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a b s t r a c t

This work aims to present an XRCT-based FEM methodology to assess the influence of

porosity defects on the mechanical behavior and failure of L-PBF AlSi10Mg components.

Hence, the influence of defects on performance is estimated by means of XRCT scanning

and analysis of porosity features, followed by mechanical FEM modelling of digitalized

components. For this purpose, some test specimens with induced artificial porosity were

manufactured by L-PBF, according to ASTM E8/E8M. Once this is done, inspection and

defect characterization were carried out by means of XRCT. Porosity features such as void

size, shape and location, apart from porosity percentage, were analyzed. Then, tensile tests

were carried out, followed by further inspections by XRCT in order to research the rela-

tionship between the fracture level and the porosity of the as-built sample. Afterwards,

virtual tensile tests of XRCT-ed specimens were modeled by FEM technique. Results ob-

tained by the FEM model were well-correlated with the tensile experimental results to

predict both ultimate tensile strength and elongation at fracture of each specimen,

showing errors below 5.2%. However, the results of the final fracture level predicted by FEM

analysis reveal that possibly underestimated and/or non-detected defects on the AlSi10Mg

specimens seem to influence the accuracy of the fracture level prediction in some samples.

Thus, XRCT arises as an ideal technology for the assessment of L-PBF-ed components.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Currently, decreasing greenhouse gas emissions has become

the main challenge of the industrial sector, especially in
us (A. Pascual).
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automotive and aeronautical sectors [1]. Efforts have been

devoted to promote components weight reduction, without

disregarding safety [2,3]. This encourages the efficiency of en-

gines, reducing energy consumption per unit distance. On the

other hand, medical sector demands flexibility and tailored
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solutions for each patient [4e6]. In both cases, the advances in

materials, design andmanufacturing systemsallowproducing

suitable components that satisfy the requirements with

impressivewaste reduction.Therefore, this approach is closely

aligned with the concept of circular economy.

Against this background, lightweight material solutions

are being developed. Aluminum alloys and Advanced High

Strength Steels (AHSS) have been introduced in the automo-

tive industry for this purpose [7]. Furthermore, composites are

increasingly being used in the aeronautical sector. Regarding

innovative design techniques, methodologies such as gener-

ative design [8], biomimetic design [9] or topology optimiza-

tion [10e12] have arisen. In this context, additive

manufacturing (AM) is emerging as the preferred technology

due to its ability to define complex shapes with internal

geometries, allowing the use of design methods stated above

[13,14]. In contrast with subtractive manufacturing technolo-

gies, AM is based on adding only the necessary material

enabling the reduction of scrap.

There are different AM techniques available. However, Laser

Powder Bed Fusion (L-PBF), also called Selective Laser Melting

(SLM), has received considerable attention in recent years. This

interest ismainlydue to itspotential formanufacturingextreme

complex shapes including thin walls and hollow structures.

Honeycombs, lattice, scaffolds or provoked porous structures

[15,16] are someexamples. Thus, this technique iswell-founded

for manufacture critical components like combustion cham-

bers, turbine blades [2] or customized medical implants (really

interesting due to osseointegration [6]).

Nonetheless, AM processes are also subjected to the un-

expected appearance of defects during the manufacturing

process [17e20]. Although L-PBF aims to produce fully dense

components, the avoidance of porosity defects is sometimes a

difficult task [21e24]. According to Ref. [18], AM porosity

defects are classified into two different groups: gas induced

porosity and Lack-of-fusion (LoF) porosity. The first one is

related to nearly spherical voids, which usually come from

trapped gas between powder particles or directly arise from

gas present inside powder particles. On the other hand, LoF

pores show irregular shapes and their origin is usually asso-

ciated to under-melting occurrences.

The presence of porosity defects induced during the

manufacturing process of industrial components compro-

mises their performance [25,26]. These defects produce

geometrical discontinuities, which yield stress concentrations

that promote the failure of the component driven by void

growth and coalescence. Therefore, porosity defects have an

impressive effect on the components structural integrity,

especially regarding mechanical properties such as stiffness,

strength, fatigue strength and toughness [27e30].

Focusing on porosity defects analysis, the porosity per-

centage, pore size and distribution are some of the most

common indicators to assess the mechanical behavior of the

components [28]. However, there are some aspects such as

pore shape, location and orientation, which have an even

greater influence on the stress concentrations produced by

pores [31e35]. Considering this, under the same circum-

stances, LoF porosity is more detrimental than gas induced

porosity since irregular void shapes increase the stress con-

centrations [36]. Moreover, special attention is to be paid on
the loading direction, which defines the effect of pores on the

stress concentrations according to the porosity aspects

defined, especially according to the void shape.

Hence, the accurate detection, characterization and

measurement of these defects enable to carry out truthful

predictions of the mechanical behavior of the component.

