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Delayed failure under static fatigue of Hi-Nicalon bundles: the role of stress dispersion on scale effect

Keywords: Hi-Nicalon, slow crack growth, static fatigue, scale effect Filament SCG parameters

SiC-fibers are subjected to a predictable premature failure, consequence of a slow crack growth mechanism. This has chiefly been studied through static fatigue testing of multifilament tows. The discrepancy existing between experimental results, broadly dispersed, and the bundle theory (solely considering the filament strength distribution) has been interpreted by discrete stochastic phenomena. In this work, the uncertainty on applied stress caused by fiber misalignment (slack) was rather investigated through Monte Carlo simulation, ascribing to each filament of the tow a strength and a stress among established distributions. If a coherent lifetime range could this way be obtained, a scale effect on stress exponent was also revealed: equal to 12.6 on filament it falls to 8.4 on bundle, in agreement with experimental results. The same would apply to larger scale (woven tow).

Introduction

Due to their superior performances over superalloys or monolithic ceramics, ceramic matrix composite (CMC) material have received much attention for high temperature applications, particularly the SiCm/SiCf for their sustainability in oxidative environments. CMC however suffer for delayed failure under the combined effect of aggressive environment and subcritical stress [1]. Consequently, reinforcing fibers also need to fulfill slow crack growth resistance requirements. This is commonly assessed by the time a tow takes to fail when subjected to static fatigue conditions at intermediate temperature (<1000°C). Selection of multifilament tow length scale, rather than single filament, was motivated by their damage tolerant behavior and associated limited variability. Experiments have however shown a broad scatter characterizing such measurement, calling for awareness in their interpretation [2][3][4]. This work brings a new insight on this topic, key to guaranty the potential CMC application, by integrating a filament stress distribution on the prediction model. The variability of virtual lifetimes and their evolution with the applied stress is then compared to test results.

Constitutive model for bundle lifetime prediction

The lifetime of a filament (τf) is dependent of its stress (σapp.f) and strength (σr.f), obtained by integrating the Paris power law (Eq. ( 1)) [5], where A1.f is an environmental constant, nf the stress exponent, KIC the toughness and Y the geometry factor. The suffix f here refers to the filament length scale, by opposition to suffix t used for tows.
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Models to describe the failure of bundles were originally proposed by H.E. Daniels [6] and B.D. Coleman [7] on following hypotheses: a bundle is composed of Nt fibers, identical, parallel and equally loaded. Under constant force, the load bore by a failing filament is homogeneously shared to surviving ones. The ultimate failure (τt) is observed when a critical fraction (αt) of filaments had failed which stems from Eq. (2) assuming a Weibull distributed filament strength (Eq. ( 3) with mf as modulus and σ1.f as characteristic strength) [2].
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Lifetime scatter can as well be described with a Weibull statistical law:
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where Pτ is the tow lifetime probability, mτt and τt0 the Weibull statistical parameters.

However, some discrepancies between experienced and predicted scatter for τt were noticed [4]. The optimistic vision based on the bundle model did not integrate the aforementioned tow structure and associated uncertainty on the applied stress: (i). the fraction of initially broken fibers (γ) affecting tow effective section (Eq. ( 5)) or (ii). their misalignment leading to a delayed strain activation and a fiber load distribution (δF) [8]. This latter was assumed to follow a normal distribution with f w = wt / N0 as mean and ς as standard deviation (Eq. ( 7)) [9].
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where St is the tow section, wt the applied force, N0 the number of effectively loaded fibers and Nt its total number. Et and Ef are respectively tow and monofilament Young moduli.
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The unique structure of a tow generates a strong uncertainty on the applied stress causing inevitably a lifetime scatter here studied [4]. It was decided to associate a Weibull statistical distributions to ς and γ as follows:
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Where Pς and Pγ are the probabilities of ς and γ for a given tow, mς, ς0 and mγ, γ0 are the Weibull statistical parameters.

In this paper, strength but also stress distribution were integrated to the prediction model Eq. (10), where σr.f(Pq) and σapp(Pp) are respectively the strength and the stress of the critical fiber (αt lifetime rank) piloting the yarn failure. Because the critical fiber can not be determined anymore (result of balancing-competing stress and strength as depicted supplementary document), a Monte Carlo simulation was adopted to transcribe the variety of singular configurations.
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Results and discussion

In the continuity of a previous work aiming at identifying the sources of delayed failure variability for SiC-based fiber bundles [4], this study took advantage of recently published dataset on bundle tensile tests and subsequent tow structure identification (slack ς, effective section γ) [9] (Table 1). Static fatigue data were extracted from W. Gauthier et al. [10] and A.

Laforêt [11] works, performed on 25 mm gauge Hi-Nicalon bundles. It should be emphases tensile tests were performed on the same probes (same tow batch and preparation method), thus representative of the structure tows have during static fatigue experiments. 1: Filament and tow characteristics. γ were offset by 10% [9] then reversed in the Monte Carlo simulations to account for negative values.

