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RINGKASAN: Bahagian kedua daripada kertas ini adalah ditumpukan kepada
pelbagai mekanisma yang digunakan untuk menjelaskan fenomena degradasi suhu
rendah dalam Y-TZP seramik. Pada amnya, walaupun ada percanggahan dalam
teori, namun ia telah diterima sejagat bahawa punca degradasi adalah dari perubahan
fasa tetragonal kepada monoklinik. Air telah dikenal pasti sebagai punca utama dalam
memulakan transformasi fasa. Kefahaman tentang fenomena penuaan dalam Y-TZP
seramik sudah mantap dan mekanisma penuaan telah dicadangkan di mana ia
beranalog dengan pemerhatian kajian.
ABSTRACT: This second ageing paper is focused mainly on the various mechanisms
used to explain the low temperature degradation phenomenon in Y-TZP ceramics.
An understanding of the ageing phenomenon in Y-TZP ceramics has been established
and discussed. In general, although the theories are contradictory in nature, it has
been universally accepted that the cause of degradation was due to the tetragonal to
monoclinic phase transformation. Water has been identified as the key player in
triggering the phase transformation.
KEYWORDS: Ageing mechanism, Zirconia ceramics, Y-TZP, ageing behaviour,
phase transformation.
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INTRODUCTION
The degradation of TZP ceramics is well documented in the literature (e.g. Nettleship and
Stevens, 1987; Lilley, 1989; Hirano, 1992, Lawson, 1995; Ramesh , 1997). The factors which
affect and control the degradation behaviour are well established but the actual mechanism ··
which is responsible for the destabilisation of the (t) phase is still a matter of debate (Ramesh
et al., 1997).
The structural instability during low-temperature ageing is attributed to the spontaneous (t) to
(m) phase transformation which starts at the surface, accompanied by undesirable micro- and
macro-cracking, and property deterioration. These phenomena are severe in the presence of
water and pressure at temperatures between 60°C to 500°C.
Attempts to elucidate the ageing phenomenon in Y-TZP ceramics have been undertaken by
many researchers. Various mechanical and chemical mechanisms have been postulated
although a universal consensus is yet to be achieved.
In this section, an overview of the various ageing mechanisms proposed is discussed.

AGEING MECHANISMS
Corrosion Mechanisms

The corrosion mechanisms which have been proposed by many workers can be categorised
into two basic types :
1.
Stress-corrosion of the tetragonal phase.
2.
Corrosion of grain-boundary glassy phase.
Although the exact mechanism by which the initiation of monoclinic nuclei occurs is unresolved,
in both these models destabilisation of the tetragonal phase is associated with the water ..
reaction.
Stress-Corrosion of Tetragonal Phase

The detrimental effects of ageing observed in Y-TZP ceramics have been investigated by
Yoshimura et al. (1987; 1988). They suggest that the water molecules react with Zr on the
surface to form Zr-OH which creates residual stresses in the structure. Further accumulation
of these stresses causes the development of monoclinic nuclei as a result of lowering the
barrier for the phase transformation to occur. In Figure 1, the steps involved in the degradation
of TZP by water are presented.
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This argument was based on IR spectroscopy examination which detected OH- groups in the
transformed monoclinic layer which increased the lattice parameter and on heating the exclusion
of OH- resulted with a concomitant decrease of the lattice parameter back to its original value.
Yoshimura et al. (1987) also calculated that - 60% of oxygen vacancies were occupied by
·· OH- ions and further suggested that OH- can diffuse through the zirconia lattice faster than
0 2- due to having lesser charge and being of similar size.
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Figure 1. The proposed ageing mechanism of Yoshimura et al. (1987) which
was based on OH- diffusion in Y-TZP lattice. According to the mechanism :
Stage 1 - Chemical absorption of H2 0 at the surface.
Stage 2 - The formation of Zr-OH and/or Y-OH bonds leading to a lattice
strain at the surface.
Stage 3 - The accumulation of strains by the migration of OH - ions
at the surface and in the lattice, to prepare nucleating defects.
Stage 4 - The nucleation of monoclinic domains in the tetragonal matrix.
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Additionally, Yoshimura et al. (1988) investigated the effects of water temperature and pressure
on the ageing kinetics of Y-TZP ceramics and found that the activation energy (- 16 - 17 kcal/
mol) for the phase transformation in all cases was similar regardless of ageing temperature or
pressure. Therefore, since the activation energy for the diffusion of OH- in Y-TZP lattice is
also similar to those values for the phase transformation, it was inferred that the diffusion of

OH- into the lattice was responsible for the destabilisation.
Based on this model, Gogotsi and Yoshimura (1994) explained that the probability of degradation
would be higher in water than in air and was dependent on the water temperature, as
schematically shown in Figure 2. This graph shows that as the temperature increases, the
rate at which water is absorbed into the structure decreases, while dissociation and diffusion
increase exponentially. Since all these processes are necessary for accumulation of stresses,
a point exists when the degradation rate would be a maximum and the corresponding
temperature at this peak was postulated - 200°c. At this point, the accumulated strain would
have exceeded a critical value, which in turn would lower the activation energy associated
with the energy barrier for the transformation to occur and thus triggering the spontaneous (t)
to (m) phase transformation.

