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Abstract

Additive manufacturing (AM) techniques such as selective laser melting (SLM) enable the fabrication of complex metallic
lattice structures. By tuning geometric and topological parameters, these structures can be manufactured to exhibit a range of
useful properties, including excellent strength-to-weight ratios and energy absorption capabilities. While the effects of these
parameters on various aspects of AM lattice performance have been previously studied, such as the effects of manufactur-
ability, material selection and geometric parameters on the quasi-static performance of AM lattice structures, the effect of
topology on the dynamic behaviour of SLM AlSi10Mg lattice structures remains relatively unexplored. Lattice structure
specimens with five different topologies were manufactured using SLM AlSi10Mg and tested under quasi-static and dynamic
loading conditions. The tested topologies were body-centred cubic with (BCCZ) and without (BCC) z-struts; face-centred
cubic with (FCCZ) and without (FCC) z-struts; and body and face-centred cubic with z-struts (FBCCZ). A numerical model
was developed to investigate failure modes and collapse mechanisms. Specimens were found to fail by the emergence of
diagonal shear planes, and the orientation of which was dependent on topology, due to the uneven concentration of stress in
struts across the structure. No significant rate sensitivity was identified for any of the tested topologies in the range of tested
strain rates. The FCCZ topology was demonstrated to provide the greatest efficiency in terms of both strength-to-weight and
stiffness-to-weight ratios. These results assist in the characterisation of the dynamic behaviour of SLM AlISi10Mg lattice
structures and contribute to their further commercialisation.
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1 Introduction

Additive manufacturing (AM) methods, such as selec-
tive laser melting (SLM), enable the efficient fabrication
of complex and intricate structures that cannot feasibly
be obtained by conventional manufacturing methods [1],
including lattice structures. Lattice structures are a form of
cellular structure that are differentiated from other cellular
structures such as metallic foams by the ordered arrange-
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ment of their constituent cells [2]. The usefulness of cel-
lular structures has been understood for hundreds of years
[3], but with the increasing development of AM, metallic
lattice structures have recently received much research
attention due to their potential for biomedical [4], aero-
space [5] and automotive [6] applications. Lattice struc-
tures may be considered meta-materials with properties
and behaviours that are distinct, though related to those
of their parent material [7]. These properties are dictated

@ Springer


http://orcid.org/0000-0003-1041-0049
http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-021-08203-y&domain=pdf

4086 The International Journal of Advanced Manufacturing Technology (2022) 118:4085-4104

by the geometry (size and shape of the structure and its
structural elements) and topology (the arrangement and
connectivity of structural elements) [8].

Many studies have been conducted on AM lattice struc-
tures [9], and it has been found that by tuning lattice geom-
etry and topology, lattice structures can be manufactured
to achieve a broad range of properties [10] that cannot
be achieved by their parent bulk material [11], including
thermal [12], acoustic [13] and mechanical properties [14].
Due to their potential for a range of applications and high
commercial value, various studies have sought to char-
acterise the quasi-static mechanical properties of lattice
structures, including:

e Yan et al. [15] fabricated stainless steel lattice struc-
tures with gyroid unit cells to evaluate their manufac-
turability and performance. They found that structures
with 2—8-mm unit cells could be manufactured without
the need for support structures and with good conform-
ity to the intended geometry, and that decreasing unit
cell size increased yield strength and modulus.

e Leary et al. [16] sought to define the manufacturability
of particular strut-based topologies and characterise the
mechanical performance of lattice structures fabricated
in AlSi12Mg using SLM. Lower limits of manufactur-
ability in terms of strut diameter and inclination angle
were identified, and the general behaviour of different
unit cell topologies was characterised.

e Leary et al. [8] also investigated the mechanical
response, deformation characteristics and failure modes
of SLM Inconel 625 lattice structures. The ductility
of the material enabled unique insight into transitions
between bending and stretch-dominated behaviours for
certain cell topologies.

e Kohnen et al. [17] studied stainless steel lattice struc-
tures with two different topologies they referred to as
“f2cc,z” and “hollow spherical” under tensile, com-
pressive and cyclical loads. The f2cc,z specimens
were found to deform in a stretch-dominated manner,
whereas the hollow spherical specimens displayed
bending-dominated deformation behaviour, demon-
strating the effects of lattice unit cell topology on the
plastic behaviour of lattice structures. Specimen geom-
etry was also found to affect the quality of manufactur-
ing outcomes and fatigue performance.

Although dynamic performance is important for many
applications of AM lattice structures, such as fatigue load-
ing of medical implants [18], there is limited data available
on their dynamic behaviour. A limited number of studies
have sought to define the dynamic behaviour of metallic
cellular structures, including:
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e Harris et al. [19] investigated the dynamic compressive
performance of stainless steel cellular structures manu-
factured by selective laser melting (SLM). Hybrid cellu-
lar structures were fabricated by increasing the porosity
of honeycomb structures by replacing walls with lattice
struts, which were then dynamically tested using a split-
Hopkinson pressure bar apparatus at strain rates between
5% 10% and 15x 10° s~!. Lattice specimens exhibited
increased strength at greater strain rates, which was
attributed to both the stabilising effect of lateral iner-
tia and wave propagation effects, with wave propagation
only occurring above 10%s7!.

o Smith et al. [20] fabricated stainless steel lattice struc-
tures with BCC and BCCZ topologies using SLM. Speci-
mens were tested at quasi-static strain rates followed by
blast tests at strain rates between 210 and 1710s™!. Under
quasi-static conditions, BCC specimens failed progres-
sively, whereas the collapse of BCCZ specimens was
buckling-dominated. Specimen blast response was found
to have a linear dependence on the applied impulse due
to the strain rate sensitivity of the material, and collapse
modes were found to be similar between quasi-static and
blast specimens.

e McKown et al. [21] tested stainless steel lattice structures
with BCC and BCCZ unit cells under quasi-static and
dynamic compressive loads at up to 150 s, followed by
blast tests at 450 to 1815s™!. Yield stress was found to be
moderately sensitive to strain rate, with a 20% increase
over the tested range, due to the rate sensitivity of the
parent material and very high strain rates. However,
microinertia effects were negligible due to the absence
of lateral reinforcement in the tested topologies. Failure
modes were found to be similar between quasi-static and
blast tests.

