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Abstract

The production of complex geometries with geometrical tuned features is made possible by Additive manufacturing (AM)
processes. Powder Bed Fusion using Electron Beam (PBF-EB) is one of the AM techniques for metallic components, which
stands out for its ability to fabricate intricate structures with high-performance materials. One example is surface-based
architectures known as Triply Periodic Minimal Surfaces (TPMS), where structural walls are defined by a specific thick-
ness. The mechanical behaviour and deformation mechanisms of TPMS are governed by both the geometry and the wall
thickness of the structure. Conventional TPMS designs typically employ a uniform or one-dimensional thickness gradient,
which constrains their performance under varied loading conditions. This study explores a novel approach involving three-
dimensional thickness gradation, aiming to enhance structural integrity, improve load-bearing capacity, and enable functional
optimisation. The gyroid surface, a widely studied TPMS for applications ranging from lightweight aerospace components to
biomedical implants, is used as a reference geometry. Three types of initiator surface (diagonal plane, cross-shape, and sphere)
are employed to create spatial variations in wall thickness between predefined minimum and maximum values. Samples are
fabricated using the PBF-EB process, and the resulting structures are characterised via X-ray computed tomography to assess
morphometric parameters. These parameters are then correlated with mechanical properties and deformation mechanisms
and compared against gyroid TPMS with uniform thickness. The results reveal a significant influence of 3D thickness vari-
ation on performance, offering new insights for the design and additive manufacturing of next-generation TPMS structures
with tailored mechanical responses.

Keywords EBM - Digital image correlation - Tomography - Gyroid - 3D density grading

1 Introduction

The answer of nature when a stiff but light structure is
required is a cellular structure. Cellular structures were ini-
tially identified by Robert Hooke [1] when observing natu-
ral elements using a magnifying glass. In his observations,
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Hooke discovered that the microstructure of elements as
wood, bones or leaves is composed of porous hierarchi-
cal architectures in contrast to the common belief of fully
dense matter. The first engineering structures inspired by
Hooke’s discoveries were the stochastic metal foams [2]
with structural, functional, biomedical and chemical appli-
cations. These structures were characterised by a deforma-
tion behaviour that is different from that of the bulk (fully
dense) material and that can be controlled by the structure
geometry. A great contribution to the investigation of the
deformation and mechanical properties of these structures
was given by Gibson, Ashby and team [3-5]. The desire for
control of the mechanical properties and deformation behav-
iour pushed the research toward non-stochastic structures,
generally identified as lattice structures. Lattice structures
are topologically ordered structures obtained with the repeti-
tion of a unit cell in space [6]. The attention of the research
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toward these structures is constantly growing due to the
high strength to weight ratio, the capability to absorb a large
amount of energy, a good thermal exchange capability and
acoustic and vibration dumping. A summary of examples
of applications of these structures can be found in detailed
literature reviews [6-8].

Depending on the unit cell, lattice structures are generally
classified as strut-based or surface-based structures [9]. The
unit cell of the strut-based structures is composed of a series
of trusses connected at nodes with varying thickness, length
and orientation [10]. The unit cell of surface-based struc-
tures is composed of a set of points equidistant from a guid-
ing surface described by a periodic equation. The distance
of the points from the guiding surface is defined as the wall
thickness of the structure. The guiding surface is usually a
triply periodic minimal surface (TPMS), because it has a
zero mean curvature at each point, it is not self-intersecting
and repeats periodically in three independent spatial direc-
tions [11]. The characteristic of a near zero mean curvature
is of particular interest for biomedical applications, since it
mimics the bone structure [12, 13] and facilitates the bone
adhesion and growth [14]. In addition, TPMS structures are
more appealing than strut-based structures because they
have a large energy absorption capacity [15], there are no
sharp angles and possess superior fatigue resistance [16].

Because of such 3D geometrical complexity, the manu-
facturing of these structures is difficult and therefore today
is limited to additive manufacturing (AM) techniques [17].
Among those techniques, powder bed fusion with electron
beam (PBF-EB) is particularly suited to the production of
metallic complex structures for several reasons. The vacuum
in the chamber preserves material from oxidation and gas
contamination while the permanence in the hot environment
acts as a stress relief treatment, preventing distortions of
the structures [18]. The high temperature during the pro-
cess, obtained with a preheating step prior to melting, also
produces a partial sintering of the powder particles, which
results in being strong enough to support the construction
[19]. Sintered powder has a larger thermal conductivity
[20] than the loose powder, which helps to prevent thermal
imbalance and deformations or stress accumulation in the
molten cross section. Several studies in the literature inves-
tigated the production of TPMS structures using the PBF-EB
process [17, 18, 21-28]. Most of the studies available in the
literature investigated structures with a constant thickness
[18, 22-24, 27] ranging from 0.31 mm [24] to 1.01 mm
[22]. The minimum wall thickness is related to the machine
constraints and the process parameters adopted from produc-
tion. In the case of structures with a designed wall thickness
approaching the minimum electron beam diameter (approxi-
mately 400 pm [29]), the effective wall thickness tends to the
beam diameter, resulting in a smaller or larger wall thickness
than the designed wall thickness. As an example, Khrapov
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et al. [23] and Polley et al. [27] designed structures with a
nominal wall thickness varying from 0.1 mm to 0.4 mm.
However, such structures resulted in samples with an actual
wall thickness of approximately 0.35 mm, independently of
the designed one. Another process aspect to be considered is
the removal of the sintered or loose powder after production.
The capability to remove the powder is strictly related to the
pore dimension inside the structure, structure size and wavi-
ness of the channel [30]. These features pose a limitation on
the minimum unit cell size and the maximum structure size.
As an example, in the case of gyroid structures with a cubic
cell size of 3.14 mm and a cubic structure with a side of 15.7
mm, Khrapov et al. [23] showed the presence of partially
sintered powder trapped inside the structure after cleaning
with a sand blasting operation.