Dissociation and diffusion
Absorption of water

~

Degradation

t

Temperature
Figure 2. Schematic diagram of the probability of degradation of TZP in
humid atmospheres. (After Gogotsi and Yoshimura, 1994).

Figure 2 can also be used to explain most of the experimental observations of ageing behaviour.
For instance, Kim et al. (1994) have reported that the (t) to (m) phase transformation during
ageing was associated with a diffusion process, and the propagation rate was dependant on
the temperature and time, which agrees with Yoshimura's ageing model.
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Yoshimura explained that any mechanical stresses which developed in the structure, resulting
from thermal expansion mismatch during sintering as proposed by Schubert and Petzow (1988)
have a destabilisation effect on the tetragonal phase. Masaki (1986) supported this argument
and believed that reducing the defects in the sintered body will lower the chance for monoclinic
nucleation resulting from ageing. He added that deterioration in strength as a result of ageing
was mainly due to water molecules reacting with Yp3 or Zr02 at grain boundary regions,
causing the zirconia particles to lose coherency with the matrix.
A further development of Yoshimura theory was proposed by Lawson (1993). The model simply
considers that water attack of the zirconia (or stabiliser) at the surface would create stressed
sites. Simultaneously, thermally activated dipole reorientation also creates fast diffusion paths
for OH- into the zirconia lattice. The combination of these stresses, in addition to residual
stresses from thermal expansion anisotropy of the (t)-Zr0 2 grains results in the initiation of a
monoclinic nucleus. Once initiated, autocatalytic propagation of the monoclinic phase occurs,
with or without further water attack. Lawson found that there is no incubation time and that the
rate of transformation is constant, i.e. the phase transformation reaches saturation immediately
and grows inwards linearly with time.
The role of water in triggering the (t) to (m) phase transformation in yttria-tetragonal zirconia
polycrystals was also studied by Sato et al. (1985a; 1985b) and Sato and Shimada (1985a).
The ageing model proposed by them is, in fact, analogous to the mechanism suggested by
Michalske and Freiman (1983) for stress corrosion in vitreous silica when exposed to water
containing environments. Sato's mechanism suggested the formation of Zr-OH on the surface,
involving the chemical reaction between water and Zr-0-Zr bonds at the crack tip to form two
Zr-OH groups as shown schematically in Figure 3.

\I/
\I/
I
I
'-ff .....o _ . .
'-o
I
I
/1\
/I\

'b

Zr

'b

H-0

\I/
I

H-:0

H/

'b

Zr

0

_..

I

H
H

I

0

I
/1\
'b

Figure 3. Reaction scheme expected for reaction between water and Zr-0-Zr bonds
at crack tip. (After Sato and Shimada, 1985a).

