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Abstract

Y,O;-stabilized tetragonal zirconias, alloyed with
Ta,O;5 and Nb,O;, were annealed at 100-265°C
in air, dry air, and vacuum to elucidate the role of
moisture in the low-temperature degradation (LTD ).
Although the existence of moisture enhanced the
extent of LTD in accordance with observations
in the literature, the influence of H,0O on the extent
of the degradation became less significant as the
residual stress in 3Y-TZP was enhanced by the
Nb,Os alloying and with increase in the grain size.
This suggested that a residual stress is accumulated
on the specimen surface during low-temperature
aging, which probably originates from diffusion
of oxygen vacancies from the specimen surface into
the interior. This rationalization was based on the
observation that LTD is an isothermal process
and the activation enthalpy for LTD is similar to
that for the diffusion of oxygen vacancies in the
Y,0;-stabilized tetragonal zirconia at low tempera-
tures. © 1997 Elsevier Science Limited.

1 Introduction

Y,0;-stabilized tetragonal zirconia polycrystals
(Y-TZP) exhibit high strength and toughness at
room temperature. Thus these materials have been
considered as potential structural ceramics for use
at low to moderate temperatures. Despite their
excellent mechanical properties, one of the draw-
backs of TZPs is their instability due to the tetrag-
onal (t) to monoclinic (m) phase transformation
when aged at relatively low temperatures of 100
to 400°C, especially in moist air or hot water.'?
This transformation is accompanied by severe
cracking on the surface of the ceramics and degra-
dation of the material strength.>*

The most salient features of the low-tempera-
ture degradation (LTD) are characterized by the
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following: a more extensive degradation with a
lower stabilizer content and a larger TZP grain
size, an accelerated degradation in the presence of
water, and a progressive degradation from the
specimen surface to its interior. Besides the water
or humidity effect and the progressive degrada-
tion, the dependence of the degradation on the
stabilizer content and the grain size is identical to
that of the stress-induced phase transformation at
ambient temperature on these parameters. LTD
can be avoided by increasing stabilizer content or
decreasing grain size. However, the solutions
cause the TZP fracture toughness to decrease
by lowering the t — m phase transformation
temperature.

Although LTD has been well documented, the
exact mechanism is not fully understood.>'° Never-
theless, there are several proposed models which
attempt to explain only the fact that the presence
of water promotes the degradation.>”!® Sato and
Shimada'® proposed that the chemisorbed H,O
forms Zr-OH at the surface, which results in the
release of strain energy that would ensue if the
t — m transformation would occur. Yoshimura’
suggested that the accumulated strain area result-
ing from the migration of OH™ at the surface and
in the lattice serves as a nucleus of the m-ZrO,
phase in the t-ZrO, matrix. Lange et al®> hypothe-
sized that when water and Y,0; react in Y,0;-
stabilized TZP (Y-TZP), the formation of Y(OH),
depletes the stabilizer content at the surface and
leads to the simple t — m phase transformation.
Recently, however, it has been demonstrated that
the depletion of Y,0; is not involved in LTD and
suggested that LTD is a relaxation process of
internally strained lattice by a thermally activated
oxygen vacancy diffusion.!' Thus, it is necessary to
explore systematically the role of moisture in
LTD.

In the present study, 3Y-TZP co-doped with
Ta,05 or Nb,Os was annealed in air, dry air, and
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vacuum to determine the influence of moisture on
the extent of LTD. Unlike stabilizers for t-ZrO,
such as Y,0; and CeQ,, the alloying of Ta,Os and
Nb,O;s raises t - m and m — t transformation
temperatures, which then contributes to the
increase in the fracture toughness of Y-TZP."”
Because of the adverse alloying behaviours of
Y,0; and Ta,0s or Nb,Os, it is expected that the
investigation of the stability of Y-TZP and Y-TZP
containing Ta,0O; or Nb,Os during low-temp-
erature annealing in the various environments
would give insight into the role of moisture in the
degradation.