e Tancogne-Dejean et al. [22] conducted numerical, quasi-
static, and dynamic tests on 316L stainless steel lattice
structures with octet-truss unit cell topology. Dynamic
testing was performed using a split-Hopkinson pressure
bar setup with an average strain rate of approximately
1000 s~!. Lattice specimen strength was found to be sig-
nificantly dependent on strain rate, though the observed
rate sensitivity was close to that of the parent material,
suggesting this sensitivity was related to material proper-
ties rather than structural phenomena.

e Ruan et al. [23] studied the compressive behaviour of
closed-cell aluminium foams over strain rates ranging
from 1073 to 101 s~! with relative densities between 5
and 20%. Plateau stress was found to be independent of
strain rate, and instead related to relative density by a
positive power relationship. Specimen failure did not
occur uniformly, but in bands, with each subsequent band
failing once the previous band has completely crushed.
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However, these studies have focused on small selections
of unit cell topologies. In this paper, we aim to test a wide
range of lattice topologies to elucidate the influence of strut
arrangement and connectivity on the dynamic response of
SLM AlSil10Mg lattice structures.

The mechanical performance of cellular structures,
including lattice structures, can be generally categorised
as either bending-dominated or stretch-dominated [24].
Stretch-dominated structures are characterised by an initial
high peak stress followed by a lower plateau stress, whereas
bending-dominated structures have a lower initial stiffness
followed by a relatively constant plateau stress. Due to these
behaviours, stretch-dominated structures are generally stiffer
and stronger than bending-dominated structures, whereas
bending-dominated structures are more compliant and have
a more consistent stress—strain response [25].

The Maxwell criterion [26] provides a means of predict-
ing whether a lattice structure will behave in a bending-dom-
inated or stretch-dominated manner [8] based on the number
of struts (s) and nodes (n) of a lattice unit cell for a given
dimensionality (Eq. 1 and Eq. 2) [27]. If M <0, the struc-
ture is considered under-stiff, meaning there are insufficient
struts to equilibrate the bending moments at nodes, inducing
bending stresses within struts, and resulting in bending-dom-
inated behaviour, whereas if M =0, the structure is consid-
ered just-stiff, or if M >0, it is considered over-stiff. In these
cases, an adequate number of struts are present to equilibrate
bending moments at nodes, meaning struts only experience
axial stresses, resulting in stretch-dominated behaviour [28].

M = s —2n+ 3(2D truss) e))

M =5 —3n+ 6(3D truss) 2)

However, the Maxwell criterion is understood to be a neces-
sary but insufficient condition for stretch-dominated behaviour
[26], and previous studies of lattice structures have found cer-
tain lattice topologies to be capable of behaving in a stretch-
dominated manner, despite being under or just-stiff according
to the Maxwell criterion [8, 16, 29, 30]. In this study, lattice
structure specimens with five different topologies are tested
under quasi-static and dynamic loads to better understand the
topological and dynamic effects on their mechanical behaviour.

In this work, lattice specimens with BCC, BCCZ, FCC,
FCCZ, and FBCCZ topologies and all geometric parameters
kept constant were tested under quasi-static and dynamic
loading conditions, with comparison to numerical models
of lattice specimens to identify topological and dynamic
effects on the compressive mechanical behaviour of SLM
AlSi10Mg lattice structures. The results of quasi-static and
dynamic testing are discussed, with reference to stress—strain
behaviour and qualitative analysis of photography acquired
during testing and compared with results of the numerical

model. These findings assist in the comprehensive character-
isation of lattice structures in both quasi-static and dynamic
loading regimes and facilitate the further commercialisation
of AM lattice structures.

2 Specimen design and manufacture

Certain technical limitations exist regarding the manufactur-
ability of components using SLM and aluminium powder.
For example, the relatively high absorptivity of aluminium
powder due to internal reflections [31] combined with its
relatively high diffusivity means greater power is required
for SLM than other metals, such as titanium [16]. AISi10Mg
components produced by SLM are also prone to anisotropic
mechanical properties [32]. As a result, although SLM ena-
bles the fabrication of complex, intricate structures [33], it
is also subject to manufacturability limitations. To ensure
feasibility for this study, specimen designs were based on the
manufacturability findings of a previous study [16].

2.1 Topology and geometry

To investigate the interaction between topological and
dynamic effects on the mechanical behaviour of AlSil10Mg
lattice structures, specimens were designed with five differ-
ent unit cell topologies, referred to as BCC (body-centred
cubic), BCCZ (body-centred cubic with z-struts), FCC (face-
centred cubic), FCCZ (face-centred cubic with z-struts) and
FBCCZ (face and body-centred cubic with z-struts). The
topological details and relative densities of the CAD mod-
els unit cells considered here are presented in Table 1. All
specimens were designed with 5 7.5 mm cubic cells in each
orthogonal direction with 1-mm diameter struts. An example
of the CAD geometry of a BCC specimen, including strut
diameter and cell size, is presented in Fig. 1.

2.2 Manufacture of specimens

Lattice specimens were fabricated using a SLM Solutions
400 W dual laser powder bed SLM 500. The processing
parameters used are presented in Table 2. The chemical
composition of the AISi10Mg powder used is presented in
Table 3, and the powder particle size distribution is pre-
sented in Fig. 2.