Sato felt that the introduction of OH- in the zirconia lattice biases the activation energy of the
(t) to (m) phase transformation by releasing the strain (Garvie, 1978) which acts to stabilise
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the tetragonal grains instead of creating stress as suggested by Yoshimura et al. (1987). This
diminution of stabilising strain would allow the acceleration of growth of any pre-existing crack
on the surface. As a consequence, water penetration and reaction could proceed easily in
subsurface regions thus accelerating monoclinic nucleation. This formation of hydroxide groups
causing the release of strain which acts to stabilise the tetragonal phase was also suggested
by Shigematsu et al. (1989) and Shimizu et al. (1993).
Stress corrosion cracking due to the reaction between water and Zr-0-Zr bonds at the crack
tip was also suggested by Matsui et al. (1988) as a possible hydrothermal degradation
mechanism i.e. in agreement with Sato and Shimada. The authors witnessed that the
degradation from surface to body due to phase transformation proceeded more rapidly in
water than in air. The transformation was accompanied by a large volume expansion, such
that a compressive stress occurred parallel to the surface while a tensile component was
perpendicular to the surface. As a result, microcracks were formed near the surface layer
which ultimately propagated into subsurface regions creating a new avenue for water
penetration and facilitating transformation.
This idea of Zr- (or Y-) OH formation as the principal mechanism for degradation of Y-TZP
ceramics has not been universally agreed upon. Saka et al. (1986), Kuroda et al. (1986),
Nakanishi et al. (1986) and Shigematsu et al. (1989) suggested that 0 2- diffusion into the
zirconia lattice was responsible for the transformation. Yoshimura disapproves of this idea
and thinks that OH- rather than 0 2- is the key player in the degradation, since OH- has the
ability to diffuse faster than 0 2-. In this argument, Sato and Shimada agree with the view of
Yoshimura and strongly favour the formation of Zr-OH at the surface although both the authors
had different views on how the hydroxide formation triggers the phase transformation.
Lepisto and Mantyla (1989) also studied the ageing behaviour of zirconia ceramics by
exposing 3 mol% Y-TZP in an autoclave containing superheated steam at 150°C and 19.85
kPa. The surface of the samples was analysed before and after the exposure by using XPS I
and IR spectroscopy. Evidence of the presence of the OH-group in the degraded surface was
confirmed by IR spectra and the XPS-spectrum. The presence of OH- was not detected in ,
subsurface regions of the transformed layer when aged samples were examined by XPS
under vacuum conditions. This result implied that the hydroxides detected in the degraded
surface layer could be from the reaction with the ageing medium. Recently, Kim (1997)
suggested that the existence of Hp in the zirconia lattice is not a prerequisite for phase
transformation. He believed that the amount of residual stress developed in the (t)-Zr0 2 plays
a major role in the degradation process. Therefore, it can be inferred that Zr-OH formation at
the surface would trigger the phase transformation and further water attack may not be
necessary for the degradation to proceed. Once initiated at the surface, the degradation may
proceed autocatalyticaly as suggested by Lawson (1993) and Lofthouse et al. (1995).
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Other workers including Hecht et al. (1987) and Hughes et al. (1993; 1994) have also dismissed
the idea that products such as Zr-OH, YOOH and Y(OH) 3 were the initiators of the (t) to (m)
phase transformation. They found evidence to show that hydroxide plays no significant role
during the exposure time required for the surface to be saturated with monoclinic phase.
Small amounts of Zr-OH were only detected after prolonged exposure to moist air at 200°C or
in autoclave treatment at 170°C while Y-OH was only observed after autoclave treatment at
170°C. Hughes et al. went on to suggest that hydroxide formation should only be regarded as
symptomatic of the degradation.

Corrosion of Grain Boundary Glassy Phase
The role of impurities is at least two fold i.e. in modifying the defect distribution near the
surface and in providing a grain boundary protective layer via the presence of glassy phase.
The role of glassy phase in Y-TZP in preventing degradation during ageing has been studied
by Lawson et al. (1996), Tan et al. (1996), Lange et al. (1986) and Macartney (1987). Macartney
detected a thin-1.5 to 2 nm amorphous layer (mainly Si02 phase) coating the grain boundaries
with any excess concentrating in pockets at triple junctions. Ageing tests were conducted in
an autoclave in steam at 250°C. The samples with the highest amount of glassy phase degraded
the least hence disproving stress-corrosion attack of the glassy phase as responsible for
hydrothermal degradation . A similar observation was noted by Lange who dismissed the idea
of water-induced stress corrosion of the intergranular glassy phase which was further supported
by TEM results of Schmauder and Schubert (1986).
In contrast, Lawson et al. (1996) who investigated three different Y-TZP powders manufactured
under different conditions with different amounts of Si02 impurity in the powders, found that
Y-TZP samples having the highest grain boundary silicate phase degraded the most in corrosive
environments but not under hydrothermal conditions.
c

Hughes et al. (1994) investigated the ageing behaviour of two different commercially available
3Y-TZP powders (TS3Y and HS3Y) and found that both ceramics attained similar monoclinic
saturation levels but at different rates. In the HS3Y material, the subsurface region transformed
with slower kinetics than TS3Y samples which were manufactured from a high purity powder.
Hughes and Badwal (1991) attributed the slower kinetics to the difference in composition of
the grain boundary impurity phase of both materials. According to Hughes and Badwal, the
impurity forming the glassy phase could have neutralised surface vacancies by co-ordinating
with them thus hindering the penetration of water.
It has been suggested by Lawson et al. (1996) that the poor acid and alkali corrosion resistance
of certain Y-TZP samples was due to attack of the Si02 rich grain boundary phase. Leaching
of the layer occurs which acts to protect the (t) phase thereby inducing the phase transformation
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to (m)-phase. In addition, the chemical analysis of the solution after autoclave treatment by
Hughes and Badwal (1991) and Hughes et al. (1993) revealed small amounts of Si (- 3 ppm)
was present and enrichment of Si 4 + ions on the external degraded surface after ageing was
also confirmed by Moser et al. (1993). These results points to the fact that dissolution of the
impurity phases from the ceramic had occurred during ageing.
Various other workers including Ruhle et al. (1984), Tsukuma and Masahiko (1985), Tsubakino
et al. (1991; 1993) and Ramesh et al. (1996; 1997) also suggested that corrosion of grain
boundary glassy phase was responsible for the degradation of Y-TZPs.

