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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

Hollow sphere structure (HSS) belongs to cellular solids that have been studied recently for its multiples properties. In our case,
HSS aims to absorb soft impacts energy on an airliner cockpit. This structure is investigated because of its promises in term of
specific energy dissipated (J.kg1) during impact. First of all, quasi- static and dynamic (v = 5 mm min−1 to v = 2 m s−1) uniaxial
compression tests are conducted at room temperature on a single sphere (D = 30 mm). Rapid crack propagation (RCP) is observed
to be predominant at macroscopic scale. The formalism of Linear Elastic Fracture Mechanics (L.E.F.M.) is therefore used to
estimate the dynamic energy release rate GIdc . The crack tip location is measured during the crack propagation using a high speed
camera. The Discrete Element Method (DEM) is used to simulate the dynamic fracture by implementing a node release technique
to perform a generation phase simulation. The dynamic energy release rate can be determined using the experimentally measured
crack history. In hollowed spherical structures the numerical results reveal a high proportion of energy dissipated through inertial
effects as well as a dependence of the thickness of the skin over the range of 0.04 mm to 1.2 mm. At a crack tip velocity of 0.6
times the Rayleigh wave speed of the material, the dynamic correction factor is less than 0.05. Similar results have been shown for
the longitudinal dynamic fracture of polymer pipes. The quantitative results of GIdc are in good agreement with the literature and
the present model offers an alternative to the finite element method to simulate the rapid crack propagation.Its use reveals to be an
interesting way to model the mechanical behavior of brittle materials.
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1. Introduction

Hollow sphere structure (HSS) belongs to cellular solids that have been studied recently for their multiple properties
(Augustin, 2009). Compared to foam structure, HSS has both closed and open porosity. Its applications can be of
various types including energy absorber (Rahmé et al., 2012), acoustic damping (Gasser et al., 2003), and thermal
insulation (Fiedler et al., 2008). In our case, HSS aims to absorb soft impacts energy on an airliner cockpit. Most of
impacts are due to bird-strikes during take-off or landing at high velocity (maximum velocity is about 175 m s−1).
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Fig. 1. Hollow sphere structure (a), hollow spheres parameters (b), and an optical microscope capture of the constitutive material (c).

Hollow spheres used in this study are made of commercial epoxy resin, a thermosetting polymer subjected to
crack propagation (Kausch, 2012). A rapid crack propagation (RCP) is observed, and reveals to be predominant at
macroscopic scale to dissipate the available energy stored in the structure (Yamini and Young, 1980).

The dynamic fracture of the constitutive material in HSS needs to be studied. The first part of this work was to
evaluate the compressive behavior of on HSS related to a static and a dynamic loading. The force-displacement results
allow to get the dissipated energy during the compression. In the second part of the paper, a numerical analysis was
performed in order to quantify the inertia effects during the RCP. The simulation is based on the discrete element
method, often used for rocks or soils modelling (Wang and Yan, 2011). It reveals to be an interesting way to model
the mechanical behavior of brittle materials. It allows large displacements and strain and offers an alternative to the
FEM by allowing a natural propagation of the crack (Hedjazi et al., 2012).

In this work, the DEM is used to simulate the dynamic fracture but only as a generation phase simulation, where
the crack propagates manually (Nishioka, 1997)

The generation phase simulation was validated in FEM for the dynamic propagation of crack in plate structures
(Kobayashi et al., 1976; Yagawa et al., 1977) or more recently in pipe structures (Kopp et al., 2014a). These models
made possible to estimate the dynamic energy released rate by dissociating the structural (i.e kinetic energy) response
and the materiel effect. Following, the review of the dynamic fracture in FEM (Nishioka, 1997), a gradual nodal
relaxation was implemented in the DEM in order to evaluate the dynamic correction factor for RCP in HSS.

Final result of this work is an estimation of the critical energy released rate of the material.

