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Hollow-strut lattices (HSLs) with submillimetre-diameter hollow channels are emerging lightweight
multifunctional metamaterials. High-strength aluminium alloys are highly attractive as hollow-strut
materials due to their low density, cost efficiency, and corrosion resistance. However, their laser powder
bed fusion (LPBF) is more challenging than commonly examined metal alloys like Ti-6Al-4V for three
fundamental reasons. Aluminium alloys observe (i) large volume shrinkage from the high melt pool tem-
perature to room temperature, (ii) high reflectivity and thermal conductivity necessitating higher laser
energies, while also having a (iii) low liquidus temperature (557 °C) creating a dynamic melt pool. These
factors imply that AlSi1IOMg has a high likelihood of geometric defects and powder occlusion through
the hollow channels. This work investigates the LPBF manufacturability of AlSilOMg HSLs and their
mechanical properties. High-fidelity LPBF-manufactured AlSi1OMg hollow-strut channel diameters, wall
thicknesses, and scan strategy are identified. Compression testing reveals that as-fabricated AlSilOMg
HSLs reach the empirical upper limit of the Gibson—Ashby model for relative yield strength, while solid-
strut lattices (SSLs) of Ti—6Al-4V, AlSilOMg, and SS316L with comparable relative densities are normally
below it. Furthermore, their absolute yield strengths are remarkably comparable to SSLs, even with much
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lower absolute densities. Finally, their failure modes are analysed and assisted with numerical simulations.
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1. Introduction

Inspired by lightweight and durable natural cellular materials like
coral,"”” bamboo,® and bone,*” metal lattice metamaterials are
manufactured cellular materials consisting of interconnected
struts, plates, shells or their mixtures, usually organized in
repeating unit cells with pore sizes ranging from millimetres to
submillimetre.® They have already found important niche applica-
tions in aerospace,”® automotive,”'® biomedical,""'*> and thermal
engineering'>'* as either freestanding components or part of a
hybrid assembly (e.g., conformal lattice components'>'®). Their
fabrication is now predominantly achieved through laser powder
bed fusion (LPBF) additive manufacturing (AM). As an emerging
class of novel lightweight multifunctional materials, they will
continue to attract significant research attention and find new
applications as LPBF AM continues to advance.

Hollow-strut lattice metamaterials, as the name implies,
consist of interconnected hollow struts rather than solid
struts. Initially, hollow-strut lattices (HSLs) were manufactured
with a multistep approach using lattice topology polymer
templates’”° that were coated with metal or ceramic*'™>*
before the template was etched*™” leaving the hollow topology.
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AlSi10Mg HSLs are lightweight, cost-effective, and structurally efficient metamaterials.

However, this multistep approach was inefficient and geometrically
restrictive. Consequentially, with the introduction of increasingly
mature LPBF AM technologies, hollow-strut metal lattice fabrication
has evolved rapidly.**>° This evolution has enabled a recent sys-
tematic assessment of titanium alloy (Ti-6Al-4V) hollow-strut lattice
metamaterials,”*3**”*® which exhibited much higher structural
efficiency than solid-strut lattices (SSLs). The Ti-6Al-4V alloy was
chosen for two main reasons, it offers (i) excellent LPBF manufactur-
ability and (ii) high strength, medium density, and a range of unique
properties, including being the implant alloy of choice.*

While the above developments are encouraging, Ti-6A1-4V
hollow-strut lattice (HSL) metamaterials do not always provide
the best solution for non-biomedical applications at room
temperature (RT). This is because Ti-6Al-4V alloy powder
remains expensive. In addition, Ti-6Al-4V has a density of
4.43 g em >, Accordingly, it is logical to consider some high-
strength aluminium (Al) alloys such as AlSi10Mg, which pro-
vides a compromise between mechanical strength, lower den-
sity (2.7 g em %), and a reduced cost while still offering high
corrosion resistance.’® Corrosion resistance is particularly
important because the wall thickness of these hollow struts is
typically in the submillimetre range. To date, no experimental
studies have been found on LPBF of AlSi10Mg HSLs.

Compared with the LPBF of Ti-6Al-4V HSLs, the LPBF of
AlSi10Mg HSLs faces additional significant challenges. The
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density of AlSi10Mg increases substantially from about 1.8 g cm >
at the melt pool temperature (in the range of 1700-2800 °C*'™**) to
2.67 g cm ™ * at RT,* which corresponds to a volume shrinkage of
33%. In contrast, when cooled from the same melt temperature
(2400 K) to RT, based on the density of molten Ti-6Al-4V*° and its
RT density (4.43 ¢ cm ), the volume shrinkage is only 9.94%
(10.56% for commercially pure Ti*”*%). This challenges the fabri-
cation of uniform submillimetre-wide hollow channels with
submillimetre-thick walls. Furthermore, the high reflectivity and
thermal conductivity of Al powder, in contrast to Ti powder results
in a substantial portion of laser energy being reflected and rapid
heat conduction away from the melt pool. These properties
necessitate higher laser energies for optimal powder melting
and stable melt pool formation.***® However, the use of elevated
laser energies with Al powder induces a dynamic melt pool, driven
partly by its low liquidus temperature (557 °C for AlSi10Mg*®),
leading to a higher likelihood of defects, especially for single laser
scan paths.” The heightened thermal conductivity of Al powder
also requires greater energy input compared to materials with
lower thermal conductivity. Consequently, melt pool tracks using
Al powder would be significantly wider than those with Ti powder
under equivalent energy input, as heat disperses and melts nearby
powder,*”° preventing the same range of wall thickness attain-
able with the LPBF of Ti-6Al-4V.

