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Abstract: A designer of metallic energy absorption structures using additively manufactured cellular
materials must address the question of which of a multitude of cell shapes to select from, the majority
of which are classified as either honeycomb, beam-lattice, or Triply Periodic Minimal Surface (TPMS)
structures. Furthermore, there is more than one criterion that needs to be assessed to make this
selection. In this work, six cellular structures (hexagonal honeycomb, auxetic and Voronoi lattice,
and diamond, gyroid, and Schwarz-P TPMS) spanning all three types were studied under quasistatic
compression and compared to each other in the context of the energy absorption metrics of most
relevance to a designer. These shapes were also separately studied with tubes enclosing them. All of
the structures were fabricated out of AlSi10Mg with the laser powder bed fusion (PBF-LB. or LPBF)
process. Experimental results were assessed in the context of four criteria: the relationship between
the specific energy absorption (SEA) and maximum transmitted stress, the undulation of the stress
plateau, the densification efficiency, and the design tunability of the shapes tested—the latter two
are proposed here for the first time. Failure mechanisms were studied in depth to relate them to the
observed mechanical response. The results reveal that auxetic and Voronoi lattice structures have
low SEA relative to maximum transmitted stresses, and low densification efficiencies, but are highly
tunable. TPMS structures on the other hand, in particular the diamond and gyroid shapes, had the
best overall performance, with the honeycomb structures between the two groups. Enclosing cellular
structures in tubes increased peak stress while also increasing plateau stress undulations.

Keywords: additive manufacturing; energy absorption; laser powder bed fusion; honeycomb; lattice;
triply periodic minimal surface; design

1. Introduction

Prior to the maturation of metal additive manufacturing (AM) technologies, honey-
combs [1-5], metal foams [6-8], and hollow tubes [9-13] were commonly used for energy
absorption applications beyond the reach of polymers due to large impact energies and ve-
locities, such as in automotive crumple zones and aerospace crash protection [14,15]. With
the additional design freedom enabled by additive manufacturing comes the opportunity
to exploit cellular shapes beyond periodic honeycombs and stochastic foams to further
optimize energy absorption properties and/or reduce the mass of the structure needed
to meet design requirements. With this increased freedom to select a shape from a large
library of possibilities [16] comes the need to understand why certain shapes perform better
than others. This is made somewhat challenging by the fact that unlike maximizing cellular
material stiffness or strength, energy absorption behavior spans a range of different metrics
such as peak load, plateau slope and uniformity, energy absorption efficiency, densification
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strain, and specific energy absorption. A cellular structure may excel in controlling for peak
load, for example, but may have poor energy absorption efficiency.

Another challenge with optimizing cellular material geometry for energy absorption is
that some of the important metrics used for this purpose are interdependent—this is most
evident in the calculation of specific energy absorption, which depends on the location
on the stress—strain curve where the onset strain of densification is defined, which in turn
depends on how the designer defines the end of the energy absorption event.

Metal AM cellular structures tend to find use in applications that require energy to
be absorbed within fractions of seconds, due to events such as impact, shock or blast, and
projectile penetration. It is more commonplace however to commence studies at quasi-
static strain rates, select promising candidates, and then examine them at higher strain
rates—details on the behavior of traditional cellular materials at both quasi-static and
impact strain rates can be found in [6]. Table 1 lists a compilation of energy absorption
studies conducted on AM cellular materials at quasi-static strain rates in compression—
these studies represent a subset of the larger set of experimental studies that have involved
compression of cellular materials but are called out here due to their emphasis on extracting
energy absorption-related information.

Table 1. Compilation of quasi-static energy absorption studies in lattice structures manufactured
with metal additive manufacturing.

Lattice Geometry

Process and Material Relative Density Range (%) Strain or Displacement Rates

BCC lattice [17]

PBF-LB Stainless Steel 316L 3.5-13.8 0.25 mm/min

Uniform and graded thickness
BCC lattice [18]

PBF-LB AlSil0Mg 22 (nominal) 1.8 mm/min

BCC and BCC-Z lattice

PBF-LB Stainless Steel 3161 3.5-15.9 (nominal) 0.5 mm/min

Cubic, diamond and re-entrant
lattice [19]

EBM Ti6Al4V 13.7-16.6 0.2 mm/min

Octet truss, rhombic
dodecahedron, diamond and
dode-medium lattices [20]

PBF-LB Inconel 718 15-30 (nominal) 1 mm/min

Pillar octahedral and octahedral

0.5 mm/min (elastic), 1 mm/min

PBF-LB Stainless Steel 316L. 2.9-16.6

lattices [21] (plateau)
Lattice geometry mimicking C15 ppp 4 g A1106; 17-37 (nominal) 0.002 51
Laves phase [22]

Hollow micro-lattice [23,24] Photopolymerization + Nickel ~1.1-32 (nominal) 1 mm/min

coating

TPMS double gyroid [25]

0.54 mm/min

PBF-LB AlSi10Mg

22 (nominal)

TPMS diamond [26]

PBF-LB AlSil0Mg

5-15 (nominal)

0.4 mm/min

TPMS diamond [27]

PBF-LB Cu-Cr-Zr copper alloy

10-20 (nominal)

Quasi-static, rates not specified

TPMS P-type and G-type [28] PBF-LB Stainless Steel 316L. 22.5-36.7 0.001s7!
TPMS P-type, diamond and PBF-LB Stainless Steel 316L 10.4-31.4 0.001 571
gyroid [29]

Stacked origami sheet-based PBF-LB Stainless Steel 316L 18.9-30.5 0.001 s~
materials [30]

Bio-inspired cylindrical surface PBE-LB AISi10Mg NA 1 mm/min

infilled with lattice struts [31]

BCC: Body Centered Cubic; PBF-LB: Laser Powder Bed Fusion; EBM: Electron Beam Melting.

