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The paper presents an empirical approach to obtain the Remaining Useful Lifetime (RUL) or Time To Failure (TTF) using mechanical parameters or Acoustic Emission (AE) of Ceramic Matrix Composite (CMC) submitted to static fatigue tests at the laboratory scale. The approach is based on the investigation of the AE dynamic and identification of characteristic times with several indicators such as the sentry function, coefficient RAE, coefficient of attenuation B. A linear correlation is established between these characteristics times and the time to failure allowing the possibility of evaluating the time to failure in real time. The results are compared to those obtained with mechanical parameters such as the strain and the damage parameter.

Introduction

Due to low weight/mechanical ratio and high temperature strength, ceramic matrix composites (CMCs) are very attractive candidates for civil aircrafts applications because of their excellent creep resistance, high-temperature strength and light weight [START_REF] Dalmaz | Mechanical behaviour and damage evolution during fatigue at high temperature of a 2,5D Cf/SiC composite[END_REF][START_REF] Lamon | Micromechanics-based approach to the mechanical behavior of brittle matrix composites[END_REF][START_REF] Boitier | Tensile creep results on a Cf/SiC composite[END_REF][START_REF] Lee | Fatigue damage mechanisms and environmental effects on the long-term performance of matrix composites[END_REF][START_REF] Lamon | CVI SiC/SiC composites[END_REF][START_REF] Fantozzi | Mechanical behaviour of SiC fiber reinforced ceramic matrix composites Chapter Comprehensive hard materials[END_REF]. Even though both fiber and matrix are made of brittle materials (mostly Carbon and Silicon Carbide), CMCs can reach relatively high strain-to-failure due to energy dissipation through multiple matrix cracking, deviation of cracks at the fiber/matrix interface or propagation into a multilayered matrix.

Matrix cracking is then the first main damage mechanism occurring. However, the composite failure is driven by physicochemical degradation of the fibers that includes both effects of stress redistribution during damaging of matrix and interface and effects of oxidation. The development of self-healing matrix systems in the new generations of SiCf/[Si-B-C] composites allows to reach very long lifetimes in service conditions by drastically reducing the fibers exposure to oxygen thanks to the formation of sealant glasses [START_REF] Lamouroux | Oxidation-resistant carbon-fiberreinforced ceramic-matrix composites[END_REF][START_REF] Quémard | Self-healing mechanisms of a SiC fiber reinforced multi-layered ceramic matrix composite in high pressure steam environments[END_REF]. So it slows down the effects of oxidation, main cause of fibers failure in static fatigue at high or intermediate temperature.

The various phenomena that are involved in the damage process make the lifetime prediction of this type of material a very challenging work. Several models have been developed to describe the mechanical behavior of CMCs [START_REF] Forio | Fatigue behavior at high temperatures in air of a 2D SiC/SiBC composite with a self-sealing multilayered matrix[END_REF][START_REF] Farizy | Understanding of the behaviour and the influence of oxidation during creep of SiC-SiBC composites in air[END_REF][START_REF] Reynaud | Cyclic fatigue behaviour at high temperature of a selfhealing ceramic matrix composite[END_REF][START_REF] Loseille | Prediction of lifetime in static fatigue at high temperatures for ceramic matrix composites[END_REF][START_REF] Lamon | Approach to microstructure-behavior relationships for ceramic matrix composites reinforced by continuous fibers[END_REF]. Here, the objective is to develop a new approach based on acoustic emission monitoring that would allow real-time prediction of the Remaining Useful Lifetime(RUL) of CMCs during fatigue tests. The aim of prognostics is to make remaining useful lifetime previsions [START_REF] Loutas | A data-driven probabilistic framework towards the in-situ prognostics of fatigue life of composites based on acoustic emission data[END_REF][START_REF] Kumar | Failure strength prediction of glass/epoxy composite laminates from acoustic emission parameters using artificial neural network[END_REF][START_REF] Eleftheroglou | Fatigue damage diagnostics and prognostics of composites utilizing structural health monitoring data and stochastic processes[END_REF]. Prognostics is a natural extension of structural health monitoring where the user is not only concerned with detecting, locating and identifying damage but also determining the RUL long before failure. The RUL (Remaining Useful Life) or the TTF (Time To Failure) can be defined as duration between the time t (after detection of the damage) and the time when the damage will reach its critical threshold. It is a continuous process and predictions must be regularly updated as the system health state changes.

The analysis of the AE is based on the investigation of the acoustic emission activity, with a view to identify characteristic times, which indicate the beginning of the critical damage phase.

