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Phase Relations in the System
MgO-SiO,-ZrO, at 1700 K

S.S. PANDIT and K.T. JACOB

With an increasing demand for high-purity steels, pre-
treatment of hot metal is becoming more prevalent. Ba-
sically, sulfur, silicon, and phosphorus are removed during
pretreatment. A low silicon level in the hot metal results
in reduced slag volume and lower iron loss in the slag.
In addition, refractory wear is reduced, and the life of
the furnace lining is increased in basic oxygen steel-
making practice. [n situ chemical analysis of silicon is
necessary for a better control of the desiliconization pro-
cess. Several sensors for silicon have been proposed. The
sensors are based on either a liquid silicate electro-
lyte,!'"-% or a solid ZrO,-based electrolyte with zircon as
the auxiliary electrode.!”# ZrQ,-based solid electrolyte
sensors with an appropriate auxiliary electrode have sev-
eral advantages relative to sensors based on liquid elec-
trolyte. As discussed by Jacob er al.,!'""! there are stability
constraints in the design of galvanic cells using auxiliary
electrodes.

A knowledge of phase relations in the ternary system
MgO-Si0,-ZrO, is useful for selecting an appropriate
auxiliary electrode in combination with MgQO-stabilized
zirconia. In this investigation, an isothermal section of
the phase diagram of the system MgO-SiO,-ZrO, at
1700 K has been established by equilibrating mixtures
of component oxides in air, followed by quenching and
phase identification by optical microscopy, energy dis-
persive analysis of X-rays (EDAX), and X-ray diffrac-
tion analysis (XRD). Further, using known
thermodynamic data on the condensed phases in the sys-
tem, the phase relations have been computed by apply-
ing the method of free energy minimization to confirm
the experimental findings.

The starting materials used in this investigation were
powders of MgO, ZrO,, and SiO, (cristoballite), each of
99.99 pct purity. Air was dried by passing through col-
umns containing silica gel, anhydrous magnesium per-
chlorate (Mg(ClO,),), and phosphorus pentoxide (P,Os).
The phase relations in the MgO-Si0,-ZrO, system were
explored by equilibrating mixtures of the component ox-
ides in dry air at 1700 K, followed by quenching and
phase identification. The apparatus used for equilibrium
studies was similar to that described elsewhere.!'!-'?! Pre-
cisely weighed quantities of the component oxides were
thoroughly mixed either dry or with acetone, using an
agate mortar and pestle. The intimate mixture was pressed
into pellets at a pressure of 25 MPa using a steel die.
The crucibles containing the samples were suspended in
the even-temperature zone of a vertical furnace. Samples
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were equilibrated for a total duration of 250 ks at
1700 K. The samples were quenched, ground to
—325 mesh, and repelletized twice during this period.
Part of the quenched sample was mounted and polished
for examination by optical microscopy and scanning
electron microscopy (SEM). A part of the sample was
analyzed by XRD. In XRD, Cu K, radiation and Ni fil-
ters were used. To obtain good reproducibility by EDAX,
the grain size had to be larger than 30 um. Synthetic
ZrO,, MgO, and ZrSiO, were used as standards.

The overall chemical compositions of the 27 samples
examined in this study are shown in Figure 1. Of these,
eight compositions lie on the three binaries CaO-ZrO,,
Zr0,-8i0,, and Ca0-Si0,, and the remaining 19 lie in-
side the ternary triangle. Phase identification in equili-
brated samples was based on comparison with the
published'*-""! diffraction patterns. The crystal struc-
tures, lattice parameters, and data sources for the com-
pounds are listed in Table I. No ternary compounds were
observed in this system at 1700 K. The isothermal sec-
tion of the phase diagram for MgO-SiO,-ZrO, at 1700 K
deduced from the results of this study is shown in
Figure 1. On the MgO-ZrO, pseudobinary, the tetrago-
nal and cubic solid solution phases are located at the ZrO»-
rich end. In the MgO-SiO, pseudobinary, two com-
pounds, Mg,SiO, and MgSiO,, have been identified.
ZrSi0Q, was the only stable phase at 1700 K in the ZrO,-
SiO, system. The equilibrium conjugation lines are shown
in Figure 1. ZrO,-rich solid solutions along the MgO-ZrO,
binary with tetragonal and cubic structures are in equi-
librium with Mg,Si0,. ZrSiO, coexists with Mg,Si0O, and
MgSiO;.

