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Y-TZP ceramics has outstanding mechanical properties and has been used for many engineering applications. However, a
major drawback of this ceramic is the undesirable ageing-induced tetragonal to monoclinic phase transformation resulting in
properties deterioration when exposed to steam environment. In the present work, the effect of sintering temperatures (1200
to 1500 °C) on mechanical properties, microstructure and low temperature ageing behaviour of the sintered Y-TZP samples
were investigated. The sintered bodies were characterized to determine the bulk density, Young’s modulus, Vickers hardness
and fracture toughness. The sintered samples were exposed to superheated steam at 180 °C/10 bar vapor pressure and the
extent of monoclinic phase development were measured at selected intervals. It was found that the relative density and Young’s
modulus of the sintered samples increased with sintering temperature and attained a maximum value of 99% and 211 MPa,
respectively at 1400 °C. On the other hand, maximum Vickers hardness and fracture toughness of 14.4 GPa and 5.07 MPam'?
respectively, was measured at 1350 °C. X-ray diffraction studies indicated that after 24 h of ageing, no traces of monoclinic
phase was found in the Y-TZP having an average grain size of below 0.3 pm. The study found that sintering at 1350-1400 °C
was optimum to produce sintered bodies having good ageing resistant without sacrificing the mechanical properties.
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Introduction 3 mol%). On the other hand, the stability of the
tetragonal particles is dependent on several factors which
Yttria-tetragonal zirconia polycrystals (Y-TZP) are include the yttria content and distribution, processing
increasingly being considered for engineering applications technique and the present or absent of sintering additives
due to combinations of attractive properties including [2,5, 6].
superior strength (> 1000 MPa) [1], high hardness and In addition, the sintering conditions such as sintering
fracture toughness [2], high wear resistant [3], good thermal techniques (e.g. hot pressing, HIPing, pressureless sintering
properties, chemical stability and smooth appearance. and microwave sintering), soaking temperature, holding
These superior mechanical properties of Y-TZP can be time and the ramp rates have a direct effect on the
attributed to a phenomenon known as transformation microstructure of the zirconia and this in turn will
toughening (TT) [4]. In this mechanism, the stress of a influence the mechanical properties of the zirconia.
propagating crack will be absorbed by the metastable Chen and Brook [7] suggested that the temperature has
tetragonal (t) particles in the vicinity and transformed to the the greatest effect on the bulk density of the ceramic
monoclinic (m) symmetry with an accompanying volume rather than the holding time or the ramp rates. Gupta
expansion of ~3 to 4%. The net effect is that higher [8] reported that sintering at 1300 °C and 1500 °C
level of stress would be required to maintain crack caused the density of the zirconia to increase with time
progression, thus explaining the high strength and but sintering beyond 1500 °C was detrimental as the
toughness of the ceramic. The effectiveness of TT, density was found to decrease with time. Lawson et al.
however is controlled, in general by the amount of [9] observed that although a high tetragonal phase
tetragonal phase retained and more specifically the retention (> 99%) could be retained in Y-TZPs sintered
stability of the (t) grains in the structure. The retention at 1250 °C using a long holding time of 12 hrs, the
of the tetragonal structure to room temperature can be hardness of this ceramic was rather low (<9 GPa).
achieved by doping zirconia with yttria (2.5 to However these authors also reported that a two stage
sintering (i.e. pre-sintering at 1250 °C for up to 12 hrs
*Corresponding author: and then firing at 1450 °C for 2 hrs) resulted in enhanced
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Fax: +603-7967-7621 densification, high tetragonal phase retention and good
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However, one of the major problem with Y-TZP
ceramic is the undesirable spontaneous transformation
of tetragonal to monoclinic symmetry when exposed to
humid environment at temperatures ranging from 100-
300°C [10, 11]. This phenomenon known as low-
temperature degradation (LTD) or hydrothermal ageing
spread from the surface into the body of the ceramic, causing
compressive stresses induced by the volume expansion of
the transformed monoclinic grains accompanied by crack
formation and eventually results in fracture of the
ceramic.

