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Immiscible silicate liquids in the Ca0-Si0,-TiO,-Al, O, system

by Marcus Kirschen! and Christian De Capitani’

Abstract

Compositions of coexisting liquids in the CaO-5i0,-TiO,—AlL,O; system at 1600 °C have been determined. In the Al-
free ternary system, the miscibility gap is modelled in detail with weighted extrapolation of binary excess Gibbs free
energy terms. Addition of few wt% Al,O; reduces dramatically the extent and consolute temperature of the solvus,
Extrapolations of the CaO-SiO,-TiO, model parameters to the Al-bearing system without additional corrections
disagree with experiments. However, possible procedures for the expanded extrapolation in the four component sys-

tem are discussed.

Keywords: multicomponent solution model, silicate melt, immiscibility, CAST system.

Introduction

Computation of phase diagrams in silicate sys-
tems at liquidus temperatures requires knowl-
edge of non-ideal contributions to the Gibbs free
energy of the melt. The excess Gibbs free energy
G* may be estimated by evaluation of melting ex-
periments that relate the energy of the melt to the
free energy of the solid: G™!(T,p) = G="(T,p) at
T,. Assuming thermochemical values of the min-
erals as known (e.g. S°, H®, Cp(T) from compiled
databases (CHASE et al., 1985; BERMAN, 1988;
HoLLAND and POwELL, 1990, or ERIKSSON and
PELTON, 1993a and 1993b), thermochemical val-
ues for the pure liquids as well as non-ideal con-
tributions for the multicomponent solutions are
defined at the melting point. However, evaluation
of experiments at liquidus temperatures often re-
quires extrapolation of the specific heat capacity
far beyond the range of experimental data. Thus,
the high temperature value depends on the poly-
nomial representation that is used to model Cp at
lower temperatures, ¢.g. whether a linear T-term is
included in the polymonial (ROBIE et al., 1978) or
not (BERMAN and BrRown, 1985). In contrast,
phase equilibrium data on coexisting liquids de-
fine direct constraints on non-ideal solution para-

meters through the equivalence of chemical po-
tentials of component i: y, (meltl) = w; (melt2),
= " + RTlIn(a;) because standard state chemical
potentials for pure endmembers . cancel in the
equations. Therefore the accurate determination
of miscibility gaps is a step towards a comprehen-
sive solution model for silicate liquids and offers
an excellent tool to test solution models in multi-
component systems. As a model system we focuse
on Ca0O-Si0O,-TiO, that is characterized by a
huge miscibility gap spanned from the SiO,-TiO,
binary to the silica rich part in CaO-510,. The sub-
regular solution model (G® = x;x,[W;x; + Wx,])
is sufficient to model experimental solvus data in
binary SiO,-TiO, and CaO-SiO, systems using
the BERMAN (1988) database. Fitted Margules pa-
rameters are given in table 1. Moreover, it allows
to reproduce the liquidus line beyond the compo-
sition range of stable immiscibility. In the
CaO-Ti0O, system no stable immiscibility of the
liquid has been reported.

Immiscible silicate liquids in the
Ca0-5i0,-TiO, system

In the CaO-Si0O,-TiO, system the two liquid field
occurs stable above 1530 °C and over a broad
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Tab. 1 Margules parameters used in this study W =
W, - TW,, T in K.
WH WS k
CaO-Si0,
112 —719241.09800 | —162.78172 0
122 119289.99150 99.23210 0
CaO-TiO,
112 —404108.02430 —45.61255 1
122 -170426.41960 —4.81453 1
SiO-TiO,
112 18844.22318 -9.08197 —4
122 67403.69615 8.44998 4

Note: excess Gibbs free energy for CaO-SiO,-TiO, lig-

uid is calculated with G* = X (W x2%+ Wxix?) (xi+%;)

compositional range. The miscibility gap is bound-
ed by the stability fields of rutile and cristobalite.
Coexisting liquids have been synthetized from
powder samples with a Rh/Pt resistance furnace
at ~1600 °C, ambient pressure and quenched. Run
durations have been varied from 0.5 to 3 h at high
temperature. Cristobalite and rutile in equilibri-
um with one or two liquids appear as rounded
grains and have been identified with microprobe
and XRD analysis. The titania rich quench show
traces of secondary exsolution due to the limited
air quenching rate. The absence of exsolution
blebs near the phase boundary to the silica rich
liquid and in small inclusions indicate that diffu-
sive processes alter the composition of the equili-
brated liquids in a zone around the phase bound-
ary when quenched. About 50 microprobe analy-
ses per phase have been collected with a 5 to
30 pm defocused electron beam to account for
secondary exsolution. Standard deviation of the
measurements decreases with increasing run time
of the samples, the mean is almost constant. This
indicates that the molten samples were close to
equilibrium. Measured compositions are shown in
figure 1 as filled circles.