3 Mechanical testing

To enable comparison between quasi-static and dynamic
behaviour, as-manufactured lattice specimens were tested
under both quasi-static and dynamic loadings. Strain was
calculated based on crosshead displacement and specimen
height (37.5 mm), and compressive stress was calculated by
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Table 1 Lattice specimen unit cell topological details

Body- Body- Face-centred Face and boc?y—
centred Face-centred L centred cubic
Topology centred L . cubic with z- .
cubic (BCC) cubic with z- | cubic (FCC) struts (FCCZ) with z-struts
struts (BCCZ) (FBCCZ)
Image
Struts (s) 8 12 16 20 28
Nodes (n) 9 9 12 12 13
Maxwell number
-13 -9 -14 -10 -5
(M)
Struts .orlel:lted n No Yes No Yes Yes
load direction
Relative density of
CAD model (%) 8.5 9.6 6.99 8.01 15.58

Fig. 1 CAD representation of
BCC lattice specimen, includ-
ing definition of geometric

parameters
7.5 mm
7.5 mm
Table2 SLM processing Parameter Value dividing the measured load by the nominal cross-sectional

parameters

area of the specimens (37.5> mm?).
Layer thickness (pm) 30

Laser power (walts) 370 3.1 Quasi-static testing
Laser velocity (mm/s) 1335
Hatch spacing (upm) 170

Two specimens of each topology were tested under quasi-
static loading using an MTS Landmark with a 100-kN load
cell. Specimens were loaded at 1073 57! (2.25 mm/min).
Time-lapse photography with a frequency of four images
per minute was used to record all experiments and identify
failure modes.
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Table 3 Chemical composition of AlSi10Mg powder (%)

Al Si Cu Fe Mg Zn Cr Ni Mn

Ti Sr Zr \Y Ag C N O

Balance 10.2 <0.01 0.19 0.34 0.01 0.01 o0.01

<0.01 0.01

<0.001 <0.005 0.005 <0.005 <0.005 0.002 0.12

Dv10 Dv50 Dv90
T

N

Dv10=32.7 um
Dv50 = 49.5 um
DvO0 = 71.9 um

Volume Density (%)

~

1 \

|

1

0 10 20 30 40 50 60 70 8 9 100 110
Size [um]

Fig.2 Powder particle size distribution acquired by spectrographic
analysis

Young’s modulus was identified from the gradient of the
linear region of the quasi-static stress—strain curve, yield
stress was quantified using the 0.2% strain offset method
and ultimate strength was the maximum stress carried by
specimens before failure.

Ashby et al. [34] suggest that measuring the Young’s
modulus of a cellular structure in the conventional man-
ner—the stress—strain ratio during the linear region of
elastic deformation—is unrepresentative of the structure’s
functional stiffness, due to local plasticity occurring in the
structure at stresses well before yielding. Instead, they rec-
ommend that measurement of a cellular structure’s modulus
be taken from the slope of the unloading curve. For this
reason, the unloading modulus of one specimen of each
topology was measured at 1% and 2% strain, as well as the
conventional Young’s modulus, as has been performed in
previous studies [8].

3.2 Dynamic testing

Dynamic testing was performed using an Instron VHS8800
testing machine with a loading capacity of 80 kN. Three
specimens of each topology were tested at 5 m/s (corre-
sponding to a strain rate of 133.33 s~!), which was main-
tained constant during the testing procedure. High-speed
photography was used to capture images during testing for
identification of associated failure modes.

A meaningful measurement of Young’s modulus, and
therefore yield stress, cannot be extracted from a dynamic
stress—strain curve in the same manner as a quasi-static
test due to the non-uniform deformation associated with

dynamic loading. As a result, dynamic results were analysed
in terms of ultimate compressive strength.

3.3 Normalised properties

It is understood that the mechanical performance of cellular
structures is dependent on their relative densities [24]. The
lattice specimens considered in this study were designed
with the same geometric parameters (cell size and strut
diameter) with the only variation in topology. However,
these geometric and topological parameters affect the rela-
tive density of a lattice structure and therefore the mechani-
cal performance. To compare normalised properties, specific
strength and specific modulus were calculated by dividing
specimen properties by their density.

The relative density (p*/p,) of each specimen was calcu-
lated based on their mass (m,), their nominal volume (V)
and the density of the material (p,), which was assumed to
be 2.67 g/em? (Eq. 3).

Pt ms
b Vo, 3)

3.4 Energy absorption

The energy absorbed during testing per unit volume (W)
and per unit mass (W,,), based on the specimen density (p),
were calculated using Eq. 4 and Eq. 5 respectively. Calcula-
tions were based on stress (¢) and strain (&) behaviour, meas-
ured between the start of the test and strain at failure ().

&
Wy = / ode 4)
0
1 [
Wy = - / ode 5)
PJ o

4 Finite element modelling

To investigate collapse behaviour and deformation mecha-
nisms, a finite element (FE) model was developed to repli-
cate the behaviour of the candidate lattice structures (Fig. 3)
using the ABAQUS static and dynamic explicit solvers.
Lattice struts were represented using 2-node linear beam
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elements in space (B31) with circular cross-sections that
matched the experimental specimen’s topological and geo-
metric parameters (1-mm diameter, 7.5-mm cell size, 5 cells
in x, y, and z directions). Beam elements provide a computa-
tionally efficient means of modelling lattice structures [35,
36] and are appropriate to modelling applications including
geometric nonlinearity and material plasticity [37], as is the
case when modelling lattice structures. However, there are
known limitations of modelling lattice structures using beam
elements, such as the inability to directly model geometric
defects that result from AM fabrication methods [37], and
do not account for overlapping volumes at strut intersection
[35]. Despite these disadvantages, and due to the exceptional
computational efficiency of beam elements [38] compared
to alternative continuum elements [39], beam elements have
been used to effectively model the compressive behaviour of
lattice structures in several previous studies [35—41].

Specimens were crushed between plates represented by
rigid elements (R3D4) that moved at a constant prescribed
velocity with a unit mass. Quasi-static tests were replicated
using the static solver and dynamic tests using the dynamic
explicit solver with a strain rate of 100 s™'. Mesh density
analysis was performed, and a global element size of 10%
of cell size (0.75 mm) was found to lead to convergence of
results for all topologies.

General contact was set for the whole model, to enable
load transfer between the plates and lattice, and to constrain
the displacement of struts by contact with each other. Nor-
mal behaviour was defined as “hard contact,” and friction
between the specimens and the rigid plates was modelled by
defining the tangential behaviour as “penalty” with a coef-
ficient of friction of 0.1.

