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Y,0, and Nb,0, co-doped tetragonal zireania polycrystals ((Y,Nb)-TZP) containing 10 to 30 vol% ALQ, were pre-
pared and hydrolhermal stability of the composites was evaluated after aging for 5 h at the temperature range of
150 °C to 250 °C under 4 MPa 1,0 vapor pressure in an autoclave. The (Y,Nb)-TZF/ALO, composites showed excel-
lent phase stability under the hydrothermal conditions, as compared with the 3Y-TZP/AL O, composites, due to the
combined effects of the Y-Nb ordering in the {-Zr0, lattice, the reduction of oxygen vacancy concentration, and the
ALQ, addition. The strength and fracture toughness of the (Y,Nb)-TZP/ALO, composite, containing 20 vol% of 2.8
AL,0, particles, were 700 MPa and 8.1 MP - am", respectivaly.
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1. Introduction

O,-stabilized tetragonal zirconia polyerystals (Y-TZPs)
9 possess excellent mechanical properties such as frac-
ture strength and toughness. Nevertheless, Y-TZPs experi-
ence low-temperature strength degradation (LTD) because
of the spontaneous tetragonal (t) to monoclinic (m} phase
transformation during annealing over the temperature
range of 100 to 400 "C for a long period of time in air or
water.”” The LTD of Y-TZP is more detrimental in the
presence of water vapor because the t — m phase transfor-
mation, which results in severe cracking on the surface of
Y-TZP, oecurs at lower temperatures and in shorter time,
as compared with aging in air. >

Considerable attempts have heen made to elucidate a
cause of LTD in water atmosphere, but it is generally
agreed that an exact mechanism is not fully understood.
Recently, it has heen proposed that oxygen wvacancies
present inside the specimen play an important role in
LTD.” Hughes et al.” showed that the destabilization of t-
phase during aging was related to the annihilation of oxy-
gen vacancies by the substitution of O* anions. Kim et a.*®
propozed that LTD of Y-TZP was governed not by the exist-
ence of H,O but the amount of residual stress in t-Zr(Q, dur-
ing aging, which was probably accumulated by the
diffusion of oxygen vacancies. The residual stress facili-
tated the t— m phase transformation and the reaction
between Zr-O-Zr bond and H,0.

The moisture assisted degradation of Y-TZPs can be sup-
pressed by adding additional stabilizer, such as CeQ,*'?
and Ti0,,*"™ or the formation of composites with AL,0,.**
Boutz et al.'™ reported that the phase stability of 2Y-TZP,
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aged at 1585 °C in hot water, was maintained by alloying
with 46 mol% of CeQ,. They rationalized that the segrega-
tion-surface-layer of cerium acled as a protective coating
for the yttrinm sites and then caused no LTD. Hughes et
al.” observed that the addition of Ti0, into 3Y-TZP retar-
ded the t — m phase transformation during the autoclave
treatment at 170 °C due to the Ti"” enrichment an the sur-
face. Lee et al.™"™ reported thal Y-TZP doped with Nb,O;
((Y,Nb)-TZP) exhibited no LTD after aging at 220°C for
1000 h in air due to local Y-Nb ordering™* in t-ZrD, into a
scheelite-like arrangement,'” which resulted in a relief of
the internal strain in the t-Zr0O, lattice since the internal
stress caused the degradation.” Although (Y,Nb)-TZP shows
superior phase stability and fracture toughness, the strength
of (Y, Nb)}-TZP ig about 500 MPa."" which is [ar lower than
850 MPa of 8Y-TZP.*"

It has been reported® ' that the dispersion of rigid ALO,
particles in a zirconia mairix can form a new class of
ceramics with improved strength and toughness, which
also shows much better resistance to aging even under
hydrothermal conditions.*** Accordingly, in this study, the
mechanical praperties and the hydrothermal stability of
(Y, Nb)-TZF/AlLO, composites were investigated and then
the mechanism of LTD was evalnated.

II. Experimental Procedure

Powder preparation procedure of (Y, Nb)-TZP, having the
composition of 90.24 mol% Zr(,-5.31 mol% Y ,0,-4.45 mol%
Nb,Q., was reported elsewhere. (Y Nb)-TZFP/ALO, and
3Y-TZP/ALO, powder mixtures were preparsd by adding
10, 20, and 30 vol% of Al,O, into the TZPs and mixing in a
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PE jar with zirconia balls for 24 h, using ethyl aleohol as
the liguid. 3Y-TZP (Tosoh Ine., Japan) and two different
particle sizes (0.2 pm and 2.8 pum) of ALLO, powders (Sumit-
omo Chemical Co., Japan) were used as the starting pow-
ders. The milled slurries were dried, sieved through a 100-
mesh screen, die-pressed into disks, and then Isostatically
pressed at 140 MPa. The green compacts were sintered for
2h at 1550 °C in air. The typical dimension of the sintered
specimens was approximately 18 mm in diameter and
1.8 mm in thickness. The sinlered density was measured
by the Archimedes method, using distilled water as the
inynersion medium.