The mechanism of LTD still remains a subject of
intense debate, but the presence of water or hydroxyls has
been identified as the catalyst in accelerating the ageing-
induced tetragonal to monoclinic phase transformation.
Different approaches have been experimented to enhance
the ageing resistance of Y-TZP such as altering the
content and distribution of the yttria stabilizer and
decreasing the tetragonal grain size. Some of the
approaches taken have resulted in either a compromise on
the mechanical properties, the use of expensive chemicals
and process equipment and can even be labor intensive.

It is important to preserve the excellent mechanical
properties of Y-TZP, especially the fracture toughness
while suppressing the LTD in Y-TZP. The aim of
present work was to study the effects of sintering
temperatures on mechanical properties, microstructure
and LTD behaviour of commercially viable 3 mol% Y-
TZP powder.

Experimental Procedures

The as-received 3 mol% yttria-stabilized zirconia
powder which was obtained from Kyoritsu, Japan had
a total impurity concentration of about 0.1 wt% with
SiO,, Fe,0;, TiO, and Al,O; as the major impurities.
The Y-TZP powder had a specific surface area of
12 m?*/g and a mean particle diameter of 300 nm. Green
samples in the form of discs (20 mm diameter and
2.5 g) and rectangular bars (4 mm x 13 mm x 32 mm,
3 g) were pressed uniaxially at 0.3 MPa and cold
isostatically pressed at 200 MPa. Sintering of green
samples was done in air atmosphere using a box furnace
(Carbolite, UK) at seven different temperatures, 1200,
1250, 1300, 1350, 1400, 1450, and 1500 °C for 2 h
with heating rate of 10 °C/min. All disc specimens
were ground on one surface by SiC papers of 120, 240,
600, 800, and 1000 grades progressively. Finally the
ground samples were polished with 6 and 1 um
diamond paste prior to testing.

The bulk density of the sintered samples was measured
by water immersion method using an analytical balance
retrofitted with a density determination kit (Vibra HT,
Japan) and the relative density was obtained by taking
the theoretical density of Y-TZP as 6.07 g/cm’. The
Young’s modulus by sonic resonance was determined
for rectangular samples using a commercial testing
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instrument (GrindoSonic: MKS5 “Industrial”, Belgium).
The instrument permits determination of the resonant
frequency of a sample by monitoring and evaluating the
vibrational harmonics of the sample by a transducer; the
vibrations are physically induced in the sample by
tapping. The modulus of elasticity was calculated using
the experimentally determined resonant frequencies,
according to ASTM E1876-97 standard [12].

Fracture toughness (Ki ) and Vickers hardness
measurements (Bowers, China) were made on polished
samples using the Vickers indentation method. The
indentation load was kept constant at 10 kgf and a
loading time of 10s was employed. The values of K.
were computed using the equation derived by Niihara
et al. [13]. Average values were taken from five
measurements.

Phase analysis by X-ray diffraction (XRD, Shimadzu
XD-3A Series, Japan) of the samples was carried out
under ambient conditions using Cu-Ka as the radiation
source operating at 35 kV and 35 mA. The scan was
conducted within the 26 range of 27-36 ° at 0.02° 26
step size and a count time of 0.5s per step under
ambient conditions. The crystalline phases present in the
ceramic were identified by comparing with standard
JCPDS files for (t)-ZrO, (No. 30 1468) and (m)-ZrO,
(No. 37 1484). The fraction of the (t) and (m) phases
were determined using the method of Toraya et al.
[14].

The microstructure evolution of the sintered samples
was observed using a field emission scanning electron
microscopy (FE-SEM, Philips) and the grain size was
measured from scanning electron micrographs using
the line intercept analysis.

