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RINGKASAN: Bahagian ketiga daripada kertas ini adalah ditumpukan kepada 
pelbagai kaedah yang digunakan untuk menindas atau menghalang aruhan penuaan 
tetragonal kepada perubahan fasa monoklinik dan kemerosotan sifat. Pada 
khususnya, penggunaan bahan tambah telah dikenal pasti sebagai kaedah yang 
menjimatkan untuk mencapai matlamat ini. Tambahan pula, bahan tambah ini 
merendahkan suhu fabrikasi dan dengan itu mengecilkan saiz butiran seramik. 

ABSTRACT: This third paper in the series is focused on the various methods which 
can be employed to suppress or prevent the ageing-induced tetragonal to monoclinic 
phase transformation and property deterioration. In particular, the use of sintering 
additives has been identified as a cost-effective method in achieving this goal. In 
addition, the sintering additives lead to the use of lower fabrication temperature 

thereby reducing the grain sizes of the ceramics. 
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INTRODUCTION 

A considerable effort has .been directed towards eliminating the low temperature degradation 
of Y-TZP ceramics in order to maintain the commercial viability of these ceramics. These 
efforts have concentrated mainly on reductions in the chemical or mechanical driving forces 
responsible for the structural instability. 

For a stress-free transformation, the differential free energy change .:iG1-m associated with 
the transformed particle and the surrounding matrix arising from shape changes and constraint 
volume which occurs during the (t) to (m) phase transformation can be described by : 

(1) 

.:iG .. = E(.:iV I V)2 / 6 (2) 

(3) 

where t and m denote tetragonal and monoclinic phases respectively, .:iGc, .:iGse, .:iGs, are 
the chemical free energy change, the strain free energy change and the surface free energy 
change respectively, and E, ii V, V, y ,gs and d are the Young's modulus, volume expansion 
associated with the phase transformation, transformed volume, specific interfacial surface 
energy, ratio between the interfacial surface area of (m)-Zr02 and (t)-Zr02, and the grain 
size respectively (Lange, 1983; Sato et al., 1987a). 

In general the (t) to (m) phase transformation will only proceed when .:iG1-m < O. However, 
it has been reported that this undesirable phase transformation which results in property 
deterioration can be controlled by modifying the various parameters given in Equation (1 ), 
i.e. by: 

i. An increase in the chemical free energy change, .:iGc, which can be achieved by increasing 
the stabiliser content or by introducing an additional additive in the Y-TZP powder such 
as Cao, MgO, Ce02 or Ti02. 

ii. An increase in the strain free energy change, .:iGse, by dispersion of a second phase 
in the tetragonal matrix which has a higher modulus of elasticity such as Al20 3 and SiC 
particles, (i.e. both these candidates have E value of 400 GPa and 450 GPa respectively, 
which is twice the value of Y-TZP ceramics). 

iii. An increase in the surface free energy change, .:iGs, which can be achieved by reducing 
the sintered tetragonal grain size (d) via the incorporation of liquid forming additives such 
as Si02 and CuO in order to aid densification at low-temperature sintering. 
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Part 3, Ageing Inhibition 

vi. Introducing non-transformable (t') - Zr02 in the zirconia structure. 

AGEING INHIBITION 

Chemical Free Energy Increase 

A simple way to increase the chemical free energy term, .:1Gc is by increasing the yttria 
content in the zirconia powders (Tsukuma et al., 1984; Nakajima et al., 1984; Masaki, 1986; 
Schmauder and Schubert, 1986; Sato et al., 1988; Ramesh et al., 1997a). In general most 
workers observed that the rate of initial transformation and the amount of transformation 
corresponding to the monoclinic saturation level measured by using X-ray diffraction, decreased 
with grain size and increasing Y 20 3 content as illustrated schematically by Lange et al. ( 1986) 
in Figure 1 . These results are due to the changes in both the chemical free energy change 
and the surface free energy change, i.e. the former term increases. with Y20 3 content while 
the latter term increases with the corresponding decrease in the grain size of the sintered 
body. 

The effect of yttria content, however, on the ageing behaviour of zirconia has two aspects, 
that is, an increase in the yttria content has been thought to be effective in improving the 
thermal stability but leads to the reduction of the (t) phase in the structure due to the formation 
of some (c)-phase and the over-stabilisation of the tetragonal grains, which in turn reduces 
transformation toughening effects (Sato et al., 1987b; Lawson et al., 1993). 

