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Abstract

The system Zr@-CaO-MgO offers the possibility of obtaining different types of advanced materials from mixtures phttCa natural

raw material such as dolomite. The development of these promising materials requires the determination of the systcda®-MgyQ

isoplethal section. The aim of this paper is to carry out the thermodynamic calculation of the system, and especially the isoplethal section
mentioned, by means of Calphad methodology.

In this sense, the thermodynamic description of the Z€Ca0O-MgO system and its lower order subsystems was achieved and a set of
self-consistent parameters reproducing most of the experimental data was obtained. The approach used makes the theoretical estimation o
the phase diagrams possible, even in regions with limited or nonexistent experimental information, as is the case of the low temperature range
in the ternary system studied.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction phase doped with kO3 presents excellent gas sensibility
so the application of porous composites of MgO/CazrO
Ceramic materials with important advanced applica- as a selective methane sensor is a real application recently
tions are included in the Zr&2CaO-MgO system. The taken into account®
well-known mechanical and electronic properties of the  The ZrQ-CaO-MgO phase diagram is of fundamental
materials based on total or partially stabilized cubic or jmportance to efficiently define the processing conditions for
tetragonal zirconia have led to their widespread use asobtaining advanced ceramic materials and the subsequent
structural material$, solid-state electrolyte3? and ther-  treatments to obtain optimal engineering properties. In this
mal barrier coating$.At the present time, the development sense, the development of nanostructured materials makes
of nanostructured materials based on Zii® an increas- it necessary to understand the system at lower temperatures,
ing field® due to the special mechanical properties of hecause of their special/characteristic processing conditions.
nanocrystalline zirconia-based cerah® Besides this, Another important fact is that materials based on ZrO
nanocomposites of MgO/CaZgave promising properties  or MgO/CaZrQ can be obtained in the Zg©CaO-MgO
too. In fact, the characteristic behavior of mechanibility and system using a low-cost natural raw material such as
quasiplasticity for MgO/CaZr@dense-nanocomposites has dolomite (MgCa(CQ)2), so the knowledge of the system’s
been recently pointed odit. Also porous-nanocomposites MgO-CaO-ZrQ isoplethal section is a fundamental re-
have been studied for applications such as hot gas filterquirement for taking advantage of this possibility.
materiald? or fluid flow filters (industrial waste, beverages, There are few experimental data of the system between
etc), light-weight structural components, high-temperature 1220 and 1700C, and the liquidus surfa&® while
insulators or membrane suppotfsMoreover, the CaZr®  two thermodynamic assessments of the system have been
reportedt®>?0 as is indicated in the bibliography. In a
* Corresponding author. previous work, the present authors provided new experi-
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0955-2219/$% — see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2004.02.011



682

the results with those emerging from the previous thermo-
dynamic calculations.

In the present work, CALPHAD (CALculation of PHAse
Diagrams) methodology is applied to the calculation of the
Zr0,—Ca0-MgO system. The CALPHAD approach in-
volves the thermodynamic model for the molar Gibbs free
energy (5) of various phases in the system. The evalua-
tion of the necessary parameter for describing@hef the
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The ZrGQ—CaO system presents an intermediate com-
pound CaZrQ stable up to 2365C. The existence of an-
other two intermediate compounds; (CaZiOg) and ®»
(CasZr19044) have been established for the system, but their
range of stability is currently a controversial question. In
this paper the stability of thés; and ¢, phases was con-
sidered, according to what was proposed by Hellman and
Stubicarf? and Yin and Arget® so that only two compounds

phases and the calculation of the diagrams was made byhave been considered as stable and included in the calcu-

using a computerized optimization program that is available
in the Thermo-Calc databarik.

lation: CaZr@ and ¢y (CasZri9044). The system presents
two invariant eutectic points (Liquid> c-ZrO, + CazrG;

The first objective is to evaluate the phase diagrams of and Liquid— CaO+ CaZr(;) and eutectoid points for the

the MgO-CaO, Zr@-CaO, and Zr@-MgO binary systems

by obtaining a thermodynamic description of these systems.

This description will be combined and then the properties
of the ZrQ—CaO-MgO system will be evaluated by con-
sidering new experimental information. Finally, the phase

relations will be established for a wide temperature range

through thermodynamic calculations. The liquidus surface,
and the MgO-CaZr@and MgOCaO-ZrG isoplethal sec-
tions will be calculated.

decomposition of c-ZrQ t-ZrO,, and®, phases. The solid
solutions of CaO in the c-ZrPand t-ZrQ phases is consid-
erable while the solid solutions in the CaO phase are very
low and even negligible in the case of the m-2r@azrG;,

and ®; phase.