An elastic/plastic material model was defined using
parameters identified in a previous study on SLM AlSi10Mg
[32]. Elastic parameters were Young’s modulus =68 GPa

and Poisson’s ratio=0.3. Material plasticity was defined
using the Johnson—Cook model (Eq. 6). Constitutive rela-
tionships between build orientation angle and strain hard-
ening parameters of SLM AlSilOMg were previously
identified, and so different material models were applied
depending on the orientation of struts (Table 4), which was
found to reduce error between the experimental and FE
model results.

o = [A+ Be"|[1 + Cln(¢")|[1 — T*"] (©)

where o = plastic flow stress;A = material yield strength;
B = strain hardening coefficient; € = strain;n = strain harden-
ing exponent; C = strain rate sensitivity;é* = ratio of given
strain rate to the reference strain used to determine strain
hardening coefficient and exponent;7* = non-dimensional
temperature, function of room temperature, the material’s
melting temperature and reference temperature used to
determine strain hardening coefficient and exponent; m =
thermal softening exponent.

The Johnson—Cook model enables the modelling of mate-
rial strain rate sensitivity. However, previous studies have
concluded that SLM AlSil0Mg can be modelled as non-
strain rate sensitive in the 1-100 s~ range [32, 42, 43], so
no stain rate sensitivity value was prescribed (C=0). Tem-
perature was not considered in this study, so temperature
parameters were ignored in the material model (7=0).

Table 4 Johnson—Cook plasticity model parameters for vertical and
inclined struts [32]

Strut orientation A (MPa) B (MPa) n
Vertical 259.6 1,581.59 0.76
Inclined 264.54 1,278.43 0.71

Von Mises

stress (MPa)

+5.112e+02
+4.090e+02
+3.068e+02
+2.046e+02
+1.024e+02
+1.488e-01

Fig.3 Finite element model, including A undeformed and B deformed state. Lattice specimens are represented using beam

crushed between rigid plates
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5 Results and discussion

To account for the different relative densities of specimens
and the effect on mechanical performance, the relative den-
sities of the specimens were identified and are discussed.
Quasi-static and dynamic mechanical testing results are
compared, and insights provided by the FE model are
explored.

5.1 Relative density

The average relative densities of as-manufactured speci-
mens for all topologies are compared with the predicted
value based on specimen CAD in Fig. 4. As-manufactured
relative densities of body-centred topologies (BCC, BCCZ
and FBCCZ) were consistently less than those predicted by
the CAD, while FCC and FCCZ as-manufactured relative
densities were greater than those predicted by the CAD.
SLM-manufactured components are prone to shrinkage
during manufacture due to the difference in cooling rates
between surface and subsurface [44], which may explain
the reduced density of as-manufactured body-centred speci-
mens. Unlike the BCC topology, the face-centred topologies
(FCC, FCCZ and FBCCZ) share struts between cells. How-
ever, for unit cells on the outer surfaces of a lattice structure,
the volume of struts that are not shared between unit cells
is not accounted for, leading to a greater difference between
the CAD relative density and that of the as-manufactured
specimens. This difference increases with the number of unit
cells, and as specimens had many unit cells on their faces
(25 cells per face on six faces) this difference was significant
compared to other topologies. As the FBCCZ includes both
FCC and BCC struts, the difference between the idealised
CAD and as-manufactured relative densities is due to that
not accounting for shared struts on the specimen faces is

18
16 H BECAD
< 14 @ As-manufactured
> 12
210
S
[ 8
2
& 6
[3}
o 4
2
0
BCC BCCZ FCC FCCz FBCCZ
Topology

Fig.4 Comparison of CAD and average relative densities of as-man-
ufactured specimens for all topologies. Error bars for as-manufac-
tured specimens indicate one standard deviation

offset by the error due to shrinkage of struts, meaning the
relative density of as-manufactured FBCCZ specimens was
less than that predicted by the CAD.

5.2 Quasi-static results

Selected images of lattice specimens during quasi-static
testing are presented in Fig. 5. When failure occurred, diag-
onal failure planes emerged (red highlights in Fig. 5) for
all topologies. For BCC and BCCZ specimens, the failure
plane was diagonal on two of the parallel vertical planes,
but horizontal on the perpendicular planes, whereas for FCC
and FCCZ specimens, the failure plane was diagonal on all
vertical planes (Fig. 6), demonstrating that the orientation
of failure planes is dependent on topology. For the specimen
with z-struts, deformation was concentrated in the layers in
contact with the compression plates, but once the z-struts
failed (usually on the upper layer which was in contact with
the moving plate) failure planes emerged, with their orienta-
tion depending on the presence of BCC or FCC struts. The
FBCCZ specimens were not as consistent in their failure
mechanism, with no single plane of failure emerging, and
failure occurring within random cells through the structure.
The FBCCZ specimens were also able to hold together post-
failure, unlike the other topologies, due to the significant
number of struts present, suggesting a potential greater dam-
age tolerance of this topology.

Stress—strain curves for the tested specimens are pre-
sented in Fig. 7A. Specimens with z-strut topologies (BCCZ,
FCCZ and FBCCZ) showed greater stiffness and strength
than those without, with stress—strain curves that suggest a
stretch-dominated response, while both BCC and FCC speci-
mens failed at greater strains than their z-strut counterparts,
and behaved in a bending-dominated manner, consistent
with previous studies [10, 16]. This suggests that the inclu-
sion of z-struts increases strength and stiffness, though at the
cost of reduced compliance.

All specimens behaved in a brittle manner—once the
ultimate strength was reached, the specimens catastrophi-
cally failed, and experiments were stopped. Unlike the
other topologies, FBCCZ specimens failed progressively,
as no single failure plane emerged, as shown in Fig. 5. As-
manufactured SLM AlSi10Mg has previously been found to
be brittle [45—-47], and SLM lattice structures with similar
geometries made from different materials such as Inconel
and Ti6Al4V have been found to be more ductile [8, 30].
This suggests the observed brittle behaviour of the lattice
structures is due to the brittleness of the material.

