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ARTICLE INFO ABSTRACT
Keywords: When different unit cell topologies with distinct mechanical behavior (e.g. bending vs stretching dominated)
Hybrid lattice structure are incorporated into a single hybrid lattice structure (LS), questions arise about the resolution of local stresses
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within the struts and how localized states of strain as a result govern the global response of the structure.
To understand the mechanics of hybrid LS, this study uses a combination of experimental and modeling
data to investigate the relationship between localized states of stress with the global behavior of hybrid
additive manufactured lattice structures (AMLS) under different loading directions and strain rates. The hybrid
AMLS in this study consist of two different unit cell topologies stacked in alternating rows, with loading
directions identified with respect to this topology stacking. It is shown that the loading direction influences
the mechanical behavior, as the flow stress of the hybrid AMLS is 7%-10% lower when loaded in the stacking
direction than when loaded in the transverse direction. This flow stress decrease is due to a smaller number
of structural elements supporting the loading and tensile failure of horizontally-manufactured struts in the
stacking direction. The strain rate also influenced the mechanical behavior of the AMLS, as irrespective to the
loading direction, for all hybrid AMLS, the first peak stress after static equilibrium is 5%-10% higher under
dynamic loading compared to quasi-static loading. Additionally, it is shown that the collapse mechanisms
are influenced by the order of the topology stacking. Structural shear band formation, which leads to up
to a 60% drop in flow stress under dynamic loading of the hybrid AMLS, can be inhibited by separating
adjacent rows of shear band-forming topologies with a row of unit cells of a topology which does not form
shear bands. Ultimately, it was determined that the performance of these layered structures is limited by the
weakest topology. Even under transverse loading, where the first peak stress approaches that of the stronger
topology, the magnitude of the subsequent decrease in flow stress is generally more in line with that of the
weaker topology.

1. Introduction categories: (1) functionally graded LS, which have properties such as
relative density that vary as a gradient throughout the structure [6,7];

Lattice structures (LS) are periodic structures composed of repeated (2) mixed topology LS, in which the topology is varied between discrete
arrangements of smaller structures known as unit cells. The topology unit cells in the structure [8]. Adaptive local properties are achievable
of the unit cells can be adjusted to meet various application require-
ments [1,2] including functionality not readily achievable in fully dense
solids, such as negative stiffness [3], negative Poisson ratio [4], or
negative compressibility [5]. One can imagine that functionality of LS
can be further expanded by using LS with a hybrid form, in which
the unit cell topology or relative density is varied throughout the
structure. These hybrid lattice structures can be split into two main properties can be altered to adapt to local conditions [10].

through the use of hybrid LS by taking advantage of the ability to
alter the geometry of certain areas of the structure to better respond to
local loading conditions [7,9]. Additionally, by changing the topology
of certain areas of LS (and hence, the arrangement of open spaces in
the structure), characteristics such as fluid flow paths or heat transfer
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Fig. 1. Fig. 1a shows the three unit cell topolgies used in specimens in this study, OT, RT, and RTN. The RT and RTN topologies were developed in [11], and the node coordinates
and connections are tabulated in Appendix A. Each of the three unit cell topologies has a relative density (p %) of 30%. Fig. 1b shows the five hybrid lattice structure configurations
examined in this study. The build plate of each specimen type is noted so that build orientation can be considered in the analysis.

