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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 order to satisfy the economic constraints together with environmental requirements, the automotive industry has been forced to 
adopt a strategy of down-sizing, which has led into process modification of some engine parts like cylinder heads. Nowadays, the 
Lost Foam Casting process (LFC) replaces the conventional Die Casting (DC) process due to cost reduction and geometry 
optimization goals. However, aluminum alloy automotive parts produced by the LFC process have a coarser microstructure and 
more porosity defects than parts produced with conventional casting processes at faster cooling rates. In the cylinder heads produced 
by the LFC process, the microstructure consists of hard intermetallic phases and large gas and microshrinkage pores. In order to 
study the influence of this complex 3D microstructure on fatigue crack initiation and propagation, an experimental protocol using 
laboratory, synchrotron tomography, SEM images and 3D Digital Volume Correlation (DVC) has been used. Fatigue tests 
performed at temperatures characteristics of in-service conditions (250°C) revealed the initiation of 3D cracks at large pores and a 
propagation along the hard inclusions around the main pore that drove to failure but also in other areas of the specimen gauge 
length. 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of ECF21. 
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investigated. Uniaxial tensile fatigue tests at constant stress amplitude were performed with a load ratio of 0.1 and a 
maximum stress of the order of 150% of the yield stress at the corresponding temperature. 

Synchrotron tomography allowed to visualize the eutectic Al–Al2Cu, iron based intermetallics phases and above 
all eutectic Si, which could not be distinguished with laboratory tomography; these constituents were proved a suitable 
natural speckle for Digital Volume Correlation. The 3D strain field was measured with the DVC technique (Rethore 
et al., 2011), which is an extension of the well-developed Digital Image Correlation (DIC) method. In the present 
study, a 3D image correlation platform called YaDICs (Seghir et al., 2015) newly developed at LML laboratory has 
been used. The DVC measurement (Dahdah et al., 2016) was performed between the reference image at minimum 
load and the deformed image at maximum load of each considered cycle. The fracture surfaces after tensile test were 
examined with a JEOL 7800 F LV SEM, coupled with energy-dispersive X-ray spectroscopy (EDX). 

 
 
 

 
 

 

3. Results and discussion 

3.1 Microstructure analysis 

      The test on the specimen studied was realized at a maximum stress of 75MPa.  The synchrotron scans were 
performed at the minimum and maximum stress of the fatigue cycle until the failure occurred at 50 cycles. An 
observation of all the slices at different numbers of cycles was made in order to link the crack initiation to a specific 
cycle. Thus, only a limited number of cycles were studied for the DVC measurements: the 1st cycle of the fatigue test, 
which consists in the reference image, i.e. the image of the minimum load before any cycle loading, and also the image 

Fig.1. In situ fatigue test with: (a) Experimental set-up with a close-up view on the (b) Fatigue machine 
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1. Introduction  
 
The performance of an automotive engine is provided for a large part by the cylinder head. During the start-stop of 

the vehicle, the cylinder head is subjected to high thermal variations between 20°C and 250°C. The parts near the 
combustion chamber are subjected to Low Cycle Fatigue (LCF). In order to satisfy the economic constraints together 
with environmental requirements, the automotive industry has been forced to adopt a strategy of “down-sizing” that 
has led into process modification of some engine parts like cylinder heads. Nowadays, the Lost Foam Casting process 
(LFC) replaces the conventional Die Casting (DC) process for the purpose of geometry optimization, cost reduction 
and consumption control. LFC uses almost a quarter less energy and a third less molten metal than conventional casting 
(Shivkumar et al., 1990). The advantages of LFC over DC process are above all the low cost of foam, unbounded sand, 
possibility of complex shapes with internal channels and finishing costs (Albonetti, 2000). The main disadvantage of 
LFC is the presence of defects which are caused by entrapment of gases in the solidifying metal. Moreover, LFC 
process cooling rate is relatively slow compared with DC process (LFC around 0.8°C.s-1 and DC around 
30°C.s−1)(Albonetti, 2000). This leads to a coarser microstructure when measured in term of Dendrite Arm Spacing 
(DAS). Besides, the porosity and inclusions (eutectic Si, eutectic Al–Al2Cu, and iron based intermetallics) are 
increased and clustered. The microstructure of the A319 produced by the LFC process is a complex network of very 
large particles: Silicon particles, Al2Cu, α-AlFeSi, β-AlFeSi and pores. Pores (Wang, Q.G et al., 2001) can play a 
decisive role above a critical size, by providing preferential crack initiation sites but an influence of the other phases 
such as oxides (Cao et al., 2003), iron-based intermetallics (Tabibian et al., 2013) and Si particles (Buffière et al., 
2001) is also observed. 

 
The present work focuses on the use of an experimental protocol using synchrotron tomography, SEM observations 

and 3D digital volume correlation to study the influence of the casting microstructure at high temperature upon the 
fatigue behavior.  The mechanisms of initiation and propagation in the A319 alloy will be studied in details. The main 
objective of the experiment is to obtain in situ 3D images of the initiation and growth of damage during cyclic 
mechanical loading of an Aluminum Silicon automotive cast alloy (A319) at temperatures relevant for service 
conditions (T=250°C). 

