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ABSTRACT

A modified associate species thermochemical model has been developed for the liquid/glass
in nuclear waste glass systems, and provides a simple means for relatively accurately
representing the thermochemistry of the liquid/glass phase. A modification of the methodology
is required when two immiscible liquids are present, such that a positive interaction energy is
included in the representation. The approach has been extended to include spinel-forming
constituents together with the base glass system as well as development of a models for spinel
phases.

INTRODUCTION

The production of nuclear materials for defense applications at several sites in the United
States over almost six decades has resulted in the accumulation of a substantial quantity of
radioactive waste. These materials are currently stored in a variety of forms including liquids,
sludges, and solids. In addition, there are similar wastes that have resulted from the reprocessing
of commercial spent fuel, although this has occurred to a much smaller extent. While the
composition and characteristics of the various high-level wastes (HLW) differ, their behavior is
similar in many respects. The focus of current U. S. Department of Energy efforts with regard to
permanent disposal of these materials is that they will be incorporated in a stable, insoluble host
solid (a glass or specific crystalline phase).

Components such as Fe, Cr, Zr, and Al have limited solubility in HLW glasses (1-3). These
components precipitate as oxide minerals such as spinel, zircon, and nepheline once their
solubility in glass is exceeded. Precipitated minerals may cause melter failure (4) and can alter
the physical properties such as the leach resistance of the glass (2). To avoid these problems,
current HLW glasses are formulated to assure oxide minerals do not precipitate in the melter
(2,5,6). The solubility of these components can dictate HLW glass volume produced at the
Savannah River Site (7) and West Valley and to be produced at Hanford (5, 8).

Thermochemical assessment of the phase equilibria and modeling of the liquid/glass phase
can support optimization of glass formulations with regard to stability and waste loading. In
order to provide a sufficient thermochemical understanding of the liquid and glass system used
for sequestering HLW, an approach using the associate species technique was chosen (9, 10). It
is attractive because it (a) accurately represents the thermodynamic behavior of very complex
chemical systems over wide temperature and composition ranges, (b) accurately predicts the
activities of components in metastable equilibrium glass phases, (c) allows logical estimation of



unknown thermodynamic values with an accuracy much greater than that required for predicting
useful engineering limits on thermodynamic activities in solutions, and (d) is relatively easy for
non-specialists in thermochemistry to understand and use.

Ideal mixing of associate species accurately represent the solution energies in which end
member components exhibit attractive forces. A modification to the associate species model,
hence the term “modified” associate species model, is the incorporation of positive solution
model constants to represent any positive interaction energies in a solution. With these it is
possible to accurately represent reported immiscibility in solution phases (e.g., the liquid-liquid
immiscibility common in many silica-containing systems). The results are simple, well-behaved
equations for free energies that can be confidently extrapolated and interpolated into unstudied
temperature and composition ranges. Thus, in support of the nuclear waste glass development
effort, a model of the Na,O-Al,03-B,03-SiO, was developed using the modified associate
species approach and described elsewhere (9,10).

The work described here is focused on modeling spinel phases along with attendant
liquid/glass and other crystalline phases in HLW systems. As noted above, previous efforts have
successfully modeled the base glass system. Progress to date to include spinel-related
constituents has resulted in modeling of the Fe-O, Mn-O, Al-Fe oxide, Cr-Fe oxide, and Al-Fe-
Cr oxides. The basic data for the calculations are obtained from the 1996 version of the Scientific
Group Thermodata Europe (SGTE) Pure Substance Database (12) and calculations are
performed using the ChemSage (13) and FactSage (14) thermochemical software packages.
Continuing efforts will seek to include other important elements in spinel phases, most notably
Mn.

Fe-O SYSTEM

With the multivalent nature of iron and the importance of redox potential in many glass
systems, the Fe-O system must be correctly modeled for its accurate inclusion in any liquid/glass
system. This is less of an issue for HLW glass as efforts are made to fully oxidize species in the
melter. Following the formalism described by Spear, et al. (9), liquid species’ stoichiometry are
chosen such that they contain 2 non-oxygen atoms per formula weight. The liquid/glass for Fe-O
has been treated as a solution of Fe,, Fe;0,, Fe;04:2/3, and Fe,O5 species. The nomenclature for
Fe304:2/3 indicates that the species has the Fe;O, relative stoichiometry, although all values are
multiplied by 2/3 in order to obtain 2 non-oxygen atoms per formula weight. The
thermodynamic values for crystalline phases and liquid species were derived and are given in
Tables I-1V. These were based on the SGTE database (12), the procedures described by Spear et
al. (9), and from fitting published phase equilibria,. The liquid-liquid immiscibility of the Fe-O
system, however, required that the solution be described using positive (repulsive) energetic
terms. A simple Redlich-Kister (15) model, for which the values were manually fit to reproduce
the phase equilibria, is adequate. It has the general formalism