The experimental data considered with a high weight
were: for liquidus surface those reported by Stubican and
Ray3* Traverse and Foe¥ and Noguchi et aFf® for the
c-ZrO, and t-ZrQ compatibility field those reported by

One of the main advantages of the Calphad technique isStubican and Ra$f Garvie?’ Stringer’® Duran et al3°

that it provides insight into the thermodynamics in regions
with scant or even no experimental information with some
certainty. In this sense, one of the aims of this work is to
provide a theoretical description of the low temperature re-
gion of the system, through the calculation of the ternary
phase diagram, which is useful in guiding experimentation
in this problematic area.

2. Phase diagram information
2.1. MgO—-CaO system

There are many experimental data related to the
MgO-CaO systerd? 26 but the experimental phase dia-
gram proposed by Dom&his the most generally accepted.
The simplicity of the system, with only one invariant eu-
tectic point and limited solid solutions between the end

and Yin and Arge®® and for the c-ZrQ and CazZrQ
compatibility field those proposed by Stubican and Ry,
Duran et al3° Strickler®® Cocco?! Tien Subbarad? and
Nishimo?3 For the solidus CaO-rich region of the system,
the data provide by Noguchi et #i.were allocated a high
weight.

2.3. ZrO,—MgO system

As in the case of the Zr&-CaO system, there are many
experimental data related to the Z*x@1gO system, but the
experimental system proposed by Gf4iis the most gen-
erally accepted. The existence of intermediate phases such
as MgZrs015%° or MgZrg013*¢ has also been considered
for the system, but the metastable nature of these phases is
generally admitted nowadays. This system presents an in-
variant eutectic point (Liquid— c-ZrO, + MgO) and two
eutectoid points for the decomposition of c-Zrénd t-ZrQ

members, has proved useful as a prototype system for evalphases. The solid solutions of MgO in the c-Zréhd t-ZrG

uating the accuracy of several approximations for predicting
state diagrams in various thermodynamic calculatfdrfs.

The experimental data for the liquid line adopted in our
optimization were those published by Dont&For the solid
solution of MgO in CaO the data proposed by Longo and
Podd#® and Henney and Jor@are allocated a high weight.
For the solid solution of CaO in MgO, the higher weight
was attributed to what was reported by Dorffaand Longo
and Podda®

2.2. ZrO,—Ca0 system

There are really a lot of experimental data related to this

phases is considerable, while the solid solutions in MgO and
m-ZrO, phase are negligible.

The experimental data adopted in this optimization for
the liquidus and the eutectic points of the system were those
reported by Sim and StubicdR, Zhirnova®® and Ebert
and Cohrf®® For the extension of the tetragonal-Zr@nd
cubic-ZrQ, cubic-ZrQ and Halitajgo two-phase regions
and the eutectoid point (cubic-ZgO— tetragonal-ZrQ@ +
Halitaygo), the data published by Graff, Sim and
Stubicart’ and Duran et a9 and Yin and Arget® are at-
tributed the highest weight; for the decomposition of the
tetragonal phase the data of Sim and StubfttaBuran
et al®® are attributed the higher weight and for the sub-

system and a very exhaustive revision is collected in a ther- solidus MgO-rich region of the system, the data reported

modynamic approach by Du et #i.

by Grairf* have been considered with a high weight.
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2.4. ZrO,—Ca0-MgO pseudo-ternary system The scant and, in some cases, contradictory experimental
information on Zr@Q-CaO-MgO lead the present authors
There is really little experimental information on the to contribute more experimental data to the system at high
system ZrQ—CaO-MgO. The first systematic experimental temperatures. In a previous study, the experimental determi-
study was that published in 1978 by Longo and Pdfda nation of the isothermal sections of 1600, 1700, and 2750
who established a first version of the isothermal sections was carried out? These new data include boundaries be-
of 1200-1700C. Their principal conclusions were that tween all the compatibility fields on the isothermal sections
no ternary compound is stable in the system and that cu-and the composition of the cubic-Zs@olid solution of the
bic zirconia exists with a solid solution of CaO and MgO cubic-ZrQ—CaZrQ—MgO tie triangle for the three temper-
simultaneously. The latter means that CaO and MgO canatures.
replace each other in the cubic zirconia without any struc- The experimental data reported by Yin and AfJet
tural variation. A more exhaustive determination of the sec- and Serena et &% were considered during the optimi-
tions of 1220 and 1420C was carried out by Hellman and  zation.
Stubicant’ These authors include thie, and b, phases in
the Zr—CaO system, and so that is the isothermal section
of 1220°C in the ternary system. 3. Thermodynamic model
The only experimental investigations on the liquidus sur-
face of the ternary system were reported by de Aza tial. 3.1. Lattice stahilities
an experimental study on the CaO-MgO-2+Si0O, qua-

