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The thermodynamic model taking into account the structural behaviour of TiOs in silicate melts
was applied to describe the activities of the components in the melts and to calculate the phase
diagrams of the systems CaSiO3—CaTiSiOs5, CaSiO3—CaTiOs, CazSi0O4—CaTiO3, CaTiSiOs—
CaTiOs, and CaTiSiO5—TiO2. When the present TiO2 is assumed to be completely integrated
in the structural network in the form of tetrahedrally coordinated units, i.e. it acts as network
former, the considered thermodynamic model fits quite well both experimental liquidus curves in
the systems CaSiO3—CaTiSiOs and CaTiSiOs—CaTiOs and the CaTiSiOs liquidus curve in the
system CaTiSiO5—TiO2. The model fails in the systems CazSiO4—CaTiO3 and CaSiO3—CaTiOg3
as well as by the TiO3 liquidus curve in the system CaTiSiOs—TiO2. For both liquidus curves in the
system Ca2Si04—CaTiOs and for the TiO2 liquidus curve in the system CaTiSiOs—TiO2 better
fit of the experimental liquidus curves was achieved when activities were equal to mole fractions.

TiO,-Bearing silicate systems represent important
objects of considerable technological and geochemi-
cal interest. Titanium dioxide is common component
of industrial glasses, enamels, and pyroceramics. It is
also a component of some metallurgical slags. Geo-
chemists and petrologists are interested in the influ-
ence of titanium on phase equilibria, mineral crystal-
lization sequences, and rheological properties of melts
[1]. Titanium-bearing silicate melts and glasses of syn-
thetic and natural composition display unusual be-
haviour of various physical properties like heat capac-
ity, density, viscosity, thermal expansion coefficient,
etc. These features may be rationalized in terms of
the composition- and temperature-dependent struc-
tural role of TiO3, namely of its network-forming and
network-modifying character and changeable oxygen
coordination number of Ti** [2].

It is generally known that SiO; is the main
network-forming oxide in silicate melts. The basic
building unit of silicate melts is the tetrahedron
SiOy4, where the central silicon atom is coordinated
by four oxygen atoms using covalent bonds. In pure
silica melt the SiO4 tetrahedrons are linked into
the three-dimensional network using bridging oxygen
atoms Si—O-—Si. In more complicated systems, be-
sides SiOq, other oxides, e.g. GeOz, B20Os3, AlsOs3, etc.
can also participate in the formation of the polyan-
ionic network of SiO4 tetrahedrons.

Alkali metal oxides and earth alkali oxides belong
to the so-called modifiers of polyanionic network. In
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molten state they contain free cations (e.g. Ca?") and
free oxygen anions O2~. When adding an alkali metal
oxide, or an earth alkali oxide, e.g. CaO, to SiOa,
each oxygen anion breaks one Si—O—Si bond of the
Si04 tetrahedral network under formation of two non-
bridging oxygen atoms —O~ according to the general
scheme

(Si—0—S$i) + 02~ = 2(Si—0") (4)

Depending on the composition of the system, three
types of oxygen atoms may be present in silicate melt:
free oxygen anions O%~ linked by two ionic bonds to
the present alkali cations, nonbridging oxygen atoms
—O~ linked by one covalent bond to the central Si
atom of the SiO4 tetrahedron and by one ionic bond
to the present alkali cation, and finally bridging oxy-
gen atoms —O— connecting two neighbouring SiO4
tetrahedrons by covalent Si—O—Si bonds. From the
above it follows that, with regard to their bonding na-
ture, oxygen atoms are not equivalent, i.e. they have
not identical chemical potentials.

In the melts of the pseudobinary subsystems of
the system CaO—Ti02—Si0O4, beside silicon oxide,
titanium oxide may also participate in the tetrahe-
dral network. Depending on its structural behaviour
the structure of the melt may change, causing also a
change of activities of present components.

The structural role of Ti*t in silicate melts has
been the goal of a large assembly of spectroscopic in-
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vestigations, e.g. [3—7]. It is a complex function of
several variables, particularly TiO5 and SiO5 concen-
tration, type and content of modifying cations and
temperature [6, 8]. Despite the number of investiga-
tions, neither a consensus has been reached regarding
the coordination states of Ti atoms, nor has it been
found how the silicate melt structure is modified by
their presence. The results obtained by various meth-
ods are often contradictory [5, 7].