Other researchers have shown that an alternative method of suppressing the low temperature 
ageing phenomenon without affecting other properties is to alloy Y-TZP with small amounts 
of other stabilisers or additives such as Ce02, CaO, MgO, Ti02, Al20 3, Cr20 3, Ga20 3, Ge02 

and 820 3 (Sato and Shimada, 1986; Sato et al., 1986a, 1987a; Hernandez et al., 1989; 
Hirano and lnada, 1991; Duh and Wu, 1991; Park et al., 1992; Tanaka et al., 1994; Meschke 
et al., 1995; Hughes et al., 1995). However, the effectiveness of each dopant in preventing 
ageing could vary depending on the amount added, powder type and heat treatment conditions. 
In some dopant systems, it has been found that there is an optimum amount of additive, 
for example, the additions of > 0.2 wt% 820 3, or > 0.5 wt% Ga20 3 respectively (Tanaka et al., 
1994), could result in structural destabilisation, cracking and a decrease in mechanical 
properties of the sintered material. 
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Figure 1. Schematic diagram showing the observed ageing kinetics 
for Y20 3-Zr02 ceramics for different Y20 3 contents and grain sizes. 
(After Lange et al., 1986) 

Strain Free Energy Increase 

One effective way of increasing the strain free energy change without altering other properties 

is to alloy Y-TZP with certain particles which have higher elasticity. Particles such as Al20 3 

and SiC fit this description very well because of their high modulus of elasticity i.e. 400 GPa 

and 450 GPa respectively when compared to Y-TZP which is about 200 GPa: 

Tsukuma and Masahiko (1985) alloyed 2 mol% Y-TZP with varying amounts of Al20 3 (5, 10, 

20, 30 and 40 wt%) which were pressureless sintered in air at 1500°C for 2 h. Thermal 

stability of these Y-TZPs were investigated at 250°C in air for up to 1000 h. The authors 

found that increasing Al20 3 led to a decrease in (m)-Zr02 formation with almost total control 

being achieved when 40 wt% Al20 3 was doped to 2Y-TZP, see Figure 2. 
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Figure 2. The effects of Al20 3 additions on the ageing-induced 

monoclinic phase development. (After Tsukuma and Masahiko, 1985) 
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In addition, bending strength measurements of all these samples indicated that the additions 
of 5 wt% Al20 3 was quite sufficient in preventing strength degradation associated with ageing 
of 2Y-TZP. Tsukuma and Masahiko attributed the improved ageing resistance of Y-TZP to 
the increase in · the Young's modulus of the matrix resulting from Al20 3 additions. This is in 
accord with the fact that retention of the tetragonal phase in a grain depends on the constraint 
imposed by neighbouring grains (Lange, 1982). 

Further evidence on the efficacy of dispersing small amounts of Al20 3 and SiC particles in 
Y-TZP to prevent the ageing-induced (t) to (m) phase transformation have been reported 
by Claussen et al. (1981) , Lange (1982), Sato et al. (1987a), Rajendran et al. (1988), Lee 
et al. (1993) and Basu et al. (1995). All of these workers generally concluded that the 
improved ageing behaviour in the doped Y-TZP samples was due to the increase in elastic 
modulus of the matrix which in turn increased the strain-free energy. The effect of this is 
that the higher the elastic modulus, the more positive L1Gse becomes so that the probability 
of transformation becomes smaller. 

Surface Free Energy Increase 

The surface free energy can be increased by reducing the sintered grain size of Y-TZP i.e. 
reducing densification . temperature via the use of sintering aids or by employing special 
manufacturing conditions such as HIP'ing. Although, the HIP'ing technique has been found 
to be beneficial, it has several limitations in particular its high cost. The cheapest way of 
lowering the sintering temperature is to use sintering additives which have been found not 
only to reduce grain size but also improving densification (Ramesh, 1997). 

Lu and Chen (1987) studied the effect of grain size on the ageing behaviour of 3 mol% Y-TZP 
from 100°c to 500°C and found that the phase transformation could be prevented provided 
that the grain size was below a critical value i.e. 0.52 µm, as shown in Figure 3. 
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Figure 3. Effect of grain size on transformation kinetics of 3 mo/% 
Y-TZPs when aged in air at 320°C. (After Lu and Chen, 1987) 
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Watanabe et al. (1984) have confirmed the existence of a critical grain size which varied 
with Y 20 3 content. They found . that degradation in air at 300°C for up to 1000 h was 

suppressed when the grain was less than a critical size. They also found that the critical 
size above which (t) to (m) phase transformation proceeded increased from 0.2 µm to 0.6 µm 

between 2 mol% and 5 mol% Y 20a, 

In contrast, Matsui et al. (1988), Tsubakino et al. (1991), Lawson (1993), Yin et al. (1996) 
and Ramesh (1997) found that fine0grained Y-TZP (< 0.2 µm) which should not have been 
susceptible to degradation, did transform when exposed to a steam environment. Therefore 

grain size was not a sole factor in determining the stability of the tetragonal phase during 
ageing. 

