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Abstract 

Hydrothermal ageing is one of the most important limiting factors for the use of yttria-

stabilized zirconia ceramics in contact with water-containing environments. It consists in the 

transformation of tetragonal phase to monoclinic phase, initiates on the surface of zirconia in 

the presence of water, and leads to roughening and potentially to micro-cracking and loss of 

integrity. The present work seeks to explore the influence of applied and residual mechanical 

stresses on the ageing kinetics of 3Y- and 4Y-TZP. Residual stresses were obtained by rough 

polishing. A subsequent Annealing step was employed for the preparation of samples free of 

residual stresses.  All samples were submitted to in situ 3-points bending tests in water vapour 

atmosphere inside an autoclave at 134°C, allowing surfaces with a mechanical stress gradient 

to be exposed to hydrothermal ageing. The evolution of the monoclinic fraction with time and 

stress was then analysed using Mehl-Avrami-Johnson equation.   

 

 

 

Introduction 

Since the failure events of Prozyr® femoral heads in 2001–2002 occurred, the studies of the 

ageing behavior of zirconia ceramics has become the topic of many works. Hydrothermal 

ageing (also called LTD for Low Temperature Degradation) is a low temperature tetragonal-

to-monoclinic phase transformation (t→m) that occurs on the surface of zirconia ceramics in 

humid environment. This ageing process is strongly influenced by microstructural parameters 

(such as stabilizer nature and content, density, surface finish, grain size, cubic phase content, 

etc.) and mechanical stresses. This work focuses on the influence of both applied and residual 

stresses on the hydrothermal ageing behavior, which is not yet completely understood [1]. 

Schmauder and Schubert [2] showed that hydrothermal ageing does not occur in stress-free 

grains of zirconia, but starts at the surface of Y-TZP in the presence of water vapor and 

stresses. It is explained by Schubert and Frey [3] that when the water radicals penetrate into 

the oxygen vacancy present in the zirconia lattice, a lattice contraction occurs, causing tensile 

micro-stresses that lead to nucleation of the phase transformation. On the contrary, using DFT 

studies, Gebressilassie showed that the penetration of water in the zirconia lattice does not 

lead to lattice contraction, but rather to decrease of the energy barrier for the t-m 

transformation [4]. Both these studies hint to an influence of stresses on hydrothermal ageing, 

either directly [2] or through energetic considerations [4]. Indeed, Li et al. showed that a small 

applied tensile stress accelerates the ageing process of zirconia and a compressive stress has 

little effect on the degradation in hot water (97°C) [5]. However Lughi et Sergo [6] indicated 

that tensile stresses of the order of some hundreds MPa are sufficient to promote LTD. 

Deville[7] indicated that the ageing sensitivity of zirconia is directly linked to the type 

(compressive or tensile) and amount of residual stresses.  

https://doi.org/10.1016/j.jeurceramsoc.2017.09.044
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The present work seeks to relate the presence of residual and applied stresses to the ageing 

process of different zirconia ceramics (3Y and 4Y-TZP). In particular, since ageing proceeds 

by a nucleation and growth mechanism [8-11], the ageing kinetics are currently described 

using a Mehl-Avrami-Johnson (MAJ) equation. Previous works could relate some  parameters 

of the MAJ equation to the nucleation rate and growth rate of the monoclinic phase [10, 11]. 

Thus by observing changes on these parameters, the present work will also seek do determine 

how the presence of mechanical stresses can influence the nucleation and growth rates. 

 

 

2.  Materials and methods 

2.1. Material preparation  

The experimental flowchart is summarized in figure 1. The samples were fabricated starting 

from three different ultra-pure Y-TZP powders (TZ3YS, TZ3YE, TZ4YS, Tosoh, Japan). 

TZ3YS and TZ3YE contain 3 mol.% yttria (in addition, TZ3YE contains 0.25 wt.% Al2O3). 