Achieving multi-functionality through the intentional design of hi-
erarchical structures has been previously introduced by using meta-
materials [12] or metallic foams [13]. Both structural meta-materials
and metallic foams function similarly to lattice structures in that their
global properties arise from the connectivity of the structural ele-
ments such as the struts and nodes. Penta-mode materials [14-16],
for example, modify traditional lattice structures by replacing struts
with pairs of conical beams. This results in a structure that is very
stiff in one principle direction but very compliant in the others, and
effectively negates the traditional relationship between the relative
density and the modulus of elasticity in cellular structures [17]. Penta-
mode materials have potential applications in acoustic cloaking [15]
and biomedical applications, where controlling both relative density
and mechanical properties directly can lead to better integration with
organic tissues [18]. Likewise, functionally graded lattice structures
(FGLS), in which a continuous relative density gradient exists, have
biomedical applications because the variable properties allow the me-
chanical properties of bone to be imitated [19]. FGLS can also be
used for structural optimization problems, balancing light weight with
structural strength [20]. For example, Wang et al. [7] performed fi-
nite element modeling simulating three-point bending on uniform and
graded body-centered cubic (BCC) lattice structures. By iteratively
increasing the relative density at key areas of the structure including
the supports (where the highest shear force exists) and along the top
and bottom edges of the structure (where the maximum axial forces
exist), while reducing relative density elsewhere in the structure, the
weight of the overall structure was reduced by over 50% compared
to a uniform lattice structure while maintaining the same maximum
deflection for a given load amplitude. Yu et al. [21] investigated the
performance of functionally graded triply periodic minimum surface
(TPMS) LS and found that in graded Schwarz P TPMS, the energy
absorption was 50% greater than in uniform Schwarz P structures
due to the uneven distribution of strength throughout the structure
leading to a greater energy absorption rate in the graded structure.
To aid in design of graded TPMS such as those considered in [21],
Savio et al. [22] developed a streamlined method to produce CAD files
for these graded structures while automatically incorporating topology
optimization methods, reducing computational times by a factor of 100.

Complementing FGLS in the hybrid lattice structure design space
are mixed-topology lattices, in which the topology of lattice structure

is varied at the discrete unit cell level. As with FGLS, structural opti-
mization is a potential application of mixed-topology lattice structures.
Kang et al. [23] showed that a structure consisting of a numerically-
optimized arrangement of BCC and octet truss (OT) unit cells with
varied relative density had 46% higher stiffness than a uniform BCC
structure under three-point bending loading. Li et al. [8] developed
a modified hexagonal topology, produced hybrid lattice structures by
sandwiching rows of the new hexagonal unit cells between OT unit
cells rows, and reported that the specific strength of the hybrid lat-
tices was 1.8 times that of pure OT lattices and 1.3 times that of
pure hexagonal lattices under dynamic loading in the direction of the
topology stacking. Leonardi et al. [24] performed three point bending
testing on a variety of uniform and hybrid AMLS beams, including
both mixed-topology and density graded structures and noted that
optimized structures which combine multiple topologies and a den-
sity gradient offer the best opportunities for mechanical performance
improvements due to the increased possibilities in placing of specific
unit cells. Pasko et al. [25] developed a compact generalized model
for modeling of irregular cellular structures such as hybrid LS, offering
the potential to eliminate the tedious manual design of complex, multi-
topology structures. A simplified generation process combined with
additive manufacturing improves the feasibility of incorporating these
complex structures into mechanical systems to fully take advantage of
the optimized mechanical properties.

In addition to affecting the structural performance of AMLS, the
topology and relative density of cellular structures affects heat transfer
characteristics and fluid flow paths [26-28]. Fink et al. [26] showed
that by varying relative density and unit cell size (and hence, the
size of the fluid flow paths in the open areas of a lattice structure),
the pressure drop in fluid flow through the structure increased as
relative density increased. Ekade and Krishnan [27] showed a similar
result in that the normalized fluid flow permeability of octet truss LS
increased from ~0.05 to 1.8 K/d? (permeability/strand diameter?) as
LS porosity increased from 0.62 to 0.94. As Fink [26] notes, increasing
mechanical properties in a cellular structure often requires increasing
the relative density, which negatively impacts the fluid flow properties
of the structure. This presents a prime opportunity for the use of hybrid
structures, as by placing unit cells with high porosity or large fluid flow
paths in certain areas of the structure while placing higher strength unit
cells in areas critical to the structural integrity, there is potential for
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Table 1
Laser parameters, and scan strategy used in the manufacture of AM IN718.

Material Inconel 718
Core laser power (W) 285
Core scan speed (mm/s) 960
Outside counter laser power (W) 80
Outside counter scan speed (mm/s) 800
Inside counter laser power (W) 138
Inside counter scan speed (mm/s) 300
Stripe distance (Hatch distance) (mm) 0.11
Stripe width (mm) 10
Build layer thickness (mm) 0.04
Layer rotation angle 67°
Energy density (J/mm?) 67.47
Beam comp (mm) 0.015

creating LS which balance high structural strength with excellent fluid
flow and heat transfer properties.