Gex = XiXj.X (Ln (xi-xj) n-1)  (I/mol) 1)
where G is the excess free energy of the solution, xi and Xj are the mol fractions of species i and

J, respectively. For the liquid phase the interacting species and interaction parameters are given
in Table V.



Table I.

Thermodynamic values for the crystalline phases based on the SGTE database

and modified as necessary to develop associate species models. (AHs29s is the 298K heat of
formation, Syeg is the 298K entropy, T is absolute temperature, Trs is the melting temperature,
and AHgys is the heat of fusion.)

Crystalline Phase -AHg 293(J/mol) S298(J/K-mol) Trus(K) AHgys(J/mol)
Mn 32.008 1517 12058.3
MnO 384928. 59.831 2058 54392.
Mn30, 1386580. 153.971 1833 20920.
Mn,03 956881. 110.458 decomposes
MnO, 520071. 53.053 decomposes
Fe 27.280 1809 13807.2
FeO 279140. 43.2 1650 24058.
Fes04 1120000. 143.2 1870 138072,

Fe 03 821500. 85.5 decomposes
Al,O; 1675692. 50.94 2327 111085.
Cry03 1150600. 81.1 2705 125000.
CrO, 581576. 53.555 decomposes
AlFeO, 1980870. 106.274 decomposes
AlyFe;0g 2405175.5 206. decomposes
CryFeQq 1450760. 146.022 decomposes
Table I1. Liquid species thermodynamic values based on the SGTE database and modified

using the heat of fusion and fitting to the phase equilibria.

Liquid Species -AHg 295(J/mol) S298(J/K-mol)
Mn, -20916.6 79.914
Mn,0, 658072. 172.517
Mn304:2/3 907440. 112.299
Mn,03 955881. 110.458
Fe, -27614. 69.808
Fe,0; 475000. 134.5
Fe304:2/3 651000. 146.
Fe,03 724000. 136.
Al,O3 581576. 53.555
Cr,03 1015600. 127.3107
AlFeQ,:2/3 1309913. 70.84933
CryFe04:2/3 955206. 97.348




Table Ill. Crystal phase SGTE-based heat capacity, transition temperature (Tyans), and heat of
transition (AHns). Heat Capacity Coefficients: C, = a + beT + coT? + d/T? (J/K-mol)

Phase a b c d Tirans(K) AH%rans(J/mol)
Mn 18.0891 0.0283786 -.928773E -0548977.5 980 2225.9
33.3004 0.435914E-02 0.0 0.0 1360 2121.3
31.714701 0.8368E-02 0.0 0.0 1410 1878.6
33.552799 0.82810E-02 0.0 0.0 1517 ---
MnO. 46.484200 0.811696E-02 0.0 -368192.00 2115 ---
Mn30, 144,93401  0.04527090 0.0 -920480. 1445 ---
Mn,03 103.47000 0.0350619 0.0 -1351430. 1350 ---
MnO, 69.454399  0.010209 0.0 -1623390. 800 -
Fe 28.18 -7.32E-03 2.E-05 -290000. 1184 899.6
28. 8.6E-03 0.0 0.0 1665 836.8
24.64 9.9E-03 0.0 0.0 1809 ---
FeO 48. 1.2E-02 -1.E-06 -200000. 1650 ---
Fes0, 153.55 5.E-02 0.0 0.0 700 0*
175. 2.E-02 0.0 0.0 1184 0*
165. 3.E-02 0.0 0.0 1870 ---
Fe, O3 110. 5.E-02 0.0 -1700000. 700 0*
138. 0.0 0.0 0.0 1050 0*
130. 7.3E-03 -5.E-07 0.0 1980 ---
Al,O; 117.49 1.038E-02 0.0 -3711000. 2327 ---
Cr,03 134.439 -.0126191 0.84377E-05 -2839800. 2705 ---
CrO, 48.534401  0.0118826 0.0 -1138050. 750 ---
Al;FeO, 165.49 0.02238 -0.000001  -3911000. 1650 0*
185.69 0.01038 0.0 -3711000. 2327 ---
AlyFe,Oq 227.49 0.06038 0.0 -5411000. 700 0*
255.49 0.01038 0.0 -3711000. 1050 ---
Cr,FeOy 182.439 -0.0006191 7.43775E-06 -3039800. 1650 0*
202.639 -0.0126191 8.43775E-06 -2839800. 2705 ---