 
2. Experimental procedure 

The material studied was an A319 aluminum silicon alloy (Al bal.– Si 7.18 wt.% – Mg 0.32 wt.% – Mn 0.15 
wt.% – Cu 3.17 wt.% –Fe 0.43 wt.% – Ti 0.05 wt.%). Small dog-bone specimens with a 2.6x2.6mm2 cross section 
were spark cut from the most severely stressed area of A319 cylinder heads. The first stage of the experimental 
protocol is to select the most suitable specimens, i.e the specimens having no large defects close to the 
shoulders(Wang, 2015). This step allows focusing the X-ray tomography observation during the fatigue test on a 
volume where cracks are likely to initiate. A preliminary step using laboratory X-ray tomography was thus performed 
at the LML laboratory in fast scan mode with a 80 kV acceleration voltage to ensure a 10% transmission of the X-ray 
beam through the cross-section of the sample. The scan was made at a medium resolution with a voxel size of 4.5μm; 
this medium resolution images allow revealing the size and shape of the large pores in the bulk of the specimens gauge 
length rapidly. Two fatigue specimens are selected, then mechanically polished on all faces down to a 2x2 mm² cross 
section using SiC paper of grades up to 4000 grits and diamond suspension up to 1/4 μm. In-situ fatigue tests at 250°C 
were performed on ID19 at the European Synchrotron Radiation Facility (ESRF). In this paper, only one specimen is 
studied. 

 A radiation furnace designed by the Centre des Matériaux (Ecole des Mines de Paris) is equipped with four 
halogen lamps (Dezecot et al., 2016) (Fig.1.a) and is used with a fatigue machine developed at MATEIS laboratory 
(Fig.1.b). A quartz tube allows transmitting the load from the top to the bottom of the machine. Images were obtained 
in pink beam mode (E=35 keV) on a CMOS PCO Dimax detector (2048 pixels2). The scan duration was 45 s (2000 
Images) with a 2.75 µm voxel size. Thanks to the large spatial coherence of the beam on ID19 phase contrast could 
be obtained, so that eutectic Si particles could be easily distinguished from the surrounding Al matrix and small cracks 
could easily be detected. The scan time was short enough to avoid creep/relaxation effects at the temperatures 
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3.2 Initiation and propagation mechanisms 

    The Fig.4 showing the microstructure of the A319 alloy before the fatigue test (Fig.4.a) and after the first tensile 
loading (Fig.4.b) allows the observation of crack initiation close to a large pore. For all the specimens studied, the 
crack initiated always close to a large pore during the first tensile loading. However, the propagation (Fig.5.b&c) 
appears along the hard inclusions including silicon phase, iron intermetallics and copper containing phases. This 
propagation phenomena is similar to micro-cracks above all observed in the silicon phase (see red circle in Fig.5.c).  
The crack localization appears between different pores, due to high stress concentrations induced by the large size of 
pores inherited from the LFC process but also because of the location of the pore that is notably close to the surface. 
Then, the crack propagation is affected by the coalescence of the micro-cracks between the pores especially the micro-
cracks in the silicon phase. 
 

 

 
 
 
 

 

 

 

 

3.3 Postmortem analysis 

SEM observations were performed on the specimens after the failure. Fig. 6 shows the final crack on the sample 
tested at 250°C.  Post-mortem observations confirmed the analyses done before. Indeed, on the failure zone (Fig.6.a) 
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at the maximum load where the crack initiation appeared, the 10th cycle where the crack propagation started, and the 
30th cycle to follow the crack propagation. 

The analyzed specimen, as well as all the others selected samples contains a high number of pores in the gauge 
length volume (Fig.2.a). The volume fraction of pores is about 0.8%. The distribution of Feret diameter of these pores 
shows a peak around 15μm with a maximum Feret diameter of 1200μm. Although scarce in number, the largest pores 
represent most of the pores volume fraction.  

 
The microstructure of A319 alloy is presented in Fig.3 in order to distinguish easily the shapes of the different 
constituents of the microstructure: pores, Al2Cu phase, eutectic Si-particles and iron-based intermetallic phases. A 
quantitative analysis highlights a volume fraction of hard inclusions about 17% including about 9% of eutectic Si, 7% 
of iron-based intermetallics and 1% of Al2Cu phases (Wang, 2015). In Fig.3, the 2 types of iron intermetallic phases 
can be distinguished, the α(AlFeMnSi) phase with a structure known as "Chinese script" and β(AlFeSi) phase in 
platelets shape. Silicon phase has a plate like morphology. Al2Cu phases is also observed, it forms a block between 
the eutectic Si phase and the intermetallics phases.  
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to the final 

failure 

Fig.2. (a) 3D Rendering of pores in the fatigue test specimen before the fatigue test, (b) at the 40th cycle before failure with the red square representing the 
final failure zone  

