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The phase transformation of less than 6 mol % Sc,03-doped tetragonal zirconia
polycrystals consisting of fine grains has been investigated. Dense bodies with
homogeneous microstructures doped with 3.5 to 5 mol % Sc,03 sintered at 1300°C for 1 h
consisted mostly of a tetragonal phase. Within 20 h of aging under hydrothermal
conditions at 180 °C, the amount of monoclinic ZrO, on the surface of the 4 to 5 mol %
Sc,03-doped specimens sintered at 1400 °C was saturated and reached a constant value,
and the increase in the amount of monoclinic ZrO, showed a sigmoidal type of kinetic
transformation. The apparent activation energy for the phase transformation in
Sc,03-doped zirconia was 84-91 kd/mol. Based on the hydrothermal aging results,

the possible existence of a larger two-phase (cubic+tetragonal) region is suggested, and the
phase boundary between the cubic+tetragonal and cubic phase in the ZrO,-Sc,03 system is
proposed. © 1999 Kluwer Academic Publishers

1. Introduction In the ZrG-S6,03 system, a degradation in conduc-
The properties of zirconia-based materials significanthtivity for 9 mol% SgOs-doped zirconia after aging
depend on the stabilizing agent and its concentraat an elevated temperature of 800 to 1000for any
tion. SeOs-doped zirconia at close to 8 mol% &3  length of time was reported and this behavior was at-
content has been shown to possess a higher oxyributed to the formation of an ordered rhombohedral
gen ion mobility than ¥Os-doped zirconia at ele- B-phase (SgZr7017) [47]. A similar aging behavior for
vated temperature [1, 2]. 80s-doped zirconia is more the degradation of the microstructure and conductivity
suitable for the practical application as a solid elec-of 7 to 8 mol % SgOs-doped zirconia was also investi-
trolyte used in the construction of high-temperaturegated by researchers[16, 48]. Yamanittal. [49] have
fuel cells. Studies of the Zr2Sc03 phase diagram examined the phase change of 8 mol %Ggdoped
and fabrication, and electrical and mechanical prozirconia using a Raman scattering technigue and con-
perties of SgOs-doped zirconia have been published cluded thatthe conductivity decrease of 8 mol %G
[1-21]. On the other hand, the addition 03 to  doped zirconia by annealing at 100D for 5000 h is
ZrO, over a wide range of concentration for stabi- attributed to the phase change from cubic to tetrago-
lization as the tetragonal and cubic forms as wellnal. On the other hand, Badwal and Drennan [17] have
as for fabrication techniques which consists of theshown that 8 mol % S€©s-doped zirconia is not cubic
tetragonal phase were also investigated by a numbemnd has a tetragonal symmetry with small tetragonal
of researchers [22—-25], in the ZzY,05 system. In  splitting, and theg-phase is not observed in any of
particular, Y>Os-doped tetragonal zirconia polycrys- the specimens fabricated by sintering of the coprecipi-
tals, prepared by fine particle technology, exhibit hightated powders. Ishit al. [15] reported that the crystal
strength and high toughness at room temperature argfructure of 12 mol % S©s-doped zirconia changed
they are currently being used as structural ceramicdrom rhombohedral to cubic at the transition tempera-
In the Y,Os-doped tetragonal zirconia, one problem ture with adiscontinuous change in the ion conductivity.
is that their mechanical properties and microstrucdt has been reported that the cubic phase with fast ion
ture were significantly decreased by low temperatureconductivity is stabilized in the low temperature region
aging at 200 to 300C in air, which is caused by by substitution of a dopant such as 2 mol %,Gg+

the tetragonal-to-monoclinic phase transformation oril0 mol% SeOs; [15] for 12 mol% SegOz-doped
the surface accompanied by microcracking [26—29]zirconia and by the dispersion of 0.3—20 mass ¥
Many studies on the low temperature degradation angiL4, 19] in 11-12 mol % Ss-doped zirconia. How-

on degradation inhibition have also been carried outver, in the Zr@-Su0Os system, sufficient informa-
[30-46]. tion on the properties of the 80s-doped zirconia
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containing less than 7 mol% &3 is still lacking. 100
There are few reports on the tetragonal-to-monoclinic | o
phase transformation of the denseSgdoped tetrag-
onal zirconia polycrystals by low temperature aging
except for arc-melted samples [50].

