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ABSTRACT 

The in vitro lifetime assessment of dental zirconia has been the focus of the researchers in the 

development of dental zirconia applications. This work mainly studied the cyclic fatigue lifetime in 

saliva and aging lifetime of three commercial zirconia dental materials: two kinds of  3 mol%-yttria 

partially stabilized zirconia ST (super translucence) and MT(medium  translucence), in which MT 

contains a small amount of alumina; and a 5 mol% yttria stabilized zirconia TT (tooth translucency). 

ST and MT materials have higher initial mechanical strength (flexural strength) and initial crack 

propagation threshold than TT materials and thus have longer cycle fatigue lifetime, but TT has the 

best aging resistance (no aging) in existing aging procedures. MT has a higher average initial 

mechanical strength and better aging resistance than the ST samples due to the influence of alumina 

at the grain boundary, but has lower strength reliability. Finally, the service lifetime of the three 

materials was evaluated, and some guidance for their use and design is provided by combining the 

analysis of the collected dental zirconia restorations. 
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1 INTRODUCTION 

With the development of aesthetic properties and manufacturing technology of dental zirconia 

ceramics, they are widely used in dental restorations in the last decade[1-7]. However, the failures of 

zirconia restorations may be induced by inappropriate design and manufacturing, improper 

preparation of abutment teeth, low fatigue performance and unique hydrothermal aging behaviour of 

zirconia ceramics[1, 4, 8-13]. The influence of the previous two factors on the lifetime of zirconia 

restorations has been widely discussed[4, 12-14], but the interactions of the last two factors is less 

known. Therefore, systematically assessing the effects of long-term fatigue behaviour and 

hydrothermal aging behaviour on the service lifetime of zirconia dental devices is a necessary task 

for the continued development of zirconia dental application [15, 16]. 

Due to the subcritical crack growth (SCG) behavior of zirconia ceramics, their failures tend to occur 

at loads well below the initial strength[17, 18]. In particular, if radial cracks appear on the surface, 

SCG may reduce the load bearing capacity of the zirconia restoration over time[19]. In addition, due 

to the role of water molecules in SCG, the crack propagation velocity is also accelerated in the wet 

environment of the human mouth, which leads to the bulk fractures[20]. Therefore, for cyclic fatigue 

lifetime of zirconia, the subcritical crack growth (SCG) curves of zirconia are pointed to play a 

decisive role. These SCG curve can be obtained indirectly through dynamic fatigue[1, 21, 22].  

Hydrothermal aging, also called low temperature degradation, is a spontaneous phase change of 

zirconia under water or humid environment. It can be described as follows: the presence of water in 

the environment of zirconia pieces triggers the tetragonal to monoclinic (t–m) transformation of some 

grains on the surface, which potentially leads to roughening and micro-cracking because of the 

volume increase (~5%) associated to the t-m transformation[23]. Hydrothermal aging is driven by the 

annihilation of oxygen vacancies by water-derived species[24]. Many factors such as different grain 

size, residual or applied stresses, density, content of Y2O3 in tetragonal phase, proportion of cubic 

phase, doping with more than one oxide, surface treatments, all contribute towards the aging process 

[8, 25-32]. In particular, zirconia ceramics doped with different contents of yttria show very different 

resistance to ageing, both through the intrinsic stability of the tetragonal phase (more stable as the Y 

content increases) and through the different sensitivities to applied or residual stresses (for example, 

4 mol% yttria stabilized tetragonal zirconia (4Y-TZP) is more sensitive than 3Y-TZP to residual 

stresses due to polishing process[28]). In order to study the hydrothermal aging process of zirconia-

based ceramics more quickly and conveniently, a fast and stepwise procedure was used to predict the 

aging lifetime of zirconia[27, 33]. And some studies have shown that aging impaired the mechanical 

properties of dental zirconia[34, 35].  

