP2-3 | PFP2-4 | PFP2-5
WL (%) -~ 28.0 28.0 28.0 28.0 28.0
Si02 54.04 52.18 51.10 52,34 50.02
B203 - 14.11 13.63 13.34 13.67 13.06
Na20 4.36 421 | 4.12 4.22 4.03
Li20 7.44 7.18 7.03 7.21 6.89
Ca0 0.88, 0.85 0.83 0.85 0.81
MgO 0.31 0.30 0.29 0.30 0.29
Fe203 3. 3.59 3.51 3.60 344
ARRO3 8.98 8.67 8.49 8.70 8.3t
2r02 0.06 0.06 0.06 0.06 0.05
Others 6.11 9.35 1122 |. 9.06 13.10
Total 100.00 | 100.00 | 100.00 | 100.00 | 100.00
CeO2 0.12 0.12 0.12 0.12 0.11
Cd0 0.11 0.1 0.11 0.11 0.1
Cu0 0.16 0.16 0.16 0.16 0.16
Cr203 2.51 2.42 2.37 0.00 2.32
F 0.1 0.11 0.11 0.11 0.11
L2203 0.06 0.06 0.06 0.06 0.05
: MnO2 1.24 1.24 122 't 125 1.19
Mo03 0.03 0.03 0.03 0.03 0.03
Nd203 0.18 0.18 0.18 0.18 0.17
NiO 0.08 0.08 0.08 0.08 0.08
P20Ss . 0.00 3.33 5.33 5.46 7.33
PHO2 0.13 0.13 0.13 0.13 0.13
P£dO 0.14 0.14 0.14 0.14 0.13
Rh203 0.06 0.06 0.06 0.06 0.08
RuO2 010 | 0.10 0.10 0.10 0.10
so3 0.70 0.70 059 | o0.70 0.57
SeO2 0.33 0.32 0.32 0.33 0.31
TiO2 0.03 0.03 0.03 0.03 0.03
Subtotal 6.11 9.35 11.22 9.06 13.10
Viscosity (Pa.s) 6.79 6.31 6.06 6.34 . 578
Melting Temp (*C)| 1150 1150 | 1150 1150 1150
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Appendix BS Nominal Composition (wt%) of CVS3 Glasses

Glass 1D CVS53-1 |CVS3-37 | CVS3-38 | CVE3-39] CVa-40
WL (%) 50.0 50.0 50.0 50.0 50.0
Sio2 53.33 | 5214 | 51.07 | 49.99 | 48.92
B203 0.05 0.05 0.05 0.05 0.05
Na20 1234 | 1206 | 11.81 | 1156 | 11.32
Li20 2.86 2.79 2.74 268 2.62
ca0 1.26 1.23 1.21 1.18 1.16
'MgO 0.05 0.05 0.05 0.04 0.04
Fe203 6.80 6.65 6.51 6.37 6.24
Al203 . 4.87 4.76 4.66 456 4.47
Zr02 4.38 4.28 4.19 4.10 4.02
Others 1408 | 1599 | 17.72 | 1946 | 21.19
Total 100.00 | 100.00 | 100.00 | 100.00 | 100.00
Others
Bi203 1.37 1.34 1.31 1.29 | 128
Cdo 0.06 0.05 0.05 0.05 0.05
Ce02 1.69 1.65 1.62 1.58 1.85
cr203 0.53 0.52 0.51 0.50 0.49
F 0.34 0.33 0.33 0.32 0.31
K20 0.13 0.13 0.13 0.12 0.12
La203 0.26 0.26 0.25 0.25 0.24
‘ MnO2 1.12 1.10 1.07 1.05 1.03
MoO3 0.05 0.04 0.04 0.04 0.04
Nd203 6.02 5.89 5.77 5.64 5.52
NiO 1.40 1.37 1.34 1.32 1.29
P205 0.79 3.00 5.00 7.00 9.00
S03 0.20 0.20 0.20 0.19 0.19
wo3 0.11 0.11 0.10 0.10 0.10
Subtotal 14.08 | 16.00 | 17.73 | 19.46 | 21.19
Viscosity (Pa.s) 4.00 3.72 3.48 3.24 3.03
Melting Temp (C)| 1350 1350 1350 1350 1350
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Appendix B7 Nominal Composition (wt%) of CC103 Glasses

Glass ID CC103-1 ] CC103-2 | CC103-3 | CC103-4 | CC103-5
WL (%) 18.3 30.0 45.0 50.0 55.0

_}sio2 52.15 46.75 61.23 59.16 §7.09

B203 9.07 17.07 11.96 11.40 10.82

Na20 14.74 6.25 11.17 11.17 1117
Li20 2.27 6.69 6.84 6.84 6.84
Ca0 0.32 0.19 0.12 0.15 0.19
MgO 0.03 0.02 0.08 0.10 0.12
Fe203 3.40 140 | 047 0.61 0.76
AlRO3 11.34 16.21 477 6.20 7.63
ZrO2 3.40 0.02 0.03 0.04 0.05
Others 329 | 5.4t 3.33 4.33 5.33