Destabilisation Mechanism
Lange et al. (1986) who initially proposed that the ageing phenomenon of TZP ceramics was
a result of stress-corrosion of the grain-boundary phase, later reported that the glassy phase
played no role in the degradation process. The authors prepared Y-TZP samples containing
grain-boundary phases that were subsequently subjected to ageing in humid environment.
TEM examination of the degraded body revealed no sign of grain boundary corrosion and the
glassy intergranular phase appeared to remain intact.
Further work was then carried out by the same authors. They prepared a thin foil of 6.6
mol% Yp 3 - Zr02 which consisted mainly of large (> 1 µm) cubic grains but occasionally
accompanied by small {0.1 µm - 0.3 µm) tetragonal grains dispersed within the cubic matrix.
The thin foils were examined before and after exposure in steam at 250°C for up to 18 hours.
After the ageing treatment, Lange et al. observed clusters of small crystallites - 20 nm to 50
nm in size, which bridged gaps in the foils and which upon examination by EDAX was confirmed
as yttrium rich clusters. These clusters consisting of small yttrium-rich crystallites were
identified as a-Y(OH) 3 and were frequently found adjacent to transformed monoclinic and
cubic grains.
Lange proposed that water drew out a certain amount of yttrium from a small volume element
on the grain surface, as a consequence destabilising this yttrium deficient region and provoking
monoclinic nucleation. This monoclinic nucleus grew by further depletion of yttrium until a
critical size was exceeded when further yttrium depletion was not necessary as the monoclinic
nucleus would spontaneously grow to fully transform the tetragonal grain in which it was residing.
Lange explained that the volume expansion and shear strain associated with the transformed
surface grain will produce microcracks only if the size of the grain is greater than a critical
value. When this occurs, subsurface tetragonal grains will be exposed to water attack allowing
the nucleation and growth of new monoclinic regions. If the transformed grain is less than the
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critical size, nucleation, growth and transformation of subsurface tetragonal grains will be
limited by the long-range diffusion of yttrium to the surface. Lange explained that his mechanism
considered that only short-range diffusion of yttrium is required for triggering the phase
transformation and this explained why material having grain sizes less than the critical value
had better anti-degradation properties.
Winnubst and Burggraff (1988) supported the idea of Lange et al. regarding the
formation of a-Y(OH) 3 after the reaction with water. By using Auger electron spectroscopy
(AES), they detected a high concentrations of yttrium up to 30 - 40 mol% on the degraded
Y-TZP surface. As a result, regions of tetragonal grains which on experiencing yttrium deficiency
would transform to the monoclinic phase, a theory supported by Moser et al. (1993).
Other degradation studies of yttria-stabilised zirconias when exposed to molten salt
environments containing compounds such as Na2S04 , PbS04 , NaV03 , and PbO at 700°C 1000°C were carried out by Barkalow and Pettit (1979), Nagelberg (1985), Hamilton and
Nagelberg (1983; 1984), Jones and Williams (1987; 1990), Swab and Leatherman (1989a;
1989b; 1992) and Stournaras et al. (1995). All these authors have provided some evidence to
support the theory that the leaching of yttria from the zirconia matrix was responsible for the
destabilisation of the tetragonal or cubic structure.
Wang and Stevens (1989) have also expressed interest in the ageing model proposed by
Lange et al. (1986). However, the authors further suggested a two-step mechanism to explain
the structural instability of Y-TZP ceramics :

