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Abstract

A thermodynamic estimation of the ZrO,—CeO, and ZrO,—CeO; 5 systems, as well as the cubic phase in the CeO; s—CeO, system
has been developed and the complex relation between the nonstoichiometry, y, in Ce.O,_y and the oxygen partial pressure at dif-
ferent temperatures is evaluated. The behavior of the nonstoichiometry phase Zr;_.Ce.O,_, is described based on the thermo-
dynamic estimation in the ZrO,—CeO,, CeO;s—CeO, and ZrO,—CeO; s systems. Additionally, the interdependence among
miscellaneous factors, which can be used to describe the change in oxidation states of cerium such as the oxygen partial pressure,
the CeO, 5 fraction in CeO; 5—CeO, in the quasi-ternary system, the nonstoichiometry y and the difference between the activity of
CeO, and CeOy 5 are predicted. The calculated results are found to be very useful to explain the influence of pressureless sintering at
different O, partial pressures on the mechanical properties of CeO,-stabilised ZrO, ceramics © 2002 Published by Elsevier Science Ltd.
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1. Introduction

Zirconia-based ceramics have attracted much atten-
tion in science and technology for many years, since
ZrO, ceramics can be used for functional as well as
structural applications. However, the volume change
accompanying the martensitic phase transformation
from the tetragonal (t) to the monoclinic (m) phase is
large and destructive, which makes the material unsui-
table to be used in the pure ZrO, state. Fortunately, it
was revealed'™ that the addition of oxides, such as
CeO,, MgO, CaO or Y,0s;, stabilizes the high tempera-
ture tetragonal or cubic phases.

It has been reported*®’ that ceria-doped Ce-TZP
(tetragonal zirconia polycrystal) exhibits an excellent
thermal stability and extraordinary transformation
plasticity and ferroelasticity. The excellent high tough-
ness of zirconia ceramics is mainly caused by the stress-
induced t—m martensite phase transformation.

* Corresponding author.
E-mail address: omer.vanderbiest@mtm.kuleuven.ac.be (O. Van
der Biest).

Under ambient conditions, cerium forms two oxides,
the stable dioxide, CeO,, and the metastable sesqui-
oxide, Ce,0s, incorporating Ce®™* and Ce™3 ions
respectively. Under reducing atmospheric conditions
and at elevated temperatures, CeO, can be reduced to a
nonstoichiometnic CeO,_, composition with 0.5>y>0.
When ceria-doped zirconia ceramics are exposed to an
inert atmosphere or low oxygen partial pressure at ele-
vated temperature, the Ce** will reduce to Ce™? and
the ZrO,—CeO, system will convert to a quasi-ternary
ZrO>-CeO,-CeO,.5 system. Heussner et al.® introduced
phase-transformation-induced compressive surface stresses
into Ce-TZP through the reduction of CeO,, and found
that the four-point-bending strength of sintered 12 mol%
CeO, stabilized ZrO, increased from 240 to 545 MPa
after annealing at 1400 °C for 2 h in nitrogen. It is
therefore important to carefully control the oxygen partial
pressure in the ZrO,—-CeO,—CeO, 5 system, where the
nonstoichiometric fluorite phase Zr,_.Ce.O,_, exists. It is
also important to obtain the relation between the non-
stoichiometry and oxygen partial pressure at different
temperatures as it can be used as a guideline in the
development of this type of ceramic materials.
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Lindemer et al.® studied the relation between the
nonstoichiometry in the U;_.Ce.O,_, phase and the
oxygen partial pressure, a system that is similar to the
Zr_.Ce.O,_, system investigated in this paper. They
found that the UO,—CeO, system changes to the UO,—
Ce0,—CeO; 5 system in a low oxygen pressure environment
at high temperature. Accordingly, the nonstoichiometry
also changed with the change in oxygen pressure.