In this framework, X-ray computerized tomography (XRCT)

is increasingly being used as Non-Destructive Testing method

(NDT), due to its ability to inspect internal and external features

[25,37,38]. This advantage allows not only the qualitative anal-

ysis of defects, but also the quantitative one by dimensioning

and locating each defect in the virtual reconstruction of the

scanned part. Moreover, this technique provides the digital 3D

volume of the scanned part, which could be used for several

engineering applications such as dimensional metrology and

quality control, reverse engineering or FEM analysis [39e42],

amongst others.

This work aims to develop a methodology to predict the

mechanical behavior of components of AlSi10Mg manufac-

tured by L-PBF. To do it, tensile samples with induced porosity

were inspected and digitalized by XRCT. Thus, the proposed

XRCT-based FEM allows estimating the influence of different

porosity aspects such as size, shape and spacing of each void

on the mechanical behavior of the component.
2. Methodology

2.1. Description of the specimens design

In order to investigate the effect of porosity on themechanical

behavior of L-PBF manufactured parts, artificial voids were

provoked. Next, description of each type of voids is provided.

8 sample geometries were manufactured. To analyze the

repeatability, three samples of each type of artificial porosity

were manufactured. One of them was defined without voids,

while the other seven ones were designed with different

homogeneous porosity distributions. The number of voids and

location (center) of each one remain constant. Only the voids

size and shape were modified in each test specimen. The sche-

matic representation of void distributions and shape types are

presented in Fig. 1. The details of the dimensions of the speci-

mens and of each type artificial void are provided in Table 1.

AlSi10Mgwas thematerial selected for the study. AlSi10Mg

is a casting alloy which is also themost used L-PBF Aluminum

alloy [43]. It is ahardenablealloywhichexhibitshighstrengths,

optimal resistance in corrosive atmospheres, high thermal

conductivity and good weldability. Because of its properties, it

is frequentlyused for thin-walled lightweight componentsand

parts with complex geometries, especially for applications in

aerospace engineering and the automotive industry [44].

The chemical composition of AlSi10Mg is presented in

Table 2.

2.2. Manufacturing process

Regarding the manufacturing process, L-PBF technology was

selected. A Renishaw AM500 (Renishaw, Wotton-under-Edge,

UK) equipped with a 500 W Ytterbium fibre laser beam was

used. Normal powder size distributions of 20e63 mm were
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Table 1 e Test specimens void size, shape and distribution.

Code Void shape Void size [mm] SV distance
[mm]

SH distance
[mm]

Number
of voids

Porosity
percentageb [%]a b c

O1 e e e e e e e e

A2 Sphere 0.5 a a 4 2 40 0.610

A3 Oblate ellipsoid 0.5ta a a/2 4 2 40 0.610

A4 Prolate ellipsoid 0.5/ta a 2a 4 2 40 0.610

B2 Sphere 0.4 a a 4 2 40 0.312

B3 Oblate ellipsoid 0.4ta a a/2 4 2 40 0.312

C2 Sphere 0.15 a a 4 2 40 0.016

C3 Oblate ellipsoid 0.15ta a a/2 4 2 40 0.016

a t ¼ 2

1
3.

b Calculated in the region of interest.

Table 2 e Chemical composition of AlSi10Mg (wt. in %).

AlSi10Mg

Al Si Fe Cu Mn Mg Zn Ti

Balance 9.00e11.00 0.55 0.05 0.45 0.20e0.45 0.10 0.15

Ni Pb Sn Other

0.05 0.05 0.05 0.15

Fig. 1 e Test specimen dimensions according to ASTM E8/E8M and schematic representation of void distribution and shape

types.
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employed. The layer thickness was set at 60 mm and the laser

paths were modified 67� between layers. A spot size of 80 mm

was utilized. For inner areas of each layer, filling stripes

strategy with 27 mmof hatching distancewas defined. Instead,

boundaries and surrounding areas were established by

contour path planning. 200 W of laser power was defined for

the manufacturing process, according to the material re-

quirements. Apart from that, the specimen main axis was set

vertically, aswell as the systembuilding direction. Finally, test

mailto:Image of Fig. 1|tif
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Table 3 e Scanning conditions of XRCT inspection.

Specimens AlSi10Mg

Focal spot size [mm] 0.4

Hardware filters 1 mm Cu and

0.5 mm Sn

Voltage [kV] 150

Current [mA] 4.0

Exposure time [ms] 100

Projections 720

Magnification 2.231
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specimens were sandblasted by the Nordblast SD9 blasting

machine (Norblast, Bologna, Italy), using white corundum

WSK 80 as blasting material.

2.3. XRCT inspection procedure

The inspection of the as-built specimens was performed by

means of XRCT. It is based on the reconstruction of a 3D voxel

volume from the projection images acquired during the

scanning of the object. It is worth mentioning that the trans-

mission of X-rays through the material is governed by the

attenuation coefficient, which depends on the thickness,

density and atomic number of the material. Thus, the X-ray

scanning conditions should be set to be able to penetrate the

scanned object with sufficient contrast. It enables to achieve

quality projections for the further XRCT reconstruction. The

XRCT scanning process is displayed in Fig. 2.