Many researchers investigated the elastic energy release during the failure process of materials [START_REF] Smith | Asymptotic distributions for the failure of fibrous materials under series-parallel structure and equal load-sharing[END_REF][START_REF] Curtin | Theory of mechanical properties of ceramic-matrix composites[END_REF][START_REF] Newman | Time dependent fiber-bundles with local load sharing[END_REF][START_REF] Turcotte | Can damage mechanics explain temporal scaling laws in brittle fracture and seismicity?[END_REF][START_REF] Ben-Zion | Accelerated seismic release and related aspects of seismicity patterns on earthquakes faults[END_REF][START_REF] Johansen | Critical ruptures[END_REF][START_REF] Guarino | An experimental test of the critical behaviour of fracture precursors[END_REF][START_REF] Nechad | Andrade and critical time-tofailure laws in fiber-matrix composites: Experiments and model[END_REF][START_REF] Deschanel | Mechanical response of polymeric foams[END_REF][START_REF] Deschanel | Statistical properties of microcracking in polyurethane foams under tensile tests, influence of temperature and density[END_REF]. Smith and Phoenix [START_REF] Smith | Asymptotic distributions for the failure of fibrous materials under series-parallel structure and equal load-sharing[END_REF], Curtin [START_REF] Curtin | Theory of mechanical properties of ceramic-matrix composites[END_REF] and Newman and Phoenix [START_REF] Newman | Time dependent fiber-bundles with local load sharing[END_REF] studied the Critical Point Hypothesis (CPH) using fibre model. Johansen and Sornette [START_REF] Johansen | Critical ruptures[END_REF] and Guarino [START_REF] Guarino | An experimental test of the critical behaviour of fracture precursors[END_REF] also found similar results on the acoustic emission release prior to failure of composites. These researches shows that the advancement of damage is accompanied with bursts that follow a universal power law. Kahirdeh et al. [START_REF] Kahirdeh | Criticality of degradation in composite materials subjected to cyclic loading[END_REF] seek to determine if there is a scaling function, which holds throughout the life of the composites laminates. They also present statistical behaviour of AE features to examine the applicability of self-organized criticality to the fatigue fracture of laminates. Many studies showed that observations performed on earthquakes are also valid for laboratory experiments on small rock samples [START_REF] Lei | Indicators of critical point behavior prior to rock failure inferred from pre-failure damage[END_REF][START_REF] Li | Experimental studies of the change of spatial correlation length of acoustic emission events during rock fracture process[END_REF]. Some researchers reported that fractal dimensional reduction of AE signals can be used to predict instability [START_REF] Carpinteri | Structural damage diagnosis and life-time assessment by acoustic emission monitoring[END_REF][START_REF] Carpinteri | Three different approaches for damage domain characterization in disordered materials: Fractal energy density, b-value statistics, renormalization group theory[END_REF].

In the context of failure prediction of composite, Arumugan [START_REF] Arumugam | Ultimate Strength Prediction of Carbon/Epoxy Tensile Specimens from Acoustic Emission Data[END_REF] predicted residual tensile strength of impacted carbon/epoxy laminates using artificial neural network with AE data collected up to 50% of failure loads. The descriptors were the cumulative counts and the amplitude frequency. Several authors [START_REF] Sasikumar | Failure strength prediction of unidirectional tensile coupons using acoustic emission peak amplitude and energy parameter with artificial neural networks[END_REF] used AE peak amplitude and energy parameter into neural network for predicting the tensile strength of carbon epoxy composites. On the other hand, Peng [START_REF] Peng | In-situ fatigue life prognosis for composite laminates based on stiffness degradation[END_REF] proposed to use the stiffness degradation to estimate in-situ fatigue life prognostics. Philippidis [START_REF] Philippidis | Strength degradation due to fatigueinduced matrix cracking in FRP composites: An acoustic emission predictive model[END_REF] developed a model based on AE for tensile residual strength in fiber reinforced plastics composites, the model is recommended in cases where matrix cracking is the dominant damage mode.

For the specific study of CMCs in fatigue, [START_REF] Momon | Acoustic emission and lifetime prediction during static fatigue tests on ceramic matrix composite at high temperature under air[END_REF] [START_REF] Momon | Acoustic emission and lifetime prediction during static fatigue tests on ceramic matrix composite at high temperature under air[END_REF][START_REF] Maillet | Analysis of Acoustic Emission energy release during static fatigue tests at intermediate temperatures on Ceramic Matrix Composites: towards rupture time prediction[END_REF] introduced an indicator, denoted RAE, the coefficient of emission, which is shown to go through a minimum value around 50 % -60 % of the total test duration. Maillet [START_REF] Maillet | Real-time evaluation of energy attenuation: A novel approach to acoustic emission analysis for damage monitoring of ceramic matrix composites[END_REF] presents a novel approach in order to evaluate energy attenuation in real-time. For ceramic matrix composites under static fatigue, a significant increase of energy attenuation is observed during the first half of tests. So beyond 50 % of the total test duration, the criticality can be modelled by a power law in order to evaluate time to failure [START_REF] Momon | Acoustic emission and lifetime prediction during static fatigue tests on ceramic matrix composite at high temperature under air[END_REF]. Nevertheless, this approach needs to calibrate the law on specific test and the exponent of the law is very different from one test to another. So it is strongly difficult to use this law in real time.