TZ4YS contains 4 mol.% yttria. The zirconia green bodies used in the present study were 

prepared by slip casting. The slurries were prepared by mixing the powders in water (70 wt.% 

solid content) using Darvan 821A as a dispersing agent (1.2 wt.% as compared to the weight 

of powder), and ball-milling with 3Y-TZP balls for 24 hours. They were then cast in a plaster 

mold, left to dry first in the mold for 24 hours then in air for at least one week. After drying, 

the cast green bodies were sintered in a programmable electrical furnace (sintering conditions 

chosen from previous experience to reach full density: debinding at 550 °C for 5h (heating 

rate 1°C/min); sintering at 1430°C for 5 h (heating and cooling rate 5°C/min)). The sintered 

samples were ground in the shape of plates (1.2×20×60 mm for max ≤ 300MPa, 1.2×20×25 

mm for max > 300MPa) and polished (using diamond abrasive decreasing in size down to 1 

µm). The polishing procedure ensured the removal of all microcracks induced by grinding, 

but was conducted so that the residual stresses induced by grinding were not completely 

removed. Finally, half of the polished samples were annealed (1250°C for 0.5h at heating rate 

of 5°C/min according to a published procedure [12,13]) in order to remove residual stresses. 

This procedure ensured that all samples (polished and polished + annealed) presented similar 

roughness and a surface free of microcracks. The “polished only” samples will be labelled 

xYzP, where x is 3 or 4 (mol% of yttria) and z is E or S (nature of the powder), while the 

annealed samples will be labelled xYzA, as shown in Table 1. 

 

 

Figure 1: Experimental flow chart  
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Table 1: Samples prepared for the study of applied stress 

 Polished sample Annealed sample 

max (MPa) 100 100, 300, 350 and 600

TZ3Y-S 3YSP 3YSA 

TZ3Y-E  3YEA 

TZ4Y-S 4YSP 4YSA 

 

2.2. Bending test 

This study uses three-points bending test to apply a stress gradient on the zirconia plates. 

Dedicated sample holders were designed, able to perform 3-points bending tests under 

constant load inside an autoclave (Fig.2). The positioning accuracy of the sample in the 

sample holder is estimated to ±1 mm. The load is applied manually through a screw, while the 

deflection is measured by an external LVDT sensor until the desired deflection is reached. 

The desired deflection is calculated after the desired maximum applied stress (max, between 

100 and 600 MPa) using the following equation:  

𝜎𝑚𝑎𝑥 = Eε =
6𝐸𝛿ℎ

𝑙2                                                                   (1) 

Where max is maximum stress of sample surface, E is flexural modulus of elasticity (200 

GPa), ԑ is the maximum strain in the outer surface, δ is the deflection, h is the sample 

thickness, and l is distance between external rollers (50 mm for max up to 300 MPa, 20 mm 

for max 350 or 600 MPa).  

 

 
Figure 2: Experimental process for the study of applied stress 
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The upper surface was in compression, the lower one in tension. The applied stress decreased 

linearly from +/- max (in the center of the plate, under the central roller) to 0 (under the 

external rollers and further). Finally the stress distribution of each side of the sample under 

bending test is visualized in Fig. 3.  

 

 

 

Figure 3: Applied stress distribution of every 

side of the sample under bending test 

 

 

2.3 Microstructures and residual stresses 

The residual stresses were quantified by x-ray diffraction (XRD, D8 advance Diffractometer 

(Bruker, Germany) with K radiations, in Bragg-Brentano configuration), associated with 

Rietveld refinement (Topas 4.0 software, Bruker, Germany). Rietveld refinement was 

conducted with the fundamental parameters approach. This allowed both the quantification of 

the different phases, the determination of their lattice parameters (from which the yttrium 

amount inside each phase was determined using Scott’s calibration curves [14]), and the 

determination of crystallite size (parameter CrySize_L) and residual microstress  

(calculated as: 𝜎𝜇 =
𝜋×𝐸×𝑠𝑡𝑟𝑎𝑖𝑛_𝐺

360
 , with E the Young modulus (taken here at 200 GPa)). Note 

that the crystallite size measure that way is the size of the diffracting (crystallographically 

coherent) domains, and may be much smaller than the grain size observed by SEM. 

