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Introduction

Stimulated by the increasing demand for lightweight thermo-structural materials in jet engine or power plant, Ceramic Matrix Composite (CMC) has become an essential material. Their high specific strength, high toughness, damage tolerance, chemical inertness and stability at high temperature has motivated tremendous number of studies in the last decades [1,2]. However, a key challenge must be addressed to warrant long term applications of SiC/SiC composites: their finite lifetime and its prediction. These materials are indeed subjected to a slow crack growth (SCG) damage mechanism, activated by subcritical stress under aggressive environment and responsible for their premature ruin [3-14]. For prediction purpose, emphasis was put on the fibrous reinforcement (woven SiC-based fiber) because it pilot the composite ultimate ruin [15]. Several types of SiC-based fibers have been developed since the first works of Yajima in the 70s [16], with different characteristics. Elimination of oxygen (present as a silicon oxycarbide phase, thermally unstable >1200 °C) then carbon free (present 1 as basic structural units) were the main targets to achieve creep resistance at high temperatures. For long term application at intermediate temperatures, such feature is however secondary and sensitivity to SCG prevails [17].

The latter is commonly evaluated from laboratory tests conducted in static, dynamic or cyclic fatigue under a given environment supposed to be representative for the application. For SiC-based fibers, static fatigue is usually performed on monofilaments [18,19] or multifilament tows [19-22] and different atmospheres [23]. A power law, derived from the Paris equation [19,20,24] (cf. theory section) and relating the lifetime to the applied stress, can be assumed as follows:

n app f A t - = σ (1) 
Where tf is the time to failure, σapp the stress, A and n material constants, respectively the environment constant and the stress exponent. Albeit measured on multifilament tows, less subjected to variability thanks to their damage tolerant failure behavior, times to failure covering 2 orders of magnitude were experienced. Such discrepancy is yet to be understood. This has chiefly been ascribed to extrinsic phenomena: (i). the growing silica shell which fosters contact and failure by fiber clusters [19,20,25] and (ii). the load sharing subsequent to filament breakage [26]. In the present work, methods based on strength bias and their limits were reviewed. Digging further, authors provide an alternative approach to interpret this lifetime dispersion: the variability of bundle section and subsequent applied stress on virtual bundles. As a prerequisite, tensile test on bundle samples were conducted to reveal how this effective bundle section, and the associated stress, can differ from probe to probe. Preparation of bundle specimen with a l0 = 25 mm gauge length was described elsewhere [30] and identical for both tensile and static fatigue tests for obvious representativeness reasons. A 300 mm sized bundle was weighted for determination of its section (St Eq. ( 3)), positioned in alumina tubes and aligned (Fig. 1). Tubes were then filled with alumina based thermostructural cement (Ceramabond 503, Polytec PI) and cured at 370 °C for 2 hours. Tensile tests were carried out on non-lubricated yarns at a constant displacement rate of 50 µm min -1 (strain rate of 0.2 % min -1 ). The stress on tow (σapp.t) inferred from Eq. (2) [31]. Between 26 and 100 tensile tests were performed for each fiber types. In order to remove the system compliance (Cs) from strain and Young modulus calculation, three (3) more tests with l0 = 60 mm and 100 mm gauge lengths were carried out. Cs stems from the ordinate of recorded elongation (ΔL) over the force (F) against l0/St as described by ASTM 1557-03 (Eq. ( 5)). The same method was used to assess the single fiber mechanical properties (Table 2) [29].

Material and experimental method
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Where m0 is the mass of a L0 tow length and ρ the fibers density (Table 1). wt is the applied force (N, mass x 9.81 m s -2 ), γ the unloaded section fraction (Eq. ( 4)), N0 the initial number of intact filaments and Nt its total manufactured number. Finally, Cs is the system compliance, Et and Ef are respectively tow and monofilament Young moduli.

