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Abstract 

Two optimal sets of thermodynamic functions for 
the Zr02-La0,.S system are obtained by coupling 
the CALPHAD (CALculation of PHAse Dia- 
grams) technique, the regularity between thermody- 
namic properties and crystal structure parameters 
within the fbmily of rare earth oxides, and the 
Van ‘t Ho# equation. The phases are modelled with 
the substitutional solution model (liquid, cubic, 
tetragonal, monoclinic, and hexagonal solid solutions), 
as the stoichiometric compounds (Zr,,La,20,0,, 
Zr,La,O,), and with the sublattice model (Zr2h20,). 
Two optimizutions are performed. In the first opti- 
mization, the Zr,La20, phase is treated as a 
stoichiometric compound, while in the second one it 
is described by the Wagner-Schottky model. The 
eutectoid reaction, high-temperature hexagonal 
Lao,., solid solution + low-temperature hexagonal 
Lao,., solid solution + Zr,La,O,, is predicted from 
the calculation. The calculated phase diagrams 
and thermodynamic quantities agree well with the 
experimental data. 

1 Introduction 

It is well known that accurate thermodynamic 
information forms the basis of the CALPHAD 
method.14 The current use of this method consists 
of evaluating a small number of thermodynamic 
parameters required to describe binary systems 
and synthesizing the description of a ternary sys- 
tem from the properties of its corresponding 
binary ones. The synthetic description for the 
ternary system can be used to evaluate existing 
experimental data and design experiments most 
efficiently. The same is true of going from ternary 
systems to a quaternary one and so on. 

Recently the thermodynamic modelling of zirco- 
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nia-bearing systems has received considerable 
attentiot?’ because of the difficulties”,‘2 in con- 
structing zirconia-based phase diagrams and ther- 
modynamic properties by means of experimental 
methods, and the modelling has been justified 
by its ability to reproduce experimental data in 
binary systems and to predict experimental results 
in ternary systems with high certainty. It is interest- 
ing to notice that the calculated ZrO,-YO,.,-MgO 
phase diagrams’ agree reasonably with most of 
the experimental data later published,‘3,‘4 and the 
predicted ZrO,-Ca0-MgO and ZrO,-YO’.,-CaO 
phase diagrams15,‘6 are in good agreement with the 
experimental data available. This means that the 
experimental work to measure zirconia ternary 
phase diagrams can be reduced significantly by 
using the CALPHAD method. In the case of 
experimentally well established zirconia binary 
systems, such as the Zr02-YO’.5 and ZrO,-CaO 
systems, consistent sets of thermodynamic param- 
eters17*” can be obtained by only using the CAL- 
PHAD method. For most of the technologically 
important zirconia binary systems, however, 
experimental information is uncertain, scarce or 
lacking. Therefore, it is of great interest to opti- 
mize and/or estimate phase diagrams and thermo- 
dynamic properties in the less well established 
zirconia binary systems by the combined use of 
the CALPHAD technique and semiempirical esti- 
mation techniques. Similar work can be found for 
alloy systems, such as the work due to Guillermet 
and Frisk” and Klingbeil and Schmid-Fetzer.20 

The present work is devoted to providing an 
optimal set of thermodynamic functions for the 
Zr02-Lao,., system by coupling the CALPHAD 
method and semiempirical estimation techniques. 
This work is part of a research project aimed at 
developing a thermodynamic database for the 
ZrO,-REO,.s (RE = Rare Earth)-CeO, systems, 
which is currently being carried out in our labora- 
tory. The database is of great importance in the 
production and application of zirconia-based 
ceramic materials. 
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2 Evaluation of ,Experimental Data 

To conserve space, the cubic, tetragonal, and 
monoclinic structures of ZrO, and the low-tem- 
perature hexagonal, high-temperature hexagonal 
and cubic forms2’ of Lao,.5 are denoted c-ZrO,, 
t-ZrO,, m-ZrO,, A-Lao,.,, H:LaO,., and X-Lao,.,, 
respectively. The solid solution phases based on 
c-ZrO,, t-ZrO,, m-Zr02, A-Lao,.,, H-LaOI., and 
X-LaOl.S are designated as C,,, T,,, MS,, A,,, Hss 
and Xs,, respectively. All temperatures quoted in 
the present work have been converted into the in- 
ternational temperature scale of 1990.22 

The liquidus for the ZrO,-Lao,., system has 
been measured by three groups of researchers.23-25 
The most detailed and accurate one is by Rouanet.25 
Except for one liquidus temperature at 38 mol% 
Lao,., reported by Wartenberg and Eckhardt,23 
all of the liquidus data points published by them 
and Rouanet25 are incorporated in the optimiza- 
tion. The qualitative liquidus data points given by 
Lin and Yu24 cannot be used in the optimization. 