 

2.4 Assessment of the ageing kinetics 

Every few hours, the samples were removed from the autoclave and unloaded. Then a 

cartography of the amount monoclinic phase was obtained by X-ray diffraction: the samples 

were mounted on an X-Y-Z moving stage, their long axis along the X axis. XRD 

measurements were performed every 2 mm along the X axis (at constant and adequate Y and 

Z), to get a determination of the monoclinic fraction versus position, thus versus applied load 

during ageing. To get a high enough signal/noise ratio, the width of the analyzed area was 

around 5 mm, preventing the detection of rapid changes.  XRD patterns were recorded in the 

27-33° (2) range with a scan speed of 0.2 min
-1

 and a step size of 0.05°. The monoclinic 

ZrO2 phase content (Vm) was expressed after Toraya’s equation [15]:  

𝑉𝑚 =
1.311𝑋𝑚

1 + 0.311𝑋𝑚
                                                                  (2)  

In which the value of 𝑋𝑚 was calculated using Garvie and Nicholson method [16]: 

𝑋𝑚 =
𝐼𝑚

−111 + 𝐼𝑚
111

𝐼𝑚
−111 + 𝐼𝑚

111 + 𝐼 𝑡
101                                                         (3)  

Where 𝐼𝑝
ℎ𝑘𝑙 is the area of the diffraction peak related to the (hkl) plane of phase p (m for 

monoclinic and t for tetragonal).  
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For each sample, the knowledge of Vm versus time and stress allowed plotting ageing kinetics 

at different stress levels, further analyzed using the MAJ formalism. 

 

3. Results 

3.1 Determination of residual stresses 

Fig. 4 shows details of the XRD measurements conducted on 3YSA, 3YSP, 4YSA and 4YSP 

samples. Only tetragonal and cubic phases were detected in the annealed samples. The XRD 

diagrams of the polished samples showed two main differences with the ones for annealed 

samples: apparition of monoclinic phase, and distortion of the highest peaks (shoulder 

indicated by an arrow at the left of the main peaks), which was interpreted as the presence of a 

distorted tetragonal phase [13] (no fit by orthorhombic phase was possible on these peaks). 

Unfortunately the angular resolution is not high enough to separate clearly the different 

convoluted peaks, thus to fit with absolute certainty the cubic and distorted tetragonal phases, 

but it seems the amount of cubic phase remains constant after annealing (~24% for 3YS, 

~43% for 4YS), while cubic phase gets slightly less distorted (lower second order strains after 

annealing). The distorted tetragonal phase presents lattice parameters between 1 and 2% 

larger than the tetragonal phase. An accurate analysis of its crystallite size and microstress is 

impossible. 

 

 
Figure 4: XRD and Rietveld refinement of the different materials 

 

The tetragonal phase was hardly affected by annealing: the crystallite size remains identical 

(~300 nm for 3YS, ~600 nm for 4YS), the lattice parameters hardly change (at undergoes a 

slight increase (0.02%) while ct undergoes a slight decrease (-0.01%) for both materials) and a 

small decrease of the microstress was seen (from ~600 MPa in polished zirconias to 

~450 MPa in annealed ones).  All these microstructural parameters are summarized in table 2 

(it should be kept in mind that these measurements could be conducted on one location of one 
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sample only for each material, thus their outcomes should be considered as order of 

magnitudes rather than precise values). 

 
Table 2: structural and microstructural parameters of 3YS and 4YS materials. Numbers written in italic 

are speculative due to the high convolution of the XRD peaks of the different phases (in particular Cubic 

and Distorted tetragonal), thus their precision is not known. When possible lattice parameters are written 

as x.xxxx(y) where y is the precision on the last written digit.  

parameter  3YSA 3YSP 4YSA 4YSP 

Tetragonal phase 

at (nm) 0.36044(1) 0.36038(4) 0.36054(1) 0.36043(1) 

ct (nm) 0.51780(1) 0.51786(4) 0.51782(1) 0.51781(1) 

% Y2O3 2.50 2.40 2.70 2.48 

Cryst. Size 

(nm) 
300 (±20) 290 (±180) 630 (±20) 660 (±250) 

Microstress 

( MPa) 
460 (±5) 630 (±60) 460 (±20) 580 (±20) 