Static fatigue tests were carried out under ambient air in a resistive vertical furnace at intermediate temperature (350-900 °C). The hot grip technique was used to ensure a uniform temperature to the entire specimen gauge length. A dead weight applying a force wt was suspended to the lower grip (Fig. 1b). Heating-up (20 °C min -1 ) was then initiated. Test duration was automatically recorded when the sample failed. As experimental setup didn't allowed force and strain recording, the actual tow Young modulus (thereby γ and the applied stress) was assumed taking its means value ( γ ) into account (Eq.

(2)). This point will further be discussed. For statistical purpose, tests in one unique condition were repeated 30 times or more [32]. Aiming at prediction parameter assessment (A and n), discrete stress scanning protocol was used with 11 tests per stress [30]. Finally, the section of some bundles after static fatigue failure (Fig. 1c) were observed with SEM (S4500 from Hitachi). 

Theory

Bundle tensile testing

The tensile behavior of a multifilament tow is commonly described by the bundle model [33,34] considering the N0 filaments constituting it are parallel, homogeneously loaded with equal crosssectional area. As the force is increased, single filament breaks occur when the stress equals their threshold value. The ratio α of broken fibers to its initial number N0 can be identified as the failure probability of the N th filament, the strength being in ascending order. The maximal force is met when a given fraction of fiber had failed [19,20,26,29]. Here fibers are assumed to be interaction-free and purely elastic with tensile strength following a given probabilistic "weakest-link" distribution. A

Weibull statistical distribution law is therefore broadly accepted (Eq. ( 6)), where σf is the tensile strength, Pi the rupture probability of the i th probe (Pi = (i -0.5) / B) [35,36], with B the data set size. m and σ1 are respectively the modulus and the characteristic strength for which 37% of the samples will survive. It is worthwhile reminding statistical parameters describing filament (σf.f) or tow (σf.t) strength will be distinguished by mf σ1.f and mt σ1.t below.
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Prior to any fiber failure, thus for low applied force, an initial elastic deformation is observed. This linearity is used to assess Et and γ Eq. ( 4) [37], pertinent to the tested tow. In a previous study [32], a Weibull statistical distribution was convincingly associated to the γ values extracted from each tensile test (Eq. ( 7)), where Pγ is the probability of γ for a given tow, mγ and γ0 are the Weibull statistical parameters.
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Slow crack growth in fiber tows

Slow crack growth of engineering ceramics has been the object of numerous works with different mathematical models [38,39], leading to various rupture time expressions. On a single filament, delayed failure under constant stress is assumed to be caused by the growth of the severest surface located flaws until one of them had reached the threshold size (σapp.f-dependent) and failed. This assumption implies a homogeneous crack growth law and same parameters for any flaw with access to the environment. The convenient power law of crack velocity (v) versus stress intensity factor (KI) (Eq. ( 8)) was thereafter considered.
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Where KIC is the toughness [27], Y the crack geometry factor (2 π -1/2 for a penny shaped flaw) and A1

an environmental constant (A1 = V* KIC -n ). From this formulation, time to failure can be predicted in a quantitative way. Therefore, the expression is integrated from an initial size (ai ( 9)) to its critical length (ac ( 10)) (Eq. ( 11)) using the fracture mechanics law for a penny shaped crack (Eq. ( 12)).
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Combination of equations ( 8) ( 11) and ( 12) lead to the following integral:
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Substituting the characteristic flaw size expression (Eqs. ( 9) and ( 10)) into (14) yields:
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This formulation thereby relates the filament lifetime (tf.f) to its strength and stress [20,40]. As mentioned above, the bundle model assumes a homogeneous fiber load, thus σapp.f = σapp.t (Eq. ( 2)).

During a force piloted test, surviving fibers carry the failed filament load (equal load sharing). This increase of force may induce secondary failures which in turn may trigger more breaks. The ultimate failure occurs when surviving filaments can not withstand the load increment anymore; in other words, when a critical fraction of fibers (αt) had failed. The latter is expressed as a function of the stress exponent and fiber Weibull modulus (Eq. ( 16)) as detailed in [26,41]. The strength of this critical fiber is derived from Weibull statistical law (Eq. ( 6) with Pi = αt). Substituted into Eq. ( 15), the theoretical bundle time to failure arises (Eq. ( 17)). This statement implicitly means filaments are independent and fail individually. It is commonly assumed the same stress exponent applies independently to filaments or tows.
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Results