In the present study, dense,8g-doped tetragonal
zirconia polycrystals with a fine grain were prepared
using fine powders synthesized by hydrolysis and ho-
mogeneous precipitation. Special attention was paid to
their low temperature aging behavior and tetragonal-
to-monoclinic phase transformation.
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2. Experimental procedure

2.1. Samples

In the present study, 3 to 7 mol % f&&3-doped fine
zirconia powders were used for sintering, which were
prepared by the urea-based homogeneous precipitation Sc203 (mol%)

method using the monoclinic zirconia sol previously

formed by the hydrolysis of ZrOglsolution. Aque- Figure 1 Relationghip petween §@3 content and relative density of
ous solutions of zirconium oxychloride (ZrOﬁBHZO) the SgO3-doped zirconia ceramics sintered at 1300 to 18Dor 1 h.
(0.1 mol/1) were hydrolyzed by heating at 100 for

170 h to produce a sol containing ultrafine monoclinic, ) L
zirconia particles [51]. The sol solution was added tof@Pricatedat 1300to 160C is shown inFig. 1. For cal-

an aqueous solution in which a given quantity of scanctulating the relatiye density, the thepreticall density qf
dia was dissolved by nitric acid, then added to uredh® S@Os-doped zirconiawas determined using the unit
solution and kept at 9GC with stirring. The resul- cell volume data [7]. Relative density reached almost
tant homogeneous precipitates were separated, washe&f % Of theoretical at a sintering temperature of 1300
dried. calcined at 60TC in air. and then milled with ©OF 1400°C, but it decreased with increasing sintering

zirconia balls in ethanol. Thus, fine zirconia powderst€mperature in all samples. In the samples containing
were prepared as the starting materials. The powder§SS than 3.5 mol % $0s, it showed a remarkable de-

were cold-pressed at 98 MPa to form pellets. The greefease in relative density at sintering temperatures of

compacts were sintered at 1300 to 16a0for 1 hin 1500 and 1600C.
air. The relation between $03; content and the amount

of monoclinic ZrGQ in the as-sintered bodies is shown
in Fig. 2. Although the amount of monoclinic ZsO
in the sintered bodies increased with increasing sin-

2.2. Aging and measurements tering t t " tound that ini
To evaluate the resistance of the tetragonal to mono''N9g €Mperature, it was found that no monociinic

clinic phase transformation, the sintered samples and
distilled water was treated at a saturated water pres-
sure from 110 to 180C for 2 to 55 h using 25 ml 100
Teflon vessels housed in an outer pressure vessel ma
of stainless steel. They were placed in a drying over
controlled with a thermostat in order to heat the sam: 80
ples atthe desired temperature. The sealed vessels we~
quickly cooled to room temperature. The bulk densityé
of the sintered bodies were measured using Archimede~"  gg
technique. Phase identification was carried out by X-rayg
diffraction analysis of the flat surface of the specimen..©
Scans of 2 between 27 and 33 were conducted to
quantify the monoclinic zirconia volume fraction us-
ing the following equation: monoclinic (%3 [{mono-
clinic (111)4 monoclinic (11)}/{tetragonal and cubic
(111)+ monoclinic (1114 monoclinic (111)}] x 100. 20
The microstructure of the surface of the thermal etchec
samples and cut surface of the aged samples were an
lyzed by AFM and SEM. 0 MV S
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3. Results and discussion
3.1. Characteristics of as-sintered materials Figure 2 Change inthe amount of monoclinic zirconia phase witfCic

