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M, HARAALIOFIEAR. RETFHBHEF Y
1mol%Ce0y- 2 mol%Y,03-ZrOx/2wt%ALO; &, R bt E sk h
5.94MPa.m'?, AR 11260 MPa, ¥ # /3t B854 4R
F ARG 4.

(2) ZrO;-Ce0, ME L BARRAAT RN F WA ANLREHN
HAT, Ze XA ERERBA oM TRUAE T Hk %
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HREAARME L IR FERATAKE Z10,-Ce0, MEE A
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5% B Ao RAG



WXR BB EA GRS EEIRT 5 ARMA LM E A
BN, BRAFIENRBE LR RGFEANE 1408, BF
THRRIAME CAAAT S RGBT AL . L SR EMH, &
BT, BRGY, FRBETE. A50ERT, 9L5M2
BAu, RTUERAEK,

EMER2RRER
LERERLRE—KAGRLEM, ERTHELEH,

EHERSLE. RILM
2003 8 A 29 H



2 AL E(Zr0:) 2k M K AR B T A BE R

H B
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ZrO/ALO; R M ENIERS, #Hl&HAEPREXMENELEH
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SRER. FIAEMSR&TAREEIE 1723 K, Kok 12
mol %Ce0,-Z10, Mg'& X4 DU, T 3 mol%Y,0:-ZrO, §F 11
mol% 7 AH. S S22 8 iR IR ME e 8404 0 77 AR AN SL 75 A
H&E, £ 1R 12 mol%Ce0,-3 mol%Y,0s-ZrO, Fg & b4 Pl
A, TATAEHEH LSRN ZRTBESSH 30.9 mol%
MISEAHE, RZRSEEIRE NIRRT BB RS, If
W FEATAN IR FEIHZA B AT R 5.

HT Zr0,-CeO, M B MEF RIARZRFFHE, S5 & B i it
BAML SRR RERET Zr0,-Ce0, A RB T
AN EERRESFA THRIENER, WHET Zr0,-Ce0,-Ce0 s R
MEERE, BHTARESEMT/ERET, Ce0,-CeOs H
HTT Ce0y CeOrs MBEMEFRXR. R (Zr0,,Ce0,,Ce0 5)
M (Zr,ce™,Ce) (073, va), B S b 3E b % v & WA
<Z11.Ce,0.. > B Hge. AEF LI EKRIBRERER, KREA TR
% Zr0,-Ce0, WER, WERGEEMHIZKE HHERE
B, X CeO, #4riIEIE, MHFHRKABA, MUHAHPIEER
ERBEE CeO, s FIERRTTREAR, (FRETHDREHEERES R
1, WA Zr0,-CeO, FIEA L RS AR AR EPIR A I8
.

FI A BERBFBEA, SEMBA T ALO;-CeO, Fl ALOs-ZrO;
ZILRAE, FRFJUAERRISMNE, S8 T Zr0,-Ce0,-ALO; R
HEANEESFEEE. HENHESEEN 1673K M 1873K K
TRAHEEEYE.

EFHERNEZA Zr0,-Ce0,-Y,0; REHEAE, AIEBML
AR, EERT SRS, FIABKREEGE CeO, M
Y203 AR E ZrOy/ALO; KiK. LR E#E)G, 7F 1450 °C
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ST EALEE (Zr0,)HE B K A9 B - SLAAL BB