Step 1
Nucleation Process. Numerous transformations of (t) domain where the Yp 3 content is
lower than an average value (depleted in Yp) or in regions where some defects exist, such
as cracks, etc.
Step 2
Growth Process. The propagation of the small transformed zones to complete the phase
transformation.
Tsubakino et al. (1991; 1993) also support the proposal of Wang and Stevens based on their
initial observation that the addition of Alp3 to 3Y-TZP was beneficial in retarding the population
of monoclinic nuclei in the subsurface layer. Tsubakino et al. suggested that the (t) to (m)
phase transformation observed in 3Y-TZP with or without additives occurred isothermally and
increased sigmoidally (S-shaped) with ageing time, which indicated typical nucleation and
growth kinetics. They concluded that a nucleation and growth process associated with a certain
diffusion species was responsible for the low-temperature degradation in Y-TZP ceramics.
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This leaching of stabiliser which in turn caused destabilisation of the tetragonal phase has yet
to be accepted universally. Hernandez et al. (1991a; 1991b) did not agree with Lange's
hypothesis that the formation of a- Y(OH) 3 was the reason for degradation nor with Yoshimura
et al. (1987) who postulated that an anion (OH-) diffusion process initiated the (t) to (m) phase
transformation. Hernandez et al. (1991 a) who carried out an XPS study on hydrothermally
degraded TZP surface, found compelling evidence that the OH- groups reacted with Yp 3 to
form a stable room temperature compound i.e. oxyhydroxide YO(OH). The authors explained
that the degradation started on the surface of the tetragonal grains with the formation of YO(OH)
and which was accompanied by growth of pure zirconia embryos that are coherent within the
Y-TZP matrix. These tetragonal embryos will grow and transform to the monoclinic phase
when their size exceeds a critical value. The accompanying volume expansion will induce
micro- and macro-cracking and surface spalling as reported by Ramesh (1997). As a result,
subsurface grains will be exposed to further water attack.
The dissolution of yttria or zirconia was not detected in the test medium during ageing by Sato
and Shimada (1985a), who therefore do not support the mechanism of Lange et al. or
Hernandez et al..
Lintula et al. (1989) who analysed the yttrium content in the as-received and transformed
layer of Y-TZP after treatment in boiling water reported that the level of yttria was unchanged,
thus indicating that no yttrium depletion had taken place. In addition, with the aid of ESCA, the
authors detected hydroxyl groups at the material surface but not in the transformed layer. This
was further confirmed by an IR - spectroscopy study. The results obtained from XRD studies
showed that no significant lattice parameter variations of the tetragonal phase were observed
during ageing. Therefore the authors concluded that the degradation phenomenon was not
caused by yttrium depletion or hydroxyl formation.
Similarly, Kim et al. (1995; 1997) also excluded the involvement of Yp 3 depletion during lowtemperature ageing. They found that sample (3Y-TZP) which was previously aged at 220°C
and then annealed at 1200°C exhibited higher (t) phase content than the as-sintered sample.
This observation suggests that the leaching of Yp 3 could not have occurred during ageing.
Stress-Induced Transformation
The presence of monoclinic or cubic grains in the tetragonal matrix can create destabilising
stresses which are attributed to the anisotropy of thermal expansion resulting from cooling
after sintering. Schubert (1986), Schmauder and Schubert (1986) and Schubert and Petzow
(1988) have shown that there is a correlation between the stress state of a tetragonal grain
with the phase transformation.
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Schmauder and Schubert's work was based on a TEM prepared thin foil sample (2 mol%
Y-TZP) which was sintered at 1500°C for 2 hours. This sample was initially examined and
photographed in the TEM, then removed and exposed in humid air at 250°C for up to 168
hours, and subsequently re-examined in the TEM with the same orientation prior to the
exposure. A schematic representation of this sample is shown in Figure 4.

as - sintered

aged, 168 h, 250°C, humid air

Figure 4. Schematic diagram of the TEM sample before and after ageing in humid
air at 250°C for 168 hours. Note that unconstrained grain (position 4) did not undergo
the phase transformation. (After Schmauder and Schubert, 1986).