The present paper investigates the static failure of CMC composites at intermediate temperature and the main emphasis is placed on the analysis of the mechanical behaviour and acoustic emission data. This study focuses on the estimation of the time to failure for SiCf/[Si-B-C] composite with a self-healing matrix during static fatigue experiments realized at 500°C or 450 °C under air. Acoustic Emission monitoring gives real-time information on initiation and evolution of damage, with its location and information about the damage mechanism that is involved [START_REF] Maillet | Real-time evaluation of energy attenuation: A novel approach to acoustic emission analysis for damage monitoring of ceramic matrix composites[END_REF][START_REF] Maillet | Damage monitoring and identification in SiC/SiC minicomposites using combined acousto-ultrasonics and acoustic emission[END_REF][START_REF] Moevus | Analysis of damage mechanisms and associated acoustic emission in two SiC/[Si-B-C] composites exhibiting different tensile behaviours. Part I: Damage patterns and acoustic emission activity[END_REF][START_REF] Moevus | Analyse of damage mechanisms and associated acoustic emission in two SiC/[Si-B-C] composites exhibiting different tensile curves. Part II: Unsupervised acoustic emission data clustering[END_REF][START_REF] Godin | Identification of damage mechanisms with acoustic emission monitoring: interests and limitations[END_REF]. In this paper, only the collective aspect of the AE emission is investigated.

The objective of this study is to demonstrate the critical behavior of CMCs loaded in static fatigue and to evaluate the remaining useful lifetime with several methods based on empirical relations (Fig. 1). Linear relationships are established between the characteristics times defined in previous study [START_REF] Momon | Acoustic emission and lifetime prediction during static fatigue tests on ceramic matrix composite at high temperature under air[END_REF][START_REF] Maillet | Analysis of Acoustic Emission energy release during static fatigue tests at intermediate temperatures on Ceramic Matrix Composites: towards rupture time prediction[END_REF][START_REF] Maillet | Real-time evaluation of energy attenuation: A novel approach to acoustic emission analysis for damage monitoring of ceramic matrix composites[END_REF] and the times to failure. These characteristic times are also used in order to evaluate the RUL with an empirical relation. In addition, based on mechanical parameters, a methodology to predict a threshold in the damage and the time to failure is proposed. At the same time, the AE energy and the waiting time are analysed in order to define if AE signals exhibit a behaviour that can be described by decaying power law distribution.

Material and Experimental set-up 2.1 Material

The composite used in this study is provided by SAFRAN CERAMICS (Bordeaux, France). This 2.5D woven composite is composed of Hi-Nicalon fibres, a pyro-carbon interphase layer and a self-healing matrix. This matrix has been processed by means of several chemical vapor infiltrations with different compositions, based on the ternary Si-B-C system. The external surface is protected by a seal-coat. The composite contains a volumic fraction of fibres equal to 35%. In this study, all the specimens have a dog-bone shape with a thickness of 4 mm and a gauge section of 60 mm × 16 mm.

Mechanical testing and AE monitoring

Static fatigue tests or tensile tests are performed at 450 °C and 500°C under air. This temperature is chosen because it is critical for the material since SiC can be oxidized without self-healing protection. The specimens are loaded at a constant rate of 600 N/min up to a constant stress. Static fatigue tests are carried out at various stress levels in the range of 44 % R and 95 % R at 500 °C, where R is the strength of the composite and 52% to 71 % at 450 °C. Specimen elongation is measured using an high temperature extensometer. For all the tests, damage is characterized using periodical unloading-loading cycles (every 12 hours or 24 hours during the static fatigue tests). Potential indicators of damage evolution are obtained by recording the secant modulus and the maximal strain. To describe stiffness loss, the variable D is used, defined through the well know relation:

𝐷 = 1 - 𝐸 𝑡 𝐸 𝑂 (1)
Where Et is the secant elastic modulus and Eo is the initial elastic modulus.

To characterize the dissipation of energy during a loading/unloading cycle, several parameters may be calculated as the area of the stress/strain loop ∆W, the internal friction ∆W/We (where We is the maximum elastic energy stored during the cycle) [START_REF] Fantozzi | Mechanical behaviour of SiC fiber reinforced ceramic matrix composites Chapter Comprehensive hard materials[END_REF].

AE is monitored by using a two-channel MISTRAS 2001 acquisition system of Physical Acoustics Corporation. Two resonant MICRO-80 sensors are fixed on the specimen, inside the grips. Medium viscosity vacuum grease is used as a coupling agent.

The location of AE sources is determined from the difference in arrival times at sensors. So, only the signals located in the gauge length of the specimens are analyzed. The AE wave velocity is calibrated before the test, with pencil lead break procedure. The velocity of an extensional wave in a thin plate is proportional to the square root of the material elastic modulus.

Since modulus decreases as damage occurs in the material, it is important to take into account the evolution of velocity during the mechanical test in order to better evaluate the location of the AE sources [START_REF] Morscher | The velocity and attenuation of acoustic emission waves in SiC/SiC composites loaded in tension[END_REF]. For example, at the end of the tensile test, the wave velocity on SiCf /SiC composite is found to be equal to 6480 m/s, instead of 10000 m/s in the undamaged state. The decrease in wave velocity is thus not negligible.