The relat_ionship between the 293 C_Ont_ent and rel?—‘ content on the surface of the &23-doped zirconia ceramics sintered at
tive density of the Sg3-doped zirconia sintered bodies 1300 to 1600C for 1 h.
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ZrO, was detected in the as-sintered bodies contain- The grain growths of the 4 and 5 mol %, &%-doped
ing 5 and 6 mol % SgO3-doped zirconia fabricated zirconia fabricated at 1400 to 1600 are shown in
at 1300 to 1600C for 1 h. At a sintering tempe- Fig. 5. The average grain size of the 4 mol %G¢
rature of 1300C, dense sintered bodies mostly con-doped zirconia sintered at 1400 was <0.5 um. It
sisting of the tetragonal phase were obtained in thenay be considered that the gradual decrease in the
range of 3.5 to 5 mol% $Os;. The decrease in relative density of the specimens containing above
relative density in the samples containing less tham.5mol % SeOs sintered at 1500 and 160G is mainly
4 mol % Se¢Os sintered at 1500 and 160C may be responsible for the rapid grain growth that is produced
due to the discrepancy between the calculated theduring the heating process from 1400 to 16Q0and
oretical density based on a tetragonal structure, théor the change in the ratio of the tetragonal and cubic
true density of the sintered body containing a highphase content. The microstructure was similar to that of
amount of monoclinic phase and the microcrackingzirconia ceramics in the ZrY ;03 system but the ad-
caused by the tetragonal-to-monoclinic phase transfordition of a larger amount of stabilization agent (nearly
mation. 1.5 times, i.e., 3.5 mol% $0; at sintering tempera-
The typical microstructure of 4 mol % 80;-doped  ture of 1400°C) was necessary for fabricating the sin-
zirconia sintered at 140@ is shown in Fig. 3. The tered bodies consisting of a fully tetragonal phase inthe
microstructure of the as-sintered specimens consistedirO,-Sc,03; system. The average grain size, its distri-
of small grains of uniform grain size. The averagebution, and crystal phase of the ZrQ+Sg03) mate-
grain size and its distribution of materials with different rials were found to significantly depend on the.Gg¢
S 03 contents are shown in Fig. 4. content and sintering temperature.

3

Figure 3 SEM photographs of the polished and thermally etched surface of the 4 mel®g-8Boped zirconia ceramics sintered at (a) 1300
and (b) 1400C for 1 h.
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Figure 6 Tetragonal-to-monoclinic phase transformation resulting from
hydrothermal aging at 180 for the SeOz-doped zirconia ceramics
sintered at 1400C for 1 h.

Figure 4 Relationship between grain size and its distribution an®gc
content of the Sg03-doped zirconia ceramics.

19 in the 6 mol% SgO3-doped zirconia, the amount
12l 4mol% of monoclinic ZrQ slowly increased after the same
e 5mol% 20 h aging time. The final amounts of monoclinic
151 ZrO, for the 4, 4.5, 5, and 6 mol% 903;-doped
) specimens were 93, 91, 85, and 72%, respectively.
T 1 3l In the ZrG-Y,03 system, the 5 mol% XO3-ZrO,
3 ceramics did not indicate a monoclinic formation and a
Tg’ - phase transformation after aging at 2@in air [52],
@ but a single cubic phase with a grain size of 2.3
£ was obtained in the 6.6 mol %,03-ZrO, sintered at
& 097 1400°C for 1 h [53]. Nakajimaet al.[54] reported that
the saturated monoclinic fraction of 2.5, 3.5, 4.5, and
0.7 1 5 mol % Y,0O3-doped zirconia, which were sintered at
1550°C for 2 h, aged under hydrothermal conditions
051 at 180°C were 90, 70, 40, and 30%, respectively.
03 . . . . . In Fig. 7, the relationship between the® con-
17350 1450 1550 1650 tent and the saturated volume fraction of the mono-

clinic phase in Zrg-R,0O3 samples hydrothermally
Sintering temperature (C) treated is shown on the basis of the data in Fig. 6.

_ _— o o This figure also includes the data that was determined
Figure 5 Relationship between grain size and sintering temperature for

the 4 mol % and 5 mol % $63 doped zirconia ceramics.