It should be noted that in all of these metallic cellular structures, in
addition to the topological hierarchy, the mechanical response is influ-
enced at the microstructural scale. In the authors’ previous work [29],
it was shown that the yielding and post-yield behavior of AMLS is
particularly sensitive to the microstructure and that heat treatment
reduces the strain rate sensitivity of the structures. Results reported
in [11,29] show that performing a solution treatment and aging (STA)
heat treatment increases the yield strength of a wide range of AMLS
topologies by 30 to 60% compared to as-built specimens. Increasing the
yield strength via STA comes at a cost, as the four different topologies
considered in [29] undergo severe softening behavior following the
initial plastic stress peak in STA AMLS. Using the modified volumet-
ric hardening model developed in [30] to examine the deformation
mechanisms of AMLS shows that this softening is in part due to the
limited tensile elongation to failure of STA IN-718, which is shown to be
38% lower for diagonally-built fully dense STA IN-718 parts compared
to as-built diagonal fully dense parts. The reduced ductility of fully
dense STA IN-718 parts can be extrapolated to suggest that ductility
of individual struts in an AMLS would also be reduced by the STA heat
treatment. The flow stress drop can therefore be mitigated by reducing
the number of tensile elements in an AMLS and adding additional
bracing to limit the elongation of the remaining tensile struts. When
combined with a unit cell topology that accounts for these factors,
the yield strength and energy absorption of AMLS can be maximized
by STA [11]. It is therefore imperative that both microstructure and
topology be considered in tandem to design optimal AMLS.

Beyond topological and microstructural considerations, size effects
are also a concern for the mechanical performance of AMLS. AMLS
exhibit size effects on two length scales — the strut-level scale and
the overall structural level scale (i.e. the number of unit cells in
each direction of the structure). AMLS struts resemble very thin, fully
dense parts, and investigations on size effects in fully dense AM parts
frequently show that as the thickness of AM parts decreases, the me-
chanical properties, including strength and ductility, decrease [31-34].
Depending upon the material and print parameters used, the decrease
in mechanical properties with decreasing specimen thickness has been
attributed to an increased surface roughness to volume ratio [31-33] or
increased internal porosity with decreasing build thickness [34]. Based
on the work done regarding size effects in fully dense AM parts, it may
be expected that decreasing the strut thickness would directly correlate
to decreased mechanical properties in AMLS, but this is not necessarily
the case. Previous work [29] by the authors has investigated the role of
unit cell size on the mechanical properties of AMLS. Reducing the unit
cell size required a reduction in strut thickness to maintain consistent
relative densities for the same topology. It was shown in [29] that
flow stress decreases in octet truss and diamond topology AMLS when
unit cell size (and hence, strut diameter) decreases, but flow stress
increases with decreasing unit cell size in the dode-medium topology.
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Stacking Direction

Transverse Direction

Fig. 2. The directions of loading on the mixed-topology lattice structures. The
stacking direction (blue arrows) represents loading applied in the direction of the
topology stacking, while the transverse direction (red arrows) represents loading applied
perpendicular to the direction of the topology stacking. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)

This suggests there is not necessarily a correlation between unit cell
size, strut thickness, and flow stress magnitude that can be generalized
for all AMLS unit cell topologies. When strut diameter is increased to
maintain a constant relative density with increasing unit cell size, the
effectiveness of heat treatment processes are improved. This suggests
that strut-level size effects play an indirect role on the overall mechan-
ical behavior of AMLS, with microstructure influencing the behavior of
AMLS with relatively thick struts but topology dominating the behavior
of AMLS with thin struts [29].

On the other hand, structural-level size effects have been shown to
influence the mechanical behavior of hierarchical structures. Specifi-
cally, structural-level size effects refer to the effect of the specimen size
to unit cell size ratio - i.e., the number of unit cells in each direction
of a given structure. Andrews et al. [35] showed that the modulus of
elasticity for open and closed-cell aluminum foams decreased when the
specimen size to cell size (L/d) ratio was reduced below 6 and peak flow
stress decreased when the L/d ratio was reduced below 8 for open-cell
foams and 5 for closed-cell foams. Morrish et al. [36] performed a series
of experiments using electron beam melting (EBM) Ti-6Al-4V lattice
structures with a diamond topology and showed that for AMLS, an L/d
ratio of at least 4 is required to obtain consistent mechanical properties.