After composite failure, some of specimens were cut and polished along the longitudinal direction in order to measure the matrix crack density.

Damage indicators based on acoustic emission

In this part, were going to summarize all the damage indicators defined in our previous study on several types on CMC [START_REF] Momon | Acoustic emission and lifetime prediction during static fatigue tests on ceramic matrix composite at high temperature under air[END_REF][START_REF] Maillet | Analysis of Acoustic Emission energy release during static fatigue tests at intermediate temperatures on Ceramic Matrix Composites: towards rupture time prediction[END_REF][START_REF] Maillet | Real-time evaluation of energy attenuation: A novel approach to acoustic emission analysis for damage monitoring of ceramic matrix composites[END_REF][START_REF] Godin | Identification of a Critical Time with Acoustic Emission Monitoring during Static Fatigue Tests on Ceramic Matrix Composites: Towards Lifetime Prediction[END_REF][START_REF] Racle | Fatigue Lifetime of Ceramic Matrix Composites at Intermediate Temperature by Acoustic Emission[END_REF]. The definition of the damage indicators is based mainly on the determination and on the investigation of the acoustic energy released. It is generally accepted that the energy of an AE signal is related to the energy released by the source at crack initiation. The following equation is used to describe the energy of recorded AE signals (for instance, at sensor 1) received from the source n [START_REF] Maillet | Analysis of Acoustic Emission energy release during static fatigue tests at intermediate temperatures on Ceramic Matrix Composites: towards rupture time prediction[END_REF] :

x(n)) + -B(L 1 s 1 .e (n).A E = (n) E (2)
Es(n) is the energy released at source n in the form of elastic waves. Due to differences in coupling between sensor and material surface or in sensor frequency response, for a source located at equal distance, the sensors may record significantly different amounts of energy.

Thus, Ai is the proportion of source energy that is recorded by sensor i. It is a constant characteristic of sensor. L + x (n) is the distance of propagation from source n to sensor 1 (2L being the distance between sensors). The attenuation coefficient B is related to the propagation medium, which is subjected to changes due to damage evolution. Similarly, AE signal energy received at sensor 2 is expressed as:

x(n)) - -B(L 2 s 2 .e (n).A E = (n) E (3) 
In order to obtain an energy independent of the location, the source energy is then defined as the square root of the product of the amounts of energy received at both sensors for each source:

𝐸(𝑛) = √𝐸 1 (𝑛) × 𝐸 2 (𝑛) = 𝐴(𝑛)𝑒 -𝐵𝐿 (4) 
A(n) is directly related to the energy of source n and B is related to the propagation medium but supposed independent of the source energy.

Coupling between mechanical energy and acoustic energy

AE data and mechanical information can be analysed independently. However, combination of mechanical energy (Um) and acoustic energy (UAE) denoted Sentry Function (F), initially introduced by Minak [START_REF] Minak | Fatigue residual strength of circular laminate graphite-Epoxy composite plates damaged by transverse load[END_REF][START_REF] Minak | Damage evaluation and residual strength prediction of CFRP laminates by means of acoustic emission techniques[END_REF], can be used in order to obtain a better damage characterization:

𝐹 = 𝑙𝑛 𝑈 𝑚 (𝑥) 𝑈 𝐴𝐸 (𝑥) (5) 
where Um(x), UAE(x) and x are respectively the strain energy, the cumulated acoustical energy and the strain of the tested material. It is defined as soon as the first acoustical event is recorded.

Strain energy is calculated by measuring the area under the force-displacement curve. To determine only the effects of tension, unloading/loading loads are not taken into account. This global function is calculated every k acoustic sources (k~0.1% of number of signals).

Coefficient of attenuation B

To evaluate energy attenuation [START_REF] Maillet | Real-time evaluation of energy attenuation: A novel approach to acoustic emission analysis for damage monitoring of ceramic matrix composites[END_REF], the ratio of AE signal energies recorded at both sensors is calculated for each source n. For an easier identification of attenuation coefficient B, X(n) is defined as the natural logarithm of this ratio. From Eq. 2 and Eq. 3, it comes:

2.B.x(n) - A A log = (n) E (n) E log = X(n) 2 1 2 1 (6)
Estimation of attenuation coefficient B is performed as follows. Attenuation is evaluated for a given time interval using the median values of X(n) in every space interval (width: 10 mm, overlapping: 5 mm). Each median value of X(n) corresponds to a few hundred AE sources located in the same space-time interval. The linear approximation is repeated in consecutive time intervals. Each time interval corresponds to 2000 AE sources. At every increment of 500 sources, a new time interval is considered. The overlapping is set in order to accurately monitor evolution of both attenuation parameters.