In situ high-temperature Raman spectroscopy of
melts along the join NaySioO5—NasTisO5 [6] has
shown that the Raman spectra of Ti-bearing glasses
and melts are consistent with Ti** in at least three
different structural positions: Ti*t may substitute for
Si** in tetrahedral coordination in the structural units
in the melt (it acts as network former), it may form
TiOs like clusters with Ti*t in tetrahedral coordina-
tion (structural role of Ti*" external to the silicate
network was proved by NMR data from Ti-bearing
alumino-silicate glasses) [5], or it acts as network mod-
ifier, possibly occurring in six-fold (octahedral) or five-
fold coordination. In vitreous KoO—TiO5—SiO5 the
presence of tetragonal pyramids containing one non-
bridging double-bonded oxygen interconnected with
SiOy4 tetrahedrons was reported [3].

Density measurements [9, 10] indicate that Ti** is
predominantly in tetrahedral coordination in sodium-
bearing liquids, while in octahedral coordination in
calcium-bearing melts [9]. Also the compressibility
data on alkali and alkaline earth titanium metasili-
cate melts indicate that the structural role of TiO5 in
these melts is dependent on the identity of the cation
[11].

In the present paper the structural behaviour of
TiO; in the SiO2 melts is studied indirectly, by means
of the theoretical calculation of the phase diagrams of
some pseudobinary subsystems of the CaO—TiOy—
SiOs system, using the thermodynamic model of the
silicate melts [12, 13], which takes into account the
participation of TiOs in the SiO4 tetrahedral network.
The results are compared with calculations assuming
that activities are identical with mole fractions.

THEORETICAL

According to the used thermodynamic model of sil-
icate melts [12, 13] the chemical potential of the i-th
component in a melt can be expressed as a sum of the
chemical potentials of all energetically distinguishable
j-th atoms constituting the given component. The ac-
tivity of the first component in a pseudobinary so-
lution of the system CaO—TiO3—SiOs can be ex-
pressed by the equation

=] (ﬁ){"“} 1)

: 1,
] Y1,5

where y; ; and y; are mole fractions of the j-th atom
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(Ca2*, Ti**, Si**t, 0?7, —O0~, —O—) in the pure
first component and in the pseudobinary mixture, re-
spectively, defined by the relations

n1,j T1N1,5 + TaNg

J— J— 2
Yt an,j v z1 an,j + X2 an,j @
J J J

where z1 and x9 are mole fractions of the considered

components of the pseudobinary system, n; ; and ng ;

are amounts of substance of the j-th atom in the pure

first and second component, respectively. Similar rela-

tions may be derived also for the second component.

T1Y. N1+ T2y ne,; = ».m; is the amount of sub-
J J

stance of all present atoms in an arbitrary mixture of
both components.

COMPUTATIONAL PROCEDURE

Applying eqns (1) and (2) relations for the ac-
tivities of the considered components in melts of
the studied pseudobinary systems have been derived.
These relations take into account structural aspects
of melts following from the thermodynamic model.
It was assumed that all present titanium substitutes
for Si** in tetrahedral coordination in the structural
units of the melt, i.e. acts as network former. The
calculation of phase diagrams was performed in bi-
nary systems CaSiO3—CaTiSiO5, CaSiO3—CaTiOs3,
CaSi04—CaTiO3, CaTiSiO5—CaTiOs, and CaTi-
Si05—Ti0,.

The calculation of liquidus temperatures for the
individual components Tiiq; was performed using the
simplified and adapted LeChatelier—Shreder equa-
tion [14]

where Ttys; and ApysH; are temperature and enthalpy
of fusion of the i-th solid phase, respectively, and a;
is its activity in the melt, calculated according to cor-
responding form of eqn (I). The needed thermody-
namic quantities, i.e. temperatures and enthalpies of
fusion of the individual phases, taken from literature,
are listed in Table 1.