Distorted 

tetragonal phase 

at-d (nm)  0.36648  0.36481 

ct-d (nm)  0.51864  0.52450 

Cryst. Size 

(nm) 
 67  30 

Microstress 

( MPa) 
 3600  1700 

Stress vs t- 

phase 
 2300  2450 

Cubic phase 

ac (nm) 0.51291 0.51507 0.51328 0.51328 

Cryst. Size 

(nm) 
67 39 77 52 

Microstress 

( MPa) 
1200 870 640 750 

Weight %  

tetragonal 76 (±0.5) 46 (±2) 56 (±2) 35 (±1) 

Distorted 

tetragonal 
0 25 (±2) 0 21.5 (±0.6) 

Cubic 24 (±0.5) 24 (±2) 44 (±2) 42 (±1) 

Monoclinic 0 5 (±1) 0 1.5 (±0.3) 

 

 

3.2 Ageing of 3Y-TZP 

Fig. 5 shows the variation of the surface monoclinic fraction with applied stress on 3YS 

samples at different ageing time. A high variability in the monoclinic fraction can be seen 

(error bars are the standard deviation from measurements taken on at least 2 locations on 2 

samples). Larger error bars are seen around 0 stress, the location of 0-stress point on the 

samples are on both extremities, and thus subjected to more positioning error during XRD 

measurements. Moreover, the control over residual stresses is far from perfect (since they are 

obtained indirectly by machining and polishing), and this result in increased scattering of the 

measurements in3YSP (and later 4YSP) samples. 
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Figure 5: XRD monoclinic fraction measured vs. applied stress on the surface at different ageing time: 

a.3YSP; b.3YSA. Error bars represent the standard deviation of measurements taken on at least two 

locations on two samples 

 

A comparison between Fig. 5(a) (3YSP) and Fig. 5(b) (3YSA) shows that the residual stresses 

(generated by machining and polishing) obviously accelerated the ageing process at short 

ageing times. Moreover, the monoclinic fraction on 3YSP (polished) sample surface increased 

with increasing stress (both tensile and compressive) even for small applied stresses (less than 

60 MPa). The same trend was also present, although less significant for 3YSA (annealed) 

sample, and it required higher applied stresses (more than 100 MPa).  Finally, the effect of 

applied stresses tends to disappear as hydrothermal ageing progresses: flat Vm-stress profiles 

are observed for 3YSP after 35 h ageing, and for 3YSA after 10h ageing (even before 

saturation of the transformation). In addition, the presence of residual or applied stresses 

doesn’t changes the maximum zirconia monoclinic fraction (Vmax), as can be seen in Fig. 6, 

but only the ageing rate. 

 

 

Figure 6: XRD monoclinic fraction measured 

versus ageing time of 3YS samples 
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For 3YEA sample (Fig. 7), increasing both compressive and tensile stresses during ageing 

resulted in increasing slightly the monoclinic fraction. Compared with the 3YS sample, 

ageing of 3YE is less impacted by applied stress. However, for 3YE samples the effect of 

applied stresses does not disappear when aging time increases, at least up to 75 h ageing at 

134°C. 

 

 
Figure 7: XRD monoclinic fraction measured vs. applied stress on the surface of 3YEA; (a) sample 

#1; (b) sample #2; when present, error bars represent the standard deviation over 2 measurements on 

1 sample 

 

Finally, figures 8 (a) and (c) show the evolution of the XRD diagram of 3YSA and 3YSP 

during ageing. In particular, for both materials cubic phase remains apparently unaffected by 

ageing, while both tetragonal and distorted tetragonal phases are transformed to monoclinic 

during the ageing process. A small decrease of the crystallite size of cubic phase was seen, but 

can most probably be attributed to a measurement artifact (since both crystallite size and 

microstress parameters rely on the analysis of the shape (width) of the diffraction peaks, their 

measurement may also be affected by the “chemical disorder” in the cubic phase and by the 

presence of cubic grains containing varying amounts of yttrium). 
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Figure 8: evolution of XRD diagrams of 3YSA (a), 4YSA (b), 3YSP (c) and 4YSP (d) with ageing time 

at 134°C. 