Coefficient of emission RAE

The coefficient of emission AE R is defined as the increment of energy E recorded during an increment of time t, divided by the total energy emitted during the initial loading of the sample [START_REF] Momon | Acoustic emission and lifetime prediction during static fatigue tests on ceramic matrix composite at high temperature under air[END_REF][START_REF] Maillet | Analysis of Acoustic Emission energy release during static fatigue tests at intermediate temperatures on Ceramic Matrix Composites: towards rupture time prediction[END_REF]:

𝑅 𝐴𝐸 (𝑡) = 1 𝐸 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 ∆𝐸 ∆𝑡 (7)
where Eloading is the cumulative AE energy for all the signals recorded during the initial loading up to the nominal load of the test, E  is the cumulative AE energy for all signals recorded during the interval t; t  t  . A constant number of sources per time interval is selected for calculation. So, overlapping time intervals are selected. The calculation interval width is determined empirically. It is a function of the overall acoustic activity and in average the optimum number of sources per interval corresponds to 2 to 4% of the number of sources emitted during the first 5 hours of test. The calculation interval width can thus be determined early in the test. Calculation was then carried out for steps of 50 sources. For all the tests, the coefficient goes through a minimum value around 50 -60 % of the total test duration.

. Distribution of acoustic energy energy and waiting times

In this part, the procedure described by Deschanel et al. [START_REF] Deschanel | Mechanical response of polymeric foams[END_REF][START_REF] Deschanel | Statistical properties of microcracking in polyurethane foams under tensile tests, influence of temperature and density[END_REF] in order to study the energy distribution N() and the waiting time distribution N(t) is used. The waiting time represents the time interval between two consecutive events. The distribution are expected to follow a power-law:

   E E N ) ( ( 8 
)      t t N ) ( (9) 
N() represents the probability to obtain AE events of energy  and N(t) the probability to obtain t time intervals. These distributions have been computed including all the localized AE data and using logarithmically-spaced bins in order to increase the range of energy accessible in the statistical analysis [START_REF] Deschanel | Mechanical response of polymeric foams[END_REF][START_REF] Deschanel | Statistical properties of microcracking in polyurethane foams under tensile tests, influence of temperature and density[END_REF]. The exponents  and  have been estimated using a linear fit of the distributions in log-log scale. 6.2 Mechanical behaviour during static fatigue test

Mechanical behaviour

The applied load for the static fatigue tests is higher than the matrix cracking level. So during the first initial loading, cracks are generated. So applying a constant load on a composite points out the effects of time on the mechanical behaviour, and mainly the effects of oxidation under air. Fatigue lifetime diagram in relationship with applied stress for different specimens is shown in Fig. 6. The ruptures times decreases when the stresses increased. All the points obtained at the same temperature are aligned in the logarithmic representation and follow a power-type law:

𝑡. 𝜎 𝑛 = 𝐴 0 exp ( 𝐸 𝑎 𝑅𝑇 ) ( 10 
)
where t is the lifetime,  is the applied stress, A0 and n are constants depending on the material and the environment. T is the temperature (K), R is the universal gas constant equal to 8.314 J.(K.mol) -1 and Ea is the activation energy of the rupture phenomenon. The stress exponent n is estimated at 3.3  0.3 for the tests conducted at 500 °C. The other parameters are evaluated A0 is equal to 9.15 h.MPa n and Ea is equal to 129 kJ/mol. A comparison between static fatigue of the composite and static fatigue of fibres shows that at intermediate and high stresses the lifetime of the composite is longer than the lifetime of the fibres. The exponent n for the composite is different to the exponent for the fibres 8.45 [START_REF] Gauthier | Delayed failure of Hi-Nicalon and Hi-Nicalon S multifilament tows and single filaments at intermediate temperatures[END_REF]. For this range of applied stress, slow crack growth inside the fibres is controlled by diffusion of oxygen. In the composite the diffusion of oxygen toward the fibre surfaces is slowed down due to consumption of oxygen by reaction with self-healing matrices and with interphases.

In Fig. 7a, the evolution of the total strain during the experiments is compared for several specimens with differentR ratios. The greatest increment of strain is obtained during the initial loading up to the static fatigue load. Then the strain rate decreases and reaches a constant value. It can be noticed that strains remained smaller than 0.3 % for the tests conducted for R ratio lower than 0.71. For the specimen with R ratio higher than 0.91, strain is observed to rise steeply before failure. The average strain rate is calculated during the static loading and a good correlation is obtained with the applied stress (Fig. 8a).

𝑑𝜀 𝑑𝑡 = 𝐶 𝜀 ( 𝜎 𝜎 𝑅 ) 𝑛 𝜀 (11) 
The constant C is equal to 2.4. 10 -5 h -1 and the exponent n is equal to 4.

Moreover, hysteresis loops evolve as well: the mean elastic modulus decreases whereas the loops width increases (Fig 7b). The increase in the loop area is linked to a change in the interfacial shear stress, suggesting that some debondings occur during static fatigue.

