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ABSTRACT

An integrated glass database has been developed at the Vitreous State Laboratory of
Catholic University of America. The major objective of this tool was to support glass
formulation using the MAWS approach (Minimumn Additives Waste Stabilization)1. An
empirical modeling capability, based on the properties of over 1000 glasses in the
database, was also developed to help form ulate glasses from waste streams under
multiple user-Iri'posed constraints. The use of this modeling capability, the performance
of resulting models in predicting properties of waste glasses, and the correlation of
simple structural theories to glass properties are the subjects of this paper.

The glass database

US defense wastes that are potential candidates for vitrification are often dominated by
a few elemental oxides. Many acid waste streams were neutralized before storage,
resulting in a predominance of alkali or alkali earth fluxes (e.g., Hanford Tank waste, up
to 98% Na20; Oak Ridge West End Tank Farm sludge, 66% CaO). Some processing
treatments have led to a predominant metal oxide (e.g., West Valley slurry, 45% Fe2O 3;
Idaho Fly ash, 33% ZnO; and Savannah River M-Area nickel plating sludge, 63% SiO 2
and A120 3 combined). As a result, the practical glass-forming compositions of
individual wastes are often limited.
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Figure 1: Summary oF the compositional data distribution
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Essential to a useful database and modeling capalbility Is its data coverage therefore
should be as broad and as dense as possible. Figure 1 summarizes coverage and its
ability to estimate key glass properties. The compositional the distribution of 26
commonly observed components in the waste glasses.

In order to reduce the variables to a number manageable and meaningful to the data
exploration, four parameters were calculated fromt the compositional data, because of
their utility in describing short-range glass structure:

NBOT = Average number of non-bridging oxygen per network-forming
tetrahedral site;

M3T = Occupancy fraction of network-forming trivalent cations (A] 3, B3,

and Fe 3+) in network-forming tetrahedral sites;
BM3 = Molar ratio of B3 in network-formi'ng tetrahedral site to all

trivalent cations in network-forminc; tetrahedral sites.
MIMi 2 = Ratio of charge contribution from cilkali cations to the total charges

from monovalent and divalent cations.

The number of total non-bridging oxygen (NBOT) was calculated as the difference
between the sum of the charges of M`~ and M 2+, and the SUM Of M3 cations. It was
assumed that, with sufficient charge-balancing cations, all of the A13, , B3+, and Fe 3+ will

reside in tetrahedral sites copolymerizing with tetrahedral Si`~ as part of the network.
NBOT is an index for the degree of polymerization in silicate melts.

M3T is the ratio of the sum of Al3+ , B3+ , and Fe 3+ in tetrahedral sites to the sum of all
network-forming cations (Al3+, B 3+, Fe 3+ and Si'll. It can differentiate glasses with a
similar degree of polymerization (i.e., similar NBOT). BM3, which expresses the unique
role of B3+ among the trivalent ions, can further set apart glasses with similar NBOT and
M3T1

The relative abundance of alkali to alkaline earth cations (M1M12) influences bond
strength in the glass network and controls the Q'l species distribution at a given degree
of polymerization. In this notation, 0 refers to a tetrahedral site and (4-n) is the number
of non-bridging oxygen associated with one SiO4 tetrahedron).

While the four parameters selected do have underlying structural implications, their
primary use was to display sample distributions in reduced composition space and. to
compare general differences between s amples. The parameters themselves represent a
very simplified structural interpretations and the, radioactive waste glasses under
consideration contain far more components than the simple binary, ternary, or even
commercial glasses upon which most structural studies been fohecused. Furtrmore, we
did not take into account many of the minor components present in the waste glasses,
nor did we consider the role of fluorine in affecting NBOT, because of the lack of
systematic and conclusive structural studies in mixed fluoride-oxide glasses.
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GLASSES WITH ACCEPTABLE VISCOSITY
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Figure 2a: NBOT-M3T Display of good viscosity glasses in t!e database (including CVS data2)