For mechanical property measurements the disk speci-
mens were polished to a 1 wm diamond finish. The disks
with a diameter of 18 mm and a thickness of 1.8 mm were
broken using a flat-on-three-ball hiaxial-fixture at a stress
rate of 23 MPa - = for the strength determination.'™ The
fracture toughness was determined by the indentation-
strangth method.”™ A Vickers indent of 490 I was placed
on the center of the tensile face ol 5 test specimens. A drop
of silicon o1l was applied to minimize moisture assisted sub-
critical crack growth. For the caleculalion of taughness, the
hardness to modulus ratio was estimated from the mea-
surements of the diagonal dimensions of 49 N Knoop inden-
tations,*

A hydrothermal stahility of the specimens was evaluated
after aging for 5 h at temperalures from 150 °C to 250 °C
under 4 MPa H,0 vapor pressure in an autoclave. The
extent of the phase stability was estimated from the m-
Zr0, fraction on the aged specimen according ta Garvie and
Nicholson.*

IT1. Results and Discussion

Flexural strength and fracture toughness of (¥ Nb)-TZF/
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Fig. 1. Strength and fracture toughness of (Y,Nh)-TZP, pre-
pared by sintering for 2 h al 1550°C, as a function of ALQ,
content.
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ALO, camposites containing ¢ to 30 vol% ALO, are shown
m Fig. 1. The sirength and the fracture toughness ol
(Y, Nb)-TZP were 530 MPa and 5.9 MPa - m", respectively.
The maximum value of strength and toughness was
obtained for the composiles containing 20 vol% Al,0,. The
{lexural strength and the fracture toughness of both com-
posites having the fine (0.2um) and the coarse (2.8um)
AL O, parlicles rose ag the ALQ, content increased to 20
vol% and then [ell slightly, which was consistent with the
results reported earlier.**® The gradual rising trend may
be attributed to the enhanced phase transformation of TZP
and the crack bridging effect with the secondary ALQ, par-
ticle addition.****" Toughness difference belween the com-
posites caused by the phase transformation and the grain
bridging was likely due to the fact thai the grain size of
transformable t-ZrQ, depends on the AlQ, particle size
according to the Zener's relationship, indicating that the
ultimate grain size of matrix phase scales with that of
inclusions.' The strength of the composites containing the
coarse Al O, particles was consistently higher than that of
the compesites containing the fine ALO, particles due to
the toughness dependence of the strength as a result of
Griffith relationship."” The reduction in strength with an
Al O, content above 20 vol% may be ascribed to an increase
m defect population and size and a decrease in constraint
on the +-Zr0, as & result of low bulk density.”” The relative
density of (Y,Nb)-TZP/20 vol% Al,Q, composites containing
the fine and coarse ALO, particles was above 98.5%, but it
decreased to 98% as AL, particles were added more than
30%. The optimired flexural strength and [racture tough-
ness for the coarse Al:0, particle containing composiles,
gintered for 2 h at 1550 °C, were 700 MPa and 8.1 MPa - m"?,
respectively.
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Fig. 2. XRD patterns of {a) (Y Nb--TZP and (Y,Nh)-TZP/20
vol% of 0.2 ALQ, composites: (h) 3Y-TZP and 3Y-TZF/20 vol%
al 0.2 Al,0, composites, after aging for & b at 200 °C and 4 MPa
I1,0 vapor pressure in an autaclave.
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Both monolithie (Y, Nb}-TZP and (Y,Nb)}-TZP/20 val% ol
0.2 pm AL, Q, composites showed only t-ZxrO, after aging for
5 h at 200 °C under 4 MPa H,0 vapor pressure in an ato-
clave, as shown in Fig. 2. However, 3Y-TZP and 3Y-TZP/
ALO, composites, prepared under the identical condition,
exhibited abaut 80% m-Zr(}, content during the aging pro-
cedure. The [raction of m-Zr0, in 3Y-TZP/ALO, composiles,
aged for 1000 h at 250 °C 1 air and for 5 h at 150 °C under
4 MPa H,0 vapor pressure in the autoclave, decreases with
the AL O, addition due to the hinderence of a relaxation of
the strained t-ZrQ, lattice as a resull of the presence of
rigid AL O, particles as shown in Fig. 3. However, the frac-
tion of m-Zr0, is not influenced by the Al,O, addition as the
autoclave temperature is raised from 150°C ta 200 °C
because thermal energy for the t — m phase transforma-
tion is enough. At 250 °C in the autoclave, the 3Y-TZF/
AlLO, compoesites were all shaltered to parts due to the
nearly complete phase transformation to m-Zr0O, regardless
of the Al,O, content and the AL,O, particle size. This AL,O,
addition into 3Y-TZP is not effective to the phase stability
of +-Zr0, when the autoclave temparature is above 200 °C.

