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The mechanical properties of lattice geometries are known to be significantly influenced by a variety of
manufacturing defects. This study investigates the influence of porosity on the mechanical behaviour of strut-
based body-centred cubic (BCC) lattice structures produced with powder bed fusion with laser beam PBF-LB/
P using PA2200 nylon powder. The study combines advanced techniques, including in-situ laboratory X-ray
computed tomography (XCT), synchrotron XCT to visualise pores and roughness in high resolution at a single-cell
level and image-based finite element analysis (FEA). The findings show that failure in thin-walled AM lattices is
governed by the combined effects of porosity morphology, location, surface roughness, and cross-section

reduction. The presence of internal porosity is found to attenuate both the amplitude of elastic modulus fluc-
tuations and the severity of stress concentrations induced by surface irregularities.

1. Introduction

The recent advancements in additive manufacturing (AM) technol-
ogies have resulted in a significant increase in the number of applica-
tions of functional manufacturing (Gonzalez-Henriquez et al., 2019).
The most prevalent AM technologies for polymers, particularly powder
bed fusion with laser beam (PBF-LB) processes, are consistently
attracting industrial attention due to their simplicity of part nesting,
functional end-use parts, mass production, and the absence of support,
even for complex geometries (Tan et al., 2020). Lattice structures are a
distinctive geometrical feature that showcases the design flexibility
enabled by the layer-by-layer production process (Giannitelli et al.,
2014; Pan et al.). These structures are being implemented in response to
the growing demand for lightweight components with custom stiffness.
As the size of the manufactured features and the process’s ability to
maintain consistent quality in terms of porosity and geometry are
reduced, the quality of PBF-LB parts becomes more critical. This is
because a significant variation in these characteristics would alter the
mechanical response of manufactured parts, resulting in a deviation
from the design requirements (Pavan et al., 2016).

The literature is unanimous in asserting that the varying sizes,
thicknesses, orientations, and relative positions of small cylindrical
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elements or thin sheets within the building chamber, typically found in
lightweight structures, could result in varying material properties,
leading to varying mechanical strengths. When designing structures of
this nature for end-use applications, it is crucial to consider these vari-
ables (Pavan et al., 2016; Sindinger et al., 2020; Liebrich et al., 2019;
Tasch et al., 2018; Viccica et al., 2022). It is well established that PBF-LB
processing of polymers relies on partial sintering, leading to uniformly
distributed porosities in bulk components. In thin reticular structures,
small pores also remain uniformly distributed along the struts, while
nodes may exhibit porosity clustering (Bruson et al., 2023). Although
porosity in bulk components results in brittle material behaviour
(Calignano et al., 2021), combining defects and extremely thin struc-
tures on the material’s deformation mechanisms remains poorly un-
derstood, particularly in the case of polymers. On the contrary, the
research on this aspect is growing in the case of metallic materials
(Cervinek et al., 2021; Dressler et al., 2019; della Ventura et al., 2024;
Suard et al., 2015; Sombatmai et al., 2021; Li et al., 2024; Somlo et al.,
2022; Molavitabrizi et al., 2022) obtained through powder bed fusion
processes. In Ref. (Lozanovski et al., 2020), the average stress concen-
tration factor (SCF) associated with internal porosity in the nodes was
found to be lower than 1, meaning a potential mitigating role of geo-
metric artefacts and dimensional inaccuracies that behave as stress-
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relieving fillets. This phenomenon may help explain why some small
internal porosities do not immediately lead to failure, despite their
presence. Also, failure could start at nodal junctions because the pres-
ence of porosity agglomeration reduces the effective load-bearing cross-
section (Lozanovski et al., 2020). However, those results can hardly be
extended, without verification, for the polymer because the process is
based on a sintering process instead of fully melting (Han et al., 2022).
Therefore, behind the pure properties of the material, the pore shape
and distribution are significantly different.

This work investigated this effect using a strut-based body-centred
cubic lattice topology. In-situ laboratory X-ray computed tomography
(XCT) is used to evaluate the impact of defects on the tensile response of
a PA2200 lattice structure manufactured via the PBF-LB technique.
Synchrotron XCT is employed to acquire a high-definition visualisation
of pores and roughness at the single cell level. The 3D volume recon-
struction of a single vertical strut is used to perform an image-based
finite element analysis (FEA) to be compared to an approximation
which considers the modelling of the cross section of the strut as ellip-
tical. The combination of XCT and FEA provides valuable insights of the
deformation mechanism of the strut.

2. Materials and methods
2.1. Sample design and manufacturing

The body centred cubic (BCC) is a topology commonly applied and
investigated in the literature (Bai et al., 2020; Giimriik and Mines, 2013;
Leary et al., 2016; Porter et al., 2022; Maskery et al., 2015; Lei et al.,
2019; Mazur et al., 2017). It is composed of four diagonal struts that are
arranged along the diagonals of an ideal cube, forming a single central
node in the cube centroid (Fig. 1 a)). The size of each strut was set equal
to 1 mm, while the cell size was selected to fit two elementary cells in the
thickness of a dog-bone specimen, which was set equal to 11 mm.
Therefore, considering the strut diameter, the size of the elementary cell
was equal to 5 mm, and the resulting relative density of the structure
was equal to 25 %. The design of the tensile dog-bone specimen is re-
ported in Fig. 1 b), in which five elementary cells are included in the
gauge length, while the density graduation pattern has been operated
out of the gauge length, according to Ref. (Bruson et al., 2023).
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Therefore, towards the bulk tabs of the sample, the final two cells exhibit
an increase in strut diameter from 1 mm (gauge length constant density)
to 1.44 mm and 2.08 mm. The two holes in each tab facilitate the
sample’s mounting.

