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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 

The micro-lattices produced by additive manufacturing process (AM) represent a recent important advancement for engineering 
structural applications, in particular for weight-saving purposes. The design of the components manufactured with these meta-
materials generally refers to the idealized structures. In reality, the geometry obtained by the AM process profoundly differs from 
the original one, in particular local geometrical irregularities were found to produce local stress and strain localizations which are 
difficult to be a-priori predicted by the analyses on the idealized structures. These geometrical defects may have a significant role 
for the structural integrity of the component and it is important to quantify their effect on the local stress and strain fields. In this 
study, we present an experimental investigation of a typical AlSi10Mg micro-lattice, namely the BCC cell. 3D tomography was 
used to reconstruct the original geometry and, successively, full-field digital image correlation strain measurements were performed 
to capture the localization of strains which are considered the precursor of the micro-lattice damage. The local strain measurements 
were used to calculate and classify the strain concentration factors arising from the geometrical irregularities. These results were 
compared with the finite element results obtained for the idealized and the real micro-lattice geometries providing important 
considerations for the structural integrity assessment of the components produced with the AM micro-lattices. 
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1. Introduction 

Nowadays, the additive manufacturing (AM) process enables the fabrication of complex geometric shapes, such as 
the lattice and the cellular structures, which imparts a profound improvement for manufacturing mechanical structures 
where the weight is a crucial design parameter, for example for the aerospace industry. The main advantage of using 
AM to produce lattice structures is the design flexibility, which is almost unconstrained from the manufacturing 
process [1]. Selective Laser Melting (SLM) is an AM technology capable of producing functional prototypes with 
complex geometries and thin structural walls. In SLM technology, the metallic powders are molten layer-by-layer by 
the laser energy to produce dense metal parts. Aluminum alloys have been found to be very attractive for 
manufacturing parts characterized by relatively good mechanical properties and a high strength to weight ratio [2]. 
The construction of small metallic parts with complex shapes and high resolution is feasible only using this process 
route [3]. Metallic micro-lattices consist of micro struts stacked in different arrangements where the volume fraction 
of the metal is much lower than the  one of the metamaterial so obtained. Relative density and strut stacking are the 
prime design variables of this ultra-light material and the mechanical properties can be engineered by controlling these 
parameters [4]. For this reason, micro-lattice materials can be considered as a uniform material at the macroscale [5] 
while, at the microscale, the structure is detailed as formed by joined struts [6-7].   
One of the most relevant problem is that the design of the components manufactured with these meta-materials 
generally refers to the idealized structures. In reality, the geometry obtained by the AM process profoundly differs 
from the original one [8-9-10], in particular local geometrical irregularities were found to produce stress and strain 
localizations, which are difficult to be a-priori predicted by analysing the idealized structures. All these defects can 
lead to the failure of the structure and, therefore, it is crucial to analyze the stress and strain concentrations inside the 
unit cells in order to improve the design of these microstructures.  

  

 
Figure 1. (a) Ideal geometry of the specimen; (b) BCC ideal unit cell. (aggiungere sistema di rif) 

 
 

This work presents an experimental investigation of a typical AlSi10Mg micro-lattice, namely the BCC cell (Figure 
1a, 1b). The 3D tomography [11] was used to reconstruct the original geometry for a detailed model of the lattice 
structure for the sake of analysis. Successively, full-field digital image correlation (DIC) strain measurements were 
performed during a compressive test to capture the localization of strains, which are considered the precursor of the 
micro-lattice damage. Then the geometrical defects were classified in three groups according to their origin and a 
strain concentration factor Kε was introduced to quantify these localizations. The local strain measurements were used 
to calculate and classify the strain concentration factors arising from the geometrical irregularities. 

The experimental results were compared with the elastic finite element (FE) results obtained for the idealized and 
real micro-lattice geometries providing important considerations for the structural integrity assessment of the 
components produced with the AM micro-lattices. 

a) b) 
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2. Experiments 

2.1 Material and sample 

The micro-lattice structure of the compressive sample is composed of BCC unit cells and it is manufactured with 
SLM of a pre-alloyed AlSi10Mg powder with average powder size of 30 µm. AlSi10Mg is a typical casting alloy and 
it can be used to produce cast parts with thin walls and complex geometry [12-13]. All struts have an ideal circular 
section with a diameter equal to 0.6 mm and a length of 2.4 mm (Figure 1b). The sample is cubic and is composed by 
64 cells (Figure 1a). The real geometry of the printed sample profoundly differs from the ideal geometry (Figure 2). 
The cross section of the struts was found to be different than the expected circular shape [8]. In addition, the strut 
thickness is not regular: it changes along the strut axis and it is generally bigger than the idealized [9-10]. The external 
surface of this strut is irregular and multiple defects can be detected in the structure [14]. By means of micro-CT scans 
it is possible to see also internal pores in the material (figure 8c). Porosity, which is a common defect in metal additive 
manufacturing parts and can negatively affect mechanical properties of the material, was measured by means of micro-
CT scans to be approximately 0.4%. 

