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Lattices are periodic three-dimensional architected solids designed at the micro and
nano-scale to achieve unique properties not attainable by their constituent materials. The
design of lightweight and strong structured solids by additive manufacturing requires the
use of high-strength constituent materials and non-slender geometries to prevent strut
elastic instabilities. Low slenderness carbon octet microlattices are obtained through
pyrolysis of polymeric architectures manufactured with stereolithography technique. Their
compressive behavior is numerically and experimentally investigated when the relative
density p ranges between 10 and 50%, with specific stiffness and strength approaching
the limit of existing micro and nanoarchitectures. It is shown that additive manufacturing
can introduce imperfections such as increased nodal volume, non-cubic unit cell, and
orientation-dependent beam slenderness, all of which deeply affect the mechanical
response of the lattice material. An accurate numerical modeling of non-slender octet
lattices with significant nodal volumes is demonstrated to overcome the limitations of
classical analytical methods based on beam theory for the prediction of the lattice
stiffness, strength and scaling laws. The presented numerical results and experimental
methods provide new insights for the design of structural carbon architected materials
toward ultra-strong and lightweight solids.

Keywords: architected materials, additive manufacturing, structural metamaterials, pyrolyzed lattices, mechanics

1. INTRODUCTION

Additive manufacturing has become one of the most promising technique to fabricate advanced
materials and microstructures that exhibit properties unattained by homogeneous solids or
conventionally manufactured architectures. The available 3D printing techniques have recently
grown and comprise fused deposition modeling (FDM), direct ink writing (DIW), selective laser
sintering (SLS), stereolithography (SLA), etc. Similarly, the selection of materials compatible
with these processes has expanded and include thermoelastic polymers (Carneiro et al., 2015),
transparent glasses (Nguyen et al., 2017), oxide ceramics (Wilkes et al., 2013), metallic alloys
(Schwab et al., 2016), and composites (Spierings et al., 2015; Ni et al., 2018; Quintanilla et al., 2018).
The precise micro- and nano-scale topology control achievable through additive manufacturing
has allowed the development of unique functionalities to catalysis (Essa et al., 2017), batteries (Xia
etal,2016; Lietal., 2017), scaffolds (Maggi et al., 2017), biomedical implants (Murr et al., 2010), and
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metamaterials (Hengsbach and Lantada, 2014; Misseroni et al.,
2016; Bertoldi et al., 2017; Bilal et al., 2017). In particular, the field
of architected material has benefited from the advancement of
small-scale manufacturing that enables the design of multistable
solids for energy storage (Shan et al.,, 2015), the evolution of
phononic bandgap behavior (Sugino et al., 2015; Amendola
et al., 2018) and the exploration of previously inaccessible
mechanical property combinations (Bauer et al., 2016). Examples
include structural metamaterials designed to achieve extremely
lightweight and strong solids through a hierarchical design
(Meza et al., 2015) or novel highly deformable and recoverable
nanolattices made up of brittle materials (Meza et al., 2014).

Structured solids can be classified as rigid or non-rigid
architectures depending on their nodal connectivity, states of
self stress, and mechanisms (Pellegrino and Calladine, 1986).
The former includes octet lattices and shows a stretching
dominated behavior, while the latter mostly presents a bending
dominated response as demonstrated by pyramidal lattices. The
response of architected materials has been extensively analyzed
through the investigation of their constituent unit cells using
beam theory to obtain the lattice effective stiffness and strength
scaling laws (Gibson and Ashby, 1997; Deshpande et al., 2001).
These analytical tools have been proven to well predict the
mechanical response of several lattices when the relative density
p is lower than 0.1 and the strut slenderness ratio r/I does not
exceed 0.06 (Meza et al., 2017). However, some computational
and experimental studies (Schaedler et al., 2011; Meza et al,
2015; Bauer et al, 2016) have recently reported deviations
from the classical scaling laws due to non-slender struts and
the influence of the node geometry (Portela et al, 2018),
thus proposing different scaling laws. The difficult micro- and
nano-scale fabrication of slender structured solids that obey to
classical scaling laws motivates the investigation of non-slender
architectures with pronounced nodal volume caused by an
imperfect 3D printing. Therefore, the study of their mechanical
properties is fundamental for the design of stronger lattices that
do not suffer from strut elastic instabilities.