In the present work, the three limiting quasi-binary
systems ZrO,—CeQ,, ZrO,—CeO; 5 and CeO; 5—CeO, are
evaluated by the CALPHAD technique. In combination
with the thermodynamic parameters of these systems,
the relation between the stoichiometry, y, in the CeO,_,
phase and the oxygen partial pressure is calculated. The
interdependence among miscellaneous factors, which
can be used to describe the change in oxidation state of
cerium in the Zr;_.Ce.O,_, system are discussed and
tabulated. Sintering experiments under different O,
partial pressures demonstrates the applicability of the
calculated results for material development in the ZrO,—
Ce0, 5—CeO, system.

2. Assessment of the three quasi-binary systems

2.1. Experimental information on ZrO,CeQ,, ZrO -
CeO; s and CeO; s—CeO; systems

There are apparent discrepancies in the ZrO,—CeO,
system, especially in the high temperature ZrO,-rich
solid solution region as well as on the low temperature
ordering phenomenon. In particular, significant discrep-
ancies exist among the data of the phase equilibrium
between t and m phases, as described in Refs. 4-6.
Duran et al.* and Longo? found the existence of a quasi-
binary Zr;Ce,0;9 compound through X-ray diffraction.
This compound was stable below approximately 800 °C.
They also suggested the existence of an eutectic reaction
at 24 mol% CeO, at 2300 °C. However, Yashima et
al.%7 reported they found no evidence of the metastable
Zr3Cey0;o compound in their experiments. They also
pointed out that the high temperature portion of the
ZrO,—CeO, system determined by earlier experiments
was actually that of (Zr™4,Ce*#Ce"3)O~2, causing
significant errors. In order to give a correct description
of the system, Tani et al.'® carefully adopted hydro-
thermal conditions to establish the real equilibrium to
elucidate the phase diagrams of the ZrO,—CeO, system.
Based on experimental data of Tani et al.,!® using the
lattice stability parameters of liquid, cubic, tetragonal
and monoclinic ZrO, phases from Du et al.,’ Li et
al.''""13 optimized the system according to the sub-
regular model.

Heussner et al.® pointed out that the ZrO,—CeO, system
will transform to the ZrO,—CeO; 5 system under certain
experimental conditions. In the ZrO,—CeO, s system,

the composition range of the cubic and tetragonal phase
is totally different than in the ZrO,—CeO, system. The
Ce*# cations will reduce to Ce™3 cations at increasing
temperature in reducing atmosphere (H,, CO, NHj),
under a vacuum of 10~'-10=2 Pa (10~°-10~7 bar), in
inert atmospheres (Ar, He), as well as under a low oxy-
gen partial pressure (1.4 Pa at 1400 °C). When the Ce ™*
cations are partly reduced to the trivalent state, the
ZrO,—CeO, system transforms to the ZrO,—CeO,—
CeO, 5 system. According to previous reports'®~!# the
ZrO,—CeO, system has three single-phase regions, having
the monoclinic (m), tetragonal (t) and cubic (¢) sym-
metry, and a two-phase region where t+c is stable. In
the ZrO,—CeQO, 5 system, the cubic Zr,Ce,O; compound
is stable, having a pyrochlore (p) structure and a com-
position range from 44 up to 57 mol% CeO, s. The p
phase is in equilibrium with the monoclinic solid solution
below 1000 °C and with the tetragonal phase above this
temperature. There are three invariant reactions in the
ZrO,—CeO; 5 system. Additional phase studies in the
Zr0O,—Ce,05 system have been conducted by Yoshimura
et al.!* at temperatures between 1350 °C and 1900 °C,
confirming the existence of the p compound in the
ZrO,—CeO; 5 system.