Tensile and static fatigue testing of tows

Table 3 presents the mechanical properties for the 7 batches of SiC-based tows. γ values ranging from 10 to 25 were extracted from these tensile curves showing a broad scattering as indicated by their standard deviations and the low mγ values. With mean strengths lying between 750 and 1800 MPa, bundle strengths fall below the respective filament tensile properties (Table 2) as expected by weakest link theory presented above. Weibull modulus (mt) indicates two (2) groups: the first one gathering Tyranno ® tows (mt>10), the second one assembling Nicalon ® bundles (mt<10). This difference, apparently not related to filament behavior, may originate from manufacturing process, and particularly the melt spinning made easier by organometallics addition for Tyranno ® [42]. 9) with stress exponent n given in Table 4.
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Static fatigue results are now presented. The median time to failure of bundles progressively decreases when the stress is increased, as illustrated in figure 2. This trend is satisfactorily fitted by a power law at each temperature (Eqs. (1) or (17), Table 4). Stress exponents ranging from 4.9 on Lox-M to 9.1 on ZMI were this way estimated and highlight a lower sensitivity to SCG mechanism compared to glass or alumina [8-10]. As mentioned in introduction section, a wide variability of times to failure characterizes such test. Consequently, proper estimation of SCG parameters describing the median lifetime requires a repeated testing approach (Fig. 2) investigated in a previous communication [30].

This testing methodology also helps to define the upper and lower times to failure, of great interest for hierarchical investigation purpose. As a first and empirical approach, these limits were fitted by power laws with adjusted A coefficients and same stress exponents (Fig. 2b, Table 5). Data scattering obtained at one single condition could alternatively and satisfactorily be depicted by a Weibull statistical law (Eq. ( 18)) [29,43] where tf.t is the lifetime, tf.t0 the characteristic time to failure and mdf.t the Weibull modulus for tow static fatigue. Moduli ranging from 0.5 to 1.9 (>1 on sized Tyranno ® and <1 for Nicalon ® making echo to statistical parameters for bundle strength, Table 3) were estimated in a previous work [32]. The consistency of this modulus at various temperatures and applied stresses further indicates this value can be considered as constant for a given fiber type and batches, pertinent to testing method. Lifetime scattering would hence be intrinsic to the fiber type, linked to some properties characterizing it, rather than generic external phenomena. T (°C) A1 (m 1-n/2 MPa -n s -1 ) x 10 -12 350 ---1.09 [1;3] ---400 ---3.28 [2;6] -0.149 [1;2] 1.57 [1;2] 4.62 [1;3] --8.21 [7;46] 2.36 [2;10] 0.893 [3;9] 7.85 [4;9] 500 11.6 [3;5] 29.6 [8;79] 0.0618 [1;2] 17.3 [4;34] 11.8 [4;24] 2.23 [START_REF] Charles | Static fatigue of glass II[END_REF][START_REF] Robertson | Static fatigue of Hi-Nicalon TM -S fiber at elevated temperature in air, steam, and sillicic acid-saturated steam[END_REF] 52.4 [3;17] 550 116 [5;47] --38.6 [5;65] 31.5 [4;34] 8.93 [6;40] 262 [4;58] 600 154 [2;22] 1480 [6;17] 1.41 [7;19] 109 [5;51] 47.3 [4;44] 99.2 [4;34] 2620 [6;111] 650 308 [6;99] --821 [8;280] 236 [6;70] 446 [8;9] 22400 [5;44] 700 -18500 [3;5] 17.6 [3;3] ----750 4620 [6;86] --1310 [5;46] 473 [2;22] 1790 [4;22] 52400 [7;46] 800 -148000 [5;17] 131 [9;14] ----850 15400 [4;29] --3280 [3:19] 945 [2;10] 1790 [2;9] 131000 [4;17] 900 -847000 [5;43] -----Table 4: SCG coefficients (Eq. ( 17 1)) was empirically adjusted to fit the lower (Amin) and upper (Amax) data, with the same stress exponent.

