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Abstract 

The aging behavior of a 1.5Y-TZP with 0.25%wt of alumina exhibiting high mechanical 

properties was investigated in both water vapor and in air with in situ XRD analysis. The results 

showed that the material exhibited a high resistance to aging in water vapor at 134°C compared 

to 3Y-TZP, which is explained by the addition of alumina and a lower sintering temperature. 

The aging kinetics were fitted by the Mehl–Avrami–Johnson law, three stages were identified 

corresponding to predominance of nucleation mechanism for temperatures below 180°C and 

above 340°C and to growth mechanism for intermediate temperatures. It was shown that for the 

temperature range investigated in water vapor and air, the mechanism was independent on the 

environment. A strong influence of the cooling rate on the tetragonal to monoclinic phase 

transformation was observed and discussed using a time–temperature-transformation diagram 

derived from the aging results in air.  

Keywords: 1.5Y-TZP, low temperature degradation, aging kinetics, activation energy, time-

temperature-transformation curves. 

1. Introduction 

Yttria-doped Tetragonal Zirconia Polycrystalline (Y-TZP) ceramics have become a popular 

choice in engineering and in particular biomedical applications due to their biocompatibility, 

and their mechanical properties including high strength and high toughness. This can be 

attributed to the retention of the high temperature tetragonal phase of zirconia at room 

temperature by addition of yttria (Y2O3), typically in the range of 2 to 3.5 mol%, leading to the 

transformation toughening mechanism due to stress-induced martensitic tetragonal to 

monoclinic (t-m) phase transformation [1-3].  

One point of vigilance with Y-TZPs is their sensitivity to a spontaneous (i.e. without the need 

of applied stress) and progressive t-m phase transformation in a humid environment, within a 

temperature range typically from room temperature to 400°C [4-9]. This phenomenon known 



as aging or Low Temperature Degradation (LTD), may have negative effects as surface 

roughening, enhanced wear rates or loss of mechanical properties [6,10-13]. Most of the 

experimental work on LTD in Y-TZP was focused on accelerated aging of 3Y-TZP (i.e., 3 

mol.% yttria doped zirconia) in autoclave conditions with water vapor, as well documented in 

numerous review articles such as [3,7,13,14]. Indeed, for biomedical applications, aging at 134 

°C under 2 bars pressure for 5 h corresponds roughly to 20 years in vivo [15]. 

The prevailing explanation for the mechanism of LTD revolves around the increase of internal 

stresses caused by the intrusion of water molecules into the lattice structure [11,16,17]. This 

process triggers the t-m phase transformation, setting off a sequence of events where the 

transformation initially takes place within individual grains and progressively extends to the 

surface of the sample then continues inward, via a nucleation-and-growth (N-G) mechanism 

[11,18-21], leading to the development of micro-cracks [22,23]. Various strategies have been 

employed to avoid or reduce the effect of aging in Y-TZP, among which, decreasing the grain 

size [24-27], and increasing the yttria content [28-32], both resulting in less t-m phase 

transformability, which may have a negative impact on mechanical properties. Resistance to 

LTD can also be improved by increasing Y3+ ion concentration in the tetragonal phase by 

decreasing the sintering temperature [8,33], or by using additional dopants such as silica glassy 

phase [34,35], CeO2 [36] or alumina [32,37,38].  

For Y-TZP ceramics, LTD kinetics has been often fitted by the Mehl-Avrami-Johnson (MAJ) 

equation [39-43]:  

 Vm = 1-exp (-(b.t)n)  (1) 

where Vm is the volume fraction of the monoclinic phase, t is the time, and b and n are constants 

depending on the temperature.  

It has been shown [19] that the exponent n, typically ranged from 0.3 to 4, is related to the ratio 

between nucleation and growth rates. Specifically, when n takes low values, typically < 1, 

nucleation is the dominant mechanism, whereas high values of n indicate that growth plays a 

more significant role. As indicated in Table 1, the majority of studies reported low values for 

the parameter n for temperatures below 200°C, which suggests that the nucleation process is 

dominant at this temperature range.  