The effect of additives, in particular that of transition metal oxides (e.g. CuO, Fe20 3, MnO), 

on the ageing phenomenon of Y-TZPs has been studied by Kimura et al. (1988, 1989), 
Lawson et al. (1993, 1995), Gill et al. (1996) and Ramesh et al. (1996, 1997a, 1998). These 

additives were found to be effective sintering aids and doped samples could be densified 
at low sintering temperature (::;; 1300°C) without any loss of mechanical properties. 

For instance Lawson et al. (1995) showed that strengths in excess of 1000 MPa could be 

retained in CuO- and Fe20 3- doped coated Y-TZPs after 1000 h exposure in an autoclave 
containing superheated steam at 180°C and 1 MPa as shown in Figure 4. 
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Figure 4. The effects of transition metal oxides on the fracture strength 
of aged (in superheated steam at 180°C and 1 MPa) 2.5 mo/% Y-TZP 
with respect to ageing time. (After Lawson et al., 1995) 

Further confirmation of the improved ageing resistance in the CuO-doped Y-TZPs was 

provided by Ramesh (1997) as shown in Figure 5. The graph shows that small additions 

6 



Review of Ageing Behaviour of Yttria-Tetragonal Zirconia Polycrystals (Y-TZP) : 
Part 3, Ageing Inhibition 

of copper oxide were effective ·in retarding the (t) to (m) phase transformation even after 
prolonged ageing in hot air at 180°C. Similar observations were also noted when samples 
exposed to 20% hydrochloric acid solutions at 110°c or boiling water at 100°c (Ramesh 
et al., 1996). The improved ageing behaviour of the CuO-doped samples was attributed to 
the formation of a grain boundary phase of Y 203-CuO-Al203 and/or Zr02 which acts to hinder 
monoclinic nucleation. Ramesh inferred that the formation of .such compounds at grain 
boundary regions would act to protect the tetragonal grains from hydroxyl reaction and thus 
increasing the barrier for phase transformation to proceed. 
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Figure 5. The effects of ageing in hot air at 180°C on the monoclinic phase 
development in coated 2.5 mo/% Y-TZP ceramics. Note the excellent ageing 
resistance of the 0.05 wt"A, CuO-doped Y-TZP. (After Ramesh, 1997) 

Surface Stabilisation and Coating 

During exposure to humid environments the phase transformation usually starts at the 
surface and propagates inwards, hence the contact or reaction between the tetragonal grains 
at the free surface with water is vital for monoclinic nucleation. Therefore, an interruption 
in the water - tetragonal outer surface layer interaction, would certainly increase the ageing 
resistance. This can only be achieved by coating the surface with a thin nontransformable 
layer such as (c)-Zr02 or by using any other substance which should be neutral in the sense 
that it does not modify the tetraQonal surface or significantly affect the mechanical properties. 

Schubert et al. (1984) found that the ageing-induced phase transformation which adversely 
affects the mechanical properties could be fully suppressed by partially stabilising the near 
surface region of the ceramic. This was shown to be plausible by sintering green Y-TZP 
compacts in a powder bed of yttrium oxide. The microstructure of these samples had an 
average tetragonal grain size of about 0.7 µm. The authors found that sintering in an Y203 
powder bed resulted in - 5 µm thick fully cubic surface layer. 

7 



Ramesh Singh 

A similar observation were also noted when Y-TZP green samples were buried and sintered 

in other stabilising oxides such as Ce02, Cao and MgO. However, the thickness of the 

coating depended on the nature of the interface between the powder and green compact, 

and the diffusion rate of the stabilising oxide into the TZP body. Nevertheless, Schubert et al. 

(1984) found that structural degradation of Y-TZP was completely prevented when these 

coated samples were subjected to ageing at 250°C in air, vacuum and superheated water 

(6 bar) for periods up to 720 h. 