One of the most promising materials to fabricate extremely
lightweight and resistant architected solids is carbon, which
has recently become compatible with additive manufacturing
processes. Direct ink writing (DIW) with printable inks that
contain graphene, carbon nanotube, and graphene oxide (Fu
et al., 2017) has been employed for the realization of flexible,
conductive, and chemically stable prototypes (Sun et al., 2013;
Zhu et al, 20155 Yao et al, 2016; Zhang et al, 2016),
while 3D-printed carbon fiber reinforced composites have
been manufactured by means of FDM (Lewicki et al., 2017;
Anwer and Naguib, 2018). Carbon nano- and micro-lattices are
another form of 3D printed carbon which have demonstrated
elevated structural performances. Architected carbon materials
are obtained by pyrolyzing 3D-printed precursor, especially
polymer lattices prepared by photocuring techniques. Carbon
nanolattices fabricated through two-photon lithography have
shown a strength comparable with the theoretical strength of
flaw insensitive glassy carbon (Bauer et al., 2016). This printing
technique solidifies the polymeric precursor solution point-
by-point at a submicron scale in a prolonged process, thus

preventing the production of micro- and nano-architectures
at a large scale. Carbon microlattices produced by self-
propagating photopolymer waveguides (Jacobsen et al., 2011)
and stereolithography (SLA) (Chen et al., 2017) overcome the
scalability difficulties toward faster manufacturing of larger
scale lattices. However, their mechanical performances are
still limited, and the development of enhanced architected
solids demands further understanding of the influence of the
manufacturing-induced imperfection on the mechanics of 3D-
printed carbon lattices.

The aim of this work is to manufacture stiff and strong
non-slender octet carbon microlattices through digital light
processing stereolithography (DLP-SLA), and to analytically,
computationally, and experimentally investigate their
compressive mechanical properties and scaling laws. We show
that DLP-SLA 3D printing and pyrolysis techniques can affect
the designed lattice architecture introducing undesired features
as increased nodal volume, non-cubic unit cell and different strut
slenderness depending on the beam orientation with respect
to the printing direction. We investigate the influence of these
factors on the compressive stiffness and strength of non-slender
lattices with relative density p that ranges between 10 and 50%.
We prove the inappropriateness of classical analytical tools based
on beam theory and the derived expressions for non-slender
architectures with negligible effective Poisson’s ratio, due to
the topological features that are not accounted for in these
formulations. We develop computational models that faithfully
predicts the experimental lattice response by reproducing the
manufactured geometry and we demonstrate that an accurate
numerical modeling of non-slender octet lattices with significant
nodal volumes allows to identify the deviation from classical
scaling laws and enables a proper design of advanced structural
DLP-SLA 3D printed carbon architectures.

2. MATERIALS AND METHODS

2.1. Sample Fabrication

Three sets (A,B, and C) of carbon octet microlattices were
manufactured by pyrolyzing polymeric lattices fabricated with
a DLP-SLA Autodesk Ember 3D printer that employs a PR-48
transparent photoresist resin. The periodic polymeric 3D printed
specimens consisted of a 10 x 3 x 6 (length x width x height)
tassellation of 900 pum octet unit cell with three different strut
radii of r4 = 528 um, rg = 71.4 um, and r¢ = 90.0
pum (Figure 1). The microlattices presented a theoretical relative
density py = 0.16, pp = 0.27, pc = 0.40, and a beam slenderness
ratio of (r/l)A = 0.08, (r/l)B = 0.11, (r/l)C = 0.14. The
DLP-SLA layers were deposited along the height direction and
the bottom-most anchoring layer was designed to be thicker in
order to sustain the microlattice. Prior to pyrolysis, the anchoring
layer of each microstructure was removed using a razor blade
to prevent lattice distortion, thus resulting in a 10 x 3 x 5
tassellation. The polymeric lattices were inserted in a fused quartz
tube set on a Lindberg tube furnace (model 54357) and pyrolyzed
under vacuum. During pyrolysis, the furnace temperature was
first raised to 300°C and held constant for 4 h, then increased
to 400°C and maintained for 1 h, and finally elevated to 1,000°C
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FIGURE 1 | (A) CAD of the microlattice constructed through a three-dimensional tasselation of octet unit cells. (B) A cubic octet unit cell with its geometric

and kept constant for 4 h. This procedure, with all heating rates
carried out at 10°C/min, led to fully dense microlattices without
gasified components and preserved the 3D printed topology.