Behind the geometrical design and process constraints,
considering the common applications, lattice structures
are mostly tested under a compression load [8]. However,
the tests are performed by adapting the existing standard
because no standards are available for the compressive char-
acterisation of lattice structures produced with AM tech-
niques. Commonly, the most adopted standard [23, 24, 27,
31-33] in this field is the ISO 13314:2011 [34], which was
originally proposed for stochastic cellular materials. Under
compression, the mechanical behaviour of a lattice struc-
ture when loaded under a quasi-static compressive load is
typically characterised by an initial linear elastic region, fol-
lowed by a plateau regime with the progressive failure of
the struts or surfaces along the failure directions, generally
dictated by the geometry of the structure. Besides, the elas-
tic properties obtained from the linear section of the com-
pression curve, the compression test allows an evaluation of
the capability to absorb energy and the energy absorption
efficiency of the considered structure [35]. The mechanical
behaviour of lattice structures is influenced by several fac-
tors, such as the material, the relative density, the geometry
of the base cell and the eventual post treatments [8]. How-
ever, commonly, the relative density is the only parameter
used to describe the dependency of mechanical properties.
For surface-based structures, the wall thickness plays a cen-
tral role in the mechanical response. As mentioned above,
these structures are usually designed with a constant wall
thickness. However, examples are available in the literature
in which the thickness or the relative density of the structure
is varied along the structure [36]. Such a thickness varia-
tion is usually referred to as grading, and it is applied to the
TPMS structures smoothly without the introduction of sharp
thickness variations of the geometry [21]. When the grading
is driven by a functional requirement for the structure, these
structures are usually identified as functionally graded lat-
tices (FGL) or density graded lattices (DGL) [37]. However,
this term is often used improperly because, in most cases,
the structure is designed a priori without any load driven
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analyses and with the aim only to explore the effect of a
certain grading direction on the mechanical behaviour of the
structure. The works in this direction are growing because it
is a feasible manner to tune the mechanical properties of the
structure [21, 31, 35, 38—43]. However, these works consider
the thickness variation only along one preferential direction
[21, 31, 35, 39-43]: (a) aligned to the larger dimension of
the sample [21, 31, 35, 39-43]; (b) Radial from one edge of
the sample [43], (c) radially in planes coincident with the
cross section of the sample [31] or (d) radially in the three
dimensions from the centre of the sample [38]. Depending
on the considered gradation and geometry, the samples may
show a collapse along the load direction [35, 41], barrelling
deformation [31, 38, 42], lateral expansion of the structure
at the load application points [39, 42, 43], and shear rup-
ture diagonal with respect to the load direction [31, 38].
The graded structures, with a smaller relative density with
respect to the non-graded structures, show a reduced value
of stiffness and mechanical properties [42]. The next level
of complexity is grading the thickness of the structure in
multiple directions in the 3D space.

This paper covers this literature gap, advancing the char-
acterisation of such structures with multiple grading pat-
terns. Focusing on the gyroid structure, this work explores
different ordered grading patterns, each oriented along mul-
tiple directions, resulting in a fully three-dimensional gra-
dation. Samples were produced using the PBF-EB process,
characterised by computed tomography (CT) scanning, and
tested under compression. This combined analysis serves,
first, to preliminarily assess the impact of the manufactur-
ing process on the final structure, and second, to correlate
the mechanical properties with the actual morphological
features. In addition, digital image correlation (DIC) is
employed to investigate how the grading pattern influences
the deformation modes of the structure.

2 Methodology
2.1 Design of the structure

This work focused on the gyroid TPMS structure. The
design process started from the definition of a unitary cell.
The gyroid surface is described by elliptical integrals that
parametrise the structures in the three spatial directions [44].
In this work, however, a simplified form was considered
and the gyroid was designed based on the level-set approxi-
mation [45-47], which considers the leading terms of the
Fourier series describing a nodal surface as proposed by
Klinowski et al. [48]. Considering the X, y and z directions,
Eq. 1 reports the level-set approximation equation adopted
in this work to describe the gyroid:

O(x, y, z) = sin 2—nx cos 2_11:y
L, Ly
+ sin 2_71', cos EZ
Lyy L,
+ Sin<2—nz>cos<2—nx> = t(X,Y,2)
LA M

where t(x,y,z) is a level-set constant or thickness parameter
which controls the offset from the minimal surface. This is a
function of the three spatial directions. The value of t deter-
mines the volume of the structure as the material enclosed
between two surfaces obtained by choosing +t, which are
the offsets of the base surface. Changing the value of t in
the space of the structures produces the thickness gradation
[49]. Ly, Ly and L, are the dimensions of the unitary cell in
the x, y and z directions, respectively.

The structures were designed using the software nTop
(nTopology, New York, United States). This software
allowed a fast and straightforward parametric design of the
structures. Figure 1 a) shows the unitary cell selected in
this work. This has a dimension of 10x 10 X 10 mm. Fig-
ure 1 a) also shows the longitudinal and traverse surfaces
(highlighted in orange and light blue, respectively) that are
the cross-section of the structure at the unitary cell bound-
ary. The unitary cell was repeated in an ordered manner
within a volume of dimensions equal to 20 X 20 X 30 mm.
Therefore, two cells are present along the x direction, two
cells along the y direction and three cells along the z direc-
tion, for a total of 12 cells (Fig. 1b)). The z-axis is aligned
to the build direction.

As discussed in the introduction section, the size of the
unitary cell and the overall size of the structure were cho-
sen to ensure the possibility of removing all the sintered
powder from the structure and to ensure the feasibility of
the structure. The minimum wall thickness was chosen
to be large enough to be far from the minimum electron
beam diameter [50] and subsequently to limit the effect of
the beam diameter on the wall thickness. The structures
with constant wall thickness were designed with a uniform
value of either 0.7 mm (referred to as “minimum thick-
ness” or t_. ) or 1.4 mm (referred to as “maximum thick-
ness” or t,.). These served as reference cases for compar-
ing the subsequent 3D variations in thickness between the
selected minimum and maximum values (Fig. 2). Each
graded structure is generated by first defining the posi-
tion of the so-called initiator surface, which is a 2D or 3D
surface intersecting the cuboidal volume of the sample.
The location of this surface determines the cross-section
where the thickness is initially assigned, and from which
the thickness grading begins. Therefore, at the intersection
between the initiator surface and the sample volume, the
thickness is set to either t_; or t, ... From this surface,

‘min

min max
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Fig. 1 a Gyroid unitary cell, a) 21 b) ZT
Longitudinal

with highlighted in orange the
surface longitudinal to the build
and load direction and in light
blue the surface traverse to the
build or load direction. b Rep-
etition of the cell in the space

Traverse

5 mm
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1.33
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Initiator . g
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Fig.2 Grading pattern in the space of the structures. For GV, GX and centre of gravity of the cuboid, as visible in the 3D isometric view
GD structures, the initiator surface is a plane positioned orthogonal to with cross-sectional cuts and the wall thickness map is shown. The
the figure plane and highlighted with a red line. For the GC structure, thickness of the initiator surface is out of scale. BD is the build direc-
the initiator surface is the external surface of a sphere centred at the tion
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the thickness is linearly graded—either normally or radi-
ally—until it reaches the opposite extreme value (t,,, or
tmin)- Therefore, for each initiator surface, two structures
are designed. The 2D initiator surface is defined as either
a horizontal or a diagonal plane, while the 3D initiator
surface can be either a spherical surface centred within the
sample or a cross-shaped surface formed by the intersec-
tion of two diagonal planes. Each configuration is labelled
with the prefix G, followed by a letter indicating the type
of initiator surface, and a number representing the thick-
ness assigned along the initiator surface. Additionally, the
use of the number allows for immediate distinction of the
structures into two groups: group G1 collects all the struc-
tures with a thickness of the initiator surface of 0.7 mm.
Group G2 includes all the structures with a thickness of
the initiator surface of 1.4 mm.

Figure 2 shows the thickness-graded samples considered
in this work. These are the following:

— Uniform thickness, UT refers to the structures with a
constant wall thickness. Two structures were considered
GUT1 and GUT?2. For these structures, the nominal rela-
tive density varied between 19.6 and 39.2%, respectively.

— Vertical, V indicates the structures in which the ini-
tiator surface is the middle plane perpendicular to the
build direction. Therefore, the wall thickness was varied
linearly and perpendicularly to the middle horizontal
plane in both directions. This gradation is the same in
the thickness of the structure (orthogonally to the side
view shown in Fig. 2). Two variants of the structure were
considered: GV1 and GV2. For GV, the initiator surface
had a thickness of 0.7 mm, and the structure had a rela-
tive density of 29.0%. GV2 is designed with an initiator
surface of 1.4 mm, and the structure has a relative density
of 29.7%.