In the quasi-static strain rate regime, energy absorption behavior is primarily influ-
enced by the properties of the base material, the relative density of the structure, and
the geometry of the cells that comprise it. An examination of Table 1 indicates that the
laser powder bed fusion (PBF-LB) process is most commonly used to fabricate AM cellular
structures for energy absorption studies, and most studies either focus on beam-based
lattices such as the body centered cubic (BCC) shape or triply periodic minimal surfaces



J. Manuf. Mater. Process. 2022, 6, 140

3 0f24

(TPMS) shapes. The relative densities studied range from 3.5% to 37%, with most studies
including specimens in the 10-25% range. Effective strain rates in most studies are 1073 s~ 1,
with crosshead speeds typically around 0.5-1 mm/min. Stainless steel 316L is the most
commonly tested material, followed by AlSi10Mg.

It is important to introduce and clarify the different metrics used by the authors of
these studies due to the challenges identified previously with the quantification of energy
absorption behavior. A typical (effective) stress—strain response for a metallic cellular
material under low strain rate compression is shown in Figure 1 showing a large plateau
region, sandwiched by rises in load on either end—the former is a result of the elastic
response of the structure, the latter is on account of densification.
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Figure 1. (a) a typical compression stress—strain response of a metallic lattice material showing the
first peak, the plateau region, and the onset of densification, and (b) energy efficiency graphed against
displacement, with the peak used to identify the onset of densification.

Several metrics can be extracted from the graph in Figure 1a, these are discussed in
turn below, with the findings from the literature in Table 1 specific to a metric woven into
the discussion in the appropriate place.

First maximum/peak stress: the first maximum stress is the highest stress achieved
before a drop in stress levels, as shown in Figure 1a. The specific value of this stress depends
on the composition, cell geometry, and relative density [14].

Plateau Stress: the plateau is defined as the region between the first peak stress and
the onset of densification. The average stress in the plateau region is defined here as the
plateau stress. Generally speaking, the plateau stress value is lower than the peak stress.

Plateau slope: the slope of the stress plateau indicates whether the cellular structure
hardens or softens under compressive loading. Generally speaking, the higher the relative
density, the harder the plateau compressive response will be, which can result in the plateau
stress exceeding the first maximum stress, which is not ideal from a design standpoint
where the goal is often to ensure the maximum transmitted stresses are maintained below
a specific value. A cellular material with a flat plateau, across a range of relative densities,
is a preferred material for energy absorption. The plateau slope of the P-type TPMS
geometry has been shown to be less dependent on relative density in comparison to other
shapes [28,29]. It has also been shown that two distinct plateaus may be arrived at [22].

Plateau undulation: undulation, or waviness in the plateau is another metric that is of
interest and is indicative of the nature of localized failures during the compression event.
A non-dimensional indicator called undulation of the load-carrying capacity (ULC) has

been proposed as [12]:
Jo ¥ [E(s) — Fin|ds

fOSEF F(s)ds

where F and s represent force and displacement, while Sgp and F, are the effective stroke
and the maximum force experienced in the plateau, not including the first maximum

ULC = 1)
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stress, respectively. ULC tends to correlate inversely with energy efficiency, with an ideal
energy absorber having a ULC value of 0. A drop in plateau load is typically indicative
of a localized failure event, occasionally resulting in failure bands and barreling of the
cellular structure. Load increases correspond to transfer of load bearing to another set of
members. Higher relative density structures generally have larger undulations on account
of thicker beams or walls that tend to experience higher shear stresses. Material properties,
including heat treatment which induced changes in microstructure, also influence plateau
undulation [25].

Onset strain of densification: The onset strain of densification (ep), which is often
less correctly termed simply as the densification strain [32], is vital for the computation
of energy absorption. At least four different approaches have been proposed and used
to define ep: (a) the energy efficiency method, where the strain at the maximum energy
efficiency point defines ep, as shown in Figure 1b [27,29,30]; (b) a predefined strain value
at which all values are specified, typically 40% [28] or 50% [33] strain; (c) the use of the first
maximum stress as a threshold—e¢p is defined when stress exceeds this threshold [23,24];
and (d) the intersection of the slopes of the plateau and the densification region can be used
to define ¢p [15,22].

Specific energy absorption (SEA): SEA is a normalized (by mass) measure of energy
absorbed and is calculated from the stress—strain graph in Figure 1a, as:

SEA — foeD ode

@)

The numerator is the area under the stress—strain curve integrated up to the densifica-
tion strain ep, and p represents the density of the lattice structure. This measure can also be
obtained by dividing the area under the force—displacement curve by the measured mass of
the lattice structure under compression. The volumetric counterpart of SEA is called energy
absorption capacity (Wy), with units of ] /cm?. Both these metrics depend on the definition
of ep, and comparisons across the literature must be carefully drawn. Furthermore, both
values also typically increase with increasing relative density along with higher transmitted
stress, and a comparison across the shapes is only relevant in the context of relative density
and/or maximum transmitted stress.