2.2. Microstructural Characterization

The polymeric and carbon microlattices obtained after 3D
printing and pyrolysis were investigated using a Thermo-
Fisher Versa 3D DualBeam Scanning Electron Microscopy
(SEM). Specimen sizes, unit cell radii and strut diameters
were measured to assess any imperfection and anisotropy
introduced during fabrication. The compressive tests on the
carbon microlattices were performed using an Instron 5569
electromechanical machine. The load P was applied by imposing
a constant displacement rate of 2.5 um/s on the 5 x 10 unit
cells sample surface and was measured with an Instron 2525-
804 load cell (R.C. 10 kN). The compressive displacement Ay
was evaluated with an LE-01 (Electronic Instrument Research)
laser extensometer interfaced with the electromechanical testing
frame for data synchronization. Five samples for each set of octet
density were characterized and tested along the y-direction. The
nominal lattice stress o was obtained dividing the applied load P
by the specimen footprint area, whereas the nominal strain € was
calculated from the initial sample height H as e = Ay/H.

2.3. Finite Element Analysis

Full three-dimensional finite element analyses were performed
in ABAQUS Standard 2018 in order to simulate the compressive
behavior of the microlattices. Numerical simulations were carried
out on representative octet unit cells loaded in the y-direction
and constrained with boundary conditions that reproduce the
response of the unit cell within the lattice. The three-dimensional
unit cells were parametrically designed in SolidWorks to
reproduce the measured geometrical parameters such as node
and beam radii, unit cell height and width, and fillet junction
radii between nodes and struts. In addition to the unit cells
representative of the fabricated microlattices, other unit cells with

different relative density were modeled to investigate the stiffness
and strength scaling laws. The microlattices were discretized with
linear elastic second-order tetrahedral elements (C3D10) with
Young’s modulus E = 25.38 GPa (Kudo et.al., in preparation) and
Poisson coefficient v = 0.21 (Price and Kaae, 1969). Compressive
forces were applied at the top nodes of the unit cell, with F acting
on the central node and F/4 on the lateral nodes shared with
four adjacent unit cells. The effective lattice Young’s modulus
E;, = E} in the y-direction was calculated as the ratio between

& = 2F/wh
and the average compressive strain ¢, ;e = y/w, where §y
represents the displacement in the y-direction, w and h are
the width and height of the unit cell (Figure 2). Similarly, the
effective Young’s modulus E} in the z-direction was obtained as
the ratio between the average compressive stress o, © = 2F/w?
and the average compressive strain ezvg = §;/h, where §,
represents the displacement in the z-direction. Furthermore, a
linear perturbation buckling analysis was conducted on each unit
cell to assess the microlattices critical buckling strength.

the average compressive stress on the unit cell o

3. RESULTS AND DISCUSSION
3.1. Manufacturing

The geometrical features of the three sets of non-slender 3D-
printed polymeric microlattices were investigated by using the
SEM. From the images in Figure 3, it was observed that the
additive manufacturing technique introduced undesirable lattice
imperfections not present in the original computer-aided design
(CAD) input files, where the lattices were constituted of cubic
octet unit cells with strut radius r and length . In particular, the
height h of the unit cell resulted smaller than the width w, leading
to a non-cubic unit cell. Therefore, the length I; of the struts
deposited along the width direction (x-y plane) was greater than
the length [, of the inclined struts 3D-printed along the height
direction (z-direction). Similarly, the in-plane strut radius r;
resulted bigger than the out-of-plane beam radius r,. Moreover,
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radius ry and junction radius r;.

FIGURE 2 | CAD isometric (A) and lateral (B) views of a representative 3D printed and pyrolyzed non-slender octet unit cell as modeled for the finite element analysis.
The x-y in-plane beams present radius ry and length /1, while the out-of-plane struts have radius ro and length /. The struts junction is characterized by the node

FIGURE 3 | SEM images of the DLP-SLA manufactured polymeric microlattices A (A), B (B), and C (C) observed from the x-z plane. The imperfections introduced by
additive manufacturing, visible in all the samples, are orientation dependent strut slenderness, increased nodal volume, and corrugation on the beam surface.