Filaments

A dedicated Monte Carlo algorithm was developed as follows. To each of the N0 individual fibers of a tow, a strength and a stress was assigned by random and independent probabilities Pσr (Eq. ( 3)) and PδF (Eq. ( 7)). Load sharing (increasing stress when filament failed) was here neglected. Each tow was therefore unique, with structural parameters (δ and γ) themselves randomly defined by Pς (Eq. ( 8)) and Pγ (Eq. ( 9)). Times to failure for each filament (Eq. ( 1) considering as a first assumption nf = nt = 8.4 and adjusting A1.f to fit predicted tow lifetime) were calculated and ranked in ascending order, the rank αt (7.45%, Eq. ( 2)) defining the bundle failure time. This approach was finally repeated 1000 times to define the lifetime distribution at 100 1000 or 1500 MPa and 500 °C (Fig. 1a). Supplementary document provide a more extensive description of the algorithm. So built Weibull diagrams (Eq. ( 4)) raise two observations: (i) null failure times were simulated for σapp = 1500 MPa, explained by the instantaneous failure of αt x N0 filaments when unfavorable configuration was met (strong overloading of weak fibers) and (ii). a concave shape is found with σapp = 100 MPa which could be linked with the normal distribution of δF. Moduli Pτ (Eq. ( 4)) obtained at 100 and 1000 MPa are close to each other and similar to experimental data [9], given the uncertainty associated to its assessment [12].

Repeated in the 100 to 1500 MPa stress range with 100 MPa steps, the exercise was used to construct the endurance diagram showing the median, but also upper and lower lifetime limits (Fig. 1b). These latter limits correspond to the highest and shortest simulated lifetimes among the 1000 values calculated for each stress, as shown in graphical abstract. A first observation highlights the lower τt limit suddenly falls to zero for σapp.t( γ )>1200 MPa. Moreover, the median lifetime is not centered between lower and upper limits. With nf = 8.4, a stress exponent describing the median bundle lifetime of nt = 5.56 was calculated, evidencing a scale effect this parameter seems to be subjected to (nf>nt). This explains the inconsistency of A1.f taken for Fig. 1a construction. The same was not observed with a homogeneous fiber loading in [4]. predicted (Table 1) value: respectively 2.0 x 10 -15 , 6.8 x 10 -12 and 2.0 x 10 -12 m 1-8.4/2 MPa -8.4 s - 1 . (b). Simulated endurance diagram with nf = nt = 8.4 and A1.f = 6.8 x 10 -12 m 1-8.4/2 MPa -8.4 s -1 .

To solve this incoherency, the value of nf was empirically modified to obtain nt = 8.4, adjusting accordingly A1.f and αt. Structural parameters and filament strength distribution were not impacted. A linear relationship was found to exist between nf and nt in the context of this simulation (Fig. 2a). The requested nt value is achieved with nf = 12.6, in good agreement with literature data [13]. It is worth noting A1.f and A1.t belong to the same order of magnitude (Table 1 vs. Fig. 3 caption), despite the different stress exponent values. The modification of nf also impacted simulated lifetime distribution, because the applied stress (structure dependent) is elevated to the nf th power. This effect is highlighted by a decrease of the Weibull-like modulus (mτt) when nf increases (Fig. 2b). The endurance diagram for Hi-Nicalon bundle at 500 °C, built with so adjusted filament stress exponent, is presented in figure 3a. Of note, W. Gauthier and A. Laforêt [10,11] reported lifetime data at higher temperatures, to be analyzed in a future communication. Loading failures (null lifetime) were still computed for applied stresses lying about ) ( . γ σ t app = 1100 MPa and lower-upper lifetimes were fitted by a power law with exponents intermediate between nt = 8.4 and nf = 12.6. This explains above observation on fact median lifetime is not centered, but closer to upper limit for high stress (convexity) and vice-versa (concavity). Compared to previous works alternatively taking extrinsic phenomena into account [2,3], so assessed lifetime range is broader, encompassing all published data [10,11] (Fig. 3b). 6/2 MPa -12.6 s -1 nf = 12.6 αt = 8.19%), compared to experimental static fatigue data [10,11].

The successful capacity of this Monte Carlo simulation to describe the scale effect and depict the time to failure varaibility for bundles should be emphasized. If the configuration that led to lower lifetimes can be expected (overloaded weak filaments), configuraiton govening upper lifetime is yet unclear: underloaded weak filaments or overloaded strong filaments. Additional figures giving some insight on this subject are gathered in the supplementary document and would be the object of furutre dedicated works. 

Conclusion
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 1 Fig. 1: (a). Weibull distribution of simulated and experimental static fatigue data for Hi-Ni
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 2 Fig. 2: (a). Evolution of simulated nt with nf. (b). Weibull diagrams comparing experimental
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 3 Fig. 3: Simulated τt-σapp.t diagrams of (a,b). Hi-Nicalon tows at 500 °C (A1.f = 1.0 x 10 -11 m 1-12.6/2 MPa -12.6 s -1 nf = 12.6 αt = 8.19%), compared to experimental static
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The article has established the following on Hi-Nicalon fiber type: variability of bundle times to failure under static fatigue condition and the scale effect on stress exponent can reasonably be interpreted by the combination of filaments strength and applied stress distributions. The same retro-fitting approach (adjustment of nf to reach the experienced nt) would be repeated on other SiC-fiber types to estimate their intrinsic SCG parameters, somehow related to chemical and microstructural properties. These key parameters, today estimated on bundle probes and relevant to that scale only, may be used to justify the selected reinforcement type toward the long term application needs.