The phase diagrams of the considered pseudo-
binary systems have been constructed on the basis of
calculated values of temperatures of primary crystal-
lization of the individual phases with the composition
steps Ax; = 0.1. The positions of eutectic points have
been obtained as intersection points of both liquidus
curves. Experimental phase diagrams were taken from
papers [15, 16].
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Table 1. Temperatures and Enthalpies of Fusion of Pure Sub-
stances Used in the Calculation

Compound Tius % Ref.
K kJ mol

CaO 2843 52.0 [18, 19]
CasSi04 2403 55.4 18, 19]
CaSiOs 1817 56.0 [18, 19]
CaTiSiOs 1656 139.0 17]
CaTiOs 2243 127.3* Estimated
TiO, 2103 66.9 18, 19]
Si0s 1986 9.6 (7, 8]

*ApusHeaTios = Trus,CaTiOy AfusSMgTiO, -

RESULTS AND DISCUSSION

a) System CaSiO3—CaTiSiOs3

Let us consider z; and x2 to be the mole frac-
tions of CaSiO3 and CaTiSiOs, respectively, in a bi-
nary mixture of both components. The amount of sub-
stance of all present atoms in an arbitrary mixture
in this system is > n; = (5x1 + 8z2) mol and the
amount of substance of all oxygen atoms in this sys-
tem is n(O) = (3z1 + 5x2) mol. Assuming that all
the TiOy present in the system acts as network for-
mer, the amount of substance of Si,Ti—O bonds is
equal to n(Si,Ti—O) = (4z1 + 8z2) mol. In the pure
CaSiOg3 one of three oxygen atoms is bridging while
the other two atoms are nonbridging. On the other
hand, in the pure CaTiSiOs there are two nonbridg-
ing and three bridging oxygen atoms. Hence, there are
n(—O—) = (z1 + 3x2) mol of bridging oxygen atoms
and n(—O™) = (2x1 + 222) mol of nonbridging oxy-
gen atoms in the mixture. For the CaSiO3 activity we
obtain the expression

o(cs) = () gozg{f;}) -
(oisr) Gosng) @

and for the CaTiSiOs activity the expression

a(CTS) = (O.é; ;{ilj}) (0.125I22{nj}> |

(e o) o)
(5)

The comparison of experimental and calculated phase
diagrams of the system CaSiO3—CaTiSiOs; is given in
Fig. 1a. The solid solutions in the composition range
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Fig. 1. Phase diagram a) and activities of components b) of the
system CaSiO3—CaTiSiOs. Solid line: experiment [15],
dashed line: thermodynamic model [12, 13], dot-dashed
line: a; = x;.

up to 2(CSss) = 0.3 at the eutectic temperature were
assumed by calculation of the CaSiO3 liquidus curve.
For comparison liquidus curves calculated on the as-
sumption that activities of both components are equal
to mole fractions are also presented in Fig. la. It
can be seen in this figure that used thermodynamic
model fits the experimental data better than assump-
tion a; = x;. Similar conclusion follows from the ac-
tivity curves of individual components of the consid-
ered system (Fig. 1b), calculated using experimental
phase diagram (solid line) and thermodynamic model
according to eqn (1) (dashed line).
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b) System CaSiO3—CaTiO3

Considering x1 and x2 to be the mole fractions of
CaSiOg and CaTiOs, respectively, the amount of sub-
stance of all present atoms in an arbitrary mixture
in this system is > n; = (521 + 5x2) mol, and the
amount of substance of all oxygen atoms is n(O) =
(3z1 + 3z2) mol. On the above assumption concern-
ing the role of the TiO, in the melt the amount
of substance of Si,Ti—O bonds is n(Si,Ti—0) =
(421 + 422) mol. Similarly as in CaSiOs, in CaTiOs
there are also two nonbridging oxygen atoms and one
bridging oxygen atom. The amount of substance of
bridging oxygen atoms in the mixture is n(—0—) =
(z1 + x2) mol, while the amount of substance of non-
bridging oxygen atoms is n(—O ™) = (221 + 222) mol.
For the activity of CaSiOs we obtain the expression

T+ T2

a(C8) = (O-QZ{W})Z(O'Q gl{nj}) .
(i) Gotey) @

and for the activity of CaTiO3z we can write

1+ 22 ) ( T2 > )
0.2> {n;} 0.2> {n;}
<2£L’1+2$2)2< xr1 + o ) (7)
04y (ny) \025{n)