Energy absorption efficiency: a related metric of interest is the energy absorption
efficiency 1, which enables a comparison of the energy absorption of the cellular material
of interest to an ideal energy absorber, for a given maximum transmitted stress opeq, and

is estimated as:
Jo P ode
n=———— 3)

~ Opeak * 100%

The majority of published literature reports the first maximum /peak stress and com-
putes SEA. Other metrics such as plateau stress and energy absorbed per unit volume are
also reported. This work attempts to dive deeper into correlating cellular material geometry
to the above energy absorption metrics, understand why they have the relationships they
do, and propose design strategies for approaching the ideal energy absorber. Instead of
focusing on one class of cellular material, this work seeks to compare the behaviors of
beam-based lattices and TPMS geometries against baseline honeycombs, all manufactured
to similar scales and relative densities using the identical material composition (AlSi10Mg),
processing equipment (PBF-LB), and post-process heat treatments.

An ideal energy absorber for the purposes of this discussion is a cellular material that
has certain characteristics: (a) a predictable peak stress-relative density relationship, (b) a
flat plateau that keeps the stress below the peak stress that will damage the object being
protected at a wide relative density range, and (c) the ability for the material to absorb all
the energy needed prior to reaching densification. Maximizing SEA and energy absorption
efficiency while important, is not sufficient.
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Following this introduction, the design rationale, materials, and manufacturing pro-
cess used are discussed, followed by a discussion of the characterization and test methods
used in the study. Results are presented, first for each of the shapes studied, and then in
aggregate to draw comparisons. The implications of the results are then discussed, and
conclusions are articulated. This work is limited in scope to quasistatic compression of
PBF-LB manufactured AlSi10Mg cellular materials, including a set of specimens that were
enclosed in tubes.

2. Design and Manufacturing
2.1. Rationale for Unit Cell Selection

The primary aim of this work was to compare energy absorption in cellular ma-
terials spanning three categories: honeycombs, beam-based lattices, and TPMS struc-
tures. A total of six different cell shapes were selected, as shown in Figure 2a: hexagonal
honeycomb, auxetic and Voronoi lattices, and diamond, gyroid, and Schwarz-P TPMS
geometries. All six of these shapes were fabricated at three different relative densities,
by varying beam or wall thickness, as shown in Table 2, within a bounding box enve-
lope of 40 mm x 40 mm X 40 mm. To resolve the auxetic beam specimens sufficiently,
the bounding box envelope for this specific cellular structure had to be increased to
44 mm x 44 mm x 44 mm. This difference in dimensions is normalized by the compu-
tation of effective stresses and strains in the analysis step. The lowest relative density
from each shape was additionally replicated with an enclosing tube as shown in Figure 2b.
End-plates of 2 mm thickness were created on the top and bottom of all the cellular material
specimens, except the hexagonal honeycomb. No end-plates were used on the specimens
with tubes. A minimum of 10 unit cells in all three directions was used to mitigate against
cell size effects [33,34]. All the designs were created using the nTopology Platform software
(V2.16.5, nTopology, Inc., New York, NY, USA) [35].

Table 2. Unit cell shapes and relative densities designed for the study.

Unit Cell Shape Thickness (mm) Nominal Relative Density Nominal Mass (g) Measured Relative Density Measured Mass (g) % Difference

Honeycomb 0.4 0.20 34.74 0.19 31.94 —8.05
0.6 0.30 51.16 0.28 48.18 —5.82
0.8 0.39 66.84 0.36 63.18 —5.48
Auxetic 0.5 0.08 40.54 0.08 44.85 10.62
0.75 0.18 61.73 0.17 68.39 10.79
1 0.29 88.47 0.27 102.83 16.23
Voronoi 0.5 0.03 23.26 0.03 23.09 —0.75
0.75 0.06 29.94 0.07 31.59 5.53
1 0.09 38.47 0.12 42.21 9.71
Diamond 0.4 0.16 45.38 0.16 42.43 —6.51
0.6 0.25 59.56 0.25 53.85 —9.58
0.8 0.33 73.48 0.32 67.74 —7.81
Schwarz P 0.4 0.13 36.81 0.13 32.85 —10.75
0.6 0.19 46.59 0.19 42.43 —8.93
0.8 0.26 56.42 0.25 49.89 —11.57
Gyroid 0.4 0.11 39.28 0.11 34.85 -11.29
0.6 0.17 50.35 0.17 45.67 —9.30
0.8 0.23 61.50 0.22 56.49 —8.15

The selection of hexagonal honeycombs was to provide a baseline cellular material
of the same composition and fabrication process and also due to its known benefits as an
energy absorber in out-of-plane compression. While BCC lattices have received the most
interest in the literature due to their bending-dominated behavior, the auxetic lattice shape
was selected due to its promise as an energy absorbing material [36] and limited prior work
on energy absorption for metallic auxetics. Auxetic structures are well known for having a
negative Poisson’s ratio, i.e., if a compressive load is applied from the x-direction, these
structures undergo a reduction in length in the y and z direction as well. The Voronoi lattice
shape was also selected due to its stochastic nature similar to metallic foams, which has
the potential for the reduced likelihood of failure band formation and smoother plateaus,
as well as for reduced anisotropy. TPMS structures in the literature have shown a lot of
promise for smoother stress—strain responses and relatively low sensitivity of the plateau
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slope to changes in relative density [29], and as a result were selected here. Finally, the end
application with cellular materials often involves enclosing them in tubes [15], and a result
one iteration of each design in tubes, as shown in Figure 1b, was also created.

Honeycomb Auxetic Voronoi

TPMS — Diamond TPMS — Gyroid TPMS — Schwarz-P

-
-

- W =
- " .
.

- . W W

-
.
w“ N .
C LR LR
.
- g
)

.

