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Abstract

Low temperature ageing degradation at 260n air of 2.5 mol% Y-TZP with various grain sizes has been investigated by using specimens
in the form of discs of 8 mm diameter and 1 mm in thickness. The increase in tetragonal grain size, as well as some cubic phase, were attained
by heat-treating 0.8m fine grain size Y-TZP at 165 for different times. XRD and Raman spectroscopy analysis were used to evaluate
the amount of tetragonal to monoclinic (t—-m) phase transformation after different ageing times’@tia5fr up to 900 h and its effect
on strength was measured by using the biaxial ball-on-three-balls test. It is shown that transformability under ageing conditio@s at 250
increases with tetragonal grain size. Raman analysis was done punctually at various distances form the edge of the aged samples and it i
shown that the nucleation of monoclinic sites begins at the edge of the samples and that the depth of the transformation zone varies with the
distance from the edge to the centre of the samples. Biaxial strength always decreases with ageing time and is influenced by the presence of
micro and macrocracks formed at the surface centre of the aged samples. This depends strongly on the tetragonal grain size and on the dept
of the transformed layer at the central part of the discs.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction 2-3mol%, a well-known family of ceramics, called yttria-
tetragonal zirconia polycrystals (Y-TZP), is obtained. The
Zirconia ceramics present a good combination of frac- Y-TZP microstructure is mainly formed by fine tetragonal
ture toughness (4-15MPdfR) and mechanical strength grains of about 0.2—0,5m of average grain diameter. On the
(500-1000 MPa) which makes these materials good candi-other hand, if a large amount of stabiliser is added, another
dates for structural applicatioAg.hese properties are related  family, called PSZ (partially stabilised zirconia) ceramics, is
to the stress-induced phase transformation of tetragonal zir-formed, and which is characterised by fine precipitates em-
conia into monoclinic symmetry (t—m). It is well known that bedded in a coarse cubic matrix.
such phase transformation is accompanied by an increase It is well known that the strength of Y-TZP may decrease
in volume of~4% that may induce compressive stresses in drastically during ageing in air at temperatures between 100
the crack waké. The tendency of the tetragonal phase to and 400°C.37® At these temperatures, the t-m phase trans-
transform to monoclinic crystallographic structure depends formation is activated by the environment and the volume
on the amount of stabilising oxide §03, CeG, MgO, etc.) expansion that takes place can generate microcracks in the
that is incorporated into the crystalline unit cell of zirco- transformed surface, thereby degrading the strength
nia for stabilising the tetragonal form at room temperature. and surface properties of the material. There are many
By adding small amounts of 203 to pure zirconia, about = mechanisms that have been put forward to explain the low-
temperature ageing phenomenon of zirconia cerafits.
It is worthy mentioning the mechanism proposed by
* Corresponding author. Tel.: +34 93 401 07 12; fax: +34 934016713 Lange et aP and confirmed later by Li et &l.using XPS
E-mail addressadrian.feder@upc.es (A. Feder). analysis. These authors proposed that there is a reaction
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between water molecules and,®; at the surface of Unfortunately, this high transformation capability due to
Y-TZP resulting in the formation of small crystallites of the presence of large tetragonal grains may induce a strong
Y(OH)3 of nanometric size (20-50nm). Thus, a tetrag- degradation when exposed at low temperatures during large
onal surface grain is destabilised and transforms to the periods of time. Therefore, the main objective of this paper is
monoclinic structure when water vapour draws out a suf- to investigate the ageing behaviour of Y-TZP with different
ficient amount of yttrium. After this, growth of monoclinic  tetragonal grain sizes, between 0.30 and .87 These are
sites can continue spontaneously without further yttrium obtained by heat-treating Y-TZP samples at 185@luring
diffusion. 1 and 2 h without modifying the overall amount of stabilising
Recently Guo and H& has observed that 8 mol%,®3 oxide (Y203) in the microstructure.
doped cubic-Zr@ pellets cracked after exposing to 2x6
10~2 atm. water vapour at 25@ during 2 years. XRD and
TEM analyses have shown the presence of a small amoun2. Experimental procedure
of m-phase. The explanation given by the authors is that dur-
ing ageing, c-Zr@transforms to t-Zr@ and then to m-Zr@ The starting material was Y-TZP stabilised with 2.5 mol%
because of the annihilation of the oxygen vacancies. Y »03in the form of rods of 8 mm in diameter. Its microstruc-
Itis now well established that this low temperature ageing ture consisted of tetragonal phase (volume fraction >99%)
degradation is characterised by: (a) t—-m transformation pro- with 0.3um mean size. Slices in the form of discs of 8 mm in
ceeds from the surface to the interior; (b) when degradation diameter and about 1 mm in thickness were cut from the rods
occurs in air, from all constituents of air, only water vapour and they were polished using diamond pastes of 30 qud.6
is responsible; (c) increasing the amount of stabilising oxide The discs were then heat-treated in air at 185@uring 1
(i.e. increasing oxygen vacancies) or decreasing the tetrago-and 2 h and the resulting materials were referred to as 1H
nal grain size, can retard the degradation. and 2H, respectively. Then, the samples were aged &tQ@50
With regard to the last point, it should be noticed that the in air during periods of time up to 900 h. The microstruc-
study of the influence of tetragonal grain size on the me- tural analysis was conducted by using scanning electron mi-
chanical behaviour of Y-TZP has been often conducted by croscopy (SEM) and X-ray diffraction (XRD). Atomic force
changing the amount of stabiliser in order to obtain a larger microscopy (AFM) analysis where also done at the surface
stable tetragonal grain size at room temperature. Thus, ac-of tetragonal and cubic zirconia grains after ageing experi-
cording to the work of Landé the critical tetragonal grain ~ ments. This technique may be useful to analyse the presence
size for t—-m transformation increases withQs content, be- of monoclinic twins that are formed during ageing due to t-m
ing about 0.5um for 2.5 mol% Y>03. However, as reported  transformation.
by Ruiz and Readéy and Casellas et &f a larger and sta- The amount of monoclinic phase at the surface of the aged
ble tetragonal grain size, as well some small amount of cubic samples has been evaluated as a function of the XRD inten-
phase, can also be obtained by heat-treating Y-TZP at highsities of (1 1 1) tetragonal peak and (11 1) and 1) fnono-
temperature without recurring to increase the yttria content. clinic peaks according t&?
The average tetragonal grain size that results is surprisingly —
nearly three times larger than this critical value. This has ogm — m(211)+ m(111) 1)
the additional benefit of an increase in the fracture tough- t(111)+ m(111)+ m(111)