Although many studies have been conducted on the lifetime evaluation of dental zirconia in vitro, 

most of them only focus on the assessment of fatigue lifetime[1, 20, 21]. The aim of the present study 

is to investigate the service lifetime (not equivalent to clinical lifetime) of three commercial zirconia 

dental ceramics submitted to both ageing and fatigue, i.e. to conditions that are deemed more 

representative of the real-life conditions. 

 

 

 

 

 



Wei et al., Fatigue and aging of dental Y-TZP, JECS 2020  3 

 

2 MATERIALS AND METHODS 

2.1 MATERIAL PREPARATION  

Three different commercial zirconia materials (Upcera, Co. Ltd, Shenzhen, China) were studied: 

-One conventional full-strength 3Y-TZP grade that is commonly used in clinical practice (ST- super 

translucence group), 

-One with improved strength 3Y-TZP grade that contain about 0.5wt% alumina (MT-medium  

translucence group), 

-One highly translucent and partially cubic Y-TZP grade (TT-tooth translucency group). 

Here, the transmittances of ST, MT, and TT provided by the suppliers are 43%, 39%, 49% 

respectively when the thickness of sintered samples is 1±0.02mm. 

All the materials were provided in the form of commercial pre-sintered 98mm disks. And all designed 

bodies were processed by CAD-CAM technology from the pre-sintered disks. Considering the 

volume shrinkage after sintering, all materials were shaped as 63.325.32.6mm plates for hardness 

tests (at least 2 per material), 305.31.7mm plates for bending tests (15 per material) and fatigue 

tests (at least 5 per material), 12.712.72.6 mm plates for aging tests (at least 2 per material). Then 

the bodies were sintered in a programmable furnace (firstly heating at 10°C/min to 1000°C  and then 

heating at 4°C/min to a dwell at 1480°C for 2h, and finally cooling down to room temperature at 

5°C/min). Then the sintered samples were polished for every sample. And the polished samples of 

50202mm were prepared for hardness tests, the samples of 2541.2mm were for bending tests, 

fatigue tests and the samples of 10102mm were for aging tests. Some of them were annealed to 

remove as much as possible machining and polishing residual stresses (1250°C for 0.5h at 5°C/min 

[36]). This procedure also resulted in a light thermal etching, thus the annealed samples were used 

for microstructural characterization.  

 

2.2 MICROSTRUCTURE, PHASE ASSEMBLAGE AND COMPOSITION 

The SEM observations for three materials were conducted after annealing using a Zeiss Supra55 VP 

microscope with secondary electron images and a low acceleration voltage (2kV) without conductive 

coating. And Grain sizes were obtained from the micrograph using the linear intercept method[37]. 

The phase assemblage and composition analysis was obtained from a large angular range (15–120 

deg. 2θ) XRD patterns(using a D8 Advance diffractometer, Bruker, Germany, with step size 0.02 deg 

and scan speed 1 s/step), using a procedure detailed in ref [27]. Here the content of Y2O3 in the cubic 

and tetragonal phases were deduced from the lattice parameters (determined by Rietveld Refinement 

using the Topas 4.0 software) and compared to a calibration curve established from PDF files and 

previous work by Scott [38-40].  

2.3 HARDNESS ANALYSIS AND CRACK PROPAGATION THRESHOLD 

Hardness tests were performed on polished plates using a Vickers hardness tester (Future-tech 

Testwell HV700) with a 20 kg load and a 10 s dwell time (at least 20 indents per material). The 

threshold for crack propagation (KI0) was evaluated from the radial crack pattern accompanying the 

same 20 Vickers indentations (measured at least 72 h after indentation so that the radial cracks reached 

a stable shape and length) and calculated according to Anstis’ equation[41]. This measure of the crack 

propagation threshold is based on the fact that zirconia is sensitive to subcritical crack propagation; 

thus cracks created at the indent corner propagate until KI reaches the threshold value (KI0) under the 

influences of the humidity present in atmosphere and of the residual stresses around the Vickers 

indent. In these conditions Anstis’ equation does not give access to KIC, but to KI0 [42].  
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2.4 FLEXURAL STRENGTH 