Stress—strain curves normalised by specimen density
(specific stress—strain) are presented in Fig. 7B and yield,
and ultimate strengths normalised by specimen density
(specific strength) are presented in Fig. 7C. Although

@ Springer



Deformation

<
o
—
I
wn
[ce]
o
<
o]
—
—
o~
[a]
(=]
o
>
D
°
o
o
=
o
v
[t
j=2)
<
=
=]
=1
o
£
=}
o
(3]
=
el
[
o
o
©
>
©
<
Y
o
©
=
=
=1
o
=
©
o
2
=1
[s]
=
=
[
=
[
v
=
=

e e

Initial contact

pringer

Qs




The International Journal of Advanced Manufacturing Technology (2022) 118:4085-4104 4093

«Fig.5 Photographs of initial contact, deformation and failure of
quasi-static specimens during testing. Build direction is upwards and
loads are vertical. Red highlights indicate failure planes. The failure
plane of the BCCZ specimen occurred on the face not visible to the
camera

FBCCZ had the greatest yield and ultimate strengths
(Fig. 7A), this is partially due to the greater material
presence provided by the extra struts, and when mass
is accounted for, FCCZ is the most efficient topology in
terms of strength-to-weight ratio. Conversely, although
the BCC and BCCZ specimens had greater relative den-
sity than the FCC and FCCZ topologies respectively, the
superior specific strength of the FCC and FCCZ specimens
demonstrates that relative density is not the only contrib-
uting factor to lattice mechanical performance, and that
topology significantly affects qualitative and quantitative
performance.

An example of the Young’s modulus, 1% and 2%
unloading moduli are provided in Fig. 8A, and these val-
ues for all topologies normalised by specimen densities
(specific modulus) are compared in Fig. 8B. The Young’s
modulus of specimen that were and were not unloaded
was very similar, though for BCC, BCCZ and FCC speci-
mens the Young’s modulus of the unloaded specimens was
greater than that without unloading, whereas for the FCCZ
and FBCCZ specimens the opposite was observed. This
suggests that unloading reduces the Young’s modulus of
specimens with FCCZ topologies. The unloading moduli
were consistently greater than the Young’s modulus for
all specimens, and the 2% unloading modulus was always
greater than the 1% unloading modulus, suggesting stiff-
ness increases with an increase in the strain at which the
specimen is unloaded. These findings support Ashby’s
assertion that unloading modulus is more representative
of a structure’s stiffness due to the similarity between
the unloading moduli and their difference to the Young’s
modulus.

The effect of the inclusion of z-struts on specific
modulus is apparent from Fig. 8B—z-struts significantly
increase the modulus of lattice topologies, as seen by the
superior modulus of the BCCZ and FCCZ topologies com-
pared to the BCC and FCC topologies, respectively. Com-
parison of Fig. 7C (specific strength) and Fig. 8B (specific
modulus) shows that z-struts more significantly contribute
to the stiffness of the lattice than strength, as seen by an
increase in specific modulus provided by the inclusion of
z-struts, compared to the increase in specific strength.

5.3 Dynamic results

High-speed photographs of specimens during dynamic
testing are presented in Fig. 9. Specimens failed due to the

emergence of diagonal shear planes, as was observed during
quasi-static testing. Greater deformation was observed on
the loaded (top) face of the specimens with z-struts (BCCZ,
FCCZ and FBCCZ), whereas deformation was more evenly
distributed through the specimen for specimens without
z-struts (BCC and FCC). Failure occurred at greater strains
under dynamic loading compared to the quasi-static results
due to the increased rate of deformation.

Specimens behaved in a brittle manner under dynamic
loading—once softening occurred the specimens catastroph-
ically failed—consistent with the brittle behaviour observed
during quasi-static testing. This suggests that conservative
safety factors would be necessary for the implementation of
as-manufactured SLM AlSi10Mg lattice structures to keep
their maximum operating stresses within the linear region
of their stress—strain curve.

Dynamic stress—strain curves for selected specimens
of all topologies are compared in Fig. 10A. Similar to the
quasi-static stress—strain curves (Fig. 8A), it is shown that
the inclusion of z-struts increases the stiffness and strength
but reduces the strain at which failure occurred.

Comparison of dynamic specific ultimate compressive
strength between topologies (Fig. 10B) shows that FCCZ is
the most efficient topology in terms of strength-to-weight
ratio under dynamic loadings as well as quasi-static loading.
The results were very consistent, with only minor standard
deviations for all topologies.

5.4 Comparison of quasi-static and dynamic results

Stress—strain curves of selected quasi-static and dynamic
specimens are compared in Fig. 11A. Although the general
shape of the curves for a given topology is quite similar, the
shallower gradient of the dynamic curves after failure shows
that specimens failed over a larger strain compared to quasi-
static result, due to the increased strain rate of the dynamic
experiments. The peak of the curves generally occurred at
greater strain under dynamic loading, which is consistent
with the greater strain at failure for dynamically tested speci-
mens, as seen by comparison of the strain in Figs. 5 and 9.
This suggests that the general behaviour of all topologies
is quite similar between quasi-static and dynamic loading
regimes, though the increased rate of the dynamic testing
means that the certain phenomena, such as yielding, peak
stress and failure, occur at greater strains under increased
loading rate.

The scatter plot presented in Fig. 11B shows the spe-
cific strength of all specimens over the range of tested strain
rates. Although most topologies showed very similar specific
strength at both quasi-static and dynamic strain rates, sug-
gesting a lack of rate sensitivity, FCC specimens seemed
to show an increase in specific strength in the dynamic rate
range, whereas FCCZ showed a drop in specific strength at

@ Springer



4094 The International Journal of Advanced Manufacturing Technology (2022) 118:4085-4104

Fig.6 Schematic representation F
of failure plan orientation on
faces of BCC and FCC speci-

Failure plane edges

mens with respect to the applied
load (F)

BCC

the greater strain rate, compared to the quasi-static response.
However, when mean strength values are compared, as pre-
sented in Fig. 11C, very little difference is observed between
the quasi-static results—BCC, FCC and FCCZ had the great-
est variation in mean specific strength over the tested strain
rates, with a 5%, 4.5% and 4.6% change in specific strength,
respectively. BCCZ and FBCCZ were the most consistent
across the tested strain rates with only 1.7% and 0.5% differ-
ences, respectively. These results suggest that the strength of
all topologies is not significantly strain rate sensitive.