Figure 2-a shows the sample distribution of 400 glasses (screened to viscosity less than
200 poise at temperature between 1050 and 1 250'C) in the space of NBOT versus
M3T. Glasses from the same waste tend to dluster. within a narrow region. The selected
glasses in the figure are bounded by the lines labeled Q4, Q 3, An and Ab. They range
from M 3+-rich, polymerized, Q4 type to rather ('West Valley high-level and Savannah
River high-level and M-Area mixed waste glasses) dlepolymerized glasses, Q 3 type
containing less M 3, (high sodium Hanford glosses). The Ab and An lines are at
M3T=0.25 and 0.5, which are coincident with the values observed in the two end
members of the most abundant natural aluminosilicate mineral classes: plagioclase (0.25
for Alite (Ab) and 0.5 for anorthite (An)). For similar levels of NBOT, the trivalent cation
occupancy M3T varies from 0.25 (Ab-type with one quarter of the tetrahedral sites
occupied by M 3+) to around 0.5 (An-type with equal M 3+ and Si in tetrahedral sites in
the network).

In contrast, the glasses not screened by viscosity occupy a much wider area in NBOT-
M3T space. Figure 2-b shows a considerable number of data points outside the regions
NBOT<1 and 0.2<M3T<0.55. It is not surprising that unacceptable waste glasses fall
outside of this area. As is known, the melt viscosity, conductivity and glass leach
resistance are all very sensitive to the content of: glass formers. A glass with fewer
formers will be less durable, and a melt with high flux contents tends to have high
conductivity and low viscosity.

This understanding is consistent with Q 4 type glasses (like West Valley) tending to have
high M3T, and low-M3T glasses being in the less polymerized region (like Hanford
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glasses). Q 4 and Q types, representing a fully connected framework and a two-
dimensional sheet respectively, are still rather polymerized melts; Q3 melts with M3T=O
are probably too viscous to process.

GLASS NOT SCREENED BYtVISCOSITY DATA
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Figure 2b: NBOT-M3T of all glasses in the data base

The molar ratio of alkali to alkaline earth elements (as denoted by Ml M] 2) is another
important factor in waste-glass formulation. M1iNi 2 and NBOT together significantly
influence the viscosity of silicate melts because of the drastically different structural roles
of monovalent and divalent cations in silicate glasses. For similar reason, those
parameters determine the electrical conductivity. Leach performance of a waste glass can
be adjusted significantly by varying Mi1Mi 2.

In summary, we find that:

(1) The glasses in the database cover a wide area in~ compositional space. Glasses from
the same waste site tend to cluster in NBOT-M3T space. Overall, the data 'fall
between O<NBOT<2 and O.2<M3T<O07, and are concentrated in the region of
O<NBOT<1] and 0.25<M3T<OJ.5

(2) Data in the database have covered most of the possible composition ranges suitable
for radioactive waste vitrification (for silicate-bcased glasses). Regions outside of the
Q4-Q 3 and An-Ab limits are not likely to meet criteria for processability and leach
resistance. (This does not apply to F-rich glasses.)
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(3) Parameters NBOT, M3T, BM3, and M] Ml2 characterize, in a relative sense, the
roles of different functional groups (i.e., the components behaving similarly) in waste
glass systems. These parameters can be used conveniently to represent glass data in
two-dimensional space, and to explore the composition-property data from the
perspective of glass structure.

(4) Glasses desirable as waste forms will likely follow the trends observed in the glass
database:
i) M3T increases with decreasing NBOT to ~reduce melt viscosity.
ii) BM3 increases with increasing M3T (and decreasing NBOT) to reduce viscosity

and liquidus.
iii) M] Ml 2 increases with decreasing NBOT to stabilize trivalent cations in

tetrahedral sites (to reduce viscosity), to improve electrical conductivity; M1iM] 2
decreases with increasing NBOT to improve glass leach performance.

Empirical models of property-composition of waste glasses

Glass melt viscosity and electrical conductivity, the two critical processing parameters,
are routinely measured at temperatures from 9500C to 1 450'C. For a single glass,
variation of these properties with temperature (typically ranging less than' 2000 C)
generally follows the Arrhenius equation (in nj or c = AlT + B). To introduce the
compositional variables into an Arrhenius model, parameters A and B were assumed to
be the sums of the contributions from various mek1 components, which is expressed:

In T oreF = 1aiXi /T +Xbi Xi +c

where in is viscosity in poise, c is the DC conductivity in S/cm, ai and bi are coefficients
describing the contribution from component i, Xiis the concentration of component i in
the melt, and c is a constant. Similar models were also adopted for the Toxicity
Characteristic leaching Protocol (TCIP) and the Product Consistency Test (PCT) leaching
data.