To interpret this dispersion of lifetimes under constant force, a Monte Carlo simulation tool was developed based on the bundle model (cf. theory section). In brief, the developed algorithm considers a tow is composed of N0 fibers (γ-dependent). A numerical tensile strength was assigned to each fiber, as sampled from the Weibull distribution (Pi Eq. ( 6) randomly selected between 0 and 1). The force applied to the tow (wt) was however homogeneously distributed to the N0 fibers, with invariant sections. As a consequence, the fiber load (wt/N0) and consequently the applied stress were conditioned to γ only. These numerical values (σf.f and σapp.f) were then used to calculate the N0 individual lifetimes, inferred from equation (15). These durations were afterward ranked in ascending order to define the bundle time to failure as per filament of αt rank. This simplistic approach did not consider the load sharing (invariant stress to fibers), included into αt expression [41]. This algorithm is schematically presented in Fig. 3. Each simulation run thence presented a unique architecture used to represent the lifetime variability. This simulation was finally repeated 1000 times for statistical parameters assessment.

With an invariant value for γ (taken as γ ), outputs of above algorithm are narrowly dispersed (Fig. 4) as shown by Weibull moduli >5 times larger than expected on NL207 and TS. The same result was obtained on other fiber types and is presented in the companion data article [45] (Table 6). As a first assumption, it could be considered the critical filament strength, result of the weakest link approach, is somehow biased and could not depict the full range of times to failure. External and disturbing phenomena pertinent to sample scale and testing method can for instance be pointed out to explain this discrepancy. This is the object of the following parts. was either fixed ( γ ) or randomly selected for each run among its distribution. 

Extrinsic phenomena

Fractographic SEM observation performed on failed bundles reveal the silica scale formed under these conditions. Some local oxidation heterogeneity are noticed, resulting from: (i). fibers in contact to each other (Fig 5c) or (ii). hoop stress causing silica shell cracking (Fig. 5f). The present study didn't investigated further these discrete potential sources of overstress, difficult to quantify. Nonetheless, an (a) (b)

filament to the full clusters it belongs to. This effect was previously evidenced and used to explain above model shortness [19,26] as follows: in the best configuration corresponding to upper lifetime limit, filaments fail individually according to previous algorithm; whereas in the worst scenario the weakest filament belongs to a cluster large enough to control the tow ruin. It is however difficult from SEM observations to confirm the first failing fibers have led to a cluster failure. Non oxidized sections indeed indicate all observed groups had broken during the last instant of tow life, likely resulting from cascade ultimate ruin. 14

The effect such phenomenon could have on the critical filament rank was hence analyzed. Coefficients A1 were adjusted so the lifetime for αt critical filament (Eq. ( 10)) fits the upper experimental trend (given in figure 6 caption). This rank was afterward empirically altered to represent the weakest filament of the tow (1/Nt). So calculated range of failure times was compared to experimental data for NL207, Hi-Ni, TS and ZMI for temperatures ≤ 650 °C (limited oxidation kinetic). As a first observation, it can be noticed the lower lifetime on NL207 and ZMI falls to zero for approximately 900 MPa, Hi-Ni at 1740 MPa and TS at 1440 MPa. This value corresponds to the strength of the weakest fiber piloting the bundle ruin. If the results on NL207 and ZMI types seems coherent (Fig. 6a,b experimental data encompassed in the predicted range), scattering for Hi-Ni and TS types is however clearly underestimated with this approach (Fig. 6c,d). Similar results were obtained on other fiber types [45]. Filament strength distribution parameters (dictating the mismatch between σf.fα(t) and σf.f(1/N0)) would rather interpret this discrepancy from type to type. Weibull modulus are indeed respectively < or >6 on NL207 and ZMI or Hi-Ni and TS (Table 2). The bundle model thence does not seem to appropriately to represent the scattering of SiC-based tow time to failure (Fig. 4) due to method-related external phenomena. The same is true for their tensile strength as shown in the companion data article [45]: the experimental bundle strength scattering is wider than the theoretical one [46]. One could assume the same extrinsic phenomena would govern the bundle ruin under tensile or static fatigue, leading to the following approach: consider the bundle strength instead of critical filament in Eq. ( 15). It is worth reminding here both tensile and static fatigue tests were carried out on same samples (rigid griping) but different mode (constant strain rate, no load sharing, or constant stress, load sharing) affecting the piloting fiber rank [41]. Upper and lower bundle strength (σf.t(γ)) were accordingly extracted from experimental data sets as per [32].