CeO,_, is known to deviate strongly from its stoi-
chiometric composition at elevated temperatures and
reduced oxygen partial pressure to produce an oxygen
deficient n-type semiconductor. In a series of X-ray and
thermodynamic studies, it was demonstrated that
reduced CeO, retains the cubic fluorite structure over an
extended composition range at elevated temperatures. A
miscibility gap region was shown by Ricken et al.!> and
Tuller et al.'® to extend from CeO, to CeO, 714 at tem-
peratures above 722 K. Above 913 K, only one fluorite
structure exists. Campserveux et al.!” reported a dia-
gram with a miscibility gap in the CeO,., system. At
temperatures above 946 K, a single phase exists with
2>2-y>1.818. At temperatures below 722 K, CeO,_,
forms a discrete set of compositions extending from
CeO, to CeO;5. Lindemer® also found that a single
phase exists above 950420 K.

2.2. Thermodynamic model of three quasi-binary
systems

A substitutional model is used to describe the quasi-
binary systems, which estimates the mixing entropy of
complex ceramic systems in a very simple way. Kauf-
man et al.,'® Du et al.,>7 and Li et al.!'=13 already suc-
cessfully evaluated oxide phase diagrams in this way.

In the present work, the experimental information on
the ZrO,—CeO, system is taken from Tani.!? The system
is re-optimized since the reference states in the present
work and the former optimizations>!'!-!? are different.
In the previous work,? liquid ZrO, was chosen as the
reference state and lattice parameters of ZrO, in other
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forms were deduced according to the thermodynamic
information and experimental phase diagrams. In the
present work, the Gibbs free energy of the cubic ZrO,
structure is the standard free energy of formation from
the elements in their stable states, taken from Ref. 19.
Gibbs free energies of other phases of ZrO,, CeO, and
CeO, ;5 are retrieved from the corresponding quasi-binary
phase diagrams.!0-17:20

To calculate the diagram of the ZrO,—CeO, 5 system,
the experimental data of Leonov et al.?® are used and
the p compound phase is simplified to be a stochio-
metric phase with 50 mol% CeO; 5. This simplification
will cause no error in the present estimation.

In order to obtain the In(y)-T-In(Po,) relation, the
miscibility gap in the CeO; s CeO, system is evaluated.
The experimental data used are from Campserveux et
al.'” In this diagram, the highest temperature in the
miscibility gap is 946 K, and only the 2>2-y>1.818
data are taken into account to evaluate the thermo-
dynamic coefficients. The other part of this system
(2-y < 1.818) is omitted because only the CeO,_, phase
is taken into account to describe the relation between
In(y) and In(Po,).

The Gibbs free energy of one mole solution phase, ®
is described as:

2
G/:I:(x» T) Zin‘AOG/('bii(T) + RTZ x,-lnx,- —+ X1X2
i=1

1

ZK’1+3(X1 — XZ)n (1)

n=0

The first term on the right accounts for the mechanical
mixture of the pure components. AOG;-"_’(T) is the stan-
dard Gibbs free energy of formation of mass parameter i
from the elements in their standard states. The second
term refers to an ideal solution, and the third term is the
excess Gibbs free energy function, which is a Redlich-
Kister polynomial. The K" factor in Eq. (1) is a tem-
perature-related polynomial and is expressed as:

K'=A"+B"T+ C'"TInT+ D"T*>+ E")T+ F'T?
(2

The Gibbs free energy of the stoichiometric com-
pound phase with pyrochlore structure is described as:

G(1/4)Zr,Ce, 07 = (I/Z)AOG;—Zroz + (I/Z)AOG;-_CeO”
+A+ BT 3)

The thermodynamic calculations in the ZrO,—CeO; 5
system are conducted with a new version of the Lukas
program (1996),2! whereas the other systems are calcu-
lated using the Thermo-Calc (TC) program.

The calculated thermodynamic properties are listed
in Tables 1 and 2. In Table 1, 1-ZrO,, ¢c-ZrO,, t-ZrO,,
m-ZrO, refer to the liquid, cubic, tetragonal and
monoclinic phases of pure zirconia respectively. The
same formalisms are used for the components of CeO,
and CeO; 5. In Table 2, Liqg, Hss, Css, Tss, and Mss are
used to represent the liquid, hexagonal, cubic, tetragonal,
and monoclinic structures. The solution parameters of
phases in the three quasi-binary systems and the Gibbs
free energy of the stoichometric phase Zr,Ce,O; are also
listed in Table 2.