Honeycomb with Tube Auxetic with Tube Voronoi with Tube

Diamond with Tube Gyroid with Tube Schwarz-P with Tube

(b)

Figure 2. Design of cellular structures used in this study: (a) the six-unit cell shapes used in this
study, (b) the same shapes enclosed in a 0.5 mm thin tube.

Table 2 shows all the shapes and their relative density variations used for the study.
For all the surface-based structures, wall thicknesses of 0.4 mm, 0.6 mm, and 0.8 mm
were used and for beam-based structures, beam diameters of 0.5 mm, 0.75 mm, and 1 mm
were used to keep the relative density below 0.3. To study the effect of adding a tube
enclosure, the lowest relative density for each cellular material was selected and enclosed
with a 0.5 mm tube to see the change in the collapse pattern as well as the change in
energy absorption characteristics due to the addition of the tube. Table 2 also shows the
difference between the measured relative densities, estimated after weighing the structures
and subtracting the design mass associated with the end-plates, which were estimated to
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be at worst within 0.03 from the nominal design. As a result, nominal values have been
used in the subsequent discussion.

2.2. Manufacturing

All specimens used in this study were manufactured at an established external manu-
facturing company on a Concept Laser MLab Cusing R machine (GE additive, Cincinnati,
OH, USA) equipped with a single 100 W ytterbium fiber laser source. The wavelength and
spot size of the laser beam were 1070 nm and 50 um, respectively, with a continuous scan
strategy consisting of a single contour and internal raster. A layer thickness of 15 um was
employed for all specimens. The internal raster had a laser power of 95 W, a scan speed of
550 mm/s and a hatch spacing of 0.105 mm, resulting in a volumetric energy density of
110 J/mm?. The contour had a laser power of 95 W and scan speed of 2000 mm/s. These
parameters were developed by the supplier for AISi10Mg on this particular machine and
were shown to meet the ASTM F3318 standard [37] property requirements for laser powder
bed fusion of AlSi10Mg. Commercial AlSi10Mg powder was used that conforms with the
chemical composition stipulated in ASTM F3318 [37]. All parts were stress-relieved follow-
ing ASTM F3318 (in turn following the AMS2771 standard [38], only with the temperature
set at 285 °C for 120 min, followed by air-cooling). All specimens with top and bottom
end-plates were oriented as shown in Figure 3a, whereas specimens enclosed in tubes were
oriented as shown in Figure 3b. Honeycombs were similarly fabricated with vertical walls.
Examples of the specimens post-fabrication and heat treatment are shown in Figure 4.

Figure 3. Build orientations of (a) specimens with end-plates, and (b) specimens enclosed in tubes.

Auxetie

Honeycomb Voronoi

Figure 4. Images of fabricated specimens for each of the six cell types showing good reproduction of
design intent.
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Prior to mechanical compression, all of the specimens were weighed on an HR-250A
analytical balance manufactured by A&D (Tokyo, Japan) with a 0.0001 g resolution, and
the mass results are shown in Table 2. These mass measurements were compared to
the estimated mass in the nTopology software by assuming a density of AlSil0Mg as
2.68 g/cm?, and the differences were estimated as an approximate measure of how closely
the manufactured cellular structures conformed to the designed geometries. Most mass
errors were within 10%, with the exception of the auxetic lattices which were 10-17%
heavier than nominal design predictions. Measured relative density values reported in
Table 2 were estimated with the assumption that all mass variations accrue to the cellular
members alone, as opposed to the end-plates, or in the case of specimens enclosed in tubes,
to the tube walls.

To ascertain the causes for deviation in mass calculations, the specimens were all
examined under a Keyence VR-3200 3D measurement macroscope and VR 3000 G2 series
software (V2.5, Keyence corporation, Osaka, Japan). Optical and height data from the
microscope for each of the six shapes in this study are shown in Figure 5. Inspection of
the auxetic specimens clearly shows significant roughness on the beams, the majority of
which are low-angle overhanging beams. The additional mass may be attributed to this
surface morphology, which is also borne out by the Voronoi, which has a more variable
distribution of beam orientation but does also show higher mass values than designed,
particularly at higher relative densities. All subsequent discussions of relative density thus
leverage experimental values instead of nominal values.

Honeycomb

Figure 5. Three-dimensional measurement macroscope optical images and height maps of the
specimens fabricated showing print quality and resolution.

2.3. Compression Test Setup

Quasi-static compression testing was carried out on all cellular materials using an
Instron 5985 universal testing machine load frame with a load capacity of 250 kN at a
constant displacement rate selected to effectively generate a strain rate of 1073 s~1. The
loading direction was perpendicular to the end-plates and along the direction of the walls
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of the tubes. Honeycombs were compressed out-of-plane. Stress and strain calculations
were made based on area and specimen height estimates from the bounding box volumes,
with the thicknesses of the end-plates subtracted for height calculations. A 50 N preload
was applied on each specimen prior to application of the specified displacement rate. The
deformation patterns of the cellular structures were recorded via two Nikon D3500 digital
SLR video cameras (Nikon corporation, Tokyo, Japan) with 18-55 mm lens at an image
capture frequency of 1 Hz. The cameras were set at right angles to each other. Rectangular
stainless steel platens were used on the compression machine with no lubrication between
the platens and the specimen surface.

A typical force—displacement curve obtained for a compression test is shown in Figure 1a.
In addition, for the metrics described in Section 1 that are commonly used in the literature,
this work introduces two more parameters that help characterize the variability in the
plateau region:

First dip: the first dip is defined as the difference between the first maxima and the
first minima on the force-displacement curve.