 

 

3.3 Ageing of 4Y-TZP 

Fig.9 shows the monoclinic fraction measured vs. applied stress on the surface of 4YS-TZP 

samples at different ageing time. 4YSP samples present a rather similar behavior than 3YSP 

ones (although longer ageing times are necessary), with tensile and compressive stresses 

increasing the monoclinic fraction at the beginning of ageing process. However, the large 

variability makes these evolutions not very statistically relevant. Ageing of 4YSA samples 

seemed to be the fastest when no stress is applied. It was slower and slower as tensile stresses 

increased. With increasing compressive stress the transformation rate first decreased then 

started to increase again for large compressions stresses (lower than -50 MPa), while always 

staying lower than the transformation rate of the non-loaded material. As can be seen on 

figure 10, residual stresses (generated by machining and polishing) greatly accelerated the 

ageing process (the process is about 20 times faster in polished samples than in annealed 

samples) of 4Y-TZP.    

 

Figure 8 (b) and (d) show that in 4YSP, the distorted tetragonal phase is the first to transform, 

while the tetragonal phase slowly decreases. 
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Figure 9: XRD monoclinic fraction measured vs. applied stress on the surface of 4YS-TZP samples. a. 

4YSP samples (aged for up to 65h); b. 4YSA (aged for up to 600 h) 

 

 

 

Figure 10: XRD monoclinic fraction measured 

versus ageing time of 4YS samples 

 

 

4 Discussions 

4.1 Microstructural evolutions with annealing 

The microstructural evolutions observed after annealing point to the resorptions of the 

distorted tetragonal phase and of the monoclinic phase. The small changes in the lattice 

parameters of tetragonal phases are compatible with small increase of the Y2O3 content in 

tetragonal grains (from 2.4% to 2.5% in 3YS, from 2.5% to 2.7% in 4YS). This is coherent 

with ZrO2/Y2O3 phase diagram that shows more yttria in the tetragonal phase at 1250°C 

(annealing temperature) than at 1430°C (sintering temperature). However, this should be 

considered carefully, since machining and polishing induce large stresses that may affect the 



11 
Wei and Gremillard, influence of stresses on ageing kinetics of zirconia, J. Eur. Ceram. Soc. 2018 
 

lattice parameters of all phases. Thus the lattice parameter of the stress-free phases of the 

polished samples is not known, thus the determination of yttria content in the tetragonal phase 

of polished samples is not precise at all. On plasma-sprayed zirconia, Lipkin et al. [17] saw no 

significant microstructural changes upon annealing with Hollomon–Jaffe parameter [18] 

lower than or equal to 45 000. In our case, because of the very short annealing time (0.5 h) 

HJP is around 40 000. As a consequence we chose to consider that annealing does not change 

the yttria content, thus that the differences between annealed and polished samples mainly 

come from the presence of residual stresses. 

Note that the cubic phase is sometimes seen as yttria-rich tetragonal phase (t’/t’’) [19]. 

Unfortunately, in the present work it was impossible to distinguish between c, t’ or t’’ phases. 

 

4.2 Macroscopic effect of stresses at long ageing times 

At long ageing time, the effect of stresses on ageing seems to disappear. This might be due to 

two different phenomena. The first one is a measurement artifact related to saturation of the 

monoclinic fraction: on the one hand, the monoclinic fraction cannot get higher than the initial 

tetragonal content (if one considers the presence of non-transformable cubic phase); on the 

other hand, once the volume accessible by XRD is completely transformed, no more evolution 

of the transformation can be detected by XRD. Thus once saturation is reached, it is obvious 

that the monoclinic fraction will be independent of applied stress, since it will be at its 

maximum. The second phenomenon is related to the interplay of residual, applied and t-m 

transformation-generated stresses [20]: since t-m transformation is accompanied by large 

volume increase, it gives rise to large stresses that will be superimposed to the existing stress 

field. Zhang et al. [20] found large shifts of the Raman peaks, compatible with tensile stresses, 

in the tetragonal zone just below the transformed zone. Taking into account the 

piezospectroscopic coefficients available in the literature [21], these shifts correspond to 

tensile stresses around 700 MPa, higher than the applied stresses. Thus t-m transformation-

generated stresses also influence further ageing, and may become preponderant when the 

transformed layer is thick enough (Zhang’s article deals with transformed depth about 25 µm, 

whereas we are limited here to 5 µm or less since we hardly reach saturation). 