2. Quasi-static and dynamic compression tests

2.1. Material

Hollow spheres are manufactured and patented (Blottiere et al., 1994) by ATECA SAS. The figure 1 presents
an assembly of such hollow spheres with a average diameter D of 30 mm. They are composed of an epoxy resin
with mineral powder to mainly prevent the spheres from sticking together during the manufacture process. Powder
aggregates are in high proportion in the matrix. The grain size varies from 10 µm to 100 µm as it can be observed with
the help of microscope observations; see figure 1(c).

The thickness ratio is defined by Rt = e/rm , where e is the shell thickness and rm the average radius (rm =

(rin + rext)/2), in figure 1(b). Tested hollow spheres present a diameter of Dext = 29.7 ± 0.1 mm, a radius ratio Rt =

0.08, and a mass m = 6.30 ± 0.5 g. Two radius ratio are presented Rt = 0.08 and Rt = 0.043).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.prostr.2018.12.288&domain=pdf
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Fig. 1. Hollow sphere structure (a), hollow spheres parameters (b), and an optical microscope capture of the constitutive material (c).

Hollow spheres used in this study are made of commercial epoxy resin, a thermosetting polymer subjected to
crack propagation (Kausch, 2012). A rapid crack propagation (RCP) is observed, and reveals to be predominant at
macroscopic scale to dissipate the available energy stored in the structure (Yamini and Young, 1980).

The dynamic fracture of the constitutive material in HSS needs to be studied. The first part of this work was to
evaluate the compressive behavior of on HSS related to a static and a dynamic loading. The force-displacement results
allow to get the dissipated energy during the compression. In the second part of the paper, a numerical analysis was
performed in order to quantify the inertia effects during the RCP. The simulation is based on the discrete element
method, often used for rocks or soils modelling (Wang and Yan, 2011). It reveals to be an interesting way to model
the mechanical behavior of brittle materials. It allows large displacements and strain and offers an alternative to the
FEM by allowing a natural propagation of the crack (Hedjazi et al., 2012).

In this work, the DEM is used to simulate the dynamic fracture but only as a generation phase simulation, where
the crack propagates manually (Nishioka, 1997)

The generation phase simulation was validated in FEM for the dynamic propagation of crack in plate structures
(Kobayashi et al., 1976; Yagawa et al., 1977) or more recently in pipe structures (Kopp et al., 2014a). These models
made possible to estimate the dynamic energy released rate by dissociating the structural (i.e kinetic energy) response
and the materiel effect. Following, the review of the dynamic fracture in FEM (Nishioka, 1997), a gradual nodal
relaxation was implemented in the DEM in order to evaluate the dynamic correction factor for RCP in HSS.

Final result of this work is an estimation of the critical energy released rate of the material.

2. Quasi-static and dynamic compression tests

2.1. Material

Hollow spheres are manufactured and patented (Blottiere et al., 1994) by ATECA SAS. The figure 1 presents
an assembly of such hollow spheres with a average diameter D of 30 mm. They are composed of an epoxy resin
with mineral powder to mainly prevent the spheres from sticking together during the manufacture process. Powder
aggregates are in high proportion in the matrix. The grain size varies from 10 µm to 100 µm as it can be observed with
the help of microscope observations; see figure 1(c).

The thickness ratio is defined by Rt = e/rm , where e is the shell thickness and rm the average radius (rm =

(rin + rext)/2), in figure 1(b). Tested hollow spheres present a diameter of Dext = 29.7 ± 0.1 mm, a radius ratio Rt =

0.08, and a mass m = 6.30 ± 0.5 g. Two radius ratio are presented Rt = 0.08 and Rt = 0.043).
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2.2. Methods

Uniaxial compressive tests on these hollow spheres were conducted on two machines: one classical compression
machine (Zwick Roell Z250) for quasi-static tests and an original fly wheel (figure 2) for dynamic tests (Froustey
et al., 2007; Viot, 2009). The rotational movement of the wheel is transformed into a translational movement. The
velocity of the moving plates can be considered as constant due to the high amount of inertia of the wheel. Force
sensors of 10 kN were used for both tests. A high speed camera (Photron SA-5) is used to capture the hollow sphere
crushing, the propagation of cracks and the localization of its tip as shown in figure 3. 75000 frames per second with
a resolution of 320 264 pixels is set.