For the scanning purpose, a General Electric X-Ray

machinemodel X-Cube Compact (Baker Hughes, Houston, TX,

USA) was utilized. The scanning conditions are summarized

in Table 3. Finally, the software VGStudio MAX 3.4 (Volume

Graphics, Heidelberg, Germany) was used for XRCT data pro-

cessing. VGEasyPore algorithmwas used for porosity analysis.

2.4. XRCT-based FEM

A FEMmodel from the results of the scanned part by XRCTwas,

then, programmed. The main advantage of the FEM model

containing the digitalization of the real part is that it enables to

get more accurate, reliable and representative models than

conventional FEM models developed from computer-aided

design (CAD) usually containing simpler geometries [45e48].

Thus, this approach improve the predictions of the component

behavior.

To address this issue, the following steps of XRCT-based

FEM definition are detailed.

2.4.1. XRCT-based meshing
There are different methods for image-based meshing in order

to obtain unstructured or structured meshes. Unstructured
Fig. 2 e Scheme of the XR
meshes are comprised of triangular (2D) or tetrahedral (3D) el-

ements, which present an irregular pattern. This approach is

commonly accomplished using Delaunay-based, advancing-

front base or octree-based methods. In contrast, structured

meshes are composed of quadrilateral (2D) or hexahedral (3D)

elements that follow a uniform pattern. In this case, the best

known methods are the pixel-based (2D) and voxel-based (3D)

meshing methods. Although the complex shapes accuracy is

limited by these methods, they are preferred due to their

computational efficiency [49,50].

Once the XRCT data is segmented, two different results are

provided: triangular mesh surfaces and classified voxel

volume. From the first option, unstructured meshes with

tetrahedral elements are typically generated (see Fig. 3a)). On

the other hand, structured meshes with hexahedral elements

are used from the second option, which provides a brick

model (see Fig. 3b)). In both cases, the accuracy of the results

depends on the mesh refinement.

Alternatively, a CAD-based approach is also considered, as

it takes advantage of meshing algorithms developed for this

purpose. This method focuses on meshing a CAD model

generated from XRCT data by means of reverse engineering

solutions utilized for CAD model building (see Fig. 3c)).

The proposed approach was focused on reproduce the

porosity aspects studied by XRCT analysis in the virtual

reconstructionof thespecimen.Todo this, reverseengineering

strategywasutilized by usingCADmodelling techniques, such

as sewing, stitching and boolean operations. Finally, due to the
CT scanning process.

mailto:Image of Fig. 2|tif
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Fig. 3 e Meshing techniques from XRCT data, a) with tetrahedral elements, b) with hexahedral elements and c) with CAD

obtained by reverse engineering techniques.
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complex shapes of voids, second-order tetrahedral meshing

was adopted, increasing number of elements around bound-

aries of voids andminimizing element sizes in these areas. The

number of elements and nodes for each specimen were in

ranges of 0.5e1.7e6 and 0.8e2.4e6, respectively. The minimum

element volume achieved is approximately 8.6e�7 mm3.

2.4.2. FEM modelling
Once the XRCT analysis and the meshing strategy have been

defined, the FEM modeling for the virtual tensile test was

programmed. For this purpose, ABAQUS 6.14 software was

utilized, selecting C3D10 M as the element type. For the defi-

nition of mechanical material properties, both, literature and

experimental data were used. On the one hand, the Poisson's
ratio was set at 0.33 according to Ref. [51]. Density was set as

2.7 g cm�3 [52]. On the other hand, the elastic-plastic behavior

was calibrated according to the experimental tensile tests of

Specimen O1 (Section 3.2). Finally, the failure was established

based on ductile damage theory of continuum damage me-

chanics [53]. This phenomenological model focuses on void

nucleation, growth and coalescence, matching the fracture

mechanism observed in the study. Therefore, damage initia-

tion and evolution could be defined.

According to the adopted approach, damage initiation was

reached when Eq. (1) [53,54] was met:

uD ¼
Z

dεpl

ε
pl
D ðh;Q; _ε

plÞ
¼ 1 (1)

where state variable (uD) indicates the damage initiation as

function of plastic deformation. εpl refers to the equivalent

plastic strain. ε
pl
D concerns to this variable at the onset of

damage, which is defined dependent on the stress triaxiality

(h), Lode angle (Q) [54] and equivalent plastic strain rate ( _ε
pl
).
Damage evolution was described by the overall damage

variable (D),which indicates theprogressivedegradationof the

material stiffness, leading to the final failure. The evolution of

the damage variable ( _D) was assumed linear according to Eq.

(2). Finally, when the damage variable (D) reached the unity,

defined as the maximum degradation value, the element was

removed.