ternary system. Data about the temperature of fusion and the The stable solid form of pure CaO and MgO is halite,

eutectic point of the system MgO-CazZ @re published in  while three stable forms c-Ze)t-ZrO,, and m-ZrQ are

this work. possible for pure Zr@ as a function of temperature. The
Two groups have studied the thermodynamic determina- |attice stability of the phases employed during the present

tion of the ZrG-CaO-MgO system, and its binary sys- calculation are listed iable 1 Lattice stabilities for the

tems. In 1992 Du et & published the first thermody-  stable forms are those proposed by Dinstfalehile the

namic evaluation of the ternary system by extrapolating the metastable forms considered are those reported by Yin and

MgO-CaO, ZrQ-CaO, and Zr@-MgO systems they had  Arget20

previously calculated on the basis of the Bonnier equation.

These authors published the isothermal sections calculated; 5 Thermodynamic modeling of binary compounds
for 1220, 1420, and 170@, and the liquidus surface of

the system. Their calculations are consistent with the ex- 1,9 binary compounds were considered in the calcula-

periments reported by Hellman and Sj[ubi%?afn)r 1420°C tion: CazrQ anddy (CasZrigOas). Although the presence
but nog for 1220C, or for those obtained by Longo and ¢ oyid solutions of MgO and CaO in the CaZgPhase has
Poddd?® for 1700°C. The principal discrepancy was due 10 recently been pointed o there is not sufficient structural
the presence of MgO and CaO, _CUb'C'ér@‘”dlacaZ_rQ information for a consistent thermodynamic description of
two-phase regions in the calculations of Du et-alwhich this situation. In any event, the low values reported for this
was not considered in the experimental results published ¢yiq solution allow the treatment of CazsQs a binary
previously, but was needed to complement the phase ””e-compound as a first approach.

On the other hand, the liquidus surface calculated by Du  gacause the enthalpy increment has been measured in

(—;-t al. was not consistent with the data for the liquidus pub- 5 \yiqe temperature range, the mole Gibbs free energy of
lished for the MgO—CaZr@subsystem by de Aza et . Cazr0; andd; are expressed by the following:
and the presence of an unusual eutectic point when a small

amount of CaO was added to the Zrd1gO systemreduces °G = A 4+ BT+ CTInT +DT2+ET 2

the confidence in the liquidus surface calculated by those

authors. HereA, B, C, D, andE are parameters to be optimized. The
The latest thermodynamic calculation of the system, value of these parameters calculated by Yin and ARyet

linked to an experimental study of the isothermal sections for the CaZrQ provides a description o& for the phase

of 1250, 1300, 1400, and 150Q, was reported by Yin  consistent with their own experimental measurement and

and Arget?® By extrapolating their own calculated binary with the thermodynamic properties collected in thermo-

systems on the basis of the Muggianu et'akquation, they ~ dynamic tables for this phase. Also a good match was

published isothermal sections between 1250 and 1600 found between the&s calculated by Yin and Argé? and

the MgO-CaZrQ@ subsystem and the liquidus surface of the the mean heat capacity of tlie phase estimated by these

system. The isothermal sections published were consistentauthors from measurement by drop calorimetry. Thus, the

with their own experimental data and the liquidus surface Gibbs free energy function proposed by Yin and Affet

of the MgO-CaZr@ system was in accordance with the for the CaZr@ and ¢, phases will be adopted in this

experimental data of de Aza et'&l. calculation.



684 S Serena et al. / Journal of the European Ceramic Society 25 (2005) 681-693

Table 1
Summary of lattice stabilities of Zr§) CaO, and MgO employed in the present assessment

ZrOy (monoclinic)
298.15 — 3500:— 1126367.62+ 426.076T — 69.6218 In(T) — 3.7565x 107372 + 7029101

ZrO (tetragonal)
298.15-3500:-1121646.512+ 479.515703 — 78.10T In(T)

ZrO; (cubic)
298.15-3500:-1113681.0+ 491.48643T — 80.0T In(T)

ZrO, (halite)
298.15-1478:-1025305.80+ 391.933T — 69.6219 In(T) — 3.7565 x 10-3T2 4 7029101
1478-2208:—1028659.52+ 450.83609 — 78.10T In(T)
2208-3500:—1077014.722+ 641.36263% — 100.0T In(T)