The specimens were fabricated using PA2200 powder (polyamide 12
or PA12, with a mixture of 50 % virgin and 50 % recycled). Example of
application of in industrial sectors are the fabrication of customized
orthopaedic implants and devices (Pacurar et al., 2021; Lindberg et al.,
2018) because the adequate compressive strength and suitability for
load-bearing functions, motorsport sector because the demand for
lightweight and structurally robust components (Sindinger et al., 2021;
Marschall et al., 2020) has risen interest in the adoption of PA2200.

The production has been performed using an EOS Formiga P110
Velocis system laser, a powder bed fusion (PBF-LB) system. The process
parameters were set as reported in Table 1 (Calignano et al., 2021). The
samples were built in the edgewise configuration, thus with the sample
thickness perpendicular to the build orientation (Z-axis). One specimen
was used for in-situ testing, while another served as a comparison for the
ex-situ testing results. An additional simplified specimen, including one
single column of elementary cells, has been manufactured to acquire a
high-definition visualisation of pores and roughness using synchrotron
X-ray computed tomography (Fig. 1 (c)).

2.2. X-ray computed tomography (XCT)

2.2.1. In situ tensile loading

A DEBEN CT5000 tensile rig equipped with a 5 kN load cell was
integrated into a laboratory GE v|tome|x L 180/300 system. The sample
was fitted into the rig jaws by clamping its top and bottom grips be the
use of two screws each. A load-controlled tension test was performed at a
constant displacement rate of 0.1 mm/min. A first XCT scan corre-
sponding to the as-built (i.e., undamaged state) was performed using a 5
N preload in order to prevent the sample from moving during the scan.
Afterwards, the loading was interrupted at 400 N, 500 N and 600 N loads
with a constant displacement. Prior to the XCT scans, an average of 20
min waiting time was needed to reach fully relaxation (Fig. 5 a)). The
loading direction (Y axis in Fig. 3 a), c)) was perpendicular to the sample
build direction. The sample was scanned at 60 kV and 250 pA for a total
of 3001 projections over 360° with a 2024 x 2024 flat panel detector,
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Fig. 1. a) Magnification of the bcc unit cell topology with a cell size of 5 mm, b) CAD drawing of the sample for both ex- and in-situ tests (64 mm total length) and c)
CAD drawing of the sample geometry for synchrotron X-ray CT analysis. The Z axis of the reported manufacturing coordinate reference system represents the

building direction.
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3D rendering of
the unit cell
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b)

3D rendering of the
selected strut

Fig. 2. a) XCT reconstructed tomogram of one of a BCC1 unit cell obtained using of the simplified lattice (Fig. 1 a). b) Numbering indexes of the longitudinal struts c)
3D rendering of the BCC1 unit cell. d) 3D detail representing one of the vertical struts. e) 3D detail of the internal defects contained within the selected strut.

Table 1
Number of nodes, elements and elapsed CPU time for the FE models.

Model Nodes Elements CPU time [s]
CAD 84,275 56,333 227

Elliptic 8490 40,104 331

XCT reconstruction NP model 1,308,267 895,277 5438

XCT reconstruction P model 3,004,643 2,136,032 38,956

while using a 3 s exposure time per projection. The reconstructed voxel
size was 12 x 12 x 12 um?. This allowed to visualise about 20 mm of the
height (the total gauge length of the lattice height is 25 mm). The
reconstruction was performed using a Feldkamp algorithm (Feldkamp
et al., 1984).

2.2.2. Quantitative image analysis

The XCT data were first filtered using the non-local means (sigma 8
and smoothing factor 1, (Buades et al., 2011) filter available on Fiji
software (Schindelin et al., 2012). The scans were subsequently loaded
on Avizo software for segmentation (using the Otsu method (Otsu, 1979)
and subsequent parametric study. A porosity analysis was performed on
the segmented images to determine the 3D size of pores by means of the
3D equivalent diameter (EqD) of a sphere of the same volume. Only
pores larger than EqD = 30 pm were considered to avoid false positive
classification. Moreover, only internal pores were considered in the

analysis, i.e., pores that interest the free surface of the lattice were
considered as surface defects and accounted for in the thickness analysis.
The geometric shape of pores was determined using the 3D Shape Fac-
tor, which equals 1 for a perfect sphere, while larger values indicate an
object that is less compact. The thickness of the struts was computed by
considering that each voxel represents the diameter of the largest sphere
that contains the voxel and can be entirely inscribed with the closest
boundaries of the analysed object (Hildebrand and Riiegsegger, 1997).
Finally, the surface curvature was calculated using the 1/Max Curvature
parameter (mz), corresponding to the radius of a sphere locally fitting
the surface.

For the roughness analysis, three struts with the longitudinal axis
oriented parallel to Y-axis, parallel to X-axis, and the diagonal of the unit
cell (Fig. 1) were analysed. These struts were located at the centre of the
gauge, and their analysed length was about 2.2 mm. The surface
roughness determination was performed with the advanced surface
determination tool by VGStudio MAX 2023.2. The surface was exported
as a triangulated surface mesh with the smallest element size of 12 pm.
Line profiles along the length of each strut were extracted with a step
size of 1° around the circumsphere of each strut. These line profiles were
analysed according to the mean roughness profile parameter R,. For
more details, the reader can refer to Ref. (Fritsch et al., 2022).

The filtered XCT datasets were conditioned for digital volume cor-
relation (DVC) by applying a binning of 2. The python-based open-
source software SPAM (Stamati et al., 2020) was used to measure
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NP

Fig. 3. a) Actual/nominal strut cross-section, b) elliptic cross-section approximation (Bruson et al., 2023) where BD refers to the build direction, c) detail of the
reconstructed irregular actual surface, d-e) section views of the XCT reconstructed NP and P strut models.

displacement fields between images of a deforming specimen. The
datasets obtained between 400 N and 500 N were projected onto a
regular spaced grid. The mesh size is set to 16 voxels with a node spacing
of 8 voxels. Strain fields are subsequently computed using the obtained
displacement fields. For each quadrilateral element (Q8) of the mesh, a
transformation gradient tensor F (as in dx = FdX) was calculated at the
centre of the element using the displacement vectors of the corre-
sponding nodes. Note that F provides richer information at the local
scale than the displacement vector u alone since it considers the motion
of a point with respect to its neighbours.