_D¼
_u
pl

upl
f

(2)

where upl
f refers to the equivalent plastic displacement at

failure.

Apart from that, the boundary conditions were defined

according to the experimental tensile test conducted. At the

base of the model, both displacement and rotation on the z-

axis were restricted, while continuous displacement of the

upper face of the model was imposed.

The XRCT-based FEM model was validated by means of

experimental tensile tests. For that purpose, an Instron 8801

servohydraulic fatigue testing system (Instron, Norwood, MA,

USA) was used. These tests were conducted using a speed of

0.008 s�1 [55,56], according to ASTM E8/E8M.

The workflow of the described methodology is summa-

rized in Fig. 4.
3. Results and discussion

3.1. XRCT porosity analysis

In order to assure the appearance of designed porosity and es-

timate the presence of non-defined porosity, the XRCT porosity

analysis was carried out. As a result, the porosity percentage of

mailto:Image of Fig. 3|tif
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Fig. 4 e Workflow of the proposed methodology.
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each as-built specimen is presented in Table 4. It reveals that

detected porosity differs from the designed porosity.

In addition, results obtained for each type of sample are

shown in Fig. 5. Both, as-built and fractured specimens are

displayed. The volume of each detected void is illustrated by

means of a color-bar.

According to the obtained results, all designed voids were

detected for A2, A3, A4, B2 and B3 specimens. However, for C2

and C3 specimens, some of them were not detected, possibly

due to their small size. Apart from that, the presence of non-

defined porosity is significant in all specimens.

Therefore, results presented in Table 4 and Fig. 5 suggest

that a depth analysis is required in order to estimate the

achieved porosity and the influence of voids on the
Table 4 e Porosity percentage of each as-built AlSi10Mg specim

Porosity percentage [%]

Specimen # O1 A2 A3

1 0.077 0.546 0.686

2 0.109 0.572 0.599

3 0.093 0.608 0.565

Mean value (m) 0.093 0.575 0.617

Standard deviation (s) 0.016 0.031 0.062
mechanical behavior of each specimen. To this end, different

porosity features were defined for the study:

� Firstly, the volume of each detected void is considered.

� For the shape analysis, two parameters were defined:

o Projected area on the plane normal to the applied load.

o Aspect ratio, which is defined by using the sizes of the

bounding box surrounding the detected void in the co-

ordinate system. This parameter is established as the

ratio between the half of the maximum size of the

bounding box on the cross-sectional plane (a) and the

half size of the box on Z axis (c).

� For the void location, spacing and distance to the edge, the

following parameters were defined:
en with artificial porosity.

A4 B2 B3 C2 C3

0.587 0.255 0.240 0.063 0.054

0.573 0.253 0.355 0.030 0.107

0.605 0.254 0.304 0.039 0.032

0.588 0.254 0.300 0.044 0.064

0.016 0.001 0.058 0.017 0.039

mailto:Image of Fig. 4|tif
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Fig. 5 e XRCT porosity analysis in the region of interest of each AlSi10Mg specimen. As-built and fractured samples are

displayed.
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o Gap, which refers to the minimum length between the

surface of the circumscribed spheres of the nearest

pores.

o Minimum edge distance, which indicates the smallest

distance between the surface of the pore and the surface

of the specimen.

Statistical results of these defined features for each type of

specimen are presented in Fig. 6.

As depicted in Fig. 6, O1 specimens show voids with mean

volumes of 0.014 mm3 and a standard deviation of 0.006 mm3.

Since these specimens were defined without voids, these values

reveal the presence of non-defined voids due to the

manufacturing process. Focusing on shape results, mean pro-

jected area is around 0.089 mm2, with all of its values below

0.209 mm2. The mean aspect ratio is 7% higher than the unity,

with an interquartile range of 0.833e1.248. It shows the consid-

erable predominance of nearly spherical shape of the detected

voids. Regarding the void location and spacing, gap revealsmean

and standard deviation results of 0.780± 0.459mm.These results

forminimumedgedistanceofvoidsarearound2.179±0.888mm.

As a result of the appearance of these non-defined voids and its

features, themechanicalbehaviorofeachspecimenisaffected,as

shown in the following section (Section 3.2).

Focusing on volume statistics, the presence of porous with

lower volumes than defined decrease the results obtained,

especially for A2, A3, A4, B2 and B3 specimens. The volume

established per void of A2, A3 and A4 is 0.524 mm3, while the

results obtained reveal mean and standard deviation values of

0.136 ± 0.200 mm3, 0.070 ± 0.142 mm3, 0.194 ± 0.228 mm3,

respectively. In addition, interquartile ranges of

0.011e0.432mm3, 0.011e0.020mm3 and 0.012e0.479mm3 were

achieved. These results highlight an increase in the amount of

non-defined voids in A3 specimens compared to A2 and A4

samples. Apart from that,maximumvalues report a decrease of

0.687%, 8.136% and 2.215% from design, according to the estab-

lishedorder. Thus, defined voids showanoticeable reduction in

volume, especially for oblate shapes followedbyprolate shapes.