ZrOy (liquid)
298.15-1478:-1031671.624 391.933T — 69.621d In(T) — 3.7565x 103T2 + 7029101
1478-2208:—1035025.34+ 450.83609 — 78.10T In(T)
2208-3500:—1083380.54+ 641.36263% — 100.0T In(T)

CaO (tetragonal)
298.15-3172:-560439.72+ 315.22123 — 51.8587F In(T) — 1.2193x 103T2 — 2.4167 x 101178 4+ 468306.5I
3172-6000: 174627.96 2001.8211% + 227.015259 In(T) — 4.53855x 1072T? + 1.17119x 10°5T% —.3.48615x 10%/T

CaO (cubic)
298.15-3172:-560709.74+ 315.22123F — 51.8583F In(T) — 1.2193x 1073T2 — 2.4167 x 101173 4+ 468306.51
3172-6000: 174357.94% 2001.82115 + 227.015259 In(T) — 4.53855x 1072T2 + 1.17119x 10°%T% — 3.48615x 10°%/T

CaO (halite)
298.15-3172:-653631.36+ 315.22123 — 51.858F In(T) — 1.2193x 1073T? — 2.4167 x 101178 4+ 468306.5I
3172-6000: 81436.32 2001.82115% + 227.015259 In(T) — 4.53855x 1072T? + 1.17119x 107 °T® — 3.48615x 1CB/T

CaO (liquid)
298.15-1830:—585630.85+ 300.65484T — 52.862 In(T) — 1.5545x 107472 — 1.89185x 107 "T3 + 4894151
1830-2880:—793806.27+ 1510.9933F — 212.684 In(T) + 5.49185x 10-2T? — 3.789867x 10-°T® 4 517305001
2880-3172:—4191941.74+ 15458.99ZF — 1961.24 In(T) + 0.45543552 — 2.101933x 10°°T® + 1.29186x 10%T
3172-6000:—663523.92+ 573.64879F — 84T In(T)

MgO (tetragonal)
298.15-1700-527182.7424 298.2535T — 47.481T In(T) — 2.32681x 10~3T? 4 4.504283335T% + 4894151
1700-3100:—563244.058+ 528.59718T — 78.3772 In(T) + 9.7344 x 103T? — 8.3033833x 10 'T® + 85915507
3100-5000:—79244.3991— 1409.43369 + 163.67414Z In(T) + 0.044009535% 4 1.3748963x 107°T® — 1.72665403x 10%/T
5000-6000:—630166.9574 617.65745F — 84T In(T)

MgO (cubic)
298.15-1700:-442913.3724 276.72238T — 47.4817 In(T) —2.32681x 107312 + 4.504283338T3 + 4894151
1700-3100:—478974.688+ 507.06599T — 78.3777 In(T) + 9.7344x 10-3T2 — 8.3033833x 10~ 'T® + 85915501
3100-5000: 5024.97096 1430.96488 + 163.67414% In(T) + 0.044009535%2 + 1.3748963x 1076T3 — 1.72665403x 1CB/T
5000-6000:—545897.588+ 596.12626Z — 84T In(T)

MgO (halita)
298.15-1700:—619428.54 298.2535T — 47.4817 In(T) — 2.32681x 1073T? + 4.50428333x 1078T3 4 4894151
1700-3100:—655489.82+ 528.59718T — 78.3777 In(T) + 9.7344 x 107372 — 8.3033833x 10 T3 4 85915501
3100-5000:—171490.1591— 1409.43369 + 163.67414Z In(T) + 0.044009535% + 1.3748963x 10 T3 — 1.72665403x 10°%/T
5000-6000:—722412.7175+ 617.65745Z — 84T In(T)

MgO (liquid)
298.15-1700:-549098.32982 275.724634Z — 47.4817T In(T) — 2.32681x 10-3T2 + 4.50428333x 10873 + 4894151
1700-3100:—585159.6465+ 506.0682498 — 78.377 In(T) + 9.7344 x 10-3T? — 8.3033833x 10 'T® 4 85915501
3100-5000:—9110429.749— 42013.763% + 5298.549 In(T) — 1.30122485%2 + 5.826260095x 107°T3 — 3.240374162x 10°/T
5000-6000:—632664.4682+ 589.23955538 — 84T In(T)

Cazrg;
298.15-3500:-1811131.76+ 789.36708 — 129.955 In(T) — 1.569 x 10~3T2 + 10460007

CasZr19044 (b2)
298.15-3500:—25207839.3+ 8221.357 — 1428.24 In(T) — 0.104992 + 13800000