After inserting the general relation x; + z2 = 1
into eqns (6) and (7) one can see that in this case the
thermodynamic model is identical with a; = x; model.
It can be seen in the phase diagram of this system
shown in Fig. 2a that in the frame of uncertainty of
regression both liquidus curves are identical for both
models. The experimental liquidus curve for CaTiO3
is not thermodynamically consistent, because in the
region of the melting point it has dystectic course,
which is not probable with regard to the nature of
this compound. Similar conclusion follows also from
the activity curve of CaTiOg in the region of the pure
component (see Fig. 2b), calculated on the basis of the
experimental phase diagram.

a(CT) = <

¢) System CaySi0O4;—CaTiO;

In the system CasSi04—CaTiO3 the amount of
substance of all present atoms in an arbitrary mixture
is Y n; = (Tz1 + 522) mol and the amount of sub-
stance of all oxygen atoms is n(O) = (41 + 3x2) mol.
The amount of substance of Si,Ti—O bonds is
n(S1,Ti—0) = (4z1 + 4x2) mol. In the pure CazSiO4
all oxygen atoms are nonbridging. The amount of sub-
stance of bridging oxygen atoms in the mixture is
n(—O—) = x2 mol and the amount of substance of
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Fig. 2. Phase diagram a) and activities of components b) of the
system CaSiO3—CaTiO3. Denotation as in Fig. 1.

nonbridging oxygen atoms is n(—O™) = (4x1 + 2x2)
mol. For the activity of CasSiO4 we obtain the expres-

sion
21‘1 —+ X2

a(C28) = <0.286 > {nj}) <0-143g§3 {”J}> |

' <o§i11 EQ{Z}Y (8)

and for the activity of CaTiO3z we can write
2x1 + x2 T2
o0~ (a5 (ersmn)

' <;Zg{2niz}>2 (0.2§Q{nj}> 9)
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Fig. 3. Phase diagram a) and activities of components b) of the
system CagSiO4—CaTiOs. Solid line: experiment [16],
dashed line: thermodynamic model [12, 13], dot-dashed
line: a; = x;.

The phase diagram of the system CasSiO4—CaTiO3
is presented in Fig. 3a. It can be seen in this figure
that calculation corresponding to the a; = x; assump-
tion fits the experimental data best. This subsystem
of the CaO—Ti0O2—SiO5 system is in the alkaline re-
gion of melts, where the model fails. Similar conclusion
follows also from the activities presented in Fig. 3b.

d) System CaTiSiO;—CaTiOj;
In this system the amount of substance of all

present atoms in an arbitrary mixture is ) n; =
(81 + 5z2) mol, the amount of substance of all oxy-
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gen atoms is n(O) = (5z1 + 3z2) mol, and the amount
of substance of Si,Ti—O bonds is n(Si,Ti—0) =
(821 + 4x2) mol. The amount of substance of bridg-
ing oxygen atoms in the mixture is n(—O0—) =
(321 + x2) mol and the amount of substance of non-
bridging oxygen atoms in the mixture is n(—O0~) =
(221 4 222) mol. For the activity of CaTiSiO5 we ob-
tain the expression

a(CT8) = (0-13;; Ex{ila}) (0-13;; EZU{QTL]}) .
(o) Gose) (Gwsi)
(10)

and the activity of CaTiOj3 is given by the equation
T1 + T2 T1 + X2
o0 = (535 7) (53507 )
0.2> {n;} 02> {n;}

<2x1+212 )2 < 31 + T2 > (11)
0.4> {n;} 0.2> {n;}

The comparison of experimental and calculated
phase diagrams of this system is given in Fig. 4a. With
regard to the big difference between temperature of
fusion of CaTiO3 and eutectic temperature, the tem-
perature dependence of the enthalpy of fusion of this
compound has been taken into account by calculation
of the liquidus curve introducing the heat capacity of
fusion AgysCp(CT) = 250 J mol~! K~1. From the fig-
ure it follows that the thermodynamic model of silicate
melts describes the phase diagram of this system very
well. This is also confirmed by activities of components
in this system (Fig. 4b).