This is probably caused by manufacturing process and the

increased downskin areas in oblate shapes.

B2 and B3 specimens share void volumes of 0.268 mm3 by

design. B2 samples show statistics with average of

0.084 ± 0.090 mm3 for mean and standard deviation. However,

B3 specimens show amean value of 0.046mm3 and a deviation

of 0.068 mm3. Thus, both type of specimens suffer the appear-

ance of non-defined voids with sizes lower than designed.

These effect exhibits a marked increase in B3 samples. Inter-

quartile ranges of B2 specimens show 0.012e0.192 mm3, while

B3 samples decrease to 0.011e0.023 mm3.

Finally, C2 and C3 specimens show volumes with a mean

value of 0.014 mm3 and deviations between 0.006 and

0.007 mm3, respectively. 0.014 mm3 was established as the

volume of voids by design. Hence, the sizes of the voids

detected in these samples, both designed and non-designed,

are comparable. Note that as depicted, non-defined voids in

samples O1, C2 and C3 present similar statistics.

3.1.1. Void shape analysis
The indicators selected to analyze the shape of voids also show

the aforementioned outcomes. As shown in Fig. 6, all projected
areas are below 1.2mm2 andmost of results for aspect ratio are

in range of 0.5e2. Focusing on projected areas, apart from C2

samples, non-defined voids decreasemean values compared to

designed ones. A2, A3, A4, B2 and B3 specimens show a mean

value decrease of 0.510, 1.037, 0.241, 0.278 and 0.629 mm2,

respectively. Associate deviations of 0.308, 0.322, 0.219, 0.179

and 0.188 mm2 are reported. As demonstrated, the larger the

defined projected areas, the greater the differences obtained.

This effect is promoted by the reduced projected areas of non-

defined voids in comparison with designed ones with highest

projected areas. Thus, A3 samples, followed by B3, presents the

maindifferencesduetoboth, the increasedof thosenon-defined

voids and thedifference betweenprojected areas of definedand

non-defined voids. In agreement, A2 samples also shown a

considerable decrease with respect to the rest of specimens.

Although different shapes are defined, the similar projected

areas defined for A4 and B2 samples provoke comparable sta-

tistics. Instead, C2 samples present a mean value increase of

0.012 mm2 with a deviation of 0.022 mm2, while C3 results

decrease 0.026 mm2 with deviation of 0.027 mm2. As indicated,

median obtained for these specimens are 0.080 mm2, with

interquartile ranges of 0.068e0.096 and 0.072e0.096 mm2,

respectively. Hence, the results are close in both cases, as pre-

viously observed.

For A2, B2 andC2, the defined aspect ratio is theunity,which

reveal spherical void shape. The results obtained show a mean

value increase around 9%, 11% and 8%with deviations of 0.236,

0.262 and 0.308, respectively. The shape of voids defined by

design forA3, B3andC3 is anoblate ellipsoidwith aspect ratio of

2. Nonetheless, the statistical results obtained by the analysis

reveal a strong influence ofnon-definedvoidswith aspect ratios

lower than defined. This fact promotes a decrease of the mean

value of the aspect ratios of about 40%, 41% and 46% with de-

viations of 0.371, 0.368 and 0.300, respectively. This effect is also

shown inA4 specimens. Theywere definedwith prolate shapes

and 0.5 aspect ratios, while the obtained results were averaged

in 79% increase. As a result, 0.896 ± 0.316 were obtained for the

mean value and standard deviation. Finally, the median values

obtained for each specimen approximate to the unity. The me-

dian value of A4 is notable for its 20% decrease against the

10e12%increaseoftheA3andB3sampleswithoblateshapes.B2

samples also report an increase of 8%. Hence, although non-

defined voids show different aspect ratios from 0.5 to 3, the

majority ofnon-definedvoids showsaspects ratios closed to the

unity, revealing nearly spherical shapes.

3.1.2. Void location analysis
Regarding the location and spacing of voids, gap results reveal

a decreasing statistics from the designed. Each type of spec-

imen presented shows an average gap reduction of about 53%,

64%, 59%, 48%, 63%, 58% and 63%, according to the established

order. As shown, non-defined voids reduce the minimum

distance between the nearest voids due to their appearance at

undesired positions. In fact, main differences are shown by

specimens with oblate designed voids, where the number of

undefined voids increases. Negative values should not be

confused, they are obtained owing to the very nature of the

parameter definition.