Claussen (1983) also found that one way of retaining both the toughness and structural 

stability is by enriching a thin (1 O - 40 µm) surface layer with Y 20 3• A similar approach was 

adopted by Sato et al. (1986b, 1987c) who coated Ce02 on the surface of 2 mol% and 

3 mol% Y-TZP by simply calcining the sintered body in a Ce02 powder bed. 

Iio et al. (1988) coated the surface of sintered 2 mol% Y-TZPs with Al20 3 particles by using 

chemical vapour deposition (CVD) method and the samples were subsequently exposed in 

humid air at 300°C for up to 200 h. These workers found that the phase transformation was 

completely restrained in the Al20 3 CVD-coated samples as shown in Figure 6. However, it 

should be noted that Al20 3 is also susceptible to ageing when exposed to hostile environments 

(Drummond and Lenke, 1988). 
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Figure 6. The effects of surface A/20 3 coating on the ageing-induced 

monoclinic phase development in 2 mo/% Y-TZPs. (After Iio et al. 1988) 

Surface Engineering 

Whalen et al. (1989) have shown that the low-temperature (200°C in air, for up to 1000 h) 

(t) to (m) phase transformation in Y-TZP and property deterioration could be inhibited by a 

postsintering grinding prior to annealing treatment as shown in Figure 7. The surface region 
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was initially ground and when subjected to an annealing treatment, recrystallised resulting 

in the development of fine tetragonal grains (i.e. the grain size of the scratched/recrystallised 
surface region was much smaller than that of the bulk). 
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Figure 7. Fracture strength values of low-temperature-aged 
2.45 mo/% Y-TZP bars sintered at 1500°C (ground bars) and 
1520°C (ground/recrystallised bars). (After Whalen et al., 1989) 

Whalen et al. also found that the recrystallised surface grains had a spherical morphology 

and they protruded from the surface which supports the theory of Schmauder and Schubert 

(1986) regarding strain-free (t) grains being stable from ageing. Matsumoto (1985) also found 
that the ageing-induced phase transformation during exposure in a water vapour environment 

at 230°C for 400 h, which resulted in strength degradation was reversible by annealing the 
aged samples at 1000°c for 24 h. However, the author did not offer any proper explanation 

for why such phenomena had occurred. 

Jue et al. (1991) observed that the generation of additional residual surface stresses, besides 

those developed due to dilatational expansion strains associated with the formation of 

(m)-Zr02, resulting from plastic deformation caused during grinding was necessary for 
successful recrystallisation. 

Sato et al. (1996) reported that surface-finishing conditions such as grinding and lapping 

followed by annealing had a significant effect on the transformation sensitivity of 3 mol% 
Y-TZP surface in hot oil. In their work, diamond grinding wheels (200, 400 and 800 mesh 
respectively) were used after which the sintered surfaces were sequentially lapped with 

45 µm, 9 µm and 1 µm diamond abrasive. Four different surface conditions were prepared 
i.e. as-sintered, as ground, annealed at 1200°c for 1 h after grinding and annealed after 
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lapping in order to remove the ground work-affected (m) layer. The tetragonal phase stabilities 
of these samples were examined after thermal exposure in hot oil at 200°C .. 

The corresponding depth of the transformed layers as a function of ageing time is shown 

in Figure 8. Sato et al. found that the annealed surface of sample ground with the 200 mesh 
wheel showed the smallest transformed layer when compared to the other samples prepared 

under different conditions. The annealed saniple; however,} .vhose work-affected layer was 
removed by lapping prior to the annealing treatment exhibited the same transformation 

sensitivity as the as-sintered sample. 
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Figure 8. Depth of transformed layer (3 mo/% Y-TZP) as a function 
of holding time in 2% Cl white spindle oil at 200°C. Key : o as
sintered; • as-ground (wheel 200 mesh, depth of cut: 2 µm); 
• annealed at 1200°C for 1 h after grinding (wheel 200 mesh, depth 
of cut: 2 µm); .& annealed after lapping to remove the work-affected 
layer on ground surfaces (about 10 µm). (After Sato et al., 1996) 

In general, surface-finishing operations would be expected to leave work-affected layers and 
compressive residual stresses on the worked surfaces. The mild surface-finishing operations, 
such as grinding with the 800 mesh wheel or lapping with 1 µm and 9 µm diamond abrasives 

would result in a thin work-affected layers which are undetectable by XRD, with the 

corresponding development of a lower degree of compressive residual stresses. However, 

Sato et al. (1996) suggested that surfaces ground by using the rough grinding wheel (i.e. 
200 mesh) would have developed a very large compressive stress (i.e. a magnitude of 
- 80% of the compressive strength or equivalent to a depth of - 10 µm work-affected layer) 

and accompanied by the formation of some defects such as microcracks in the ground 
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surface layer, as schematically illustrated in Figure 9. These micro-defects can however be 
eliminated by subjecting the samples to annealing treatment at a temperature below the 
sintering temperature. 