Since Lefevre et ~1.~~ observed that the 
pyrochlore-type compound P (Zr,La,O,) shows a 
homogeneity range, a few authors27-30 have mea- 
sured its range in a wide temperature range. How- 
ever, the reported data show large scatter. All 
of the experimental values2”30 were nevertheless 
retained in the optimization, since none of them 
alone can describe the homogeneity range satisfac- 
torily. In addition to P, Rouanet25j3’ introduced 
another compound, C2 (cubic-type Tl2O3). Quali- 
tatively narrow range for C2 has been reported, 
but definitive ranges are not given. Consequently, 
this compound is treated as a stoichiometric one, 
and its stoichiometric composition is palced at 
68.8 mol % LaOI+ the average value of the two 
data points reported by Rouanet.25,31 

Six groups of authors24,25,3g33 contributed to the 
measurement of the solid state phase equilibria. 
Using X-ray diffraction (XRD) techniques, Brown 
and Duwez32 determined the phase relations at 1623 
and 2023 K, and Zheng and West3’ reported the 
phase relation at 1773 K. Based on XRD results, 
Lin and Yu24 constructed the equilibrium diagram 
in the wide range of temperature and composition. 
All of the experimental values published by the 
above authors24,30,32 are qualitative and cannot be 
utilized in the optimization. However, these data 
have been used as the checkpoints in the present 
assessment. By means of thermal analysis and XRD 
methods Rouanet25,31 measured the solidus curve, 
phase transition temperatures, and invariant equilib- 
ria. In the present optimization, all of the solid state 
phase equilibrium data reported by Rouanet3’ are 
used. Since the solidus curve is an estimated one 
and the reducing condition might affect temperature 

measurements associated with phase transitions, 
as pointed out by Wilder,34 these data are at- 
tached a low weight in the optimization. Recently, 
Bastide et a1.33 measured the phase relation in the 
ZrO,-rich part below about 1623 K in detail. The 
invariant data33 for the reaction T,s +Css + P are 
employed in the optimization. 

Using a bomb calorimeter, Korneev et a1.35 

determined the enthalpy of formation of P at 298 
K relative to the elements. This datum is included 
in the optimization. 

3 Thermodynamic Models 

3.1 Pure oxides ZrOz and LaO,.5 
The Gibbs free energy function ‘G(T) = G(T) - 
HSER (lattice stability) of a pure oxide is expressed 
by the following equation: 

‘G(T)=A+BT+CTlnT+DT2+ 
El-’ + FT7 + GT9 (1) 

in which HsER is the weighted molar enthalpy of 
the stable element reference (SER), the pure ele- 
ment in its stable state at 298 K, and T the abso- 
lute temperature. For ZrO, and La0,.5, HSER are 
PER + 2HSzR and H”zR + l.5*gR, respectively. 
The last two terms in Eqn (1) are used only out- 
side the range of stability,36 the term FT7 for a liq- 
uid below melting point and GTg for solid phases 
above melting point. 