 
 

 

 

 

Figure 2. (a) Section of the printed sample (micro tomography image); (b) Real geometry of the specimen (micro tomography reconstruction) (c) 
external surface and pores of the specimen (micro tomography surface).  

2.2 Test setup  

A compression test was performed under a MTS Alliance RF/150 testing machine in displacement control at a rate 
of 0.1mm/min (Figure 3). The test was stopped at nine different load steps and the maximum load reached was equal 
to 8.8 kN. A spherical joint was used to optimize the alignment between the loaded surface of the sample and the 
upper grip. In order to measure continuously the displacement during the test, a deflectometer was used according the 
schematic proposed in Figure 3b. This set-up enabled to measure the average axial strain of the sample during the test.  

A speckle pattern was created in the front face of the specimen by means of an IWATA aerograph and an 
appropriate nitro black paint that was sprayed on the sample surface. During the test, multiple images of the target 
specimen surface were captured in order to increase the strain resolution and, at the same time, map the entire sample 
surface. In detail, the surface of the sample was virtually divided in six parts and, in every load step, six images were 
manually captured at a resolution of approximately 2.34µm/px. These images were successively stitched and 
correlated by a commercial software. Local and average strains in the sample were mapped and measured during the 
sample deformation.  

 
 

a)                b)                       c) 
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Figure 3. (a) Test machine and DIC camera; (b) Scheme of the experimental test; (c) Speckle pattern. 
 

2.3 Test results 
 
During the compressive test, nine interruptions have been performed: 0 kN (before starting the test), 2kN, 4kN, 5kN, 
6kN, 7kN, 8.8kN, 0 kN (after the final unload). The stress-strain curve was determined using the displacements from 
the deflectometer (blue line in Figure 4) and the average strain measured on the DIC surface (orange line).  

The curves slightly differ as the deflectometer was influenced by the elements interposed between the surface of 
the sample and the upper plate where it was positioned.  

 

Figure 4. Stress-strain curves. 

3. DIC analysis 

3.1 Defects classification 

Looking at the defects in the struts analyzed by the DIC, it is possible to observe that different types of 
imperfections in the geometry leaded to different strain concentrations in the microstructure. It is important to point 
out that, using an ideal geometry, it is not possible to predict these stress and strain concentrations. The defects have 
been classified in three different groups (Figure 5). The first type of defect is the variation of the strut cross-section. 
In some struts, parts with smaller diameters were observed. These geometrical discontinuities induced a decrease of 
the buckling load (Figure 5a). The second type of defects depends on the geometry of the cells: the conjunction of the 
struts corresponds to a geometrical notch, which promotes stress and strain localizations (Figure 5b). The last group 
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of defects are observed on the surface: the printing process can create a point with indentations or protrusions, with 
material in exceedance or lack of material (Figure 5c).  

In reality, an appropriate speckle pattern is characterized by a plane and regular pattern. Therefore, it is necessary 
to create a flat surface of the sample. For this reason, by means of a polishing with abrasive papers, part of material 
of the struts on the surface was removed. As a result, in some location of the micro-lattice, the local buckling load was 
further decreased by specimen preparation. However, this effect was considered in the FE simulations as the 3D 
tomography was performed on the specimen after preparation and a proper comparison was obtained.  

According to these preliminary observations, the real lattice structure has a mechanical behavior that differs from 
the behavior predicted by analyzing the ideal structure. In the case of an idealized geometry with regular struts, it is 
possible to study a strut as a built-in beam [15-16]. Indeed, in the case of a real geometry, strain and stress 
concentrations in the real structure are not negligible. They are very important to evaluate the static strength and the 
fatigue limit of micro-lattices. 

Figure 5. (a) Buckling defect; (b) geometrical defect; (c) printing defect. 

