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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 the last decade, sandwich composite materials have had an increasing use in design of racing boats. The main reasons are: higher 
strength-weight ratio, low density, excellent durability and versatility. The knowledge of impact response is very important to 
design racing boats. 
The aim of the present study is the investigation of absorbing impact energy ability of a sandwich composite material used for 
offshore vessels in UIM (Unione Internationale Motonautique) Championship. 
The material analysed in this study is a sandwich manufactured with hand lay-up technique. In the first phase, the damage 
assessment of single impact has been studied with an optical measurement technique. In a second phase, the damage evaluation 
due to repeated impacts has been analysed with the similar technique. 
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1. Introduction 

For many years, the sandwich composite materials have been used in a lot of engineering field. Mangalgiri (1999) 
reported a brief summary of applications in aeronautical field. From 1950 to our days, the use of sandwich composite 
material increased in automotive field;  Mangino et al. (2007) reported this evolution. In the last decade, the naval 
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engineering is focused on these materials; a brief review is reported by Mouritz et al. (2001). There are many 
advantages in the use of this type of material respect the traditional one; the principal ones have been reported by 
Gibson (2010): remarkable reduced weight compared to metals; high stiffness and strength respect to weight; reduced 
corrosion tendency. Furthermore, the composite material is therefore flexible to the needs of the designer. However, 
there are disadvantages, like a long-time durability low, heat resistance, sensitive with respect to the fabrication 
process, high material costs and open questions that concern recyclability and reparability. 

An important aspect of sandwich composite materials is the mechanical behavior under different typologies of 
stresses. Studies evaluating the tensile resistance of fiber composite are reported by Rosen (1964). Another aspect is 
the flexural and torsional stiffness of sandwich composite materials; papers relative a these aspect are reported by 
Demakos (2003). It is necessary to know the resistance of the composite, but the collapse phase is very difficult to 
understand because there are several failure modes involved. Daniel et al. (2002) investigated the failure modes of 
sandwich beams. Budiansky and Fleck (1993) investigated the behavior of fiber composite materials under 
compression test. Important failure criteria have been developed in order to evaluate failure modes. 

However, still many aspects need to be investigated. One example among many is the impact behavior of sandwich 
composite materials. Many papers use different approaches for evaluating the impact effects. The phenomenon can be 
described as the evolution of the first damage up to total failure when the material is not capable of supporting an 
additional load. Abrate (1998), Richardson and Wisheart (1996) investigated low velocity impact effects on the 
composite structures. Davies and Zhang (1995) proposed a new method to predict the internal damage on carbon fiber 
composite structures under low velocity impact. Belingardi and Vadori (2002) carried out low velocity impact tests on 
glass-fiber epoxy composite material. Gustin et al. (2005) showed the principal advantages of Kevlar plies respect to 
Carbon plies. Crupi et al. (2014) investigated the impact failure mode of different composite materials using compute 
tomography and IR camera. Hassan and Cantwell (2012) investigated the influence of core in the perforation phase on 
the sandwich composite materials. Atas and Sevim (2010) carried out a comparison between balsa-core and PVC-core 
on sandwich composite materials. Aktaş and Turan (2013) investigated the influence of plies of lamination. Sikarwar 
et al. (2014) investigated the impact effects on composite materials with different fiber-orientation. Liu (2004) 
proposed a new energy approach method to correlate the impact effect with damage process on composite laminates. 
Belingardi et al. (2007) proposed a new damage index to estimate the penetration in thick laminates.  

In the last years, many researchers investigated the effects of repeated impacts on sandwich composite materials. 
Belingardi et al. (2008) examined the repeated impact effects on two similar composite materials (glass laminates) 
with different manufacturing technologies (hand lay-up and vacuum infusion).  

The aim of this work is the investigation of absorbing impact energy ability of a sandwich composite material used 
for offshore vessels in UIM (Unione Internationale Motonautique) Championship. The material analysed in this study 
is a sandwich manufactured with hand lay-up technique. In the first phase, the damage assessment of single impact 
has been studied with an optical measurement technique. In a second phase, the damage evaluation due to repeated 
impacts has been analysed with the similar technique. For safety reason and design optimization, the repeated impact 
effects are very important to study on boats racing materials because the stresses caused are similar to the slamming 
stresses. 