As mentioned in the preceding section, Lao,., 
has three modifications, A-Lao,.,, H-Lao,.,, and 
X-Lao,.,. Experimental thermodynamic data are 
available only for A-La01.5. In the present work, 
the lattice stability of A-Lao,., is evaluated by the 
weighted least squares method37 applied to the 
heat capacity3*- and enthalpy increment data.4’A3 
The entropy and enthalpy of formation of Lao,., 
at 298 K are taken from the recent compilation.44 
Based on the experimental results reported in Refs 
21 and 45, the transition temperatures of A-Lao,., 
*H-Lao,., and H-LaOl.5 * X-Lao,., transitions 
and the melting temperature are placed at 2314 K, 
2384 K, and 2584 K, respectively. The heat capac- 
ities of H-Lao,., and liquid Lao,., evaluated by 
Dinsdale are adopted in the present work, and 
that of X-LaOl.5 is assumed to be the average 
value of them. The H-Lao,., + X-Lao,., transi- 
tion enthalpy is estimated to be 29992 J/(mol of 
cation) by applying the Van’t Hoff equation to the 
annotated Zr02-LaOI., phase diagram.31 Lacking 
further informition, the A-Lao,., + H-Lao,., 
transition enthalpy is assumed to be the same as 
that of the H-Y01.5 + C-YO,., transition.‘6,47 
Ferro et al.48 have demonstrated that within the 
family of the rare earth elements plus Y and SC 
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constitutional properties (phase diagrams, thermo- 
dynamic properties and crystal structures) change 
according to a simple and systematic pattern. Reg- 
ular trends of properties of trivalent rare earth 
oxides, such as transition temperatures31 and enthalpy 
of formation of rare earth zirconates,35 have been 
reported. In the present work; the enthalpy of melt- 
ing of LaO,.S is extrapolated by plotting the experi- 
mental enthalpies of melting for Y0,.5’6,47 and 
Pr0,.,44 vs the cation radii.49 Table 1 lists the lattice 
stabilities employed in the present assessment. 

3.2 Solution phases 
Yin and Argent* have mentioned that the defect 
structures in zirconia-based systems are compli- 
cated, and for some systems, such as the 
ZrO,-CaO system, the defect structure changes 
from anion vacancies to cation interstitials as tem- 
perature increases. Several groups of authors6,8-‘0 
have shown that the simple substitutional solution 
model used for metal systems can describe the 
ZrOz-based systems satisfactorily. When this model 
is used to describe solution phases in ZrO,-bearing 
systems, it means that clusters, such as associates 
and neutral species, are not introduced in thermo- 
dynamic modelling, and cations and anions were 
in their simplest forms, such as Zr+4, La+3, O-2. In 
accordance with the substitutional solution model, 
the Gibbs free energy of the liquid is expressed by 
an equation of the form: 

GL,-HsER = x”GiaO, 5 + ( l-x)‘GL,oo, + RT 

[x In x + (l-x) In (l-x)] + x (l-x) 
[a0 + boT + (a, + bl r, (1-2x) + . . .] (2) 

where x is the mole fraction of Lao,.,, and R the 
gas constant. The remaining solution phases are 
defined in a fashion similar to Eqn (2). 

In view of the narrow homogeneity range for 
C,, this compound is treated as a stoichiometric 
one, and its Gibbs free energy is expressed relative 
to the constituent oxides by the following equation: 

@?312(Zr02)0.688(La0,5) - pER = 0’eg8 oG~I, ’ 

0.3 12 ‘Gzcfo, + A + BT (3) 

In the first optimization, P is also modelled as a 
stoichiometric compound. For P, the enthalpy of 
formation at 298 K has been measured.35 This 
quantity is directly expressed by A of Eqn (3), if 
the reference states of ZrO, and Lao,., correspond 
to the states to which the measured enthalpy of 
formation is referred. Therefore, it is preferable to 
choose m-ZrO, and A-LaO,.S as the reference 
states in the Gibbs free energy expression of P. 

In the second optimization, the homogeneity 
range for P is considered. If it is assumed that the 
cations and anions were in their simplest forms, the 
two sublattices (ZO,LO),(LO,ZO), described by the 
Wagner-Schsttky formalismSo could be used to 
model this compound. ZO and LO are the abbrevi- 
ations of ZrO, and LaOl.s, respectively. According 
to the Wagner-Schottky formalism, the Gibbs free 
energy of P is given by the following expression: 

G - HsER = 05’G$J& + 05°GpLy,‘oo,5 + RT 

[0.5{Y’,, InY’,, + (l-YL,) In (I-Y’,,)) + 

0.5{Yl, InYL, + (I-YL,) In (I-Y;,)}] + 

G* + G1242 + G2~2, (4) 

Table 1. Summary of lattice stability parameters’ 