5.5 Energy absorption

The energy absorbed per unit volume and per unit mass
is presented in Fig. 12A and B respectively. The energy
absorbed per unit volume (W,) consistently increased with
strain rate for all topologies except FCCZ—12% for BCC,
18% for BCCZ, 23% for FCC and 4% for FBCCZ—whereas
FCCZ saw a 12% drop in energy absorbed per unit volume.
This is due to the decreased ultimate strength of the dynami-
cally tested specimens seen in Fig. 11A, leading to an overall
reduction in energy absorption in the dynamic strain rate
range. Differences in W, between topologies reflect differ-
ences in modulus and strength values discussed above, as all
specimens had the same nominal volume.

When energy absorption was normalised by specimen
density (energy absorbed per unit mass, W,,, Fig. 12B),
FCCZ and FBCCZ topologies were found to significantly
outperform the BCC, BCCZ and FCC topologies—W,,
for BCC, BCCZ and FCC specimens ranged between 0.65
and 0.86 J/g, whereas that for FCCZ and FBCCZ ranged
between 1.4 and 1.6 J/g. The inclusion of z-struts in the
BCC topology led to a 12% increase in W,, in the quasi-
static range, and a 23% increase in the dynamic range,
suggesting that the z-struts provide more mass-efficient
energy absorption capabilities. However, a more signifi-
cant increase in W, was observed due to the inclusion of
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FCC

z-struts in the FCC topology—a 140% increase in W,, was
observed in the quasi-static range and a 66% increase in
the dynamic range. This demonstrates that the inclusion
of z-struts has a more significant effect on the FCC topol-
ogy compared to the BCC topology in terms of energy
absorption, and further demonstrates the efficiency of the
FCCZ topology, as well as the efficiency of strength- and
stiffness-to-weight ratios. FBCCZ specimens had lower
W,, than the FCCZ specimens in the quasi-static range
suggesting the presence of both BCC and FCC struts is
inefficient, and that impressive energy absorption can
be achieved with the FCCZ topology without the need
for BCC struts. FBCCZ specimens had the greatest Wy,
of all specimens, as they were able to hold together for
the greatest strain, as previously discussed, due to the
greater presence of material within cells, meaning failure
occurred over a greater strain, increasing energy absorp-
tion performance.

These results further demonstrate that relative density of
a lattice structure’s unit cell does not alone dictate its per-
formance, and that topology can be used as a coarse design
parameter to radically alter the compressive performance of
lattice structures.

Again, all topologies showed an increase in W, with
increased strain rate except FCCZ, which showed a mean
decrease of 11%. This improved energy absorption perfor-
mance is due to stress—strain phenomena occurring at higher
strains during dynamic deformation, as previously discussed.
As yielding, peak strength and failure occur at higher strains
under dynamic loading, due to increased rate of deforma-
tion, more energy is absorbed over that greater strain. This
demonstrates that SLM lattice structures may be effectively
deployed for energy absorption applications under dynamic
loading, as their energy absorption performance is increased
with the increased strain rate.

The energy absorption capabilities of the tested lat-
tice structures were hampered by the brittleness of the



The International Journal of Advanced Manufacturing Technology (2022) 118:4085-4104 4095

14 1 A
---BCC
12+ ——BCCzZ
- - -FCC
10+ ——Fccz
o ——FBCCZ
S 87
@
o 61
n
4 +
2+ //"——— ~\\
/’,’, ————————— AN ‘-‘\\
O fr 1 L L~
0 5 10 15
Strain (%)
_0.04; B
Ea - --BCC
£ ——BCCZ
(®)]
g | - - -FCC
EO‘% ——Fccz
o ——FBCCZ
=,
£ 0.021
(@]
C
9 - RN
» Prae \
ooty [/~ !
= Z2 N - e
[&] - - 1 ~
[} =" 1 N
o - N
U) // I‘ \\
0 4 1 1 L
0 5 10 15
Strain (%)
C
0.045

0.04 H @Yield strength
0.035 @ Ultimate strength
0.03
0.025
0.02
0.015
0.01
0.005

Specific strength [MPa/(kg/m?3)]

BCC BCCz FCC FCCz
Topology

FBCCZ

Fig. 7 Quasi-static results, including A stress—strain curves, B spe-
cific stress—strain curves and C specific yield and ultimate strengths
of all tested topologies

specimens in their as-manufactured state, as no plateau
stress could be achieved before catastrophic failure upon
yielding, even for the BCC specimens—the most compli-
ant topology. Although results demonstrate that energy
absorption efficiency is dependent on topology, the
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modulus and B specific Young’s modulus of the specimens tested
without unloading, and the specific Young’s modulus and 1% and 2%
moduli of the specimen tested with unloading

brittleness of the specimens suggests that these particu-
lar lattice structures would not be very useful for energy
absorption applications in their as-manufactured state,
as the continuous deformation observed in the plateau
region of compliant cellular structures, which is desir-
able for energy absorption applications, was absent here.
However, the brittleness of SLM AlISil0Mg has been
reported previously [48, 49], and to overcome this heat
treatments including annealing and hot isostatic pressing
(HIP) [50] have been shown to improve ductility at the
cost of strength [51] of bulk SLM AlSi10Mg. Further-
more, heat treatments on lattice structures have demon-
strated that mechanical performance can be improved due
to reduced porosity [52] and even reduce strain rate sen-
sitivity [53]. Although the effect of heat treatment on the
performance of SLM AISi10Mg lattice structures is not
within the scope of this study, results from the literature
suggest the brittleness of the as-manufactured specimens
may be overcome by heat treatment, which would improve
their energy absorption performance.

5.6 Numerical modelling

Quasi-static and dynamic stress—strain curves extracted from
experiments and simulations are compared in Fig. 13, along
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«Fig.9 High-speed photographs of specimens during dynamic testing
at initial contact, during deformation, and after failure. Build direc-
tion is upwards and loads are vertical. Red highlights indicate failure
planes

with specific Young’s modulus. It can be seen that although
there was a good match between the curves for the lattice
structures without z-struts (BCC and FCC), the stiffness
of simulations of the structures including z-struts (BCCZ,
FCCZ and FBCCZ) was consistently greater than that of the
experimental curves. This finding is consistent with previous
studies comparing the simulated and experimental behav-
iours of lattice structures. For example, Luxner et al. [35]
found that for lattice structures whose response is highly
directionally dependent, as is the case when struts oriented
in the build direction are included (z-struts), there is greater
error between simulation and experimental curves, as these
structures are very sensitive to changes in loading direc-
tion. Smith et al. [36] compared simulated and experimental
mechanical properties of BCC and BCCZ lattice structures
and also found that there was a better match between the
stiffness of simulations and experiments of BCC lattice
structures compared to BCCZ. These results suggest that
the accuracy of numerical modelling of lattice structures
is highly dependent on the governing deformation mecha-
nisms [35], and that structures that rely on buckling for fail-
ure (stretch-dominated), such as those topologies including
z-struts, tend to have greater variation between simulated
and experimental results than structures that fail by bending
(bending-dominated).