Finally, the statistics of the minimum edge distance seem

to be more balanced than the previous parameters, at least

https://doi.org/10.1016/j.jmrt.2022.11.172
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Fig. 6 e Statistics of the XRCT porosity analysis of each as-built AlSi10Mg specimen. Results in comparison with the

designed values are displayed.
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focusing on median values. Differences of around 1%, 3%, 2%,

1%, 2%, 2% and 6% were obtained with respect to the values

designed for each one. Nevertheless, focusing on spread of the

obtained values, interquartile ranges show 0.821, 1.022, 0.530,

0.494, 1.003, 0.663 and 1.161 mm, respectively. Thus, speci-

mens with oblate defined voids exhibit the highest ranges due

to the increased presence of non-defined voids. As stated
above, non-defined voids at unwanted locations promote the

differences between designed and manufactured samples in

porosity statistics. Minimum edge distance results reveal

these effects through the spread statistics.

In order to estimate the influence of the porosity features

defined on the mechanical failure of each specimen, the

analysis was detailed by specimen sectioning at each 2 mm in
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Z-axis. As an example, results obtained for A2 specimen are

illustrated in Fig. 7.

As depicted in Fig. 7, the statistical analysis of each defined

feature presents the worst results at those levels at which

designed voids were detected. Hence, the fracture of the

specimen is prone to take place at that section. In addition, the

considerable amount of non-defined voids detected through

this specimenhas a strong influence on the statistical analysis

per level. The increases in void volume percentage, projected

area percentage and aspect ratio, as well as the decrease in

pore spacing and minimum edge distance, are indicators of

the fracture occurrence probability at that section. Nonethe-

less, the homogeneous distribution of designed voids and the

highly amount of non-defined voids, results in similar statis-

tics per level, which complicate the fracture level estimation.

Thus, FEM analysis is preferable for prediction due to it takes

into account all void features. Apart from that, it is worth

mentioning that non-detected defects possibly influences the

section at which fracture take place [57,58]. The results

obtained for all the specimens are presented in Figs. AeH

(Appendix).
Fig. 7 e Statistics of the XRCT porosity analysis of third specime

focusing on the fracture level.
3.2. Experimental tensile tests results

From the experimental tensile tests carried out for AlSi10Mg

specimens, the Engineering Stress-Strain curves of each

specimen were obtained. As a result, these curves for the first

specimen without defined porosity (type O1), as well as

specimens of types A2, A3 and A4 are presented in Fig. 8.

According to Fig. 8, the performance of the majority of

specimens follows similar trajectories; however, some speci-

mens reach the failure earlier than others. Thus, the main

difference is explained by means of ultimate tensile strengths

and elongations at fracture (see Table 5). The mean value and

standard deviation are depicted, for both, experimental test

and FEA. It is worth mentioning that for both, experimental

tensile tests and XRCT-based FEM models, 3 samples of each

type have been considered.

Results show that a degreeof consistency betweenultimate

tensile strength and elongation at fracture is demonstrated. In

addition, due to the considerable amount of non-defined voids

in all specimens, the effect on failure occurrence is mitigated

between samples. Nonetheless, focusing onO1 specimens, the
n of A2-type sample. Results of each section are displayed
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Fig. 8 e Engineering Stress-Strain curve of first specimens

of type O1, A2, A3 and A4.
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appearance of non-defined voids affect their performance. In

fact, C2 specimens increase the elongation statistics of O1 by

0.11%on average,while C3 samples exhibit ameandecrease of

only 0.06%. Hence, these results are in accordance with

porosity analysis carried out in previous section, where the

porosity features showed similar results on these samples. As

mentioned, the porosity statistics of C2 are slightly better than

thoseofC3,which in turnarebetter than thoseofO1, especially

based on projected area, gap and minimum edge distance. In

addition, porosity percentages correlate with these results by

increasing from 0.044% to 0.064% and 0.093% on average,

respectively.

3.2.1. Influence of the void size on mechanical properties
Regarding relationship between the void size and mechanical

behavior, it could be concluded that reducing the size of defined

voids while keeping the designed shape promote the delay of

failure, as demonstrated by A2, B2 and C2 (defined voids with

spherical shape) specimens and A3, B3 and C3 (defined voids

with oblate shape) specimens. For spherical shapes, samples

demonstrate that a reduction of 48.80% (A2eB2) and 97.30%

(A2eC2) in theoretical volumes provides an increase of elonga-

tion at fracture by approximate 9.71% and 28.86% on average,

respectively. In contrast, the same reduction for oblate shapes

(A3eB3 and A3eC3) shows an average increase of 17.33% and

56.68% of elongations achieved. Thus, the reduction of void size
Table 5 e Ultimate tensile strength and elongation at fracture

Tensile test (Experimental) T

Specimens sUTS [MPa] At [%] sUT

O1 397 ± 2 4.40 ± 0.16 384

A2 370 ± 7 3.50 ± 0.04 364

A3 342 ± 3 2.77 ± 0.02 340

A4 389 ± 5 4.19 ± 0.07 381

B2 382 ± 6 3.84 ± 0.06 383

B3 363 ± 5 3.25 ± 0.05 359

C2 401 ± 1 4.51 ± 0.25 389

C3 397 ± 2 4.34 ± 0.10 387
has an impressive effect on specimen behavior and failure. In

addition, shape effect is needed to be considered since oblate

voidsshownearlythedoubleeffectonelongation thanspherical

voids with the same volume reduction.