 

4.3 Effect of stresses on ageing kinetics 

In order to understand the influence of applied stress on ageing kinetics of zirconia, all ageing 

kinetics were fitted using the Mehl–Avrami–Johnson (MAJ) laws (Eq. 4).  
𝑉𝑚 − 𝑉0

𝑉𝑚𝑎𝑥 − 𝑉0
= 1 − exp(−(𝑏𝑡)𝑛) , 𝑏 = 𝑏0 exp (−

𝑄

𝑅𝑇
)                              (4) 

where Vm is the monoclinic phase content measured after an exposure of t hours to steam at 

absolute temperature T, V0 and Vmax are the initial and saturation levels of monoclinic phase 

content,  n is an exponent that depends on both nucleation and growth kinetics of the 

monoclinic phase [10]. b is thermally activated (with Q the activation energy, R the gas 

constant, and T the absolute temperature).  The use of MAJ law derives from the fact that 

ageing follows a nucleation and growth process. According to previous works, in the MAJ  

formulation for zirconia ageing the parameter b is proportional to (NR.D
3
)

1/4
 [10], were D is 

the growth rate of monoclinic spots diameter and NR is the nucleation rate (if one assumes 

that the growth rates of monoclinic spot are proportional in diameter and in height, which is 

the case due to the crystallography of the t-m transformation). The exponent n depends on the 

ratio between monoclinic phase created during the growth phase and monoclinic phase 

created during the nucleation phase. If n remains in the [0.5; 2.5] range, it can be 

approximated as 
2

3
1 log

4

D

R

n
N D

 
   

 
 (extrapolated from [11]) (D is the size of the 
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monoclinic nuclei and can be assimilated to the grain size). Thus for a constant grain size 

(constant D, as it is the case for a same material submitted to different stress levels) one can 

deduce schematic evolutions of n and b from those of D and NR: 

1- If D and NR vary in the same proportions, n remains constant while b varies (b 

increases if D and NR increase).  

2- If NR remains constant and D increases, both n and b increase.  

3- If NR remains constant and D decreases, both n and b decrease. 

4- If NR increases and D remains constant, b increases and n decreases 

5- If NR decreases and D remains constant, b decreases and n increases. 

Reciprocally, one can deduce the evolutions of D and NR from those of n and b by Eq. (5): 
1

310
n

D C b


    and 110 n

R NN C b     (5) 

Here C and CN are constants, and only depend on the material via the grain size. They can be 

calculated as: 
D

C
K

   and 
3 2

1
NC

KD
 , with 4

48
K

kl


  , k being the linear expansion 

due to the t-m phase transformation (~1.3%) and l being the depth on which the monoclinic 

fraction is averaged (~5 µm, if the monoclinic fraction is measured by X-ray diffraction) 

Fig.11 shows the evolutions of n and b with applied stress for all materials studied here.  

Comparing the polished to annealed samples, both without applied stress, one can infer that 

residual stress (generated by machining and polishing) can reduce n and increase b, especially 

for 4YS, which results in accelerated ageing. This is compatible with a higher nucleation rate 

and a constant growth rate, as in case 4 above. Thus the presence of residual stresses would 

increase the nucleation rate.  

 

 
Figure 11: n, b in the MAJ equation for Y-TZP samples vs. applied stress. (a) shows the parameter n, 

(b) shows the parameter b 

 

 

In the annealed samples, applied tensile stress has no significant effect on the value of n, but 

increases the value of b. This indicates a constant nucleation / growth ratio, but an overall 

faster transformation rate: similarly to case 1 above, tensile stresses seem to increase the 

nucleation and growth rates by the same ratio. Still in the annealed samples, applied 

compressive stress can increase the value of n relative to the tensile stress, while b remains in 
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all cases approximately constant. However, for different materials, the value of n and b show 

different variation as the compressive stress increases. For 4YSA, n decreases with the 

increase of compressive stress, while b remains constant around 0.004. For 3YSA, n first 

increases and then decreases with the increase of compressive stress, and b is fluctuating 

between 0.115 ±0.003 with varying compressive stress. For 3YEA, n is fluctuating around 

1.0±0.1 with varying applied stress (at ~-50MPa (compressive stress) n is slightly higher than 

for other applied stresses), while b increases with increasing applied stress.  