It is clearly important to consider the consequences of unit cell
topology, microstructure, and potential size effects when designing
optimized AMLS for multi-functional applications. In this context, the
work in the present study intends to answer five specific questions:
(1) how do the constituent topologies and the order in which they are
placed in hybrid AMLS affect the mechanical performance of the overall
structure; (2) does the direction of the loading affect the mechanical be-
havior of the hybrid AMLS; (3) does increasing the strain rate alter the
mechanical response of the AMLS; (4) does underlying microstructure,
which is controlled by heat treatments such as solution treatment and
aging, affect the mechanical behavior of hybrid AMLS as in uniform
AMLS; and (5) do structural level size effects occur when the number
of unit cells in a hybrid lattice structure is increased to produce a larger
structure? To answer these questions, five groups of hybrid AMLS have
been produced from Inconel 718 (IN-718) with different constituent
unit cell topologies to evaluate the mechanical behavior under both
quasi-static and high strain rate compressive loadings. Answering these
questions will assist in the development of design guidelines for reliably
incorporating hybrid AMLS into systems where structural integrity is
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Fig. 3. (a)-(c) present quasi-static stress—strain curves for uniform OT, RT, and RTN AMLS [11] to serve as a reference for the subsequent analysis. (d)-(i) present stress—strain
curves for the 4 x 4 x 4 unit cell hybrid lattice specimens under quasi-static loading, showing the consistency in the results for each structure and loading condition.*“Stacking”
refers to uniaxial compressive loading applied in the direction of the topology stacking, while“transverse” refers to loading applied perpendicular to the direction of the topology

stacking. The build direction of each specimen is represented by “BD”.

critical, such as in biomedical implants [37] or in heat conducting
structures for the aerospace industry with adequate stiffness to resist
thermal stresses [38].

2. Manufacturing process and experimental procedure
2.1. Materials and heat treatment

For this study, the laser powder bed fusion (L-PBF) technique was
used to fabricate the hybrid AMLS. The samples were built from ar-
gon atomized IN-718 using an EOS M290 machine with a Ytterbium
(Yb) fiber laser. The specimens were manufactured in an inert argon
atmosphere using build parameters recommended by EOS for IN-718,
which are reported in Table 1. Composition of the powder stock was
consistent with ASTM F3055 [40].

Due to the potential for increased yield strength and energy ab-
sorption, the majority of specimens considered in this study underwent
subsequent stress-relieving and STA heat treatments, although a small
number of specimens were left in the as-built condition to determine
the effect of heat treatment on the microstructure and mechanical prop-
erties. The stress-relieving heat treatment was performed according to

ASTM F3055 [40] and consisted of heating the specimens to 1065 °C
for 1.5 h, followed by furnace cooling. The subsequent STA treatment
was performed by solution treating the specimens at 1065 °C for 1.5 h
and cooled by argon purging. The specimens were then aged at 760 °C
for 10 h, then furnace cooled to 650 °C and held for a precipitation
time of 20 h, followed by argon purge cooling.

2.2. Sample specifications

To investigate the behavior of hybrid AMLS under different loading
directions and strain rates, five structure types were produced, as
shown in Fig. 1. Based on the guidance regarding the minimum number
of unit cells in each direction of the structure to avoid structural-level
size effects provided in Morrish et al. [36], Grade 1,2, and 3 lattices
consisted of four 4 x 4 x4 mm? unit cells in each direction, resulting in
lattice structures with overall nominal dimensions of 16 16 x 16 mm?>.
To determine if structural level size effects occur in mixed-topology
AMLS above the lower L/d (ratio of total length of an AMLS to the
length of a single unit cell) limit for single topology structures reported
in the literature [36], grade 4 and 5 lattices consisted of six 4x4x4 mm?
unit cells in each direction, leading to lattice structures with overall



B. Barnes et al.

(a)

Additive Manufacturing 48 (2021) 102466

(b)