— Diagonal, D indicates the structures in which the initia-
tor surface lies on the diagonal plane of the parallelepi-
ped with the normal tilted 45 degrees counterclockwise
from the build direction. This gradation pattern does not
change in the planes parallel to the side view shown in
Fig. 2. Therefore, the wall thickness was varied linearly
and perpendicularly to the diagonal plane in both direc-

tions. The considered structures were GD1 and GD2.
GD1 has a diagonal initiator surface with a thickness of
0.7 mm, and the structure has a relative density of 30.3%.
GD2 is designed with a diagonal initiator surface with a
thickness of 1.4 mm and a relative density of 28.4%.

— Cross, X indicates the structures for which the initiator
surface is a cross-shaped surface formed by the inter-
section of the two diagonal planes tilted from the build
direction 45 degrees clockwise and counterclockwise,
respectively. The wall thickness is therefore varied per-
pendicularly to the initiator surface. This gradation is the
same in all the planes parallel to the side views shown in
Fig. 2. The structures considered were: GX1 and GX2.
GX1 has two intersecting surfaces of 0.7 mm and a rela-
tive density of 24.6%. GX2 has two intersecting surfaces
of 1.4 mm and a relative density of 32.9%.

— Core, C indicates the structures in which the initiator
surface is spherical with a diameter equal to 17 mm and
positioned at the centre of gravity of the parallelepiped
structures. For this structure, the wall thickness is varied
linearly toward the centre of the sphere, while, toward the
outside of the structure, the thickness is assumed con-
stant and equal to the thickness assigned at the initiator
surface. Figure 2 shows a 3D view of this structure, with
a section showing the core of the structure. In addition, a
wall thickness map is displayed to clarify the wall thick-
ness gradation pattern. Two structures were considered:
GC1 and GC2. GC1 has a thickness from the initiator
surface toward the outside of 0.7 mm, resulting in a rela-
tive density of 37.4%. GC2 is characterised by an initial
core wall thickness of 1.4 mm from the initiator surface
toward the outside and a relative density of 21.5%.

2.2 Production

The samples designed in the nTop environment were
exported as Parasolid models and converted in STL. The
build preparation was conducted using Magics (Material-
ise, Leuven, Belgium). The samples were produced using
the PBF-EB machine Arcam A2X (Colibrium additive a
GE aerospace company, Mdlnlycke, Sweden). The mate-
rial adopted was the Ti6Al4V. Table 1 reports the process

Table 1 Process parameters adopted for contour with multibeam strategy and hatch

Melting strategy  Scan speed [mm/s]  Focus offset [mA]

Beam current [mA]

Number of spots Number of contours Hatch contours

[mm]
Multibeam 850 6 5 70 3 0.29
Melting strategy ~ Speed function Focus offset [mA] Beam current max Reference length ~ Reference current Line offset [mm]
[mm/s] [mA] [mm)] [mA]
Hatch 45 25 20 45 12 0.2
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parameters adopted for the production. The cross section
was melted in two steps: the contour with Multibeam™ and
hatch. For the sake of statistics, three replicas were produced
for each geometry, with a total of 30 samples produced in
one build. The samples were produced directly attached to
the start plate. As reported in Sect. 2.1, samples were pro-
duced with the build direction aligned to the z-axis shown
in Fig. 1. Samples were rotated by 45° around the z-axis and
evenly distributed on the start plate with a minimum distance
among the samples of 8 mm to avoid heat interaction. To
avoid systematic effects, the position of the samples on the
start plate was randomised.

After the production, the samples were cleaned with a
sandblasting process using the Arcam powder recovery sys-
tem (PRS) and the same powder used in the process.

2.3 Morphological characterisation

One sample for each geometry was inspected using a com-
puted tomography scanning (CT-scan) system, GE phoenix
VI tomelx s (GE inspection technologies, Wunstorf, Ger-
many). CT-scans were performed with a voltage of 140 kV
and a current of 170 pA. The adopted voxel size, which
defines the resolution of the tomography, was approximately
35 pm. This voxel size allowed for capturing the complete
sample. 1001 tomograms were acquired for each sample.
The tomograms were elaborated using the software VGS-
tudio Max 3.4 (Volume Graphics GmbH, Heidelberg, Ger-
many). This software was adopted to perform the following
analyses:

— Surface determination of the structure. This is a prelimi-
nary step required to distinguish the solid material from
the background clearly. Once the surface of the structure
is defined, it is possible to calculate the volume of the
structure by counting the number of voxels identified as
solid material.

— Extended Porosity/Inclusion analysis. This analysis
allowed the evaluation of the presence of porosities in the
bulk regions of the samples. The output of this analysis is
the volume of the internal enclosed porosities expressed
in mm?.

— The Wall Thickness Analysis. This analysis uses the
sphere method to evaluate the thickness distribution of
the structure. The output of this analysis is a histogram
of the wall thickness occurrences. The wall thickness
analysis was also performed for the nominal geometry,
and this allowed a comparison between the produced
geometry and the nominal geometry. The comparison
was made by comparing the highest peaks in the wall
thickness distributions for the produced and the nominal
structure.
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— The Nominal/Actual Comparison. This analysis allowed
the evaluation of the dimensional accuracy of the structure
as reconstructed from tomography in comparison with the
nominal STL file. The alignment between the produced
geometry and the nominal was performed using the algo-
rithm of best-fit registration. The outcome of this analysis
is a distribution of the frequency of the relative dimen-
sional deviations identified in the samples available, also
in the cumulative form.

2.4 Mechanical characterisation

Quasi-static uniaxial compression tests were performed to
characterise the mechanical properties and the deformation
behaviour under compression loads using a universal testing
machine Easydur Aura 10T (Easydur Srl, Arcisate, Italy), with
a 100 kN load cell. As mentioned in Sect. 1, no standards
are available for the testing of micro-architectured geometries
produced with additive manufacturing techniques. There-
fore, in this case, tests were performed according to the ISO
13314:2011 [34] using a displacement rate of the crosshead
of 2 mm/min. Stress values were calculated as the ratio of the
measured applied load divided by the envelope cross-section
area of the lattice structures. The failure strain was set at 50%
of the specimen height. Results for the quasi-elastic gradi-
ent (E) [35], first maximum compressive strength (FMCS),
compressive offset stress (o), plateau stress (c,,) and energy
absorption at 50% strain (W) were calculated following ISO
13314:2011 standard [34]. The Op Was evaluated considering
the strain that goes from 20 to 40%. The ductility characteris-
tics of the structures were evaluated from the magnitude of the
energy absorption (W,) and the energy absorption efficiency
(m). W, was calculated using Eq. (2) and is given as the area
subtended to the stress—strain curve within the maximum strain
of the structure (g;) [51]. For the current work, the consid-
ered maximum deformation was £;=50%. In this case, W,
can be identified as Ws;,. Equation (3) shows the computation
of energy absorption efficiency n(e). This is defined as the
absorbed energy under any strain divided by the correspond-
ing stress o(e) [52]. For the current work, n(e) was evaluated
considering ,=50%

W, = f/a(e)de 2)
0
— 1 Et d
ne) = @ { o(e)de 3)

Besides the values suggested by the ISO 13314:2011, the
Specific energy absorption (SEA) was evaluated from the
data obtained from the compression test. This was calculated
by normalising the absorbed energy up to 50% strain (Ws)
with the product of the relative density of the structure and
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the bulk density of the base material. The SEA is calculated
according to Eq. 4:

WSO

SEA = ————
Prel X Pbulk

“

where W5 is the energy absorbed per unit volume up to
50% strain, p, is the relative density of the graded structure,
and py,y is the bulk density of Ti6AI4V (4.43 g/cm?® [53]).
This formulation allows for a direct comparison of energy
absorption efficiency across structures with varying material
distributions. The compression test was conducted for each
sample, with a total of 30 compression tests.