The authors found that protruding unconstrained, surface faceted (t) grains (position 4) were
stable against degradation. In contrast, nonprotruding constrained grains in positions 2 and 3,
both having similar surface area in contact with the environment were twinned as a result of
phase transformation. A comparison between grains in positions 2 and 4 indicates that they
should have a similar free surface area and, therefore, a similar surface energy status. However,
these grains behaved differently during exposure which suggests that the surface energy
term is not the dominating factor influencing the (t)-phase stability. Schmauder and Schubert
inferred that the stress situation of the grains was the prime factor governing the phase stability.
Stresses which have the same sign as the component of the transformation tensor are known
to assist the transformation, that is, shear and tension are destabilising, whereas compression
is stabilising. The shear component is normally the largest and therefore most likely to nucleate
or control the transformation (Schmauder et al., 1984). These misfit stresses which originate
mainly from the anisotropy of thermal expansion increase in magnitude during cooling from
the sintering temperature.
Schubert (1986) went on to suggest that the anisotropy of thermal expansion is strongly
dependent on the yttria content. This statement was supported by finite element calculations
which showed that 2 mol% Y-TZP had higher anisotropy hence resulting in higher shear stresses
than the 3 mol% Y-TZP.
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In Figure 5, a schematic diagram of the maximum shear stress variation in the vicinity, X, of a
constrained and unconstrained grain for both 2 and 3 mol% Y-TZPs, are shown. Although the
curves for 2 and 3 mol% Y-TZP are identical, the stresses for the former ceramic at any
position, Xn, from a grain corner are higher. In the case of a protruding grain or an unconstrained
grain (profile c in Figure 5), however, only the interface to the matrix is stressed but later
decreased to zero regardless of Yp3 content. These grains will be able to accommodate the
stresses by simply changing shape.
The size of the grains is another important factor governing the (t) stability. In Figure 5, the
profile (d) and (e) represents the stress curves for a large and small grain size respectively. It
can be observed that in a given small volume element, X", the larger grains will have higher
stress level than the smaller ones, i.e. monoclinic nucleation would be easier in materials
having large grain size.
Schubert et al. also believed that the instability of the tetragonal grains during ageing was due
to stress corrosion attack of these grains and favours the formation of yttrium hydroxide as
proposed by Lange et al., not however, by diffusion of ya+ out of the zirconia lattice but by the
self diffusion of water into the lattice. This argument was based on the presence of anion
vacancies introduced in the zirconia lattices in order to maintain charge neutrality and the high
anion mobility of water molecules. The OH- ion is smaller than the 0 2- ion and should be able
to fit into the vacancies more comfortably. Migration into the lattice, however, requires a place
change with an oxygen ion or with another vacancy. Schubert calculated that the self-diffusion
coefficient for the motion of vacancies and for the oxygen ion migration, is almost similar to
the linear diffusion coefficient of the transport mechanism for hydroxide formation. Therefore
stress-corrosion attack of surface grains by water molecules would result in Y(OH) 3 formation.

Figure 5. Maximum shear stress curves acting in the vicinity, X, of a grain corner for
Y-TZP ceramics. Curve (a) an included grain, in the case for 2 mo/% Y2 0 3 (position 1
in Figure 4); (b) an included grain, in the case for 3 mo/% Yp3 (position 1 in Figure 4);
(c) a protruding grain, for any mo/% Yp3 , (position 4 in Figure 4); (d) large included
grain; (e) small included grain. (After Schmauder and Schubert, 1986).
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Further water attack would lead to the formation of microcracks on the surface as suggested
by Matsui et al. (1984; 1988), providing easy paths for the water vapour to penetrate thus
allowing the depletion/nucleation to occur continuously. When the degraded layer reaches a
certain thickness the misfit stresses between the layer and the bulk would result in larger
cracks leading to catastrophic failure.
The yttria distribution has been found to have an influence on the ageing behaviour. Schubert
relates the poor resistance to hydrothermal attack with inhomogeneous yttria distribution and
suggests the existence of a critical composition, Xe;' for a constant yttria content, above which
microcracking could be inhibited. However, Ruhle et al. (1984), Dransfield et al. (1989; 1990),
Lawson et al. (1993; 1994) and Ramesh (1997) observed the opposite trend and they found
that samples having an inhomogeneous distribution of yttria exhibited better resistance to
degradation than the equivalent homogeneous material.
Other Mechanisms
Lepisto and Mantyla (1989) suggested that zirconia reduction and oxygen vacancy annealing
was responsible for the degradation phenomenon of Y-TZP ceramics. The stabilisation of
zirconia when doped with yttria will introduce oxygen ion vacancies in the Zr02 lattices to
maintain local charge neutrality according to the following reaction:

During the water vapour reaction, zirconia dissolution is initiated at grain boundary regions
and proceeds deeper into the bulk as shown by the reaction:

where V"0

=oxygen vacancy.