 

2. Material and methods 

The tested material is a sandwich composite material made with the Hand Lay-Up technique. This manufacturing  
technique requires that the resin is processed through the use of catalysts and accelerators; thereafter, it is spread by 
hand on fabrics with rollers and paintbrushes. Table 1 shows mechanical characteristics and plies of lamination of the 
tested material. For the material tested, square-shaped samples (100 X 100 mm) with a thickness of 26 mm have been 
obtained (Figure 1). The machine used to carry out impact test is the CEAST Fractovis Plus. The impact energy has 
been managed by the height variation of the grave and through the impact speed. The indenter used has a hemispherical 
shape with a diameter equal to 20 mm.  

http://crossmark.crossref.org/dialog/?doi=10.1016/j.prostr.2016.06.455&domain=pdf
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engineering is focused on these materials; a brief review is reported by Mouritz et al. (2001). There are many 
advantages in the use of this type of material respect the traditional one; the principal ones have been reported by 
Gibson (2010): remarkable reduced weight compared to metals; high stiffness and strength respect to weight; reduced 
corrosion tendency. Furthermore, the composite material is therefore flexible to the needs of the designer. However, 
there are disadvantages, like a long-time durability low, heat resistance, sensitive with respect to the fabrication 
process, high material costs and open questions that concern recyclability and reparability. 

An important aspect of sandwich composite materials is the mechanical behavior under different typologies of 
stresses. Studies evaluating the tensile resistance of fiber composite are reported by Rosen (1964). Another aspect is 
the flexural and torsional stiffness of sandwich composite materials; papers relative a these aspect are reported by 
Demakos (2003). It is necessary to know the resistance of the composite, but the collapse phase is very difficult to 
understand because there are several failure modes involved. Daniel et al. (2002) investigated the failure modes of 
sandwich beams. Budiansky and Fleck (1993) investigated the behavior of fiber composite materials under 
compression test. Important failure criteria have been developed in order to evaluate failure modes. 

However, still many aspects need to be investigated. One example among many is the impact behavior of sandwich 
composite materials. Many papers use different approaches for evaluating the impact effects. The phenomenon can be 
described as the evolution of the first damage up to total failure when the material is not capable of supporting an 
additional load. Abrate (1998), Richardson and Wisheart (1996) investigated low velocity impact effects on the 
composite structures. Davies and Zhang (1995) proposed a new method to predict the internal damage on carbon fiber 
composite structures under low velocity impact. Belingardi and Vadori (2002) carried out low velocity impact tests on 
glass-fiber epoxy composite material. Gustin et al. (2005) showed the principal advantages of Kevlar plies respect to 
Carbon plies. Crupi et al. (2014) investigated the impact failure mode of different composite materials using compute 
tomography and IR camera. Hassan and Cantwell (2012) investigated the influence of core in the perforation phase on 
the sandwich composite materials. Atas and Sevim (2010) carried out a comparison between balsa-core and PVC-core 
on sandwich composite materials. Aktaş and Turan (2013) investigated the influence of plies of lamination. Sikarwar 
et al. (2014) investigated the impact effects on composite materials with different fiber-orientation. Liu (2004) 
proposed a new energy approach method to correlate the impact effect with damage process on composite laminates. 
Belingardi et al. (2007) proposed a new damage index to estimate the penetration in thick laminates.  

In the last years, many researchers investigated the effects of repeated impacts on sandwich composite materials. 
Belingardi et al. (2008) examined the repeated impact effects on two similar composite materials (glass laminates) 
with different manufacturing technologies (hand lay-up and vacuum infusion).  

The aim of this work is the investigation of absorbing impact energy ability of a sandwich composite material used 
for offshore vessels in UIM (Unione Internationale Motonautique) Championship. The material analysed in this study 
is a sandwich manufactured with hand lay-up technique. In the first phase, the damage assessment of single impact 
has been studied with an optical measurement technique. In a second phase, the damage evaluation due to repeated 
impacts has been analysed with the similar technique. For safety reason and design optimization, the repeated impact 
effects are very important to study on boats racing materials because the stresses caused are similar to the slamming 
stresses. 

 

2. Material and methods 

The tested material is a sandwich composite material made with the Hand Lay-Up technique. This manufacturing  
technique requires that the resin is processed through the use of catalysts and accelerators; thereafter, it is spread by 
hand on fabrics with rollers and paintbrushes. Table 1 shows mechanical characteristics and plies of lamination of the 
tested material. For the material tested, square-shaped samples (100 X 100 mm) with a thickness of 26 mm have been 
obtained (Figure 1). The machine used to carry out impact test is the CEAST Fractovis Plus. The impact energy has 
been managed by the height variation of the grave and through the impact speed. The indenter used has a hemispherical 
shape with a diameter equal to 20 mm.  
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Table 1 - Mechanical characteristics 

Plies of lamination - Panel A & B 
Ply  Material Orientation Weight [gr/m2] 

1 E-Glass MAT  Random 300 o 450 

2 Carbon 45/45 407 

3 Carbon 0/45/90/45 807 

4 Carbon 45/45 407 

5 CoreCell 20 mm    

6 Carbon 45/45 407 

7 Carbon 0/45/90/45 807 

8 Carbon 45/45 407 

9 Kevlar - 175 

 
 
The first phase of the work is the evaluation of the single impact effects to estimate the energy perforation limit. 