Another issue is related to the low liquidus temperature of
AlSi10Mg (557 °C*’), compared to the high liquidus tempera-
ture of Ti-6Al-4V (1605 £ 10 °C for ref. 51). As a result, AlSi10Mg
alloy powder is easy to sinter and/or melt both in the hollow
channels and on the external unit cell profile even at temperatures
below 500 °C (low silicon commercial Al alloys are usually sintered
at temperatures close to 600 °C%). Consequently, powder occlu-
sions are easy to occur in these narrow hollow channels, and
external powder adhesion can also easily develop as powder
collects in corners of the unit cell topology. This is further
exacerbated by Al powder generally observing poor powder flow-
ability compared to Ti powders.***® The manufacture of intricate
AlSi10Mg HSLs by LPBF thus requires methodological design
considerations including the laser scan strategy.

The purpose of this study is therefore three-fold: (i) to
introduce the AlSi10Mg alloy into the LPBF hollow-strut lattice
space, (ii) to establish the LPBF manufacturability guidelines
for high-fidelity fabrication of AlSi10Mg intricate HSLs, and (iii)
to evaluate the mechanical properties of AlSi10Mg HSLs and
identify their failure modes both experimentally and numeri-
cally. Answering these questions will contribute to an objective
assessment of the potential of AlSi10Mg HSLs for lightweight
engineering as an alternative to Ti-6Al-4V solid-strut and
hollow-strut lattice metamaterials in appropriate conditions.

2. Method and materials
2.1. Design of AlSi10Mg HSLs

Face-centered cubic (FCC) and FCC with Z-struts/load-aligned
struts (FCCZ) unit cell topologies were fabricated for this study
(Fig. 1). These unit cell topologies were chosen by considering
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the solid-strut lattice literature that observes high compliance
and low strength for the FCC topology, versus high stiffness and
high strength for the FCCZ topology.*® Furthermore, FCC and
FCCZ lattices do not contain unsupported horizontal struts,
making their LPBF fabrication much easier when compared to
complex topologies like the octet truss.**

Table 1 summarizes the geometrical parameters for the
AlSi10Mg hollow-strut lattice designs of this study. The number
of cells is 6 x 6 x 6 (along the x, y, and z directions). This cell
arrangement was chosen to be directly comparable to Ti-6Al-
4V FCC and FCCZ HSLs,*° and solid-strut strut lattices. Accord-
ing to a recent literature review,”” six cells in each direction can
be considered as an average cell number used by researchers.
The cell size is fixed at 5 x 5 x 5 mm?®, with a pore size of 3.5 x
3.5 x 3.5 mm®. The lattice dimensions by design are 31.5 x
31.5 x 31.5 mm?®. The outer diameter (d) of each lattice hollow
strut is 1.5 mm for both 45°- and 90°-inclined struts. This outer
diameter is fixed for all designs.

Three inner channel diameters or wall thicknesses are
considered. Our previous experimental studies found that for
LPBF of Ti-6A1-4V hollow struts, to avoid powder occlusion, the
minimum inner channel diameter should not be less than
4Dv(90).** Since the LPBF of AlSi10Mg hollow struts is expected
to be more challenging than that of Ti-6Al-4V hollow struts, we
chose a minimum inner channel diameter of 6Dv(90) in our
design. The other two inner channel diameters are chosen to be
10Dv(90) and 15Dv(90). The Dv(90) of the AlSi10Mg powder
used in this study from SLM Solutions is 67.41 pm. These
design considerations lead to our final designs described in
Table 1 (three wall thicknesses: 0.24, 0.39, and 0.54 mm for
both FCC and FCCZ lattices). The relative density varies from
11.4% to 25.5%. Fig. 1 displays each design listed in Table 1.

2.2. LPBF manufacture and powder material

An SLM Solutions 500HL system was used to fabricate all
designs. The substrate material is aluminum alloy 5083. No
support structures were used. The LPBF parameters were
determined after a series of preliminary assessments, where
AlSi10Mg standalone walls were first fabricated at laser scan
speeds of 550-900 mm s~ ' and laser powers of 150-250 W.
Examining these walls using a Keyence VHX optical microscope
determined that the laser power of 200 W and scan speed of
750 mm s ' were optimum in geometrical consistency and
structural stability. Table 2 lists the LPBF parameters chosen
for this work, in line with an extensive study of the AlSi10Mg
alloy using the SLM Solutions LPBF systems for solid-strut
AlSi12Mg lattices.>® Importantly, the application of a zero-
focus offset was pivotal in order to fabricate HSLs with the
thinnest walls possible by LPBF.>> After fabrication, the lattice
specimens were cooled in the powder bed to room temperature.

Spherical nitrogen-gas atomized AlSi10Mg powder supplied
by SLM solutions was utilized. The main composition is Al-
9.79Si-0.35Mg-0.11Fe (wt%), of which Cu, Mn, Cr, Ti, Ni, Mn,
Sr, Zr, Sn, Pb, and Zn are each <0.01% and the other total
is <0.15%. The powder has Dv(10) = 27.59 pum, Dv(50) = 43.08 pm,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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FCCZ Unit Cell

(g)

FCCZ_28B (h)

Unit Cell: 5 mm

Lattice: 5 MM  c———————

Fig. 1 Hollow-strut lattice models for (a) FCC and (b) FCCZ topologies. (c) FCC_1B, (f) FCCZ_1B, (d) FCC_2B, (g) FCCZ_2B, (e) FCC_3B, and (h)
FCCZ_3B. The blue coloration indicates hollow-strut walls while the light red coloration characterizes the internal profiles. AD: wall thickness.