2 Experimental Procedure

The starting powders for the ZrO,~Y,0;-Ta,O;
system were obtained by coprecipitation from
aqueous solution mixtures using ammonia. Details
of the procedure of powder preparation are
described elsewhere.'? The prepared powder com-
positions were 3 mol% Y,0,-ZrO, (3Y-TZP) with
the addition of 0, 0-5, 1-0, and 1-5 mol% Ta,Os,
respectively. The same set of powders containing
Nb,O; instead of Ta,O; were prepared with the
addition of Nb,Os into 3Y-TZP (Tosoh Inc.). The
mixing was performed by attrition milling with
zirconia balls for 1 h. After drying, the mixed
powders were calcined for 4 h at 1100°C followed
by attrition milling for 2 h. Pellets of each compo-
sition were isostatically pressed at 135 MPa and
then sintered for 1 h at 1500°C. The sintered spec-
imens were removed from the furnace at 400°C
during the furnace cooling period to avoid a pos-
sible t & m phase transformation due to a typi-
cally slow cooling rate below this temperature.
The average grain size of sintered specimens was
measured from scanning electron micrographs by
the linear intercept procedure with the use of a
correction factor of 1-56.

Four-point bend specimens of 2-:5 mm X 3.0
mm X 30 mm were prepared for TZPs in the
Z1r0,-Y,0;-Ta,05 system by sintering for 1 h at
1500°C. The specimens were fractured at a
crosshead speed of 0-5 mm/min. The aging treat-
ments were carried out in the temperature range
of 100 to 265°C in air, dry air, and vacuum. The
dry air consisted of 79% N, and 21% O, and the
H,O content was less than 1 ppm. The dry air was
passed through a column packed with the anhy-
drous CaSO, and 5-A molecular sieve before flow-
ing into a tube furnace where aging specimens
were located. The dryness of the air, which passed
the column, was 0-005 mg of H,O/litre. The aging
experiment under vacuum was performed in a
vacuum furnace where the pressure was 2-3 X

107 torr. The m-ZrO, phase contents on the aged
and fractured surfaces were determined by the
peak intensity ratio of [(11T)m + (111)m}/ [(111)m
+ (111)m + (111)t] obtained from X-ray diffrac-
tion (XRD) analysis.

3 Results and Discussion

All specimens exhibited only the t-ZrO, phase
after sintering for 1 h at 1500°C. Figure 1 com-
pares the extent of t — m phase transformation
after aging and fracture of TZPs in the ZrO,-
Y,0;-Ta,O5 system. The extents were determined
by measuring the m-ZrO, phase contents on the
specimens aged for 420 h at 265°C in air and
on the fracture surface of bend test specimens.
As Ta,Os was added into 3Y-TZP, the extents of
both the degradation and the stress-induced phase
transformation were increased and the increasing
trend of the m-ZrO, fraction was proved to be
identical in both cases. For 3Y-TZP alloyed with
Nb,Os, the m-ZrO, concentration in 3Y-TZP rose
from 6 to 81, 89, and 96% as the Nb,Os alloying
content was increased to 0-5, 1.0, and 1-5 mol%,
respectively, after aging for 100 h at 220°C in
air.!" There was no noticeable influence of the
density and the grain size on the extent of degra-
dation and the transformability of the resulting
TZPs since the alloying effects on the parameters
were not significant for the specimens sintered for
1 h at 1500°C."'> Apparently the alloying of
the pentavalent oxides into Y-TZP accelerates
the degradation while the alloying improves the
transformability of Y-TZP. Thus it appears that
the mechanism responsible for LTD is related
to the stress-induced martensitic t — m phase
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Fig. 1. Comparison of the amount of m-ZrQ, on the frac-
tured and the aged surfaces of 3Y-TZP containing Ta,Os.
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transformation, which is characterized by ath-
ermal and diffusionless process and involvement
of a shape deformation."