The low temperature degradation (LTD) was performed
in an autoclave containing superheated steam at 180 °C/
10 bar for periods up to 200 hrs. The amount monoclinic
phase development was determined by XRD analysis as
a function of ageing time.

Results and Discussion

The effect of sintering temperature on relative
density of the samples is shown in Fig. 1. The lowest
relative density measured was about 94% when sintered at
1200 °C and the densities increased at higher sintering
temperatures. All the samples showed comparative density,
in the range of 98-99% for the sintering temperature above
1250 °C. The maximum density was achieved at 1400 °C-
1450 °C before decreasing slightly when sintered at
1500 °C. This decreased in density could be associated with
grain coarsening at higher temperatures [15]. According to
Inokoshi et al. [16], the decreased in bulk density of
zirconia when sintered as higher sintering temperature of
1650 °C resulted in the partial transformation of the
tetragonal phase into cubic and monoclinic phases thus
resulting in a decreased in density of the Y-TZP sample.

The effect of sintering temperature on the Young’s
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Fig. 1. Effect of sintering temperatures on the relative density of

the Y-TZPs.
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Fig. 2. Young’s modulus variation as a function of sintering

temperature.
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Fig. 3. Effect of sintering temperatures on the Vickers hardness of
Y-TZPs.

modulus is presented in Fig. 2. It can be noted that the
Young’s modulus trend is in good agreement with that
of the relative density. The Young’s modulus of Y-
TZP was low at 178 GPa when sintered at 1200 °C.
However, as the sintering temperature increased, this was
accompanied by an increased in the Young’s modulus to
above 200 GPa. In general, the Young’s modulus of the
ceramics fluctuated between the ranges of 203 to
211 GPa when sintered between 1250 to 1500°C.

The effect of sintering temperature on the Vickers
hardness is shown in Fig. 3. The hardness of the Y-TZP
ceramic increases from a low of 12.2 GPa at 1250 °C to
about 13.9 GPa at 1300 °C and gradually reaching a
maximum of 14.4 GPa at 1350 °C. It can be inferred
that this improvement in the hardness of Y-TZPs was
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Fig. 4. Variation of fracture toughness for Y-TZP sintered at
various temperatures.
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Fig. 5. Effect of sintering temperatures on the average grain size of
the Y-TZPs.

Fig. 6. Microstructure evolution of Y-TZP ceramics sintered at (a)
1250 °C, (b) 1350 °C, (c) 1450 °C and (d) 1500 °C.

due to the enhanced densification of the sintered body
[17]. However, sintering above 1350 °C the hardness
stated to decline, believed to be associated with grain
coarsening associated with the cubic structure. This
trend of Vickers hardness observed in the present work
is in agreement with that reported by other researchers
[17-19].

The influence of sintering temperature on the fracture
toughness, K;. of Y-TZP is shown in Fig. 4. The K, of the
sintered samples increased gradually with temperature
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reached a maximum of 5.07 MPam'? at 1350°C. In
general, the fracture toughness varied between 4.91 to
5.03 MPam'? when sintered above 1400 °C. This result
indicated that the sintering temperature had marginal
effect on the fracture toughness of the Y-TZP. Similar
result was observed by Ramesh et al. [20] and the authors
suggested that it was attributed to the homogenization
over the stabilizer within the ZrO, grains of the Y-TZP
powder, thus resulting in a more stable tetragonal
grains.

Fig. 5 shows the effect of sintering temperature on
the average grain size of Y-TZP. In general, it was
found that the grain size increases with increasing
sintering temperature from 0.2 ym to 0.71 pm as the
sintering temperature increases from 1200°C to
1500 °C. The Y-TZP sintered samples exhibited typical
faceted unimodal grains with no pore inclusions. A
uniform microstructure, composed of equiaxed grains
was observed when sintered at 1250 °C and above.
However as the sintering increases, the grain growth
rate for a few grains were relatively higher compared
to the surrounding grains especially for samples when
sintered at higher temperatures > 1350 °C as evident
from the SEM micrograph in Fig. 6. The large grains
are 3 to 5 times larger than the smaller grains for the
sample sintered at 1500 °C. Larger grain size are
generally observed for higher sintering temperatures
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Fig. 7. Effect of hydrothermal ageing on the monoclinic phase
development in Y-TZPs when exposed to superheated steam as a
function of sintering temperatures.
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and/or long sintering time (above 2 hrs) as is believed
to be that of the cubic grains [21-24].