Combining the data obtained at different temperatures, the transformation kinetics form ‘‘C’’-

shaped curves on a time–temperature-transformation (TTT) plot [38,41,44-48]. At temperatures 

well below the nose, the kinetics follow an Arrhenius dependence: 



 � = ��. ��� �	

��                                                                (2)  

where the term b0 is a constant (pre-exponential factor), R is the gas constant, T is the 

temperature and Q is the activation energy for which the reported values are close to 100 kJ/mol 

(tab1), which correspond to the activation energy for oxygen vacancy diffusion [3]. 

Besides hydrothermal accelerated aging, it is also important to characterize LTD in air as it can 

occur during cooling after sintering or heat treatments, or simply during the use for engineering 

applications other than the biomedical field. However, only a few studies were dedicated to the 

aging of Y-TZP ceramics in air and they have almost been performed separately, without a 

direct comparison with the results in the presence of water vapor. Moreover, the values of the 

kinetics exponent n in MAJ law (eq.2) are lacking for temperatures above 200°C and Y2O3 

content less than 3% mol. (tab 1).  

In the present work, the aging behavior of a 1.5Y-TZP zirconia with 0.25 wt % Al2O3 developed 

by Tosoh (Japan) under the tradename ‘Zgaia 1.5Y-HT’ [49] is deeply investigated both in 

water vapor and in air, within the temperature range from 100 to 400°C. In a previous work 

[50], it has been shown that this material exhibits high level of both strength (1 GPa) and 

toughness (8.5 MPa√m), near the optimum between a brittle (crack propagation followed by 

transformation-toughening) and a ductile (transformation induced plasticity, before crack 

propagation) behavior [51]. It could thus be used in structural applications requiring high 

toughness and thus flaw tolerance. The question of metastability and thus aging might be raised 

for such low yttria content and high transformability under stress. However, the material was 

designed to be sintered at low temperature (e.g., full density already reached at 1350°C for 2 

h), thanks in part to the addition of 0.25 mass% Al2O3, leading to a homogeneous distribution 

of yttria in the grains and no yttria depletion to grain boundaries [52]. It was thus one objective 

of the present study, beside the comparison of aging mechanisms in water and air, to assess the 

stability of this material during isothermal treatments and upon cooling.  

 

 

 

 

 



Table 1: MAJ parameter, n, and activation energy, Q, for Y-TZP ceramics aged in air or in 

water vapor. TA is the temperature of aging. 

Medium Y2O3 

(% mol) 

Al2O3 

(% wt)  

 

Grain size 

(nm) 

TA  

(°C) 

n Q 

 (kJ/mol) 

Reference 

 

 

 

 

 

 

 

 

 

 

 

 

Water 

vapor 

2 0 510 140 ~1 - [53] 

2.5 0-27.5* 450-600 134 ~1 - [54] 

 

 

 

 

 

 

3 

0 180 134 0.75 - [55] 

0 210  134 - 98 [32] 

0 < 320 134 1.04 - [56] 

0 330 100-137 0.94 -1.29 89 [57] 

0 370 134 1.15 - [58] 

0 450 140 ~1 - [53] 

0 500 70 - 130 3.6 106 [39] 

0 540 130 - 140 2 88.9 [42] 

0 350-700 134 0.97 - [59] 

0 - 134 1 - [60] 

0 - 120 - 140 1.5 96 [61] 

0 - 120 - 140 0.6 104 [61] 

0 - 140 1.7 - [62] 

0.05 304 134 1.29 - [63] 

0.25 225  134 - 109 [32] 

0.25 305 134 1.06 - [63] 

0.25 - 100-140 - 93 [64] 

0.25 500 134 0.7 - [65] 

0.43 270- 800 140 1.5 - [66] 

2 217  134 - 107  [32] 

5 214 134 - 105 [32] 

1-24** - 130 0.8 - 1.4 - [67] 

- 320-770 85 - 140 0.92 115.3 [43] 

- 260-690 134 0.47- 1.54 - [68] 

4 0 550 140 ~ 2 - [53] 

 

Air 

 

3 

0 470-770 130 - 220 - 81 [69] 

0 550- 850 100 - 220 - 83 [70] 

0 - 127, 200 1.4 ~100 [38] 

0.02 - 80  0.7 - [71] 

* in vol.%. 