Plateau range: the difference in the maximum and minimum force in the plateau
region is denoted as the plateau range. In most cases, the first minima occur right after the
peak force and the maxima occurs at the onset strain of densification, but this is not always
the case, as shall be seen in the next section.

An objective for designing the ideal energy absorber is to minimize the variance of
load in the plateau—flatter plateaus are less likely to exceed the maximum allowable
transmitted stress while also maximizing energy absorption.

3. Results

The results are presented in this section in three parts: Section 3.1 reports findings
from the compression tests for each unit cell shape, emphasizing the role of geometry in
influencing the observed behavior and identifying key questions that are discussed in
Section 4. Section 3.2 examines how the tube affects the behavior of the cellular materials.
Section 4 enables a comparison between the cellular shapes in the context of the metrics
introduced previously.

3.1. Effect of Unit Cell Shape
3.1.1. Hexagonal Honeycomb

As shown in Figure 6a, out-of-plane compression of the hexagonal honeycombs with
three different wall thicknesses (and associated relative densities) all show an evident peak
stress, followed by a plateau region. The 0.8 mm thickness specimen was tested on a 500 kN
load frame since it was calculated to exceed the 250 kN load capacity for the machine used
for testing all the other specimens. An examination of the stress—strain response reveals that
the stress reaches a first maximum for all three shapes between an effective strain of 0.1-0.2.
This is primarily the result of top and bottom surface crimping, as visible in Figure 6b for a
strain of 0.2. The 0.6 mm wall thickness specimen shows a significant drop in the peak stress
with a large first dip, which is associated with the formation of an inclined failure band in
the structure, after which point the stress drops rapidly. In contrast to the other specimens
studied in this work, the honeycomb is a prismatic structure and frequent stress rises and
drops are not visible, with failure bands not materializing layer by layer, and instead forced
to form along inclined planes. As shown in Figure 7, for the 0.8 mm-thick honeycomb, the
failure bands result in fracture, and, furthermore, they are not visible on every surface. With
the exception of the 0.6 mm wall thickness specimen, the honeycombs show reasonably
good behavior, consistent with their well-described properties as energy absorbers: they
demonstrate a clear first peak and a plateau, and at low relative densities in particular,
they seem to have delayed onset strain of densification. The honeycomb specimens also
establish a baseline for comparison to the lattice- and TPMS-based geometries.



J. Manuf. Mater. Process. 2022, 6, 140

10 of 24

250:"'r"'|"'|"'|"':
__200:—(3) :
© L 0.8 mm* ]
< 1s0F E
@ 100f 0.6 mm B
o 3
50 0.4 mm E
0...1...4...|...|..:
0 0.2 0.4 0.6 0.8 1
Strain

| T — -
o«en HAANY u"!g””{l | y!!;:",llj r:,;m —

AR A

£=0.1 =02 £=03 £=04 =05

s s 01

0.8 mm

Figure 6. (a) Stress—strain curves for honeycomb compression with 0.4-, 0.6- and 0.8-mm thickness (* the
0.8-mm specimen was tested on a different mechanical load frame), (b) honeycomb deformation for
each of the three thicknesses at increasing strain.

Figure 7. Failure analysis on two surfaces of the 0.8 mm wall thickness honeycomb (relative density
of 0.36) showing two inclined failure bands and lateral fractures in the wall evident on surface A;
wall crimping visible on surface B.

3.1.2. Auxetic Lattice

The auxetic lattice, of all the structures in this study, showed the highest undulation,
with each load drop coinciding with a collapse of an entire row of beams, as shown in
Figure 8a,b (Supplementary Video S1). A visual comparison of the auxetic lattice and
the prior honeycomb stress—strain response immediately suggests that the auxetic shape
is a poor candidate for an energy absorber. The auxetic shape has parallel beams in the
direction of loading which resist the load until it exceeds the critical buckling load. The
entire row, on collapse, then effectively shears sideways. As seen in Figure 9 for the densest
auxetic lattice in this study, in addition to row-by-row densification, inclined failure bands
also form, which were not visible for the lower density specimens. Finally, the onset strain
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of densification for all three relative density specimens is at or under 0.4, suggesting poor
overall energy efficiency for the auxetic lattices.
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Figure 8. (a) Stress—strain curves for an auxetic lattice shape under compression with 0.5, 0.75, and
1 mm beam diameters, (b) auxetic lattice deformation sequence for each of the three beam diameter
specimens at increasing strain.

(b)

Figure 9. Failure analysis on two surfaces of the auxetic lattice: (a) for the 0.5 mm beam diameter
specimen (relative density of 0.08), surface A shows beams collapsing and closing the re-entrant cell
space, surface B shows shearing of planes; (b) the 1 mm beams (relative density of 0.27) show similar
behavior on surface A, but surface B shows fracture along inclined planes.
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3.1.3. Voronoi (Stochastic) Lattice

In contrast to the auxetic lattice, the Voronoi, or stochastic, lattice shows a much
smoother stress—strain response, as seen in Figure 10a. The Voronoi structure has struts
oriented in multiple directions with cell centroids randomly positioned so as to not emerge
in the same plane (Figure 10b), in contrast to the auxetic lattices. Compared to the auxetic
lattices, the Voronoi lattices have a higher onset strain of densification. For example,
Figure 11 shows a post-compression Voronoi lattice with a relative density of 0.07, which is
slightly lower than that of the auxetic lattice shown in Figure 9a (relative density of 0.08)
yet it has an onset strain of densification that is almost 50% higher than that of the auxetic
structure. The Voronoi lattice does however demonstrate a hardening tendency as relative
density increases, and a significant first dip for all but the least dense of the specimens
studied. The introduction of aperiodicity into lattice structures is thus helpful in preventing
localization of failure bands and the resulting undulations in the stress plateau, but at the
same time it does not assure a flat plateau that is required to ensure energy is absorbed at
transmitted stress levels under the first maximum.
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Figure 10. (a) Stress—strain curves for Voronoi lattice shape under compression with 0.5, 0.75 and
1 mm beam diameters, and (b) Voronoi lattice deformation sequence for each of the three beam
diameter specimens at increasing strain.