Flexural strength was measured by three-point bending on specimens (beams)placed in artificial 

saliva at 37 °C, using a testing machine (MUF-1050，CARE-Mesurement & Control, Co. Ltd, 

Shenzhen, China). These measurements were carried out using a crosshead speed of 0.5 mm/min and 

a span of 20 mm between the rollers. Failure loads were recorded and the flexural strength values 

were calculated according to the ISO 6872:2015 standard. 

 

2.5 ASSESSMENT OF CYCLIC FATIGUE 

The number of failure cycles Nf for three materials in artificial saliva were measured by using the 

same machine (MUF-1050). In order to complete the test quickly, the sinusoidal cyclic loading was 

applied to the ceramic specimens at a frequency of 10 Hz with a constant maximum load level 

of 158N for ST, 160N for MT and 73N for TT specimens. These maximum load values are equivalent 

to applied stress values of 686MPa, 691MPa and 318MPa (σmax) for the ST, MT and TT samples, 

respectively, which correspond to approximately 60% of the average flexural strength of the 

specimens measured in static conditions (2.4). 

However, the maximum applied stress during the chewing process is usually much smaller than 60% 

of the average flexural strength of the specimens, which is about 150MPa[1]. Here the fatigue lifetime 

(Nf) at different applied maximum stress(max) during loading and the mechanical properties can be 

related by the following equation [1, 20]: 

𝑁𝑓 =
2𝐾𝐼𝐶

2−𝑛𝜎0.05
𝑛−2

𝐴𝑌2(n−2)(𝜎𝑚𝑎𝑥)𝑛          (1)                                                                  

Where Nf is the number of cycles to failure for the specimen, KIC is the critical stress intensity factors 

(here KIC of ST and MT is 5 MPa.m1/2, TT is 3.2 MPa.m1/2, data provided by suppliers), 0.05 is the 

mechanical strength values corresponding to a failure probability of 5% in Weibull statistics, max is 

the maximum stress applied during loading, n and A are the SCG parameters under cyclic loading, Y 

is a geometrical constant that depends on crack location and shape (equal to 1.3 for surface cracks). 

Therefore these two parameters n and A are what we need to obtain and are used to derive the fatigue 

lifetime of the material.They can be calculated from the Weibull distributions or from the empirical 

law of Paris (crack propagation velocity vs KI,max equation). The derivation processes are as follows. 

The initial mechanical strength data (flexural strength, σ) and the number of failure cycles data (Nf) 

were described by Weibull statistics, using the following equations [43, 44], meanwhile  these 

results are used to simulate confidence intervals (95% confidence levels) by software Origin pro9. 

 

𝑙𝑛 [𝑙𝑛 (
1

1−𝐹𝑖
)] = 𝑚 · ln(𝜎) − 𝑚 · ln(𝜎0)  (2) 

𝑙𝑛 [𝑙𝑛 (
1

1−𝐹𝑗
)] = 𝑚∗ ∙ 𝑙𝑛(N𝑓) − 𝑚∗ ∙ 𝑙𝑛(N𝑓0) (3) 

 

Where Fi and Fj are the probabilities of failure. σ is the initial mechanical strength. Nf is the number 

of cycles until failure. σ0 and Nf0 are the characteristic mechanical strength and the characteristic 

number of cycles at a failure probability of 63.21%. m, m* are the Weibull moduli. The failure 

probability was calculated assuming the following relation: Fi=(i−0.5)/N, where Fi is the failure 

probability of the “i”th specimen (in a strength-increasing rank, σi) and N is the total number of 

specimens tested. Fj is calculated using the same method. Finally, n and A in the equation (1) can be 

calculated by following the relationship below according to the results of the Weibull distribution 

parameters[45]: 
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𝑛 =
𝑚

𝑚∗ + 2    (4) 