Total 100.00 { 100.00 100.00 100.00 100.00

Others
Cl 0.07 0.12 0.18 | 0.21 0.23
Cr203 2.52 4.14 6.21 6.91 7.60
F ‘ 0.02 0.03 0.04 0.05 0.05
i K20 0.05 0.08 0.11 0.13 0.14
. |ta203 0.01 0.02 0.03 0.04 0.04
. MnO2 0.25 0.41 0.62 0.69 0.75
MoO3 0.07 0.11 0.16 0.18 0.20
Nd203 0.04 0.06 0.09 0.10 0.11
NiO 0.05 0.08 0.14 0.15 0.17
P205 0.07 0.1 0.16 0.18 0.20
SO03 0.03 0.06 0.09 0.10 0.10
2n0 0.11 0.19 0.28 0.31 0.34
Subtotal 3.22 5.29 7.93 8.81 9.69
Viscosity (Pa.s) 6.48 7.41 1.68 200 | &.00
: Melting Temp. (C) 1300 1150 1450 1400 1400 |




Appendix C

Schedules of Canister Centerline Cooling Treatments
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Appendix D

Measured Melt Viscosities of HLW Glasses




Appendix D1 Melt Viscosity of PFP2 Glasses in a Tempearture
Range between 980 C and 1350 C

PFP2-1 - - PFP2-2 PFP2-3 PFP2-4 ]
T(C) Vis(Pas)] T(C) Vis(Pa.s)] T(C) Vis(Pas)} T(C) Vis(Pa.s)

T 1148 12.79 1149 13.83 1248 5.90 1246 7.97
1098 20.67 1099 22.59 1197 9.19 1196 10.56
1048 34.97 1049 39.14 1148 14.69 1147 17.01
1099 20.50 1100 2245 1199 9.11 1196 10.58
1149 12.82 1143 13.78 1250 $.90 1246 7.60
1199 9.60 1199 10.12 1299 421 1295 5.18
1249 595 1249 6.32 1247 5.83 1346 3.07
1148 11.04 1149 14.59 1099 20.19 1246 22
998 47.24 1000 69.02 1048 43.51 1096 12.63

1148 17.34 996 68.24
1049 42.75

1099 24.28

1149 17.43

1199 10.96

1249 763

1149 14.95

999 75.01
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Appendix D4 Melt Viscosity of CC103 Glasses
in a Tempearture Range between 780C and 1420C

CC103-2 CC103-3
T (C) Vis (Pa.s) T(C) Vis (Pa.s)
786 4159.11 1091 = 173.78-107.15
831 1577.61 1142 107.15-102.33
889 533.33 1192 91.20-69.18
937 271.64 1243 52.00
1002 109.90 1295 26.49
1058 60.67 1296 29.51
1102 35.65 1348 13.37
1103 34.59 1348 14.13
1152 18.24 1378 9.10
1408 6.7
1420 6.24
D-5




Appendix E

7-Day PCT Data of HLW Glasses
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Appendix F

Normalized Releases of Selected HLW Glasses in Rinse Water at Room Temperature




¥00'0 1000 | 0000 0000 | vi00 swo0 | wN VIN VIN VN 6-15981H

¥000 000 | 0000 0000 | zioO 200 | WN VIN VIN VN 8-15981H

€000 1000 | 0000 0000 | 2100 %100 | WN VIN VIN VIN L-1598LH

¥000 1000 | 0000 0000 | rio0 6100 | wnN VIN VIN VIN 9-1598.1H

2000 2000 | 0000 0000 | 6000 €200 | WN VIN vIN VIN S-1S98LH

€000 2000 { $000 1000 [ 9100 SL00 | WN vIN VIN VIN ¥15991H

€000 1000 | 0000 0000 | 2100  S100 | WIN wIN YIN vIN C-15981H

S000 2000 | o000 o000 | Zloo 1200 | WwN VIN VIN VIN Z-159G.LH

0000 0000 | SO0 1200 | S000 0100 | 2200 500 | €100  pioD [(0ODNOKESAD

0000 0000 | 6100 2€00 | v000 €100 | 8200 1500 | ZL00  2Z00 [(DDD)EE-ESAD

. 0000 0000 | 0100 1200 | 2000 8000 | 1100 (200 | Y000 0000 J(ODDIBE-ESAD
0000 0000 | 0000 0000 | €000 6000 | 900 6100 | €100 6100 [0DDNEESAD

1000 1000 | 9100 200 | z000 €000 | €100 0200 | v000 9000 | (092)5-Zddd

1000 2000 | S200 8Y00 | Y000  £000 | L100 €00 | 9000 4100 | (000)E-Tddd

1000 1000 | Y200 €00 | Z000 €000 | K00 €200 | Y000 8000 | (D00)Z-Zddd

1000 1000 | 0000 0000 | z000 €000 | 000 6000 | S000 9000 | (D0ON-Zdid
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