2.2.3. Synchrotron XCT

The synchrotron X-ray CT scan was performed at the imaging station
of the BAMline (Rack et al., 2008; Markotter et al., 2022; Markotter
et al., 2023) at the BESSY II synchrotron. To capture one unit cell of the
sample, the 10x lens corresponding to a field of view of 9.2 x 7.8 mm?
was chosen. This results in an effective pixel size of 3.6 pum, while the
employed camera (sCMOS-type; PCO.edge-5.5) offers 2560 x 2160
pixels. A 150 um thick CdAWOy4 scintillator screen is combined with the
10x lens. 2500 projections, each with an exposure time of 150 ms, over
an angular range of 180° were collected in on-the-fly mode, in which
projections are collected during continuous rotation (see details in
(Markotter et al., 2022). For an optimal signal-to-noise ratio, the double
multilayer monochromator was facilitated at 20 keV, with a dE/E of
approximately 3.5 %. Reconstruction was performed using in-house
Python code based on Tomopy (Giirsoy et al., 2014) and astra toolbox
(van Aarle et al., 2016). This synchrotron experiment is performed to a
high-definition visualisation of roughness and pores, otherwise not
achievable using laboratory X-ray sources. Note that a simplified lattice
where the cross section only contains one unit cell was specifically
printed for this purpose (see Fig. 2 a)).

2.3. Image-based finite element analysis (FEA)

The Nylon PA2200 material induces alow degree of contrast be-
tween the background and the lattice, as compared to other materials
such as metals. The XCT images were first processed using a non-local
means filter (sigma 8 and smoothing factor 1, (Buades et al., 2011)
available on Fiji software (Schindelin et al., 2012). The segmentation
was performed on Avizo software by using the Otsu’s automatic global
thresholding algorithm (Otsu, 1979). This segmentation excluded the
unmolten anti-humidity TiO2 powder (added by the supplier as an anti-
humidity agent (Schmid, 2018) that remains trapped over the lattice
surface (Fig. 2 a)). Fig. 2 b) shows the numbering of the longitudinal
columns. The segmented dataset was subsequently processed to
generate a microstructurally faithful surface mesh, where the surface
roughness and porosity are represented in detail. The original surface
generation yielded a surface mesh of about 60 million triangles and was
iteratively simplified to about 2.5 million triangles, as shown in Fig. 2 d).
This file was exported as an STL file for further processing. Fig. 2 (c), (d)
shows the image-based 3D mesh (the edges of the triangles are not
shown) of the entire cell-unit and the single strut (2.5 mm height),
respectively. A 2.5 mm long single strut portion of the whole cell was
selected for the numerical analysis. In addition, Fig. 2 (e) shows the case
where the internal porosity is also included in the image-based 3D mesh
(a transparent external shell is used to highlight the pores). The internal
porosities and the characterisation are discussed in the Section 3.1 as a
result of the in-situ testing.

As above mentioned, in order to investigate the role of process-
related defects on the mechanical behaviour of a single strut, four
distinct finite elements (FE) models with an increasing fidelity with -
respect to the real manufactured struts were considered: (a) the as-
designed nominal CAD model, called “CAD”; (b) the approximated
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CAD model, called “elliptic”, utilising the equivalent elliptic cross-
section derived by averaging the actual dimensions obtained from
XCT; and the image-based mesh accounting for two different scenarios
(c) considering only surface irregularities (named “NP”) and (d) a fully
reconstruction of the XCT data in a model that includes external irreg-
ularities and internal porosities (named “P). The length of the modelled
strut is equal to 2.5 mm for all models. The extracted strut from the main
structure is oriented with its main axis perpendicular to the build di-
rection. This configuration was selected because it typically exhibits the
poorest geometrical accuracy due to the layer-wise nature of the addi-
tive manufacturing process (Pavan et al., 2016; Bruson et al., 2023). As it
can be observed in Fig. 3, this build orientation leads to a noticeable
deviation from circularity in the real geometry (Fig. 3 (a)), resulting in
an ovalised cross-section when compared to the nominal CAD model.
The ovalisation of the struts is due to the production when building
overhanging (unsupported) thin struts with the cylindrical axis
perpendicular to the build direction (Pavan et al., 2016; Bruson et al.,
2023). The first layers of scanned material lie on powder with a rela-
tively poor thermal conductivity. This condition creates a local overheat
and a heat flow along the build direction, which produces the typical
ovalised section with the major axis of the ellipse parallel to the build
direction (Fig. 3 (b)). The semi-axes of the elliptical cross-section used in
the model (Fig. 3 (b), a =1.08 4+ 0.03 mm and b = 0.60 + 0.04) were
derived from a CT-scan-based experimental measurement campaign
conducted on struts with the same geometry and orientation, as detailed
in Ref. (Bruson et al., 2023). While the CAD model with 1 mm diameter
was directly extracted from the CAD file of the designed geometry,
elliptic model is therefore an ideal strut geometry with the same length
but modelled with the elliptical cross-section that accounts for the
geometrical process induced defect, according to Ref (Bruson et al.,
2023)- Fig. 3 (c) displays the surface of the actual produced strut ob-
tained by reconstructing the XCT with the typical irregularities due to
the PBF-LB/P process as the partially sintered powder particles that stick
on the surface (Pavan et al., 2016). Fig. 3 (d) reports the full-dense
section view of the NP model, while accounting for the external irreg-
ularities on the strut surface. The external irregularities and internal
porosities are instead considered in the P model in Fig. 3 (e), which is a
high-fidelity reconstruction of the tomographic analysis. The morpho-
logical characterisation of the internal porosity is described in Section
3.1.