2.5 Digital image correlation analysis

Digital image correlation (DIC) enables a qualitative and
quantitative analysis of the behaviour of the material under
mechanical load. In this work, the 2D-DIC method was
employed during the compression test to investigate the
deformation patterns and failure mechanisms of one sample
for each of the considered structures, analysing the strain
field distributions at a part-scale level. Following a method-
ology proposed in literature [54, 55], no speckle pattern was
applied, as the surface roughness inherent to the EB-PBF
process and the light reflection were utilised as a natural
speckle pattern for tracking deformations. The Ncorr toolbox
[56] for MATLAB was utilised to perform the DIC analy-
sis. This enables the determination of the displacement and
strain fields within a region of interest (ROI) of the sample
through image processing techniques. The images captured

during the deformation are processed to establish a one-to-
one correspondence between material points in the initial
undeformed state and subsequent deformed stages. To obtain
the highest reliability of the results, it is important to con-
sider a few potential sources of error and minor limitations
when conducting DIC with this method. Firstly, the 2D DIC
analysis on lattice specimens may introduce some errors in
out-of-plane regions, especially during deformation. Addi-
tionally, variations in light reflection during deformation
may slightly alter the speckle pattern, which could intro-
duce measurement errors. This is particularly relevant for
surfaces with high roughness, where changes in reflection
during the deformation can impact the contrast and visibility
of the speckle pattern. To address these issues, the region of
interest (ROI) has been defined prior to DIC analysis on the
final deformed image using a backwards analysis approach.
This approach ensured that regions subjected to folding or
shadowing during deformation were excluded from the ROI,
preventing the camera from losing sight of portions of the
speckle pattern. The local tensile/compressive strains calcu-
lated in the loading direction, referred to as Eulerian strain
(e), are selected for visualising and comparing the different
deformation modes of the structures. As shown in Fig. 3,
the DIC reference images of the samples were analysed
by a Matlab user script to assess the quality of the speckle
pattern, computing the mean equivalent speckle diameters,
the average minimum distances between the speckles, and
the area coverage, defined as the percentage ratio between
the area of the speckle pattern and the total area considered
(speckle + background). The cumulative percentage plot of
the speckle equivalent diameter is reported in Fig. 3 with a

100 F
9

70 F

50 F

Cumulative percentage (%)

30

0 1 2 3 4 5 6 7 8
Equivalent radius of speckles (pixels)

Fig.3 Speckle pattern characterisation

@ Springer



Progress in Additive Manufacturing

magnification of the analysed speckle pattern. It resulted in
mean equivalent speckle diameters of 3.09 +2.13 pixels and
average minimum distances between speckles of 6.17 +2.64
pixels. According to the guidelines provided by the Interna-
tional Digital Image Correlation Society (iDICs) [57], these
results indicate a good quality speckle pattern, as the speckle
sizes fall within the 3-5 pixel optimal range for accurate DIC
measurements [57, 58]. Having achieved a resultant area
coverage of 20%, a subset radius of 12 pixels was utilised for
the DIC analysis, providing the best correlation coefficients
and a good compromise in strain resolutions. Larger subsets
typically result in lower displacement noise, but often at the
cost of increased spatial smoothing. The choice of 12 pixels
for the subset radius ensured robust and accurate measure-
ments, enabling the correct identification of regions with the
highest deformations. It is also worth noting that, since these
are part-scale DIC analyses, the focus was not on achieving
the highest accuracy in strain measurement but instead on
capturing the deformation patterns of the structures.

To compare the different structures, the strain plots cal-
culated from the DIC analyses are discussed in the results
section, considering three significant stages of deformation
for each specimen type. Specifically, the first stage is chosen
in the linear region of the compression load response, cor-
responding to a global strain of 0.02 (g ,), to observe how
small compression loads are distributed within the structure.
The other two stages correspond to the occurrence of the
compressive offset stress (g,.) and the first maximum com-
pressive strength (epycg), to analyse the behaviour of the
structures when subjected to distributed plasticity and sub-
sequently to structural instabilities originating at the FMCS.

3 Results
3.1 Morphological characterisation

Figure 4 shows the results for relative density, volume
deviation and internal enclosed porosity, arranged accord-
ing to actual relative densities. Overall, the material of the
structure resulted in being homogeneous with a limited
number of enclosed porosities characterised by a small
volume. As an example, Fig. 5 shows the result for the
GC2 structure. The porosity size is represented in a col-
oured map, in which the warm colours refer to pore size
with higher volume. The pores were overall extremely
small, and the density of the solid material was always
above 99.99% (Fig. 4, porosity below 0.0025%). For this
level of density, the solid fraction of the structures can
be considered as fully dense [59]. The results of porosity
analysis show that the enclosed porosities decreased as the
relative density of the structure increased. The lowest level
of porosity, 0.0005% was found for the sample GUT?2, the
structure with the highest relative density. On the other
hand, the samples with the lowest relative density, such
as the GUTI or the GC2, were characterised by a higher
level of porosity, which for the GC2 sample was equal to
0.0023%.

As concerns the geometrical characteristics, the fabri-
cated samples were found to be smaller than the nominal
geometry. This result can be explained by the fact that no
geometrical correction has been applied to the nominal
geometry to compensate for the volume shrinkage during
the cooling phase. The evaluation of such shrinkage on thin
walls, including also the variation of thicknesses in the struc-
ture, is a challenge and varies among the structures and in
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Fig. 5 Example of tomograms for the structure GC2 and classification of the identified porosities according to the volume

the different thicknesses. In fact, the volume of the produced
structures, compared to the nominal volume, exhibits an
increasing percentage deviation as the average relative den-
sity and corresponding thicknesses increase, ranging from
approximately —5% of the GC2 to —15% of the GUT2. As
for the volume, the same trend is observed in the relative
densities of the produced structures, consistently displaying
lower values compared to the nominal ones, with increas-
ing percentage differences ranging from —7.4% for GC2 to
—14.4% for GX2, as shown in Fig. 4.