The energy levels are 13 J, 15.5 J, 18 J, 38 J and 59 J. The second phase of the work is the evaluation of repeated 
impact effects until to perforation. The energy levels used are only 13 J, 15.5 J and 18 J. After every single impact, 
estimation of mark size has been obtained by ATOS-3D Scan of GOM system. Figure 2 shows the clamping apparatus, 
specifically designed in order to assure the perforation always at the same point. Atos scan possesses a structured blue-
light projector and two cameras which performing accurate scans with detailed resolution (in the order of hundredths 
of millimetre) at high speed. The triangulation method has been used to produce a cloud of points of the component 
surface and a full surface geometry has been obtained used a polygon mesh process (Figure 3).  
 

 
 
 
 
 
 
 
 

 

 
After the polygonal mesh process, a post-processing reconstruction process has been done by a CAD-Software. 

During actual stage, the precision of reconstruction is important; an accurate deviation analysis between the mesh 
surface and the reconstructed CAD-Surface has been done. The reconstructed surface has been obtained by a loft 
procedure. For each curve has been analysed the better way to reduce deviation from the mesh. Figure 4 shows an 
example: the initial maximum deviation of curve respect to mesh is 0.177 mm (left image) and with a manual 
manipulation is reduced to 0.0211mm (right image).  

 
 

Figure 3- Polygonal mesh 

1cm 

Figure 2- The specimen inside the clamping system. It is possible 
to note the markers for the 3D scanner 

Figure 1 - The sandwich specimen  
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After the reconstruction of the CAD-Surface, a deviation analysis has been performed (deviation average is about 

thousandth of a millimetre -Figure 5). It is possible to have the volume of indenter impression after each single impact 
by CAD-reconstruction  (Figure 6).   

 

 

3. Results and discussion 

3.1. Single impact tests 

Three specimens have been tested for each energy level (13J, 15.5J, 18J, 38J and 59J). Figure 7 shows the Force vs 
Displacement curves at each levels of impact energy tested. As will be seen below, a lot of parameter has been 
extrapolated by these curves. The curves are superimposable until the impact energy is completely transferred to the 
sandwich (beginning of the oscillations). The area subtended by this curve is the absorbed energy of sandwich for 
internal and external damage. This area is larger with the increase of energy. The rebound of the indenter is great for 
small impact energies. The rebound of the indenter becomes minimum when the energies of impact are large and the 
total energy is absorbed to generate a visible and permanent damage.  
 
 

 
 
 

Figure 4 – Section curves on polygonal mesh with analysis of deviation 

Figure 5 - Max, min and medium deviation Figure 6 - Atos Scanner 3D 
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Figure 8 (a) shows Peak Force versus Energy and Figure 8 (b) shows Maximum Displacement versus Energy. 
A first important parameter is the maximum load capacity (Peak Force) of the material. In this case, it has a constant 

value because it depends on the material (material that is the same for all the impact tests). A second parameter is the 
Maximum Displacement. It corresponds to the indenter maximum penetration on the material taking into account both 
elastic phase that plastic. The experimental values follow a linear regression with a good approximation. .  

 
 
 

The third parameter is the Damage Degree. It is the ratio of energy absorbed by the material and the energy provided 
by the impact machine. The absorbed energy is calculated as the integral of the force on the displacement. The Damage 
Degree is a very important value because when this rapport is equal to 1 then the material has absorbed the entire 
amount of energy provided by the machine and, therefore, a perforation is present on the specimen. A cubic 
polynomial law fits the experimental values as shown in Figure 9 (a) and reported by Belingardi and Vadori (2002).  
The visible impact damage on the specimen has been evaluated by a scanner 3D. The volume of the indenter impress 
due to the plastic deformation has been investigated. Figure 9 (b)Errore. L'origine riferimento non è stata trovata. 
shows the volume of indenter impress at each energy level. The experimental volume increase is well fitted by a 
parabolic curves.  

