Materials Physics and Mechanics 31 (2017) 44-47 Received: September 30, 2015

PREDICTION OF SHORT FATIGUE CRACK PROPAGATION ON THE

BASE OF NON-LOCAL FRACTURE CRITERION

A.l. Nosikov?, A.S. Semenov?*, B.E. Melnikov?, T.P. Rayimberdiyev?
1RoIIs-Royce Deutschland Ltd & Co KG, Hohemark str. 60—70, Oberursel, 61440, Germany;
%peter the Great St. Petersburg Polytechnic University, Politekhnicheskaya 29, St. Petersburg, 195251, Russia;

3Ahmet Yesevi University, B. Sattarkhanov 29, Turkestan, 161200, Kazakhstan

*e-mail: semenov.artem@googlemail.com

Abstract. Models of short fatigue crack propagation, taking into account the non-monotonic
crack growth rate and predicting an existence of one or several threshold stress intensity factors,
are considered. The models are formulated on the base of Leonov-Panasyuk-Dugdale formalism
with using the non-local fracture criterion. A comparison of the obtained results with experimental
data are given and discussed.

1. Introduction

The problem of short fatigue cracks has received considerable attention due to inability of
linear elastic fracture mechanics for the correct description of short cracks anomalous beha-
vior. The short fatigue cracks demonstrate non-monotonic behavior including acceleration,
deceleration to crack arrest, or deceleration followed by acceleration. The long fatigue cracks
do not propagate at levels below the threshold stress intensity factor range AKw, whereas it is
known that short cracks grow below AKin [1].

The paper proposes a model of short fatigue crack, which describes the deceleration
stage below AKw and acceleration stage above AKi. The condition of the crack growth is
obtained on the base of a non-local fracture criterion [2] in combination with Leonov-
Panasyuk-Dugdale crack model [3, 4]. The obtained analytical evaluating the threshold stress
intensity factor AKw is in a good agreement with experimental data

2. Non-local fracture criteria

The correct analysis of the short fatigue crack behavior leads to a necessity to take into
account the microstructure of material. In this case, the elementary act of failure is supposed
to cover some representative volume of material (grain, structural element) instead of one
material point, and the process of failure is determined by the cumulative stress-strain state of
representative volume as a whole.

The non-local failure condition initially was proposed by Wieghardt [5]. The first
practical application and revealing of averaging area size dependence on micro-structure of
material was done by Neuber [6]. Original physical interpretation and modifications of the
criterion were offered by Novozhilov [7]. The application of non-local failure criterion to the
analysis of short fatigue cracks propagation in the form of d«-concept was proposed by Séhn
[8] and developed in [9-11].

In general, the non-local measure of stress-strain state B is defined by the equation [2, 11]:
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= 1

B=_"[Bdv, (1)
V* V

where B is the measure of the local stress-strain state, V« is representative volume element of
polycrystalline material.

In the case of one-dimensional averaging, which is applicable for the straight
propagation of a crack, the equation (1) reduces to [2, 9-11]:

r+d«

E(r):d% [B(r)dr. )

The identification of d« is considered in details in [2, 12]. For every type of constitutive
equation the measure of non-local stress-strain state can be defined as a value of the local
stress-strain state at a certain distance from the crack tip:

B(r)=B(r+d.). (3)

3. Modification of Leonov-Panasyuk-Dugdale model using non-local fracture criterion
With aim to describe the behavior of short fatigue crack the modification of Leonov-
Panasyuk-Dugdale crack model [3,4] with the use of non-local failure criterion is suggested.
According to the Leonov-Panasyuk-Dugdale concept, the crack can be divided into two
areas: inner region and neighborhood of crack tips (Dugdale’s yield/cohesive zones). It is
assumed that the strong interaction between the two opposite sides of crack within the inner
region is negligible. In the vicinity of the crack tip, where the cohesive traction q (see Fig. 1)
between the two sides is significant. It is assumed that the traction g is equal to yield stress
o, and it is uniformly distributed within zone of size s from crack tip. Instead of the original

Leonov-Panasyuk-Dugdale assumption that the length of the cohesive zone s is calculated by
imposing the condition of smooth closure of the crack faces we propose to define s from the
non-local criterion of crack propagation:

B(r) ,=ov. (4)

r=

Fig. 1. Leonov-Panasyuk-Dugdale model of crack.

Using Leonov-Panasyuk-Dugdale solution for stress [3,4] and taking the maximum
principal value of the stress tensor o, as a measure of the local stress state B we obtain the

non-local stress state measure B as follows:
_ oy\ra-2q,/2 arccos(1-3) ©)
p=0 J27(r+d.) '

B(r)=B(r+d.)=o,(r+d.) =0, (r +d.)
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The length of the cohesive zone s can be defined from the results of substitution the
expression (5) into the non-local condition of crack growth (4):

S _1-cos™| %0 % 2d. . (6)
a 2lg q a

Displacements of crack faces in the case of plane stress state for Leonov-Panasyuk-
Dugdale crack are defined by the relation [3, 4] :

= 2% [a? x4 %[(x —DI'(a,x,1) - (x—=DI'(a, x,~1) — 4va’ — x* arccos I—} , (7)
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The crack tip opening displacement ¢ is defined on the base (7) and (6) as:

y_oz—g—q(unl—fmﬂ ﬂj ®)
X= = a 2 gV a

where T'(a, x,1)=1In l=a-s.

5:2uy

Considering macrocrack with d./a <<1 we obtain from (8) the classical expression for

the crack opening 6 = _Squ Inl as in the original model of Leonov-Panasyuk-Dugdale.
a

4. Description of short crack propagation based on the cohesive zone length As

It is assumed that the rate of short fatigue cracks is defined in an analogy with Paris' equation by
the power-type dependence from the range of the cohesive zone length As:

da _ C,|As
dN

where As=s_, —S.,,» C1and my are material constants.

The Fig. 2a shows dependence of the dimensionless rate of crack propagation defined by
(9) and (6) on the dimensionless crack length a/d~ for my= 2. There are two characteristic parts
of curve: the first part is area of monotonic decreasing crack rate to zero. The zero value
corresponds to the threshold stress intensity AKw. The second part is area of monotonic
increasing crack rate. The same character of diagram is observed in experiments for short
fatigue cracks [1].
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Fig. 2. Dimensionless rate of crack growth vs dimensionless crack length for different crack

models a) by equation (9) and b) by equation (11) under two loading levels.
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The threshold stress intensity AKw is defined from the condition As =0 (that equivalently
to da/dN =0) with help of the expression (6) for the loading case of R = omin/ omax =0 as follows:

Ky =0y /8rd. . (10)

The calculated on the base of (10) the value of K, =9.4M Pa/m for steel 45 with yields
stress o, =245MPa and grain size d~=59 um [13] is in a good agreement with observed in
experiments K, =8M Pa/m [14].

5. Description of short crack propagation based on crack tip opening Ad

It is assumed that the rate of short fatigue cracks is defined by the power-type dependence of
crack growth rate on the range of the crack tip opening Ad:

da m

—=C,|Ad| 7, 11
=Cilad (1)

where AS =96,,, — i, » C2 and mz are material constants.

The Fig. 2b shows dependence of the dimensionless rate of crack propagation defined by
(11) and (8) on the dimensionless crack length a/d-~ for mp=2. The model (11) predicts two
threshold stress intensity factor AK (that is observed in some experiments [1]). The value of
minimum AKg coincides with the prediction of AKi by the model (9).
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