Table 1 Geometrical parameters of AlSilOMg HSLs

Unit cell Number of bor- Wall thickness Strut outer dia-

Unit cell size Cavity size Strut

Number of cells Lattice size Relative den-

type der scans® (mm) meter (mm) (mm) (mm) incline (°) (x,2) (mm) sity (%)
FCC 1B 0.24 1.5 5 3.5 45 (6,6,6) 31.5 11.4
FCC 2B 0.39 1.5 5 3.5 45 (6,6,6) 31.5 16.9
FCC 3B 0.54 1.5 5 3.5 45 (6,6,6) 31.5 20.7
FCCZ 1B 0.24 1.5 5 3.5 45, 90 (6,6,6) 31.5 13.7
FCCZ 2B 0.39 1.5 5 3.5 45, 90 (6,6,6) 31.5 20.6
FCCz 3B 0.54 1.5 5 3.5 45, 90 (6,6,6) 31.5 25.5

“ Refer to the subsequent Fig. 2 for the implications of the number of border scans 1B, 2B, and 3B.

and Dv(90) = 67.41 um. The theoretical density of ASi10Mg is
taken as 2.67 g cm %>

2.3. Laser scan strategy

To fabricate these HSLs a constant border laser scan strategy
was implemented, as it achieved success in Ti-6Al-4V hollow-
strut lattice fabrication.®® Fig. 2 shows the basic principles
for the creation of each hollow strut with different inner

© 2024 The Author(s). Published by the Royal Society of Chemistry

diameters and wall thicknesses. The process starts from the
same solid-strut STL file with the designed outer diameter
(Fig. 2(1)) via different border scan paths (Fig. 2(2)) to create
inner hollow channels with the designed wall thicknesses and
diameters. It focuses on wall thickness where the scan paths
always follow the slice contour without using the conventional
hatching strategy. This strategy has proved effective for Ti-6Al-
4v,**3%34 byt it has not been subjected to serious assessment

Mater. Adv., 2024, 5, 3751-3770 | 3753
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Table 2 LPBF parameters implemented to fabricate AlSilOMg HSLs
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Spot size  Laser power  Layer thickness Scan speed  Platform temperature = Focus offset  Single scan path width ~ Number of
(um) (W) (um) (mms ) () (k) (i) samples
80 200 30 750 150 0 ~240 12
3. Hollow-strut
2. Laser Scan Strategy Manufactured Part
1. Solid-strut
STL File

Single Border Scan

0.15
Double Border Scan

0.15

All measurements are in
millimeters (mm)

Triple Border Scan

}

Fig. 2 LPBF of submillimeter hollow channels (schematic). Step 1: solid-strut STL file with the designed outer diameter (1.5 mm, orange). Step 2:
formation of a hollow-strut geometry with different inner diameters or wall thicknesses through three laser scan strategies (red lines) including; single
border scan (1B), double border scans (2B), and triple border scans (3B), where red is the scan path. Step 3: manufactured hollow strut cross-sections

(blue).

in the fabrication of AlSi10Mg HSLs. It should be emphasized
that the exact number of border scans can only be determined
by experiments in relation to the wall thickness or channel
diameter by design.

As shown in Fig. 2, three laser scan strategies, namely single
border scan (1B), double border scans (2B), and triple border
scans (3B), are implemented. To achieve high-fidelity LPBF,
each border scan is positioned inwards by 120 um, to account
for the width of the melt pool. Since the minimum wall
thickness is 240 um (for 1B), and the offset used between
consecutive border scans is 150 um (Fig. 2), the wall thickness
is predicted to be 390 pm (for 2B), and 540 um (for 3B).

3754 | Mater. Adv,, 2024, 5, 3751-3770

2.4. Manufacturability characterization

A Bruker SKYSCAN X-ray microfocus computed tomography
(LCT) machine was employed to examine the external and
internal geometries of the hollow lattice struts. The operational
parameters are listed in Table 3. One lattice specimen from
each design in Table 1 was analyzed in detail by uCT. The
nRECON shadow image reconstruction software (Bruker Pty
Ltd) was used to reconstruct the cross-sectional slices acquired
from the pCT angular projections through the object. The
external and internal features were examined systematically
layer by layer from the reconstructed lattice digital twins. To
evaluate the mass and subsequent density, each hollow-strut

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 uCT parameters implemented for characterizing HSLs
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Geometry Source voltage (kV) Source current (pA)

Voxel size (um®) Rotation o (°) Rotation step « (°)

Filter

Hollow-strut lattice 60 100

lattice was weighed on a Digitech electronic scale with an
accuracy of 0.001 g. To assess the fractography of the hollow-
strut lattice specimens following compression testing, struts,
and nodes were sectioned from the lattice and analyzed with
scanning electron microscopy (SEM) using an FEI Quanta 200
SEM machine. An acceleration voltage of 30 kV and spot size of
5.0 pm were applied during the SEM.

2.5. Mechanical characterization

Quasi-static uniaxial compression was applied to the lattices to
experimentally study their deformation behaviours and attain
their mechanical properties. The samples were tested on an
MTS 100 kN machine at room temperature. A strain rate of 1 x
10~* 57" was used according to the ISO standards.>® The lattice
failure modes were recorded through progressive images taken
by a high-speed camera at two-second intervals. The data out-
put from this test provided a force versus displacement graph.
The force was converted to stress by dividing against the lattice
cross-sectional area in the XY plane prior to testing. The strain
was calculated by dividing the displacement against the origi-
nal lattice height (Z plane). To determine the unloading elastic
modulus, the lattices were unloaded at both 2% and 4% strain
to 0 MPa stress and subsequently loaded again while the
samples remained in their elastic region.