Similarly to above mentioned approach, the environmental coefficient A1 was adjusted in a way the upper σf.t(γ) fitted the upper lifetime range. Results show that if the approach seems to better encompass experimental data for high stresses (evidenced on NL207 Hi-Ni or Hi-Ni-S [45] types with broader bundle strength scattering (mt<10 Table 3)), it however underestimates the behavior for lower applied stresses (Fig. 7b,d). The dispersion for Tyranno tow type, with higher mt moduli (>10), is here drastically underestimated (Fig. 7c,d). Again, the approach shows some limitation from a fiber type to another one because it is based on a single strength distribution: the filament one in Fig. 6, the tow one in Fig. 7. Alternative approach was thence sought.

Fig. 7:

Endurance diagrams for (a). NL207 at 550 °C, (b). Hi-Ni, (c). TS and (d). ZMI showing the prediction range using tow strength range. Taken A1 parameters were respectively 0.6, 0.2, 20 and 100 x 10 -12 m 1-n/2 MPa -n s -1 .

Discussion

Above result section has shown the time to failure of SiC-based fiber tows could not be interpreted with the bundle model (based on inert strength or flaw size) nor its adjustment to include failure clustering or bundle tensile properties. Consequently, an alternative source for data dispersion is still deemed to be identified. Nonetheless, assessment of the most critical filament (P<αt) of the tow can be questioned. Selection and preparation of single filament may lead to distribution artifact: weakest probes discarded because failed by handling. This is revealed by a vertical lower asymptote detaching (a) (

from linearity and biasing the modulus (slope) estimation (Fig. 8). Use of the 3 parameters Weibull distribution [46,47] integrates such behavior (Eq. ( 19)), where σu is a threshold strength below which the probability is zero. This latter parameter was implicitly taken as 0 MPa in Equation ( 6). On TS filaments, the following parameters were estimated by fitting Eq. ( 19) to the Weibull plots: mf = 3.65, σ1.f = 1800 MPa and σu = 1700 MPa. NL207 fibers were also shown to display such behavior in [30],

and so would any of the here studied fiber types. As a consequence, tensile strength of the most critical filament (1/Nt) could have been underestimated on above results (1440 MPa vs. 1700 MPa on TS). It is worthwhile to note, as shown on figure 8, 2 and 3 parameters distributions diverge from each other for a probability below αt (Eq ( 16)) critical fraction. The strength attributed to this critical filament would hence not be subjected to such bias. It was thus decided to neglect the discrete fiber clustering phenomenon thereafter (stick to αt critical rank), thus assuming individual filament breakage. One important parameter has however not been considered yet: fact γ, thus the stress actually applied to the bundle (Eq. ( 2)) and fibers, is unknown ( γ taken instead). This coefficient was nevertheless shown to be dispersed in [32], which means the stress applied to a tow can, with the selected method, be over or underestimated. This may explain insufficiencies of above approaches: overloaded bundle would correspond to short lifetimes and vice versa. To evaluate this hypothesis, virtual lifetime is required, by adjusting σapp.f(αt), to fit upper lifetime (<σapp.t) or lower lifetime (>σapp.t). On Hi-Ni tows at 500 °C and σapp.t(γ = 0%) = 860 MPa or σapp.t(γ) = 1000 MPa for instance, a 635-1425 MPa range would be needed to interpret the lower and upper lifetime limits, defined by Amin-Amax (Fig. 2, Table 5). In comparison, the experimentally evidenced γ dispersion would cover a reasonably narrower 810-1430 MPa range with γ evolving from -6% to 40% [32]. This comment is true for any fiber type or static fatigue condition (Table 7). σapp.t (γmin -γmax) (MPa) respectively 5.0, 9.1 and 8.4). Results on other fiber types (n = 16 against 7.3 on NL207 650 °C 700 MPa or n = 7.9 against 4.9 on Lox-M 650 °C 700 MPa) are however less pertinent showing, once again, how sensitive to statistical distribution coefficients (γ distribution in the present case) such approach can be. A higher stress exponent, as it is evidenced here, would likely originate from underestimated stress (or γ) range. This encouraging result motivated further investigations.