Figure 8 - Peak Force vs Energy (a) - Max displacement vs energy (b) 

Figure 7 - Characteristic curves of an impact test 
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3.2. Repeated impact tests 

Repeated impact stage has been conducted at constant impact energy level until the upper skin. A specific clamping 
system has been designed by the writers in order to ensure the repeated impacts in the same point. More specimens 
have been tested for each impact level in order to verify the results repeatability. Figure 10 (a) shows the average 
value of Peak Forces versus the repeated impact number. Standard deviations and relative regression curves (e.g. 
linear, polynomial or exponential) has been showed. It is possible to note that the matching regression curve is well 
done for all plots. The value of the slope at the origin of the force-displacement curve is the stiffness (Figure 10 b). 
The stiffness is not significantly influenced by the impact energy. In the first impact, Peak Force is constant for each 
energy level (Figure 10 a).  

The low standard deviation is a good estimation of repeatability of the tests. The Impress Volumes, detected by the 
3D scan, grow in a linear way with the number of impacts. Although, there is a medium standard deviation.  
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Figure 9 – Damage Degree vs Energy (a) - Volume vs Energy (b) 

Figure 10 – Peak Forces vs Impact number (a) – Stiffness vs Impact number (b) 
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Maximum Displacement. It corresponds to the indenter maximum penetration on the material taking into account both 
elastic phase that plastic. The experimental values follow a linear regression with a good approximation. .  

 
 
 

The third parameter is the Damage Degree. It is the ratio of energy absorbed by the material and the energy provided 
by the impact machine. The absorbed energy is calculated as the integral of the force on the displacement. The Damage 
Degree is a very important value because when this rapport is equal to 1 then the material has absorbed the entire 
amount of energy provided by the machine and, therefore, a perforation is present on the specimen. A cubic 
polynomial law fits the experimental values as shown in Figure 9 (a) and reported by Belingardi and Vadori (2002).  
The visible impact damage on the specimen has been evaluated by a scanner 3D. The volume of the indenter impress 
due to the plastic deformation has been investigated. Figure 9 (b)Errore. L'origine riferimento non è stata trovata. 
shows the volume of indenter impress at each energy level. The experimental volume increase is well fitted by a 
parabolic curves.  

Figure 8 - Peak Force vs Energy (a) - Max displacement vs energy (b) 

Figure 7 - Characteristic curves of an impact test 
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3.2. Repeated impact tests 

Repeated impact stage has been conducted at constant impact energy level until the upper skin. A specific clamping 
system has been designed by the writers in order to ensure the repeated impacts in the same point. More specimens 
have been tested for each impact level in order to verify the results repeatability. Figure 10 (a) shows the average 
value of Peak Forces versus the repeated impact number. Standard deviations and relative regression curves (e.g. 
linear, polynomial or exponential) has been showed. It is possible to note that the matching regression curve is well 
done for all plots. The value of the slope at the origin of the force-displacement curve is the stiffness (Figure 10 b). 
The stiffness is not significantly influenced by the impact energy. In the first impact, Peak Force is constant for each 
energy level (Figure 10 a).  

The low standard deviation is a good estimation of repeatability of the tests. The Impress Volumes, detected by the 
3D scan, grow in a linear way with the number of impacts. Although, there is a medium standard deviation.  
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Figure 10 – Peak Forces vs Impact number (a) – Stiffness vs Impact number (b) 
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It is interesting to note that the linear trend of the Impress Volumes is different respect to trend of the absorbed 
energies represented by the mean of the Damage degree η, defined as the ratio between absorbed energy and impacting 
energy (Figure 11 a and b). This can be explained because the samples are sandwich composites laminates. Therefore, 
the absorbing energy capability is not proportional to the impact number, unlike the Impress Volume.  

 

4. Conclusions 

Repeated impacts tests at constant energy are conducted to analyse the damage evolution in sandwich composites. 
Samples are hand lay-up sandwich with carbon fiber plies (biaxial and quadriaxial) and PVC core, designed for X-
CAT class of UIM. A made home clamping apparatus ensures that each impact is exactly over the previous. The 
impress plastic volume of each impact has been detected by a 3D scanning. 

The following reports summarize the experimental results: 

 The tests have a good repeatability. 
 The single impact tests varying the impacting energy show that the absorbed energy follows a cubic trend. 
 There is an exponential decay of the stiffness and a reduction of the peak force (parabolic law) to grow the 

impacts number. 
 The absorbed energy grows in parabolic way. 
 The detected impress volumes grow linearly with impacting energy. 
 The optical measurement is an good tool to estimate impact effects. 
 The correlation between detected volumes and absorbed energy is not linear. 
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