GL-Lao, 5 - HLa SER _ I.~HS,ER 

298 < T < 2584 = -822856.8 + 304.7303T -59.83543 In T -0.0036025T2 + 342279.5T’ - 1.7315 x 10m2'T7 
2584 < T < 6000 = -894331.4 + 638.1947T - 1OOT In T 

GX-LaO, 5 _ @S,ER _ 1 .sH;ER 

298 < T < 2584 = -915282 + 567.7316T -9OT In T 
2584 < T < 6000 = -943993.1 + 657.3025T -1OOT In T + 1.474628 X 1033T9 

G”-Lao, 5 _ ffE,ER _ 1 .sH;ER 

298 < T < 2584 = -921434 + 492.5469T - 80T In T 
2584 < T < 6000 = -978856.5 + 671,6888T- 100 Tln T + 2.949257 X 1033T9 

GA-L”o~ 5 - HLa saa _ 1.5p,Ea 

298 < T < 2584 = - 917924.2 + 343.0925T - 59.8354T In T - 0.0036025T2 + 342279.5T’ 
2584 < T < 6000 = -1003606 + 682.33013 - 1OOT In T + 3.192479 X 1033T9 

Gt-Lao, 5 - HLa SER _ 1 .SH= 
298 < T < fjOCH.3 = G’-Loaol 5 - Hf,ER - l.5H;ER - 35617.5 + 26.4625T 

G”-Lao, !, _ H;,ER _ 1 .s,yS,ER 

298 < T < 6000 = G’-Lao, 5 - Ht,ER - 1.5HtER - 14697.5 + 29.915T 
G”-a#2 _ @yR _ 2@ra 

298 < T < 6000 = GL-‘@ - H;FR - 2HtER - 71547 + 28.188T 

“In J/(mol of cation); temperature (2) in kelvin. L is liquid, X is cubic Lao,+ H is high-temperature hexagonal Lao,.,, A is 
low-temperature hexagonal Lao,+, t is tetragonal ZrO, and m is monoclinic ZrO,. The stable lattice stabilities of ZrOz are taken 
from the recent evaluation by Du et al. ‘* Lacking further information, it is assumed that the Gibbs free energy difference between 
L-ZrO, and H (A)-ZrO, is the same as that6 of Hf02. 
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in which 0GpJg2 and oGp~~~15 are the Gibbs energies 
of ZrO, and Lao,., in the pyrochlore structure, 
respectively. Y’ro and Y’lLo are the site fractions of 
the species LO on the first and second sublattices, 
respectively. G* is the Gibbs energy of formation 
of the ideal compound (Zr,La,O,), and G,, and 
G,* are the Gibbs energies of formation of the 
fictitious compounds, ZO,:ZO, and LO,:LO,, 
respectively. The colon indicates the end of first 
sublattice and the start of the second one. nij is the 
number of moles of species j on sublattice i. 

4 Parameter Evaluation 

For convenience, the first and second optimiza- 
tions in which P is treated as a stoichiometric 
compound and modelled with the Wagner-Schot- 
tky formalism, are referred to as optimizations A 
and B, respectively. For both optimizations, the 
other experimental values input are the same. 

The evaluation of the parameters is conducted 
by the program developed by Lukas et al.* For 
the liquid it is possible to adjust independently the 
coefficients a0 and b, of Eqn (2), because the liq- 
uidus line has been measured accurately over the 
whole composition range. In the present work, it 
was found that the calculated liquidus lines intro- 
ducing and without introducing b, nearly coincide. 
So in the final optimization, only a, was used. The 
terminal solid solutions Cs, and X,, both are 
cubic*’ and are treated as the same phase in the 
thermodynamic modelling. The coefficients a and 
b of Eqn (2) for C,,(Xs,) cannot be adjusted inde- 
pendently due to the less well established tempera- 
ture dependence. To make the excess enthalpy of 
Lao,.,-rich solid solution (X,,) independent from 
that of Zr02-rich solid solution (C,,), a, and al 
need to be introduced. Since the experimental data 
associated with Tss, Hss and Xs, are limited and 
scatter, each of them is described by one regular 
parameter. In view of the low solubility of Lao,., 