** in mol % 



2. Material and Methods  

The material used in this study was a 1.5 mol% Yttria stabilized zirconia (1.5Y-TZP), provided 

by Tosoh (Japan) in the form of sintered and polished samples (with diamond pastes down to 1 

µm). Addition of 0.25 wt.% Al2O3 allowed for its sintering at relatively low temperature 

(1350°C for 2 hours) compared to conventional Y-TZP. In a previous study [50], it was shown 

that the average grain size of the material, evaluated by the linear-intercept method, was 440 

nm and that it exhibited a strong transformability under stress, leading to a high toughness (8.5 

MPa√m) while keeping a bending strength of around 1 GPa. 

To investigate the susceptibility of the material to LTD, hydrothermal and dry aging tests were 

carried out on polished samples, respectively in a humid environment and in air. The progress 

of aging was monitored by the variation of the volume fraction of the monoclinic content, 

determined as indicated in [72,73], from X-Ray Diffraction (XRD) patterns recorded on the 

polished surfaces within the 2θ angular range of 27° to 32°, using a D8 Advanced Bruker AXS 

diffractometer (Billerica, USA, CuKα1). Hydrothermal aging tests were carried out using a 

stainless-steel autoclave where the samples were exposed to water vapor under a pressure of 2 

bars, for different durations, at temperatures between 100 and 140°C. Dry isothermal 

transformation was investigated at various temperatures between 120 and 400°C, with in situ 

high temperature X-ray diffraction (HTXRD). Intensity data were collected by a linear detector 

(LynxEye) in PSD fixed scan mode. High temperature experiments were performed in air 

atmosphere using an Anton Paar HTK 1200 furnace chamber. The samples were first heated 

from ambient temperature to the desired temperature, at a heating rate of 0.5°C/s. After a 

holding time of 5 seconds, XRD patterns were recorded with a frequency varying from 3 

minutes to 1 hour, depending on the rate of transformation that varied with the temperature. 

The effect of the cooling rate on the t-m transformation after annealing was investigated using 

HTXRD. Some samples were heated with a heating rate of 0.5°C/s up to a temperature of 

600°C, where they were held for 20 minutes, then they were cooled down to room temperature 

at cooling rates ranging from 1 to 12°C/min. XRD patterns were recorded during cooling at 

different frequencies depending on the cooling rate. The reverse transformation from 

monoclinic to tetragonal phase during heating was also investigated using HTXRD. Samples 

were subjected to heating from room temperature up to 1200°C at a rate of 5°C per minute. 

During the heating process, XRD patterns were recorded at intervals of 4 minutes. 



Optical microscopy (ZEISS Axiophot) was used with Nomarski contrast to observe the 

evolution of the surface topography of the samples after different heat treatments or aging tests. 

3. Results  

3.1. Hydrothermal aging  

Figure 1 shows the variation over time of the monoclinic content, Vm, during hydrothermal aging 

at temperatures ranging from 100 to 140°C. The monoclinic phase content increases with time, 

with increasing transformation rate with rising temperature. After 30 hours in autoclave, Vm is 

less than 20% at 100°C and reached respectively 39%, and 48% at 134, and 140°C.  

3.2. Dry aging 

Figure 2 shows an example of in-situ HTXRD patterns during aging in air at 250°C. At this 

temperature, the monoclinic content increases rapidly, from 3% to 85% within less than 8.103 

seconds (i.e., roughly 2 hours). Figure 3 illustrates the variation with aging time in air of the 

monoclinic content at various temperatures ranging from 120 to 360°C. Transformation rate 

increases first from 120°C to 275°C, for which the kinetics is the most rapid, and then decreases 

again. At that ‘nose’ temperature, the monoclinic content reached 80% (saturation) after only 

half an hour. An isothermal test was also carried out at 400°C, but no transformation occurred 

at this temperature after more than 50 hours (not presented in the figure, since showing a 

constant value of Vm). This temperature can thus be considered as an approximate value of the 

start temperature for the martensitic t-m transformation, Ms. 