Fig.3 SEM image of A319 alloy showing the complex microstructure 
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3.4 DVC measurement 

The strain fields were computed by DVC in the zone of the sample containing the pore which has led to progressive 
crack growth until final failure (red square shown in Fig.2.b) and it is shown with the arrow in Fig. 2.a. Fig. 8 shows 
the strain field along the loading direction; the image of the microstructure was superposed to these fields to allow 
comparison of the crack path with local deformation. The fields were studied at different steps of the fatigue cycles. 
The Fig. 8 show strain fields at the first cycle (Fig.8.a), at the 10th cycle (Fig.8.b) and at the 30th cycle (Fig.8.c). At the 
first cycle (Fig.8.a), a strain localization is well observed in the area where the nucleation of the crack is visible. Then 
after 10 cycles, a strain localization is localized where the propagation of the crack is observed and after 30 cycles, 
the strain localization increased where crack growth is the most important. The Fig.8.d allows a better visualization 
of the microstructure in the crack neighborhood, the pores are represented in blue and the microstructure shows the 
crack growth at the 50th cycles of loading, just before the failure. A good correlation is observed between the crack 
location and the strain localizations. The DVC analysis of the 3D images recorded in situ helps to understand the 
relations between initiation sites and crack path and the local microstructural features: crack initiation is porosity 
driven while propagation is correlated with the presence of hard intermetallic phases and silicon phase. 
 

4. Conclusions 
 
The efficiency of the experimental protocol using laboratory and synchrotron tomography, SEM images and 3D digital 
volume correlation to study the influence of the casting microstructure upon the mechanical properties at high 
temperature of an Al-Si alloy has been proved. The 3D images obtained by synchrotron tomography allow the 
characterization of the complex microstructure in the A319 alloy. The DVC analysis helps to understand the relations 
between initiation sites and crack path and the local microstructural features: crack initiation is porosity driven while 
propagation is correlated with the presence of hard intermetallic phases, and above all the micro-cracks in the silicon 
particles. The method illustrated here will now be systematically used to analyze the fatigue behavior of the other 
samples tested during the ESRF fatigue experiment in order to make correlations between initiation sites and crack 
path and the local microstructural features. 
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several phases seem to be broken, particularly the silicon phase and this phenomenon occurred also in the zone far 
away from the principal crack (Fig.6.b). The cracking of silicon is observed in whole volume of the specimen. To 
understand the major role of the Si particles for the propagation of damage,  there are some explanations as they form 
an extended network (Asghar et al., 2011)(Lasagni et al., 2008) in the entire volume of the specimen, but also Si 
particles have a coarser morphology which create large stress concentration (Barrirero et al., 2013) and the eutectic 
silicon is more brittle than other hard inclusions at high temperature (Chen et al., 2006). Besides, according to Joyce 
(Joyce et al., 2003), the thermal expansion coefficient difference between Si and Al indicates that thermal cycling is 
likely to lead to cracking or decohesion of larger Si particles due to significant strain mismatch. 

 
 
 
X-ray mappings were performed on the fracture surfaces of fatigue specimens to identify the damage mechanisms of 
hard inclusions. X-ray mappings were only performed on the area where the crack was observed to propagate during 
the in-situ fatigue (Fig.7.a). Both fracture surfaces images of the specimen are placed side by side (Fig.7.b). If the 
same constituents are identified in the same location on both fracture surfaces, the failure mechanism is fracture of 
hard particles. Otherwise, the failure mechanism is decohesion/debonding. For the silicon phase, quite the same 
proportion of decohesion (see the red arrows in Fig.7.b) and fracture (see the yellow arrows in Fig7.a) is found in 
cracks propagations regions. However, during the in-situ fatigue test the failure mechanism seems to be more multi 
fracture in the hard phases than decohesion. 
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3.4 DVC measurement 

The strain fields were computed by DVC in the zone of the sample containing the pore which has led to progressive 
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of the microstructure in the crack neighborhood, the pores are represented in blue and the microstructure shows the 
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location and the strain localizations. The DVC analysis of the 3D images recorded in situ helps to understand the 
relations between initiation sites and crack path and the local microstructural features: crack initiation is porosity 
driven while propagation is correlated with the presence of hard intermetallic phases and silicon phase. 
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several phases seem to be broken, particularly the silicon phase and this phenomenon occurred also in the zone far 
away from the principal crack (Fig.6.b). The cracking of silicon is observed in whole volume of the specimen. To 
understand the major role of the Si particles for the propagation of damage,  there are some explanations as they form 
an extended network (Asghar et al., 2011)(Lasagni et al., 2008) in the entire volume of the specimen, but also Si 
particles have a coarser morphology which create large stress concentration (Barrirero et al., 2013) and the eutectic 
silicon is more brittle than other hard inclusions at high temperature (Chen et al., 2006). Besides, according to Joyce 
(Joyce et al., 2003), the thermal expansion coefficient difference between Si and Al indicates that thermal cycling is 
likely to lead to cracking or decohesion of larger Si particles due to significant strain mismatch. 
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