The aim of the numerical analysis is to conduct a comparative study
evaluating the influence of different levels of geometric approximation,
up to the full modelling of the actual strut geometry, including both
external and internal porosities. The single strut is selected because it
allows for a balance between reasonable computational time and accu-
rate defect representation, while using the mesh of the entire unit cell
yielded unreasonable computational resources. Hence, the original unit-
cell mesh contained in the XCT STL file was reconditioned to represent
only the selected strut (Fig. 2 (c, d)). The surface triangular grid was
used to obtain the volumetric mesh, consisting of second-order -
tetrahedral elements (C3D10, generated on Hypermesh) (Fig. 4 (a) and
(b))

The static structural analysis under quasi-static conditions was
implemented to conduct a mechanical simulation using the commercial
finite element (FE) software Ansys Workbench. All the models were
subjected to the same boundary conditions reported in Fig. 4 (c). The
bottom surface of the strut is constrained with zero displacement along
the Y-axis and fixed rotations about the X, Y, and Z axes, while dis-
placements along the X and Z axes remain free. On the top surface, a
linear displacement is applied along the Y-axis, while rotations about all
axes and displacements along the X and Z axes are fixed. In accordance
with the strut centroid projections onto the top and bottom surfaces, two
nodal lines were constrained in the z-direction to prevent rigid body
rotation around the Y-axis (blue lines in Fig. 4 (c)).

To better detail the differences between the behaviour of the mate-
rial, including (P model) or excluding the internal porosities (NP model),
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more specific analyses are carried out as follows. From the XCT recon-
structed strut model, 250 equally spaced sections along the strut length
and perpendicularly to the load direction were extracted. Each section is
indexed with a number in ascending order, where section 0 corresponds
to the surface on which displacement along the load direction is con-
strained equal to zero, while section 250 corresponds to the surface
where the Y-displacement is applied. At each section, the surface area
was measured (Fig. 4 (d)) for NP and P models. In Fig. 4 (d), the blue line
refers to the NP model, which considers only external irregularities,
while the red line refers to the P model, which includes the external
irregularities and internal porosities and is called “pores”. The corre-
sponding dotted line indicated the average section calculated over of the
entire strut. Obviously, the measured cross-sections of the P model are
smaller or equal to the counterpart measured on the NP model.

For all simulations, the material model was implemented according
to the Chaboche model of L-PBF/P PA2200 bulk tensile tests (Schob
et al., 2019), which is based on an elastoplastic formulation. The Cha-
boche model is calibrated to accurately capture the onset of plastic
deformation as reported in the literature, occurring just before global
failure. This approach markedly differs from homogenised methods
commonly used in the literature for failure modelling, such as the
Gurson model (Bruson et al., 2023; Schob et al., 2019), where porosity is
represented as an intrinsic material parameter, typically approximated
by spherical voids. In those models, the effect of porosity is incorporated
a priori into the constitutive behaviour, limiting their ability to inves-
tigate the specific mechanical response associated with realistic pore
geometries and distributions (Schob et al., 2019). In contrast, the pre-
sent work explicitly incorporates porosities reconstructed from XCT
data, preserving their size, shape, and spatial position within the strut.
This modelling strategy allows the analysis of localised stress and strain
fields around irregular pores, which can lead to local yielding near
critical defects, even while the global response of the strut remains
nearly linear. By doing so, the model enables a more realistic prediction
of potential sites for plastic deformation and damage initiation. The
material parameters adopted in the simulation are as follows: Young’s
modulus E = 1450 MPa, Poisson’s ratio p = 0.4, and yield stress op =
17.5 MPa. The nonlinear hardening behaviour is captured using two
backstress components, with the following Chaboche parameters: C; =
7920.469 MPa, y; = 387.81, C; = 600.026 MPa, and y5 = 63.986, as
detailed in Ref (Schob et al., 2019).

To accurately capture the complex geometry of internal pores, a
surface mesh size below 0.01 mm was adopted, as illustrated in Fig. 4
(a), (b) and (c). This level of refinement ensured high geometric fidelity
and was validated through preliminary convergence studies, which
confirmed the stability of peak stress values, particularly around small-
radius defects. For the analysis of the single strut with a 2.5 mm length,
Table 1 reports the number of nodes, elements and the relative
computation time of the different strut models.

3. Results and discussion
3.1. In-situ tensile test and influence of defects

Fig. 5 a) shows the continuous loading of an ex-situ sample compared
to the in-situ sample undergoing interrupted loading. The results and the
curve agree with the data obtained by the experimental campaign in
Ref. (Bruson et al., 2023). In addition, the comparison between these
two samples indicates that the interrupted loading can produce a
loading force—elongation curve similar to that recorded during the ex-
situ loading. The final failure of the in-situ lattice was performed ex-
situ, and the location of the final failure is shown in Fig. 3 b). No
damage is observed in any of the imaged parts of the lattice until the XCT
scanning at 600 N. As shown in Fig. 5 c), d), the damage produced be-
tween 500 N and 600 N localises in row iii of column 5 and column 2
(where the rupture is not fully completed), as well as in row iv of column
1.
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Fig. 4. a) Detail of the meshed surface roughness of the strut, b) detail of the meshed internal pores. ¢) Boundary conditions of the FE model using the XCT image-
based mesh. d) Cross-sectional area distribution along the strut height for both the P and NP models.
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Fig. 5. a) Graph of the force against the elongation, indicating the steps where the loading was interrupted to perform xct scans. b) Image of the post-mortem sample:
red arrows indicate the location of the final failure, from which the top and bottom part of the lattice are separated; the blue arrow indicates the occurrence of single
strut breakage outside the fracture surface. ¢) Evolution of loading and damage for columns 1, 2, and 3. d) Evolution of loading and damaged for the columns 4, 5,

and 6.