The results regarding the volume and the relative density
of the fabricated sample can also be discussed considering
the actual wall thickness of the structures. Figure 6 illus-
trates the comparisons between the wall thickness distribu-
tions calculated for the reference STL and those calculated
from CT-scan reconstructions. The peaks in Fig. 6 corre-
spond to the most frequent thickness in the structure, thus
providing a reliable basis for a global comparison between
the nominal and actual geometries. As can be observed, for
all the structures, the wall thickness is always slightly shifted
to the left of the wall thickness distribution obtained for
the nominal geometry. This means that the characteristic
thickness of the structures is always globally smaller than
the designed one. Compared to the STL distributions (black
line in Fig. 6), the produced structures exhibited a broader
variation in thickness (larger variance and lower mean), with
long tails in the measured distributions showing areas of the
structures which are larger than the designed ones (positively
skewed). These tails are indicative of localised increases in
wall thickness, primarily due, as mentioned above, to the

surface roughness of the samples, characterised by the pres-
ence of powder particles partially sintered on the surface
of the structure and not removed during the sandblasting
process with PRS. This phenomenon is well documented in
the literature. In areas of the samples that present downskin
surfaces built on unmelted material, the heat dissipation is
less efficient, favouring the sintering and partial melting of
powder particles on the surface [60].

In the case of the reference structures with a uniform
thickness, the actual thickness of the structure exhibited
a peak close, but smaller than, the designed thickness
(0.7 mm for the GUT1 and 1.4 mm for the GUT2). The
graded structures present a distribution of less promi-
nent peaks, associated with the intermediate thicknesses
between the minimum and maximum values. The differ-
ences in thickness between the fabricated and the STL
design are also confirmed by the Nominal/Actual com-
parison, as shown in Fig. 7. The relative deviations and
the cumulative deviations distributions obtained from the
nominal/actual for all the samples comparison overlaps,
with the graded samples that are included between the
uniform thickness samples GUT1 and GUT2. GUT1 dis-
played a peak value at —0.153 mm, positioned on the right
of the distribution, while the denser GUT2 had a peak
at — 0.557 mm, placed on the left of the distribution. This
result can be interpreted as a systematic error or a signa-
ture of the process. The difference between the nominal
and the actual wall thickness distribution was found to
grow according to the relative density of the structure.
For example, GUT1, which is the structure with the lowest
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Fig.6 Wall thickness analy-
sis results of the comparison
between the distributions of the
nominal STL geometries and
the distributions obtained from
CT-scans
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Fig.7 Relative deviations and cumulative deviations obtained from the nominal/Actual comparison analysis for the gyroid structures considered

in this work

relative density, exhibits a distribution of the actual wall
thicknesses with a peak that is approximately 8% lower
than the nominal distribution, which is consistent with
the observed volumetric deviation (Fig. 4). GUT2, the
structure with the highest relative density, resulted in a
deviation between the nominal and the actual thickness of
approximately 14%. The core (GC) and cross (GX) gra-
dations showed a similar behaviour to that observed in
the structures with uniform thickness. At higher densities,
such as GX2 and GC1, higher discrepancies are observed
in the deviation between the actual and nominal compared
to those found in specimens with lower thicknesses, like
GC2 and GX1.

Considering the relative density and the actual morphol-
ogy of the structure, it is possible to classify the produced
structures into two groups. The structures with lower relative
densities, such as GC2 and GX1, show a distribution located
around the peak deviation of GUT1. In contrast, the struc-
tures with higher relative density, such as GX2 and GCl,
displayed a peak of distribution comparable to GUT2. In
general, negative deviations are more pronounced at higher
densities, thus at higher thicknesses. Consequently, even the
cumulative deviations (Fig. 7) are near one another, with

GUT1 and GUT?2 situated at the right and left extremes,
respectively. Intermediate values are assumed by the graded
structures. The cumulative deviation of all the samples pro-
duced, considered in an aggregate form, is characterised by
aD10=-0.336+0.047 mm, D50=-0.065+0.022 mm, and
D90=0.230+0.077 mm. The value of the D50 obtained
confirms the slight shift to the left obtained for the wall
thickness analysis shown in Fig. 6 and discussed above,
which could be relative to a shrinkage of the surface as a
function of the relative density of the structure.

As a final consideration, Fig. 8 shows as an example the
results of the wall thickness analysis for the fabricated GX2
(Fig. 8a)), the nominal/actual 3D comparison (Fig. 8b)) and
an overlap in a central section between an actual cross sec-
tion of the sample and the corresponding nominal section
(Fig. 8c)). As can be observed, the highest thickness can be
detected along the initiation surface (around 1.4 mm, red in
the colour map in Fig. 8a), which rapidly decreases to the
minimum thickness (green in the colour map in Fig. 8a).
The dimensional deviation from the nominal one is small
(Fig. 8b)), except at the base of the sample. In that area,
the deviation is larger because the sample was built directly
attached to the stainless-steel start plate. This placement
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Fig.8 GX2 a Wall thickness and b Nominal/Actual comparison analysis colour maps. ¢ STL and actual CT-scan reconstruction superposition

may have a thermal effect on the initial construction of the
sample and subsequent cooling and shrinkage [61, 62]. The
influence of the start plate may result in thermal-induced
deformation, such as in the case of the positive deviation of
the geometry or in the slight warping of the deposited layer
in the area of the sample perpendicular to the build direction
that leads to the negative deviation of the geometry [63]. The
measured height of the specimen resulted, therefore, consist-
ently smaller than the nominal 30 mm (Fig. 8c)), ranging
from 28.06 mm of sample GUT2 to 28.76 mm of sample
GX2, indicating geometric deformations that occurred along
the build axis, as noticeable in the superposition of the STL/
Actual geometries shown in Fig. 8c). Also in this case, this
deviation may be related to thermal inhomogeneities of the
process due to non-uniform temperature distribution along
the build direction close to the start plate [64].

3.2 Deformation mechanisms and mechanical
properties

Figure 9 shows the stress—strain curves obtained as an
average of the data from the compression test conducted
on the three replicas of each geometry. Table 2, instead,
reports the average values and the relative standard devia-
tion for mechanical indexes calculated following the ISO
13314:2011 standard on the three replicas.

In agreement with the literature [65, 66] and based
on the relative densities of the structures, the curves of
the graded structures lie between the curves of the refer-
ence uniform thickness structures (GU), with GUT1 and
GUT?2 as lower and upper limits, respectively. For these
two structures, Fig. 10 shows the corresponding Eule-
rian strain fields calculated along the compression axis
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obtained from DIC analyses. Negative values indicate
compressive strains, while positive values indicate ten-
sile strains. In the colour map in Fig. 10, the compressive
strains are represented in blue, while tensile strains, typi-
cally of lower magnitude, are shown in red. The presence
of tensile strains in the loading (compressive) direction
arises from the local bending and flexural deformation of
the wall surfaces in the TPMS geometries. This phenom-
enon is a result of the complex stress redistribution that
occurs during compression, particularly in regions where
the geometry promotes localised curvature or instability.
Compared to GUT2, GUT]1 displayed a less uniform dis-
tribution of strain across the analysed area. GUT1 is char-
acterised by more concentrated local strains, both tensile
and compressive, especially in the walls aligned with the
load direction (longitudinal surface highlighted in Fig. 1),
as highlighted by the dashed boxes in Fig. 10. This behav-
iour is consistent with the findings in the literature [18,
22, 30, 32, 67, 68]. The surfaces with higher curvature
near the channels are subjected to tensile deformations
(traverse surfaces in Fig. 1, dashed boxes in Fig. 10), while
the parts of the surface aligned with the load direction
are under compression. The pronounced strain concentra-
tion observed along the vertical ligament at €., which
exhibits a snake-like geometry as highlighted in Fig. 10,
is characterized by steep localized gradients that leads to
structural instabilities within the regions delineated by the
dashed boxes in Fig. 10, causing the structure to collapse
and propagate along diagonal shear bands (red lines in
Fig. 12), as previously noted in the literature [22, 27, 32,
68, 69]. In GUT?2, a more uniform strain distribution is
observed, with lower locally tensile strain values. In prox-
imity to global strains of 0.13 corresponding to the onset
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Table2 ISO 13314:2011 calculated mechanical performance indexes reported as the mean M values and the relative standard deviation SD