3.1 Local strain concentration  

In order to estimate the strain concentration in the microstructure, a strain concentration factor Kε was introduced. 
This factor is defined as the ratio between the maximum axial strain (in the load direction) adjacent to the defect and 
the average strain measured in the strut that contains the defect, as shown in Eq. 1. 

 

𝐾𝐾𝐾𝐾𝜀𝜀𝜀𝜀 =
𝜀𝜀𝜀𝜀𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝜀𝜀𝜀𝜀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

 

Figure 6. Local and average strains measurement. 
 

In detail, the local strain is obtained as the mean of the strain values in a square area of 150 μm x 150 μm, as shown  
in Figure 6. The size of this area was chosen according the Line Method and the El-Haddad parameter of the aluminum 

(1) 

      a)                          b)                            c) 
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[16-17].  The average strain is measured in an area of width equal to 200 μm and height of approximately L/2, where 
L is the strut length.  

Figure 6 shows the classification of the defects in the sample: the red color indicates the buckling defects, while 
the yellow one the printing defects. There are no geometrical defects in this BCC structure. In fact, the analyzed 
external surface has a simple geometry, only with vertical and horizontal struts. This type of defect is in the 
intersections of the internal struts.  

The Kε factor was estimated at the load step at 6 kN. For this load step the plastic strains is very low. As it can be 
seen from Fig. 6, the adoption of a 'local' calculation of Ke is needed because the load is not uniform among the 
vertical struts. 

 

4. Finite Element Analysis 

After analyzing the experimental test and the DIC, the results were compared with FE analyses. The first model 
analyzed is based on an ideal geometry of the sample (Figure 7a). A total of 834434 quadratic elements were used to 
construct the idealized FE model. For this FE analysis, the struts are regular and low strain localizations were detected.  
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The FE model of the real structure defined from the micro-tomography (Figure 7b), was then analyzed. The mesh 

of this real geometry was obtained by means of the open-source software Fiji and the plug-in Bonej [18]. A total of 
3595450 four-node tetrahedral elements were generated for this FE model with an average dimension of 100µm on 
the external surface and around 40 µm inside the volume. In this case, in the FE model multiple strain concentrations 
were observed, in locations qualitatively similar to the strain concentrations measured with the DIC.  

5. Results 

5.1 Results from DIC 

The Kε factor was evaluated in every vertical strut. In Figure 8, the Kε values are divided in two different groups 
based on the type of the defects that generate the strain concentration. For the strain localizations arising from the 
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of defects are observed on the surface: the printing process can create a point with indentations or protrusions, with 
material in exceedance or lack of material (Figure 5c).  

In reality, an appropriate speckle pattern is characterized by a plane and regular pattern. Therefore, it is necessary 
to create a flat surface of the sample. For this reason, by means of a polishing with abrasive papers, part of material 
of the struts on the surface was removed. As a result, in some location of the micro-lattice, the local buckling load was 
further decreased by specimen preparation. However, this effect was considered in the FE simulations as the 3D 
tomography was performed on the specimen after preparation and a proper comparison was obtained.  

According to these preliminary observations, the real lattice structure has a mechanical behavior that differs from 
the behavior predicted by analyzing the ideal structure. In the case of an idealized geometry with regular struts, it is 
possible to study a strut as a built-in beam [15-16]. Indeed, in the case of a real geometry, strain and stress 
concentrations in the real structure are not negligible. They are very important to evaluate the static strength and the 
fatigue limit of micro-lattices. 

Figure 5. (a) Buckling defect; (b) geometrical defect; (c) printing defect. 

3.1 Local strain concentration  

In order to estimate the strain concentration in the microstructure, a strain concentration factor Kε was introduced. 
This factor is defined as the ratio between the maximum axial strain (in the load direction) adjacent to the defect and 
the average strain measured in the strut that contains the defect, as shown in Eq. 1. 
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𝜀𝜀𝜀𝜀𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝜀𝜀𝜀𝜀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

 

Figure 6. Local and average strains measurement. 
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[16-17].  The average strain is measured in an area of width equal to 200 μm and height of approximately L/2, where 
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the yellow one the printing defects. There are no geometrical defects in this BCC structure. In fact, the analyzed 
external surface has a simple geometry, only with vertical and horizontal struts. This type of defect is in the 
intersections of the internal struts.  