There are both aleatory and epistemic uncertainties asso-
ciated with experimental testing of AM lattice structures that
result in discrepancies between numerical and experimental
results. Variation in the intended and as-manufactured geom-
etries is a known limitation of AM technologies [54], includ-
ing SLM [55], that has been found to significantly affect the
performance of AM lattice structures [56]. The relative den-
sity results of this study (Sect. 5.1) further demonstrate that
the magnitude of these discrepancies is dependent on topol-
ogy. Inconsistencies in as-manufactured geometries mean
identification of precise mechanical properties of individual
struts within lattice structures is difficult [39], particularly
strut radius along their length [37]. These geometric dis-
crepancies also have implications for the orientation of loads
applied to struts, which is known to have a significant effect
on buckling performance [57], and is the dominant failure
mode for lattice structures with z-struts. Friction between
the lattice specimens and compression plates affects the
mechanical performance of lattice structures [58], yet it is
understood that there is significant variation in the rough-
ness of upward- and downward-facing surfaces of specimens
manufactured by SLM [59]. This suggests the friction behav-
iour on the upper and lower faces of the lattice specimens

could be quite different, yet this effect remains unquanti-
fied and difficult to account for in numerical models. The
significance of these factors varies depending on topology
and means the ability of the numerical model to precisely
predict mechanical properties such as stiffness and strength
is equally topologically dependent.

While there was quantitative discrepancy between the
stress—strain behaviour of simulations and experiments, par-
ticularly in terms of the stiffness of specimens with z-struts,
the qualitative behaviour matched quite well. The general
shape of the stress—strain curves (Fig. 13) of simulations
during initial deformation matched well with experimental
curves, though discrepancies increased at larger strains due
to the absence of a fracture mechanism in the model. The
deformation of experimental and simulated lattice speci-
mens is compared in Fig. 14 and is considered to match
quite well—the initial buckling of struts and the concentra-
tion of deformation in upper and lower layers in contact with
compression plates match between simulations and experi-
ments. Stress contours during the early stages of deformation
of the numerical model were found to provide significant
insight into the causes of macroscopically observed experi-
mental behaviour, particularly with regard to the variations
between the tested topologies. The purpose of the numeri-
cal model implemented in this study was to provide insight
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into the deformation modes observed during experiments,
rather than accurate prediction of mechanical properties, and
thus, despite quantitative variation between numerical and
simulated results, the numerical models were considered to
be useful for their intended purpose.

The Von Mises stress contours for static and dynamic
explicit simulations are compared in Fig. 15, which provide
insight into the macroscopic behaviour observed in experi-
ments. The stress contours of the BCC and FCC lattice struc-
tures elucidate why shear planes emerge with different ori-
entations depending on the topology. The BCC specimens

@ Springer

show that the struts connecting the diagonally opposite
corners carry significantly greater stress than other struts
within the lattice, and when diagonal shear planes emerge
upon failure, they align with these most loaded struts. Simi-
larly with the FCC specimens, it can be seen that stress is
more concentrated in the struts connecting opposite corners,
though for FCC these most loaded struts span the faces of
the lattice structure, rather than across the whole structure,
as seen in the BCC specimens. This again explains the orien-
tation of the shear plane formation in FCC lattice structures,
as the struts that carry the greatest loads diagonally span the
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outfaces of the FCC lattice structure, and when shear planes
emerge, they align with these most loaded struts.

It is also apparent from the stress contours of the BCC
and FCC topologies that stress is greatest in struts furthest
from the central z-axis of the specimens, suggesting that
bending moments are induced within the lattice structures
during deformation, and as the moment arm increases in
length the further from the centre of the lattice, the struts
on the outer faces carry the greatest stress. At a certain
load, these induced stresses exceed the strength of the
struts, leading to the emergence of diagonal shear planes
oriented in alignment with the most loaded struts, result-
ing in failure. In comparison, the BCCZ and FCCZ speci-
mens both show that when z-struts are included in these
topologies these struts carry the greatest stress. This is to
be expected, as the z-struts are aligned to the load meaning
that they fail by crushing or buckling, whereas the BCC or
FCC struts deform by bending, and so require lower stresses
for deformation.

Stress contours also show that stresses are most con-
centrated in the interfacial layers between the compression
plates and the lattice structures. This is consistent with the
deformation behaviour observed during experiments, as pre-
sented in Figs. 5 and 9, where the deformation of z-struts
in the upper and lower layers is most significant. This effect
is more pronounced in the dynamic explicit simulations,
suggesting that the concentration of stress in the interfacial

layers increases with dynamic loading. This phenomenon is
commonly observed in dynamically loaded materials and is
related to stress wave propagation—as Lu states “high stress
brought about by the strong plastic compression waves may
cause local plastic collapse” [60]. It is likely these effects
would be more pronounced at greater strain rates [61] and
suggest specimens with z-struts may be more susceptible to
wave effects, though this is not clearly apparent in the tested
strain rate range.

The greater concentration of stress in the impacted layer
of cells helps explain the formation of shear planes in speci-
mens with z-struts. For these lattice structures to deform,
the z-struts must collapse by either buckling or crushing
(depending on their slenderness), and the struts in the inter-
facial layers see the greatest stresses due to direct contact
with the compression plates. Once these z-struts fail, the
struts connecting diagonally opposite corners take up the
loads, leading to the subsequent concentration of stress in
these diagonal struts. Shear planes then emerge aligned
to these most loaded struts, as observed in the specimens
absent of z-struts.