To assess the structural efficiency of the AlSi10Mg HSLs on
the basis of architecture instead of material, their mechanical
data was converted to relative density (p*/ps), relative elastic
modulus (E*/E), and relative yield strength (6*/05) and plotted
upon the Gibson-Ashby (G-A) model.>” The relative values,
eliminate the material effects, by dividing the reported lattice
property (denoted by superscript “*”) by the constituent bulk
material property (subscript “s”). To calculate the relative
properties, and also for numerical analysis, the density, yield
strength, and elastic modulus of bulk LPBF AlSi10Mg are taken
as 2.67 g cm>,>* 240 MPa®**® and 70 GPa,”® respectively. Since
the material properties depend on build orientation,”®®° these
values can be treated as averages. We have used the datasets
from two solid-strut lattice review papers to assess the effi-
ciency of the manufactured hollow-strut lattice specimens.>*°*
To ensure the datasets are up to date, we have divided the
SS316l, Ti-6Al-4V, Inconel 625, and AlSi10Mg SSLs against
recently reported LPBF datasheets for each
material.®>"%”

respective

2.6. Numerical modelling

The finite element method (FEM) was conducted to assess 1 x
1 x 2 lattices of the idealised CAD hollow-strut FCC and FCCZ
topologies. The linear elastic FEM models were designed
specifically to explain the internal and external stress distribu-
tions through the HSL topologies prior to yielding under

© 2024 The Author(s). Published by the Royal Society of Chemistry

25 X 25 x 25

360 0.2 Aluminium 1-mm thick

compression, not to validate the mechanical property data
measured from the lattice samples.

The FEM assessment was conducted using the CATIA V6
advanced structural analysis tool (Dassault Systémes 2020),
with an isotropic elastic continuum material model for LPBF-
printed AISi10Mg.°® Tetrahedral continuum elements were
implemented with an element size of 0.195 mm to achieve a
high sensitivity mesh with 2.5-2.6 x 10> elements. These
parameters were chosen following a systematic mesh sensitivity
study conducted with the maximum translation displacement
values from FCC and FCCZ FEM models of varying element
sizes. This assessment was designed to balance mesh sensitiv-
ity and computational time, however, a high displacement
convergence (>90%) was still maintained for both the FCC
and FCCZ hollow-strut lattice FEM models. The lattices were
placed between two plates to evenly distribute the load. A
compressive unit load of 100 N was applied to the upper surface
of the plate, with translational restraints to prevent distortion
in the upper plate. Furthermore, a fixed vertical boundary
condition was placed at the bottom plate.

3. Manufacturability of AlSilOMg HSLs

3.1. FCC HSLs

To assess the quality of the LPBF-fabricated FCC AlSi10Mg
HSLs, each scan strategy was evaluated using pCT. The middle
column of Fig. 3 shows the FCC HSLs reconstructed from the
UCT data, where the resulting wall thicknesses (AD) are 240 pm
from the single border scan (1B), 390 um from the double
border scans (2B), and 540 pm from the triple border scans
(3B). Each reconstructed pCT lattice specimen was inspected
layer by layer both horizontally and vertically. High manufac-
turable consistency was observed from each scan strategy. To
display the structural details, the left-column images in Fig. 3
show horizontal cross-sections captured at the height of
18.25 mm in each lattice, while the right-column images are
vertical cross-sections captured at a width of 15.75 mm from a
side surface of each lattice. Specific sectional features are
highlighted in Fig. 3 using small rectangles.

The following observations are most notable from the
systematic pCT characterization.

A. Compromised LPBF fabrication (FCC_1B, Fig. 3a and
4a). The inner channel diameter is 1020 um by design with a
wall thickness of 240 um. The hollow struts exhibit reasonably
uniform inner and outer cylindrical profiles, despite the large
volume shrinkage (33%) from the high melt pool temperature
to room temperature as mentioned earlier. This demonstrates
the overall high shape formation capability of the LPBF pro-
cess. However, there is low connectivity on the intersecting
walls between the strut and node profiles at the underside of

Mater. Adv., 2024, 5, 3751-3770 | 3755
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Fig. 3 uCT characterization of LPBF-fabricated AlSilOMg HSLs. (a) FCC_1B, (b) FCC_2B, and (c) FCC_3B. Left column: horizontal cross-sections at the
height of 18.25 mm from each reconstructed lattice (middle column). Right column: vertical cross-sections from a width of 15.75 mm for a side surface of
each reconstructed lattice. 1B, 2B, and 3B: single, double, and triple border scans. prp: lattice relative density. AD: wall thickness. The red rectangles
highlight hollow strut defects. The green rectangle displays a uniform hollow cross-section. The blue rectangles underline powder occlusion in narrow

channels.

the unit cell, with clear cavities. Furthermore, the external
cylindrical surfaces of the as-fabricated hollow struts exhibit a
low frequency of cavities as highlighted by the red rectangles in
Fig. 3a, shown as cross-sectional notches, further displaying the
effect of volume shrinkage. The difficulty of using an easy to
sinter and/or melt powder material like AlSi10Mg in LPBF is
also clear from observing the small volume of sintered and/or
melted powder adhered to the top of each node in Fig. 3a. The
low density of these HSLs will be negatively impacted by this
adherence, being increased with no mechanical benefit.
Although the large internal channel diameter (1020 pm)
ensured high powder flowability, the thin walls of the FCC_1B

3756 | Mater. Adv,, 2024, 5, 3751-3770

specimens were affected by the large volume shrinkage and are
structurally unreliable. Consequently, these are failed builds.
B. Successful LPBF fabrication (FCC_2B, Fig. 3b and 4c).
For this laser scan strategy, both the internal channels and
external cylindrical surfaces were fabricated with uniform
geometry and high consistency in topology. A negligible fre-
quency of deep surface cavities was observed on the external
strut surfaces. The internal channels are free of powder occlu-
sion, and unlike the FCC_1B specimens, the struts are all well
connected through each node. Also, the small volume of
powder adhered to the top of each external node appears to
now have a negligible impact. Due to the absence of deep

© 2024 The Author(s). Published by the Royal Society of Chemistry
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FCCZ_1B

.
2
!
.