The lattice stabilities are defined as Gdit where SER stands for stable element reference at 298.15K. The energy unit used is joule per mole of unit
formula.
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3.3. Thermodynamic modeling of binary liquid and solid 3.4. Thermodynamic modeling of ternary liquid and solid
solution phases solution phases

No ordering or immiscibility has been observed for the  The Gibbs free energy of a ternary solution phase is ex-
liquid phase of the binary or ternary system considered, sotrapolated from the binary phases on the basis of the Mug-
that the liquid phases can be modeled as a substitutionalgianu equation. This equation is in accordance with a sym-
solution. metrical model that considers the identical contribution of

From their thermodynamic and electric properties, it seem the binary phases to the Gibbs free energy of the ternary
reasonable that all the solution phases in the binary andphases. According to this equation and in a subregular so-
ternary systems can be described as ionic, the cations andution model, the last term dEq. (1) expands to:
anions being in their simplest forms (€3 Mgt?, zrt4,
and O°?). The structural studies on the MgO—-CaO system AG’éﬁasez Z Xj - Xj

clearly show that MgZ and Ca2 can replace each other iji#j

in the corresponding lattice without generating vacancies.

However, substitution of Zr* by Mg+2 and Ca? in the . EL% vp e oy (g — x )Y
rich-ZrO, phases or substitution of Mg and Ca2 by Zr+4 vgl phase © “phase o

in the corresponding lattice defect generation is necessary. .
for maintaining the charge neutrality. Moreover, the defect i, j = (2102, CaQ MgO)

type can be complex and temperature dependent, as was ob- QOther widely used geometrical methods, such as the
served for the Zr@-CaO system, and changes from anion Kohler equation, have also been used to estimate the ternary
vacancies to cation interstitial as the temperature increasessystem in the present work, but the Muggianu equation
In this sense, it is still not enough to give a clear image of has been found to give the best fitting of the experimental
the structures which could be used to account for a sublat-information in the present assessment.
tice model, so that in order to estimate the diagrams, the In the calculation of the Gibbs free energy for the
substitutional model has still been applied to describe the cubic-zrQ, phase with solid solutions of CaO and MgO,
solid solutions in the present work. it was necessary to include ternary excess parameters to
According to the above discussion, the liquid and solid reproduce the experimental data, due to the considerable
solutions phases in the systems are described by the substiquantity of both components in the solid phase. The contri-

tutional model related to the Standard Element Reference,bution of ternary interactions to the Gibbs free energy ina
i.e. the enthalpies of the pure elements in their defined ref- gypstitutional solution model is:

erence phase at 298.15 K. The Gibbs free energy is given by

. R, xsternary o7 0,Z2r0,,CaOMgO
the following equation: AGppase = X210,%ca0*Mgo("Lppase
o7 1,Z2r0,,CaOMgO
+ Lphase n

AGghasd®. D =Y xiA Gl [T) +RTY xilnx;
i i

o7 0,2r0,,CaOMgO o7 1,2r0,,CaQMgO
Here Lphase and°L j-ca are the ternary

XS,i,j . .
+ AGphlasje i, j = Zr0z, CaQ MgO (1) parameters to be optimized for c-Zr@hase in the ternary

_ . system.
Herex; is the mole fraction of Zr@, CaO, and MgO, and

AOGéhaséT) is the Gibbs free energy oin the phase, related
to its reference state (shownTable 1. The second termis 4 pagrameter evaluation and results
the ideal entropy of mixing and the final term in the excess

Gibbs free energy, given by: The optimization was made using a program called PAR-
o o B ROT included in the Thermo-Calc databank systérand
AGghade= xiij(ngﬁ}fsﬁ ”L;ﬁ'&{sg")(x,' —x;)" considering the experimental data indicated in the preced-

v ing section. All equilibria were calculated using the Poly-3
i, j=2r0,, CaQ MgO 2 program included in the same software.

The optimization was conducted by minimizing the sum

Here" ng,aj'seandu L;éals are the parameters to be optimized of squares, and repeated until a satisfactory description
for each phase considered in the systemsiard2. of most experimental data points was reached, within the