Micro-cracks 

Monoclinic 

Tetragonal 

Figure 9. Schematic diagram illustrating the effect of mechanical 
treatment such as surface grinding or low temperature degradation 
at the surface of Y-TZP ceramic. 

Therefore based on the results presented by Sato et al. (1996), it can be inferred that surface 
compressive stresses induced during mechanical treatment such as grinding and the 
subsequent annealing treatment in order to remove the accompanying micro-defects in the 
ground-affected layer is one possible method of inhibiting the undesirable (m) phase 
transformation at low temperatures. 

Despite the disagreements concerning the mechanism by which the strength degradation 
takes place, it has been reported by Wang and Stevens (1989) that the volume expansion 
associated with the (t) to (m) phase transformation on the surface induced during the initial 
stages of low temperature ageing can give rise to surface toughening via a compressive 
surface layer and microcracks as shown schematically in Figure 9. 

Wang and Stevens attributed the increase in Kie during the early stages of ageing to the 
development of compressive stress layer which acts to close cracks and stop them from 
propagating. However, further ageing would certainly be detrimental due to excessive 
monoclinic phase formation with the accompanying volume expansion and the development 
of a heavily cracked surface resulting from microcracks coalescing (Ramesh, 1997). 

Non-transformable Tetragonal Structure (t') 

It has been reported by Jue et al. (1991) that polycrystalline tetragonal (t') containing 3 and 
4 mol% yttria which was fabricated at 1400°C and subsequently annealed in air at - 2100°c 
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for 15 min., was more resistant to low-temperature degradation than untreated sintered 

Y-TZP containing transformable (t)-Zr02. The grain size of these fully (t')-Zr02 samples was 

in the order of 100 to 200 µm. 

The authors exposed the as-polished surface of (t')-Zr02 in air at 275°C for periods up to 

1000 h and compared the ageing behaviour with an equivalent conventionally sintered Y-TZP 

composed of (t)-Zr02 as the main phase in the structure and of grain size - 0.5 µm. Their 

results showed that no monoclinic phase formation was ·detected on the surface of the 

(t')-Zr02 samples but significant amounts of transformation was observed in the (t)-Zr02 

ceramics. 

A similar observation was also reported by Noma et al. (1988). The authors found that the 

(t')-Zr02 phase was difficult to transform but once initiated, the change to monoclinic symmetry 

would proceed at the same rate as for the (t)-Zr02 materials. In addition to the excellent 

low-temperature ageing resistance exhibited by nontransformable tetragonal phase, 

Muraleedharan et al. (1988) reported that the presence of (t')-Zr02 in plasma-sprayed Y20r 

Zr02 coatings improved the stability of the coating during high-temperature exposure. 

It can be concluded that non-transformable tetragonal phase can be employed to suppress 

· the undesirable (t) to (m) phase transformation during low-temperature ageing, in particularly 

in humid environments. However, it should be noted that the existence of a non-transformable 

tetragonal phase would hinder transformation toughening from occurring and thus lowering 

mechanical properties. 

SUMMARY 

This paper has provided an in-depth literature review on the current understanding of the 

ageing phenomenon of Y-TZP ceramics. The experimental evidence of hydrothermal 

degradation is well documented. There are conditions under which the ageing-induced (t) 

to (m) phase transformation can be prevented by proper control of certain parameters such 

as composition and microstructure through sintering additives or by manipulating sintering 

conditions. However, in some instances improvement in ageing resistance may result in 

reduction of other properties such as fracture toughness. 

Hence, this review has revealed that the undesirable ageing-induced (t) to (m) phase 

transformation can be minimised or prevented by: 

i. Increasing the stabiliser content which in turn would over-stabilise the tetragonal 

structure. 
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ii. Reducing the tetragonal grain size. One effective way of achieving this is to doped 

Y-TZP with certain amount of sintering aid in order to lower the densification temperature. 
iii. Grain boundary modification via doping Y-TZP with small amounts of certain additives 

such as CuO, etc. 

iv. Protecting the grain boundary regions from hydroxyl reaction su'ch as having an 
inhomogeneous yttria distribution in the zirconia structure i.e. having higher yttria 
concentration near grain boundary regions. 
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