5

Fig. 4 pCT characterization of internal cross-sections, taken from the center of the first unit cell layer of each AlSi10Mg hollow-strut lattice. (a) FCC_1B,
(b) FCCZ_1B, (c) FCC_2B, (d) FCCZ_2B, (e) FCC_3B, and (f) FCCZ_3B. 1B, 2B, and 3B: single, double, and triple border scans. The red rectangles and
circles highlight hollow strut defects. The green rectangles display high-quality uniform hollow-struct cross-sections. The blue rectangles underline

powder occlusion inside the narrow channels.

surface cavities, the outer surface of each hollow strut looks
smoother than those in the FCC_1B lattices (Fig. 4c vs. Fig. 4a).
The hollow struts in these high-quality builds have an internal
channel diameter of 720 pm by design with a wall thickness of
390 pm.

C. Powder-occluded LPBF fabrication (FCC_3B, Fig. 3c and
4e). Robust LPBF fabrication with uniform external strut pro-
files and well-constructed lattice strut nodes were observed

© 2024 The Author(s). Published by the Royal Society of Chemistry

(Fig. 4e). However, the distinct difference is that the internal
channels are frequently occluded with trapped powder as high-
lighted by the blue rectangles in Fig. 3c, due to the reduction in
the internal channel diameter from 720 to 420 pm. The powder
occlusion was also confirmed by the clear increase in the mass
of the FCC_3B lattice specimens, exhibiting on average an 18%
higher mass than the CAD relative density. This highlights how
easily AlSi10Mg powder may sinter and/or melt to convert the

Mater. Adv., 2024, 5, 3751-3770 | 3757
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hollow strut section to an almost solid strut section. It is clear
that the use of the 6Dv(90) inner channel diameter is still
insufficient to prevent powder occlusion for LPBF of AlSi10Mg
HSLs, while the use of 10Dv(90) and 15Dv(90) inner channel
diameters has ensured efficient powder removal.

3.2. FCCZ HSLs

As pointed out earlier, the difference between FCC and FCCZ
unit cells is that the latter comprises four extra vertical (90°)
struts (the numbers of inclined struts and nodes are the same).
For PBF AM of solid struts, vertical struts are the easiest to
manufacture due to their perfect additive continuity. Therefore,
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it was expected that vertical hollow struts would be easily
manufacturable as well. This was validated by the higher
average gravimetric accuracy of the FCCZ specimens (98 =+
5%) versus the FCC specimens (88 + 4%) when compared to
the CAD models. Nevertheless, the vertical struts still observed
the same defects as the inclined struts although these were less
common. Fig. 4 and 5 display the detailed pCT observations of
the manufactured FCCZ HSLs using the same three scan
strategies.

In general, the basic observations summarized above for
FCC HSLs are all valid for FCCZ HSLs and will not be repeated.
The double border scan strategy (FCCZ-2B) similarly resulted in
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Fig. 5 pCT characterization of LPBF AlSi10Mg hollow-strut lattices. (a) FCCZ_1B, (b) FCCZ_2B, and (c) FCCZ_3B. Left column: horizontal cross-sections
at the height of 18.25 mm from each reconstructed lattice shown in the middle column. Right column: vertical cross-sections from a width of 15.75 mm
for a side surface of each reconstructed lattice. 1B, 2B, and 3B: single, double, and triple border scans. prp: lattice relative density. AD: wall thickness. The
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high-fidelity successful fabrication (Fig. 4d and 5b). Special
attention was therefore paid to the vertical hollow struts in each
lattice. As shown in Fig. 4b and 5a (FCCZ_1B), volume shrink-
ing also affected the geometry. For example, surface shrinkage
cavities not only formed in the vertical hollow struts, but some
also penetrated the wall thickness similar to Fig. 3a, indicating
failed fabrication. The 240 pm wall thickness is thus insuffi-
cient for both vertical and inclined hollow struts of AlSi10Mg.
The triple border scan (FCCZ_3B) resulted in powder occlusion
not only in the inclined hollow struts (expected from Fig. 3c)
but also in vertical hollow struts, as shown in Fig. 5c by the blue
rectangles. Therefore, the 420 pm or 6Dv(90) wide internal
channel is even insufficient to avoid powder occlusion in
vertical struts (easier to remove powder) for AlSi10Mg. These
observations confirm again that for LPBF of AlSi10Mg HSLs, it
appears necessary to use 10Dv(90) wide and above inner
channel diameters. No powder occlusion is an essential
requirement for the design and PBF-AM of HSLs.

From the aforementioned pCT studies, the double border
scan method (2B) together with the LPBF parameters selected
can lead to high-fidelity LPBF of FCC and FCCZ AlSi10Mg HSLs.

4. Mechanical properties

Fig. 6a evaluates the relative yield strengths (6*/g) of the HSLs
compared to the PBF literature data for Ti-6Al-4V, SS316L,
CoCr, and AlSi10Mg SSLs via a Gibson-Ashby (G-A) plot. There
are upper and lower limits for the G-A models as the empiri-
cally derived coefficients in the model expressions can vary
from 0.1 to 1.0.°77* As the limits are determined by empirically
derived data, the upper limit of the G-A model plotted in
Fig. 6a (with a coefficient value of 1.0) still remains difficult
to reach for cellular metals, including solid-strut metal lattice
metamaterials.