FTERERESE 1~4 PG, RERFESUWEE. JFRHTEE
BEFRTE AT SO R B S HAAR A , KAH R RR I E A
HE TR S REEMBTREE. B A 12 mol%CeO,-2.5
Wi%A205-Z10, & B R & f0 I, & 13.53 MPam'?, BERER
847 kg/mm’, MI& I IRELHIARAN ALO; BT FIRL 12395 A5 HH I
FATRBLA . BN ALOs 5, HBEMPHEHEMT 12
mol%CeO,-TZP Wi, 4E4EVsIN 3 mol%Y.0; &, MEHREIESR
RIS, R 2.02 MPam'?, REE 3Y-TZP M&EM &iEEM
12Ce-TZP MR mEHIEMsEAHERE. RIETHEAE, A8 +E
A 30.9 mol%XISL A AR, It ELIUJ7 M % % fote e, AHZE
PIBMBERBETHEAERE. 5 Y,0, HEEM 3mol%FEKE
1mol%, IEINAEER CeO, 1 2,3 wt%ALOs, MIEMFIHERE
BEYT. REMNSERR, MEOPHEAE. RoH 1
mol%Ce0,-2 mol%Y,05-Zr0,/2 wt%ALO; &K I 4 5.94
‘MPa.m'?, R 1126 kg/mm®, 2R FK KA AL S,
BEEERERME, REEEHET, ZRENSEHRCEEEH
W HIBRE. SRR Y0: S &, HIENCeO, 58, RBRY
HARFHBREEASHEHRBE. K2A 4 mol%CeOr- 1
mol%Y,05-Zr0y/2 Wt%AL0; MM X 14.34 MPa.m'?, TR
K 951 kg/mm®, FL 4 A 6 mol%CeO,-1 mol%Y,05-Zr0y/2
wi%ALO; BRI D 9.12MPa.m'?, TS % 1011 kg/mm®, X
R 2R ER R T R RE, ARETREX.
R H R Zr0,-Ce0,-ALO; RIAX R, AHIRBNALAIHE
B, KA RENLAF 12 mol%CeO,-TZP &Ry, B2 2.5~20 wt%
ALO; UMEIIg F SRR, ETERE, KHl. WEE, &
TR MBS E . BATRBS M ALO; R
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F, ¥4 ATEPI ARG AL, I T 00 A S AR KA
ME T BRI, 78 1 723 K TLERES 4 MG, 12
mol%CeO,- TZP/5 wt%ALO, & B4 14.28 MPa.m'” f Wi EIME:
1 933 kg/mm” By 4 IHERE. LhRNLAIMY 12Ce-TZP Ma%E, AR HE
WFHIGEE VIR IERE.
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Abstract

Ceria-yttria co-doped  zirconia-based  multi-components
ceramics, with superfine alumina dispersed in the matrix, possess
excellent fracture toughness, strength and thermal stability. However,
the mechanical properties and microstructure are strongly dependent
on the composition and the fabrication procedure, especially the
composition of zirconia containing multi-component ceramics.
Therefore, precise phase diagrams of zirconia-based
multi-components systems can be considered as the “map” for the
development of advanced ceramics. Due to the experimental
difficulties, the phase diagrams and thermodynamic data of zirconia
systems are very limited and dispersive. Further more, the
constitutes of phases and mechanical properties of Zr0,-CeO;
system change drastically when it is under the reduced atmosphere
and elevated temperatures. The thermodynamic properties of
Zr0,-Ce0,-Ce,0; system is very important to obtain the quantitative
relation among oxygen pressure, temperature, composition, phase
constituents and mechanical properties. In this paper, with the
calculation technique = CALPHAD, phase diagrams of
72r0,-Ce0,-Y,0;, Zr0;-Ce0,-Al,03, Zr0,-Ce0,-Ce,05 systems are
optimized and extrapolated by Thermo-Calc and Lukas program
with suitable thermodynamic models and experimental data.
Meanwhile, the thermodynamic properties of ZrO,-CeO, system
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under reducing atmosphere is also assessed with substitutional and
compound energy model. Based on the calculated phase diagrams,
different compositions of CeO,-Y,03-ZrO,/Al,05 are selected and
ceramics with commercial meaning are fabricated with the powder

coated method.

First, comprehensive descriptions of experimental information
and thermodynamic properties in the binary systems, ZrO,;-CeO,,
Zr0,-Y,0;, and Ce0,-Y,0; are given and thermodynamic models of
these systems are discussed. The calculated phase diagrams of
binary systems are consistent with the experimental data. With the
substitutional model (Zr0,,Ce0,,Y0,s), the thermodynamic
database of Zr0,-CeQ,-Y,0; is constructed, and with muggianu’s
formula, the isothermal sections are extrapolated under different
temperatures. The experimental section at 2073 K is well reproduced
by the thermodynamic calculation. From the calculated phase
diagrams, 12 mol% CeO,-ZrO, is in the tetragonal phase range,
3 mol%Y,03-ZrO; is with 11 mol% cubic phase, 12 mol%CeQO;-3
mol%Y,03-ZrO, has 30.9 mol% cubic phase, which is totally
different from the traditional idea that considers it as a full tetragonal
phase. The calculated result provides the theoretic basis for the weak
fracture toughness of this composition.