L Zr0O2 mol 7 R20;
3.2. Tetragonal—t_o—monoclln|c phase o 1 2 3 4 5 6 7 8 9
transformation of Sc,03-doped — T T T T T T T T
zirconia 1or 7

The monoclinic Zr@ content formed on the surface

of the tetragonal zirconia ceramics, containing 4 to Vm
6 mol % SeO;3 fabricated at 1400C, by aging under
hydrothermal conditions at 18C is shown in Fig. 6 05} .
as a function of aging time. As indicated in Figs 4
and 5, the average grain sizes of the samples are
in the submicron range and they have a relatively
uniform microstructure and dense body as given in g} i
Fig. 1. On the surface of these as-sintered materials L1
no monoclinic phase was detected by X-ray diffraction 0 2 4 6 8 10 12 1 16 18
analysis except for the 4 mol % S0s-doped zirconia Zr0, mol % RO1s

with a small amount .Of. monoclinic  Zrfp<3%). Figure 7 Relationship between 3 content and volume fraction of
The amount of monoclinic ZI’Q rqached rjearly & saturated monoclinic phase in the Zr@,03 sintered bodies: Zr®
saturated and constant value within 20 h in the 4 tO{zossystem (samples sintered at 1580): O [54]; ZrO,-S03 system
5 mol % S¢Os-doped specimens. On the other hand,(samples sintered at 1400): B [present work].
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using polycrystalline samples sintered at 1360in
the ZrG-Y,03 system reported by Nakajimet al.
[54]. Because the tetragonal fractions are changeab
based on the cooling process, the actual tetragoni
fractions of the as-sintered specimens are somewhi .
different from those obtained in an equilibrium state
at the sintering temperature. However, these saturates®
values of volume fraction of monoclinic Zgshould K
be considered to correspond to the metastable tetrag-2
nal phase content that existed at room temperature arg
also the stable tetragonal phase content that existed &
the sintering temperature. In the Zrd,03; system, §
the ratio of the metastable tetragonal phaseglume
fraction of monoclinic phase in Fig. 7) and cubic phase
(=untransformed phase) was in good agreement witl
the value in equilibrium at 155@ in the presented
phase diagrams [55-57]. Whereas in the Z&2,03
system, the ratio of the tetragonal and cubic phase
in the polycrystalline sample sintered at 14@and
the phase boundary between the cubic+tetragonal and
cubic phases do not correspond to the presented pha<e
diagram [10]. There is the possible existence of alarge
two-phase (tetragonal+cubic) region than those in th
phase diagram. Yamomodt al. [49] also recently re-
ported that the as-sintered 8 mol %,8g-doped zir-
conia polycrystalline sample fabricated at 17Q0for &
15 h showed a mixture of tetragonal and cubic phases b™,
a Raman scattering study, which also does not corres@
pondto the phase diagram [10]. Although the purpose il'(\'J
this study is not the presentation of the phase diagran
based on the results in this study and the report [49]8
the phase boundary between the cubic+tetragonal ar S
cubic phases has been proposed as indicated in Fig. =
The time dependences of monoclinic Zr@rma-
tion for the 4.5 and 6 mol% $0s-doped zirconia
sintered at 1400C are shown in Figs. 9a and b, and
they also indicate the effect of aging temperature or
the phase transformation. A sigmoidal type of kinetics
transformation on aging of the 883-doped tetragonal
zirconia is evident from these illustrations and this
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Figure 9 Relationship between the amount of the monoclinic phase
10 and aging time under hydrothermal conditions at 110 to°T3fbr the
T T T T T T (a) 4.5 mol % and (b) 6 mol % $03-doped zirconia ceramics sintered

a PE . S— at 1400°C for 1 h.

behavior is similar to the case of the®3-doped or
CeO-doped tetragonal zirconia [34, 54, 58]. Though
hydrothermal aging was conducted only up to 180n

this experiment, the phase transformation rate increased
__-curvel | with increasing aging temperature.

Based on the results in Figs. 9a and b, first-order ki-
netics plots of If1/(1 — «)} vs. time for the monoclinic
ZrO, formation on the surface of the 4.5 and 6 mol %
S03-doped zirconia are shown in Figs. 10a and b, re-
spectively, where is the fractional conversion of the
O~ tetragonal Zr@to monoclinic ZrQ. For the other sam-
ples, the measured values were also plotted in a similar
manner. Note that these data were corrected by taking
into account the amount of tetragonal Zr@hich was

mol % ScO1s converted to monoclinic Zrg being 93, 91, 85, and

Figure 8 Phase diagram in the Zp5603 system a [2]; B [1]; A [5];