𝐴 =
2𝐾𝐼𝐶

(2−𝑛)
σ0

(𝑛−2)

𝑁𝑓0𝑌2(𝑛−2)(σ𝑚𝑎𝑥)𝑛
   (5) 

                                                               

The subcritical crack growth (SCG) curves can be derived from the mechanical strength and fatigue 

lifetime data. Through ranking the strength (σ) and lifetime (Nf) data in an increasing order, the crack 

velocity v and the corresponding stress intensity factor KI,max follow the equations below:  

K𝐼,𝑚𝑎𝑥 =
𝐾𝐼𝐶σ𝑚𝑎𝑥

σ
   (6) 

𝑣 =
2𝑝(𝐾𝐼𝐶)2

𝑁𝑓σ2Y2     (7) 

Where p is the slope of a linear fitting to the data which is the form of log (σmax/σ) as a function of 

log (Nf.σmax
2).  

Finally, the parameters n and A in the equation (1) can be evaluated by the empirical law of Paris[44, 

46]:  

𝑣 = 𝐴∆𝐾𝐼
𝑛 = 𝐴(1 − 𝑅)𝑛𝐾𝐼,𝑚𝑎𝑥

𝑛 = 𝐴∗𝐾𝐼,𝑚𝑎𝑥
𝑛   (8) 

Where ΔKI is the amplitude of the applied stress intensity factor (KI,max − KI,min), KI,max and KI,min are 

the applied maximum and minimum stress intensity factors, R is the ratio KI,min/KI,max. The applied 

cyclic stress varied between 0 and σmax in this study; thus σmin = KImin = R = 0, Δσ = σmax, 

ΔKI = KI,max and A = A*. 

 

2.6 ASSESSMENT OF AGING KINETICS 

The monoclinic phase content was calculated from X-ray diffraction using a D8 advance 

Diffractometer (Bruker, Germany) with K radiations, in Bragg-Brentano configuration. 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[47]:  

𝑉𝑚 =
1.311𝑋𝑚

1+0.311𝑋𝑚
     (9) 

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

𝑋𝑚 =
𝐼𝑚

−111+𝐼𝑚
111

𝐼𝑚
−111+𝐼𝑚

111+𝐼 𝑡
101    (10) 

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). 

The hydrothermal ageing kinetics are rationalized by fitting the transformation curves with the Mehl–

Avrami–Johnson laws[48].  

𝑓 =
𝑉𝑚−𝑉0

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

𝑄

𝑅𝑇
) (11) 

where Vm is the monoclinic phase content after a given time t, Vmax and V0 are the saturation and 

initial levels of monoclinic phase content. Over a range covering at least 20 to 150°C, b is thermally 

activated (Q being the activation energy, R the gas constant, and T the absolute temperature). 

Combining these equations and the fact that ageing is cumulative led to the stepwise ageing procedure 

used here, and that takes advantage of the following equation to evaluate the aging kinetics of zirconia 

[27] (for detailed process, see reference[33]): 
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ln [
1

∆𝑡𝑖
ln (

𝑉𝑚𝑎𝑥−𝑉𝑖−1

𝑉𝑚𝑎𝑥−𝑉𝑖
)] ≈ ln(𝑛𝑏0) −

𝑄

𝑅𝑇𝑖
  (12) 

For each material, the Vmax value can be obtained by phase analysis, and Q value can be obtained by 

Equation 12. Other parameters can be obtained by using equation (11) and the fitting procedure which 

consists in minimizing the total quadratic error by optimizing an identical set of parameters (b0, n) 

for the kinetics measured at all temperatures[27]. The time/temperature schedules used for the 

stepwise procedure here are shown in Table 1. 