Figure 1 clearly indicates that zircon is not the ideal
auxiliary electrode for use with MgO-stabilized ZrO,,
which is a good ionic conductor at high temperatures.
Zircon is not phase compatible with MgO-stabilized zir-
conia. The solid-state reaction at the interface between
the solid electrolyte and auxiliary electrode would alter
the chemical potentials at the interface and thus effect
the electromotive force (emf) response. From the
thermodynamic point of view, Mg,Si0O, is a suitable
auxiliary electrode in conjunction with ZrO,-based solid
solutions. To uniquely establish the activity of SiO, at
the interface between the solid electrolyte and the aux-
ihary electrode, three-phase mixtures may be used. Par-
tially stabilized zirconia, which contains a mixture of
tetragonal and cubic solid solutions, in equilibrium with
Mg,SiO, is a potential system with a well-defined activ-
ity of SiQ,. However, the activity of SiO, is rather low
in this phase field. Consequently, the equilibrium oxy-
gen potential at the electrode-electrolyte interface would
be lowered further, increasing electronic conduction in
the solid electrolyte. Experimental trials are thus nec-
essary to test the efficacy of Mg,SiO4 as an auxiliary
electrode with MgO-stabilized ZrO, in Si sensors. MgSiO,
cannot be used as an auxiliary electrode since it does not
coexist with phases exhibiting fast-ion conduction.

The experimental phase diagram for the system MgO-
Si0,-ZrO, has been confirmed by computation using
available thermodynamic data for the condensed phases.
The free-energy minimization principle was used fo
identify the stable phase assemblies at 1700 K. Although
the phase diagram for the binary system MgO-ZrO, has
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Fig. 1 —Isothermal section of the ternary phase diagram for the system MgO-SiO,-ZrO, at 1700 K obtained in this study. The cross marks
indicate the overall composition of the samples examined.

Table I. Crystal Structure and Lattice Parameters of Condensed Phases in the System MgO-SiO,-ZrO,

Lattice Parameter

(nm) (deg) Structure
Compound a b c a B y (Space Group) Reference
ZrSiO4(Zircon) 0.471 _ 1.045 — — — tetragonal (14,/a) 13
MgSiO.(Enstatite) 1.823 0.884 0.519 — — — orthorhombic (Pbca) 14,15
MgSiO;(Clinoenstatite) 0961 0.882 0.517 — 108.3 — monoclinic (P2,/¢) 16
Mg,SiO,(Forsterite) 0.598 1.020 0476 — — — orthorhombic (Pmnb) 17

Table II. The Standard Gibbs Free Energies of Formation and Mixing
for Solid Phases in the System MgO-SiO,-ZrQ, from Component Oxides at 1700 K

Reference State

Compound/Phase for Binary Oxides AG? (kJ-mol ™)
ZxSi0, (Zircon) ZrO, (tetragonal) —-3.85
SiO, (cristoballite)
MgSiO; (Enstatite) MgO (periclase) —27.80
Si0, (cristoballite)
Mg,Si0, (Forsterite) MgO (periclase) -52.50

Si0, (cristoballite)