the intersection of twelve struts in a single point produced quasi-
spherical nodes with radius rx and the microlattices presented
unsought corrugated surfaces (Figure 3). The deviations from
the originally designed lattices were caused by the DLP-SLA
3D printer, whose resolution was limited to 50 pum in the x-
y plane and the layer thickness was 25 pum. For these reasons,
stereolithography appears inadequate to precisely manufacture
features as small as a few tens of microns, which would require
other 3D printing techniques as two-photon lithography (Meza
et al., 2014; Bauer et al., 2016). The average strut slenderness for
the polymeric lattices was (rl/ll)i’xy = 0.10, (rl/ll)g’xy = 0.12,
and (r/ ll)"éxy = 0.15 for the struts deposited in x-y plane, and
Dz
A

for the inclined struts printed along the z-direction (r2 / lz)
0.07, (r2/L)%* = 0.09, and (r2/L)’* = 0.12. By comparing
the designed struts (from the CAD input files) and the beams
of the manufactured lattices, we observed a decrease in the in-
plane struts slenderness and an increase in the out-of-plane beam
slenderness. This discrepancy is caused by the stereolithography
3D printing.

The polymeric lattices were subjected to pyrolysis that led
to a ~ 70% linear shrinkage and produced pyrolytic carbon
microlattices (Chen et al, 2017) (Figure4, left). The three
sets of pyrolyzed lattices were examined with SEM and their
averaged geometrical parameters were used to define the octet

unit cell CAD geometry employed in the numerical simulations
(Table 1). Figure4 shows progressive magnification images
which testify that the features present in the original polymeric
lattices were preserved throughout the heat treatment for all
lattices. It was observed that the strut slenderness after pyrolysis
slightly decreased with respect to the polymeric lattices values
(maximum deviation was ~ 10%), hence the heat treatment
did not significantly modify the lattice geometry. The average
ratio between the unit cell height and width was measured as
(h/w)a = 0.87 and (h/w)pc = 0.97, thus showing a quasi-
cubic architecture for lattices B and C. The ratio between the
out-of-plane and in-plane strut radii was r,/r; >~ 0.8 and the
quasi-spherical nodes presented a radius ry =~ 2rj. The highest
magnification images report the lateral view of the octet unit cell
and are paired with the CAD geometry, showing an excellent
agreement between the manufactured and simulated unit cells
(Figure 4, right). The only feature not reproduced in the CAD,
and therefore not accounted for in the finite element analysis, was
the strut corrugation.

3.2. Relative Density

The relative density of the polymeric lattices was measured before
pyrolysis as ,51/; = 0.17, ﬁg = 0.27, and ,52 = 0.39, thus proving
that 3D printing did not alter the desired relative density. After
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TABLE 1 | SEM measured geometrical parameters of the octet unit cell for the manufactured carbon microlattices.

h ) - SCAD ot
Unit cell v n 2 N ‘i ° r L
[xm] [wm] [xm] [nm] [xm] [wm] [-] [-] [-]
230.35 200.78 15.02 11.33 32.00 26.27 0.16 017 0.16
B 241.68 233.72 18.38 15.15 40,53 30.79 023 0.23 023
251.02 244.61 24.60 19.88 4619 3314 0.34 0.32 0.32

The experimental relative density p is reported together with the relative density 5CAD obtained from the CAD and the relative density p! calculated through the analytical expression (1).

Microlattice A (p,)

Microlattice B (p;)

Microlattice C (p.)

FIGURE 4 | Optical microscopy (left), SEM characterization (center), and CAD model (right) of the manufactured microlattices A (A), B (B), and C (C) before and after
pyrolysis. Progressive magnification images show that pyrolysis preserved the features of the polymeric lattices. The comparison between the fabricated carbon unit
cell and the CAD model employed for computational analysis highlights the accuracy of the reproduced architectures.

pyrolysis, the density p of the carbon microlattices was measured
as pa = 029 £ 0.02 g/em?®, pg = 0.43 £ 0.02 g/cm?®, and
pc = 0.62 £ 0.03 g/cm® for the three sets of manufactured
microlattices. Considering the density of pyrolytic carbon p. =
1.85 g/cm® (Kudo et.al,, in preparation), their relative densities
were pa4 = 0.16 & 0.01, o = 0.23 & 0.01, and ¢ = 0.34 % 0.02.
The relative density of the carbon microlattices slightly decreased
with respect to the polymeric lattices, as an effect of the pyrolysis.
The theoretical expression for the relative density of a non-cubic
octet unit cell in which in-plane cylindrical struts of radius r;
and length /; and out-of-plane cylindrical beams of radius r;, and

length I, converge into spherical nodes of radius ry can be written
as

5 = 221 (ri(lh — 2rn) + 23 — 2r)) " ﬂni 1)

B, 3B

where the first term accounts for the struts volume while
the second term considers the nodal volume. Although the
previous relation neglects the node-strut junctions and the beam
corrugations, it well approximates the experimental relative
density, with a maximum error of 4% over the three sets
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FIGURE 5 | Experimental stress-strain curves for the three sets of microlattices considered: A (A), B (B), and C (C). Five samples were tested for each relative density
considered. The insets show the modeled unit cells and their stress distribution during compression.
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of microlattices (Table 1). The same table reports the relative
density 5“AP extrapolated from the unit cell drawing developed
with the measured geometrical parameters. The CAD relative
density resulted in excellent agreement with the measured
relative density even if it does not consider strut corrugation.