 

Table 1 : Aging procedure for all materials 

Schedule1: ST Schedule 2: MT Schedule3:TT 

Ti (°C) Δti (h) Ti (°C) Δti(h) Ti (°C) ti(h) 

134 2+2 134 2+2 134 200 

121 6+6 121 6+6+6 90 1720 

111 10+5 111 10+20+6   

100 22+6+8 100 60+22+20   

90 50 134 2+8+3   

  90 100   

 

 

3 RESULTS AND DISCUSSIONS 

3.1 MICROSTRUCTURE 

Microstructures of all the materials (observed by SEM) are shown in Fig. 1. The MT sample contains 

a small amount of alumina (black grain in SEM photo) compared to the ST and TT samples. The 

phase content and phase partitioning, analyzed by X-ray diffraction coupled to Rietveld analysis, are 

summarized in Table 2. The TT sample has larger cubic phase content (about 59%) and a larger grain 

size due to more yttrium oxide content. And the tetragonal phase content for ST sample is 78%, and 

for MT is 79%. 

 

 

Table 2: Microstructural features of zirconia materials before aging. 

Material 

Y2O3 

content 

(mol.%) 

% cubic 

±0.5 

% tetragonal 

±0.5 

mol% 

Y2O3 in c 

±0.05 

mol% 

Y2O3 in t 

±0.05 

Grain 

size(nm) 

±10 

ST 3 22.3 77.6 6.64 2.62 420 

MT 3 20.9 79.1 6.42 2.5 490 

TT 5 58.6 41.4 6.00 3.64 930 

 



Wei et al., Fatigue and aging of dental Y-TZP, JECS 2020  7 

 

Figure 1: SEM micrographs of all annealed samples 

 

 

3.2 VICKERS HARDNESS AND CRACK PROPAGATION THRESHOLD 

Fig.2 summarizes that the Vickers hardness and crack propagation threshold (KI0) of each material. 

Vickers hardness were around 13.0 GPa for all samples. The crack propagation thresholds (KI0) of 

ST and MT samples (3.26 and 3.9 MPa.m1/2 respectively)  are higher than that of TT (around 2.67 

MPa.m1/2, Fig.2(b)).  

 

Figure 2: Vickers hardness and Crack propagation threshold for all materials 

 

3.3 FLEXURAL STRENGTH AND CYCLIC FATIGUE RESULTS 

Fig.3 shows that the flexural strength for different materials. The average flexural strength of ST, MT 

and TT was 1143, 1152 and 530 MPa, respectively. Therefore, the applied loading stresses value 

(σmax) used in the cyclic fatigue test in this study is approximately 60% of the average flexural strength: 

686MPa, 691MPa and 318MPa for the ST, MT and TT samples, respectively. Fig.4 describes the 

Weibull plots with 95% confidence bands for initial mechanical properties (flexural strength) and 
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fatigue lifetime (the statistical parameters obtained from the Weibull distributions are summarized in 

table 3). These parameters are used to evaluate the parameters A and n in the fatigue lifetime 

prediction equation (1). For the strength, MT has an lower Weibull modulus than ST and TT in 

Fig.4(a). However for the fatigue lifetime in Fig.4(b), the Weibull modulus m* of MT is 0.51, higher 

than ST and TT. 

 

 

Figure 3: Flexural strength from bending 

tests for all samples 

 

 

 

Figure 4: Weibull plots for the initial mechanical strength (flexural strength) and fatigue lifetime with 95% confidence bands 

of the specimens 

 

Table 3: Statistical parameters obtained from the Weibull distributions of the initial mechanical strength and fatigue lifetime 

Material Bending tests Cyclic fatigue tests 

m σ0 σ0.05 m* Nf0 σmax (MPa) 

ST 8.81 1207 864 0.45 30710 686 

MT 4.49 1263 657 0.51 64150 691 

TT 6.49 568 360 0.45 69862 318 

 