Figure 11. Failure analysis on two surfaces of the 0.75 mm beam diameter Voronoi lattice (relative
density of 0.07).
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3.1.4. Schwarz-P TPMS

The Schwarz-P TPMS compressive response, shown in Figure 12a, resembles that of
the honeycomb, with greater undulations at the highest relative density. This is attributable
to the formation of localized failure bands as seen in Figure 12b, with each drop in stress
coinciding with an inclined failure band localizing. All three specimens show slight
hardening in the stress plateau prior to densification (Supplementary Video S2). An
examination of the post-compression failure images in Figure 13 shows significant fracture
at the extreme ends of the relative densities explored, with the 0.6 mm wall thickness
(relative density of 0.17) showing fewer fracture surfaces, corresponding to a smoother
stress plateau.
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Figure 12. (a) Stress—strain curves for Schwarz-P TPMS structure under compression with 0.4, 0.6
and 0.8 mm wall thicknesses, and (b) Schwarz-P TPMS deformation sequence for each of the three
wall thickness specimens at increasing strain.

3.1.5. Diamond TPMS

As shown in Figure 14a, the diamond TPMS compressive response is similar to that
of the Schwarz-P, a key difference being that even at the highest relative density (0.25) the
stress plateau is relatively smooth, in comparison to the Schwarz-P. While a failure band
does form for the diamond TPMS, as seen in Figure 14b, the band involves sliding over
of cell walls along the shear plane, as opposed to complete cell-level collapse seen in the
Schwarz-P specimens. This is also evident from a comparison between the failure images
shown in Figures 13 and 15 (Schwarz-P and diamond). The diamond TPMS compression
curves have lower undulations and flatter plateaus in comparison to the Schwarz-P. The
diamond TPMS geometries show barreling effects (Supplementary Video S3), particularly at
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higher relative densities, which are not seen for Schwarz-P geometries, which is consistent
with other findings in the literature [29].
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Figure 13. Failure analysis on two surfaces of the Schwarz-P TPMS structure for three different wall
thicknesses/relative densities: (a) 0.4 mm/0.11; (b) 0.6 mm/0.17; (c) 0.8 mm/0.22.

3.1.6. Gyroid TPMS

The gyroid TPMS compression response, shown in Figure 16a, shows relatively flat
plateaus with clear hardening only evident for the highest relative density studied (0.25).
A clear drop in stress is evident after the first maximum, at strain values between 0.1 to
0.3. All specimens show barreling (Supplementary Video 54), shown in Figure 16b, similar
to the diamond TPMS. Examining the two surfaces of the post-compression specimen in
Figure 17 shows both plastic yielding and fracture are observed in the gyroid specimens.

3.2. Effect of Tube Enclosure

In addition to the six shapes discussed above, the lowest relative density design for
each shape was fabricated with a 0.5 mm thick tube enclosing it and subjected to compres-
sion and compared against the identical specimen without a tube, as shown specifically for
the gyroid shape in Figure 18. Figure 19 shows six graphs for the compression behavior
of each of the six shapes, comparing specimens with and without tubes, along with the
compression behavior of the tube alone (obtained from the average of compressing three
hollow tubes without any infill). The graphs also include the numerical addition of the
tube and cellular (base) structure response, which in all cases is lower than that achieved
in reality, thus hinting at additional energy absorbed due to the interaction between tube
and cellular structure. The dashed curve representing the numerical addition of the tube
and base structure response was created using a Matlab code. The reaction force values of
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base structure and tube are added and divided by the cross-sectional area bounded by the
tube to obtain an effective stress value at each strain increment. For the honeycomb and
TPMS structures, the tube enclosure has the effect of increasing the peak stress by between
two and three times. For the lattice structures, on account of their relatively lower peak
stresses, the increase in peak stress due to the tube is far more substantial. In all cases,
the stress plateau shifts upwards, and the onset strain of densification is not significantly
altered, which is consistent with similar observations for foam-filled circular tubes [15].
The stress plateau has similar or higher undulations on account of the addition of the tube
in all cases with the exception of the auxetic lattice, where it attenuates the sawtooth-like
plateau profile.
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Figure 14. (a) Stress—strain curves for diamond TPMS structure under compression with 0.4, 0.6 and
0.8 mm wall thicknesses, and (b) diamond TPMS deformation sequence for each of the three wall
thickness specimens at increasing strain.

Figure 15. Failure analysis on two surfaces of the diamond TPMS structure for 0.4 mm wall thick-
ness/0.13 relative density showing fractured cell walls.



J. Manuf. Mater. Process. 2022, 6, 140 16 of 24

T T T T T T T T T

L
=

£
(=4

Stress [MPa]
g 8

'TEEY INENE INETE AN ENY FARTE N

10
0 F
|
Strain
LJ
0.4 mm d A
'h.f a"’ L 4
-4 £ %‘:.! 4 '.! ‘. 2 -ﬁ !‘&!'
> 3.

