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Abstract

Predicting crack initiation life (CIL) of a mechanical component or a structure in service remains
difficult since the crack formation process is of stochastic nature. To ensure a high level of safety
and reliability, it is essential to have an appropriate probability distribution law of the CIL to
ensure that cracks can be detected before reaching a critical length. In the present study, a
stochastic model is used to predict the number of cycles corresponding to the formation of a crack
500 um long resulted from the nucleation, growth, and coalescence of multiple microcracks. The
model is applied in the case of a 316L austenitic stainless steel for different plastic strain ranges.
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1. Introduction

Most of mechanical components and structures undergoing a cyclic loading are concerned with
fatigue damage, where cracks can initiate and propagate even in the absence of defects or stress
concentration zones. The process of fatigue damage consists generally of a crack initiation stage
followed by crack propagation. The duration of each stage depends globally on the nature of the
material and the operating conditions. Hence, crack initiation can occupy a significant part of the
fatigue lifetime (Zhixue 2001, Provan et al. 1991), where microcracks nucleate and develop
collectively in the so-called short crack regime to form the dominant crack (Qiao et al. 2005).
The growth of such cracks is largely affected by the material microstructure (Miller 1987,
Plumtree et al. 1991, Lukas et al. 2003), and a good comprehension of the mechanisms governing
their development is crucial to predict the formation of the dominant crack (Golden et al. 2019).

From the engineering point of view, it is essential to apply an appropriate probability
distribution law of the CIL to detect the crack at an early stage and to reduce the inspection effort.
The development of models that can predict the CIL as accurately as possible is of great interest.
A stochastic model is presented in this study to deal with such a problem, where the number of
cycles corresponding to the formation of the dominant crack is computed. The model is applied,
for different plastic strain ranges (Aep), in the case of a 316L austenitic stainless steel.
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2. Model presentation

During the early stage of fatigue, the damage is supposed to be localized globally at the surface
material as suggested by many authors (Bataille et al. 1994, Carstensen et al. 2001, Varvani-
Farahani et al. 1996). Consequently, the nucleated microcracks can be regarded as surface defects
and an analysis in two dimensions can be sufficient to describe their subsequent development.
The cracking process is performed until the formation of a crack 500 um long, which is
considered as the dominant crack leading to failure (Brechet et al. 1992). The developed model,
of Monte Carlo type, is based on a probabilistic approach concerning microcracks nucleation and
growth treatment to consider the stochastic nature of the material microstructure and the
intermittent growth of microcracks.

2.1 Microcrack nucleation

The surface material is represented by an artificial microstructure obtained from a Voronoi
tessellation, which is largely used in material science (Bertolino et al. 2007). Microcrack
nucleation process continues during the whole phase preceding the formation of the dominant
crack while considering the stress relaxation zones, which are formed around the existing
microcracks and referred to as the shielded zones (Ignatovich et al. 2005). As the density of
microcracks increases, the shielded zones increase in turn and reduce the probable sites of
microcrack initiation, making the nucleation of new microcracks more and more difficult. To
consider this effect, the nucleation process is described by a law based on the two-parameter

Weibull law:
B
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Where, N: the number of cycles, Dmax: the maximum microcrack density, o and f: the scale
and shape parameters respectively.
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The values of ¢ and g are obtained from the microcrack densities presented for different
plastic strain ranges (Bataille et al. 1994, Magnin et al. 1989), and are expressed as:

8 =0.76+0.59exp(-223.04A¢, ) ®3)

¢=0.11+0.1exp(~76.29Az, ) (4)

The grains of the material are randomly selected for microcrack nucleation, and the initiation
site is taken as the center of the grain. However, if this site is located in any shielded zone, which
is considered as the circular area surrounding the microcrack (Malésys et al. 2009, Zhu et al.
2018), the grain is discarded from the selection and another grain is chosen instead.

2.2 Microcrack growth

To consider the stochastic nature of the material, a random orientation is affected to each grain
that determines the most favorable slip system for microcrack nucleation and its subsequent
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growth. However, the intermittent growth observed for microcracks is treated by a probabilistic
approach and is controlled by a propagation threshold (PT). For each microcrack growth
treatment, a random variable is generated according to a uniform law and will be compared to the
value of PT. If the generated variable is higher than PT, the microcrack will advance, otherwise,
it will remain in an arrest mode until the next treatment. The value of PT is obtained, as suggested
by Bataille et al. (1994), by adjusting the simulated results to the experimental data for the two
plastic strain ranges.

2.3 Coalescence criterion

As the microcrack density increases, the coalescence phenomenon intervenes and affects
considerably their development. A dominant crack can be formed from the coalescence of many
microcracks (Vasek et al. 1991, Xu et al. 2018). This phenomenon is mainly controlled by the
geometric disposition of the microcracks and the size of the interaction zone developed at their
tips, which is widely admitted as the plastic zones (JiSa et al. 2010). Before each microcrack
advancement, a coalescence test is carried out and two microcracks are considered in coalescence
when their plastic zones overlap. In the case of a semicircular surface crack, the plastic zone
radius (rp) is defined by Lankford (1985) as:

2
r,= 0.15[1.32%ax E] (5)
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Where, a: half the surface crack length, omax: maximum applied stress, oy: yielding stress of the
material.