In order to obtain the parameters of the SCG curve from the strength and the fatigue lifetime data 

according to Equation (6) and (7), the strength data corresponding to the fatigue lifetime data is 

composed of the average of every three strength value of the ranked raw flexural strength data. The 
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parameter p in Equation (7) for different materials is described in Fig.5. And the SCG curves 

calculated by the above method for all materials are shown in Fig.6. The v-KI,max curves for ST and 

MT samples are nearly identical, and their KI,max values are much larger than the TT samples at the 

same rate of crack growth due mainly to their different critical stress intensity factors caused by 

different yttria content. In materials with high KIC such as ST and MT samples, subcritical crack 

growth was detected only for KI,max values higher than about 2.6 and 2.4 MPa.m1/2, respectively. For 

the TT samples, the k value at the onset of subcritical crack propagation is as low as 1.5 MPa.m1/2. 

These values are consistent with current literature[17, 18].  

 

 

Figure 5: Auxiliary diagram used for the 

calculation of the subcritical crack growth 

curve 

 

 

 

Figure 6: Crack velocity as a function of the 

maximum stress intensity factor applied 

during cyclic loading of all specimens under 

wet conditions. The data were calculated by 

using the statistical method employed in this 

work. 

 

 

 

SCG parameters A and n are obtained by the above two methods and are summarized in Table 4. 

ST samples exhibit higher a stress corrosion coefficien (n≈20) than MT and TT samples, which 

resulted in the ST sample exhibiting the highest Weibull modulus in the Weibull distribution of 

initial strength. In addition, these parameters can be used to predict the fatigue lifetime of other 

different applied maximum stresses(σmax), such as 150MPa during mastication[20]. 
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Table 4: SCG parameters A and n from the Weibull distributions and from the subcritical crack growth curves 

Material From Weibull 

distributions 

From subcritical crack 

growth curves 

A n A* n* 

ST 5.77•10-21 21.54 3.23•10-20 19.81 

MT 7.13•10-16 10.68 3.17•10-15 9.32 

TT 2.55•10-15 16.45 1.63•10-13 9.51 

 

3.4 AGING KINETICS 

TT samples do not suffer from aging, even after more than 200 h autoclave at 134 °C, 1720 h at 90 

°C. Fig.7 shows ageing kinetics calculated according to equation (12) after the stepwise procedure. It 

was found that the thermal activation energy Q for aging of MT (112 kJ/mol) is greater than ST (98.6 

kJ/mol), the results are consistent with these reports [27, 48, 49]. The surface phase transformation 

curves for the ST and MT samples as a function of the hydrothermal ageing time are shown in Fig. 

8. And the parameters of MAJ equation of the different samples were obtained using the procedure 

described in section 2.3, and summarized in Table 5. It was found that the aging behaviour of ST 

sample was more sensitive than MT sample. Here it was known that 1 h at 134°C would roughly 

correspond to 1 year of hydrothermal ageing in vivo for ST and 4 years for MT. These parameters 

are prepared to predict the aging process at 37°C. 

 

Figure 7: Ageing kinetics calculated after the stepwise procedure 

  

  

Figure 8: Ageing kinetics between 90 and 134℃ for ST and MT samples. 
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Table 5: Parameters of MAJ equation of the different materials. 

Material Q(kJ/mol) 

 

n 

 

b0 Vmax V0 

ST 98.6 0.93 8.17•1011 0.78 0 

MT 112.0 1.78 7.49•1012 0.79 0.05 

 

4 DISCUSSION 

4.1 FATIGUE LIFETIME WITHOUT THE EFFECT OF AGING 

The Equation (1) can be used to estimate the lifetime of three materials under the wet and cyclic 

loading conditions encountered during mastication without the effect of aging. The relevant 

parameters are summarized in Table 4. Meanwhile, it was assumed in this study that the failure 

mechanism occurred under wet condition at a lower, maximum applied load (150MPa) and a 

conservative mastication frequency of 1400 cycles/day[50] in vivo situation to calculate the fatigue 

lifetime diagrams (Fig.9). The fatigue lifetime without the effect of KI0 of ST and MT is much longer 

than 20 years at a maximum applied stress of 150 MPa which is consistent with previous studies[1, 