f m f u f f e P i         - - - = . 1 . 1 σ σ σ (19) 
The Monte Carlo simulation algorithm above presented (Fig. 3) was hence adapted to consider not only the random filament strength, but also the effective tow section. Equation 17 was therefore transformed to integrate the variability on σapp.t (Eq. ( 20), random Pγ Fig. 3). Load sharing was again neglected (no evolution of stress applied to filaments induced by the first N0 x αt fibers to individually fail) and no filament sticking included. The 1000 simulations were used to establish the lifetime distribution. This virtual tf.t range and Weibull modulus are in good agreement with experimental data for Hi-Ni and TS (Fig. 9, Table 8). This observation, compared to Fig. 4, show how meaningful the inclusion of stress is to interpret static fatigue results. Null failure durations (interpreted as failure during loading stage) were simulated on Hi-Ni under 1500 MPa (1750 MPa with γ = 14%). This latter observation is consistent with the mean tow strength (1800 MPa, Table 3). Because only those specimen successfully loaded (not failed) were integrated to experimental data, this latter simulation result could not be compared to them. Table 8 summarizes actual and virtual time to failure Weibull moduli for all fiber types. Highest discrepancy is noticed on NL207, for which the simulated modulus is approximately twice the experimental one. No obvious relationship with mγ (Table 3) or mf (Table 2), the two distributions taken into account in the algorithm, is to be reported to interpret these moduli, for instance lower on Hi-Ni and Hi-Ni-S. This work was consequently extended to different applied stresses and endurance diagrams were built (Fig. 10). The range of simulated tow lifetimes moderately underestimates the actual values as expected after results from table 7. Globally, upper lifetime limits are more challenging to achieve than lower time to failure, mostly evidenced on Hi-Nicalon type (Fig. 10c,d). Such underestimation is however more consistent from a fiber type to another one, contrary to alternative above mentioned Moreover, simulated conditions where loading failure would be expected (null lifetime) are in good agreement with experimental results. As the temperature increases, this threshold stress decreases due to accelerated SCG (Fig. 10a,b and 10c,d). It is worth noting upper and lower lifetime limits (Table 9) follow a power law with a stress exponent identical to the one describing median points (Table 4) coherent with results presented in table 5. Decision to adopt a Weibull statistical law to describe the distribution of γ is likely linked to that result. 9: Lifetime prediction parameters (median as well as lower and upper range) extracted from Monte Carlo simulation (Fig. 3) with a random γ value for each run.
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The results presented in this paper show how important the uncertainty on stress applied to a bundle can be for static fatigue testing reliability, in agreement with the bundle model theory. No extrinsic and discrete phenomena affecting the critical rank strength of filament overloading were included in the Monte Carlo algorithm. An instrumented static fatigue test (recording the loading force and deformation to assess Et, γ and actual σapp.t) would hence be expected to correct most of lifetime dispersion. This would furthermore greatly increase the reliability on prediction parameters with limited number of tests. Nonetheless, two more aspects remain to be addressed. First, an additional source of lifetime dispersion should be included to extend the simulated range and cover all data points (Fig. 10). Stress applied to the critical filament (slack or load sharing) or its strength (clustering) are two approaches that could be explored. Second, J. Lamon et al. revealed the stress exponent for Hi-Ni single filament is larger than one calculated on tows (nf = 12.6 versus nt = 8.4) [41] pointing a hierarchical scale effect this parameter would be subjected to. On the above simulation such scale effect was not highlighted (n = nf = nt) on endurance diagrams. Its origin that remains to be understood may further extend the simulated lifetime range (stress and strength elevated to the n th power in the prediction model).