The stress distributions also help explain the differences
in efficiency between the different lattice topologies, quanti-
fied by specific strength and energy absorption. The BCC,
FCC and BCCZ topologies were found to have the lowest
specific strength and energy absorption capabilities, and
the reason for this is demonstrated by the significant vari-
ation in stress states of the individual lattice struts through
the structures. This is particularly pronounced for the BCC
and BCCZ stress contours presented in Fig. 15, as there is
significant variation in stress values between the different
struts. As few struts are carrying significant stresses, while
most struts are barely stressed at all, this leads to ineffi-
ciency of the structure, as much of the material present is
underutilised, and is observed as reduced specific strength
and energy absorption efficiency in experiments. The FCCZ
topology had the most even distribution of stress amongst
its constituent struts, and so was the most efficient by these
measures.

The FBCCZ topology can be considered a hybrid of the
other tested topologies as it includes BCC, FCC and z-struts.
Similar phenomena are observed during early deformation
of this topology compared to the others—stress is most con-
centrated in the z-struts and increases further away from the
central z-axis and in the upper and lower layers. However,
once these struts fail, there are both FCC and BCC struts
present to take up loads; no single plane emerges across
which stresses are greatest, and so no clear shear planes
emerge upon failure. Rather, the FBCCZ specimens failed
in an inconsistent manner and more progressively, seen in
the deformation images in Figs. 5 and 9 and the stress—strain
curves in Fig. 11A. As a result, FBCCZ specimens had the
greatest strength and stiffness, and failed more progressively
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behaviour of all topologies

than other topologies, but were less predictable in their fail-
ure, the reasons for which can be inferred from the stress
contours of the numerical model.

6 Concluding remarks

Despite the research attention AM lattice structures have
recently received, mechanical characterisation of the
dynamic performance of AlSilOMg lattice structures
remains relatively undefined. This research has sought to
overcome this identified deficit by investigating the effects
of topology on the dynamic behaviour of SLM AlSi10Mg
lattice structures. The findings of this research contribute
to this characterisation and provide a foundation for further
research on the broader dynamic behaviour of AM lattice
structures.
The key findings of this work are:

e The as-manufactured relative density of BCC, BCCZ
and FBCCZ specimens was found to exceed the expected
value, whereas CAD relative densities of FCC and FCCZ
topologies were found to underpredict the as-manufac-
tured relative density. This is due to the different build
orientations of their constituent struts, which affects their
fidelity of as-manufactured geometries, and the differ-
ent arrangements of struts and whether struts are shared
between cells, which is dependent on topology.

e The inclusion of z-struts in BCC and FCC specimens led
to an increase in strength and stiffness, but a reduction
in compliance, which was consistent for both quasi-static
and dynamic testing.

e The FCCZ topology was found to be the most efficient
topology in terms of specific strength and energy absorp-
tion, due to the more even distribution of stresses across
the structure during deformation.

e Specimens failed by the emergence of diagonal shear
planes, the orientation of which is dependent on topol-
ogy, but increasing strain rate did not alter this failure
mechanism. The reason for the orientation of these shear
planes was demonstrated by the numerical models that
showed that stress is concentrated in struts connecting
diagonally opposite corners of the structure, and when
shear planes emerge, they are aligned to these most
loaded struts.

e Unloading modulus increased with the strain at which
it was measured and was consistently greater than the
Young’s modulus for all topologies.

e Stress—strain behaviour was largely consistent across
the tested strain rate range for all topologies, although
deformation generally occurred at greater strains under
dynamic loading due to the greater rate of deformation
during dynamic testing.

e Although some variation in specific strength was
noticed between quasi-static and dynamic results, mean
values were very similar, suggesting there is no sig-
nificant rate sensitivity of the tested lattice structures

@ Springer



4102

The International Journal of Advanced Manufacturing Technology (2022) 118:4085-4104

Dynamic explicit

€=4.29% £=3.0%
+4.092e+01 +3.365e+02
(8] +3.279e+01 4+2.693e+02
o +2.465e+01 +2.021e+02
o0 iéggégigé +1.348e+02
+2.381e-01 I%;?Séz_*oof
€=0.34% £=0.22%
+2.739e+02 +3.574e+02
N +2.193e+02 +2.861e+02
(@) +1.646e+02 +2.147e+02
(W) +1.100e+02 +1.434e+02
o +5.535e+01 +7.207e+01
+7.066e-01 +7.456e-01
€=0.53% €=1.76%
+2.929e+02 +4.597e+02
() +2.346e+02 +3.689e+02
o +1.763e+02 +2.780e+02
hrg +1.180e+02 +1.872e+02
+5.965e+01 +9.635e+01
+1.348e+00 +5.509e+00
£=0.50% €=136%
+2.999¢+02 +4.669e+02
+2.401e+02 +3.746e+02
N +1.803e+02 +2.822e+02
(@} +1.204e+02 +1.898e+02
(©) +6.059e+01 +9.746e+01
(Tl +7.508e-01 +5.090e+00
€=0.58% .
+3.159e+02 €=1.20%
N +2.528e+02 +3.742¢+02
g s
(@] +6.361e+01 If%éﬁiiBS
o 5.527e-01 :
e * +7.575e+01
+1.143e+00

@ Springer




The International Journal of Advanced Manufacturing Technology (2022) 118:4085-4104 4103

<« Fig. 15 Von Mises stress distribution (MPa) in static and dynamic
explicit numerical models of lattice for all topologies

in the range of strain rates tested. However, some lim-
ited wave effects were observed in numerical models,
suggesting rate sensitivity effects could be greater at
greater strain rates.

e The accuracy of numerical models was found to vary
depending on topology, with the stiffness of simula-
tions of lattice structures including z-struts consistently
exceeding the experimentally observed stiffness, due the
sensitivity of their mechanical response to the orientation
of loads. However, qualitative behaviour was found to be
consistent with experimentally observed behaviour, and
the models provide insight into the deformation modes
observed during experimental testing. Specifically, the
concentration of stress in specific struts and the implica-
tions for the emergence of shear planes, and the distribu-
tion of stress across the structure elucidate the causes of
failure and the macroscopically observed efficiency of
the tested lattice topologies.
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