2.4 Number of cycles calculation

Depending on the microcrack length, the number of cycles (AN) corresponding to each
elementary advancement (AL) of the microcrack is calculated according to the given crack growth
rate in the case of the 316L austenitic stainless steel (Bataille et al. 1994):

O<L<d: AN:A—L (5)
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Where, L: crack length, d: mean grain size (d = 50 um for 316L (Brechet et al. 1992))

An average number of cycles is calculated then after over all propagated microcracks, and
the total number of cycles is written as:

Ny = N +=— (8)

Where, N;: prior number of cycles, n : number of propagated microcracks.
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3. Results and discussion

The application of the model, for different plastic strain ranges, provides a description of the
damage evolution and an estimate of the number of cycles corresponding to the formation of the
dominant crack. A typical microcracks distribution is presented for Ag, = 8.10% (Fig. 1). The
microcracks evolution illustrates the effect of the grain boundaries on the cracking process, where
several microcracks remain blocked at these barriers, while the rest develop individually or
through the coalescence phenomenon. This is in good accordance with the experimental
observations reported by several authors (Hong et al. 2002, Deng et al. 2015, Gall et al. 2005).

| -

. 5 lﬂa.ﬂ
f ‘*—\ B %crack
(b)

Figure 1. Simulated microcracks distribution for Agy, = 8.10. (a) N = 120000 cycles; (b) N =
290000 cycles

Microcrack density is calculated during the cracking process and shows a reasonable agreement
with the total microcrack densities obtained from the experimental data (Bataille et al. 1994,
Magnin et al. 1989) as shown in Fig. 2, where Nin corresponds to the number of cycles to form
the dominant crack. The observed fall in microcrack density is attributed to the coalescence effect
that becomes more intense with the increase in microcrack density (Mazéanova et al. 2018), and
to the microcrack nucleation that becomes more difficult with the development of the shielded
zones.
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Figure 2. Microcrack density evolution.Ag, = 8.10*

The number of cycles corresponding to the dominant crack formation is, in turn, in good
accordance with the experimental data (Bataille et al. 1994) (Fig. 3). However, the analysis of the
cracking process, for different plastic strain ranges, clearly indicates that the coalescence
phenomenon contributes to the development of microcracks, and takes part in the formation of
most dominant cracks. Thus, coalescence seems to be in large part responsible for the dispersion
observed in the CIL.

O  Simulated result
-
Eﬁ ¥ 316L [Bataille et al. 1994]
_ T
a N
S 10°} T 1
(] N N~
£ -
2 T
= -
pel AR
s T
= ~.
E LS
g 5.
O 10 E\i 4
‘\
Il 1
10° 107
Ag
p

Figure 3. Evolution of the crack initiation life vs. plastic strain range (Aep)

For each plastic strain range, four statistical distributions are considered for the CIL: normal,
lognormal, Weibull and exponential. The chi-square and the Anderson-Darling tests are used to
evaluate the goodness-of-fit. The statistical analysis of the obtained results indicates that the CIL
follows the lognormal distribution (Fig. 4a), which is commonly used for fatigue lifetime
description. A similar result is obtained for the study of crack initiation of an aluminium alloy
under constant-amplitude loading (Min et al. 1996). However, for Ag, between 8.10 and 3.10°3,
the analysis shows that the normal probability density function is the one that best fits the
computed results (Fig. 4b).
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Figure 4. Statistical distribution of the simulated crack initiation life. (a) lognormal fit; (b)

normal fit

Fig. 5 presents the evolution of the coefficient of variation (Cv) of the CIL as a function of
Agp. Cv is defined as the standard deviation divided by the mean value, and it is used as a measure
of the scatter obtained in the simulated results. The values of Cv show a slight increase for the
highest ranges of plastic strain, which can be attributed to microcracks coalescence. Indeed, this
phenomenon introduces the notion of hazard in the formation of the dominant crack, particularly
when microcrack density becomes high (Liu et al. 2019).
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Figure 5.

Coefficient of variation (Cv) vs. plastic strain range (Agp).
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4. Conclusion

The stochastic model proposed in the present study can be successfully used for fatigue crack
initiation life assessment, where the dominant crack results from the development of multiple
microcracks. The effect of grain boundaries and the interaction of microcracks between themes,
during their growth, must be taken into account as they significantly affect the formation of the
dominant crack.

The obtained results reveal that the coalescence phenomenon contributes to the formation of
most of the dominant cracks, and is largely responsible for the observed dispersion of the CIL.
Furthermore, the description of the CIL with a typical distribution law without considering the
amplitude of the applied plastic strain, as usually proceeded, may not be convenient. According
to Agp, the CIL can be described by a lognormal distribution for high Aep, while for low Aep,
i.e. Agp < 3.102% in the case of the 316L, a normal distribution is more appropriate.
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