Figure 2 shows the amount of m-ZrO, in
3Y-TZP containing 1-5 mol% Nb,Os as a function
of aging time at various aging temperatures. The
increase in the m-ZrQ, concentration with time
fits best into sigmoidal curves, indicating that the
kinetics of LTD is characterized not by athermal
but by isothermal phase transformation. This
agrees with the earlier studies on LTD of
Y-TZPs.'*'® Thus m-ZrO, formed by low-tem-
perature annealing can be termed isothermal
martensite. The isothermal transformation was
described by the first-order transformation kin-
etics when TZPs were annealed in water and water
vapor>*!? and in air.!’ In general, the time-depen-
dent process is a close analogy to the kinetics
of chemical reactions with the rates controlled
primarily by defect diffusion.'” The defect in the
Y,O;-stabilized t-ZrO, solid solutions is the
oxygen vacancy which is created to achieve elec-
trical neutrality in the distorted cubic fluorite
lattice as Y** substitutes for Zr**. In the system
Zr0,—Ce0,, t-ZrO, solid solution also possesses a
limited number of oxygen vacancies due to a par-
tial reduction of Ce** to Ce’* at elevated sintering
temperatures.'®* The involvement of oxygen
vacancy diffusion in LTD was supported by the
observation of a similarity of activation enthalpy
for LTD and the bulk ionic conductivity of 3Y-
TZP at temperatures below 500°C.!! Recently,
Sergo and Clarke' also have suggested that the
aging is diffusion-limited from the study of defor-
mation bands in CeO,-stabilized t-ZrO,/Al,O,
composites. Thus LTD is characterized by isother-
mal and diffusion-controlled process.

Figures 3(a)-3(c) show the influence of aging
atmosphere on the extent of the degradation of
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Fig. 2. m-ZrO, concentration on 3Y-TZP alloyed with 1-5
mol% Nb,Os after aging at various temperatures in air as a
function of aging time.

3Y-TZP alloyed with Nb,Os after aging for 30 h
at 220°C. The amounts of m-ZrO, in 3Y-TZP
containing 0-5 mol% (Fig. 3(a)) and 1-:0 mol%
Nb,Os (Fig. 3(b)) dropped from 11% and 76%
to 0% and 64%, respectively, as the aging atmo-
sphere changed from air to the dry air. Since no
m-ZrO, was revealed after annealing under
vacuum, it seems to support the contention that
moisture content governs LTD. For 3Y-TZP con-
taining 1-5 mol% Nb,Os, however, the amount of
m-ZrQO, did not vary significantly with the aging
environments, ranging from 92 to 96% in Fig. 3(c).
This suggests that LTD is accelerated not only by
the existence of moisture, but by an enhanced
transformability of 3Y-TZP which is achieved by
alloying with Nb,Os and Ta,0;.!? The addition of
the pentavalent oxides increases the tetragonality
of t-ZrO,, resulting in a rise in internal strain.
That is, Y-TZP having a high residual stress is apt
to be degraded even in a moisture-free environ-
ment. An involvement of the residual stress in
LTD is supported in Figs 4(a) and 4(b), where the
grain size of 3Y-TZPs, prepared by sintering at
1550°C for 2, 5, and 10 h, was 0-55, 0-69, and 0-85
um, respectively. After annealing in air, the con-
centration of m-ZrO, in the specimens sintered for
2 h, 5 h and 10 h was 10%, 44%, and 64%,
respectively. As the same specimens were aged in
the dry air, the m-ZrO, contents decreased to 0%,
0%, and 32%. This demonstrates that the mois-
ture becomes less influential as the residual stress
in 3Y-TZP, which scales with the grain size,?
increases. None of the 3Y-TZPs in Figs 4(a) and
4(b) exhibited m-ZrO, after aging for 30 h at
220°C under vacuum.