3.2.2. Influence of the void shape on mechanical properties
Regarding the shape analysis, varying the shape of defined voids

concerns both, strength and elongation. Defined voids with pro-

late shapes extend the final failure, followed by spherical shapes

and, finally, oblate shapes. This is causedby the increase of stress

concentration around that voids, in that order. This effect is

exhibited by comparing A4, A2 and A3 specimens due to the fact

that all of defined voids were designed with the same volume,

while shapes of voids match the previous description, respec-

tively. Hence, A3 specimens show an elongation reduction by

approximate20%onaverage fromA2samples,while increase the

aspect ratio by 2. On the other hand, A4 samples reveal the

opposite effect,witha20% increaseof elongationandaspect ratio

reduction to the half of the defined for the spherical shapes.

Outcomes of pairs B2eB3 and C2eC3 replicate the

mentioned effect, but the decrease in elongations achieved is

reduced to 15% and 4%, for each case.

Thus, volume and shape of voids have distinct effects on

the mechanical behavior and failure of the component with

means that they should be analyzed independently.

3.2.3. Influence of the void location on mechanical properties
According to the design, defined voids are located at the same

place. Thus, void size and shape affect their location analysis

regarding togapbetweenvoidsandminimumedgedistance. In

that context, trends to small sizes and prolate shapes induce

better location results and also promote the delay of failure.

As expected, specimens defined with oblate voids, espe-

cially A3 and B3 samples, present the lowest values for void

location analysis, mainly in the gap indicator. In addition, the

considerable increase of non-defined voids in these samples

affects their statistics. According to that, these specimens

reach the failure earlier than others, while, for instance, A4

samples reveal the opposite effect owing to both, defined

voids and a reduction of non-defined voids.

Therefore, a decrease of these porosity features, together

with the other studied aspects, encourages a reduction of the

resistant section, promoting stress concentration and, finally,

coalescence between voids.

Images of the fracture surfaces of each specimen are dis-

played in Fig. I (Appendix). As depicted, these specimens

present a moderately ductile fracture with typical cup-and-
of AlSi10Mg specimens.

ensile test (Simulation) Error

S [MPa] At [%] sUTS [%] At [%]

± 3 4.19 ± 0.12 3.36 4.67

± 2 3.43 ± 0.11 1.52 1.91

± 2 2.81 ± 0.06 0.69 1.27

± 3 4.04 ± 0.10 2.09 3.63

± 2 3.98 ± 0.06 0.29 3.52

± 4 3.25 ± 0.05 1.10 0.04

± 3 4.27 ± 0.15 3.14 5.17

± 4 4.15 ± 0.17 2.61 4.33
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cone shape. The flat shape at distance to the edge diameter is

commonly accomplished by the void coalescence in plane

normal to the applied load. In contrast, cone shape is

produced by the shear stresses. Accordingly, the onset of

fracture is located on that plane normal to the applied load.
Fig. 9 e XRCT-based FEM results at five differen
3.3. Virtual tensile test results by means of FEM
analysis

To estimate the behavior and failure of each specimen with

respect to the porosity analysis performed, an XRCT-based
t stages for first samples of A2, A3 and A4.

mailto:Image of Fig. 9|tif
https://doi.org/10.1016/j.jmrt.2022.11.172
https://doi.org/10.1016/j.jmrt.2022.11.172


j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 3 ; 2 2 : 9 5 8e9 8 1970
FEM was carried out for each specimen including repetitions.

In order to analyze the effect of voids on stress concentration,

behavior and final fracture, simulation of A2, A3 and A4

samples are displayed in Fig. 9.

According to results presented in Fig. 9, stress distribution

around voids depends mainly on the loading direction. As

depicted, when loads are applied in vertical direction, the

maximum stress is located around voids equator, whilst

minimum stresses are generated around void poles. This

effect is caused by the triaxial stress state produced around

free surfaces of voids, which increases as the angle between

the normal of the defect surface and the loading direction

rises. Thus, the growth arises from defect surfaces perpen-

dicular to the applied load (poles of nearly spherical or ellip-

soidal voids) to parallel surfaces (equator of designed voids). In

addition, the shape of the pores affects the stress distribution

around voids. Oblate and irregular geometries increase the

stress values, while prolate shapes decrease these values.