Fig. 2. The Fly wheel device for dynamic compression test (Viot,
2009).

Fig. 3. Localization of the crack tip position thanks to a high speed
camera (crack tip is marked with the red cross).

3. Discrete Element Simulation

3.1. Numerical details

As introduced in the first section of this paper, discrete elements can interact only by contact or can be connected
by cohesive links like springs or 3D beams. As established in (André et al., 2012), DEM models using cohesive beams
to link discrete elements are appropriate to model continuous material (Fillot et al., 2007; Jebahi et al., 2013; Coré
et al., 2017). All of the deformation modes of the beam are taken into account: traction, compression, bending and
torsion. The analytical model of the Euler-Bernoulli beam is used to compute the force and torques reactions acting
on two discrete elements linked by a beam.

To position these cohesive links in the volume, a random compact packing of discrete elements is first generated.
A beam network is assigned using a delaunay triangulation creating thus a random lattice. In this paper the DEM is
only used as a lattice approach while offering the possibility in the future to model the contacts between the elements
for more predictive simulation by taking into account non linear effects such as friction between the crack lips.

In order to create representative hollow sphere with discrete elements, a convergence analysis of the elastic phase
was performed. A minimum number of discrete elements through the thickness are required to simulate continuous
material depending on the geometry.

For thin structures like hollow spheres, a great number of elements are needed to keep enough elements in the
thickness. The computing time to create this geometry (with a thickness ratio Rt = 0.35) varies from 4 seconds for
1 element in the thickness to 2600 seconds for 4.2 elements in the thickness. For the considered geometry of hollow
sphere (Rt = 0.08 and Rt = 0.043), the computing time is much more important. It is then not reasonable to have
more than 2 or 3 elements in the thickness. The cardinal number of the compact packing is approximately equal to 5.7
(the optimal value is 6.2 for isotropic representation) for the hollow sphere structure and is hardly influenced by the
number of discrete elements through the thickness.
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Fig. 4. Comparison between analytic and numeric solution of the dynamic correction ratio for a crack propagation in an infinite plate.

Despite this low value of coordination number, a value of two elements in the thickness has been retained to model
the hollow sphere structure. A validation simulation comparing with the analytic solution for a circular plate submitted
to central force gives an accuracy error less than 10% for a two element in the thickness model.

It is thus supposed to be a good compromise for calculation cost with a reasonnable accuracy of the behavior in the
thickness.

3.2. Validation in dynamic propagation

To validate the crack tip opening methods, numerical results are compared to analytical ones. It has been shown
that the higher the crack tip velocity is, the less the energy release rate is. In a crack propagation in a semi-infinite
plate in mode I, the critical dynamic energy release rate decreases quasi-linearly (with the increase of the crack tip
velocity between 0 cr and 1 cr with cr the Rayleigh wave speed of the material) (Broberg, 1960). The figure 4 presents
the results in term of the dynamic correction ratio (GID/GI0), analytical and DEM results are compared. The dynamic
energy release rate GID represents the energy released to the material during the propagation (Kopp et al., 2014b).
The quasi-static energy release rate GI0 is computed considering that an increase in crack length ∆a corresponds to an
elastic unloading of a zone ahead of the crack tip of equivalent length ∆a.

Results of these simulation shows a good concordance and validates our DEM implementation of a crack tip
opening method.

4. Results and Discussions

Force and displacement measures for static and dynamic compression tests give two tendancies showed in figure 5.
As expected, peak force is higher in dynamic (around 1 kN) than in static loading (around 800 N). The high dispersion
of the results mainly comes from the process which gives approximate external and internal diameters.

Following this experimental result, the figure 6 shows the simulated crack opening of a HSS. The displacement
magnitude field is plotted. For this simulation a first pre-stressed loading in compression is performed, giving an initial
strain energy to the system. All energies are then recorded during the artificial propagation and the enrgy release rate is
evaluated by assuming a perfect flat crack surface. The simulation is performed for different crack velocity regarding
the Rayleigh wave speed Cr. The figure 7 presents the dynamic correction ratio for the critical energy release rate
when a RCP occurs in a HSS for thickness ratios : 0.08 and 0.043 that corresponds to the ratio thickness of the HSS
used in the exeperimental part.