The evolution of the Young's modulus is evaluated during the tests by measuring the hysteresis loops modulus E. Then, the damage parameter D =1-E/E0 is calculated, E0 being the initial Young's modulus of the composite. The evolution of damage parameter D is plotted in Fig. 7c versus time, for several R ratios. The biggest increase of D occurs during the loading step and the first 24 hours of static fatigue. Then D is observed to rise monotonically up to the failure of the specimen. The general trend is that the highest the R ratio, the highest the D parameter for similar durations of test. The final D values obtained at failure are not exactly the same: they vary in the range 0.5-0.8, and it seems that this value decreases when the ratio decreases. The average damage rate is calculated during the static loading and also a good correlation is obtained with the applied stress (Fig 8b ):

𝑑𝐷 𝑑𝑡 = 𝐶 𝐷 ( 𝜎 𝜎 𝑅 ) 𝑛 𝐷 (12) 
The constant CD is equal to 0.0045 h -1 and the exponent is equal to 3.6. We can notice that all the exponents (n, nD et n) are very similar.

Investigation of the acoustic emission activity

During the initial loading up to the nominal load, the number of acoustic events increases with the applied stress, which is coherent as the number of cracks in the matrix (the main source of acoustic emission) increases as stress increases. Then, during the static loading, the number of events before failure is lower under high stress than under low stress: damage needs to progress more under low stress to cause the final failure, than under high stress where the matrix already contains a lot of cracks. Fig. 9a shows the normalized cumulated number of events in order to failure of CMC can be viewed as a critical point. These results imply that an correlation exists between the composite history and the AE activity. So the possibility to obtain quantitative information on RUL from the AE data may be reasonably expected.

Estimation of the remaining useful lifetime

In this section, an empiric approach for lifetime prediction is presented. In order to assess the validity of Eq. ( 10), the stress/rupture diagrams (master curves) are predicted at various temperatures for the composite and for the Hi-Nicalon tows (Fig. 12). The estimated values are compared with the experimental data obtained at several temperatures (Table 1). The same value of n is taken for all the tests, the value obtained at 500°C. A good agreement is obtained with the experimental data. An extrapolation is proposed at 560 °C and at 400°C. Two tests are conducted at 560 °C in order to validate this extrapolation (Fig. 12). On the same diagram, the law for the lifetimes estimation of the bundles of fibers is reported in red. Under lower stresses, the lifetime of the composite and of the fibre bundles are similar. For this low level of stresses reaction kinetics with fibre surfaces are slower than diffusion kinetics of oxygen into the matrix crack. Hence the slow crack growth kinetics in the dry bundles and in the fibres of the composites are similar.

There is a variability of the failure time from one sample to another one even if for the same applied stress. This implies that it is not easy to predict the time to failure of a sample using an empirical relation between the applied stress and the time to failure. So in addition, it would be required to use the real-time degradation monitoring through the mechanical parameters or with the AE activity. 

An equivalent relation is established with the evolution of strain :

𝜀 𝑟𝑢𝑝𝑡𝑢𝑟𝑒 -𝜀 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 = 0.0019𝜎 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 -0.1939

With these relations, it is possible to estimate a threshold of critical damage or the critical strain at failure. These estimated values can be suitable failure criteria for lifetime prediction. By extrapolating the evolution of the damage parameter D or the evolution of strain recorded during the first part of the fatigue static, it is possible to estimate the time to failure (Fig. 13a and Fig. 13b). Let us apply this procedure on one test, according to the Eq. ( 14), the threshold value for the strain is evaluated to 0.14 %. Fig. 13a represents the evolution of the strain during the static loading, the limit value of 0,14 % is plotted with a dotted line. At the end of 40 hours, the speed of deformation seems stabilized. At this time it is possible to extrapolate the curve of strain, the line intercept the dotted line at t = 150 hours. This estimated lifetime is very close to the real lifetime (136 h). To examine the effects of the data points selection, a second estimation with the strain data collected until 80 hours is conducted. The second forecast is equal to 120 hours.

It can be noticed that the relation obtained with the test conducted at 500°C is not valuable for the tests conducted at 450 °C. The obtained results are summarized in the Table 1 for several start points for prediction.

The use of the parameter D requires a sufficient number of cycles during the tests. As these cycles are realized in intervals of 24 hours, it is not possible to make a lifetime estimation for the shorts test by means of this parameter. Therefore, the law based on the evolution of the stiffness degradation is relatively difficult for the in-situ static fatigue prediction.

Moreover, the more the lifetime is long, the more the speed of strain is weak, and becomes the same order of magnitude as the uncertainty of measure. In both cases, under services conditions, it would be certainly difficult to obtain strain and stiffness measurements. Nevertheless, the advantage of the estimation based on strain or on damage results in a continuous process and predictions must be regularly updated as the system health state changes.