*A value of zero for the enthalpy of transition indicates no transition occurs, but a new Cp
equation is used for the next temperature range.




Table IV. Liquid species SGTE-based heat capacity, transition temperature (Tans), and heat of
transition (AHns). Heat Capacity Coefficients: C, = a + beT + coT? + d/T? (J/K-mol)

Species a b C d Tuans(K) — AHrans(J/mol)
Mn, 36.1782 0.0567572 -1.85755E-05  97955. 980 4451.8
66.6008 0.00871828 0.0 0.0 1360 4242.6
63.4294 0.016736 0.0 0.0 1410 3757.2
67.1056 0.01656202 0.0 0.0 1517 fusion
92.047996 0.0 0.0 0.0 2400
Mn,0, 92.9684 0.016233919 0.0 -736384. 2115 fusion
121.335998 0.0 0.0 0.0 3000
Mn;04:2/3 96.6227 0.0301806 0.0 -613653.3 1445 13947,
140.0246667 0.0 0.0 0.0 1833 fusion
Mn,O5 103.47 0.0350619 0.0 -1351430. 1350
Fe, 56.36 -1.464E-02 4.E-05 -580000. 1184 1799.2
56. 1.72E-02 0.0 0.0 1665 1673.6
49.28 1.98E-02 0.0 0.0 1811 fusion
92.04 0.0 0.0 0.0 3000
Fe,0, 96. 2.4E-02 -2.E-06 -400000. 1650 fusion
136.4 0.0 0.0 0.0 3000
Fes0,:2/3 102. 3.33333E-02 0.0 0.0 700 0*
116.667 1.33333E-02 0.0 0.0 1184 0*
110. 2. E-02 0.0 0.0 1870 fusion
133.888 0.0 0.0 0.0 3000
Fe,0; 110. 5. E-02 0.0 -1700000. 700 O*
138. 0.0 0.0 0.0 1050 0*
130. 7.3E-03 -5.E-07 0.0 1980 fusion
148. 0.0 0.0 0.0 3000
AlL,O; 117.49 1.038E-02 0.0 -3711000. 2327 0*
192.464 0.0 0.0 0.0 3000
Cr,05 134.439 -.0126191 0.84377E-05  -2839800. 2705 fusion
170. 0.0 0.0 0.0 4500
Al,Fe0,:2/3 110.3267 0.01492 -6.6667E-07  -2607333. 1650 0*
123.7933 0.00692 0.0 -2474000. 2327 fusion
173.776 0.0 0.0 0.0 3000
Cr,Fe0,:2/3 121.626 -4.12733E-04  4.9585E-06 -2026533. 1650 0*
135.0927 -0.008413 5.62517E-06  -1893200. 2705 fusion
113.33333 0.0 0.0 0.0 4500

*A value of zero for the enthalpy of transition indicates no transition occurs, but a new Cp
equation is used for the next temperature range.



Table V. G coefficients (J/mol) (Eq. 1) for interacting species where T is absolute

temperature.

Interacting Species Lo L, L,

Fe, — Fe,0; 50,000 40,000 10,000
Fe, — F6‘304 60,000 - -
Fe304:2/3 — Fe,03 25,000 - -

Mn, — Mn;0, 100,000 50,000 -
Mn304:2/3 — Mn;03 40,000 - -
A|203 - FGQOg 90,000 - 40T - -
Cry05 - Fe,03 -80,000 + 10T -30,000 + 10T -

The published diagram of Fig. 1a compares well to the computed phase diagram seen in Fig.
1b. Unlike the simple, modified associate species model, the published diagram, which was also
computed, utilized a compound energy model with ionic constituents for the crystalline phases
and an ionic two-sublattice model (which required 8 polynomial expansions) for the liquid
phases (16).
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Fig. 1. Fe-O phase diagram (a) computed by Sundman (16) and (b) computed in this work.
(wus=wustite; mag=magnetite; bcc= body-centered cubic phase; fcc=face-centered cubic phase)