0.6mm REISISISNS == . s
g Saety P e rd
s e [ L G ey
RSN ey e o (et o 2
0.2 mm
£=0.1 £=02 £=03 £=04 £=05

Figure 16. (a) Stress—strain curves for gyroid TPMS structure under compression with 0.4, 0.6 and
0.8 mm wall thicknesses, and (b) gyroid TPMS deformation sequence for each of the three wall
thickness specimens at increasing strain.

Figure 17. Failure analysis on two surfaces of the diamond TPMS structure for 0.4 mm wall thick-
ness/0.13 relative density showing cell walls.
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Figure 18. Gyroid TPMS structure with and without tube enclosure subjected to axial compression.
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Figure 19. Stress—strain compressive behavior of cellular materials enclosed in tubes, compared to
the same designs without a tube. Also shown is the behavior of the tube alone and the curve obtained
from numerical addition of the tube and base structure.
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4. Discussion: Towards an Ideal Energy Absorber

This work is primarily concerned with enabling a comparison between the six shapes
studied here in the context of an ideal energy absorber. In this section, the results presented
previously are converted into metrics that enable such a comparison and are examined for
four different criteria that are relevant to energy absorption, with each being presented
in turn. This is followed by a section that combines these findings to identify the most
promising cellular shape from this study. In this discussion, the viewpoint adopted is that
of a designer seeking to meet certain requirements while maximizing performance.

4.1. Specific Energy Absorption and Transmitted Stress

The first and most commonly used criterion to assess the performance of an energy
absorption material is its specific energy absorption (SEA). SEA estimations, as discussed
previously, are dependent on the assumption made on the upper bound of the strain
value used to calculate them. In this work, the energy efficiency approach is used, where
the maximum energy efficiency defines the onset strain of densification (see Figure 1).
SEA, which increases with relative density, is best viewed in the context of the maximum
transmitted stress, which from a designer’s perspective, is not just the initial maximum
stress, but the true maximum during the portion of the stress—strain response utilized in
the SEA calculation [39]. Following this approach, SEA vs. the normalized maximum
stress (divided by AlSil0Mg yield strength) is shown in Figure 20a. An ideal energy
absorber in this context would lie in the upper left corner, with high SEA at low maximum
transmitted stresses. The trend line indicates that relative to the other cellular materials
in the study, the TPMS geometries performed well, and the lattice geometries performed
poorly. The honeycombs tested showed little change between SEA and relative density.
Once the honeycombs are removed from the dataset, and the graph is replotted, as shown
in Figure 20b, the prior observation differentiating TPMS from lattice structures is clearly
borne out.
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Figure 20. (a,b) Comparison of change in specific energy absorption and normalized maximum
transmitted stress with relative density for studied structures. (c,d) Logarithmic plot of energy
absorbed per unit mass against maximum transmitted stress until the structure absorbs that energy.

Another method of viewing SEA data is by plotting it against the maximum trans-
mitted stress up to a given point through the compression event, as shown in Figure 20c
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for all three TPMS geometries tested in this study. The rationale behind this approach,
also used by Zhang et al. [29], is that one can establish an envelope (shown in Figure 20c,
and at higher magnification in Figure 20d, by the linear fits) to capture the SEA at the
maximum transmitted stress prior to densification. The higher this enveloping line, the
better performing the cellular structure. As shown in Figure 20d, this work concurs with
that of Zhang et al. [29] in demonstrating that the diamond shape has the best overall
performance with regard to SEA (in the context of maximum transmitted stress), followed
by the gyroid and the Schwarz-P shapes.

4.2. Densification Efficiency

As described before, the onset strain of densification is an important metric in energy
absorption, not just since it influences the estimation of SEA, but also since it is indicative
of the usable stroke length in a compression event. As with SEA, the onset strain of
densification for a given cellular shape is a function of its relative density, making direct
comparisons between shapes challenging. An ideal energy absorber, in principle, would
delay the onset strain of densification until such time as all that remains in the compressed
material is fully dense, and all “negative” or empty space [39] is eliminated—this is not
strictly true since structures do demonstrate bulging and at very high strains push materials
outside the initial bounding box volume. Nevertheless, one may define a densification
efficiency (np) in terms of the onset strain of densification (¢p) and the relative density
(p*/ps) as:

£
p = 0 @

Ps

Thus, an ideal energy absorber would have a densification efficiency of 1, or 100%. For
the 18 specimens in this study, densification efficiencies are shown in Figure 21. Once again,
it is evident that the beam-based cellular structures have low densification efficiency, but
the honeycombs, and TPMS structures exceed 70%, with the diamond showing the highest
mean value, and the Schwarz-P showing the least variability across relative density values.
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Figure 21. Comparison of densification efficiencies for each of the six shapes and three relative
densities (dimensions marked with * correspond to lattice strut diameters used for auxetic and Voronoi
structures, which were slightly larger than the wall thickness associated with the other structures).

To get a sense of the physical reasons underlying why a particular shape has a specific
densification efficiency, it is useful to examine the compressed structure at the instant
corresponding to the onset strain of densification, as shown in the compilation in Figure 22.
An examination of the auxetic and Voronoi lattice structures shows significant negative
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space retained between struts at densification, explaining their low densification efficiencies.
The 0.4 mm honeycomb has the highest densification efficiency, but this is at least in part
due to the lateral (horizontal) spreading of the collapsed structure, which also explains the
higher ep value for the 0.8 mm thick gyroid. The diamond and Schwarz-P structures, while
demonstrating some barreling, show limited lateral spread.