AGY (kJ-mol™h

C ZrQO, (tetragonal) 2.13 Xz0, + 53.76 Xupo + 14.13(Xz0, In Xy0, +
MgO (periclase) Xmeo In Xyeo) + Xz0, Xmpo [—33.45 + 1.56
(Xzr0, = Xmgo)]
T, ZrO, (tetragonal) 98.95 Xmpo + 14.13 (Xz0, In Xz,0, +
MgO (periclase) Xmeo In Xypo) — 36.13 X0, Xugo
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been investigated several times,!'®>*! there is very little
information on thermochemical properties of the con-
densed phases in the system. Recently Du er al.'**! have
presented an optimized set of thermodynamic parameters
for the MgO-ZrO, binary by applying the CALPHAD!?-2¢!
method to the experimental phase diagram and limited
thermochemical data. The liquid and tetragonal solid so-
lutions were described by the regular solution model,
whereas for the cubic solid solution, a subregular solu-
tion model was used. The terminal solid solutions based
on monoclinic-ZrO, and periclase-MgO were treated as
pure oxides in view of the negligible solubilities. Their
optimized thermochemical parameters were used in this
study. In the ZrO,-SiO, binary, zircon (ZrSiO,) is the
only stable phase reported in the literature. Rosén and
Muan!*"! have measured the standard Gibbs energy of
formation of ZrSiO,. However, there is some disagree-
ment between their data and the phase diagram of
Butterman and Foster.!?! Recently, Jacob and Waseda!*”!
have refined Rosén and Muan’s data to fit the phase dia-
gram. The optimized data of Jacob and Waseda for ZrSiO,
is used in the present computation.

Robie et al.®® have measured the heat capacities and
entropies of Mg,Si0, using an adiabatically shielded cal-
orimeter in the temperature range 5 to 380 K. The heat
capacity data is combined with the heat content data of
Orr3Y between 398 and 1808 K to generate values for
the molar heat capacity and entropy of Mg,SiO, as a
function of temperature. The enthalpies of formation of
enstatite (MgSiO;) and forsterite (Mg,Si0,) from quartz
and periclase-MgO were determined by Brousse er al.'*?!
by solution calorimetry using a molten alkali borate as
solvent. The new calorimetric data for enthalpy of for-
mation of magnesium silicates supercede those sug-
gested in the JANAF Tables.'*! From the calorimetric
data, the standard Gibbs energy of formation of Mg,SiO,
was computed. Data for crystallographic transitions and
the associated changes in thermodynamic properties of
SiQ, were taken from JANAF. The standard Gibbs en-
ergy of formation of MgSiO; was computed using the
calorimetric data of Brousse et al."** for enthalpy of for-
mation and entropy data suggested in JANAF based on
low-temperature heat capacity (53 to 295 K) measure-
ments of Kelley?* and high-temperature (580 to 1570 K)
studies of Wagner.'*! The Gibbs free energies of for-
mation of all the condensed phases in the system MgO-
Si0,-ZrO, at 1700 K used in the present computation are
listed in Table II. A free-energy minimization routine
was used to identify the stable phase or phase mixtures
at selected compositions. The computed results confirm
the experimental findings.

In summary, the isothermal section of the phase dia-
gram of the system MgO-Si0,-ZrO, at 1700 K has been
established by equilibrating mixtures of component ox-
ides in air followed by quenching and phase identifica-
tion by optical microscopy, SEM with EDAX attachment,
and XRD. Computations based on the free-energy min-
imization principle using available data confirm the ex-
perimental findings. The results indicate that zircon is
not in thermodynamic equilibrium with magnesia-
stabilized zirconia. For withstanding chemical inter-
actions with FeO, (MgO)Zr0, is superior to (Ca0)Zr0O,
ceramic. The silica-containing phase in equilibrium with
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MgO-stabilized zirconia is Mg,SiO,. The use of Mg,SiO,
as an auxiliary electrode in conjunction with zirconia-
based solid solution would result in lower oxygen po-
tential and enhanced electronic conductivity in the solid
electrolyte. The viability of a silicon sensor based on
(MgO)ZrO,/Mg,Si0, couple needs experimental
verification.
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