The literature has reported that imperfections inherited from the
PBF-LB process govern the localisation of damage (e.g., (Sombatmai
et al., 2021; Iantaffi et al., 2023; Sercombe et al., 2015). While the
damage of process-induced porosities on mechanical properties has been
widely studied at various levels (Sola and Nouri, 2019; Nicoletto et al.,
2012; du Plessis et al., 2020), the role of intrinsic porosity in reticular
structures fabricated via additive manufacturing remains less under-
stood, particularly in terms of how the design and porosity distribution
in the structure may influence strain and stress distributions and be
potentially used as a functional feature. Therefore, a detailed charac-
terisation of structural defects is shown in what follows. This charac-
terisation focused on those defects contained within the vertical struts (i.
e., those mainly carrying the tensile load) of the 5 N preloaded XCT
dataset.

The volume fraction of the entire lattice is 1.6 % (Fig. 4 a)). In line
with the literature (lantaffi et al., 2023), the highest porosity level is
observed at the nodes (3.0 % volume fraction), when compared to the
vertical struts (i.e., those perpendicular to the BD, 1.2 %). The internal
pores can be as large as 200 um of EqD with Shape Factors up to about 14
(Fig. 6b) top). The majority of the pores have sizes between 30 ym and
100 um and Shape Factors between 1 and 4. The combination of largest
sizes and convoluted shapes can be the one that most influence the stress
distribution because the sharp edges of elongated pores oriented
perpendicular to the loading direction led to increased stress concen-
trations, when compared to those generated by spherical defects (Wang
et al.,, 2019; Serrano-Munoz et al., 2018). Some of the internal pores
with Shape Factors larger than 6 are shown in the bottom of Fig. 6 b)).
These elongated pores tend to have their largest axis oriented parallel to
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Fig. 6. a) 3D rendering of the internal pores contained in the imaged part of the lattice. b) density graph of the EqD against the shape factor at the top, and a 3D
rendering of some pores larger than shape factor 6 contained within column 1 at the bottom. ¢) 3D rendering of the 1/max curvature computation. d) Polar graph of
the Ra(0), as calculated according to the procedure described inSection 2.2.2. The analysed struts are located at the centre of the lattice.

the loading direction.

Behind the internal pores, the surface topography of the strut and
strut size are influenced by the heat exchange, peculiarity of the process.
In terms of roughness, the main differences between upskin and down-
skin surfaces in PBF-LB/P, is that the upskin surface is located on top of
layer solid material, while the downskin surface corresponds to the part
of the strut surface that directly faces the powder bed (baseplate)
without any supporting solid material. Therefore, the heat provided on
top of an upskin surface could easily flow through the solid material,
while the heat accumulates in a downskin surface because the powder,
although sintered, is an insulating material. Therefore, as expected, the
computation of the inverted maximum curvature (1/Max curvature)
indicates that the surface roughness of the struts depends on the incli-
nation angle and the orientation with respect to the build direction (BD)
(Rack et al., 2008). The downskin of the struts exhibit the lowest surface
roughness, or as shown in Fig. 6 ¢), the largest 1/Max curvature values.
A detailed computation of the R, parameter (i.e., the arithmetic average
of the roughness profile) is shown in Fig. 6 d). As they are parallel to the

BD, the horizontal strut shows the most homogenous roughness profile
over the perimeter, with an R, average of about 25 ym. On the other
hand, the highest R, values (about 60 um) of the vertical and diagonal
struts are located at the upskin (0°) and at 60°, respectively. This high
value, comparable to the powder particles size, may be explained by the
presence of residual sintered particles which strongly adhere to the part
surfaces, and remain even after the cleaning process. As opposed to solid
bulk samples, the cleaning procedure for complex reticular structures is
considerably more complex due to the intricate reticular geometry and
difficulty to individually access each strut in order to achieve a homo-
geneous cleaning (Calignano et al., 2022).

The thickness of the strut is influenced by the heat transfer. In fact,
the thickness computation of the columns indicates a maximum varia-
tion of + 50 ym and a minimum of 12 um per strut (Fig. 7 a)), b)).
Column 5 is, on average, the thickest one, whereas columns 1, 3, and 2
are the thinnest. As shown in the evaluation of the area fraction, these
four columns also tend to concentrate the highest amounts of internal
porosity (i.e., between 2 and 3 %), notably at the level of row iii (Fig. 7
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c), d)). This agrees with the fact that column 5 contains the largest
volume fraction of internal porosity larger that EqD 140 pm, followed by
columns 1 and 2 (Fig. 7 e)). Interestingly, the volume fraction of col-
umns 1 and 2 evens out (i.e., falls in the 1.1 % to 0.8 % range) with the
rest of the columns but column 5, when considering a porosity larger
than 100 um (Fig. 7 f)). This suggests that the large porosity controls the
early damage instead of porosity clustering.

The failure site observed in row iii of column 5 (Fig. 5 d)) coincides
with the highest (almost 3 %) amount of porosity occurring at the cross
section, in combination with a reduced average thickness of 325 pm.
However, this is not the case for column 1, which exhibits the combi-
nation of highest area fraction and lowest average thickness within row
iii, and yet the failure site is observed to occur within row iv. The same
situation applies to column 2, where the occurrence of failure does not
coincide with the smallest cross section.

Further evaluation of the localisation of strain is performed by means
of DVC between the steps at 400 and 500 N, where damage is not yet
visually detected (Fig. 8). Again, this evaluation works well predicting
the localisation of damage within row iii of column 5 (black arrow in
Fig. 8 b)) but fails in the case of columns 1 and 2. Moreover, column 8
shows local values of strain that are higher than those observed in col-
umns 1 and 2. Most probably the onset of failure occurs in column 5 and
the load carrying capacity is unfavourably redistributed towards col-
umns 1, 2 and 3, since they possess the lowest average thickness values.
Note that columns 7, 8, and 9 are, in general, those exhibiting lower
values of roughness. Hence, it could be also that a combination of
reduced (from average) cross section with convoluted defects (e.g.,
small radii of curvature, which is not capture in the highest detail when
using laboratory XCT) can in some cases be more critical to the strength
than the smallest of cross sections per column alone.