3.3. Stiffness

The effective Young’s modulus E* of an ideal octet-truss lattice
with beam radius r and length [ was first examined by Deshpande
et al. (2001) as a stretching dominated solid with pin-jointed
struts. Later, several authors investigated the octet lattice as a
frame architecture and demonstrated that the assumption of
negligible bending effects is valid for a relative density p lower
than 0.1 and strut slenderness r/I lower than 0.06 (Dong et al.,
2015; He et al,, 2017). From the analysis of the octet unit cell free
to deform laterally due to Poisson effect, the lattice stiffness is

E* =

W g () & @)

3\
where E is the constituent material Young’s modulus, and Kj, is
a coeflicient that accounts for bending effects. In particular, for
truss architectures with pin-joined struts K, = 1, while frame
lattices that show bending effects have nodal rigidity K;, > 1, and

K}, can be written as
r\ 2 r\ 4
1415 (3) +38 ()
K, = . (3)

()

These expressions obtained by means of the beam theory predict
that the effective Poisson’s ratio v* is independent of the relative
density and equal to 0.33. However, numerical simulations have
proven that both rigid (Tancogne-Dejean et al., 2016) and non-
rigid (Thiyagasundaram et al., 2010) architectures experience
a decrease of v with an increase of p. Lattices with high
relative density behave as bending-dominated structures with
irrotational nodes and show limited lateral expansion when
compressed. Similarly, the microlattices studied in this work
presented a relative density p; greater than 0.1 and non-slender
struts (ri/l;); > 0.06 for i = 1,2 and j = A,B,C. These

features contribute to limit the lateral displacement of the
microlattices, which experimentally showed a negligible effective
Poisson’s ratio v*. Therefore, the effective Young’s modulus of
non-slender cubic lattices can be obtained by considering the
bending effects of a laterally constrained frame unit cell. Through
this approximation, equivalent to a null effective Poisson’s ratio,
the unit cell effective Young’s modulus E* can be written as

E* = V27E (;)2 (1 +3(§)2>. (4)

It should be noticed that the derived formulation (4) predicts the
effective stiffness for non-slender lattices with negligible effective
Poisson’s ratio more accurately than the classical expression
(2). However, it can be further improved by considering the
manufacturing-induced imperfections as non-cubic unit cells,
orientation-dependent beam slenderness, and increased nodal
volume, in order to readily provide insights on the influence of
each one of these features on the lattice behavior. Therefore, the
effective stiffness E* predicted through Equation (4) is expected
to underestimate the experimental microlattice effective Young’s
modulus as obtained from uniaxial compression tests, testifying
the inaccuracy of currently available analytical techniques
and justifying the use of numerical tools for the mechanical
characterization of the manufactured lattices.

Figure 5 reports the stress-strain curves of the three sets of
fabricated carbon microlattices, with five specimens compressed
for each relative density considered. It is observed that all samples
showed a brittle linear elastic response after an initial toe region.
An increase of the relative density yields an higher maximum
stress and strain and a lower variability of the results. The
effective Young’s modulus EJ resulted EJ , = 877.90 £ 48.57
MPa for A, E| 5 = 156543 + 66.99 MPa for B, and E| . =
2464.81 + 129.53 MPa for C. Although the achieved stiffnesses
do not represent the highest specific stiffness (stiffness to density
ratio) ever recorded, they exceed the majority of natural materials
and approach the values obtained for nanolattices (Zhang et al.,
2019). Figure 6A shows the measured compressive stiffness as a
function of the lattice relative density p. The same figure reports
the microlattice stiffness obtained from finite element analyses
performed on representative octet unit cells with the geometrical

Frontiers in Materials | www.frontiersin.org

July 2019 | Volume 6 | Article 169


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Kudo et al.