Sample Quasi elastic gradient [MPa] Compressive First maximum  Plateau stress Absorbed Specific Energy

offset stress (6,) compres- (Gpl) [MPa] energy (Ws))  absorption SEA

[MPa] sive strength [J/mm?’] [J/kg]

(FMCS) [MPa]
M SD M SD M SD M SD M SD M SD

GUT1 1373.2 99.1 49.2 33 61.9 0.8 435 1.5 21.9 0.5 2.8E7 5.2E5
GUT2 3178.4 87.1 125.0 29 169.1 22 135.3 10.7 67.8 2.4 4.5E7 8.0E5
GC2 1605.8 18.1 53.0 0.6 61.6 1.8 46.9 1.2 23.5 0.3 2.7E7 2.9E5
GD2 1809.4 35.0 62.6 1.2 75.1 1.2 68.5 6.6 343 1.2 3.0E7 7.9E5
GV2 2338.7 102.8 69.5 34 83.8 0.3 91.3 2.3 45.8 1.3 4.0E7 6.4E5
GX2 2560.7 89.0 105.0 3.0 116.7 2.8 105.1 1.8 52.8 1.0 4.2E7 4.3E5
GC1 2843.6 87.3 112.1 29 143.8 0.7 117.0 7.8 58.6 0.7 4.1E7 2.7E5
GD1 2049.8 21.0 68.8 0.7 75.1 0.7 76.0 11.7 38.0 1.3 3.3E7 7.7E5
GV1 1821.2 63.1 67.3 2.1 83.8 1.2 73.0 4.6 36.6 0.9 3.2E7 5.6E5
GX1 1901.4 50.0 59.7 1.7 78.2 0.9 62.2 2.6 31.2 0.6 3.2E7 4.3E5

of the structure FMCS (169 MPa), the highest compressive
strains are distributed over a larger surface area compared
to GUT]1, particularly in the vertical support walls, with

fewer concentrated tensile strains in the channel curva-
tures, indicating greater deformation capacity. Indeed, the
onset of the first instability peak occurs at global strains
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Fig. 10 Eulerian longitudinal strain obtained from DIC analysis of
GUT1 and GUT?2 specimens. In blue, the compressive strains, while
in red, the traction strains. The snake-like geometry highlighted in

twice those of GUT1 (0.07). After the onset of FMCS
in GUT?2, a greater peak drop is observed, followed by
a steepening of the stress—strain response in the plateau
region. In contrast, GUT1 exhibited a plateau region at
almost constant load (43.5 MPa). The different behaviour
outlined is due to the doubling of the wall thickness and
is consistent with the results obtained in literature [8, 65].

Figures 11 and 12 show the Eulerian longitudinal strain
and the deformation behaviour with the failure mode of the
graded structures considered in this work, respectively. Like
in Fig. 10, in Fig. 11, compressive strains are considered as
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GUT]1 g, represents the localised steep gradients that occur across
the channel regions where the failure starts. The dashed box locates
the area where the failure starts

negative (blue in the figure) while the tensile strains are posi-
tive (red in the figure). The strain fields obtained from DIC
analyses demonstrate that all the structures exhibit similar
instability behaviours to those observed in the uniform ref-
erence structures. For all the samples, most of the structure
is characterised by a compressive strain of modest entity
(orange in Fig. 11). However, the images show the presence
of zones of tensile strain (red in Fig. 11). The structural col-
lapse, which initiates at the FMCS, consistently occurs in
the regions that are aligned along the compression direction.
The initiation zones are localised in specific areas depending
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Fig. 11 Eulerian longitudinal strain obtained from DIC analysis. In
blue compressive strains, while in red traction strains. The snake-like
geometry highlighted in GC1 g, represents the localised steep gra-

on the gradation patterns and are highlighted in the dashed
regions in Fig. 11. These varying thicknesses within the
geometry, based on the type of initiator surfaces, perturb
the propagation mechanism along the diagonal shear bands
through density variations. As a result, the failure modes
that arise are contingent upon the gradation pattern that is
implemented. Overall, for the mechanical performances,
higher values are obtained at incremental values of average
relative density, with average relative densities ranging from
approximately 20% (GUT1) to 35% (GUT?2) as discussed in
the morphological characterisation section (Sect. 3.1). The
C and X type gradations were respectively the most rigid

dients that occur across the channel regions where the failure starts.
The dashed boxes at the FMCS highlight the localised strain concen-
tration zones, which correlate with the subsequent failure sites

and least rigid in the G1 group, and vice versa for the G2
type group.

The behaviour of the different structures is discussed here
for each geometry in detail:

— Core (GC). The mechanical response of core structures
(GC) is comparable to that of the uniform thickness,
with GC2 comparable to GUT1 and GC1 comparable
to GUT2. However, from the DIC analysis (Fig. 11),
the GC2 specimen displayed overall lower compressive
strains than GUT1, starting from global strains corre-
sponding to €. Specifically, GC2 shows better distrib-
uted local strains, with fewer tensile strain concentra-
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Fig. 12 Deformation behaviour
and failure modes. The dashed
lines represent the localised ini-
tial failure sites occurring in the
regions near the channels. The
dashed box represents instead
the regions subjected to global 5
failure, while the red lines