3.2. Finite element analysis (FEA)

Fig. 9 compares the mechanical response regarding force-displace-
ment up to a global strain equal to 1.25 % for the four models. As ex-
pected, the ideal CAD model exhibited the highest stiffness. Compared to
the elliptic model, the predicted force reaction was 50 % higher. As can
be observed, an elliptic model, which derives from the approximation of
the process-induced geometrical error on the external shape of the strut
(Bruson et al., 2023), can macroscopically well predict the force
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Fig. 9. Plot comparing the force-displacement FEA results between the nomi-
nal CAD, the elliptic cross-section approximation and the XCT reconstructions
of the strut with (P) and without internal pores (NP). Square and star points
correspond to a global strain level of 0.5% and 1.25%, respectively.

response compared to a higher level of modelling accuracy. From a
macro point of view, therefore, the elliptical approximation compen-
sated numerically for the process-induced external dimensional inac-
curacies (deviation below 0.5 %). Thus, the presence of sintered
particles on the surface could be described by considering a redistribu-
tion of the material. The elliptical section shows an area equal to 0.5091
mmz, 35.2 % smaller than the CAD circular (equal to 0.7854 mm>?).
Interestingly, the predicted reaction forces in the initial linear global
response yielded only a marginal discrepancy between the elliptical
model and the ones considering surface and surface plus internal defects.
Consistent with the findings reported in the literature (Sombatmai et al.,
2021), this observation suggests that the influence of porosities on the
elastic and initial yielding responses is negligible. However, the pres-
ence of porosities controls the localisation of plastic strain, thus
impacting the failure behaviour (Fig. 10). Therefore, homogenisation
approaches for the material model as numerical hypotheses at the cell
level are valid only under certain requirements (larger cell sizes to avoid

7-8-9 Columns

c)

165

1.1

Fig. 8. DVD computation of the strain showing a slice corresponding to a) 1,2, and 3 columns; b) 4, 5, and 6 columns; and c) 7, 8, and 9 columns. The black arrows

indicate the failure sites.
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Fig. 10. Von Mises stress contour plots of a) XCT reconstructed strut surface,
XCT reconstructed longitudinal mid-section of the strut at 1.25% global strain
in b) NP model and c) P model.

size effect). For example, Fig. 10 shows the stress distribution at a global
strain of 1.25 %. As can be observed, the convoluted surface of the strut,
composed of partially sintered powder particles, and the presence of
internal voids predominantly resulted in plastic localisation, in agree-
ment with Ref. (Sombatmai et al., 2021). The uneven surface profile
formed by the partially sintered powder particles led to an increase in
local stress values as a consequence of the existence of numerous stress
concentrators, which are generated by process-related surface imper-
fections of a microscopic scale surrounding the strut. These results
explain the previously observed findings regarding the effect of the
surface profile in developing a combined effect with internal pores,
which collectively influence the failure mode by further localising the
distribution of the stresses over the strut volume. Particularly, the
simulated stress levels of powder particles that are loosely adhered to
the surface of struts and partially sintered are exceedingly low, as
illustrated in Fig. 10 (a), where these particles correspond to the surfaces
rendered blue. The impact of these protruding particulates on the overall
stress distribution is negligible. The porosity tends to be largest at the
surface, corresponding to open pores and thus connected to the strut
surface. This open porosity, as well as surface roughness valleys, are the
main contributors to stress localisation (Fig. 10 (b)). Including internal
porosity further increased the stress concentration, where stress bridges
were induced between some of the open and internal porosity
(Fig. 10 ¢)).

Specifically, Fig. 11 compares NP and P models at two intermediate
global strain levels of the single strut: 0.5 % and 1.25 % (square and star
in Fig. 9). In addition, the stress and the equivalent plastic strain (PEEQ)
were analysed at each section of the strut (Fig. 4 (c)). A volume-
weighted averaging procedure was implemented to determine the
average stress and PEEQ values along each strut cross-section. Specif-
ically, the average value over the cross-section was computed by per-
forming a volume-weighted average of the element values. For each
finite element intersecting the region encompassed by the cross-section,
its contribution was calculated as the product of its individual value and
corresponding volume. The total volume of all elements inside the sec-
tion was then used to normalise the sum of the weighted contributions.
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This approach ensures that elements with larger volumes influence the
average value proportionally more and vice versa, yielding a more
physically representative measure of the local mechanical response.

At the selected strains, the volume of material in percentages
exceeding local yielding stress values for P and NP models (assumed
equal to 17.5 MPa) is 0.024 % at a global strain of 0.5 %. Therefore, the
strain 0.5 % level is within the linear region of the global mechanical
response of the structure (square in Fig. 9) and is used to evaluate the
onset of stress concentration phenomena at the defects. On the other
hand, at a global strain of 1.25 %, the P model displayed a 45.75 %
volume yielded in the plastic region, while a higher 53.58 % was
registered for the NP model. The strain 1.25 % is within the global initial
plastic region (star in Fig. 9) and is used to identify the possible initiation
points of damage. The first row in Fig. 11 (a), (c), (e) reports the result
referring to a strain of 0.5 %, while the second row (b), (d), (f) refers to a
strain of 1.25 %.

Overall, the trends between the two models are largely consistent
and overlap substantially, meaning that peaks or valleys of stress or
strain are observed around the same section in the two models.