The similitude between the MgO and CaO makes it pos- claimed uncertainty limits.
sible to describe the solid solution of MgO in CaO and CaO
in MgO as a unique phase, called Halite, with a miscibility 4.1. MgO-CaO system
gap not observed due to the appearance of the liquid phase.
The Haliteygo and Halite:ao represent the rich-MgO halite The excess energy coefficients optimized in the present
phase and the rich-CaO halite phase, respectively. work are shown inTable 2and the diagram calculated is
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Table 2
Excess Gibbs free energy coefficients optimized in the present work for the MgO-Ca&;CGa0, ZrQ—MgO, and Zr@—-CaO-MgO system
Phase Reference state °r0 opt 1t
MgO—-CaO
Liquid MgO (lig.) CaoO (lig.) 4341.70 0 —18766.45
Halite MgO (hal.) CaO (hal.) 89446.32 —13.12 —13767.16
Zr0,—CaO
Liquid ZrOy (lig.) CaO (lig.) —141241.63 19.44 0
Halite ZrQ, (hal.) CaO (hal.) —126962.16 0 0
Cubic ZrQ (cub.) CaO (cub.) —194982.49 13.97 0
Tetragonal ZrQ (tet.) CaO (tet.) —127310.55 0 0
ZrO,—MgO
Liquid ZrO; (lig.) MgO (lig.) 74079.66 —46.46 —23267.73
Halite ZrQ, (hal.) MgO (hal.) 35148.50 9.15 0
Cubic Zr& (cub.) MgO (cub.) —134674.18 —8.80 0
Tetragonal ZrQ (tet.) MgO (tet.) —139670.36 60.20 0
Zr0O,—Ca0-MgO
Cubic ZrG& (cub.) CaO (cub.) MgO (cub.) —187702.16 75.00 0
Table 3
Calculated invariant point for the system MgO—-CaO
Invariant point T (°C) Phase composition (mol% MgO)
Liquid Halitecao Halitewgo
Eutectic: Liquid— Halitecao + Halitewgo 2352 43.36 21.20 93.88

shown inFig. 1 Table 3shows the eutectic points calculated 4.2. ZrO,—CaO system

for the system. A fair agreement is observed between the

diagram calculated and the experimental points generally The excess energy coefficients optimized in the present
accepted, exceptin the CaO-rich region at high temperatureswork are shown inTable 2and the complete Zr-CaO

The disagreement is due to the higher temperatures attribute¢phase diagram calculated using the present set of thermo-
to the fusion of the pure CaO in the database employed dynamic parameters is shown Ifig. 2 Table 4 shows

compared with that proposed by some authors. the invariant points calculated for the system. There is a
3000 1 1 1 1 1 1 1 1 1
2700 o Doman.26
x Rankin.22
o Wartenberg.24
2400 +Ruff.23
-~
O 2100+
Py
1=
£ 1800
o
2
£ 1500-
=
1200 -
900 T T T T T T

g 0 0.2 0.4 06 0.8 1.0
Ca0 Mole fraction MgO MgO

Fig. 1. The optimized phase diagram MgO-CaO. As comparison, the selected experimental data are also shown in thediagrairHCa=Halita(CaO);
HMg=Halite(MgO).
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Fig. 2. The optimized phase diagram Zr&aO. As comparison, the selected experimental data are also shown in the diagtaguid; C=c-ZrO;;
T=t-ZrOp; M=m—-ZrQ; HCarHalita(CaO); CZCaZrQs; F2=CasZr19044.

substantial agreement between the diagram calculated andhe calculated diagram and the experimental points for the
the reported experimental points, except in the CaO-rich liquidus and solidus regions and the invariant points of the
region at high temperatures. Again, the disagreement issystem.
due to the higher temperatures attributed to the fusion of
the pure CaO in the database used compared to that pro4.4. ZrO,—CaO-MgO system
posed by some authors. For the rich-Zréegion at low
temperatures, there is a lack of experimental information  The resulting ternary optimized excess energy coefficients
so that this must basically be considered as a theoreticalcan be observed ifable 2 The liquidus surface, isothermal
approach. and isoplethal sections calculated for a complete description
of the system as shown Ifigs. 4—9are discussed below.
4.3. ZrO,—MgO system
4.4.1. Liquidus surface calculated for the
The phase equilibrium diagram calculated for the system ZrO2—CaO-MgO system
ZrO,—MgO calculated by employing the excess energy co-  The computed projection of the liquidus surfaces of the
efficients optimized in the present workaple 2 is shown system is shown iffrig. 4 The three invariant points calcu-
in Fig. 3 The invariant points calculated for the system are lated for the system (named E1, E2, and E3) are indicated
shown inTable 5 A good agreement is observed between in Table 6

Table 4
Calculated invariant point for the system Z&aO
Invariant point T (°C) Phase composition (mol% CaO)
Liquid CazrQ; Cubic
Eutectic: Liquid— Cubic + CaZrQs 2283 38.77 50.00 20.87
Liquid CazrQ; Halitecao
Eutectic: Liquid— CaZrQO; + Halitecao 2169 68.00 50.00 97.24
Cubic Tetragonal ®,
Eutectoid: Cubic— Tetragonal+ ¢ 1122 16.20 6.05 24.00
Tetragonal Monoclinic b2
Eutectoid: Tetragonal> Monoclinic + &2 1025 5.53 0 24.00
Cubic b2 CazrQ;