ness without decreasing the fracture strerigtfihus, the  Raman microprobe spectroscopy technique was used in order
fracture toughnes() increases from 4.4 MPa'f (2.5Y- to study the t—-m transformation at the surface and at various
TZP)to 7.4MParh/? after 2 h of annealing at 165€. This  gepths on some of the aged samples. A Jobin lvon T64000
enhancement df,c is rationalised by the higher transforma- raman spectroscope with an Ar laser with a wavelength of
tion capability of the microstructure. The transformability 32 nm was used. The diameter of the zone analysed varies
of a tetragonal grain is quoted by a critical diamet¢g, between 1 and 1@m for the depth and surface studies, re-
which is affected by the amount and type of stabiliser as gpectively. The amount of monoclinic phase determined by
well as by internal stressé$ The presence of large tetrag- using this technique was calculated by taking into account
onal grains that are stable at room temperature has been ashe area of the tetragonal bands at 148 and 264cand

sociated to the presence of cubic phase that results in any¢ the monoclinic doublet at 181 and 192 chaccording
increase inDcr because the level of internal stresses is .14

reduced-%13
Theincrease in transformability of larger tetragonal grains 181192
in the heat-treated samples was analysed by Raman specym = 0.65+0.39log eIz 1348 4 264 (2)

troscopy in a previous work! It was found that the height of
the transformation zone around a crack induced by Vickers = The mechanical strength was evaluated by using the biax-
indentation in heat-treated samples was ranging from 16 toial ball-on-three-balls method. In this test the samples were
28 m, which are clearly larger than those measured in the supported on three tungsten carbide balls positioned at 120
starting Y-TZP &3 um). one from each other. The load was applied in the centre of
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the opposite side by using another ball. The support of the
samples was on a circumference of radius equal to 3mm. The
radius of the balls was of 1. mm. The load was applied with a
crosshead speed of 200 N/s. The biaxial strength at the cen-
tre of the discs was calculated by an equation proposed by
Borger et al 6

o= f% @)

whereP is the loadt is the thickness of the sample afid a
factor given by:

! <£ Ra ) _ o4 (o cat/R+ 3t/ R + calt/ R))
RR")TO 1+ cst/R

(1 + ce%) 4)

The values for the parameters (i = 1,...,6) are given in
terms of Poisson coefficient of the tested sampfes.