The calculated phase diagram together with experi-
mental literature data of the ZrO,—CeO,, ZrO,—CeO; 5
and CeO; 5~CeO, systems are shown in Figs. 1-3
respectively. In Fig. 3, only the Css phase is considered, and
is treated as a miscibility gap in the CeO; 5—CeO, system.

3. Thermodynamic prediction of the nonstoichiometric
phase Zr;_.Ce O, ,

3.1. Thermodynamic representation of the
nonstoichiometric phase CeQ>_y

As suggested by Lindemer,’ the representation used
hereafter describes the chemical activities of cerium and
oxygen in CeO,_, using the thermodynamic properties
of the two mass variables. One mass variable has the
composition of the defect-free species, CeO,, and the
other, i.e. CeO, 5, will be chosen to reflect together with
CeO,, the oxygen partial pressure—temperature—composi-
tion behavior and the system phase relations. In the
CeO; 5—CeO, system, it would be natural to list the for-
mula:

4Ce0, 5 + 0, = 4Ce0, “4)

When the ZrO,—CeO, system is exposed to an inert
atmosphere or low oxygen pressure, it will convert to
the ZrO,—CeO,—CeO; 5 system. The CeO,.phase exists
in the CeO,—CeO 5 system and the relation between the
nonstoichiometry y and the oxygen partial pressure has
already been investigated, suggesting that Zr—Ce—O
data can be analyzed assuming that the system is com-
posed of (1-z) mole of ZrO, and z mole of CeO,_,. The
CeO,_, is composed of m, mole CeO, and m; mole
CeO, 5. For nonstoichiometric phase Zr;_.Ce.O,_,, the
ratio O/(Ce+ Zr) is obviously 2—x. The O/Ce ratio in
CeO,_,, can thus be calculated accordingly as:

2-y=02-x-2(1-2)/z ®)

To obtain the In(y)-T-In(Po,) relation, one first needs
to determine the number of moles, m;, of each species.
These are calculated from the mass-balance for cerium
and oxygen as:
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Table 1

Standard Gibbs free energy of formation (units in J/mol cation) of the ceramic components (298.15 K < T'<3200 K)

A°GHO = —1029045.10 + 239.90384* T

AOG/’”Z’OZ = —1176169.65 + 179.52061*T

A°G;f’zr02 = —1117031.17 4 269.3700* T

AOG;J*Z""Z = —1085836.00 + 100.221140* T + 20* T*Ln(7T)
A°G" 770 = —1118530.94 + 268.30049* T

A°G/”C°02 = —900985.30 + 165.372*T

A°GfC% = —109555.0 +235.39*T

A°G[C% = —1021682.17 +210.55678* T
A°G" 0 = 4321866.00 — 2481.86958* T
A°GmC01s = _881375.72 + 130.62885* T
A"G}"Ceo” = —890588.90 + 164.37484*T
A°GC01 = —890588.90 + 164.37484* T
A°G ™0 = 5520853.97 + 520.7109*T

Table 2
Optimized interaction parameters

Phase Reference state

K3 [J/(mol of cation)]

K* [J/(mol of cation)] K? [J/(mot of cation)]

ZrO,—CeQ; 5 system

228954.09-73.21097°T —225766.65+79.60327"T
407393.98-173.72671 T

—82160663 +14570470"T

—129113.784+49.50130"T
—6395050 +2654790" T

Liq Liq Liq 56270.42-26.08355"T

Css c-Zr0O, c-CeOy.5 318780.81-1 68.98530° T
Hss h-ZrO, h-CeO; 5 928326.32.62.86435°T
Tss t-ZrO, t-CeOy 5 —7504461.21