As observed from Fig. 6a, all the AISi10Mg HSLs of this study
are positioned at the upper empirical limit of the G-A model,
indicating a very high strength efficiency comparable to the
strongest reported SSLs. This is an important feature of HSLs
and suggests that the G-A model for relative yield strength may
require recalibration for stronger hollow-strut lattice metama-
terials or topologies. Fig. 6b plots the relative elastic modulus
data obtained from each hollow-strut lattice as a G-A chart
against the PBF literature data for SSLs. The relative elastic
moduli are consistent with the historic high-performance solid-
strut lattice data, indicating no unique stiffness properties
arising from the hollow-strut designs. The G-A model can still
well predict the relative elastic moduli of these AlSi10Mg HSLs.

Interestingly, both the FCC and FCCZ topologies follow a
similar trajectory on the G-A plots, Fig. 6. When comparing the
specific yield strengths, the FCC lattices were 5.2%, 10.1%, and
13.7% weaker than the FCCZ lattices for the single, double, and
triple scan paths. This indicates that as the wall thickness
decreases and the size of the inner node volume increases,
the efficiency of the Z-struts/load-aligned struts is significantly
reduced. This is especially noticeable when compared to SSLs

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where LPBF-fabricated Inconel 625 FCC lattices were observed
as 45.9% weaker than FCCZ lattices.”> Consequentially, it is
likely that unit cell topologies with load-aligned struts are less
efficient than pure bending-dominated topologies in the
hollow-strut lattice space, due to their inefficient distribution
of stress through the structure (discussed in Section 4.1.1). This
also highlights the advantage of reinforcing the hollow-strut
nodes with load-aligned struts to reduce this inefficiency.**

Aside from the normal elastic modulus, the unloading
elastic modulus (unloaded at 2% and 4% strain) was also
quantified. As pointed out by Ashby et al,”* measuring the
unloading elastic modulus better represents the performance
of a cellular structure in service. Fig. 7 compares the elastic
moduli of each lattice with and without unloading. It provides
an indication of how hollow-strut lattice metamaterials will
behave in a functional setting that includes repetitive loading
and unloading. The double and triple border scan strategies
resulted in a robust response, where the samples exhibited an
improved elastic modulus after loading and unloading at 2%
and 4% strain. Conversely, the single border scan led to a
different response, where the samples showed an improved
elastic modulus after loading and unloading at 2% strain but
failed to show any further improvement after loading and
unloading at 4% strain. This further validates the high struc-
tural integrity of the wall thicknesses with double laser
border scans.

Even with their challenging fabrication, the relative yield
strengths of AlSi10Mg HSLs are positioned at the upper empiri-
cal limit (Fig. 6a), similar to Ti-6A1-4V HSLs.***® Furthermore,
when comparing the correlation coefficient for each data set,
the Ti-6A1-4V and AlSi10Mg HSLs observed an almost perfect
correlation of R* = 0.99 for both the FCC and FCCZ topologies.
This indicates that LPBF AlSi10Mg can fabricate structurally
efficient HSLs of a similar standard to LPBF Ti-6Al-4V HSLs.
Considering the lower material cost of AlSi10Mg, hollow-strut
aluminium alloy lattices may be considered as potential repla-
cements for certain applications of titanium HSLs. The high
correlation between the AlSi10Mg and Ti-6Al-4V specimens
indicates that the structural efficiency of the HSL is topology
dependent, not material dependent. This is a major advantage
of comparing their relative properties (Gibson-Ashby method),
as this allows the focus to be on the lattice architecture rather
than the lattice constituent materials. Consequentially, any
type of metal HSLs fabricated through LPBF should exhibit
similar results.

Complementary to Fig. 6a and 8 focuses on the relative yield
strength and absolute yield strength of the high-quality FCC_2B
and FCCZ_2B AlSi10Mg HSLs compared to Ti-6Al-4V and
SS316L SSLs of similar relative densities (17-20%). Although
LPBF AlSi10Mg as a bulk material is weaker than LPBF Ti-6Al-
4V and LPBF SS316L,”>’¢ the relative yield strength of the
hollow-strut AlSi10Mg lattices far exceeds that of each solid-
strut reference lattice metamaterial (Fig. 8a). Furthermore,
their absolute yield strength is comparable to those of the
solid-strut reference lattices, even with much lower absolute
densities (0.48-0.52 vs. 0.74-1.33 g cm ™, Fig. 8b). Considering

Mater. Adv,, 2024, 5, 3751-3770 | 3759
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models, respectively.

their low material cost, high corrosion resistance, and low density, Al
alloy HSLs may be considered as potential replacements for certain
applications of titanium and stainless steel SSL metamaterials.
The underlying reasons for the superior mechanical proper-
ties of HSLs to their solid-strut counterparts have been dis-
cussed in recent studies.'”**"*® 1t is mainly due to their

3760 | Mater. Adv,, 2024, 5, 3751-3770

hollow strut sections that exhibit higher resistance to bending
than solid-strut lattices, resulting in greater strength and stiff-
ness. More specifically, at the same strut length and relative
density, the actual strut cross-sectional area remains approxi-
mately the same for both the solid and hollow struts.”” This
condition requires that:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2 _ 2 2
dSolid - dOuter - dInner (1)

where, dsqiq is the diameter of the solid strut, while dgyer and
dinner are the outer and inner diameters of the hollow strut,
respectively, and the nodal architecture is ignored.”’

Under this condition, the second moment of inertia (I) of the
hollow strut (Ihonowstrut) given by eqn (2) is always greater than
that of the solid strut (Isojiq serut) given by eqn (3):

— 4 4 _ 4
Ihollowstrut - n(dOuter - dInner )/64ISolid strut — ndSOIid /643

(2)
®)

As a result, the strain (&) due to bending (¢ oc 1/I) decreases at
the same applied stress, i.e., the elastic modulus increases. On
the other hand, due to the increase in I, the section modulus (S)
given eqn (4) always increases from a solid strut section to a
hollow strut section under the condition of eqn (1).