A probable involvement of the Y(OH); forma-
tion in LTD has been examined by a subsequent
aging of 3Y-TZP, which was previously aged at
220°C and then annealed at 1200°C to reverse the
transformed m-ZrQ, to t-ZrO,."" The observation
that the amount of m-ZrO, on the specimen
treated at 1200°C was less than that on the as-sin-
tered specimen excluded the involvement of the
Y,0,; depletion during low-temperature aging.
Thus, neither the bond breakage nor the hydrate
formation model can precisely account for LTD
of 3Y-TZP alloyed with 1-5 mol% Nb,Os under
the vacuum environment in Fig. 3(c).

At ambient temperature t-ZrO, is internally
strained by the fact that the size of Zr*" is too
small to be coordinated to eight oxygen ions in
the fluorite structure.?! In the system ZrO,-Y,0;,
the stabilization of t-ZrO, is achieved by the
substitution of Y**, whose ionic radius is larger
than that of Zr**, for Zr**. The substitution leads
to the formation of oxygen vacancies and ZrO,
oxygen polyhedron due to the lower valency of
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Y* than Zr**. In the ZrO,-Y,0;-Ta(Nb),0O; sys-
tems, the internal strain in t-ZrO, depends on the
tetragonality which decreases and increases with
rising concentrations of Y,0; and pentavalent
oxides, respectively.’> Another source of the inter-
nal strain is the thermal expansion anisotropy
which governs the grain size dependence of trans-
formability of t-ZrQ,.2* LTD of TZPs is probably
related to a relaxation of the internally strained
lattice by a thermally activated oxygen vacancy
diffusion as indicated by the isothermal transfor-
mation in Fig. 2. For 3Y-TZP, the activation
enthalpy for the oxygen vacancy diffusion was
determined to be 88-89 kJ/mol from the bulk
ionic conductivity measurements at temperatures
below 500°C.?>? This value is close to the activa-
tion energy for the low-temperature degradation
of the 3Y-TZPs alloyed with Nb,Os in air, which
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is about 83 kJ/mol regardless of Nb,O; content.!
Theoretical estimates of lattice defect energies also
suggested an activation energy of 82 kJ/mol for
the migration of an oxygen vacancy in the pres-
ence of Y* in cubic zirconia.” The diffusion rate
is governed by internal stress in t-ZrO,'""?
Assuming that oxygen vacancies migrate from the
sample surface into the interior, Zr**, previously
bonded to eight oxygens in the interior, would be
7-coordinated and consequently the internal strain
would be relieved. Concurrently, the fraction of
the ZrO; polyhedron on the surface increases,
resulting in the cation network being strained and
the oxygen ions being overcrowded. Since the
strained network and overcrowding correspond to
the instability of t-ZrQ,, t-ZrO, on the surface
becomes unstable as a consequence of the oxygen
vacancy diffusion. As the accumulation of residual
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Fig. 3. Influence of aging environment on the extent of degradation of 3Y-TZP containing (a) 0-5 mol%, (b) 1-0 mol%, and {c) !5
mol% Nb,0; after aging for 30 h at 220°C. The dryness of dry air was 0-005 mg H,O/litre and the pressure of vacuum was 2-3 X
107° torr. The specimens were prepared by sintering for 1 h at 1500°C.
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stress on the surface is sufficient to overcome the
nucleation barrier for m-ZrO, formation with the
lapse of aging time, the t — m transformation pro-
ceeds and consequently LTD occurs. As the Nb,Os
content and the grain size increase, a critical stress
can be accumulated in a shorter period of time.
For 3Y-TZP containing 1-5 mol% Nb,Os, the
internal stress is so high that LTD is observed
regardless of the presence of H,O (Fig. 3(c)). The
high internal stress is attributed to annihilation of
a large number of oxygen vacancies in 3Y-TZP
and increase in the tetragonality by the alloying of
1-5 mol% Nb,O;. When the accumulated stress
is not that large but moderate, the m-ZrO, forma-
tion will be achieved by the reaction between the
strained Zr-O bonds, exposed on the specimen
surface, and OH from H,O in air to form the
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Fig. 4. XRD peak profiles of 3Y-TZP, prepared by sintering
for 2, 5, and 10 h at 1550°C, after aging for 30 h at 220°C in
(a) air and (b) dry air of 0-005 mg H,O/litre.