A well-known method to extrapolate binary
interaction parameters in the ternary has been
suggested by WOHL (1946). In this case, a ternary
parameter is added to the sum of binary excess
terms in order to approximate the ternary excess
free energy: G¥(tern.) = 2G*(bin.) + WX, X,X;,
where W,; is computed from binary parameters
W; (ij = 1,2,3) with a possible ternary correction
C15: Wiy = ZW;/2 + C)5;. The ternary term causes
an asymmetrical contraction of the calculated
ternary miscibility gap independant from C,,;
(= 0 or not). As a consequence the calculated in-
variant points either rutile + 2 liquids or cristo-

balite + 2 liquids are far from the measured com-
positions: the measured extend of the miscibility
gap with respect to cristobalite and rutile stability
fields is considerably larger than calculated. Cal-
culations with geometrical extrapolation methods
without ternary parameter proposed by Kohler,
Muggianu and Colinet (see HiLLERT [1980] for a
review) yield similar results. Much better results
were obtained by weighting the binary excess
terms separately. The weights are expressed with
(x, + x,) * that equals 1 when evaluated on the bi-
nary and control the decline of the excess term
when extrapolated to higher order systems. This
weighting scheme has been implemented in com-
puter codes to determine the stable assemblages
by minimizing the Gibbs free of the system (DE-
CAPITANI, 1994). It includes and generalizes the
KOHLER (1960) extrapolation (e.g. k = 1 for the bi-
nary subregular solution G* = x,X,[W x, + W,x]).
With k = 1 for the CaO-TiO,, k = 0 for the CaO-
SiO, and k = —4 for the SiO,-TiO, excess terms,
binary interaction parameters have been fitted
with linear programming techniques to liquidus
and solvus data. The coincidence of calculation
and experiment is excellent. The calculated phase
diagram is shown in figure 1 together with tie-lines
of coexisting liquids and experimentally deter-
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Fig. 1 Calculated phase diagram in the CaO-SiO,—-

TiO, system.

I[sotherms are shown from T = 1300 °C, to 2650 °C, with
50 °C steps. Experimentally determined compositions of
coexisting liquids at 1600C are indicated with filled cir-
cles, triangles determine the two liquid + rutile and two
liquid + cristobalite stability ficlds, respectively. Squares
point reported ternary eutectics from DEVRIES et al.
(1955) (their Tab. IIL: L: 1365C, K: 1365C, J: 1318C, H:
1348C, F: 1398C, B: 1650C). Region of stable liquid im-
miscibility is shaded.
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mined eutectic invariant points from DEVRIES et
al. (1955). Major descrepancy remain for the wol-
lastonite stability ficld that may be due to negli-
gence of possible TiO, solubility in this study.

Extrapolation to CaO-Si0,-TiO,-Al, O, system

Addition of 3 wt% Al,O; significantly reduces the
extension, the consolute and the monotectic tem-
perature of the ternary miscibility gap (see Fig. 2).
Similar results have been obtained in Fe-bearing
liquids (Woob and Hess, 1980). Al is concentrat-
ed in the less polymerized liquid in the CAST sys-
tem, in contrast to alkali bearing silicate liquids
where Al is enriched in the silica rich liquid phase
as a network forming cation. In bulk compositions
containing 6 wt% AL, phase separation is ren-
dered metastable at 1600 °C: no phase boundary
has been detected. However, the tarnished glass-
es and the characteristic scattering of microprobe
analysis indicate spinodal decomposition on a
sub-micron scale while quenching. In figure 2 ex-
perimental data at 1600 °C are projected on the
1.9 mol% AlLQO; plane in the CAST tetrahedron.
Again, excess free energy of the melt in the Al,O;-
bearing binary systems has been modelled with
subregular solution parameters, no stable immis-
cibility has been reported. The calculated misci-
bility gap in figure 2 has been obtained with k =
1.8 for the extrapolation of all Al binaries. The ob-
served contraction of the STC miscibility gap is in
disagreement with the calculated solvus. The vari-
ation of k values for Al excess parameters is of mi-
nor importance and cannot reproduce the disap-
pearance of phase separation at low Ti contents
(at 1600 °C). In contrast, modifying k for the pos-
itive CaO-Si0, binary parameters has a consider-
able effect on the calculated STAC solvus at low
Al and Ti contents. This is also improved by the
decline of the Si0,-TiO, solvus in the SiQ,-TiO,—
Al O, system, which is reproduced by varying k
for the SiO,~TiO, parameters to negative value
rather than k for Al bearing binary excess terms.
Consequently, it is suggested that either positive
excess parameters of CaO-Si0O, may be extrapo-
lated with negative k values as for SiO,-TiO, bi-
nary excess parameters or the fitted excess func-
tion in the STC system is weighted in a similar way
with (x;+X,+x;)* when extrapolated to the STAC
system. More experimental data on immiscible
liquids in multicomponent systems (e.g. MgO-
bearing CMS and STMCA systems) need to be
evaluated to enhance these suggestions.