in m-Zr02 (0.9 mol % LaOI., at 1373 K), MS, was 
approximated as m-ZrO,. For C,, it is impossible 
to adjust A and B of Eqn (3) independently 
because its Gibbs energies are known only in a nar- 
row temperature range. Since only one coefficient 
can be adjusted, the value of B was fixed to be 2.75 
J/(mol of cati0n.K). When this value is converted 
into that corresponding to one mol,e atom, it is 
about 1 J/(mol of atom K), which is usually 
adopted in the assessment of metal systems.5’ In 
the case of P, the coefficients A and B can be 
adjusted in optimization A, since the enthalpy of 
formation and phase diagram data are available. 
For optimization B, the introduction of two coefficients 
for G* and one coefficient for each of G,* and G2, 
gives a good compromise to the scatter homo- 
geneity range. The thermodynamic parameters 
obtained in the present work are shown in Table 2 
(optimization A) and Table 3 (optimization B). 

5 Results and Discussion 

In Fig. 1, the calculated heat capacity of A-Lao,., 
is compared with the experimental values.38a 
Except for the two data pointsN at 800 and 850 K, 
all of the other experimental values can be repro- 
duced by the calculation within the estimated 
experimental errors. Basili et ~1.~’ gave a large 
uncertainty (5%) for their heat capacity data. The 
large uncertainty corresponds to a low weight in 
the weighted least squares method.37 The compari- 
son of the calculated enthalpy increment and the 
experimental points41A3 for A-LaO,.S is presented 
in Fig. 2, which shows a very good agreement. 

The estimated enthalpy of melting of Lao,., is 
shown in Fig. 3 along with the experimental ones 
for Y0,.5’6,47 and Pr0,.,.44 In Fig. 3(a), the crystal 
radius49 is used, while in Fig. 3(b) the effective 
ionic radius49 is utilized. As can be seen from the 
figures, the estimated enthalpies of melting of 
Lao,., are nearly the same in spite of the use of a 

Table 2. Optimized thermodynamic parameters for the ZrO,-Lao, 5 system from optimization A (P is modelled as a stoichiometric 
compound) 

Substitutional solution model (Eqn (2)) 

Phase 
Liquid I, 
Tss 0 
Ass 0 

Stoichiornetric model (Eqn (3)) 

bi Phase b, 
-lO8& 1 0 wxss) t, -642a19.9 0 

-973 16.9 0 1 4658.5 0 
-17923.1 0 Hss 0 -52500.6 0 

Phase A B Phase A 
bC, -83478.8 2.75 P -54173.8 6.2:749 

“In J/(mol of cation). Css and Tss are cubic and tetragonal ZrO, solid solutions, respectively. Xss, H, and Ass are the solid solutions 
based on cubic, high- and low-temperature hexagonal Lao,.,, respectively. C, and P are Zr,,La,,O,,,, and Zr2Laz07, respectively. 
b Lacking further information, the Gibbs energy differences for both ZrOz and LaOrs in the cubic-type T&O3 are simply given a 
fixed large value (50000 J/(mol of cation)) compared to c-ZrO, and X-Lao,.,. 
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Table 3. Optimized thermodynamic parameters for the ZrO-La01.5 system from optimization B (P is modelled with the sublattice 
model) 

Substitutional solution model (Eqn (2)) 

Phase bi Phase 
Liquid : -92%8.4 0 Css(Xss) ; 46;29.2 

b; 
0 

Tss 0 -77847.9 0 1 -3387.7 0 

I-Is, 0 -34929.3 0 

Stoichiometric model (Eqn (3)) Sublattice model (Eqn (4)) 

Phase A B Phase G* 
bP 

G2 G21 

c2 -80286 2.75 -35126.9 + 1.34452T -102327 -101998 

’ In J/(mol of cation); Temperature (7’) in kelvin. For abbreviations of the phases, see Table 2. 
b Due to the lack of experimental information, the Gibbs energy differences for both Zr02 and LaO,.s in the pyrochlore structure 
are simply given a fixed large value (100000 J/(mol of cation)) compared to m-ZrO, and A-Lao, 5. 
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Fig. 1. Comparison of the calculated and measured38a heat 
capacities of LaOi.,. 

THERMO-CQLC (94. 2. 2: 9.34) : 
49 I I I I I 

: 40 
I” 
3 
ld 
u 47 
Y 
0 

1 2 3 
- 46 
: 
\ 
+I Y 45 ;il”’ 

. 