As a result of the dissolution process, water is formed which allows dissolution/nucleation to
proceed without further contact of the reaction site with the ambient atmosphere. Lepisto and
Mantyla inferred that degradation was the result of dissolution of the grain boundaries which
causes the relief of the internal stresses which stabilises the tetragonal structure as initially
proposed by Sato et al.
The role of oxygen vacancies in the yttria-stabilised zirconia lattice has been related by various
authors to the phase stability of the (t) and (c)-Zr0 2 , phase transformation and properties of
zirconia ceramics (Narita et al., 1988; Badwal and Nardella, 1989; Kountouros and Petzow,
1993; Kim et al., 1995 and Kim, 1997). According to this theory, the stabilisation of any one
zirconia phase at room temperature is possible through the control of oxygen vacancy
concentration in the Zr02 lattice either by doping with lower-valent (i.e. y 3+) or higher-valent
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(i.e. Nb5+) cations than the host Zr4+ cations. Therefore if the concentration of oxygen vacancies
in the zirconia lattice is partly responsible for the stability of the (t) phase, then during ageing,
any mechanism which leads to the reduction in the concentration of oxygen vacancies (i.e.
either as a result of yttrium depletion to below a critical value or the saturation of vacancies by
'unfriendly' species such as H+, 0 2-or OH-) would destabilise the (t) phase.
Kruse et al. (1993) who studied the characteristics of hydrothermally treated TZP ceramics by
elastic recoil detection analysis (ERDA), detected hydrogen atoms in the zirconia lattice. The
. concentrations of hydrogen after the ageing were much higher (by a factor of 3) than the
number of oxygen vacancies in the structure and therefore was more than sufficient to fill up
the vacancies. The authors went on to suggest that destabilisation of the material was due to
the filling up of oxygen vacancies with hydrogen ions from the environment. However, the role
of hydrogen in inducing the transformation was not clearly defined in this ageing mechanism.
Narita et al. (1988) suggested that water vapour reacts and dissociates at the surface of YTZP to produce interstitial hydrogen ions and oxygen anions which annihilate anion vacancies.
As a result, the reduction of anion vacancy concentration in the zirconia lattice led to the
destabilisation of the tetragonal phase. In contrast to earlier work showing weight losses on
ageing (Ramesh, 1997), Narita et al. observed an increase in body weight during ageing
(which was attributed to the accumulation of hydrogen ions and oxygen anions) and a partial
recovery of the mass after subjecting to thermal treatment at 1000°c. The increase in body
weight during ageing has also been confirmed by Shigematsu et al. (1989) and Narita et al.
(1988). Shigematsu et al. (1989) attributed the increasing sample weight to the increase in
monoclinic phase formation resulting from new Zr-OH bonds being created in the tetragonal
lattices. However, Narita et al. (1988) suggested that the reduction of oxygen vacancy
concentration was responsible for the transformation.
In order to build an in-depth understanding of these phenomenon, Narita et al. (1988) carried
out further annealing trials accompanied by gas chromatography analyses (on pre-aged
samples heated to and above the martensitic start temperature which is typically 300°C-600°C
depending on grain size and yttria content) in an argon atmosphere. Interestingly, they detected
significant amounts of hydrogen being released from the surface of the samples when compared
with that of oxygen. Therefore, the authors suggested that some of the vacancies in the lattice
were occupied by neutral oxygen which has an ionic radius smaller than 0 2- and played no
role in the stabilisation of the tetragonal phase. Instead, these neutral oxygens would prevent
annihilation of oxygen vacancies by being a neutral resident and hence enhancing tetragonal
phase stability due to the reduced number of vacancies available for annealing during ageing.
The roles of 0 2-, OH- and anion vacancies in the degradation of Y-TZP ceramics in moist
environments by the application of surface-analysis techniques were undertaken by Hughes
et al. (1993; 1994). The authors concluded that the destabilisation of Y-TZP ceramics was
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related to annihilation of anion vacancies (V" 0) by 0 2- anions which resulted from the
decomposition of either 0 2 or Hp at the surface of the ceramic and not to the formation of any
hydroxide species.
These workers explained that during the initial stage of phase transformation, the production
of oxygen anions is due to the dissociation of Hp :
0-Zr-V"o-Zr-O + Hp .-

2Zr-OH + 0 2-

As a result, the surface becomes saturated with 0 2- which sets up a strain field within the
surface of the grains thus triggering the (t) to (m) phase transformation. It is emphasised that
this attack proceeds not only at the external surface but more importantly, in the grain boundary
network near the surface. The authors also inferred that the presence of impurities at grain
boundaries could modify the ageing kinetics possibly through decreasing the population of
V"0 via co-ordination of oxygen in the glass phase to these sites.
In other research, Saka et al. (1986) and Kuroda et al. (1986) who obseNed that the (t) to (m)
phase transformation was significantly suppressed when Y-TZP samples aged in dynamic
vacuum as compared with those annealed in a static vacuum or in air, suggested that water
vapour alone cannot be responsible for the degradation. These authors believed that oxygen
is responsible for the degradation. It was proposed that during the exposure, oxygen exchanges
would take place (a thermally activated process) between the environment and the surface of
the Y-TZP. These oxygen anions will then occupy the monoclinic sites rather than the tetragonal
regions, since the latter polymorph is thermodynamically stable at low temperatures. As a
result, cations moved from their original positions, thus permitting the (t) to (m) phase
transformation to proceed.
Kim (1995; 1997) proposed that the limiting step for low-temperature ageing (LTD) is the
diffusion of oxygen vacancies from the surface into the interior which resulted in an accumulation
of residual stress. This process would distort the Zr-0 bonds near the surface thus facilitating
Hp diffusion and reaction with the Zr-0-Zr bond. Kim arrived at these conclusions after
examining the effects of alloying Tap5 and Nbp5 to 3 mol % Y-TZP and subsequently ageing
them in moist air, dry air and vacuum at 100°C - 265°C. He found that LTD was an isothermal
process and the activation enthalpy for LTD process (- 83 kJ/mol) was close to that for the
diffusion of oxygen vacancies in 3Y-TZP (- 88 - 89 kJ/mol) at temperatures below 500°C
(Weller and Schubert, 1986).
More recently, Ramesh ( 1997) investigated two different commercial Y-TZP powders which
were manufactured using different processes (i.e. coated and co-precipitated method) and
found that the Y-TZPs exhibited variations in sintering behaviour (Ramesh et al., 1996a) and
hence ageing characteristics. Coated ceramics having an inhomogeneous yttria distribution
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with higher enrichment factor at grain boundary regions are more resistant to ageing than the
homogeneous co-precipitated Y-TZP. Further tests carried out such as impedance spectroscopy
study (Bowen et al., 1998) revealed that the grain boundary regions are more involved in the
ageing process than the grain interior. Following consideration of the experimental evidence
presented in the literature and the results obtained by these authors, an ageing model was
tentatively proposed, see Figure 6.