Fig.12 shows the evolutions of D and NR with applied stress for all materials studied. For 

4YS samples, residual stresses (generated by machining and polishing) greatly increase the 

nucleation rate and growth rate, and their nucleation rate increases with the increase of 

loading stress, while their growth rates have been fluctuating respectively at 

0.057±0.003(polished sample) and 0.0048±0.0004(annealed sample) being mostly 

independent on applied stresses. For 3YS samples, residual stresses greatly increase the 

nucleation rate, but reduce the growth rate. In 3YSA sample, tensile stress (≤100 MPa) 

increases the nucleation rate more than the compressive stress, but compressive stress 

increases the growth rate more than tensile stress. For 3YE samples, tensile stress increases 

the nucleation rate more than the compressive stress, and the growth rate is fluctuating around 

0.018±0.0015 with varying applied stress. 

 

 
Figure 12: D and NR for Y-TZP samples vs. applied stress. 
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To understand the great sensitivity of the ageing behavior of 4YS samples to annealing, one 

might consider the effect of cubic phase. It has been shown that what is called cubic in the 

present work could in fact be t’ or t’’ phase, whose coefficient of thermal expansion may vary 

greatly with the amount of yttrium in their lattice [19]. Here, both the fraction of so-called 

cubic phase and the amount of yttrium in the cubic phase are higher in 4YS than in 3YS. Thus 

the fraction of residual stresses due to the presence of the so-called cubic phase might be very 

different in 3YS and 4YS, hence the higher sensitivity of 4YS to annealing. 

Finally, one could explain the effect of applied stresses by the mechanism schematized in 

figure 13. In our samples, there is no deformation when no external stress is applied. This 

means that residual stresses are in fact second-order stresses and should be perceived as the 

result of a distribution of microstrain (at the grain-size scale). High residual stresses (such as 

the ones obtained in polished samples, where tensile stresses higher than a GPa and large 

microstress where measured, see table 2) correspond to a large distribution, while low residual 

stresses correspond to a narrower distribution. t-m phase transformation is sometimes 

described as being triggered when the local stress is higher than a critical stress 
m

C [22]. 

With a large stress distribution, the probability that the residual stress locally exceeds 
m

C is 

high. It is even higher if an applied stress is superimposed to the stress distribution. Figure 

13(a) shows this effect: the continuous curve represents the residual stresses, that exceeds 

twice 
m

C (full disks) while the dashed line represents the same residual stresses with a 

superimposed, constant stress, and exceeds 10 times 
m

C. On the other hand, when the 

residual stress distribution is narrow, it may never exceed 
m

C even in the presence of the 

same superimposed applied stresses (figure 13 (b)). This explains why increasing stress can 

lead to increased nucleation and growth rates in polished samples but not in annealed samples 

(or at a lower degree). 

 

 
Figure 13: schematic effect of stresses on nucleation of monoclinic phase 

 

 

Because the thermal activation energy of the combination of aluminum and vacancy 

(Al/Y/Zr-VÖ) is higher than Y/Zr-VÖ [23,24], 3YE samples have a higher resistance to 

applied stress due to the doping of alumina than other samples during ageing process. 4YS 

samples, containing more stabilizing ions (Y) than 3YS samples, have a greater number of the 

oxygen vacancies structures with low thermal activation energy (Y/Zr-VÖ), which in turn 

leads to a higher sensitivity to stress, or rather to mechanical energy brought by stress, than 

other samples.  
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5. Conclusion 

The effect of stresses on hydrothermal ageing kinetics of zirconia should be examined 

considering three types of stresses: residual stresses (here tensile stresses due to machining 

and polishing, reaching the GPa as an order of magnitude, and microstresses), applied stresses 

(here between -600 and +600MPa, applied by a three points bending test apparatus), and t-m 

transformation–generated stresses. In general, transformation-generated stresses and residual 

stresses are larger that applied stresses. However the effect of applied stresses was quite 

measurable: an acceleration of ageing with applied stress (both tensile and compressive) was 

observed. The effect of residual stresses was also obvious in 4YS samples: annealing these 

samples resulted in strongly decreasing residual stresses and strongly slowing the ageing 

process.  
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