Mechanics of Octet Carbon Microlattices

A 4o T oo B 1o : : C ¢t ‘ .
© E,* experiments @ E,* FE simulations ® Y E,* FE simulations
© E," FE simulations 2 X
*
%
w e © 148 %
o P o P
210 1 210 - 100 *
b ¥ ¥
10(;1 I I06 1()(;1 0.6 10(;1
‘ P[] ' ' Pl ‘ '
FIGURE 6 | Effective Young’s modulus E* of non-slender carbon microlattices reported as a function of the octet unit cell relative density . (A) Comparison between
the stiffness measured from experiments (green/dot markers) and values predicted from finite element simulations (orange/diamond markers). Effective Young’s
modulus E;‘ (B) and EZ (C) scaling laws obtained from numerical simulations for relative density that ranges between 10 and 50%.

TABLE 2 | Geometrical parameters of the octet unit cell employed in the
numerical simulations.

Microlattice h n 2 N i ﬁCAD 7
[pm]  [em]  [pm]  [pm] [pm] [em]  [] [-1
01 240.42 24042 1250 10.00 25.00 17.00 0.10 0.10
02 240.42 240.42 14.00 11.00 28.00 18.70 0.12 0.13
03 240.42 24042 16,50 13.00 33.00 22.10 0.17 0.17
04 240.42 24042 20.00 16.00 40.00 27.20 0.24 0.24
05 240.42 24042 2250 18.00 45.00 30.60 0.30 0.30
06 240.42 24042 2750 22.00 55.00 37.40 043 0.44
07 240.42 24042 30.00 24.00 60.00 40.80 050 0.51

The relative density 5P obtained from the modeled geometry is reported together with
the density p! calculated through the analytical expression (1).

parameters measured from SEM (Table 1). The computational
effective Young’s modulus for the three investigated geometry
resulted EJ 1334.74 MPa, Ejp 1876.18 MPa, and

;‘)C = 2849.78 MPa. The predicted values are in fair agreement

with experimental measurements, with 33.5, 16.6, and 13.5%
relative errors for the three sets of microlattices A, B, and C. The
discrepancy between numerical predictions and measurements
decreases with an increase of the sample relative density p. This
is primarily attributed to the manufacturing induced corrugation
that were not modeled in the computational analysis and were
less pronounced as the beam diameter and relative density
increase. In particular, the average corrugation amplitude was
measured as 18.4% of the off-plane beam diameter for the
microlattice A, while it was limited to 11.2 and 8.7% for
lattices B and C, respectively. The influence of each one of
the manufacturing-induced imperfections on the lattice effective
stiffness was not considered because these features are inherently
related, however, it is believed that the non-cubic unit cell had the
most pronounced effect for the microlattice A, while the nodal
geometry had a significant role for microlattices B and C, where
the deviation from cubic unit cell is small.

In order to investigate the effective stiffness scaling law, we
performed other numerical simulations on non-slender octet

unit cells with relative density p that varied between 0.10 and
0.50 (Table 2). Similarly to the manufactured microlattices, we
modeled cubic unit cells with node radius ry = 2r;, junction
radius r; = 1.7r,, and that contain struts with different in-
plane and out-of-plane diameters, with r, = 0.8r;. The obtained
stiffness in the y and z directions are reported as a function of the
relative density in Figures 6B,C. The effective Young’s modulus

of the considered non-slender octet lattices scales as E;’,‘ o« pi#

and E} o p'*® for the y and z directions respectively, whereas
classical scaling law for stretching dominated octet-truss lattices
predicts a scaling exponent equal to one (Fleck et al., 2010).
Deviations from classical theory were also observed for different
rigid architectures when the strut slenderness ratio r/I was larger
than 0.07, as a result of nodal contribution on the effective lattice
stiffness (Portela et al., 2018). The microlattices manufactured
and analyzed in this work present beam slenderness that ranges
between 0.065 and 0.17, pronounced nodal volumes and edge
effects caused by a limited number of unit cells along the height
and width (Christodoulou, 2017). Therefore a scaling exponent
mg > 1 testifies that the lattices experience significant bending
during compression.

3.4. Strength
The compressive strength of an octet-truss lattice material was
determined considering the two possible failure mechanisms of
elastic buckling or plastic yielding (Deshpande et al., 2001). The
analysis of an octet-truss unit cell constituted of cylindrical beams
reveals that the strut axial compressive stress o, is related to the
vertical stress applied to the unit cell o, through the relation
\ 2

oy = 227 (7> 0, (5)

If the lattice presents a low relative density, elastic buckling will

be responsible of the octet-truss structural collapse when the axial
stress o, reaches the Euler critical value

n’m2E (r)Z
4 \1/°

where n depends on the strut boundary conditions, with n = 1

for a pin-joined strut and n = 2 for a doubly clamped beam.