21], but the fatigue lifetime of TT is only about 10 years. The results may be determined by their 

mechanical properties and their SCG curve. The ST and MT samples have higher flexural strength 

than TT samples and this is consistent with previous studies[51]. Moreover, the ST sample and the 

MT sample were higher crack growth initial threshold than the TT sample under different loading 

conditions (whether static loading under air or cyclic loading in a saliva environment), which may be 

due to the different yttria content in three materials[18] (see Fig.2 and Fig.6). Comparing the fatigue 

lifetime of ST and MT samples under different maximum applied stresses, it can be found that MT 

exhibits a longer lifetime than ST in high applied stress regions, but the opposite trend occurs in low 

applied stress regions. This is due to the following reasons: 1. MT has a higher flexural strength due 

to the doping of a small amount of alumina (Fig. 3), but the irregular segregation of alumina in the 

zirconia grain boundary may result in a decrease in its strength reliability (As shown in Fig. 4(a) that 

the Weibull modulus of MT is the lowest). 2. Although the ST and MT samples have the same initial 

threshold for crack propagation under cyclic fatigue in the saliva environment, the ST sample has 

twice the stress corrosion coefficient of the MT sample (see Fig. 6 and Table 4). 

 

Figure 9: Fatigue lifetime diagrams calculated from Weibull distributions and subcritical crack growth (SCG) curves without 

the effect of aging and without the effect of KI0.  
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4.2 AGING LIFETIME 

We evaluated the aging lifetime of the three materials according to the above method. TT did not 

suffer from aging in the existing procedure because it has a higher yttria content than the ST and MT 

samples. According to the aging kinetic parameters in Table 5, the aging lifetime diagram of ST and 

MT are obtained in Fig 10. It has been found out from previous research results that the mechanical 

properties of the zirconia material will be seriously affected, when the monoclinic phase content 

reaches 50% during aging[52]. Therefore, without considering the various surface treatments of three 

materials in clinical situations, we estimate that the aging lifetime at 37°C refers to the corresponding 

aging time when the monoclinic zirconia phase content reaches 50% during aging process at 37°C. 

Here it was found that the ST sample has a aging lifetime of about 6 years at body temperature, while 

the MT sample can last up to nearly 100 years at 37°C. This is consistent with the presence of small 

amount of alumina in MT samples [49]. When alumina is segregated at the zirconia grain boundary, 

the alumina can stabilize the oxygen vacancies [53-55]. The aging behaviour of zirconia is based on 

the annihilation process of oxygen vacancies [55]. On the basis of this, the MT samples which have 

a small amount of alumina showed more excellent aging resistance than the ST sample. 

 
Figure 10: Ageing kinetics at 90 and 134℃ for ST and MT samples.[52] 

4.3 LIFETIME ASSESSMENT FOR ZIRCONIA MATERIALS 

Combined with the results of fatigue lifetime and aging lifetime, the focused parameters for the three 

different zirconia materials in evaluating the lifetime of the human body are also different. ST zirconia 

ceramics should mainly consider the influence of aging process after comparing cycle fatigue lifetime 

and aging lifetime, and it is estimated that the service lifetime is about 6 years. Since the TT sample 

was resistant to aging (in the conditions of this study), the effect of cyclic fatigue was mainly 

considered, and the service lifetime of the material was estimated to be about 10 years. The MT 

material takes into account the effects of both, and it is found that the service lifetime of the material 

should be much longer than 20 years. 