The absence of the hydrothermal degradation in mono-
lithic (Y, Nb)-TZP and (Y,Nb)-TZP/ALQ. composites under
the low-temperature conditions, as shown in Fig. 3, is
attributed primarily to the t-ZrQ, phase stability due to the
Y-Nb ordering in the t-Zr0, lattice""'" because (Y,Nb)-TZP
maintains the phase stahbility even after aging for 5h at
250 °C under 4 MPa H,0 vapor pregsure in the autaclave.
In addition, the alloying of pentavalent oxide 1o Y-TZP may
suppress the number of oxygen ion vacancies, which are
formed by the substitution of Y'? [or Zr'™, as a result of the
substitution of Nb™ for Zr**.***1% The reduction of oxygen

100 T T T T
-
\“
BG | A— — & A -
A
\ -3~ (Y NbwTZP, 250°C 1n au-oclave 1
= ~ - 3Y-TZP, 250°C in arr
??:/ a0 L —\- 3Y-TZP, 150°C in auloclave i
-E — 4 3Y¥-TZP, 200°C In auloclave
o 3 p
= AN
Q 40 . 4
]
Q
FAY
r\IJ \&
£ 20 | i
otk o O §——— -0 -
1 1 . 1 . 1
Q 10 20 30

AL O, content (vol%)

Fig. 3. Influenee of aging temperaiare on the extent of m-ZrQ,
of 3Y-TZP containing various amount of 0.2 um Al,O, part:-
cles. The specimens were aged for 1000 h at 250°C in air or for
5 hoat 4 MPa H,O vapor pressure and different temperature in
an autoctave.
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vacancy concentration in t-ZrQ, suppressed the t—m
phase transformation due to a low vacancy diffusion rate
during aging at low temperatures.™ Furthermore, the
addition of the rigid ALO, particles to Y-TZP may also con-
tribute to the stahility of the composite because the second-
ary particles impedes a relaxation of the strained {-ZrO,
latti[:e.z L25,27)

In an effort to rationalize the role of oxygen vacancy diffu-
sion on degradation, the aclivation energies for the bulk
ionic conduction of 3Y-TZP and 3Y-TZP that contained
Nb,0, (0 to 1.5 mal%) were measured by one of the authors,”
along with the enthalpy for ihe t — m phase transforma-
{ion of the corresponding specimens during aging in air.”
The average value of activation enthalpy for the ionic con-
duction and that for LTD in 3Y-TZP doped with Nb,O, is
8345 kd/mol and 83+2 kJ/mol, respectively. The similarity
suggests that the diffusion of oxygen vacancies, which are
the movahle charge carrier in this sysiem, 15 involved in
bath processes. Therefore, L'TD of TZPs is proehably a relax-
ation process of internally strained lattice by a thermally
activated oxygen vacancy diffasion.*”

The belief that the migration of oxygen vacancies is
involved in LTD was further fortified by the observation of
m-Zr0, content in 3Y-TZP after aging for 2h under the
applied field of 1.1 k¥V/mm in a silicon-ol bath at 120 °C as
shown in Fig. 4. About 0% of m-Zr(, was observed anly on
the surface in contact with the anode and no phase trans-
formation was detected an the surface in contact with the
cathade. The selective degradation on the anode-sided sur-
face iz likely due to miigration of oxygen vacancies toward
the cathode-sided surface under the applied field.™ Thus,
the vacancy-depleted surface iz overcrowded by oxygen
ions, which results in a strained t-Zr0O, lattice. As the resid-
ual siress is accumulated with the sufficient lapse of the
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Fig. 4. XRD patterns of 3Y-TZP specimen surfaces, that are
laced 1o the node and the cathode after aging for 2 h under an
applied feld of 1.1 kV/mm in a silicon-oil bath at 120°C. 3¥-
TZP prepared by sintering for 4 h al 1550°C.
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aging time to overcome the nucleation barrier related to the
1, — m phase transformation, the degradation oceurs.

IV. Summary

The migration of oxygen vacancies may be respomsible for
LTD of TZPs. The phase stability of the (Y Nb}-TZP/ALQ,
compoesites under the low-temperature hydrothermal con-
ditions was achieved by: 1) the Y-INb ordering in the t-ZrQ,
lattice; 2) elimination of oxygen ion vacancies in Y-TZP as a
result of Nb,(O;, co-doping, which leads to a low vacancy dif-
fusion rate during annealing at low temperature; 3) sup-
pression of a relaxation of the strained t-ZrQ, lattice by the
rigid Al,O, particlss during aging at low temperatures.

Both the strength and the toughness of (Y Nb}-TZP (530
MPz and 5.9 MPa - m"® was improved by the addition of
ALO, particles. The optimized flexural strength and frac-
ture toughness for the coarse Al,Q, particle containing com-
posites, sintered for 2 h at 15650 °C, were 700 MPa and 8.1
MPa - m'? respectively.
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