Using compound energy model and substitutional model, the
thermodynamic properties of <CeO,,> in Ce0,-Ce;0; and
<Zr1.Ce, 05> in Zr0,;-Ce0,-Ce,O3 system are evaluated. The
evaluation is based on the optimization of ZrO,-CeO, and
Zr0,-CeO, 5 systems, as well as the miscibility gap in CeO, 5-CeO,

VI
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system. The model parameters are evaluated through fitting the
selected experimental data by means of thermodynamic optimization.
A set of parameters with thermodynamics self-consistency is
obtained that satisfactorily described the complex relation between y
in <CeO,, > and the partial pressure of oxygen at different
temperatures, also the interdependence among miscellaneous factors
such as temperature, oxygen partial pressure, the reduction amount
of CeO, as well as the nonstoichiometry in cubic phase
<Zr:..Ce,0,.>. The calculated results seem to be reasonable when
put into the explanation of pressure-less sintering of CeQ,-stabilised
ZrO, powder compacts under a controlled oxygen partial pressure.

Zr0,-Ce0,-AL, 05 system has been assessed with CALPHAD
technique using PARROT procedure. The experimental information
on the Zr0,-AL,03, Al,03-Ce0; systems as well as the isothermal
sections of the ternary system at 1673 K and 1873 K are well
reproduced. No alumina dissolves into the tetragonal zirconia phase
from the calculated phase diagram.

Different compositions are selected from the calculated
isothermal section at 1723 K of Zr0,-Ce0,-Y,0; system. With the
novel powder making procedure, coated method, the Ce0,-Y,0;
co-doped ZrO,/Al,O3; nano-powder is fabricated. After the cold
isostatic pressing, pressurelessly sintered at 1 723K for 1 to 4 hour,
the consolidated samples are obtained. The microstructure and phase
constitute are analyzed by scanning electronic microstructure (SEM)
and X-Ray diffraction (XRD) respectively. With the
micro-indentation technique, the Vickers hardness and fracture
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toughness are evaluated. The fracture toughness and hardness of 12
mol%Ce0,-Zr0,/2.5 wt%A1;0;3 is 13.53 MPa.m'? and 847 kg/mm’.
The mechanical properties is better than 12 mol%CeO,-ZrO,. The
SEM images show superfine Al,0; grains disperse on the TZP
matrix. After the addition of another 3 mol%Y,0s;, the fracture
toughness of 12 mol%Ce0;-3 mol%Y;05-Zr0y/2.5 wt%ALO; is
only 2.02 MPa.m'?, without any toughness character of 12 Ce-TZP.
The high content of cubic phase and lack of phase transformation
can be attributed to the low toughness based on the thermodynamic
prediction. Decreasing the Y,Os content from 3 mol% to 1 mol%,
and with more CeO, and 2,3 wt%Al,0s, the fracture toughness of
the ternary ceramics increase obviously. The lower the stabilizer
content, the better toughness can be got. 1 mol%Ce0;-2 mol%Y,0;-
Zr0,/2 wt%Al,0; has excellent mechanical properties, 5.94
MPa.m'? fracture toughness, 1 126 kg/mm2 hardness, and good
thermal stability, without monoclinic phase after long annealing. The

final properties are better than the commercial ceramics. Further
decreasing the Y,0; content and increasing the CeO, content, the
combination of excellent fracture toughness and good thermal
stability can be obtained. 1mol%Y,03-4 mol%CeO,-ZrO,/2
wit%Al,0; ceramics has 14.34 MPa.m'? fracture toughness and 951
kg/mm2 hardness. While for 6 mol%CeQO,-1 mol%Y,0:-ZrO,/ 2 wt%
Al Os; ceramics, there are 9.12 MPa.m'? and 1 011 kg/mm2
respectively. '

Green compacts with different alumina are fabricated from the
commercial 12 mol%CeQ,-stabilized ZrO, powder (12 Ce-ZrO).
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The grain size, fracture toughness and hardness of 12 Ce-TZP/Al,O,
composites were strongly dependent on sintering time and the
alumina content. Dispersion of Al,O; into 12 Ce-TZP matrix is
helpful to suppress the phase transformation from tetragonal phase
to monoclinic phase during the micro-indentation test.

Key words phase diagram calculation, mechanical properties, ZrO,-Ce0,-Y,0,,
Zr0,-Ce0,-Ce,0,, Z10,-Ce0,-Al,0,
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