200 T T T T T 200 T T T T T T T
180 180 &
160 [ 160 N
© ®© e
o 140 o 140
= =
g 120 @ 120
= =
%) %)
2,100 F 2,100
£ £
£ =
8 80r $ 80
£ {=4
G 6of 5 60
40 - X 40
Strain Rate: ~10"%/s | Strain Rate: ~10%/s
207 ——— STA Grade 4 - Stacking 1 20 —— STA Grade 4 - Transverse 1
. Z y 3568 —— STA Grade 4 - Stacking 2 n {— STA Grade 4 - Transverse 2
Cr - ;
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Engineering Strain, % Engineering Strain, %
(c) (d)
200 T T T T T T 200
180 | 180 |
160 160 1
©
& 140 & 140 1
= =
2 120 a 120
= =
n L n
o 100 o 1007 RTN RT RTN RT RTN RT 1
E K= IR
g 80 RTN| RTABTN RTRTNRT 8 80 2 X "52 1
2 4 oo %@’3@’) ’ 1 é’ & o
| 368 58% 58 & 60 o, ]
sl mmpEEE , 40 s sonsontnes
RIS | Strain Rate: ~10" 3/5 ovs RURE BD ’ Strain Rate: ~10/s
20 § : ! i MROBODN
5s AR o1 —*— STA Grade 5 - Stacking 1 20 —— STA Grade 5 - Transverse 1
242 208 248 248 2e% 248 + STA Grade 5- Stacklng 2 —+— STA Grade 5 - Transverse 2
0 s L ! 0 . \ . .
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

Engineering Strain, %

Engineering Strain, %

Fig. 4. Stress—strain curves for the 6 X 6 x 6 unit cell lattice specimens under quasi-static loading, showing the consistency in the results for each structure and loading condition.

The build direction of each specimen is represented by “BD”.

nominal dimensions of 24 x 24 x 24 mm?. All unit cell topologies used
to produce the hybrid AMLS had designed relative densities (p*) of
30%. To ensure that all hybrid specimens had approximately consistent
relative density, the dimensions, mass, and calculated relative density
(p* = (Mass/Volume)/p;n_713) of each specimen are presented in
Table B.3 in Appendix B. It was found that among all STA specimens,
the average relative density was 31.1% with a standard deviation of
0.4% and a range of 30.3-32.3%.

Grade 1 lattices consisted of OT and rhoctet (RT) [11] unit cells
arranged in an A-B-B-A pattern as shown in Fig. 1b with OT unit
cells forming the top and bottom rows of the structure, and RT unit
cells in the middle rows. Grade 2 lattices also consisted of OT and
RT unit cells, arranged in an A-B-A-B pattern to determine if there is
dependency upon the order of unit cell topology stacking in hybrid
LS under uniaxial compression. Grade 3 lattices consisted of RT and
rhoctan (RTN) [11] unit cells arranged in an A-B-A-B pattern. Grade
4 lattices consisted of OT and RTN unit cells, while Grade 5 lattices
consisted of RT and RTN unit cells, both arranged in an A-B-A-B-A-B
pattern.

Eight specimens were manufactured of each Grade 1,2, and 3 AMLS
to allow for repeatable quasi-static and dynamic testing in both the
stacking and transverse directions (see Fig. 2). Due to limitations on the
size of specimens to be tested using our Kolsky bar, no dynamic testing
was conducted on Grade 4 and 5 lattice structures. Four specimens each
of Grade 4 and 5 AMLS were fabricated to allow for two quasi-static
tests of each grade in the stacking and transverse directions. In addition
to the hybrid AMLS produced for this study, four uniform OT, RT, and
RTN specimens with four 4 x 4 x 4 mm?> unit cells in each direction

were produced for dynamic compression testing to supplement the
quasi-static results for these topologies reported in [11].

2.3. Quasi-static testing

Quasi-static compression testing was conducted on all five hybrid LS
types using a Materials Testing System (MTS) load frame equipped with
a 100 kN load cell. The displacement rate during the tests was set at
1 mm/min, corresponding to strain rates on the order of ~10~3/s. Four
unit cell specimens were compressed to approximately 60% strain (ap-
proximately 10 mm of deformation), while the six unit cell specimens
were compressed to approximately 40% strain (approximately 11 mm
of deformation) to avoid exceeding the capacity of the load cell.