RUL obtained with acoustic emission

In previous work [START_REF] Momon | Acoustic emission and lifetime prediction during static fatigue tests on ceramic matrix composite at high temperature under air[END_REF], the time tRAE at which the minimum value of the coefficient RAE is recorded, is defined. Beyond this critical time, the criticality or the liberated energy can be modelled by a power law such as the Benioff law [START_REF] Bufe | Predictive modeling of the seismic cycle of the Greater San Francisco Bay Region[END_REF] in order to evaluate the time to failure (Eq. 14).

m r r t N i i t t C E t ) ( ) ( ) ( 1         ( 14 
)
where Ei is the energy of the ith AE signal detected and N(t) is the number of AE signals recorded and located along the gauge length until time t, tR is the failure time or the critical time, m is the exponent of the power law, C is a constant and r  is the cumulated energy recorded at failure. For this estimation, it is necessary to fit all the data collected between the time tRAE and the rupture time in order to evaluate the exponent m. In fact, this value is very scattered (Table 2). In this context, it is very difficult to calibrate the law with a specific test.

In this paper, another approach is discussed In both cases in order to evaluate in real time these two times, it is necessary to analyse the data collected until to 70 % of the total test duration.

The linear correlations confirm that these two characteristics times indicate the beginning of the avalanches fibres ruptures, controlled by the oxidation of the fibres and by the recession of interfaces, slowed down by the self-healing matrices. With these characteristic times, it is possible to estimate the remaining lifetime with the following equations:

𝑡 𝑟 = 1.49𝑡 𝑅𝐴𝐸 + 25 (15) 
𝑡 𝑟 = 1.36𝑡 𝐵 + 31

The results are summarized in the Table 1. The correlation between the experimental values and the predicted values is good when the ratio is lower than 0.7 whereas large inaccuracies can occur for high R ratio. The method based on the detection of the minimum of the coefficient RAE is often the most precise. This method presents several advantages compared with the strain and the damage parameter D: it is not submitted to an uncertainty of measure, which increases with the lifetime, and it does not require unloading/reloading cycles, which may be a source of additional damage for the interfaces fiber/matrix. On both cases, a difficulty was experienced in evaluating the RUL of the composite for high R ratio. When R ratio is near the ultimate tensile strength, the AE activity is not sufficient to provide enough information.

Moreover, the identification of tRAE is suitable for in real time evaluation contrarily to the detection of tB, which requires enough measurements at the maximum. 

4 Results and discussion 4 . 1 2 %

 412 Mechanical behaviour during tensile testFor damage study of ceramic matrix composites, the knowledge of the mechanical behaviour under monotonic tensile loading is fundamental because the main damage mechanisms are developed under this type of loading. Fig.2shows a typical hysteresis stressstrain curve with AE activity. For strain values lower than 0.05 %, specimens exhibit a linear behaviour. The non-linear domain corresponds to a stage where matrix multicracking occurs and where the mean distance between two neighbouring cracks decreases as the applied stress increases. Between 0.05 % and 0.4 % a significant decrease in elastic modulus is observed due to matrix cracking (Fig3a). Damage matrix results from cracks located in the interply matrix, in the transverse tows and in the longitudinal tows. Above 0.5 %, the elastic modulus stabilizes indicating the saturation of matrix cracking. Beyond this point, the applied load is borne by fibers only. While matrix cracking almost reaches its saturation, interfaces debonding creates an important increase of the strain.The cumulative AE energy allows the identification of the same phases. AE becomes significant in terms of number of signals and energy beyond 0.05 %. At 0.3 %-0.4 %, a significant change is observed on the cumulative energy. This result is in very good agreement with the saturation of matrix cracking. Beyond this point, AE is lower. Fig.3.b shows the position of AE signals recorded during tensile test on Ceramic Matrix Composite versus strain. It can be noticed that the acoustic emission is very significant along the gauge length for strain level values between 0.05 % and 0.20% due to matrix cracking, randomly distributed. The attenuation coefficient B is also characterized using AE data recorded. Fig.3.c shows the evolution of attenuation coefficient B during the tensile test carried out at 450°C. A slight increase is observed until 0.certainly due to the matrix cracking. Thus, attenuation coefficient B remains relatively constant until 0.4 %. Behind this value, a significant increase is observed certainly due to the cracks opening and the evolution of interphases. Moreover, attenuation coefficient B decreases during unloading and increases back to its previous maximum value at the end of reloading. So, attenuation coefficient B is mainly sensitive to matrix crack opening. Fig. 4 shows the evolution of the sentry function. During, tensile test, the sentry function can be divided in 2 parts. During the first part, the function value decreases and stabilises around a mean value. It corresponds with matrix cracking in the material. The variations of the function can be explained by the important increase of acoustic energy created by this phenomenon, which is balanced, by the increase of strain energy. The transition between the two parts is due to a reduction of matrix cracking, which almost reaches its saturated value, and the strain increases caused by debonding at the interfaces. During second part, the function is only directed by the evolution of strain. During tensile test, increase of the acoustic energy caused by fibre breakages at the end of the test is not high enough to modify the function variations. So, the evolution of the sentry function is mainly related to the matrix cracking. A typical probability distribution N ( E ) is plotted as a function of energy E in log-log scale (Fig 5.a). A power law is revealed spanning through almost 4 decades for all the tests. The exponent remains nearly the same. Likewise, N(t) has a power law dependence on time over 3 decades (Fig 5.b). The mean exponent are found equal to  = 1.85 and  = 1.45. The power law indicates that overall the system doesn't have a characteristic scale of energy or time.