Zr0y-CeQ, system

Liq Liq Liq —245224.18 + 58.35807°T
Css c-Zr0, c-CeO, 108233.71-56.62258" T
Tss t-ZrO, t-CeO, —29329.38 +2.83256"T
Mss m-ZrO, m-CeO, —5656207.45+ 2886.86323 *T
CeO; 5—CeO; system

Css c-CeO; 5 c-CeO, —70210+32.05°T

Zr,Cey07 compound

—63965+32.05'T

G(1/4)ZryCe,07 = (1/2)A°GT + (1/2)A°G~ Ot + 50613.29—39.20788* T(J /mol of cation)

z=my+m and z(2—y)=2m + 1.5m 6)
which leads to

my =2zy, mp =z(1 —2y) @)

In a system without ZrO, component [z=1 (mole)],
the mole fraction of CeO; 5is N; =m;/(m; +m;,) and the
mole fraction of CeO, is N> =m,/(m; +m,). Moreover,
y=0.5-0.5N,.

Based on the thermodynamic information of the lim-
iting quasi-binary systems, the molar Gibbs free energy
of the nonstoichiometric phase Zr;_.Ce.O,_, can be
written according to Maggianu?? as:

G' < Zr1_.Ce.0y_ > /(my + my + m3)
— N, A° GszsteOI_s + N,A® chsxchoz
+ N3A°GS 7% 4 N\ RT In(Ny) + NaRT In(N,)
+ N3RT In(N3) + K} N\ N> + K}, N1 N>(Ny — N»)
+ K 3N N3 + K} ;N N3(Ny — N3) + K3 3N N3
+ K3 ;N2 N3(N> — N3) )

where AOGf-C“‘"*i is the standard Gibbs free energy of
formation of mass parameter i from the elements in
their standard states. A°G %292 s after the compila-
tion of Pankratz,!” whereas and A"G/,-CS'Y_CeO‘-5 are

retrieved from the quasi-binary phase diagrams as
shown in Table 1. K} is the interaction coefficient as
shown in Table 2, where n is the order of the Redlich—
Kister polynomial and the subscripts i,/ represent the
components, i.e., CeO;5=1, CeO,=2, ZrO,=3. N;
(i=1,2,3) is the molar fraction of CeO;s, CeO, and
ZrO, respectively.
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Fig. 1. Calculated phase diagram of the ZrO,—CeO, system, open cir-
cles referring to the experimental results taken from Ref. 10.
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Fig. 2. Calculated phase diagram of the ZrO,—CeO; 5 system, symbols referring to the experimental results taken from Ref. 20.

The general equation for the partial molar Gibbs free
energy of each mass parameter is needed in order to
calculate the free energy change for Eq. (4).

The partial molar free energy for mass parameter i
equals to,

G Zr1_.Ce-0,_,)/0m; = AG; )

Egs. (4), (8) and (9) lead to an equation to evaluate
the In(y)-In(Po,) relation in the ZrO,-CeO;s—CeO,

1Baa | 1 1 |

9=8 =
Css

=le]n 0 ~
BS54 B

BoaE B

=L L

TEMPERARTURE_KELWVIN

704 &l
Css1+Csstt2
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S]]
4.5

T T T T
8.6 8.7 a.B 8.9 1.4
male fractlon of CelZ
Fig. 3. Calculated and experimental Css phase region in the CeO, s—

CeO, system, triangles representing the experimental data reported in
Ref. 17.

system. Since the free energy difference for Eq. (4) is
4AGceo, — 4AGceo, ., the oxygen partial pressure is
given by:
RT ll’l(POz) = 4A6Ceoz — 4A6CCO]_5 (10)

CeO;.5 and CeO, are the only components when z =1,
mz=0 and N3;=0. In that case, the relation between
In(y) and In(Po,) can be obtained from Eq. (10). The
relevant portion of the calculated curves consist of the
vy, T and Po, interdependence. The temperature, 7 is in
Kelvin, y is the deviation from stoichiometry and Po, is
the pressure of oxygen in unit of MPa divided by the
standard state oxygen pressure, 0.101 MPa.