72%inthe 4,4.5,5, and 6 mol % S03-doped zirconia

v [6]; 0 [7]; ® [8]; # [9]; O [49]; O [present work]; curve 1 [proposed SP€cimens, respectively. The plots ofli(1 — o)} vs.

phase boundary based on the present study].

time were linear. The rate of phase transformation on
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Figure 11 Arrhenius plots of the rate constant of the tetragonal-to-
monoclinic phase transformation in the 4.0 to 6.0 mol %C&edoped
zirconia ceramics.

during aging at 250C was caused by the reaction of
water with Y>O3 in the tetragonal zirconia solid solu-
tion to produce monoclinic nuclei that spontaneously
grew, provoking the transformation of tetragonal grains
and subsequent crack formation. Sato and Shimada
[28] reported that the phase transformation rate was
controlled by the chemical reaction between water ab-
sorbed on the surface and the Zr-O-Zr band. Yoshimura
etal.[59] attributed the degradation of the @3;-doped
tetragonal zirconia under hydrothermal conditions to a
diffusion process controlled by OHmigration.

Although there are many explanations for this phase
transformation and degradation behavior, many re-
searchers agreed with the theory of a critical grain
) size below which degradation could be avoided. In

Time(h) the study of the low temperature degradation of seven

(b) Y ,03-doped tetragonal zirconia materials, one speci-
Figure 10 Plots of If1/(1 — «)} vs. time for the tetragonal-to- men with a fme_gramed mlcrogtructure (mean grain
monoclinic phase transformation in the (a) 4.5 mol % and (b) 6 mol %SIZ?= 0'18V”m) showed no phySICaI or property degra—
Se0s-doped zirconia ceramics. dation after exposure to a water vapor pressure for 50 h

between 200 and 40Q [60]. It was also reported that

the surface was first order with regard to the tetragona¥ 203-doped tetragonal zirconia with an extremely low
phase concentration. grain size £0.1 um) can suppress the chemical degra-

In Fig. 11, the Arrhenius plots of the rate constantdation of the material [61]. In $©3-doped tetragonal
of the tetragonal-to-monoclinic phase transformationzirconia, it is considered that the stability of the tetra-
in zirconia ceramics doped with 4, 4.5, 5, and 6 mol %gonal phase can be enhanced in the same manner as in
Se0; are indicated. The apparent activation energieshe case of ¥Oz-doped tetragonal zirconia, so a fine-
were 91.4, 89.1, 90.4, and 84.3 kJ/mol for the 4, 4.5, 5grained microstructure is necessary and grain size con-
and 6 mol % Sg0s-doped zirconia specimens, respec-trol is important if a SgOs-doped tetragonal zirconia
tively, which were very similar to the value of 83.1— is to resist low temperature degradation.

92.4 kJ/mol [28, 58] obtained for the,¥3-doped or
CeO-doped tetragonal zirconia. 4. Summary

A transformed layer was clearly observed in eachThe low temperature aging behavior and tetragonal-
specimen aged under hydrothermal conditions ato-monoclinic phase transformation of &5-doped
180°C for greater than 10 h. The monoclinic phase wadetragonal zirconia polycrystals with a submicron
formed on the surface of the specimen and the transmicrostructure (3—6 mol% $03 content) under
formation progressed and invaded the inside of thdwydrothermal conditions have been investigated. The
body accompanied by microcracking with time. In the amount of monoclinic Zr@ nearly reached saturation
ZrO,-Y,03 system, Langeet al. [29] reported that and a constant value within 20 h in the 4 to 5 mol %
the degradation of the 03-doped tetragonal zirconia S¢0O3; doped specimens and it showed a sigmoidal

In{1/(1-a)}
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type of kinetic transformation. The rate of phasesi
transformation on the surface was first order with
regard to the tetragonal phase concentration. The
apparent activation energies were 84 to 91 kJ/mol for
the 4 to 6 mol% SgO3-doped zirconia specimens,
respectively, which were almost similar to the value

obtained for the ¥O3; doped or Ce@-doped tetragonal 33.

zirconia. We have suggested the possible existence of
a larger two-phase (cubic+tetragonal) region based oy,
the hydrothermal aging results.

35.
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