Hence, pronounced curvatures of defect surfaces, mainly

located around void equator, promote the increase of the

stress concentration. As consequence of the material

ductility, when local stresses around voids exceeds yield

stress, plastic deformation takes place, decreasing sharp of

voids and, therefore, relaxing stresses. Thus, void growth

tends to prolate shapes, reducing aspect ratios as the test

progress. Finally, the onset of fracture is located at voids

equator, where stress exceeds ultimate tensile strength of

material. The crack growth is driven by reduction of material

area, promoting the coalescence between voids. In this

framework, the gap between voids and the minimum edge

distance encourage the void coalescence and, thus, the earlier

failure of the component.

The results obtained by the XRCT-based FEM analysis are

correlated with experimental results. Both, ultimate tensile

strength and elongation at fracturewere summarized in Table

5. Maximum errors of 3.36% and 5.17% are obtained, respec-

tively. As shown, errors increase as elongation increases.

Although there are several factors that affect the simulation

performance and failure estimation, such as behavior and

failure modelling, meshing strategy and mesh quality, this

effect is possibly due to the fact that the more the elongation

increases (the more the failure is delayed), the smaller the

slope of the Stress-Strain curve, showing a growth of strain

with nearly constant stress. In addition, these samples pre-

sent barely necking effect. Hence, this situation complicates

the prediction of simulation for failure occurrence, exhibiting

an increase of errors for those specimens. Nonetheless, the

failure estimation by simulation is consistent for the sample

repetitions.

Therefore, the proposed methodology focused on XRCT-

based FEM provides reliable results to estimate the speci-

mens behavior according to their detected porosity. Thus, the

proposed methodology is considered suitable for predicting

the susceptibility to failure related to the different porosity

features studied. On the other hand, the fracture level pre-

diction is also analyzed, with 37.5% success rate. The lack of

accuracy in the prediction of the failure level is possibly

caused by the homogeneous distribution of designed voids

and the highly amount of non-defined voids, which results in

similar porosity features per level. As stated above, this effect,
together with non-detected defects, complicates an accu-

rately fracture level estimation. Nonetheless, the fracture

level prediction by XRCT-based FEM presents a consistency

with XRCT porosity analysis.
4. Conclusions

In the present work, a methodology to estimate the influence

of porosity on the mechanical behavior and failure of

AlSi10Mg L-PBF specimens by means of XRCT-based FEM is

presented. The results of the proposed methodology reveal

considerable reliability. FEM results pointed out that the

presence of porosity defects concentrates stresses around

them and promotes the final failure driven by both void

growth and coalescence. Void features, such as void size,

shape and location, apart from porosity percentage, are

considered to estimate stress concentrations and the failure

location.

From the research carried out, the following conclusions

can be drawn:

� Voids with higher volumes, irregular shapes, increased

aspect ratios and projected areas in the normal plane, just

like reduced void spacing and edge distance, promote the

earlier failure of the components.

� Regarding void shapes, varying them from oblate to prolate

ellipsoid promotes the delay of failure, considering the

loading direction. This effect is also shown for voids with

the same shape while reducing their size.

� The proposed XRCT-based FEM provides well-established

results to predict ultimate tensile strength and elongation

at fracture. Maximum errors of 3.36% and 5.17% were

reached, respectively.

� The prediction of the fracture level by XRCT-based FEM

demonstrates that accurate results are obtained for only

37.5% of the samples. Possibly underestimation of non-

detected defects on the AlSi10Mg specimens plays a

major role to predict the fracture level.

For future research, the influence of real porosity

commonly appeared during L-PBF-ed parts should be

analyzed including gas porosity, keyhole porosity, and lack-

of-fusion porosity. Hence, an in-depth analysis of the influ-

ence of void location on the stress concentration, void growth

and coalescence should be carried out.
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Appendix
Fig. A e Summary of statistics of the XRCT porosity analysis of O1 specimens. Results of each level are displayed

highlighting the fracture level and FEM prediction.
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Fig. B e Summary of statistics of the XRCT porosity analysis of A2 specimens. Results of each level are displayed

highlighting the fracture level and FEM prediction.
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Fig. C e Summary of statistics of the XRCT porosity analysis of A3 specimens. Results of each level are displayed

highlighting the fracture level and FEM prediction.
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Fig. D e Summary of statistics of the XRCT porosity analysis of A4 specimens. Results of each level are displayed

highlighting the fracture level and FEM prediction.
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Fig. E e Summary of statistics of the XRCT porosity analysis of B2 specimens. Results of each level are displayed

highlighting the fracture level and FEM prediction.
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Fig. F e Summary of statistics of the XRCT porosity analysis of B3 specimens. Results of each level are displayed

highlighting the fracture level and FEM prediction.
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Fig. G e Summary of statistics of the XRCT porosity analysis of C2 specimens. Results of each level are displayed

highlighting the fracture level and FEM prediction.
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Fig. H e Summary of statistics of the XRCT porosity analysis of C3 specimens. Results of each level are displayed

highlighting the fracture level and FEM prediction.
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Fig. I e Fracture image of each AlSi10Mg specimen.
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