The calculated results at 1773 K, 1573 K, 1473 K are
shown in Fig. 4 and are found to be in excellent agree-

ment with the plotted experimental data, taken from
Ref. 9.

3.2. Thermodynamic prediction of the nonstoichiometric
phase: Zr;_,Ce,0>_,

At present, there is very little experimental informa-
tion on Zr;_.Ce.O,_,, and no reports at all about the
relation between In(y) and In(Po,). To study the ZrO,—
CeO, system for practical purposes, the inert atmo-
sphere and especially the oxygen partial pressure must
be taken into consideration. When z<1 (mole), part of
the CeO, has transformed to CeO; 5. According to Eqgs.
(8)—(10), the transformed part can be evaluated when
the AOGfCSS‘[ parameters and K; ; interaction coefficients
are known.
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Fig. 5. Predicted relationship between In(y) and In(PO,) at 1473 K at
different CeO,_, molar fractions in the ZrO,-CeO,-CeO 5 system.

In the present work, the three quasi-binary systems
have been evaluated, and the parameters needed are all
listed in Tables 1 and 2, allowing to approach the com-
plex relations. The calculated results are graphically
presented in Figs. 5-7.

In Fig. 5, the different lines represent different molar
fractions of CeO,_, (z =0.1, 0.15, 0.2 and 1.0) corre-
sponding to different ZrO, molar fractions (0.9, 0.85,
0.8, 0) in the ternary Zr—Ce—O system at 1473 K. The
influence of the ZrO, content in the material, repre-
sented by the z value, on the relation between the
oxygen partial pressure and the stoichiometry value is
significant.

a ! ! L
-5 2=0.2 =01 Lk
1@
-5
—2F -
—25

In(Pa22
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T T
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Fig. 6. Predicted relationship between In(y) and In(PO,) at 1773 K at
different CeO,_,, molar fractions in the ZrO,-CeO,CeO 5 system.

~Z2879573K

In(Pa23
|
r
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Fig. 7. Predicted relationship between In(y) and In(PO,) as function of
temperature at a fixed ZrO, molar fraction 0.85 (z=0.15) in the ZrO,—
CeO,—CeO 5 system.

Similar estimations are made at 1773 K, as presented
in Fig. 6. Fig. 7 reveals that at a ZrO, content of 85
mol%, the CeO,_, stoichiometry is strongly influenced
by the oxygen pressure and temperature.

4. Experiments with CeO,-stabilized ZrO,

Commercially available 12 mol% CeO,-stabilized co-
precipitated ZrO, powder, Daiichi grade CEZ12, was
cold isostatically pressed (CIPed) into cylinders, with a
diameter of 1 cm and a length of 2 cm, under a pressure
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Table 3
Calculated DGF, y and molar fraction of CeO; s and mechanical properties of Ce-TZP ceramics sintered at 1723 K in different atmospheres
Atmosphere Detected Calculated DGF yin CeO, 5/ Density H, Kic

PO, (Pa) PO, (Pa) (J/mole cation)  CeO,._, (CeO,5+Ce0,)  (g/cm?) (kg/mm?) (MPa m'72)
Synthetic air 203E+04  2.04E+04 —4.00E-01 1.38E-01 2.76E-01 6.20 1059+12 6.6 £0.3
Air+ Ar(50/50) 1.01 E+04 1.01E+04 —5.76E-01 1.51E-01 3.01E-01 6.20 1021 425 6.3+1.0
Ar+air(90/10) 2.03 E+03 2.07E+03 —9.72E-01 1.81E-01 3.62E-01 6.20 1019+12 6.4+0.3
N, 0.30 1.91E-01 —3.30E+00 3.64E-01 7.29E-01 6.12 927453 12.742.0
Ar+N,(90/10) 0.12 1.14E-01 —3.42E+00 3.73E-01 7.46E-01 6.18 915+10 13.4+1.0
Ar 0.10 1.14E-01 —3.42E+00 3.73E-01 7.46E-01 6.16 902422 16.240.5
Vacuum in graphite <2.00x10~3 2.64E-04 —4.94E+00 4.52E-01 9.05E-0O1 Cracked - -
furnace