(6)

oy =
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relative density that ranges between 10 and 50%.
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FIGURE 7 | Compressive strength o* of non-slender carbon microlattices reported as a function of the octet unit cell relative density p. (A) Comparison between the

vl (orange/diamond markers) and buckling ay* b (gray/square markers) strengths

strength measured from experiments (green/dot markers) and predicted failure oy
from finite element simulations. Fracture and buckling strengths scaling laws along the y-direction (B) and z-direction (C) obtained from numerical simulations for a

When the strut slenderness increases, buckling is preceded by
strut failure (yielding) as the stress reaches the material failure
(yield) strength of. Therefore, the compressive strength for an
octet-truss material can be expressed as Deshpande et al. (2001)

o* = min {\/5712311213 (;)4; 221 (;)zaf} ) (7)

The extension of the expression (7) to non-slender cubic frame
lattices was obtained through the analysis of an octet unit cell
constrained to deform laterally. Considering bending effects, the
relationship (5) between the strut axial stress o, and the vertical
stress oy, applied to the unit cell becomes

o =2v2 (5) (143 () ) o ®

while the dependence of o, on the maximum normal stress o, at
the edges of the strut was obtained considering a combination of
the bending moment and axial force effects

r2 113 (Z)Z
o, = 2727 <f) 7120,". 9)

The octet-frame buckling strength was calculated by inserting
Equation (6) into Equation (8), while the lattice failure (yield)
strength is achieved when o, = oy. Hence, the compressive
strength for a cubic octet-frame lattice material writes as

o* = min

"2
) 13 2 () T

As observed for the stiffness calculation, simplified analytical
expressions fail to capture the complex mechanical response
of non-slender architectures as the orientation-dependent
slenderness, non cubic unit cell and the nodal contribution

are not accounted for Portela et al. (2018). Even though
Equation (10) provides an improved strength estimation of
octet lattices with negligible effective Poisson’s ratio compared
to Equation (7), the effects of the manufacturing-induced
imperfections are not fully reflected, and they were considered
through numerical analyses. Therefore, more comprehensive
analytical formulations need to be developed in order to assess
the mechanics of imperfect lattices. The experimental strength of
the octet microlattices o increased with the relative density as
shown in Figure 7A, where O';:A =24.80 4= 4.26 MPa, U;B =65.68
=+ 4.45 MPa, and Gy*,c =122.74 £ 12.28 MPa refer to the three sets
of lattices. It should be noticed that the attained specific strengths
(strength to density ratio) exceed most of natural materials and
approach the values obtained by carbon nanolattices (Bauer
et al, 2016; Zhang et al., 2019), which represent the strongest
architected materials ever realized. The achievement of strengths
comparable to those of nanolattices testifies that through the
current manufacturing technique is possible to realize large-
scale ultra-strong materials, overcoming the current scalability
disadvantages of two-photon lithography nanofabrication.

Considering the limitations of the analytical formulations, the
complex microlattice stress distribution was assessed through
numerical simulations, from which the maximum equivalent
stress was obtained and was compared with the strength of
the constituent material. The bulk strength of pyrolytic carbon
has been shown to be dependent on the specimen length-
scale (Bullock and Kaae, 1979), with an increase as specimens
dimensions decrease. This behavior depends on the probability of
finding large critical flaws within the materials, which decreases
when the sample dimensions reduce. In brittle materials, the
failure strength oy is inversely proportional to the square root of
the pre-existing flaw size

YK,
of = N
f Jmae

where K. = 0.91 MPay/m is the fracture toughness (Zhao et al.,
1985; Brezny and Green, 1990), Y = 1 is a non-dimensional
geometrical parameter for a semi-elliptical surface flaw loaded
in tension or bending (Bauer et al., 2016), and a. represents the