3.3. Effect of the cooling rate on the t-m transformation 

Figure 4 presents the variation of the volume fraction of the monoclinic phase with temperature 

during cooling from 600°C at different cooling rates. The arrow in the figure shows the direction 

of temperature variation. No transformation was observed for a sample cooled at 12°C/min. As 

the cooling rate was decreased, t-m phase transformation occurred earlier and earlier, with 

increasing transformation rate. For a cooling rate of 9°C/min, the transformation started around 

350°C then continued slightly and saturated at a temperature about 200°C, with a final 

monoclinic content of 15%. At cooling rates of 4.5°C and 1°C/min, the transformation started 

respectively at 380°C and 400°C and the monoclinic content rose rapidly to final rates 

respectively of 84% and 90%. These results are in line with a martensitic start transformation 

temperature, Ms, of about 400°C. 



3.4. Reverse monoclinic to tetragonal phase transformation 

Figure 5 shows the monoclinic content as a function of temperature during heating from room 

temperature up to 1200°C, at a rate of 5°C/min, of a sample with an initial monoclinic content 

of 87% (obtained after prior annealing at 1200°C and cooling at a rate of 5°C/min). The arrow 

in the figure indicates the direction of temperature variation. No transformation was observed 

before the temperature of 380°C at which the reverse m-t transformation was initiated and then 

continued slightly until the temperature of 580°C, at which an abrupt loss of the monoclinic 

content to 4% was observed. This temperature can thus be considered as the austenite start 

temperature (As) and agrees well with a roughly 200°C difference between As and Ms in 

zirconia systems [74]. The fact that the monoclinic content already slightly but significantly 

varies before As and even starting at 200C° would require further exploration, but seems in line 

with the saturation level of monoclinic content during the aging experiments presented in figure 

3, with a maximum value of Vm of about 90% at temperatures below 200°C and of roughly 70% 

at 350°C.  

4. Discussion 

4.1. LTD resistance and Kinetics 

XRD results presented in Figure 1 reveal that during accelerated hydrothermal aging at 134°C 

(corresponding to the ISO 13356 standard procedure) the variation of the monoclinic fraction 

reached 14% after 5 hours of aging. In contrast, under the same conditions, standard 3Y-TZP 

without alumina addition exhibited a variation of the monoclinic fraction of 27% [50]. These 

findings indicate that the studied 1.5Y-TZP exhibits superior resistance to LTD compared to 

conventional 3Y-TZP and follows requirements of ISO 13356 standards for biomedical 

applications. This can be attributed to the addition of alumina that leads to the segregation of 

Al3+ cations at the grain boundaries, which contributes to retarding the progression of LTD 

[32,75]. Another factor contributing to the resistance to LTD of the present material is its 

relatively low sintering temperature (1350°C), which helps prevent phase partitioning, yttria 

depletion towards cubic grains and thus leads to a homogeneous distribution of yttria in the 

grains [3,52]. Yttria depletion occurs for materials sintered at high temperatures and consists of 

the formation of yttrium-rich cubic and yttrium-poor tetragonal phases. As depleted tetragonal 

grains are less stable to transformation, they act as preferential nucleation sites for LTD [8,76]. 

The low sintering temperature of this material, and of Y-TZP in general, is thus a key for 

improved aging resistance.  



The transformation curves (Fig. 1 and 3) were fitted by the MAJ law (eq. (2)), linear plots of 

which (ln (ln (1/(1 – Vm)) versus ln t) are presented in figures 6 and 7 respectively for aging in 

water vapor and air. It can be seen that for both environments, a linear relationship is observed 

at all temperatures, which suggests nucleation and growth kinetics. The values of the exponent 

n, derived from the slope of the straight lines are reported as a function of temperature in Figure 

8, in which three stages could be distinguished. The first stage corresponds to temperatures 

below 180 °C, for which n values are about 0.6, independently of temperature and environment. 