isolated Zr-OH bonds as proposed by Sato and
Shimada.'® This is the case in Figs 3(a) and 3(b),
where the specimens experience the degradation
when annealed in air but not under vacuum. If the
internal stress is small as in t-ZrO, having a very
fine grain size and/or a high Y,0; concentration,
it takes a long time to observe LTD due to the
slow process of oxygen vacancy diffusion.

The vacuum-annealed 3Y-TZPs containing 0,
0-5, and 1-0 mol% Nb,Os, which did not show
m-ZrO, after aging for 30 h at 220°C under
vacuum, and the same set of as-sintered specimens
were annealed for 5 h at 220°C in air to clarify the
effect of humidity on the degradation. The grain
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Fig. 5. Influence of pre-annealing in vacuum on the extent of
degradation of tetragonal zirconia alloys after aging for 5 h
at 220°C in air: (a) as-sintered and (b) pre-annealed for 30 h
at 220°C under vacuum of 2-3 X 107 torr. 3Y-TZP only was
sintered for 10 h at 1550°C and the specimens containing
Nb,O, were prepared by sintering for 1 h at 1500°C.
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size of the Nb,Os-free 3Y-TZP, prepared by sin-
tering for 10 h at 1550°C, was 0-85 um and those
of 3Y-TZP alloyed with 0-5 and 1-0 mol% Nb,O,
were 0-47 and 0-49 um, respectively, after sinter-
ing for 1 h at 1500°C. For the as-sintered speci-
mens alloyed with 0, 0-5, and 1-0 mol% Nb,O;,
the m-ZrO, concentrations were 15, 8, and 23%,
respectively (Fig. 5(a)). For the specimens pre-
annealed under vacuum, the values were 21, 19,
and 33% (Fig. 5(b)). The higher m-ZrO, content
on 3Y-TZP than on 3Y-0-5Nb-TZP is due to the
fact that the influence of the grain size on LTD is
more pronounced compared to that of the alloy-
ing in this particular combination of the grain
sizes and the compositions. Nevertheless, it is
noteworthy that the extent of LTD in the vac-
uum-annealed specimens is consistently higher
than in the as-sintered specimens. If only the reac-
tion of H,O with t-ZrO, governs the extent, the
m-ZrO, fractions on the vacuum-annealed and the
as-sintered specimens should be identical since the
specimens were exposed for the same period of
time in air. The higher m-ZrQ, concentration indi-
cates that the t-ZrO, lattice on the specimen sur-
face has been already strained during the vacuum
annealing and the strained Zr-O-Zr bonds are
more favorable to the reaction with H,O than
those in the as-sintered specimens. The results in
Figs 3(c) and 5(a) and 5(b) suggest that the exis-
tence of H,O is not a prerequisite to LTD but the
amount of residual stress in t-ZrO,, which is prob-
ably accumulated by the diffusion of oxygen
vacancies, plays an important role in LTD.

4 Conclusion

Unlike the martensitic stress-induced t — m phase
transformation, the low-temperature degradation
is characterized by isothermal and diffusion-
controlled process. It is proposed that the limiting
step for LTD is the diffusion of oxygen vacancies
which results in an accumulation of residual stress
on specimen surface. The diffusion of the vacan-
cies from the sample surface into the interior dur-
ing aging at low temperatures distorts the Zr-O
bonds on the surface, which facilitates the tetrago-
nal to monoclinic transformation and the reaction
between Zr-O-Zr bond and H,0.
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