Shape 0.4/ 0.5 ‘ 0.6/ 0.75" ‘ 0.8/ 1*

Honeycomb

Auxetic*

Voronoi*

g -/‘/\
Diamond Y % g{‘ ‘,‘é%v

Gyroid

Schwarz-P

£= 0.64

Figure 22. Deformation of cellular structures at the densification strain, mentioned below the picture
of individual cellular shape. * Dimensions marked with * correspond to structures marked with *.

4.3. Plateau Undulation

Undulations in the stress plateau have the undesirable effect of limiting SEA (relative
to a perfectly flat plateau) and/or generating higher stresses than the initial first maxi-
mum stress. In addition, undulations could signal poor repeatability, resulting in more
conservative designs to account for the higher uncertainty. In this sub-section, the first dip
and plateau range terms introduced previously are evaluated, after normalizing them by
plateau stress, and they are plotted in Figure 23a,b, respectively. The auxetic shape has the
highest undulation as measured by both metrics, followed by the Schwarz-P. The remaining
shapes, including the Voronoi lattice, are fairly similar in their undulation behavior. The
stochastic nature of the Voronoi lattice, with beams at multiple orientations relative to the
loading direction, smoothens the plateau relative to the auxetic shape.

4.4. Tunability

Tunability represents the designer’s ability to use a particular shape and relative
density to meet certain requirements with a high degree of confidence. In the context of a
metallic energy absorber, it typically has to withstand static, in-use loads, as well as absorb
energy when needed during the impact event. For the former, it is vital that the designer
is able to predict the effective modulus, for the latter, it is vital to predict the maximum
transmitted stress and the SEA. All three of these metrics (the first two normalized) are
shown in Figure 24a—c, respectively, as a function of relative density. Empirical power law
fits are demonstrated for all three metrics, and the accompanying table provides the fit
parameters as well as the quality of the fit as measured by its R? value, for each shape
studied. For the effective modulus and the maximum transmitted stress, the R? value for
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all shapes is well in excess of 0.75, indicating a strong correlation between the metric of
interest and the relative density associated with a particular shape. For SEA, however, the
honeycomb shows very poor fit quality, which is likely attributable to the lateral spread at
the low relative density honeycomb which inflated its SEA value. The diamond and the
Schwarz-P have a lower quality of fit compared to the lattices and the gyroid, the latter

performing the best overall for tunability across all three metrics.
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Figure 23. Plateau undulation quantified as (a) normalized first dip, and (b) normalized plateau range.
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Figure 24. (a) Normalized effective modulus, (b) normalized maximum transmitted stress, and
(c) SEA, all plotted as a function of relative density. The adjacent tables provide the fit parameters,
with the R? value indicative of the quality of the fit.

4.5. Evaluating Overall Energy Absorption Performance

The above discussion is indicative of the fact that there is more than one metric when
it comes to assessing the performance of a particular shape for its potential use as an
energy absorber. A formal comparison will depend on the specific design requirements
and weighting priorities associated with each one. The traffic-light method in Table 3 is
one simple, if subjective, approach that may be taken to compare performance and even
identify leading candidates for further improvement along specific performance vectors.
The table suggests that of all six shapes studied in this work, the gyroid and the diamond
TPMS shapes stood out as the best performers, followed by Schwarz-P and the honeycomb.
The auxetic and Voronoi lattice shapes demonstrated the worst performance in at least
one of the four criteria considered and are thus not recommended for further study for
this application.

Table 3. Comparison matrix for all shapes studied in this work.

SEA vs. Max e . . . N
Transmitted Stress Densification Efficiency Plateau Undulation Tunability Overall
Honeycomb 2 1 1 2 2
Auxetic lattice
Voronoi attce | 2 g T
Diamond
TPMS 1 1 1 2 1
Gyroid TPMS 1 1 1 1 1
Schwarz-P
TPMS 1 1 2 2 2

The color indicates performance level of the structure: green indicates good performance, yellow indicates average
performance, and red indicates poor performance.

5. Conclusions

This work experimentally characterized the quasistatic compressive responses of six
different cellular materials manufactured with the PBF-LB process in AlSi10Mg, with the
aim of enabling comparisons between them along metrics of interest for the designers of
metallic energy absorption structures. The work also examined the effect of enclosing them
in tubes. The primary conclusions and contributions of this work are as follows:

1. The 20 um layer thickness laser powder bed fusion process on a 100 W laser machine
generates lattices, honeycombs and TPMS cellular structures with high fidelity as evi-
denced by microscopy and the agreement between measured and nominally designed
relative densities.

2. A combination of four criteria may be used in determining the overall appropriateness
of a cellular structure for implementation into energy absorbing system: (i) SEA vs.
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maximum transmitted stress; (ii) densification efficiency; (iii) plateau undulation; and
(iv) tunability.

3. Auxetic and Voronoi lattice structures perform poorly as energy absorbers primarily
due to low SEA relative to maximum transmitted stresses, and low densification
efficiencies. Lattices are however highly tunable.

4. TPMS structures, in particular the diamond and gyroid shapes, show great promise
as energy absorption materials, relative to honeycombs. This is primarily on ac-
count of their more gradual failure mechanism that includes folding and stacking
of cell walls above each other, resulting in higher densification densities and lower
plateau undulations.

5. Enclosing cellular structures in tubes has the effect of increasing peak stress while
also increasing plateau stress undulations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmmp6060140/s1, Video S1: Auxetic lattice under compression;
Video S2: Schwarz-P TPMS under compression—comparison across three thicknesses; Video S3:
Diamond TPMS under compression—comparison across three thicknesses; Video S4: Gyroid TPMS
under compression—comparison across three thicknesses.
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