Another source for lifetime variability may also come from fibers microstructural and chemical inhomogeneity, impacting the SCG parameters. It is however difficult, with the present knowledge on material properties affecting n or A1 [17], to quantify such dispersion: Hi-Ni-S with a 7.2 stress exponent lies in-between Hi-Ni and NL207 despite being near stoichiometric; ZMI shows a 9.1 stress exponent, almost twice the Lox-M (4.9) one despite similar chemical composition and microstructure (Table 1). Understanding and interpretation of static fatigue results on SiC fibers is hence far from being completed despite several decades of studies. Development of new fibers or design of CMC parts would take a great advantage of such findings.

Conclusion

The article has analyzed potential sources for SiC bundle time to failure variability, under static fatigue condition at intermediate temperatures. 6 fiber types were therefore extensively tested, to assess SCG parameters as well as filament and tow mechanical properties. Use of bundle model theory (based on filament strength distribution), despite broadly accepted in scientific community, failed to encompass the time to failure variability for the 6 studied fiber types. Commonly assumed extrinsic phenomena impacting the critical filament rank (and thus its strength, questioned for low probabilities) also failed this regard. Use of bundle strength scattering instead of its theoretical value failed as well, although including some of the bundle scale discrete phenomena. Fact these approaches were based on single statistical distribution explains the results inconsistency from fiber type to type. An original and promising approach was nonetheless demonstrated by Monte Carlo simulation means, considering both: individual filament strength and global applied stress (effectively loaded sample section, γ) distributions. In other words, stress variability from tow to tow, or the crack size growth kinetic, led to a broad scattering almost encompassing the data for any fiber type. No other external phenomena, such as sticking or load sharing, were integrated to the algorithm. Consequently, the error on applied stress
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  different types of polymer derived SiC-based fibers were studied in this work, commercialized by Nippon Carbon Co. Ltd. or UBE Industries Ltd. under the respective trade names Nicalon ® and Tyranno ® . 4 of them belong to the first-generation (Nicalon NL207, Tyranno Grade S, Lox-M and ZMI) whereas only one second (Hi-Nicalon, named Hi-Ni) and one third generation (Hi-Nicalon type S, named Hi-Ni-S) were studied. Their chemical composition is given in
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 2 Fig. 2: Endurance diagram for (a). NL207 tows under static fatigue condition at 650 °C and (b). Hi-Ni
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 5 )) describing the median lifetime of SiC-based tows under static fatigue conditions at constant force and various temperatures. Exponents in brackets [x;y] indicate: x the number of tested stresses and y the number of tests performed, all stresses included. Time to failure scattering for SiC-based bundles under static fatigue conditions at different intermediate temperatures. Environmental parameter A from the power law model (Eq. (
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 3 Fig. 3: Schematic visualization of the Monte Carlo algorithm used to assess virtual tow time to failure

Fig. 4 :

 4 Fig. 4: Weibull plots comparing experimental and simulated lifetime dispersions for (a). NL207 and
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 5 Fig. 5: SEM images of (a-e). NL207 tow failed after 22 days under 400 MPa at 750 °C and (f). TS tow
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 6 Fig. 6: Endurance diagrams for (a). NL207 (b). ZMI (c). Hi-Ni and (d). TS showing the prediction
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 8 Fig. 8: TS filament strength distribution fitted by the 2 or 3-parameters Weibull statistic. The marks ▲
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 9 Fig. 9: Weibull plots of experimental and Monte Carlo simulated times to failure including the

  . 6,7) as not conditioned to a single strength distribution parameter (σf.f and γ here).

Fig. 10 :

 10 Fig. 10: Stress-time to failure diagrams for (a). NL207 at 650 °C or (b). 750 °C, (c). Hi-Ni at 500 °C

Table 1 [

 1 27]. Two different batches of TS are reported with different fiber diameters: 8.5 µm or 11 µm, respectively referred as TS and TS11 hereafter. Table2summarizes the mechanical properties of single filaments as extracted from literature[28,29]. The distinction between filament and tow scales is hereafter highlighted by respective suffixes f and t.