The Digital Image Correlation (DIC) technique was used to examine
strain at the strut level of the LS using Correlated Solutions’ Vic 2D
software. A speckle pattern was applied to one face of the specimens
using an airbrush to allow for the DIC process to be performed. The
speckled face of the specimen was imaged by a PointGrey Grasshopper
GS3-U3-64151S5M-C camera with a resolution of 2448 x 2048 pixels.
A frame rate of 10 frames per second was used during the elastic
deformation stage, followed by 1 frame per second until the completion
of the testing. [llumination was provided by a Cole-Parmer 41500-50
fiber optic illuminator. A subset size between 33 and 45 and a step size
between 11 and 15 was chosen for each individual test to provide the
best correlation throughout an extended duration of the deformation.
Global strain in the lattice structures was calculated from the cross-head
displacement recorded by the MTS machine, as extending DIC local
strain measurements to global strain has been shown to be inaccurate
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Fig. 5. Dynamic stress-strain curves for each specimen type in each loading condition showing the consistency in mechanical response between the individual specimens.

for AMLS, while cross-head displacement has been shown to be a
reliable measure of AMLS displacement [29].

The AMLS were compressed in two different loading directions: the
stacking direction and the transverse direction, as defined in Fig. 2, to
examine the effect of loading direction on the mechanical behavior of
the hybrid structures. Two specimens of each grade were tested in each
loading direction to confirm repeatability of results.

2.4. Dynamic testing

Dynamic compression experiments were performed on Grade 1, 2,
and 3 lattice structures in both the stacking and transverse directions
using a Kolsky bar manufactured by REL, Inc. Two specimens of each
grade were tested in each loading direction. 38 mm diameter C350
steel bars were used for the striker (length: 610 mm), incident (length:
2134 mm), and transmission (length 1829 mm) bars. The loading
pulse was created by pressurizing the Kolsky bar’s gas launcher to
100 psi with an air compressor and firing the striker bar from the
barrel, yielding strain rates on the order of 103/s. Omega LY-11 strain
gauges were mounted on the incident and transmission bars 914 mm
from the specimen and used to calculate stress and strain and validate
face force equilibrium [29,41-44] in the specimens with REL’s Sure-
Pulse software. A Shimadzu HPV-2 high-speed camera was used to
image the lattice structures under dynamic loading at a frame rate of

250,000 frames per second to allow for qualitative assessment of the
deformation processes of the AMLS.

2.5. Numerical analysis

To explain how the loading direction affects the peak and flow
stresses of the hybrid AMLS, local stress analysis was conducted on
Grade 1 and Grade 3 AMLS using the MVHM developed in [11,30]
and the dynamic explicit finite element method (FEM) using Abaqus
software. For both AMLS grades, 4-node linear tetrahedron elements
(C3D4) with a global size of 0.2 mm were used. The MVHM was
calibrated using strut-level tensile, compressive, and shear loading
experiments as reported in [11,30]. Furthermore, the Johnson—-Cook
(JC) damage model was used as the damage initiation criterion. A
damage evolution is defined when the strain in an element exceeds
the damage initiation criterion (JC criterion) and the stiffness of the
element is sequentially decreased until it is ultimately removed from
the mesh.

In order to explain the deformation mechanisms of mixed-topology
LS beyond the surface level analysis possible from imaging, the number
of elements (material points) in tension (NET), the number of elements
in compression (NEC), and the total number of the elements both
in tension and compression (NET+NEC) as a percentage of the total
number of elements are calculated for each deformation increment via
numerical modeling. In other words, considering the volume of an
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Fig. 6. Fig. 6(a) shows the formation of shear bands during the dynamic deformation process of the rhoctet topology. Between (i) and (ii), the deformation is nearly uniform
throughout the entire structure. Onset of localized damage occurs at (iii), leading to a drastic decrease in the flow stress, coinciding with the formation of a shear band (denoted
by the red ovals). At point (iv), unit cells inside the shear band are collapsed, and contribute to densification, leading to a rise in the flow stress until the end of the loading

“p

pulse.

indicates the time elapsed since the beginning of the loading pulse. Fig. 6(b) shows the dynamic deformation process of the octet truss topology AMLS. Between (i) and

(ii), the deformation is nearly uniform. At (iii), cell collapse has begun to occur (denoted by the green ovals), and continues through (iv) (near the end of the loading pulse). In
the octet truss topology, the decrease in load-bearing capacity occurs in the form of a single row of unit cells collapsing due to material failure instead of the shear bands that are
linked to large drops in flow stress [39]. Fig. 6(c) shows the dynamic deformation process of the RTN topology AMLS. Between (i) and (ii), the deformation is nearly uniform. At
(iii), some strain localization is visible in the circled row of unit cells, although by the end of the loading pulse at (iv), this row has not completely collapsed. Minimizing strain
localization was one of the intended outcomes in the development of the RTN topology in [11].