Decompositionip, — Cubic + CaZrQ; 1363 19.74 24.00 50.00
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Table 5
Calculated invariant point for the system Z+a1gO
Invariant point T (°C) Phase composition (mol% MgO)
Liquid Haliteygo Cubic
Eutectic: Liquid— Cubic + Halitewgo 2109 50.41 99.00 21.76
Cubic Halitgugo Tetragonal
Eutectoid: Cubic— TetragonaH- Halitewgo 1406 13.34 99.89 1.92
Tetragonal Monoclinic Halitggo
Eutectoid: Tetragonal> Monoclinic 4+ Haliteygo 1128 3.14 0 99.98

Temperature (°C)

o Sim.47

o Duran.50

+ Grain.44
4YIn.33.

+ Zhirnova.48
« Evert.49

T T T
0.2 04

Mole fraction MgO

T
0.6

T
0.8 1.0

MgO

Fig. 3. The optimized phase diagram Zrd1gO. As comparison, the selected experimental data are also shown in the diagilaquid; C=c-ZrQy;

T=t-Zr0p; M=m—ZrQ,; HMg=Halita(MgO).

" 02 " 04 06 08 10
Mole fraction MgO MgO

Fig. 4. The liquid surface of the optimized phase diagramZ@a0O-MgO. As comparison, the selected experimental data are also shown in the diagram.
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Fig. 5. The isothermal section at 1693 K of the optimized phase diagram-2&@D-MgO. As comparison, the selected experimental data are also shown
in the diagram. €c—ZrQ,; T=t-ZrO,; HCa Halita(CaO); HMgHalite(MgO); CZCaZrG;.

4.4.2. Isothermal sections calculated for the phases is clear when the limited extension of the compat-

Zr0>,—Ca0O-MgO system ibility field of Halitemgo and Haliteao for all the isother-
The isothermal section calculated for the system betweenmal sections is observed. In the system’s rich-Zr€gion

the temperatures 1420 and 17&Dare very similar, so that  the calculated sections include the cubic-Zi&hd CazrQ

only the 1420 and 170CC isothermal sections are presented two-phase regions experimentally probed at 1600, 1700, and

(Figs. 5 and B The scant solubility of Zr@in the Halite ~ 1750°C.5?

Table 6

Calculated invariant point for the system Z&CaO-MgO

Invariant points T (°C) Fase Phase composition (mol%)

ZrO; MgO

Eutectic: Liquid— Cubic + Haliteygo + CaZrQs 2008 Liquid 46.95 28.43
Cubic 74.31 11.21
Halitemgo 0.61 99.04
CazrG; 50.00 0

Eutectic: Liquid— Halitecao + Halitemgo + CazZrQs 1982 Liquid 26.00 20.24
Halitecao 1.67 10.66
Halitemgo 0.19 97.65
CazZrQ; 50.00 0

Eutectic: Liquid— Halitewgo + CazZrQs 2060 Liquid 37.03 26.13
Halitemgo 0.33 98.72
CazrQ; 50.00 0

Eutectoid: Cubic— TetragonaH- Halitewgo + &2 1054 Cubic 82.68 2.38
Tetragonal 92.97 1.89
Halitemgo 0 99.99
b2 76.00 -

Eutectoid: Tetragonal> Monoclinic 4+ Haliteygo + ¢2 980 Tetragonal 93.08 2.31
Monoclinic 100.00 -
Halitemgo 0 99.99
b2 76.00 -

Decompositionip, — Cubic + CaZrQ; 1262 b2 76.00 -
Cubic 79.07 3.00

CazrQ; 0.50 -
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Fig. 6. The isothermal section at 1973 K of the optimized phase diagram-&@D-MgO. As comparison, the selected experimental data are also shown
in the diagram. €c-ZrQy; T=t—ZrO,; HCaHalita(CaO); HMgHalite(MgO); CZCaZrG;.

The isothermal section calculated for 142D (Fig. 4) is phases. The compositions of the cubic-Zrfhase of the
in good agreement with the experimental points reported cubic-Zr,—CazZr—MgO tie triangle calculated are also
by Yin and Arget® but not with those of Hellman and in line with the experimental results mentioned within
Stubicarit’ for the boundaries of the tetragonal-z@nd experimental errors.
cubic-ZrG two-phase regions.