As anticipated from the macroscopic observations (Fig. 9), the vol-
ume of material experiencing higher stress increases with the progres-
sion of global deformation (Fig. 11(a) and (b)). At equivalent strain
levels, the majority of the material volume exhibits comparable stress
values across the different models. However, the stress distribution
within the material volume is narrower in the P model compared to the
NP model. Specifically, the fraction of material subjected to lower stress
values is lower in the P model relative to the NP model. The divergence
between the two models becomes more pronounced at 1.25 % strain
(Fig. 11(b)). This pattern is also reflected in the growing differences
observed at the D10 and D90 percentiles of the cumulative stress
distributions.

Observing Fig. 11 (c) and (d), overall, along the strut, the P model
generally displays slightly lower average stress values across the entire
strut. The most significant deviations between the models are observed
in the sections of the strut between approximately 1 mm and 1.6 mm
(Sections from 100 to 160). Evidently, the interaction between surface
irregularities and internal porosities contributes the most to the stress
redistribution in these areas.

In the NP model, the most stressed sections are near section 55 and,
subsequently, section 75. However, in the P model, section 75 appeared
more critically loaded than section 55. These sections are followed by
the slightly inferior stress peaks localised near sections 141, 162, and
179, in which a significant difference can be observed between the two
models. The region of the strut proximal to sections 141 and 162 shows
peak intensities in the P model lower than the NP model, while the area
around section 179 maintains a similar average stress level among the
models. This result can be explained by observing the differences in
cross-sectional area among the two models (Fig. 4 (c)). The highest
average PEEQ values can be observed in the proximity of the same
sections previously identified as critical (55, 75, 141, 162 and 179).
However, for both models, at the first deformation stage (0.5 % global
strain) (Fig. 11 (e)), plastic deformation is absent in most of the strut,
and localised peaks are indicative of an initial stress concentration. At a
strain equal to 1.25 % (Fig. 11 (f)), the differences among the two
models became more significant, with strong evidence of localised
deformation in the P model, in which, in certain sections, PEEQ values
resulted in higher values than the corresponding NP section. Overall, the
presence of internal pores can significantly change the stress distribution
and consequently the stress values in the material.

For the sake of comparison, the four most critically stressed areas are
compared. These areas can be localised near sections 23, 55, 75 and 179.
Considering the presence of internal porosities, the cross-sectional areas
can be ordered from smallest to largest as following: 75, 55, 23, and 179.
Section 75 is the most critically stressed, followed by 55, 179, and 23. In
agreement with the previous observations, and as shown in Fig. 12,
surface-induced stress concentrations are most prominent in sections 55
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Fig. 11. Comparison between NP model (only external irregularities) in blue and P model in red (external irregularities and internal porosities) at 0.5% (a), (c), (e)
and 1.25% (b), (d), (f) global strains in terms of: (a) and (b) global relative and cumulative stress distributions, (c) and (d) average stress along the strut, and (e) and

(f) equivalent plastic strain (PEEQ) along the strut.

and 75, and considerably lower in sections 23 and 179.

In section 55, the average stress and PEEQ are lower when consid-
ering the internal pores. Near that section, an elongated open pore
(Fig. 12 (a)) is located near the surface and appears to act as a stress
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concentrator. The P model contains three smaller, more circular pores
than the one located on the surface. Those pores collectively redistribute
the stresses (Fig. 12 (a) 55I) and contributes positively to the mechanical
behaviour of the section by alleviating the localisation of stress
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Fig. 12. (a) Detail of Von Mises contour plots at 1.25% global strain of the critical sections 23, 55, 75, 141 and 179 for the NP and P models and (b) a 3D visualization

of their locations along the strut height in relation to internal porosities.

concentrations in critical zones In section 75, an open pore with irreg-
ular geometry (Fig. 12 (a) 75I), although less proximate to the surface
respect to the one in section 55, acts as a site of severe local stress
concentrations. P model presents an additional pore close to the surface,
but slightly smaller with a highly irregular and jagged profile. In this
case, both average stress and PEEQ are higher in the P model, indicating
a detrimental effect of the internal porosity.

Section 23 features an extremely low porosity volume fraction
(approximately 0.225 %). The single elongated pore near the surface
induces a local peak in stress (as shown in Fig. 12 (a) 23I). However, the
stress redistribution provided by surrounding pores in the near sections
(Fig. 12 (b) 23 II) reduces the mean cross-sectional stress, thereby
mitigating the impact of the surface-near defect. Indeed, while surface
PEEQ is lower in the P model, localised plastic deformation is
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concentrated around the pore boundaries (see Fig. 12 (a) 23i), consistent
with stress concentration behaviour.

In Section 179, there is no significant modification of stresses among
the two models, whereas PEEQ increases markedly throughout defor-
mation (Fig. 11 (c) vs (d)). The internal pores are irregular and sharp
(Fig. 12 (a) 17910). It can be observed that the most acute corner of the
pore, highlighted in the section (Fig. 12 (a) 1791), is the site of the
highest local stress concentration. Compared to section 75, which fea-
tures a pore of similar geometry, the presence of additional pores in
section 179 appears to partially mitigate the detrimental effect, similar
to what was observed in Section 23. Therefore, despite having a larger
cross-sectional area and lower surface-related stress effects, section 179
still shows high average stress values, suggesting that smaller, highly
irregular pores may be more detrimental than previously assumed,



D. Bruson et al.

sometimes even more than the cross-sectional area alone would predict.
This observation is in line with experimental in-situ testing results, and it
supports the hypothesis that a combination of reduced local cross-
section and complex pore morphology (e.g., sharp corners or small
radii of curvature not fully resolved by laboratory XCT) can pose a
greater threat to mechanical integrity than simple geometric thinning.
Therefore, the most critical section in the strut appears to be defined by a
combined interplay of surface effects, local cross-sectional reduction,
and the size, shape, and position of internal porosity.