In the same way that in pipes under pressure (Kopp et al., 2014a), the correction ratio decreases dramatically with
the crack velocity reaching 0.1 for a crack velocity of 0.1Cr and a ratio thickness of 0.043. This ratio has a major
influence of the inertial effects with a ratio of 2 between rt = 0.043 and r/t = 0.08.
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magnitude field is plotted. For this simulation a first pre-stressed loading in compression is performed, giving an initial
strain energy to the system. All energies are then recorded during the artificial propagation and the enrgy release rate is
evaluated by assuming a perfect flat crack surface. The simulation is performed for different crack velocity regarding
the Rayleigh wave speed Cr. The figure 7 presents the dynamic correction ratio for the critical energy release rate
when a RCP occurs in a HSS for thickness ratios : 0.08 and 0.043 that corresponds to the ratio thickness of the HSS
used in the exeperimental part.

In the same way that in pipes under pressure (Kopp et al., 2014a), the correction ratio decreases dramatically with
the crack velocity reaching 0.1 for a crack velocity of 0.1Cr and a ratio thickness of 0.043. This ratio has a major
influence of the inertial effects with a ratio of 2 between rt = 0.043 and r/t = 0.08.
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Fig. 5. Force-displacement curves for static and dynamic loadings (each results has been taken into account and gives the thickness of the red an
blue curves).

Fig. 6. Generation phase simulation for the crack opening in the
HSS (plotted field is the magnitude displacement).
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Fig. 7. Dynamic correction ratio for HSS regarding the crack ve-
locity and the thickness.

This dynamic correction ratio is applied for the differents compression tests. the release rate GI0 is calculated by
integrating the force-diplacement curve and by dividing the crack surface experimentally measured, following the
formalism of Linear Elastic Fracture Mechanics. Results are given in the table 7. A high dispersion is observed for
the GIdc (from 0.4 to 0.84 kJ m−2) where a unique value is attended. Nevertheless, similar values can be found in the
litterature for similar materials : between 220 and 800 kJ m−2 for (Joudon, 2014), and between 100 and 1400 kJ m−2

for (Koh et al., 1993; Ragosta et al., 2005), where the same dispersion on the results is observed.

Table 1. Results synthesis for two thickness ratio and the static and dynamic tests, evaluation of the dynamic critical energy release rate GIdc.

Sphere rt v (m.s−1) ȧ/cr (N) GI0 (kJ/m2) GIdc (kJ/m2)

A 0.043 8.3 10−5 0.08 ± 0.01 2.7 ± 0.4 0.45 ± 0.4
B 0.08 8.3 10−5 0.12 ± 0.02 4.0 ± 0.7 0.84 ± 0.5
A 0.043 1.53 ± 0.17 0.09 ± 0.0 3.9 ± 1.2 0.69 ± 0.3
B 0.08 1.32 ± 0.18 0.14 ± 0.02 3.4 ± 0.3 0.4 ± 0.3
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5. Conclusions

The dynamic fracture on a polymer material was investigated through a compression test on hollow sphere struc-
tures. The rapid crack propagation involves to take into account the inertia effects for the estimation of the critical
energy release rate, which was done thanks to a dedicated DEM simulation. It appears that the HSS induces a non-
neglectable inertia effect that needs to be evaluate for fracture test. The high dispersion of results shows that the crack
velocity which has a significant infuence on the dynamic correction ratio and the crack surface need to be measured
as accurate as possible.
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5. Conclusions

The dynamic fracture on a polymer material was investigated through a compression test on hollow sphere struc-
tures. The rapid crack propagation involves to take into account the inertia effects for the estimation of the critical
energy release rate, which was done thanks to a dedicated DEM simulation. It appears that the HSS induces a non-
neglectable inertia effect that needs to be evaluate for fracture test. The high dispersion of results shows that the crack
velocity which has a significant infuence on the dynamic correction ratio and the crack surface need to be measured
as accurate as possible.

References
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