3. Results
3.1. Microstructural evolution during ageing at 25Q

The microstructure of the samples resulting from the heat-
treatments at 1650 is shown inFig. L The average grain
sizes of tetragonal and cubic phases, their volume fractions
and maximum tetragonal grain size are giveiale 1 It is
important to note that heat-treatment at 166@uring 1 and
2h of Y-TZP results in an increase in tetragonal grain size (b)
(from 0.3to 1.4um for 2 h) and also in a small increase in the
amount of cubic phase. TEM analysis revealed that the largeFig. 1. Microstructures of Y-TZP samples after the heat-treatments at
cubic grains contain small tetragonal precipitates as shown1650°C during 1h (a) and 2h (b).
in previous work!’ These tetragonal precipitates are formed ) ) o
during cooling from the annealing temperature because theSP€cimens, and it can be seen that the amount of monoclinic
cubic grains become less stable and tend to decompose iPhase increases with ageing time. In the case of the starting
tetragonal ones. The volume fraction of the tetragonal pre- Y-TZP, the monoclinic fraction reaches a saturation value of
cipitates present in the cubic matrix was quantified as cubic @bout 12% after 150 h. Heat-treated samples (1H and 2H)
phase, since the amount of cubic phase was determined fron$now & rapid increase in the amount of monoclinic phase at
observations of the size of the grains at the surface of pol-

ished specimens. The presence of large tetragonal grains (up 100 . T T N A
to 3um) which are stable at room temperature might be re- 90 A1 ]
lated to the presence of cubic phase, which can reduce the 80 - == ]
level of internal stresses associated with thermally induced _ 79 ]
mismatched? 5 0 ]

In Fig. 2it is shown the change in the amount of mon- ;‘ S0 }
oclinic phase detected by XRD at the surface of the aged ;‘g ]
Table 1 2 ]
Average grain size of tetragondDy) and cubic D¢) grains, maximunD; 10 ]
(Dt.max) and volumetric fraction of cubic phas€d) 0g I L L L L L L L ! E

: 0 100 200 300 400 500 600 700 800 900 1000

Material Dy (nm) D¢ (um) Dt,max (kM) V¢ Ageing time (h)
Y-TZP 0.30+0.01 - 0.50 0
1hat1850C (1H)  1.05£0.02 3.45:0.08  1.54 0.19 Fig. 2. m-Phase content evaluated by XRD at the surface of the samples as
2hat1650C (2H) 1.3740.02  3.84:0.10 2.97 0.24

a function of ageing time.
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Fig. 4. Evolution of m-phase evaluated by Raman spectroscopy at the surface
at a various distances from the edge of the 1H and 2H samples for different
ageing times (a) like the scheme in (b).

as can be seen in 1H discsHig. 3a, that is, in this zone the
transformation is easier than at the centre of the discs.

The cracks observed by SEM around the border of 1H
samples (se€ig. 3) indicate that the t—-m transformation
during ageing initiates in this zone. This may be due to a
higher transformability of the grains near the edge in com-
= g s ir parison with those in the central area of the disc. In order
(b) . to analyse this possibility, Raman microprobe spectroscopy

analysis was carried out at various distances from the cir-
Fig. 3. SEM micrographs at the surface of 1H (a) and 2H (b) after 150h of cumferential edge of 1H aged disésd. 4). Raman analysis
ageing. clearly shows that the nucleation and growth of monoclinic

sites begin at the edge of the samples and grow to the centre

with ageing time. It can be seen that the maximum amount
the surface reaching also saturation levels after times longerof monoclinic phase is reached at the edge after 150h in
than 150 and 90 h, respectively. both 1H and 2H samples. So, in this zone the kinetics of

SEM micrographs of the surface of the 1H and 2H t—m transformation is more rapid than at the centre of the
samples are displayed irig. 3 after ageing for 150h. It  discs.
can be noticed the presence of macro-cracks that are the Carefully polished transversal sections of the aged sam-
result of the increase in volume-4%) that accompanies ples were also observed by optical microscapig(5a) and
t—m phase transformation. The amount of cracking is larger Raman analysis was carried out at various depths and dis-
in 2H probably because of the higher transformability of tances from the edge&i). 5 and c). It is found that the
tetragonal grains, and it takes place rapidly during the first thickness of the transformed layer also varies with the dis-
90 h (sedFig. 2). On the contrary, the surface of the starting tance from the edge. Thus, for 1H samples after 150 h, the
Y-TZP is free from cracks after periods of ageing up to depth of the transformed layer at péh from the edge is
900 h despite of the amount of monoclinic phasel2%) ~200um, meanwhile at a distance of 1j#5 from the edge,
detected by XRD. This is explained by the presence of small this depth diminishes te-60um and it is relatively homo-
tetragonal grains~0.3um) in the microstructure, which  geneous at the centre. After ageing for 864 h, the depth of
are more stable against t—m phase transformation. It can alsdhe transformed layer in the same type of sample was larger
be noted that cracking starts around the edge of the discsand less inhomogeneous varying from 258, at a distance
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7[] T T T T T T T T T T
L 1H+ 250 /C 150 hours/

4 Fig. 6. AFM observations of a transformed tetragonal grain at the surface

at 50Lm of 2H sample aged during 648 h.