e) System CaTiSiO;—TiO-

In the system CaTiSiO5—TiOs the amount of
substance of all present atoms in an arbitrary mix-
ture is > m; = (8x1 + 3x2) mol, the amount of sub-
stance of all oxygen atoms is n(O) = (5z1 + 2x2)
mol and the amount of substance of Si,Ti—O bonds
is n(Si,Ti—0) = (8x1 + 4x2) mol. The amount of
substance of bridging and nonbridging oxygen atoms
in the mixture is n(—O0—) = (3z1 + 222) mol and
n(—O7) = 2x; mol, respectively. For the activity of
CaTiSiOs we obtain the expression

a(CTS) = (0.1255621{%}) (0.123255{2]-}) |

' (0-1253621: {nj}) (0-252;:1{%'}) (0-??2%22{2})3
(12)

and the activity of TiO4 is equal to

1 + T2 3x1 + 2x2

a(T) = (0.333 5 {nj}) (o.6672 {n;}

)2 (13)
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Fig. 4. Phase diagram a) and activities of components b) of the
system CaTiSiO5—CaTiOs3. Denotation as in Fig. 1.

The phase diagram of the system CaTiSiO5—TiO9
is shown in Fig. 5a. As it can be seen in this figure,
the liquidus curve of CaTiSiOs is described well by
the used thermodynamic model while the experimen-
tal liquidus curve of TiOs is fitted best by the simple
a; = x; model. The reason is probably the alkaline na-
ture of the TiOs-rich melts again. Similar conclusion
follows also from the activities presented in Fig. 5b.

CONCLUSION
The comparison of experimental and calculated

phase diagrams of the system CaSiO3—CaTiSiOs
(Fig. la) shows that the model of the titanium-bearing
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silicate melts, based on the assumption that all the
present TiO, acts as network former fits the experi-
mental liquidus curves very good on the assumption
that solid solutions in the composition range up to
x(CSss) = 0.3 at the eutectic temperature are con-
sidered at calculation of the CaSiOj liquidus curve.
However, this assumption was not confirmed experi-
mentally.

In the system CaSiO3—CaTiO3 (Fig. 2a) there is
no significant difference between liquidus curves cal-
culated by the use of both considered models, due to
identity of both models for this system. The small dis-
crepancy between both liquidus curves in Fig. 2a is
due to the uncertainty of regression, used at drawing of
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both curves. Nevertheless, the experimental data are
not fitted well. Remark that the experimental liquidus
curve of CaTiOg is not thermodynamically consistent
in the region of the melting point, because it shows
dystectic character. However, the dystectic melting is
not probable with regard to the nature of this com-
pound.

Both liquidus curves in the CaySiO4—CaTiOg3
phase diagram (Fig. 3a) and the liquidus curve of TiO2
in the CaTiSiO5—TiO2 phase diagram (Fig. 5a) are
fitted quite well with the simple assumption a; = x;.
The tested model, however, does not match the ex-
perimental data satisfactorily. The reason may be in
the alkaline nature of the TiOz-rich melts, where the
tested model fails. On the other hand, the thermo-
dynamic model describes best the liquidus curve of
CaTiSiOs in the CaTiSiO5—TiO4 system.

Due to the relatively big difference between tem-
perature of fusion of CaTiO3 and eutectic temper-
ature in the CaTiSiO5—CaTiO3 system the tem-
perature dependence of the enthalpy of fusion of
CaTiO3 was taken into account at calculation of its
liquidus curve, introducing the heat capacity of fusion
AgysCp,(CT) = 250 J mol 'K ~. In this case the ther-
modynamic model of silicate melts describes the phase
diagram of this system very well.

The results indicate that the basic premise im-
plemented into the considered thermodynamic model,
namely that TiO; is completely included in the struc-
tural network in the form of tetrahedrally coordinated
units, is fulfilled in the systems CaSiO3—CaTiSiOs
and CaTiSiO5—CaTiOs, while it is not satisfied in the
systems CaySi04,—CaTiO3, CaSiO3—CaTiO3, and
CaTiSiO5—TiOs. This conclusion is in good agree-
ment with spectroscopic data, and density and com-
pressibility measurements.
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