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Abstract 

During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract

In this paper, the effects of crack closure on the propagation of short cracks is investigated. An experimental campaign, performed
in the low cycle fatigue regime, was performed on specimens with micro-defects, considering two different strain ratios: initially,
tests were performed under fully reversed straining, whereas the effect of an applied mean strain were studied by considering a
strain ratio equal to 0.5. Crack closure was characterized with an innovative technique based on digital image correlation: crack
opening and closing levels were measured starting from the experimental crack tip displacement fields. Finally, experimental results
were compared to those computed with the analytical model proposed by Newman.
c© 2016 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Scientific Committee of PCF 2016.

Keywords: Low cycle fatigue; Fatigue crack closure; Digital image correlation; Short crack propagation; Fatigue crack growth.

1. Introduction

Modern aviation and energy industry requirements have necessitated the adoption of design techniques based on
damage tolerant approaches. In this frame, residual life of components, such as turbine disks and combustors, is eval-
uated considering a crack propagation problem, in which it is assumed that a crack propagates from the first fatigue
cycle, starting from an initial defect present in the component most stressed region (Miller and Murakami (2005)).
Accordingly, crack growth rates are calculated with models that take into account low cycle fatigue (LCF) conditions,
since cracks usually grow in regions where high plastic strains are present. The natural scatter of the external ap-
plied loads is introduced by considering a series of safety factors, calculated following semi-probabilistic approaches
(Beretta et al. (2016)). A further improvement in fatigue life assessment can be implemented by considering the pres-
ence of small shallow cracks, whose depth is set equal to the detection limit of non-destructive techniques (NDT), as
proposed by Cristea et al. (2012).
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Nomenclature

R strain ratio (εmin/εmax)
U stress range reduction factor σmax−σop

σmax−σmin

a crack depth
c surface crack size
α constraint factor
εa strain amplitude
σcl stress at crack closing
σopen stress at crack opening
σre f reference stress for data normalization
σUTS ultimate tensile strength
σ′Y cyclic yield stress (measured in terms of the 0.2% cyclic proof stress)
σ0 flow stress

Fatigue crack growth in LCF can be modeled following two different approaches. Apart from models based on
the applied plastic strain range (Tomkins (1968)), crack growth rates can be described as a function of the effective
cyclic J-integral, ∆Je f f , which is calculated by considering only the part of the fatigue loop when the crack is open
(Vormwald and Seeger (1991); Vormwald (2016); McClung and Sehitoglu (1988, 1991)). In the literature, several
techniques to measure crack opening and closing levels can be found. McClung and Sehitoglu (1988) characterized
crack closure, by adopting the plastic replica technique. In their work, the opening load was evaluated after an accurate
analysis of the replicas, taken at different points of the upper branch of the fatigue cycle. A second technique, originally
proposed by Vormwald and Seeger (1991), allows the evaluation of crack closure starting from the measurements of
strain gages positioned over the cracks. Recent advancements in microscopy and testing equipments allowed the direct
observation of crack closure, since it was possible to cycle a specimen in a Scanning Electron Microscope (SEM), as
reported by Pippan and Grosinger (2013).

In this work, crack closure was characterized with Digital Image Correlation. Initially, DIC was implemented to
measure in-plane displacements of a target surface (Peters and Ranson (1982); Peters et al. (1983); Sutton et al.
(1983)). The application of DIC to fracture mechanics and fatigue is due to the pioneeristic works of Riddell et al.
(1999) and Sutton et al. (1999), who measured crack opening levels, by tracking the relative displacements of crack
flanks during a fatigue cycle. In the following papers published by Carroll et al. (2009) and Pataky et al. (2013),
the focus was shifted on strain field present around the crack tip: crack propagation driving forces were extracted
fitting experimental displacements with the analytical singular field. This approach was successfully employed even
for single crystals, as reported by Pataky et al. (2012) and Rabbolini et al. (2015b). This technique cannot be applied
to LCF, since it is based on linear elastic fracture mechanics (LEFM) equations. Therefore, the capabilities of digital
strain gages in crack closure characterization are discussed in this work, to provide an accurate description of crack
opening levels during propagation in presence of large plastic strains. Finally, experimental results are compared
to those calculated with the set of equations proposed by Newman (1981), which is the analytical model usually
employed for fatigue life assessment.

2. Experiments

2.1. Material and experimental campaign overview

The steel employed for testing is a grade API 5L X65Q alloy. Full material characterization can be found in the
works of Paravicini Bagliani et al. (2013) and Farè et al. (2015). In order to study fatigue crack growth under severe
straining conditions, four different loading conditions were considered:

• Strain cycles at R = 0.5 with εa = 0.0025 mm/mm
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