177

Conclusion

Compositions of coexisting liquids in the quater-
nary CaO-SiO,-TiO,-Al,O, system have been
determined at 1600 °C. Experimental data in the
Ca0-Si0,-TiO, system are modelled in detail
with weighted extrapolation of binary excess pa-
rameters. The addition of few wt% Al,O, reduces
demixing of the liquid dramatically. Evaluation of
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Fig. 2 Experimentally determined compositions in
Al-bearing immiscible liquids.

Addition of 3 wt% AlLO, reduces dramatically the ex-
tension of the stable liquid miscibility gap. For bulk com-
position A, SiO, content {wt%) of coexisting liquids as
function of temperature and Al content in shown in fig-
ure 2a. In figure 2b, dashed and solid lines indicate cal-
culated miscibility gaps with k = 1.5 and k = 1.9 for the
binary excess parameters in Al bearing systems, respec-
tively. Filled squares indicate compositions of one or co-
existing two liquids. Note the homogenous liquid A at
low Ti in disagreement with calculation.
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experimental data on the STAC solvus suggest
that positive binary excess parameters contribute
to a very minor degree to the free energy in
Al-bearing silicate liquids even at low Al content.

References

BERMAN, R.G. and BRowN, T.H. (1985): Heat capacities
of minerals in the system Na,O-K,0-CaO-MgQO-
FeO-Fe,0;-Al,0,-810,-TiO,-H,0-CO,: represen-
tation, estimation, and high temperature extrapola-
tion. Contr. Mineral. Petrol., 89, 168-183.

BERMAN, R.G. (1988): Internally-consistent thermody-
namic data for minerals in the system Na,O-K,O-
Ca0-MgO-FeO-Fe,0,-Al,0,-Si0,-TiO,-H,0-
CO.. Journal of Petrology, 29, 445-522.

CHASE, M.W., DAVIES, C.A., DOWNEY, JL.R., FRURIP, D.J.,
McponaLD, R.A., and Syverup, AN. (1985):
JANAF Thermochemical Tables. American Chemi-
cal Society, American Institute of Physics.

D Caprrani, C. (1994): Gleichgewichtsphasendia-
gramme: Theorie und Software. Eur. J. Mineral. (Bei-
hefte), 6, 48.

Devrigs, R.C., Roy, R. and OsBorN, E.F. (1955): Phase
equilibria in the system CaO-TiO,-Si0,. Journal of
the American Ceramic Society, 38, 158-171.

ERikssoN, G. and PELTON, A.D. (1993a): Critical evalua-
tion and optimization of the thermodynamic prop-
erties and phase diagrams of the CaO-ALO;,
Al O;-510, and Ca0O-ALO;-Si0, systems. Metal-
lurgical Transactions, 24B, 1839-1849.

ERIKSSON, G. and PELTON, A.D. (1993b): Critical evalua-
tion and optimization of the thermodynamic prop-

erties and phase diagrams of the MnO-TiO,, MgO-
TiO,, FeO-TiO,, Ti,0,-Ti0,, Na,0-TiO,, and K,O-
TiO, systems. Metallurgical Transactions, 24B,
795-805.

HiLierT, M. (1980): Empirical methods of predicting
and representing thermodynamic properties of
ternary solution phases. Calphad, 4, 1-12.

HoLLanp, TJ.B. and PoweLL, R. (1990): An enlarged
and updated internally consistent thermodynamic
dataset with uncertainties and correlations: the sys-
tem  K,0-Na,0-CaO-MgO-MnO-FeO-Fe,O,—
AlLO;-TiO~S8i10,-C-H,-0,. . Metam. Geology, 8,
89-124.

KoHLER, F. (1960): Zur Berechnung der thermody-
namischen Daten eines terniren Systems aus den
zugehorigen bindren Systemen. Monatshefie
Chemie, 91, 738-740.

RoBIE, R.A., HEMINGWAY, B.S. and FISHER, J.R. (1978):
Thermodynamic properties of minerals and related
substances at 298.15 K and 1 bar (10° Pascals) pres-
sure and at higher temperatures. U.S. Geological
Survey Bulletin, 1452.

WoHL, K. (1946): Thermodynamic evaluation of binary
and ternary liquid systems. Transactions of Ameri-
can Institute of Chemical Engineers, 42, 215-249.

Woop, M.I. and HEss, P.C. (1980): The structural role of
Al O; and TiO, in immiscible silicate liquids in the
system Si0,-MgO-CaO-FeO-Ti0O,~Al,0;. Contr.
Mineral. Petrol., 72, 319-328.

Received December 5, 1998; accepted January 9,
1998.



	Immiscible silicate liquids in the CaO-SiO2-TiO2-Al2O3 system