  better compare the AE kinetics recorded during the static loading (the activity during the initial loading is removed). Both extreme curves correspond to both test having the shortest lifetime and the longest. Under high stress (70-95 % R) the AE activity per unit time continuously decreases up to failure. Under lower stress (45 % R) the AE activity per unit time first decreases, and then remains almost constant until reaching 75 % of the lifetime. Then, there is a change in the slope of the curve and the AE activity becomes higher up to the final failure.The representation of AE sources localization and the recorded energy plotted versus time during the static fatigue tests reveals that the energy is mainly located near the failure zone after 60 % of the total test duration certainly due to the beginning of fiber breaks (Fig9b). During, the first part of the static fatigue test, the recorded energy is distributed along the gauge length certainly associated to the evolution of interfaces. The distance between cracks in longitudinal yarns decreases when the applied stress increases. These values are very similar to those measured on specimens that had been submitted to monotonic loading. These results indicate that the static loading induced matrix damage is not significant. Moreover, at 450°C, in the peripheral yarns, the big lengths of fibre pull out indicate that the debonded lengths are very high at the time of the failure. It is probably due to a process of recession of the interphase. The pyrocarbone is indeed very sensitive to the presence of dioxygen. In the case of the tests at 500°C, the interphase does not seem consumed in the peripheral yarns because the lengths of extraction are rather weak similar to those measured in the bulk of the specimen. It indicates that oxidizing gases are consumed before arriving at the interphase of the peripheral yarns.Attenuation coefficient B increases significantly during the first half of tests and reaches a plateau value at approximately 50% of the rupture time (Fig.10a). At the same time, we can observe a slight increase of the damage parameter D. So, if the growth of attenuation coefficient B is related to matrix crack opening, the plateau observed on the evolution of attenuation coefficient B indicates that matrix crack opening gets to an equilibrium state around 50% of the rupture time. The significant increase of matrix crack opening observed before 50% of the rupture time is attributed to oxidation of carbon in the interphase causing an increase in length of the debonded region of fibers in the vicinity of matrix cracks. Beyond 50% of the rupture time, the oxygen flux, determined by the degree of matrix crack opening, controls the rate at which fibers break by subcritical crack growth. The sentry function mainly sensitive to the matrix cracking does not bring further information (Fig 10b). The energy distribution reveals a power law for all the tests (Fig 11). The constant occurrence of the power law statistics for energy distributions evidence the presence of correlations without characteristics scales of energy. A scaling law also describes the time distribution. This represents a clear indication of strong correlations between successive AE events. The mean value of the  exponent is equal to 1.15 and the exponent  is equal to 1.40. It can be noticed a shift in the mean value of the exponents compared to those obtained during tensile tests. The

6. 2 . 3 . 1 .

 231 RUL obtained with the mechanical parameterWith the several tests a linear relationship is established between the value of the damage parameter Drupture at rupture, the damage parameter at the end of the loading phase Dloading and the applied stress for the tests conducted at 500°C : 𝐷 𝑟𝑢𝑝𝑡𝑢𝑟𝑒 -𝐷 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 = -0.0033𝜎 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 + 0.8629

  . The time tRAE presents a very interesting correlation with the lifetime duration of the test (Fig 14a) also for the tests conducted at 500 °C and 450 °C. The slope of the linear fit is equal to 1.49. Another time may be introduce based on the investigation of the evolution of the coefficient B denoted tB. It corresponds to the time at which a significant change is observed in the evolution of B during the static loading. Indeed, this time corresponds to the time at which around 95 % of the attenuation B is recorded. A second linear correlation is also observed between this time tB and the lifetime duration (Fig 14b). Nevertheless, this time is very difficult to detect in real time and its evaluation presents uncertainty.

5 Conclusion

 5 In this study, several empirical relations are established in order to evaluate the time to failure of CMC composites during static fatigue tests. A relationship between the damage parameter and the time to failure is proposed, but this relation is relatively difficult for in situ prediction.It is more suitable if the degradation is deduced using a structural health monitoring. The results obtained with the AE monitoring indicate that several parameters are function of time to failure and thus potentially be used as indicators of the characteristics time associated to the beginning of the fiber breaks. It is shown that the distribution of energy and waiting times can be described by a power law and don't depend on the testing conditions. Before failure, AE events show critical characteristics which can be viewed as precursors for forecasting CMC failure. AE monitoring appears to be an interesting tool to anticipate final failure of CMC specimens. An empirical relation based on the critical time tRAE is defined, which allows prediction of the timeto-rupture. These results offer very interesting perspectives. Now, it is necessary to investigate the effects of the size of the specimens.

Figure 1 :

 1 Figure 1 : Philosophy of predicting lifetime of Ceramic Matrix Composite during long term mechanical tests
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