The isothermal sections of 1600-17%D are consis-  4.4.3. MgO-CaZrOs isoplethal section for the
tent with our own experimental d&f as regards the  ZrO,—CaO-MgO system
extension of the different compatibility fields and the exis-  The MgO-CaZrQ isoplethal section calculated is shown
tence of the compatibility of the cubic-ZgCand CaZrQ@ in Fig. 7. In this section, the primary crystallization field

3200 ,
2900- S
2800 -
2600- -
2400- -

L+HMg
22001 | ez B

2000- N =

Temperature (°C)

1800 -
CZ+HMg

1600 ~

1400

A 0 0.1 02 03 0.4 05 06 0.7 08 09 1.0
CaZrO 3 Mole fraction MgO MgO

Fig. 7. The isoplethal section MgO-Cazy@f the optimized phase diagram Zr@CaO-MgO. As comparison, the selected experimental data are also
shown in the diagram. £Liquid; HMg=Halite(MgO) CZCaZrGC;s.
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2

Fig. 8. The isoplethal section MgOaO-ZrQ of the optimized phase diagram Zr@CaO-MgO. As comparison, the selected experimental data are also
shown in the diagram. #Liquid; C=c—ZrQy; T=t-ZrOy; M=m-ZrQ,; HCa=Halita(CaO); HMgHalite(MgO); CZCaZrG;; F2=CasZr1904a.

of the MgO and CaZr@ phases and the eutectic point 4.4.4. MgO-CaO-ZrO; isoplethal section for the

are included. The liquidus surface is in accordance with ZrO,—CaO-MgO system

the experimental data reported by de Aza et®afor Figs. 8 and $how the isoplethal section calculated for the
the invariant point of the pseudo-binary system. The ternary diagram erected on lines Mg@aO-ZrQ in a gen-
small amount of solid solution existing in the MgO and eral view and at lower temperatures, respectively. The super-
the CaZr@ phases means that this section can be con-imposed experimental points make it possible to confirm the
sidered to be a simple binary system, with a eutectic reasonable agreement existing between the isoplethal sec-
point. tion calculated and the experimental information. The plane

1200 5Yin,20

s

F2+HMg+T

:

CZ+F2+HMg

Temperature (°C)
0
3

g

F2+HMg+M

Gm T T T T T T
CZ 04 0.5 0.6 0.7 08 0.9 1.0

M gO-CaO Mole fraction ZrO, ZI‘O2

Fig. 9. The rich-Zr@ region of the isoplethal section MgOaO-ZrQ of the optimized phase diagram Zr@CaO-MgO at lower temperatures. As
comparison, the selected experimental data are also shown in the diagrarZrQ,; T=t-ZrOp; M=m-ZrQ,; HCa-Halita(CaO); HMgHalite(MgO);
CZ=CazrQ;; F2=Ca3Zr19044.



692

of this isoplethal section intersects the field of primary crys-
tallization of the cubic-Zr@, CazrG;, and MgO phases.

The isoplethal section intersects the MgO-CagZ=Db-
system showing the straight extension of the MgO and
CazrQ; two-phase region. This field indicates the ratio
of dolomite and ZrQ@ to be employed to obtain materials
based on MgO and CaZgO

The rich-ZrQ region, in the subsolidus includes the
compatibility fields implied in the obtaining of partially
and fully stabilized zirconia. The theoretical invariant sub-
solidus points calculated are shownTiable 6 The thermo-
dynamic calculation allows a reasonable approximation of
the rich-ZrQ region at lower temperatures to be obtained.
This is basically a theoretical assessment because of the
absence of experimental data for these temperatures, but
the general aspect is “in accordance” with what is expected
from the binary systems Z#2CaO and Zr@-MgO.

10.

5. Summary

11.

An optimal set of thermodynamic functions for the bi-
nary systems MgO-CaO, ZpoCaO, and Zr@-MgO was
obtained from the selected phase diagram and thermody-
namic data by using the Calphad technique. The comparison

shows that the experimental information is reasonably well 13.

accounted for by the present description of the indicated bi-
nary systems.

The thermodynamic calculation of the Zr@CaO-MgO
ternary system was made from the binary calculated sides
by using the Muggianu equation. The comparison for the
liquidus surface and the isothermal and isoplethal sections
calculated show that the experimental points are well repro-
duced by the calculation, within experimental uncertainty.

The MgOCaO-zZrQ isoplethal section calculated at
lower temperatures, has demonstrated that the present op-

timized parameters can provide insight into the thermo- 18-

dynamics in regions with scant or even no experimental
information with some certainty.
It is hoped that the present phase diagram calculated

will reduce and guide further experimental work in the 20.

ZrO,—Ca0-MgO system, especially at lower temperatures.
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