: 44 

43 

(a) 
I I I I I 

0.9 1.0 1.1 1.2 1.3 1.4 1.5 

Crystal radius, FI 

(a) 

THERMO-CALC (94. 2. 4:21.18) : 

*BIomeke and ZieglerC1951) 

OKing et al. (1961) 

OVaohvilI ct a1.(1968) 

Temperature, K 

Fig. 2. Calculated enthalpy increment of Lao,., with the 
experimental values.41A3 

THERMO-CALC (94. 2. 2: 9.40) : 
48 

I: 47 
0 

. . 
Y 
rd 
u 46 

Y 
0 
- 45 
0 
E 

5 44 

. 

: 43 

42 
0 .t 3 0.9 1.0 1.1 1.2 1.3 1.4 

Effectiue ionic radius,fl 

W 

I I I I I 

1 2 /III/ 3 

(b) 
I I I I I 

Fig. 3. Estimated enthalpy of melting of Lao,., (m) along with the experimental enthalpies for Y01.5 (O)‘6,47 and PrOl.S (0)” 
Curves 1, 2, and 3 correspond to the coordination numbers 6, 8 and 11, respectively. (a) Enthalpy of melting is plotted vs crystal 
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THERMO-CFlLC (94. 2. 8:11.55) : 
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Fig. 4. Calculated Zr02-La,O, phase diagram according to 
optimization A. The temperatures inside the parentheses are 
the experimental invariant temperatures3’ and those outside 

the parentheses are the calculated ones. 

different cation radius and a different coordina- 
tion number. The average value (46790.7 J/(mol of 
cation)) of the six data points is taken to be the 
enthalpy of melting. The enthalpy of melting of 
LaO,.s calculated statistically from related phase 
diagrams, using the Van? Hoff equation, gives rise 
to the value of about 35000 J/(mol of cation), 
which is comparative with that assessed in the pre- 
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THERMO-CRLC (94. 2.11:14.431 : 
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sent work. Considering the large uncertainty 
(about 30%) associated with the Van? Hoff equa- 
tion, the presently estimated value is preferable. 

The presently calculated enthalpies of formation 
of P at 298 K from the elements are -1053 187 
J/(mol of cation) (optimization A) and -1036303 
J/(mol of cation) (optimization B), which agree 
reasonably with the experimental one (-1020478 
J/(mol of cation).35 

The complete ZrO,-La,O, phase diagram based 
on optimization A is shown in Fig. 4. The eutec- 
toid reaction, Hss +P + Ass, is a result of the cal- 
culation. No experimental information is available 
about this reaction. For the other invariant equi- 
libria, the fit to the experimental data3i is very 
good within the estimated errors. 

In Fig. 5, the calculated ZrOTLa203 phase dia- 
gram resulting from optimization A is compared 
with all of the experimental data available. Except 
for the homogeneity data for P, most of the other 
experimental data can be described by the calcula- 
tion. In particular, the quantitative experimental 
va1ues23,25,31,33 are well reproduced. The calculated 
solidus line in ZrO,-rich part is a little lower than 
the estimated one. 31 The present calculation 
demonstrated that the qualitative liquidus and 
solidus curves given by Lin and Yu24 are probably 
low. Lin and Yu reported the melting temperature 
of Lao,., to be 2533 K, which is lower by 51 K 
than the generally accepted one (2584 K). 
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Fig. 5. Calculated ZrOz-La203 phase diagram with the experimental phase diagram data. Zr2La,07 is treated as a stoichiometric 
compound (optimization A). 
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THERMO-CQLC (94. 5. 5:17. 2) : 

3000 1 

2600 
Y 

.2400 

; 2200 
+-’ 
t 2000 

1400 

.... ...,...,. ,,..,, ... 1200 I 

Liquidi: 

XWartenberg and Eckhardtll937) 
*Rouanet(l968) 
Solidi: 
ARouanet(1968) 
Three phase equilibria: 
cRouanet(l968) 
q Rouanet(l971) 
oBastide et a1.(1988) 
Phase transltlon temperatures: 
oRouanct(1968) 
ORouanet(1971) 
Limits of P phase: 
l Lefeure et al. (lY591 
APerez Y Jarba(l962) 
n Pal'gueu et a1.(1973) 