Absorption/Chemical reaction

Stress built-up/Monoclinic nucleatio1

HzO
v;,;ff/,M/),!/;,;;,;,.,,///ff/i /&/,0w;,;&//&£~tragonal Surfaflf:w/),!ff/),!),!),!ff/),!ff/),!ff/),!ff/&,.,,/,M;,;),!/;;,

- zr -

I

o-

zr -

,------zr-OHOH-

f \

I

r r

\\,

l

-y-- D -Zr-

o

Zr 1

I .

l
1/
o

\,,-:-v - - 0 -zr-7

t;.:::;;;;;.-JJ/
(m)-phase transformation
accompanied by micro- and
macro-crack formation.
Figure 6. A schematic diagram showing the reaction of hydroxyl ions on the tetragonal
surface of Y-TZP ceramics (After Ramesh, 1997).
According to the model (Figure 6), during ageing, hydroxyl ions from the water molecules
react chemically with either Zr or Yin particular, near grain boundary regions to form Zr-OH or
Y-OH at which point stressed sites are created causing monoclinic nucleation. This was
supported by the impedance spectroscopy results of the aged samples which revealed that
the changes in the grain interior resistivity was not as high as for the grain boundary resistivity
after ageing (Ramesh, 1997). The initial stages of ageing are in accordance with steps 1 and
2 of Yoshimura's model.
Further ageing results in the propagation of a (m) phase via grain boundary regions with
concomitant stress accumulation. This stress combined with that created in the Zr0 2 lattice
due to volume expansion associated with monoclinic formation results in micro- and macrocrack formation . This phenomenon was supported by microstructural observations of the aged
co-precipitated sample which revealed severe cracks developed in the bulk material resulting
from the relief of the stresses created during ageing (Ramesh, 1998).
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SUMMARY
In general, zirconia ceramics which include Mg-PSZ (Swain, 1985), Ce-TZP (Sato and Shimada,
1985b), Ca-TZP (Pampuch et al., 1988) and Y-TZP (Ramesh et al., 1997) are susceptible to
low temperature degradation in humid environments resulting in a (t) to (m) phase
transformation. Many workers have attempted to elucidate the ageing mechanisms of Y-TZPs
as discussed earlier in this paper, but a universal consensus is yet to be achieved. The proposed
mechanisms are conflicting and confusing mainly because of the different starting materials
used in each experiment. It has been accepted that water which can be present in the form of
liquid, vapour or in other solutions is the catalyst of the phase transformation. However, there
is a debate about its exact role in triggering the phase transformation. As far as the degradation
mechanism is concerned, it is apparent that no single model exists which can successfully
explain all of the experimental observations pertaining to the ageing-induced (t) to (m) phase
transformation. Figure 7 summarised the ageing mechanisms which have been used to explain
the ageing phenomenon in Y-TZP ceramics.
- ' 'stress-corrosion of tetragonal phase a·Corrosion
Mechanism

Destabilisation
Mechanism
·

'Corrosion of grain boundary glassy phase

f----

Nucleation and Growth Process

' Ageing ··
Mechanisms
Stress-induced
Transformation

Annihilation of anion vacancies

Other
. Mechanisms

Grain boundary attack

Figure 7. Simplified diagram showing the current ageing mechanisms for Y- TZP ceramics

Hence, this review has revealed that the severity of degradation in terms of the transformed
monoclinic layer propagation rate, saturation monoclinic content and the nature of failure in
any one Y-TZP system is dependent on salient factors such as yttria distribution, grain boundary
composition, yttria content and grain size.
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