This is in agreement with the majority of the values reported for this range of temperature (Tab. 

1) and indicates that there is a high nucleation rate with the growth rate kinetically limited by 

the growth velocity of the interface between the tetragonal and monoclinic phases [3,19,44,71]. 

At around 180°C, n experienced an abrupt increase then stabilized between 3 and 4, until 340°C 

(second stage). This can be attributed to a change of transformation kinetics within this 

temperature range, where three-dimensional growth process became dominant, with the rate of 

nucleation being limited by the driving force for the nucleation of the monoclinic phase and the 

growth rate being increased by temperature [3,19]. At the third stage corresponding to 

temperatures above 340°C, the exponent n goes back to small values (~ 0.6), which indicates 

that the nucleation process becomes again dominant. Overall, at temperatures above 340°C, the 

aging kinetics were slow since the temperature is approaching Ms.  

The three stages were confirmed by optical observations, as shown in Figure 9 where examples 

of optical micrographs obtained under Nomarski contrast of samples aged at various 

temperatures are presented. At 134°C and for all temperatures within the first stage, only 

nucleation sites, examples of which are indicated by arrows in the figure, were observed. At 

250°C and 275°C (corresponding to the second stage), large domains generated through the 

growth process were observed, with increasing size as the temperature was increased. After 

aging at 360°C which is within to third stage, the shape of the surface is similar to that observed 

at low temperatures, with only nucleation sites.  

The apparent activation energy, Q, provides insight into the mechanism of the t-m phase 

transformation during aging.  To determine this parameter, the kinetic parameter, b (eq. (2)), 

was deduced by MAJ fitting (Fig. 6 and 7) and ln(b) was plotted versus 1/T. The results 

presented in figure 10 show a linear relationship and Q was estimated to be 90 kJ/mol 

independently on the environment, with a correlation coefficient of 98%. This value aligns with 

previous findings shown in Table 1, and corresponds closely to the activation energy for oxygen 

vacancies diffusion in Y-TZP ceramics (~ 100 kJ/mol) [3].  



The similitude of the exponent n and the apparent activation energy, Q, in air and in water vapor 

(within the studied temperature range for the latter case, i.e. 120 to 140°C) suggests that the 

moisture content does not affect significantly the kinetics of aging and the activation energy in 

this range of humidity content and temperature. Thus, the humidity in the air is sufficient to 

activate isothermal transformation. As no information is available for n values at high 

temperatures in humid environment, further work is underway to investigate the effect of 

humidity on the second and the third stages observed in air.  

4.2. TTT curves and consequences  

A TTT diagram has been derived from aging data in air (Fig. 3) and the results are presented in 

Figure 11, which indicates the times corresponding to monoclinic contents of 15%, 50%, and 

75%. The start temperature for the t-m transformation, Ms, is also indicated in the figure. 

Distinctive C-shaped curves can be seen with a "nose" at a temperature of 275°C, corresponding 

to the fastest transformation. This shape, also observed by others authors for Y-TZP materials 

[38,41,44-48,77], can be explained by the competition between the driving forces for nucleation 

(difference between actual temperature and Ms) and growth mechanisms (temperature itself) 

[41]. At temperatures below the nose, the nucleation rate is significantly high, and the growth 

rate is constrained by the kinetics of the interface between the tetragonal and the monoclinic 

phases. Conversely, at high temperatures around the nose, the nucleation rate becomes the 

limiting factor.  