4
Isolidstrut = Tedsolia”* /64

S =2I/d

(4)

Consequently, the resistance to bending or bending strength
increases. These combined effects increase the resistance of the
HSLs to yield under compression, leading to superior relative
yield strength compared to SSLs.

5. Deformation response

To gain insight into the deformation behaviours and failure
modes of the AlSi10Mg HSLs, the high-quality FCC_2B and
FCCZ_2B HSLs were examined. Fig. 9(a and b) shows a closer
inspection of their stress-strain curves in relation to their
corresponding physical status obtained using a high-speed
camera.

The FCC_2B AlSi10Mg HSLs followed similar deformation
behaviours commonly observed for conventional SSLs under
compression.>*”? This included bending-dominated deforma-
tion with increasing loading, which generated moments at the

© 2024 The Author(s). Published by the Royal Society of Chemistry

nodes with minor nodal deformation in the initial stages
(Fig. 9a and b). This deformation continued to develop with
increasing loading, as indicated by the gradient softening until
the first peak strength (FPS) was reached. No obvious lattice
failure was observed up to this stage (blue box, Fig. 9b). The
main deformation events after reaching the FPS are distortion
along the 45° diagonal, which represents the maximum shear
stress direction under uniaxial compression when the lattice is
composed of a sufficient number of unit-cell layers (e.g. >5;** it
is 6 in this work). However, global fracture of the struts
along the 45° diagonal (the first green box in Fig. 9b) com-
menced immediately after reaching the FPS, followed by
intensive shear-dominated fracture along the 45° diagonal
(the second green box in Fig. 9b), which corresponds to
the end of the drop in FPS. Distortion occurred to most lattice
unit cells by this stage, irrespective of their positions. The
second peak strength recorded in Fig. 9a arises from the
compression of the remaining half lattice below the 45° diag-
onal shown in the second green box of Fig. 9b. However, due to
the prior disintegration of the lattice along the 45° diagonal,
this part of the lattice deformation may only have limited value
in practice.

The FCCZ_2B AlSi10Mg HSLs showed a mixed failure mode.
Similarly, no visible deformation or fracture was observed in
the lattice before reaching the FPS (see the blue box in Fig. 9c
and d). Deformation and local fracture of strut nodes con-
nected to the Z-axis started to occur immediately after reaching
the FPS while shear deformation occurred along different
directions at the same time (see the green box in Fig. 9d).
However, all the nodes connected exclusively to the inclined
struts exhibited much less deformation. After an initial stage of
node fracture, shown as multi-dips in the stress-strain curve
(the green box in Fig. 9¢c), a plateau strength was reached up to
~22% compressive strain. The lattice structure then under-
went pronounced nodal fracture or fragmentation along the
compression direction and some shear prevalent directions, as
shown in the violet box of Fig. 9d.

Mater. Adv,, 2024, 5, 3751-3770 | 3761
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Fig. 8 Comparison of relative yield strength (a) and absolute yield strength (b) between FCC_2B and FCCZ_2B AlSi10Mg hollow-strut lattices and Ti—
6Al-4V and SS316L solid-strut lattices of similar relative density (17-20%).>>°%78-82 The name of each data point on the X-axis denotes “unit cell

topology, material, relative or absolute density”. Error bars were not inclu

FCC HSLs were observed to undergo nodal deformation
before global fracture through the 45° shear planes (Fig. 9).
This deformation response is well documented for many lattice
topologies under uniaxial compression both experimentally®*~*°
and numerically.>*7%8%%1:92 This is because the 45° planes
are where the maximum slippage can occur between the
struts and nodes due to the maximum shear stress along
the 45° diagonal. As for the FCCZ HSLs, the vertical struts act
as column beams, which directly resist compression, while

3762 | Mater. Adv, 2024, 5, 3751-3770

ded as the standard deviation between samples was negligible.

the inclined struts reinforce the vertical struts against col-
umn bending and strut hinging at the nodes. However, LPBF
AlSi10Mg is not highly ductile (5-8% tensile ductility®*%),
due to its high Si content, which exists as eutectic silicon
crystals (the solubility of Si in a-Al is negligible). As a result,
nodal fragmentation occurred at the FPS (Fig. 9¢), followed
by increased nodal fragmentation with increasing compres-
sive strain to ~8%. This differs from the deformation of
solid nodes, which observes reduced stress at the core but

© 2024 The Author(s). Published by the Royal Society of Chemistry
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larger stress at the node/strut interconnection points pre- other LPBF AlSi10Mg materials.”*°* According to Weingarten
venting fragmentation through the solid nodes.>*”? et al.,” about 96% of the pores in LPBF AlSi10Mg contain

The node fracture features for FCC_2B lattices are shown in  hydrogen due to the moisture in the powder, which reacts with
Fig. 10. Pores are common (Fig. 10a and b), as observed for Al during LPBF, resulting in the melt pool containing absorbed

© 2024 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2024, 5, 3751-3770 | 3763


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00813d

Open Access Article. Published on 19 marzo 2024. Downloaded on 04/04/2026 16:26:01.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Materials Advances

500 pm 20 pm

Fig. 10 Nodal fracture features in FCC_2B AlSi10Mg hollow-strut lattices (a) with closer views of selected regions from (a): blue rectangle (b) and yellow
rectangle (c).

hydrogen.’® In addition, the unavoidable residual nitrogen gas control of powder moisture should help to further enhance the
(atomization gas) in the AlSi10Mg powder may have also strength and ductility of AlSi10Mg HSLs. The fractographs
contributed to the porosity. Eliminating these pores through display limited shallow dimples in the matrix between the gas