of 300 MPa for 3 min. The powder compacts are sin-
tered at 1450 °C (1723 K) in the alumina tube furnace of
a TGA (Cahn TG-171) with a heating rate of 20 °C/mm
and a cooling rate of 50 °C/min down to 1000 °C, fol-
lowed by natural cooling. Sintering is performed under
a gas flow of 75 ml/min. The gasses used are synthetic
air (L’Air Liquide N20, 20% 02, 10 ppm H,0), nitrogen
(L’Air Liquide N28, 3 ppm O2) and argon (L’Air
Liquide N50, 5 ppm N,, 1 ppm O2). Air-argon and
argon—nitrogen mixtures are obtained using a gas flow
meter (model 5878, Brooks Instruments B.V.). An
additional sample is sintered in vacuum (<2x 10° Pa)
in a graphite furnace.

The hardness and fracture toughness of the sintered
samples are determined by the Vickers indentation
method with an indentation load of 10 and 30 kg on
polished cross-sectioned samples. The fracture toughness
is calculated according to the formula of Anstis et al.?
The E-modulus of the air-sintered ceramic, 210 MPa, as
measured by the impulse excitation technique,?* is used
in all toughness calculations. The density is determined
in ethanol.

The influence of sintering in different atmospheres on
the mechanical properties is summarized in Table 3. The
density, hardness and fracture toughness of the Ce-TZP
ceramics is the same at oxygen partial pressures above
2000 Pa. Decreasing the PO, of the sinter atmosphere
down below 0.3 Pa decreases the hardness with about
100 kg/mm?, whereas the fracture toughness is specta-
cularly increased from 6.5 up to a maximum of 16.2
MPa m'/2. The fracture toughness is found to strongly
increase with decreasing PO, levels in the region
between 0.3 and 0.1 Pa.

The DGF (the difference between the activities of
CeO, and CeO;s, ie. dceo, —dceo,s), the non-
stoichiometry y of CeO,_, and the molar fraction ratio
of CeO 5in (CeO; 5+ CeO»,) are calculated as a function
of oxygen partial pressure (in Pa) at 1723 K. During
calculation, the mole fraction of ZrO, is assumed to be
0.8344, which is close to the value in the tested samples.

The experimental results can be interpreted by the
estimated results shown in Table 3. Estimation reveals

that at 1450 °C (1723 K) under a oxygen partial pres-
sure of 2.04x10* Pa, which is almost the same as that of
oxygen in the global atmosphere,? the equilibrium
content of CeO; 5 in (CeO; 5+ CeO,) is about 27.6%.
Visual inspection of the cross-sectioned samples sintered
in air indeed revealed a color change from white to
green towards the center of the sintered cylinders, which
is a clear indication of the reduction phenomena that
occurred during sintering. Sintering of the powder
compacts at PO, levels between 0.1 and 0.3 Pa resulted
in homogeneously dark colored fully dense samples with
significantly increased fracture toughness as well as a
small decrease in hardness. The thermodynamic calcu-
lations reveal that the relevant portion of CeO; s in
(Ce0Oy 5+ Ce0,) reaches 72.9% at a PO, level of 0.191
Pa. At calculated CeO; 5 molar fractions above 0.9, the
samples were found to spontaneously transform, result-
ing in completely cracked samples.

5. Conclusion

The complex thermodynamic interdependence of
temperature, nonstoichiometry and oxygen partial
pressure in Zr;_.Ce.O,_, was presented. For the first
time, this complex relation is predicted, based on the
thermodynamic study of the equilibrium between O,,
CeO;5 and CeOs,. Since the nonstoichiometry and the
temperatures are calculated in the region of engineering
interest, it is believed that the calculated results are very
instructive to the sintering practice and engineering of
CeO,-stabilised zirconia-based ceramics.
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