highlight the observed diagonal

shear bands

GUT2

GD1

GV1

GX1

tions in the regions near the channels (Fig. 11). This
improved strain distribution resulted in a 17% increase
in stiffness (i.e. quasi elastic gradient) compared to the
uniform GUT1 structure despite having an almost identi-
cal FMCS. At the onset of the instability peak, the thicker
core characteristic of GC2 structure provides structural
rigidity in the central region of the specimen, confining
the higher strains to the upper and lower regions charac-
terised by a lower density (dashed box in Fig. 11). This
behaviour results in instability loads similar to GUT1
because the failure occurs in the areas with a reduced
thickness. The structure collapse begins with the failure
of the lower right foot, as shown in Fig. 12, where the
concentration of tensile strains reaches the material limit
at the surface with higher curvature of the corresponding
channel. The structure then fails in the lower region, with
a redistribution of the load to the other cells and subse-
quently failing in the upper region with the same dynam-
ics, leading to the onset of a second load peak. The fail-
ure continues with the compaction of the specimen along
the loading direction, regaining load-bearing capacity
due to the compression of the higher-density core. This
is also visible in the stress—strain curve (Fig. 9), with a
peak at higher values due to the higher density of the
region. The failure is progressive, with the upper and
lower regions failing sequentially, followed by the crush-
ing of the reinforcing core, leading to a stable plateau at
46.9 MPa. On the other hand, the strain field of speci-
men GC1 reveals that at a global strain corresponding to
€, the highest deformations are concentrated along the
outer snake-like geometries located at the sides of the
specimen, as highlighted in Fig. 11. This contrasts with
specimen GUT1, where the strain is primarily localised
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around the central snake-like structure (Fig. 10). This
difference is particularly noticeable in the strain fields at
global strains corresponding to g, and &,.. This phe-
nomenon is likely due to the concentrations of the strains
occurring in the less dense core caused by the applied
gradation pattern, which, upon yielding, redistributes
the load-bearing capacity to the sides of the specimen,
which are thicker. Approaching the FMCS, GC1 shows
a concentration of high local compressive strain areas in
the central region of the specimen (dashed box Fig. 11),
differently from GUT2 characterised by a uniform strain
distribution. This behaviour is probably due to the thin-
ner core of the structure, which loses bearing capacity.
The structure fails in the central section (Fig. 12) at a
global strain 5% lower than the strain corresponding to
the FMCS of GUT2. Compared to the uniform density
specimen, GC1 shows a smaller peak drop, and from
strain higher than 20%, it behaves like GUT?2, exhibiting
a steepening of the sigma-epsilon response typical for
thicker gyroid structures [8, 65]. Ultimately, differently
from the findings reported by Ref. [38], the Core (GC)
structure did not demonstrate substantial improvement in
mechanical performances, but it exhibited distinct failure
mechanisms compared to the uniform specimens, with-
out developing typical diagonal shear bands. However,
a comparison with the uniform reference structures is
missing in Ref. [38].

Diagonal (GD). The GD1 and GD2 structures show
almost overlapping mechanical responses that slightly
differ from GUT1, as shown in Fig. 9, with quasi elastic-
gradient of 2050 MPa and 1810 MPa, respectively and
equal values of FMCS (75 MPa). The analysis of the
strain field for the GD1 shows that at the global strain
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corresponding to g,., a strain concentration occurs on
the less dense diagonal where the gradation pattern is
applied. The other thicker regions of the specimen dis-
played more homogeneous and lower strain values. The
concentration deformations in the region of the thin-
ner diagonal overlap with the typical failure mode of
the gyroid structure, where collapse originates due to
the development of diagonal shear bands (red line in
Fig. 12). The thinner diagonal thus promotes this type
of structural failure, resulting in a predictable and pref-
erential failure site highlighted in Fig. 11. The speci-
men separates into two halves (Fig. 12) that compress
and compact against each other, recovering structural
capacity and causing the steepening of the stress—strain
response as shown in Fig. 9. GD2, instead, had an unsta-
ble behaviour under the compression load, tilting coun-
terclockwise (Fig. 12). This rotation is caused by the sub-
sequent failure of the triangular region with lower density
highlighted in Fig. 12. This rotation may originate from
the low number of cells with high thickness (along the
initiator surface) present in the considered structures. A
larger number of cells along the initiator surface may
mitigate the rotation of the structure and compensate for
it. The effect of the strain distribution and the rotation of
the sample is also visible in the strain field represented
in Fig. 11. The thinner areas of the samples experience a
strain concentration, while the thicker diagonal remains
almost unloaded. From the stress—strain curve for the
sample GD2 reported in Fig. 9, it can be seen that after
an initial instability peak caused by the failure of the
thinner triangular regions of the sample, there is a recov-
ery of load-bearing capacity due to the reorientation of
the diagonal region, resulting in a higher slope of the
plateau region, similar to the behaviour of GUT2. The
strain concentration at the corners is already clearly vis-
ible at a global strain of g, (Fig. 11). Indeed, the denser
region shows uniformly lower strains (extended orange
region).

Vertical (GV). Considering the stress—strain curve, the
structures with a vertical gradation, GV1 and GV2, as
the diagonal structures, displayed similar mechanical
responses, with 30% more stiffness in GV2 and an over-
lap of FMCS at 84 MPa. As a consequence of the strain
concentration in the lower density regions, in agreement
with the findings of Onal et al. [66], GV 1 exhibited a pre-
dictable failure mode starting in the central layer (dashed
box in Fig. 11). After the initial collapse, the structure
compacts, regaining load-bearing capacity. Following the
FMCS and the failure of the central structure, two more
peaks are observed, corresponding to the failure and
subsequent structural recovery of the other two rows of
thicker cells. For GV2, instead, similar to GD2, the larger
deformations concentrate in the lower-density regions at

the top and bottom of the specimen (dashed boxes in
Fig. 11), while uniformly distributing the compressive
strains in the central, thicker region. Upon reaching the
FMCS, failure begins in the lower region and occurs in
the upper region (dashed lines in Fig. 12). The progres-
sive failure of the lower region first and the upper region
after results in a plateau region with a strain similar to
that of the FMCS, which remains constant up to a global
strain of 25%. The plateau region is followed by a recov-
ery of load-bearing capacity due to the specimen com-
pacting in the central region with double thickness.

— Cross (GX). The cross-pattern gradation, differently from
the D and V, presents marked differences in terms of
mechanical performances between GX1 and GX2. GX2
is 35% stiffer with an FMCS of almost 120 MPa, approxi-
mately 50% higher than GX1. In GX1, the larger defor-
mations concentrate on the thinner diagonals, as visible
in the strain fields shown in Fig. 11. In proximity to the
FMCS occurrence, one of the two diagonals fails in a
brittle manner (red line in Fig. 12), causing the speci-
men to split into two halves that progressively slide along
the fracture plane under load, gradually regaining load-
bearing capacity. The FMCS occurs at slightly higher
global strains than GD1, likely due to the strain perturba-
tion caused by the second diagonal perpendicular to the
one where structural failure occurred. Unlike the other
structures with an initiator surface of 0.7 mm, a more
stable plateau is observed after the initial instability peak,
ensuring constant loads due to the progressive crushing
of the structure. In GX2, instead, the thicker diagonals
confine the higher deformations in the upper and lower
triangular regions with lower density, leading to the
onset of FMCS. After the failure of the upper region, the
instability progressively propagates along the height of
the specimen with progressive layer-by-layer crushing.
This characteristic gives the corresponding mechanical
response an extremely extended plateau region at con-
stant load up to global strain values of 50%.