element in nth and (n + 1)th increments are V, and V,,,,, respectively,
if V,,y —V, > 0, then the examined element is under tension in
(n + 1)th increment. Those elements that have zero or close to zero
AV (i.e. |[AV| < 0.01%) are not taken into account in the results.
Additionally, as the simulated compression continues and portions of
the structure fail, the number of failed elements in tension (NFET),
number of failed elements in compression (NFEC), and total number
of failed elements (TNFE) are considered to determine how failure of
individual struts affects the behavior of the overall structure.

3. Results and discussion
3.1. Quasi-static testing results

Because of the novelty of the hybrid lattice structures tested in
this study, stress—strain curves for all experiments are reported to

demonstrate the repeatability of measurements between the individual
specimens. Fig. 3a-c provides a single quasi-static stress—strain curve

collected in [11] for uniform OT, RT, and RTN AMLS to aid in the com-
parison between the hybrid AMLS and uniform AMLS of the constituent
topologies. Fig. 3d-i presents the quasi-static stress—strain curves for the
16 x 16 x 16 mm> hybrid AMLS, and Fig. 4 reports the quasi-static
stress—strain curves for the 24 x 24 x 24 mm? hybrid AMLS specimens.
Stress—strain behavior is reported until the onset of densification or the
capacity of the load cell was reached. As shown in the figures, there is
excellent consistency between the individual hybrid specimens for each
topology arrangement and loading condition. For each lattice grade
and loading direction, the difference between the first peak stresses
(defined as the maximum stress in the first peak of the stress-strain
curve) is less than 5% between the individual specimens. Additionally,
the overall shape of the stress—strain curves is consistent between
individual specimens for each lattice grade and loading direction for
the entire duration of deformation. Due to the agreement between the
individual specimens, a single representative stress—strain curve will be
used for each topology and loading direction for the remaining analysis
in this study. The elastic modulus, peak stress, and energy absorption
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Fig. 7. (a) EBSD was performed on the polished surface of a node (denoted by red box) and a strut (denoted by blue box) of one AMLS in each heat treatment condition. Inverse
pole figures (IVP) are presented to show the grain structure at a node ((b) and (c)) and a strut ((d) and (e)) in the as-built ((b) and (d)) and solution treated and aged ((c) and
(e)) conditions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

up to 30% strain are presented for each hybrid specimen in Table C.4
in Appendix C.

3.2. Dynamic stress—strain behavior

As with the quasi-static stress—strain behavior of the hybrid LS, there
was generally good agreement between the stress—strain behavior of
the individual specimens of a certain grade for each dynamic loading
condition. As shown in Fig. 5, the first peak stress was within 5%
and the overall shape of the stress—strain curve was similar for each
specimen of a given structure and loading condition. Because of the
agreement between the behaviors of individual specimens of each
type, a single representative stress-strain curve will be used for each
structure grade in the analysis and comparison process. The elastic
modulus, peak stress, and energy absorption up to 30% strain are
presented for each hybrid specimen in Table C.4 in Appendix C.

In contrast to the quasi-static behavioral trends (reported in [11])
of the AMLS composed of a single unit cell topology, the STA octet
truss specimens have the highest first peak stress of the three topologies
examined in this study. Additionally, the rhoctet specimens exhibit
a dramatic drop in flow stress around 15% strain. While a drop in
flow stress may be expected based on the quasi-static results and the
properties of the RT topology described in [11], the 60% drop in flow
stress is significantly higher than the 10% drop in quasi-static flow
stress reported in [11]. The increased drop in flow stress particularly
stands out when considering that the RT topology was designed to
better confine the struts and nodes against tensile elongation and
failure.