+Zoz et a1.(19781 
+Zhcng and West(19901 

One phase region: 
rBrown,Jr. and Duwez(1955) 

+Lin and Yu(1964) 
*Bastlde et a1.(1988) 

v.Zheng and West(l990) 

Two phase region: 
cBrown,Jr. and Duwez11955) 
@Lin and Yu(1964) 

OBastide et a1.(19881 

oZheng and West(1990) 1000 e I II I I I 

0 0.2 0.4 0.6 0.8 1.0 

Zr02 Mole fraction of La203 La203 

Fig. 6. Calculated ZrO,-La20, phase diagram with the experimental phase diagram data. Zr2La20, is modelled with the sublattice 
model (optimization B). 

The computed ZtQ-La,O, phase diagram 
according to optimization B is presented in Fig. 6, 
which demonstrates an excellent fit to the quanti- 
tative experimental data21,25,31*33 The calculated ho- 
mogen&y range for P is a good compromise to 
the avai&able data.2c30 As mentioned in Section 2, 
the experimental data for the range of P show 
large. setter. The calculated limit toward La,O, is 
located approximately at a curve between the 
curve reported by Lefevre et QZ.,~’ Perez Y Jorba27 
and Paf’guev et aL2’ and the one determined by 
Zo2 et (akB and Zheng and West.m In the case of 
the limit to,ward ZrOz, the computed limit agrees 
reason&y with the results. from Pal’guev et aI.,28 

Zluxg d West,30 and the datum at 1873 IS pub- 
lished by Zoz et aL29 The experimental result given 
by Lefevre et ai2’ and Perez Y Jorba27 is higher 
by about 3 mol% LapQ3 than the cakulated one. 
In contrast, the experimental data at 2023 K and 
2173 K given by Zoz et aL2’ are lower by about 5 
m~lp/o L~12O3 than the computed one. Better 
knowledge o.n the homogeneity range of P is use- 
ful for &&her refinement of the ZrOp-Lao,., sys- 
tem. En the case of optimization B, it is fo.und that 
the c&&ted sohtbility of Zr02 in LaOl.5 is. signi- 
&car@ lower than one quantitative datum pub- 
lished by Zheng and West.3o An attempt to 
improve bhe agreement with thi:s datum results in 
worse agreement with the phase transition temper- 

atures and homogeneity range of P. In conse- 
quence, Ass is approximated as A-Lao,., in the 
final optimization. In the present work, an 
attempt to model P with the substitutional solution 
model was not successful: the calculated homo- 
geneity range deviates significantly from the exper- 
imental data.2c3a This implies the inapplicability 
of the substitutional solution model to describe P. 
The substitutional solution model corresponds to 
the random mixing of two species (ZrO,, Lao,.,) 
in one sublattice. This is not the case for Zr2La207. 
The present work demonstrates that two sublattice 
model can be used to describe this compound. 

The thermodynamic description of the 
ZXO~-L~O~.~ system obtained in the present work 
has been combined with the thermodynamic pa- 
rameters for the Zr02-Ce0252 and Ce02-La0,.5 
systems to predict the ZrO,-CeO,-Lao,., ternary 
phase diagrams, which are in reasonable agree- 
ment with the experimental data available. 

6 mmry 

All the phase diagram and thermodynamic data 
available for the Zr02-La01.5 system have been 
considered in the present assessment. An attempt 
has been made to provide the consistent set of 
thermodynamic parameters describing the system 
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by coupling CALPHAD method and semiempiri- 
cal estimation techniques. Two sets of thermody- 
namic functions have been obtained in the present 
work. The first one is for a simplified version of 
the ZrO,-Lao,., phase diagram in which Zr,La,07 
is treated as a stoichiometric compound. The second 
one corresponds to the treatment in which Zr,La20, 
is modelled with the sublattice model. Comprehen- 
sive comparisons with the experimental data available 
are made, and it is shown that the first parameter set 
can satisfactorily account for most of the experimen- 
tal data except for the homogeneity data of Zr2La207, 
and the second parameter set gives a good fit to 
all types of data for the ZrO-Lao,., system except 
for one solubility datum of ZrO, in Lao,+ 
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