The effect of superheated steam (180°C and 10 bar
pressure) on the tetragonal (t) to monoclinic (m) phase
transformation of the Y-TZP samples is shown in Fig. 7.
It was found that all samples sintered below 1400°C
exhibited good resistance to LTD with no traces of
monoclinic found after ageing up to 24 hrs. On the
contrary, samples sintered >400°C were susceptible to
LTD but at different rates. Samples with sintering
temperature of 1400 °C and 1450 °C exhibited similar
trend with lower LTD kinetics and achieved monoclinic
saturation level at 90% within 12 hrs of exposure. The
rate of LTD was rapid for sample sintered at 1500 °C,
reaching a saturated monoclinic level of about 80%
within 3 hrs of exposure.

The present work revealed that the saturation
monoclinic volume fraction of Y-TZP samples sintered
at 1400°C and 1450°C reached about 90% after 12 hrs
of hydrothermal ageing and the remaining 10% is
believed to be of the tetragonal and/or cubic phase [16].
However, samples sintered at 1500°C has achieved
saturation monoclinic content of about 80% after exposure
for 3 hrs in superheated steam. It is envisaged that the
cubic grains in this sample could act as a getter to draw
out yttria stabilizer from the adjacent stable tetragonal
grains, resulting in an enrichment of the ytrria at grain
boundary regions of the cubic grains. As a result, the
tetragonal grains that had suffered from yttria depletion
could become unstable and prone to hydrothermal
ageing [21, 25].

The current work has shown that sample with an
average grain size of about 0.7 pm for samples sintered
at 1500 °C was most sensitive to LTD. In contrast, Y-
TZP having grain sizes of 0.14 to 0.28 um (i.e. below
0.3 pm) did not experience LTD as shown in Fig. 8,
but samples with grains larger than 0.3 um showed
considerable phase transformation. Thus, this result
indicated that 0.3 pm seemed to be the critical grain size
below which the Y-TZP is not susceptible to hydrothermal
ageing. This critical grain size observation has also been
reported for other Y-TZPs when exposed to hydrothermal
ageing test [2, 6, 17, 20, 26, 27]. It cannot be rule out that
other factors such as starting powder, type of stabilizer,
stabilizer content and distribution, and test conditions
could also influence the LTD behavior of Y-TZP ceramics
[28].

Conclusions

The influence of sintering temperatures on the
properties and hydrothermal ageing behavior of Y-TZP
has been investigated. The Y-TZP ceramics exhibited
high density when sintered at temperature as low as
1250°C. Both relative density and Young’s modulus of
the Y-TZPs correlated well and increased with sintering
temperature before reaching the maximum value at
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98.9% and 211 GPa, respectively at 1400 °C. On the
other hand, the maximum Vickers hardness of 14.4 GPa
and fracture toughness of 5.07 MPam'” were recorded
for ceramic sintered at1350 °C. The grain size of the Y-
TZP was found to increase almost linearly with increasing
sintering temperature in the range of 1300 °C-1500 °C. All
the Y-TZP ceramics sintered below 1400 °C exhibited no
sign of ageing-induced monoclinic phase development
after exposure in superheated steam at 180°C and
1 MPa pressure for 24 hrs. It was revealed that samples
having gains sizes above 0.3 um were susceptible to
hydrothermal ageing and in the extreme case exhibited
more than 70% monoclinic phase after exposure for 3 hrs
in superheated steam.
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