The Kε factor was estimated at the load step at 6 kN. For this load step the plastic strains is very low. As it can be 
seen from Fig. 6, the adoption of a 'local' calculation of Ke is needed because the load is not uniform among the 
vertical struts. 
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printing defects we measured an average Kε of 1.52, while for the buckling defects 1.48. In both cases, the maximum 
Kε factor measured was 1.91 for the printing defects and the 2.02 for bucking defects.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8. Strain concentration factor plot for the bcc micro-lattice geometry analyzed in this study. 

 
5.1 FEM results 
 
In the 3D FE model, it is possible to measure also strain localizations in the internal struts of the lattice structure 

and these localizations (geometrical defects at the joints of the cell) can also be higher than those on the external 
surface considered. However, in this work a comparison between DIC and FE results was neemed, so only strain 
localizations on the external surface were considered. Strain values were measured in terms of the Y-strain at the 
nodes of the elements of the external surface. The Kε was measured as in the DIC as the ratio between local strain and 
average strain. Each local strain value was the mean of the strain values measured in the nodes of the elements 
contained in a square area of 150 μm x 150 μm adjacent to the defect on the external surface. The average strain for 
each vertical strut was measured as the mean of the strain values in the nodes of the elements contained in an area on 
the external surface of width equal to 200 μm and height of approximately L/2, where L is the strut length. 

In the case of the real geometry strain localizations in the vertical struts were considered. For the idealized 
geometry, the Kε was measured in the same way that in the DIC and in the real geometry model, referring to areas on 
the external surface with the same dimensions of the ones considered before. In this model there are no strain 
localizations in the vertical struts, so local strain and Kε  was measured in two positions. In the first case, Kε was 
measured considering local strain in a square area in the middle of the vertical struts on the external surface. Then, Kε  
was also measured considering local strain on a square area at the intersection between vertical and horizontal struts, 
where the model has strain concentrations. The results obtained are summarized in Figure 8. The first important 
consideration is that the FE model based on the real geometry is able to represent the mechanical behavior of the 
sample since strain localization occurs at the same regions where strain concentrations were observed in the 
experiments. The difference between experimental and numerical results is due to some limitations of the FE model. 
In fact, the computational burden of the geometrical reconstruction prevented, so far, to run a convergence analysis or 
to adopt a mesh with quadratic elements. In addition, the FE analysis on the real structure does not model the plastic 
behavior of the material which might be required to be considered since in the real structure local plastic strains arise 
even in the nominally elastic region of the stress-strain curve. The modelling of the plastic behavior will be considered 
for future developments. 
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6. Conclusions 

This work presents an experimental investigation of a typical AlSi10Mg micro-lattices, namely the BCC cell, 
produced by SLM process. DIC strain measurements were performed during a compressive test to capture the 
localization of strains on the real cell. Successively, 3D tomography was used to reconstruct the original geometry 
and a FE model of the idealized and real structures were developed.  

The main results from this activity are: 
• significant strain concentrations were measured by DIC on the surface of samples made by BCC cells that were 

subjected to compressive tests; 
• a first model was based on an ideal geometry of the sample derived from the design geometry:  in this case 

struts are regular and very low strain localizations were detected 
• a FE model based on the real geometry derived from the micro-tomography was analyzed. In this model 

multiple strain concentrations were observed to be qualitatively similar (although lower) to the strain 
concentrations measured with DIC. 

The conclusion that can be presently drawn is that a model based on an ideal geometry does not permits to describe 
the real behavior of the printed lattice structure. Therefore estimates of the strength (both for static and fatigue 
loads) from a simplified geometry will likely be not precise enough for engineering calculations. 
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printing defects we measured an average Kε of 1.52, while for the buckling defects 1.48. In both cases, the maximum 
Kε factor measured was 1.91 for the printing defects and the 2.02 for bucking defects.  
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produced by SLM process. DIC strain measurements were performed during a compressive test to capture the 
localization of strains on the real cell. Successively, 3D tomography was used to reconstruct the original geometry 
and a FE model of the idealized and real structures were developed.  

The main results from this activity are: 
• significant strain concentrations were measured by DIC on the surface of samples made by BCC cells that were 

subjected to compressive tests; 
• a first model was based on an ideal geometry of the sample derived from the design geometry:  in this case 

struts are regular and very low strain localizations were detected 
• a FE model based on the real geometry derived from the micro-tomography was analyzed. In this model 

multiple strain concentrations were observed to be qualitatively similar (although lower) to the strain 
concentrations measured with DIC. 
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the real behavior of the printed lattice structure. Therefore estimates of the strength (both for static and fatigue 
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