(11)
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critical flaw size. The strength of glassy carbon fibers of 5 um
diameter made by carbonization of organic polymer reached 2
GPa, corresponding to a flaw size of 66 nm (Kawamura and
Jenkins, 1970). Since the strut diameters of the manufactured
microlattices range between 20 and 50 pum, we assume that a
material strength oy = 1.5 GPa can be reached, equivalent to a
flaw size of 0.12 um. From the results of numerical simulations,
it is possible to obtain the octet compressive stress along the
y-direction that produces a critical equivalent stress within the

unit cell. The numerical lattice failure strengths were found
*

0,4 = 3931 MPa, 03 = 73.17 MPa, and 0,7 = 102.83 MPa
for the three sets of carbon microlattices and they are reported
in Figure 7A together with the experimental data. Considering
the uncertainties in the determination of the material failure
strength oy and the lack of beam corrugation modeling in the
finite element analysis, these results are in fair agreement with
the measured values, with a maximum relative error of 36.9%.
Furthermore, it should be noted that the numerical simulations
were performed on a unit cell level, thus neglecting the edge
effects that a finite lattice experience.

Since the struts of the studied microlattices are non-slender,

buckling is unlikely to cause failure before the onset of fracture.

Numerical buckling analyses on the three octet unit cells
confirmed that the fracture strength was achieved before elastic
buckling of the out-of-plane beams. The compressive stresses
a;"b that trigger elastic instabilities were numerically found, with

o7y = 100.88 MPa, 077y = 196.07 MPa and 0" = 389.57 MPa.

It can be seen that the numerical buckling strength cr;;fh is always

greater than the fracture strength a;]f for the three microlattices
j = A, B, C, thus excluding strut instability mechanisms.

The computational analyses on non-slender octet unit cells
performed to investigate the effective stiffness scaling laws were
employed to calculate the fracture and buckling strengths and
their scaling laws. Figures 7B,C shows that for the y loading

/o« 5%, and the
, while in the z-direction

direction the fracture strength scales as o;

buckling strength scales as a)f’b o p*¥

oy f o p108 and az*’b x p*. As already noticed for the

effective stiffness behavior, the fracture and buckling strengths
scaling laws deviate from the classical analysis of octet-truss
architectures, where the scaling exponents are my = 1 for
fracture and m;, = 2 for buckling (Deshpande et al., 2001).
The different scaling exponents obtained from the numerical

magnification images highlight the brittle fracture surfaces.

FIGURE 8 | SEM fractography of the three sets of manufactures microlattices A (A), B (B), and C (C) after catastrophic mechanical compression tests. Progressive
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simulations depend on the non-slender architecture and the
pronounced nodal volume, and will help the evaluation of the
mechanical properties prediction of any lattice with the same
ratios between geometrical parameters. Lastly, it should be noted
that the results of computational analysis on non-slender cubic
octet unit cells with r; = 0.8r1, v = 2r2, and r; = 1.7r, predict
that failure due to elastic instability occurs when the relative
density p is lower than 0.12, corresponding to an out-of-plane
strut slenderness r, /I, = 0.065.

Similarly to the results reported by Portela et al. (2018),
from finite element analyses it was also observed that strain
energy concentrates in the nodes and the stress concentration
migrates toward the nodes as the relative density increases
and beam slenderness decreases. Figure8, left shows the
SEM images of the three sets of manufactured microlattices
after catastrophic compression tests, highlighting the failed
components and the brittle fracture surfaces. As numerically
predicted, the experimental fractographic examination proved
that in the lighter microlattice A the nodes remained undamaged
and only struts fractured (Figure 8A), while as density increases
in lattices B and C node failures were observed (Figures 8B,C).
Furthermore, it was commonly noticed among the three sets
of samples that fracture within the struts did not follow the
stereolithography induced corrugations.

4. CONCLUSION

In the present work, we have investigated the compressive
behavior of stiff and strong non-slender octet carbon
microlattices obtained by pyrolyzing 3D-printed polymer
architectures fabricated through stereolithography. We have
shown that additive manufacturing can lead to imperfect
lattices with significant nodal volumes and strut slenderness
dependent on the beam inclination with respect to the 3D-
printing direction. The effects of these features on the lattice
structural response have been numerically and experimentally
studied considering carbon microlattices with a relative
density higher than 10%. The manufactured microarchitectures
have achieved superior relative stiffness and strength that
approach those of carbon nanolattices. Therefore, we have
demonstrated that the employed manufacturing technique
can lead a fast realization of large scale strong materials,
currently not achievable through nanofabrication. We have
extended the classical analytical tools based on beam theory to
include non-slender cubic architectures that show a negligible
effective Poisson’s ratio. These formulations can be adopted
for octet lattices constituted of any materials with negligible
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