1 In the case of as received Y-TZP specimens, Raman anal-
] ysis can not detect the presence of m-phase because of the
little amount of phase transformation inside the layer pene-
T T T T e trated by the Raman sigr_1a|. The t—-m transformatipn in these
Depth(tm) samples occurred only in the outer surface grains but the
propagation into the underlying grains was difficult because
1H+ 250 JC 864 hours. of the subcritical grain size of this material.
] To explain the presence of microcracks along the surface in
i the aged samples we should recall that according to L&hge,
the volume expansion associated with t—-m transformation
and the corresponding shear strains induced by twinning will
1 produce a microcrack if the grain size is greater than a critical
] value. For Y-TZP samples there is not cracking at the surface
of the aged specimens. The tetragonal grain siz&Jpm)
in Y-TZP is too small to produce the sufficient stresses for
] initiating microcracking. On the contrary, the microcracks
observed at the surface of samples 1H and 2H E&ge3d)
are related to the large shear strains produced by twinning
during t—m transformation. The larger is the tetragonal grain
Fig. 5. Optical photograph of a polished cross-section of a aged 1H disc Size, Fhe Iar.ger are the Strgsses g§§OC|atgd with tW'n'_q'n.g and
(a) and the evolution of m-phase calculated by Raman spectroscopy in thethe higher is the probability to initiate microcracks inside
polished cross-sections of the aged samples at various depths and distancethe tetragonal grain. This hypothesis is supported by AFM
from the edge for the 1H samples aged during 150h (b) and 864h (c).  observations made at a twinned tetragonal surface grain of
2H samples aged during 648kig. 6). The stresses associ-
of 125um from the edge, to 5@m at the centre of the disc. ated with the formation of the twins should be higher in a
Thus, the Raman results indicate that the t—m transformationlarger tetragonal graiht and, consequently, microcracks are
during ageing is not activated homogeneously at the surfaceformed (marked by arrow). Then, by increasing the ageing
so that the energy to activate this transformation depends ontime, microcracks can propagate and coalesce, resulting in
the position of the grains in the microstructure. The macroc- the formation of macrocracks observedig. 3.
racksthat are formed during ageing facilitate the water vapour ~ To explain the results obtained in this work we have to take
to penetrate inside the samples, in this way promoting the ac-into account various factors which may influence the trans-
tivation of t—-m phase transformation inside the volume. formability of the tetragonal phase in heat-treated Y-TZP.

100pm

80 T T T T T T

% m-phase

() Depth (m)
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Firstly, the results indicate that by increasing the tetrago- 1400
nal grain size and the amount of cubic phase by heat-treating
2.5Y-TZP, the stability againstt—-m transformation assisted by 12004
the environment decreases. This phenomenon may be relatet
to the amount of stabilising oxide and its distribution inside
the tetragonal and cubic grains. According to th&¥—2rO,
phase diagram proposed by Scéthy increasing the anneal-
ing temperature there is a migration ofYions from one
grain to another resulting in the formation of rich yttria cubic
phase and poor yttria tetragonal phase. Thus, the tetragona’
grains which are in contact with cubic ones are more suscepti- ¢
ble to transform to monoclinic phase because of the decrease
in yttria content at the boundarié$. 200

On the other hand, the amount of monoclinic phase de- =
tected by XRD in 1H and 2H aged samples (ség. 2) 0 M 40 60 S0 100 120 140 160 180 200
indicates that, when cubic regions increase (with increasing
annealing time), the XO3 concentration of the tetragonal re-
gions decrease because of the continuous diffusion of yttrium
ions to the cubic regions. Thus, an increased annealing time
results in a small increase of the amount of cubic phase which. =
is equivalent with a decrease of the stability of the surround- <
ing tetragonal grains. These results are in good agreemen
with those obtained recently by Chevalier et3l.

Therefore, the knowledge of the yttria amount and distri-
bution inside and along the grain boundary is very impor-
tant for the design of zirconia ceramics with high stability
in presence of the air humidity. As it may be seerrig. 1,
2H samples which are characterised by a grain size coarsel
than 1H, have tetragonal grains in contact with more cubic
ones than 1H. This means that a tetragonal grain in 2H is
less stable because of the decreased yttria amount at the
boundaries. By contrast, in 1H samples, there are more t/
grain boundaries which mean that the tetragonal grain in this ()
type of samples is more stable against t—m transformation.