In addition, two zirconia restorations were collected after in-vivo use. And it is pointed out here that 

they are different from the experimental samples in that there are some surface treatments such as 

sandblasting and glazing. One is the ST zirconia crown bridge which has a partial shedding 

phenomenon in the top area after more than 3 years use (20 years old male patient). The other is 3Y-

TZP zirconia posterior crown that broke after being used more than two years (40 years old female 

patient). The occlusal top and sides of the two samples were characterized by XRD (Fig.11). It was 

found that the occlusal top exhibited more monoclinic phases than the sides, which proved to be a 
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fact that the aging kinetics could be faster on loaded zones, and this led to accelerating the failure of 

the zirconia sample. Meanwhile, comparing Fig.10, the monoclinic phase content of the side unloaded 

area is less than the calculated value(0.32) at 37℃, and the monoclinic phase content of the top loaded 

area is greater than the calculated value after the ST zirconia was implanted in a 20 years old male 

patient for 3 years. The results had the following reasons: 1. The presence of surface glaze on the side 

unloaded area delayed the aging process, resulting in their monoclinic phase content was less than 

the calculated value at 37℃[51, 56]. 2. The cyclic fatigue of the top area caused the surface glaze to 

fall off quickly during long-term chewing to accelerate the aging of the sample surface. At the same 

time, the cyclic fatigue and aging processes of the top interact with each other and accelerate each 

other. Eventually, the top zones has more monoclinic phase content than side zones due to the 

acceleration of aging and the phase transformation toughening upon fracture, in turn resulting in 

accelerated failure of the products. Therefore, the service lifetime evaluation of dental zirconia in the 

oral environment should be comprehensively evaluated cycling fatigue and aging kinetics, and the 

mixed tests that combine aging and fatigue on the same specimens at the same time preferably should 

be devised to more accurately study the service lifetime of dental zirconia ceramics. 

 
Figure 11: XRD patterns and photo of collected dental zirconia restorations. on the left is the ST zirconia product after 3 

years of use by a 20 years old male patient; On the right is the zirconia product used by a 40 years old female patient for 

more than 2 years. 
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CONCLUSION 

3 mol%-yttria stabilized zirconia ST and MT samples have higher initial mechanical strength and 

higher initial crack growth threshold than 5 mol%-yttria stabilized zirconia TT samples. The KI0 of 

the ST and MT samples calculated in the hardness test (static conditions in air) fluctuate between 3.26 

and 3.9 MPa.m1/2, and the TT samples is around 2.67 MPa.m1/2. The KI,max calculated in the cyclic 

fatigue test under the saliva environment for ST and MT samples are higher than 2.4 MPa.m1/2, and 

the TT sample are higher than 1.5 MPa.m1/2. They results in that a cycle fatigue lifetime of ST and 

MT samples is much longer than 20 years under human conditions without considering the effects of 

aging, while the cyclic fatigue lifetime of TT is about 10 years. For aging kinetics, TT did not undergo 

aging behaviour in existing aging procedures, while ST and MT suffered varying degrees of aging. 

The MT has a stronger aging resistance than the ST samples due to the doping of a small amount of 

alumina, and the activation energies of the two are 112 and 98.6 kJ/mol, respectively. Finally, the 

service lifetime of the ST samples in the human body was shortened to about 6 years in consideration 

of aging, and the service lifetime of TT samples in the human body was evaluated to be about 10 

years in consideration of cyclic fatigue. The service lifetime of MT in the human body are estimated 

to be much longer than 20 years due to its excellent aging resistance and mechanical properties. 

Therefore, we recommend that TT materials can be used for anterior teeth restoration to ensure a 

longer service lifetime; when ST materials are used as dental restorative materials, they should be 

regularly checked for the integrity of their glazes; MT material can be used as a prosthesis material 

for the posterior teeth. 

In fact, the service conditions of zirconia dental ceramics in the human oral environment are very 

complicated. For example, the failure behaviour of the collected human dental zirconia ceramics is 

caused by the interaction of cyclic fatigue and aging. This provides us with a deeper research topic in 

the future, how to accurately monitor and predict the service lifetime under the interaction between 

cyclic fatigue and aging in vitro. 
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