In Table 2, the temperature of the fastest transformation and the aging time at which 50% 

monoclinic content was reached in air, are reported for the present work in comparison to other 

Y-TZPs. It can be noticed that the temperature of the fastest transformation in the present work 

is lower than those reported for Y-TZP ceramics without alumina addition and the 

transformation is retarded compared to materials with comparable yttria content. This could be 

explained by the presence of alumina in the studied material. Indeed, it has been shown that the 

position of the C-curve for Y-TZPs in the TTT diagram depends on the grain size and the 

material’s composition, in particular yttria and alumina contents [38,46-48]. Transformation 

curves shift towards higher temperature and shorted aging time by decreasing the yttria content 

[38,46-48]. On the other hand, increasing the alumina content retards the transformation [32] 

and consequently shifts the C-curve toward longer aging time [44].  

The aging time at which 50% monoclinic content was reached for the present material (22 min) 

is significantly shorter than for 3Y-TZP without alumina (>150 min). This explains the high 

influence of the cooling rate on the phase transformation shown in Fig 4.   



Table 2: Position of the transformation curves in the TTT diagram for the studied material in 

comparison with other Y-TZP materials. TN is the temperature at the “nose” and t50 is the time 

at which the monoclinic content reached 50%. 

Material composition Position of the transformation curve Reference 

Y2O3 (% mol) Al2O3 (% wt) TN (°C) t50 (min)   

1 0 400 ~0 [46] 

1.5 

0 427 8 [38] 

0 377 1 [47] 

0.25 275 22 This work 

1.6 0 350 1 [45] 

2 0 377 11 [46] 

3 

0 327 166 [38] 

1.2 250 ~33* [44] 

12 250 ~208* [44] 

* In hours 

Finally, the constructed TTT diagram provides evidence that relatively fast cooling is necessary 

to prevent t-m transformation after sintering or heat treatment of the studied 1.5Y-TZP. A 

cooling rate of at least 10°C/min is required to prevent transformation and thus the surface 

deterioration illustrated, as example in figure 12, for a sample cooled at 1°C/min after annealing 

at 600°C, for which the final volume fraction of the monoclinic phase was 90%, indicating an 

almost complete transformation of the surface. It is to note that only the first 5 microns below 

the surface are investigated by XRD in zirconia. Thus, having a 90 vol.% monoclinic content 

measured by XRD might not be detrimental for the bulk properties, but this remains a point of 

vigilance, especially for large parts that cannot be cooled down rapidly to avoid thermal shocks.  

5. Conclusion  

The studied material combines high mechanical properties and a high resistance to aging in 

water vapor at 134°C compared to the standard 3Y-TZP, which could be attributed to alumina 

addition and the relatively low sintering temperature.  



Isothermal t-m phase transformation occurred in air at temperature ranged from 120 to 360°C 

and MAJ type kinetics was successfully applied, as for aging in water vapor between 100 and 

140°C. The results indicated a strong dependence of the MAJ law exponent, n, on the 

temperature, with three separate stages, confirmed by optical observations. For temperatures 

below 180°C or above 340°C, n takes a low value (~ 0.6) which correspond to high nucleation 

rate. For a temperature range between 180°C and 340°C, the growth rate became dominant with 

high n value (between 3 and 4). It was shown that the nucleation stage at low temperatures is 

independent on the environment. Thus, the humidity in the air is sufficient to activate isothermal 

transformation. 

A TTT diagram was constructed and it was shown that the transformation curves are shifted to 

lower temperature and to shorter aging time compared to standard 3Y-TZP without alumina 

addition. Therefore, a relatively high cooling rate, at least 10°C/min, is required to prevent the 

surface transformation after sintering or thermal treatments of the studied material. 
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Tables captions: 

Table 1: MAJ parameter, n, and activation energy, Q, for Y-TZP ceramics aged in air or in 

water vapor. TA is the temperature of aging. 

Table 2: Position of the transformation curves in the TTT diagram for the studied material in 

comparison with other Y-TZP materials. TN is the temperature at the “nose” and t50 is the time 

at which the monoclinic content reached 50%. 

Figures captions: 

Figure 1: Variation of the monoclinic phase content versus time during hydrothermal aging 

between 100 and 140°C. 

Figure 2: Example of in-situ XRD pattern during isothermal transformation in air at 250°C. 