			Fibers		Composition (at.%)		
	Fiber	Diameter (µm)	per tow	Si	C	O	Hetero-element	Cfree (at.%)	Density (g cm -3 )
	NL207	14	500	38.6 48.6 12.8	-	16.4	2.58
	Hi-Ni	14	500	41.9 57.2 0.9	-	15.8	2.74
	Hi-Ni-S	12	500	48.2 50.8 1.0	-	3.1	3.05
	TS	8.5	1600	31.8	48.1	19.4	(Ti) 0.7	26.0	2.35
	TS11	11	800	31.6	41.7	26.0	(Ti) 0.7	23.0	2.35
	Lox-M	11	800	35.4 53.3 10.4 (Ti) 0.9	23.1	2.37
	ZMI	11	800	35.5 54.3 10.0 (Zr) 0.2	23.9	2.48

Table 1 :

 1 Composition and physical properties of SiC-based fiber, assessed on 25 mm probe length.

	Fiber	σf.f ± std. dev.	εf.f	Ef	mf	σ1.f	KIC
		(MPa)	(%)	(GPa)		(MPa)	(MPa m 1/2 )
	NL207	2839 ± 667	1.3 210	5.05 3090	1.20
	Hi-Ni	3136 ± 368	1.0 300	9.84 3295	1.66
	Hi-Ni-S	2877 ± 414	0.7 410	8.42 3062	1.86
	TS	3152 ± 624	1.8 180	8.17 3550	1.11
	TS11	2776 ± 647	1.5 180	4.79 3034	1.12
	Lox-M	2984 ± 695	1.5 200	4.63 3314	1.11
	ZMI	3076 ± 742	1.5 200	4.81 3372	1.01

Table 2 :

 2 Mechanical properties of SiC-based filaments.

Table 3 :

 3 Mechanical properties of SiC-based multifilament tows with 25 mm gauge length. Critical fraction (αt) was assessed from Eq. (

Table 6 :

 6 Summary of statistical distribution parameters extracted from experimental or simulation dataset for the different types of fiber.

			Experimental		Simulation
		Condition	mdf.t	t0	mdf.t	t0
				(s)		(s)
	NL207	650 °C 700 MPa	0.67	1.02 x 10 5 9.0	2.24 x 10 4
	Hi-Ni	500 °C 1000 MPa	0.91	1.50 x 10 5	11	3.60 x 10 4
	Hi-Ni-S	500 °C 1000 MPa	0.78	2.06 x 10 5	10	2.70 x 10 6
	TS	650 °C 700 MPa	1.44	4.67 x 10 4	32	9.27 x 10 3
	TS11	650 °C 700 MPa	1.83	3.50 x 10 4	15	2.42 x 10 4
	Lox-M	650 °C 700 MPa	1.30	2.66 x 10 4	16	3.98 x 10 3
	ZMI	650 °C 700 MPa	1.30	5.45 x 10 5 8.8	1.61 x 10 3

Table 8 :

 8 ). TS at 650 °C under σapp.t(γ=0%) = 300, 500 or 700 MPa. Statistical parameters characterizing the lifetime dispersion (experimental or virtual) for the different fiber tow types at various conditions, temperature or applied stress.

	Fiber	Condition	Experimental	Simulated	
			mdf.t	t0 (s)	mdf.t	t0 (s)
	NL207	700 MPa 650 °C	0.67	101000	1.22	141000
	Hi-Ni	1000 MPa 500 °C	0.91	144000	0.95	93200
	Hi-Ni-S	1000 MPa 600 °C	-	-	0.52	2.65 x 10 7
	TS	700 MPa 650 °C	1.44	44100	1.52	42500
	TS11	500 MPa 650 °C	1.62	72000	1.75	525000
	Lox-M	700 MPa 650 °C	1.30	25700	1.51	14900
	ZMI	700 MPa 650 °C	1.30	30000	1.64	28000

µm

Acknowledgements

The authors acknowledge the financial support of the Snecma Propulsion Solide (now Safran Ceramics) for this work.
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