Mn-O SYSTEM

The Mn-O system, which is analogous to the Fe-O system, was approached in a similar
manner. The liquid/glass phase was treated as a solution of Mny, Mn;0,, Mn304:2/3, and Mn,03
species having the thermodynamic values listed in Table I-1V. The system also exhibits liquid-
liquid immiscibility. The necessary interaction energy terms for the Redlich-Kister (15) excess
free energy that were derived are listed in Table V. The published phase diagram, which was



determined in the same manner as the published Fe-O diagram (18), is seen in Fig. 2a and
reasonably reproduces the computed diagram of this work seen in Fig. 2b.
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Fig. 2. Mn-O phase diagram (a) computed by Wang and Sundman (18) and (b) computed in this
work.

Al-Fe OXIDE LIQUID/GLASS, SESQUIOXIDE, AND SPINEL

The alumina-iron oxide solution that represents the liquid/glass is made up of the species:
Al,O3, Fey, Fes0,, Fe304:2/3, Fe,03, FeAl04:2/3. No additional interaction parameters were
used beyond those for the unary systems and only one binary oxide associate was included.

The two-sublattice model (19) was used for the spinel phase, with an excess energy for the
interactions between Fe®* and AI** on the sublattice of

Gys = Xpe3+.- Xaiz+ - A (J/m0|) (2)

where x is the concentration of the subscripted atom on the sublattice and A=20 kj/mol. In
addition, adjustments were necessary to the 298 K heat of formation and entropy of the AlFeO3
phase.

The sesquioxide phases, hematite and corundum, required the zeroth-order Redlich-Kister
(15) interaction parameters (Eg. 1) shown in Table V to adequately represent the end-member
solution phases.

The experimental diagram is seen in Figure 3a (20) and can be compared with the computed
phase diagram of Figure 3b. The model does not reproduce all the details accurately, but given
the sparsity of data and the reasonable agreement in temperature, it is a good fit.
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Fig. 3. Al,O3-Fe,03 phase diagram (a) of Muan and Gee (20) and (b) computed in this work.
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Cr-Fe OXIDE LIQUID/GLASS, SESQUIOXIDE, AND SPINEL

The chromia-iron oxide solution that represents the liquid/glass is treated very similarly to
that of the alumina-iron oxide solution, made up of the species: Cr,03, Fe,, Fe,0,, Fe304:2/3,
Fe,03, FeCr,0,4:2/3. Again, no additional interaction parameters were used beyond those for the
unary systems and only one binary oxide associate was included.

The two-sublattice model (19) was used for the spinel phase, with an excess energy for the
interactions between Fe** and Cr®* on the sublattice of A=8 kj/mol (Eq. 2). The sesquioxide
solution phase required zeroth- and first-order Redlich-Kister (15) (Eq. 1) interaction parameters
(Table V) to adequately represent the end-member solution phases. The experimental diagram is
seen in Fig. 4a (21) and can be compared with the computed phase diagram of Figure 4b. The
model reproduces the essential phase equilibria, but disagrees significantly in the uncertain area
of the liquidus.

Al,03-Cr,03-Fe;03 PHASE EQUILIBRIA

The systems described above were combined to obtain a model for the alumina-chromia-iron
oxide system and it includes all the liquid/glass species and interaction parameters, as well as all
crystalline phases. No ternary associates were used in the model as well as no additional
interaction parameters. An example phase diagram at 1500°C was computed and can be seen in
Fig. 5 compared to an experimentally determined diagram (22). While the phase regions do not
completely match, again the major features are correct and the results can be considered good for
so simple an approach.
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CONCLUSIONS

The modified associate species approach for complex systems is simple, relatively accurate,

and highly usable for describing liquidus surfaces, conditions for crystalline phase formation,
and chemical activities of glass constituents. A base model for HLW glass systems that agrees
reasonably with published phase diagrams has been developed. The very simple and usable
modeling approach has successfully described important features of the Fe-O and Mn-O systems.



Efforts to similarly model the Cr,0s3-Fe,O3; and Al,O3-Fe,O3 systems have been reasonably
successful. The results have been combined to provide a comprehensive model of the
alumina-chromia-iron oxide system.
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