Independent variable selection for an empirical model affects the model's capability in
making predictions. A good correlation coefficient for an empirical model does not
assure a good prediction. Similarly, a model with smaller uncertainties in its coefficients
does not necessarily give more accurate predictions than do models with parameters of
larger uncertainties. In general, selected variables should be physically meaningful and
statistically independent. Since no significant pair-wise correlation has been identified
between major glass components, a compositional variable (Xi) was selected first based
on its concentration in the glasses (a physical criterion), then, on its variation (a statistical
criterion), finally, on its significance in description of the property to be modeled.
Because viscosity and conductivity are both bulk properties that are not particularly
sensitive to elements at the trace level, only the most abundant elements showing
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considerable variations were selected. Quadratic: terms (i.e., XiXi, or Xi2) predict data
that can deviate by an order of magnitude in contrast to the much better predictions
(deviating by 50 to 70%) obtained by simple linear mixture models. Therefore only linear
compositional variables were used in this modeling work.

The linear mixture model (Equation 1) was selected for 1 908 viscosity measurements of
more than 400 glasses, which are all free of fluorine, with less than 1 wt % of 503, and
more than 15 wt % Si0 2. The models have 28 cidjustable parameters to describe the
dependence of A and B (activation energy and pre-exponential factor in the Arrhenius
equation) upon 1,4 major components (A120 3, B2,0 3, BaO, CaO, Fe20 3, K 20, Li20,

MgO, Na20, PbO, Si0 2, U30 8, ZnO, ZrO2). The least-squares method was used to fit
the experimental data and to predict viscosities for a group of `unknown" test glasses.
The models obtained can explain more than 86%6 of the viscosity variation. Similarly,
827 conductivity values measured on 200 molten glasses were used in the linear mixture
model of the conductivity. The 28 new parameters permit, in this case, to predict 70% of
the conductivity. Judging by the results from the test group, both models predict with a
relative uncertainty of ± 50% (residual! observation).

Application of property-composition models to waste glass development - conclusion

The property-composition models developed fromn the glass database provide the
necessary constraints in optimizing glass formulation from a selection of waste streams
and chemical additives. The models and the optimization algorithm were tested on
several real wastes that had been processed in our laboratory. Waste composition,
melter processinig parameters (e.g., viscosity and conductivity), glass leach performance
index (e.g., PCT and TCLP), and glass compositional constraints were entered through a
graphical interface. The optimization results contain the optimization objectives, the
optimal blending plan from given waste streams, the composition and the estimated
properties of the glass (as the product). 

Mediod Optimize waste loading Experiment SRM-23

Additive allowed A120 3, B20 3, CaO, Fe20D3, i2O, Na20, Si0 2, ZrO2

Property Constraint V, C, TCLP-U

Composition Constraints (wto) 1 .8<Li20<2?.2, 5i0 2>35, 2.8<ZrO 2<3.2

Waste wt%/ VTF sludge=73 wt%/. VTF sludge= 68 wt9%.

Additives B20 3, Li20, Na20, ZrO2 B20 3, Li20, Na20, Si0 2, ZrO 2

Viscosity 80 poise 50 poise

Conductivity 0.60 S/cm 0.43 S/cm

Uranium TCLP 565 ppb. 81 0 ppb.

Table 1. Sample prediction for a Savannah River low-level waste glass
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Table 1 compares the results from an experimental characterization and from the
optimization calculation for a Savannah River. low-level nickel plating sludge. The
property constraints used in the optimization included viscosity, electric conductivity and
TCLP-leaching of uranium. The objective of the calculation is to maximize waste loading.

The good agreement between the optimization calculation for half a dozen waste types
and the experimental properties of the glasses made from thos e wastes shows the
potential of this approach. It is clear that the validity of an empirical model relies solely
ont the data upon which it is built. The exploration of structure-property relationships of
the wastes glasses using the four structure-based parameters was a crucial guide to
verify that the data coverage used in the models is sufficient. Including data for
additional wastes glasses which extend the data domain and the refinement of the
predictive models are the next steps in developing a practical, theory-based tool for
rapidly and accurately formulating processable cind durable wasteforms.
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