In light of the observed mechanical behaviour, the struc-
tures also differ remarkably in terms of absorbed energy.
Figure 13 shows the energy absorption characteristics of the
structures considered in this work. Figure 13a and b show
the absorbed energy, while Fig. 13c and d show the energy
absorption efficiency. For the energy absorption capabilities,
the reference uniform structures GUT1 and GUT2 displayed
values of 21.9 J/mm? and 68 J/mm? at a global strain of 50%,
respectively. GC2 displayed the lowest performance in terms
of cumulative absorbed energy per unit volume (23.5 J/mm?)
among the thickness-graduated structures, slightly higher
than GUT1 (21.9 J/mm?). As shown in Table 2 and Fig. 13c
and d, considering the energy absorption capacity, the speci-
mens can be divided into two distinct groups. GC2, GX1,
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Fig. 13 Cumulative energy absorption per unit volume and efficiency plots

GD2, GV1 and GD1 fell within a range of 23 J/mm?® to 38 J/
mm?. The last group is formed by GV2, GX2, and GCl,
with maximum values between 45.8 J/mm? and 58.6 J/mm®.
In terms of SEA, GUT1 and GUT?2 are characterised by a
value of 2.8E7 J/kg and 4.5E7 J/kg. The distinction between
the two groups is also valid when considering the SEA. The
first group, including GC2, GD2, GD1, GV1 and GX1, is
characterised by values of SEA ranging from 2.7E7 J/kg to
3.3 J/kg. The second group includes the structures GV2,
GX2 and GC1 with values of SEA ranging from 4.0E7 J/kg
to 4.2E7 J/kg. Higher values of W5, and SEA are achievable
in the cases where failure occurs progressively in multiple
stages with subsequent drops after the FMCS of reduced
magnitude, as occurred for GV2, GX2, and GC1. Regarding
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the absorbed energy, a better performance is obtained for
gradations that allow for initial preferential failure at the
specimen extremities relative to the compression axis (i.e.,
in the upper and lower regions of GV2, GX2, and GC1
specimens highlighted in Fig. 12). Progressive failure of
the extremities allows the specimens to concentrate on the
denser and thus more rigid core, ensuring better absorption
capacity compared to failures localised in the central region
of the specimens, complete detachment failure planes, or
rotations under load. The poorest performance in terms of
energy absorption and Specific Energy Absorption (SEA)
is displayed by GC2, which shows a SEA value even lower
than that of the uniform GUTI. This behaviour is likely
attributable to the core gradation design, where a thicker
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graded sphere at the structure’s centre shifts deformation
towards the thinner extremities, thereby reducing the over-
all energy absorption capacity. In terms of energy absorp-
tion efficiency (Fig. 13c and d) all gradations, except for
the diagonal pattern, exhibit similar trends. The structures
in group G1 exhibited higher efficiencies calculated at a
50% global strain, ranging between 35 and 41%, while the
structures in group G2 displayed values approximately 5%
lower than those of the first group. In both cases, the D-type
geometry exhibited the worst performances in terms of effi-
ciency, reaching an efficiency of approximately 25% at a
global strain value close to 35%. The peaks observable in
the energy absorption efficiency represents the moments of
densification, where the peak stress exhibited by the struc-
tures exceeds the FMCS value. At these global strain values,
there is significant compaction of the structure, leading to
the re-establishment of contact between the failed and heav-
ily deformed zones and the remaining structures, resulting
in an increase in the load-bearing capacity.

To contextualise the results obtained for the 3D graded
structures, the review paper by Noronha et al. [37] is used
as a benchmark for one-dimensional graded lattices. The
comparison indicates that the 3D graded structures are well-
positioned in terms of Young’s modulus. Within the same
relative density range considered in this study, the review by
Noronha et al. [37] includes only a limited set of one-dimen-
sional graded topologies. In comparison, the 3D graded
structures investigated here demonstrate improved stiff-
ness and enhanced energy absorption capabilities, despite
being composed of fewer unit cells. For the same topology,
in comparison with one-dimensional grading structures at
lower relative density, the 3D graded structures appeared
weaker. However, it should be noted that the data reported
in Ref. [37] refer to gyroid samples with a higher number of
cells (see, for example, [70]). Despite considering a lower
number of cells in our analysis, the performed 3D graded
patterns still demonstrated an excellent capability for tun-
ing mechanical performance. Regarding energy absorption,
and independently of the relative density, the 3D graded
structures generally demonstrate superior performance. This
remains true even considering that the energy absorption
values in Ref. [37] were calculated either at complete den-
sification of the structure or at the end strain plateau, high-
lighting the inconsistency present in ISO 13314:2011. The
standard indeed suggests the possibility of using different
notable points in the stress—strain response for calculating
the absorbed energy, such as at a total strain of 50%, as in
the current study.

4 Conclusion

This paper introduces novel lattice structures based on
TPMS design, which considers a three-dimensional gra-
dation of thickness along different directions with respect
to the build direction. 30 samples were produced using the
PBF-EB technique and characterised in terms of morphol-
ogy, mechanical characteristics and deformation behaviour.
The effect of the manufacturing process produced discrep-
ancies between the manufactured and designed structure,
which were more pronounced in structures with higher rela-
tive densities. These effects are due to thermal effects and
volume shrinkage.

The mechanical characterisation of the graded structures
revealed significant insights into their deformation behaviour
captured by 2D-DIC analysis and energy absorption capa-
bilities. The stress—strain curves indicated that the mechani-
cal responses of the graded structures lie between those of
the uniform thickness reference structures, with variations
in strain distribution and failure modes due to the applied
gradation patterns. The 3D gradation overall produced a
significant enhancement in mechanical performance, par-
ticularly in terms of energy absorption capabilities, stiffness,
and FMCS when compared to the structure with uniform
minimum thickness. This comes practically at no weight cost
because the relative density is only slightly increased. As
an example, comparing the structure GX1 to GUT1, with a
modest increase of density of approximately 8%, GX1 shows
an increase of 88% for the FMCS, 22% for the plateau stress
and 9% for the SEA. The observed localised strain concen-
trations in the lower relative density regions facilitate the
production of highly specific energy-absorptive structures,
which are capable of resisting further damage, as a result
of the improved load-bearing capacity and strength recov-
ery. This behaviour resulted in significant improvements
in energy absorption capabilities, making it beneficial for
applications requiring sustained load-bearing capacity under
progressive deformation. Indeed, when evaluating the spe-
cific energy absorption (SEA) relative to the volume of
material used, GV2 and GX2 demonstrated superior energy
absorption efficiency. At slightly higher relative densities,
approximately between 25 and 28%, roughly the midpoint of
the range considered in this study, the progressive failure of
the lower and upper regions promoted the development of a
stable and extended plateau region, effectively maintaining
load-bearing capacity despite initial structural instabilities.
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Besides the improved efficiency in terms of energy
absorption and mechanical properties, grading of the wall
thickness provides a tool for tuning the mechanical behav-
iour of the structure. As an example, according to the wall
thickness gradation, it is possible to control the width of the
Opls control the quasi elastic gradient, control the deforma-
tion behaviour of the structure under compression load or the
failure site. Uniform thickness structures somehow constrain
the designer's freedom, forcing them to accept a compro-
mise. The graded structures provided an additional degree
of autonomy, enabling designers to create the most suitable
structure for each specific application without introducing a
substantial increase in material use.

As a conclusive remark, the authors wish to emphasise
that, while relative density remains a useful starting point for
interpreting the mechanical performance of lattice structures,
it appears insufficient for accurately describing or predict-
ing the behaviour of real, complex, additively manufactured
lattices. The relative density provides a scalar value which
fails to capture critical geometric features such as unit cell
topology, the number of unit cells involved, and the distribu-
tion of wall thickness. As demonstrated in this study, also
through DIC analysis, load paths are highly dependent on the
architecture and connectivity of the structure, and both stress
distribution and failure localisation are strongly influenced
by these geometric characteristics. As lattice designs move
further away from simple, ordered, periodically repeated unit
cells in three-dimensional space, it becomes increasingly
important to establish new descriptors and guidelines to sup-
port a more informed, application-driven design approach.
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