Figure 3: Variation of the monoclinic phase content versus time in air between 120 and 

360°C.  

Figure 4: Effect of the cooling rate on tetragonal to monoclinic phase transformation. Samples 

were previously annealed at 600°C during 20 min. The arrow indicates the direction of 

temperature variation. 

Figure 5: Reverse monoclinic to tetragonal phase transformation during heating. The arrow 

indicates the direction of temperature variation.  

Figure 6: Mehl–Avrami–Johnson plot of the experimental data of figure 1, corresponding to 

hydrothermal aging at various temperatures. For each temperature, the obtained value of the 

exponent n is indicated in brackets. The unit of time is seconds. 

Figure 7: Mehl–Avrami–Johnson plot of the experimental data of Figure 3, corresponding to 

aging at various temperatures in air between 120 and 350°C. For each temperature, the obtained 

value of the exponent n is indicated in brackets. The unit of time is seconds. 

Figure 8: Variation of the exponent n of MAJ law (eq. (1)) with temperature. Open symbols 

correspond to hydrothermal aging in autoclave and solid symbols to aging in air. 

Figure 9: Representative examples of optical micrographs with Nomarski contrast showing the 

surface of samples aged in air at temperatures of 134, 250, 275 and 360°C, with a final 

monoclinic content respectively of 65%, 85%, 85% and 77%. The arrows indicate examples of 

nucleation sites. 



Figure 10: ln b versus 1/T (eq. (2)) for aging in water vapor and air.  

Figure 11: Time-Temperature-Transformation (TTT) curves derived from the results of the 

isothermal transformations curves of Fig. 3. The dashed line indicates an approximate position 

of the start temperature for the t-m transformation, Ms. 

Figure 12: Optical micrograph of a sample cooled at a slow rate of 1°C/min after annealing at 

600°C. The final volume fraction of the monoclinic phase measured at the surface was of 90%. 

  



 

Figure 1: Variation of the monoclinic phase content versus time during hydrothermal aging 

between 100 and 140°C. 
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Figure 2: Example of in-situ XRD pattern during isothermal transformation in air at 250°C. 

  



 

Figure 3: Variation of the monoclinic phase content versus time in air between 120 and 

360°C.  
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Figure 4: Effect of the cooling rate on tetragonal to monoclinic phase transformation. Samples 

were previously annealed at 600°C during 20 min. The arrow indicates the direction of 

temperature variation. 
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Figure 5: Reverse monoclinic to tetragonal phase transformation during heating. The arrow 

indicates the direction of temperature variation.  
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Figure 6: Mehl–Avrami–Johnson plot of the experimental data of figure 1, corresponding to 

hydrothermal aging at various temperatures. For each temperature, the obtained value of the 

exponent n is indicated in brackets. The unit of time is seconds. 
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Figure 7: Mehl–Avrami–Johnson plot of the experimental data of Figure 3, corresponding to 

aging at various temperatures in air between 120 and 350°C. For each temperature, the obtained 

value of the exponent n is indicated in brackets. The unit of time is seconds. 
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Figure 8: Variation of the exponent n of MAJ law (eq. (1)) with temperature. Open symbols 

correspond to hydrothermal aging in autoclave and solid symbols to aging in air. 
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Figure 9: Representative examples of optical micrographs with Nomarski contrast showing the 

surface of samples aged in air at temperatures of 134, 250, 275 and 360°C, with a final 

monoclinic content respectively of 65%, 85%, 85% and 77%. The arrows indicate examples of 

nucleation sites. 

  



 

Figure 10: ln b versus 1/T (eq. (2)) for aging in water vapor and air.  
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Figure 11: Time-Temperature-Transformation (TTT) curves derived from the results of the 

isothermal transformations curves of Fig. 3. The dashed line indicates an approximate position 

of the start temperature for the t-m transformation, Ms. 
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Figure 12: Optical micrograph of a sample cooled at a slow rate of 1°C/min after annealing at 

600°C. The final volume fraction of the monoclinic phase measured at the surface was of 90%. 

 

 