To better understand the possible initiation damage sites in the strut,
the local elastic modulus (Ejoca) has been calculated at each section
within the global linear response of the strut as reported in Equation (1):

02-01

(€Y

Elocal =
E2-€1

where 67 and 05 and e;and e, are the numerical normal average cross-
section stresses and strains at 0.25 % and 0.5 % of the initial linear
global deformation of the strut. The result of the local elastic modulus
values along the strut at each section is reported in Fig. 13. As it can be
observed, the values oscillate around the nominal modulus of the base
material model (black line in Fig. 13). Where the cross-sectional area
results smaller than the average (Fig. 4 (c)), the local elastic modulus is
higher than that of the bulk material, whereas larger cross-sections
exhibit lower modulus values. This behaviour reflects the influence of
geometric defects on stiffness and is consistent with previous
observations.

The presence of internal porosity generally mitigates both the fluc-
tuations in elastic modulus and the stress concentrations caused by
external surface irregularities (Fig. 13). The peak of the local elastic
modulus is located near section 141. This section is one of the smallest
cross-sectional areas along the strut and exhibits a lower average stress
compared to the more critically stressed sections (55 and 75). In such a
section, the presence of pores again significantly decreases the average
stress with respect to those detected in the NP model. As shown in
Fig. 12 (a) 141 I, a single small, circular pore is adjacent to a surface
notch. This pore undergoes high local deformation and contributes to
stress redistribution, leading to a lower sectional average stress. None-
theless, its limited size relative to the stressed surface area restricts its
ability to plastically accommodate the load. The coexistence of a mini-
mal cross-section and a pronounced surface stress concentration
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Fig. 13. Local elastic modulus calculated per section for the P (red) and NP
(blue) models. The black line represents the Young’s modulus used in the
material model assigned to the uniform bulk material.
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significantly limits the deformation capacity of this section. This effect
results in a maximum local elastic modulus, potentially indicating a
brittle fracture onset at the surface notch. The presence of a single in-
ternal pore, at least within the globally linear elastic regime, may
partially mitigate this brittleness by reducing the gap between the local
stiffness and the nominal bulk modulus.

In contrast, section 75 registers the highest deformations, associated
with a high average stress and a local elastic modulus close to the
Young’s modulus of the material. This section accommodates the ma-
jority of the global deformation, favouring a ductile failure mechanism
initiating at the pore sites (higher stress in the surfaces in Fig. 12 (a) 75
I). Despite the pore mitigation effect and a slightly bigger cross-section
area, section 141 may still fail earlier under lower applied stress levels
due to the local stiffness peak induced by the sharp surface notch.
Analogous considerations can be made about the other local elastic
modulus peaks in Fig. 13.

4. Conclusion

Reticular structures are fascinating for many applications. Despite
being attractive for many reasons, such as their light weight, these thin
structures appear inadequate in mechanical applications. This feeling
may be generated by the scarce knowledge and deep characterisation of
the failure modes. This work characterised the role of external irregu-
larities and internal porosity on the mechanical response of lattices
produced by PBF-LB/P. In situ laboratory X-ray computed tomography
was performed using one of the most known lattice structures: the BCC.
Numerical simulations were implemented and resolved using FEM for
the further elucidation of the experimental observation. The samples
were produced by PBF-LB/P in PA2200, which is typically affected by
natural internal porosities due to the sintering process. The main con-
clusions can be drawn as follows:

1. The structure exhibited an average porosity of 1.6 %, with pores
concentrated in the nodes (up to 3 %) and vertical struts (1.2 %).
Elongated pores aligned with the load direction, especially in column
5, combined with local thinning, were found to be the most
detrimental.

2. DVC analysis revealed early strain localisation in column 5 at 500 N,
consistent with experimental failure. However, failure in columns 1
and 2 was less clearly anticipated by DVC, indicating a more complex
interplay of defects beyond strain accumulation alone.

3. In the experimental in situ testing, damage was first observed be-
tween 500-600 N and localised in columns 1, 2, and 5. The final
fracture occurred in the same area, confirming early damage accu-
mulation in specific columns of the sample.

4, Simulations showed that a simple elliptical approximation of the
strut cross-section, accounting for external geometric deviations,
produced a force-displacement response within 0.5 % of more
complex models that included actual surface and internal defects.
The elliptical model, with 35.2 % less cross-sectional area than the
nominal CAD, provides a computationally efficient alternative for
global stiffness prediction.

5. The numerical analyses revealed that including internal porosity
significantly increased localised stress and equivalent plastic strain,
reducing the average stress per section. At 1.25 % global strain, the
model in which only the surface irregularities are included showed
that 53.58 % of the material exceeds the yield stress. This percentage
drops to 45.75 % when simulating the surface irregularities and the
internal model.

6. From the numerical outcome, it was possible to identify the section
with the highest average stresses and PEEQ values. In those sections,
it was possible to observe that even a single irregular pore can induce
stress amplification, while smaller, more circular pores facilitated
stress redistribution. The section that showed the minimal porosity
also showed a reduced average stress, displayed high stiffness and
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severe surface notch effects, suggesting a potential initiation site of
brittle failure under lower stress.

7. The numerical analysis showed that the local elastic modulus is
higher in sections with reduced cross-sectional area. Internal
porosity tended to mitigate surface-induced stress peaks, smoothing
local stiffness variations.

Overall, internal porosity attenuates both the amplitude of elastic
modulus fluctuations and the severity of stress concentrations induced
by surface irregularities, acting at the microstructural level, as natural
strain/stress concentrators. While this behaviour is typically considered
detrimental, the results support a possible emerging concept of defect-
aware design, where even inherently defective features as porosity
might be strategically arranged to control deformation and promote
predictable, non-catastrophic failure. These findings demonstrate that
failure in thin-walled additive-manufactured lattice structures cannot be
predicted solely by minimum cross-section or porosity fraction. Instead,
a combined influence of cross-sectional reduction, pore morphology,
location, and surface roughness oversees the onset of plastic deforma-
tion and failure. High-fidelity models, including XCT-based re-
constructions of real defects, are essential to capture this interplay.
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