Fig. 11 Nodal fracture features in FCCZ_2B AlSi10Mg hollow-strut lattices. (a) Nodal fracture with inclined struts (without connection to vertical struts).
(b) and (c) are closer views from (a) (yellow and blue boxes). (d) Nodal fragmentation with vertical struts. (e) is a closer view of the (a) (red box).
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pores (Fig. 10b) and large flat fracture regions (Fig. 10c), coin- Two types of nodal fractures were observed in the FCCZ_2B
ciding with the low compressive strain (~ 7%, Fig. 9a) observed = AlSi10Mg HSLs. One is the nodal fracture of the inclined struts
at the FPS. (without connection to vertical struts), which is akin to that
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Fig. 12 Isotropic elastic continuum material FE model of double border scan (a) FCC, and (b) FCCZ unit cell responses to uniaxial compression in a
2 x 2 x 1 lattice array under varying loading conditions.
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shown in Fig. 10, displaying a mixture of pores, limited shallow
dimples, and large flat fracture regions (Fig. 11a-c). The other
is nodal fragmentation as exemplified in Fig. 11d and e, which
occurred in the nodes connected to the vertical struts due to
them being the main load-bearing structures in the compres-
sion direction.

6. Finite element modelling (FEM) of
stress distribution

The deformation behaviour of the experimental FCC and FCCZ
HSLs, shown in Fig. 9, coincides with the stress distributions
characterized by the FCC_2B and FCCZ_2B 2 x 2 x 1 FEM
models, exhibited in Fig. 12. The HSLs with double border (2B)
scans were chosen as this laser scan strategy produced speci-
mens most representative of the idealised CAD models.

During initial loading, the experimental FCC lattices
observed only minor node deformation from direct compres-
sive force. However, hinging is visible in the non-axially aligned
struts that comprise the FCC topology (Fig. 9b). This validates
the FCC FEM results that observe stress concentrations prolif-
erating from the regions where the struts adjoin at the node
(Fig. 12a). This deformation response and the clear movement
of the inclined struts indicate a bending dominated deforma-
tion response, atypical of solid-strut FCC lattices,>® but consis-
tent with Ti-6Al-4V hollow-strut FCC lattices.*°

During compression of the experimental FCCZ lattices, the
nodes interconnected to the load-aligned struts were observed
to ovalize and deform before the struts would observe any
deformation as shown in Fig. 9d. These nodes were points of
initial fracture, with the entire structure fragmenting following
their deformation. This localized failure validates the stress
distributions observed within the FCCZ FEM model (red circles
Fig. 12b), where stress is similarly concentrated at the inner
node walls connected to the load-aligned struts, before prolif-
erating through these struts. These isolated stress concentra-
tions could well facilitate a premature lattice failure and
prevent the topology from observing a homogenous stress
distribution.

The numerical analysis also provides insight into the high
relative yield strength of the hollow-strut FCC specimens and
the inefficient strength of the FCCZ specimens, highlighted by
their consistent placement in Fig. 6a. For the FCC assessment,
as highlighted in Fig. 12a, the stress is distributed from the
joint regions through most of the unit cell, loading the lattice
array homogenously. This distribution improves the structural
efficiency (observed with the FCC topologies), as more material
is applied to resist the compressive load. This hypothesis is
further solidified by the internal view of the FCC FEM model
during loading, which observes far less stress concentrations
isolated to the inner node walls when compared to the FCCZ
unit cells (Fig. 12b).

The numerical analysis of the FCCZ in Fig. 12b observes
stress isolated to the node regions, and this only distributes to
the load-aligned struts after the nodes are withstanding far
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higher stress. Consequentially, it is likely that the hollow struts
will not achieve their predicted efficiency, as the nodes will reach
a critical failure point far before the strut section properties may
have any significant effect. This is supported by the experimental
results in Fig. 9d as the nodes clearly fail while the load-aligned
struts maintain their stability with minimal signs of deformation
before global fragmentation. Furthermore, the inefficient stress
distribution of the hollow-strut FCCZ topology results in far more
zero-stress regions than the FCC topology (Fig. 12). These struc-
tural limitations culminate in the FCCZ topology failing to reach
its expected potential, as observed by its placement on the Gibson
Ashby model (Fig. 6a), in comparison to the FCC topology (which
is traditionally weaker®?).

The series of failure modes experienced by the FCCZ topol-
ogy is unique to LPBF-fabricated HSLs, and it has only been
reported in Ti-6Al-4V specimens with load-aligned struts so
far. This indicates that their deformation behaviours are likely
more topology-dependent or less material-dependent.***' How-
ever, more load-aligned topologies should be assessed to con-
solidate these claims.

7. Summary

Intricate AlSi10Mg HSLs with high-fidelity internal and external
profiles and negligible trapped powder can be fabricated
through LPBF by using a simple and efficient double border
scan strategy. However, a minimum wall thickness of 0.4 mm to
ensure high wall integrity and a minimum internal diameter of
0.7 mm to avoid powder occlusion are required.

The FCC and FCCZ AlSi10Mg HSLs exhibited high relative
yield strength at the upper empirical limit of the Gibson-Ashby
plot, superior to SSLs of Ti-6Al-4V, AlSi10Mg, and SS316L of
equivalent relative density, while their absolute yield strength is
also comparable (even with lower densities). Considering their
low material cost, good corrosion resistance, and low density,
AlSi10Mg HSLs are expected to find good niche applications.

When comparing the relative yield strength of the AlSi10Mg
hollow-strut lattice specimens with reported Ti-6Al-4V hollow-
strut lattices of equivalent topology, an almost perfect correla-
tion coefficient of R* = 0.99 was observed. This high correlation
indicates that the high structural efficiency of the hollow-strut
lattices is topology dependent not material dependent.
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