The influence of yttria distribution and tetragonal grain Fig. 7. Evolution of piaxigl strength asafunction'ofthe depth of monoclinic
size on the ageing of Y-TZP was analysed previously by var- layer and of the ageing tlme marked at each point (a) and a fracture surface
. . . . of a 2H sample aged during 150 h (b).
ious authors:” Li and Watanab&have shown that increasing
the tetragonal grain size from 0.51 to 0;9% by increasing
the sintering time of 2 mol% Y-TZP from 2to 100 hresultsin ~ In the case at hand, it has been shown that by increasing
an increase in the resistance to t—m transformation activatedtetragonal grain size combined with a slow increasing of the
by water between 80 and 12G. The explanation for this amount of cubic phase, a decrease in the stability of Y-TZP
behaviour was given in terms of yttria distribution at grain tetragonal phase in presence of humidity occurs.
boundaries. These authors propose that the effect of grain
size on transformation induced directly by water results in a
“U"-type relationship between the amount of transformation 4. Evolution of biaxial strength
and grain size. In addition, Tsukuma efdlave studied the
influence of tetragonal grain size on the transformability of ~ The increase in the amount of monoclinic fraction and
Y-TZP by increasing the amount of stabiliser oxide from 2 to microcracks after ageing resulting from t—m transformation
6 mol%. They found that increasing the tetragonal grain size may affect the mechanical strength of the aged samples. In
decreases the resistance against t—m transformation duringhe Fig. 7a it is shown the variation of the biaxial strength
ageing at 200-30QC. Thus, the sintered bodies with tetrag- as a function of the depth of the monoclinic layer measured
onal grain size greater thanuin showed a large amount of by Raman in the cross sections of the aged specimens.
transformation and a remarkable decrease in strength. ButJt can be seen that the biaxial strength in 2H samples
on the other hand, samples which contained grains of aver-is reduced strongly for the depths of monoclinic layer
age size less than Qun showed no significant change of inferiors to that of 1H samples. This demonstrated that the
monoclinic phase content and strength even after 1500 h.  reduction in strength depends principally on the tetragonal

1000

800

1 strength (MPa)
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1axia

400

Monoclinic layer(um)
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is much smaller that for 2H. Generally, for 2H samples, it

600
550 D ~0- 2H discs can be observed that the crack length coincides well with the
~ 500 | ~O~ 1H discs depth of the monoclinic surface layer. This indicates that the
§ 450 | cracks are penetrating the whole surface layer due to the high
£ 40 | stresses associated to the t—m transformation. By contrast,
e 3504 | - .
2 300 | the lower transformability of 1H tetragonal grains presents
2 250] // microcracking only at the surface. To further open this mi-
5 200 ! crocracks, more ageing time is necessary for 1H samples.
150 ,F
£ 100 | _
© ?i&érwr——) o 5. Conclusions
0 200 400 600 800 1000 It has been shown that by heat-treating Y-TZP at 1650
Ageing time (h) by different times, the resistance to low-temperature degrada-
Fig. 8. Variation of the critical crack length calculated by usingHoe (5) tlon_ de(_:reases. This is attributed to the mcrease In tetrago_nal
as a function of the ageing time. grain size as well to the appearance of cubic phase, which
increases the tetragonal/cubic boundaries and depletes the

grain size which influences the microcracking during neighbouring tetragonal grains.
The growth of monoclinic sites begins rapidly at the edge

ageing.
The fracture surface of a 2H sample aged during 650 h of the discs studied, and is more slow at the centre, so that the

is shown inFig. 7b. The t—-m transformation during ageing monpclinic layer is very far from approximately uniform.

has formed macrocracks which are large enough to strongly ~ Microcracks formed on the surface transformed layer are

reduce the biaxial strength. strongly dependent on the tetragonal grain size. By increas-
The biaxial strength of 1H does not decrease drastically ing tetragonal grain size, the shear strains associated with

despite of the presence of microcracks observed by SEM (seghe transformation are increased and microcracking occurs
Fig. 3). The reason may lie in the fact that in the strength test because the mechanical accommodation associated with the

used here the maximum stress is reached in a very small zondormation of twins.

at the centre of the discs, which is just the place where the

transformed layer is thinnest as has been shown previously

for 1H and 150 h of ageing. This could be the reason for the ACknowledgements
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