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a b s t r a c t

Since there exists the crack closure phenomenon near the fatigue crack tip, it has an impor-
tant role in the analysis of fatigue failure life. Considering the empirical crack closure
expression, the effective cyclic plastic zone is developed in the present study. According
to the fatigue failure criteria of plastic strain energy ahead of the fatigue crack tip, a theo-
retical model for fatigue crack growth rate is then established based on the effective cyclic
plastic zone and the low cycle fatigue properties. The prediction results are compared with
experimental data under the constant amplitude loading, and comparative results demon-
strate that the fatigue crack growth rate estimated by the theoretical model closely approx-
imates the experimental results.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Fatigue crack growth (FCG) rate experiments for many engineering materials show that the fatigue crack surfaces exist
the crack closure phenomenon near the fatigue crack tip under the constant amplitude (CA) loading [1]. The crack closure
behavior was first found by Elber [2,3] and the characterization of crack closure is required in the accurate analysis of fatigue
crack growth rate. The interaction of crack surfaces leads to a decrease of the stress intensity factor (SIF) range in the vicinity
of the crack tip and to an increase of the fatigue life. There are a vast amount of experimental, numerical and theoretical
works supporting the existence of crack closure near the fatigue cracking front and its significant influence on the FCG rate.
The crack closure can be motivated by many different physical mechanisms, including roughness or oxides on the fatigue
crack surfaces, extensive experimental and computational works have shown that the crack wake plasticity is commonly
the dominant contribution to the closure phenomenon [4].

A crack initiation occurs followed by the FCG behavior. The FCG rate is one of the most important issues during both the
design process and the subsequent monitoring stage for a critical engineering component. It is well-known that the FCG rate
is statistically acquired through a pure curve fit of finite experimental data. As suggested by Paris and Erdogan [5], the FCG
rate log(da/dN) is approximately linear with the SIF range log(DK) in the intermediate range.

It has been realized for a long time that the nature of plastic deformation was strongly influenced by the constraint con-
dition of the crack tip. Under plane stress condition, the out-of-plane deformation is not constrained in the vicinity of the
crack tip [6]. Then, material elements within the cyclic plastic zone (CPZ) would be viewed as an assemblage of uniaxial cyc-
lic loading. Besides, the low cycle fatigue (LCF) properties would be regarded as the representative volume element (RVE) of
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cyclic strain behavior. So, the FCG and the LCF are the fatigue failure behavior under the cyclic loading. Based on the rela-
tionship between the LCF properties and the crack tip field, a number of FCG models [7–12] were developed over the past
few decades. It is worth noting that the suitable fatigue process zone (FPZ) and the reasonable fatigue failure criteria ahead of
the crack tip, such as the fatigue ductility, the plastic strain energy (PSE) and the weighted local strain, are adopted. Besides,
Schwalbe [13] discussed two analytical models, model-A and model-B, with considering the different cracking assumptions
for the fatigue crack growth rate. For model-A, the crack tip opening displacement is regarded as the fatigue crack growth
size per load cycle. For model-B, the high strain zone x⁄ is viewed as the fatigue crack growth size per load cycle. Considering
the threshold value and the fracture toughness influence on the fatigue growth rate model, the two parameters are used to
modify the model-B. In the present study, the threshold value is considered by associating with the critical blunting formula.

The LCF properties, the PSE failure criteria under the effective cyclic plastic zone, and the conception of crack closure near
the crack tip are taken into account in the proposed FCG model. The theoretical model is verified by open-published thirteen
experimental data and the agreement is found to be fairly good.

2. Cyclic stress and strain field

The Hutchinson–Rice–Rosengren (HRR) field [14,15] is commonly used to describe the stress and strain field in the vicin-
ity of the crack tip under the 2D condition (plane stress and plane strain), in which the crack is subjected to the remote ten-
sion load or the remote shearing load. However, the accurate solution of cyclic stress and strain field is not available in the
classical fracture mechanics theory and is required in evaluating the fatigue life. To estimate the response to unloading,

Nomenclature

b fatigue strength exponent
c fatigue ductility exponent
E elastic modulus
I non-dimensional parameter of cycle strain exponent
Kc cycle strain hardening coefficient
nc cycle strain hardening exponent (Nc=1/nc)
Nf failure life
r distance from the crack tip
rc cycle plastic zone (CPZ)
U crack closure factor
ac cycle Ramberg–Osgood parameter
k, x parameters in Eq. (4)
DK stress intensity factor range
DKeff effective stress intensity factor range
De strain range
Dee elastic strain range
Dep plastic strain range
Dr stress range
e0f fatigue ductility coefficient
eyc cycle tensile yield strain
m Poisson’s ratio
qc critical crack blunting radius
r0
f fatigue strength coefficient

rm mean stress
ryc cycle tensile yield stresserh, err non-dimensional distribution functions

Abbreviations
CA constant amplitude
CPZ cycle plastic zone
FCG fatigue crack growth
FPZ fatigue process zone
HRR Hutchinson–Rice–Rosengren
LCF low cycle fatigue
PSE plastic strain energy
RVE representative volume element
SIF stress intensity factor
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