Examination of the high-speed video of the deformation of the
rhoctet specimens shows evidence of strain localization in the form
of diagonal structural shear bands (henceforth referred to as “shear
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Fig. 8. Distribution of grain sizes in the (a) nodes and (b) struts of the AMLS in the as-built and STA conditions. At the nodes, an area approximately 0.31 mm? was scanned in
each heat treatment condition, detecting 1081 grains in the as-built condition and 712 grains in the STA condition. At the struts, two areas approximately 0.22 mm? each were
scanned in each condition and added together, detecting 1408 grains in the as-built condition and 639 grains in the STA condition. The reduced total number of grains in a given
area and increased proportion of grains with grain size (equivalent circular diameter) over 50 pm in the STA condition clearly indicates grain growth during the STA process.
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Fig. 9. Stress-strain curves for the quasi-static loading of the as-built and STA Grade 5 specimens in both loading directions demonstrating the increased flow stress and energy

absorption afforded through subsequent stress-relieving and STA heat treatments.

bands” for brevity), which coincides with the drop in flow stress, as
demonstrated by the failure of unit cells along a diagonal in Fig. 6.
The formation of shear bands is not observed in the octet truss AMLS
under dynamic loading (despite that shear band formation has been ob-
served in OT AMLS under quasi-static loading [11]) nor in the rhoctan
topology under quasi-static or dynamic loading. The absence of shear
band formation in the OT topology under dynamic loading suggests
that the deformation mechanisms of lattice structures are dependent
not only upon unit cell topology [11] and strut geometry [45], but also
potentially upon the strain rate of the applied loading due to inertial
effects, as has been previously suggested for cellular structures [46-48].

3.3. Grain structure

To demonstrate the effect of the solution treatment and aging on
the grain structure of the AMLS, electron backscatter diffraction (EBSD)
was collected with a 7 degree grain detection angle on one as-built
and one STA specimen at a node and a strut (Fig. 7a). The surfaces
of the nodes and struts were ground and polished smooth to provide
a flat surface for the EBSD. As demonstrated by the orientation maps
in Fig. 7, discernible changes to the texture and grain structure were
produced by the heat treatment. In the as-built condition (Fig. 7b and
7d), the IN-718 AMLS has a weak texture along the [100] direction
in the nodes, and weak texture along the [100] and [101] directions
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Fig. 11. Effect of unit cell stacking order on the mechanical behavior of hybrid AMLS. It can be seen that under quasi-static loading, the response is independent of stacking order
for both loading directions considered. Under dynamic loading, the response is independent of the stacking order for the transverse loading direction, but shear band formation
in adjacent RT unit cells in Grade 1 AMLS loaded in the stacking direction leading to a drop in flow stress not observed in Grade 2 AMLS.

in the struts. The laser path is observable in both the strut and the
node in the as-built condition. The average grain size, represented by
the average equivalent circular diameter (ECD) was 15.97 pm at the
node and 16.22 pum at the strut with standard deviations of 10.29 and
10.60 pm, respectively. In the STA condition (Fig. 7c and 7e), the IN-
718 AMLS show higher densities in the [101] and [111] directions
at the node, and stronger texture in the [100] direction in the strut,
although the multiples of uniform distribution (MUD) are still relatively
low in both locations. Partial recrystallization occurred during the STA

10

process at both locations, as the laser path is no longer visible, but an
equiaxial grain structure did not fully form. The STA process also led
to grain growth, with the average ECD increasing to 19.09 pm at the
node and 23.70 pm at the strut, with standard deviations of 14.73 and
23.02 pm, respectively. Fig. 8 plots the frequency of grain sizes in both
heat treatment conditions.

The effect of the STA microstructure on the mechanical properties
is evident, as demonstrated for Grade 5 AMLS in Fig. 9. For loading
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Fig. 12. Fig. 12(a) shows the formation of a shear band in the rhoctet unit cell portion of a grade 1 AMLS. Between (i) and (ii), the deformation is nearly uniform throughout
the lattice structure. At (iii), strain localization can be seen in the rhoctet portion of the structure, denoted by the red ovals. At (iv), further localized damage can be seen in
the shear band of the structure. “t” indicates the time elapsed since the beginning of the loading pulse. Fig. 12(b) shows that in the grade 2 AMLS, a single octet unit cell row
collapses instead of shear band development in RT unit cells. Between (i) and (ii), there is nearly uniform deformation throughout the structure. At (iii), damage has begun to
occur in a row of octet unit cells, leading to the collapse of the octet row by point (iv), denoted by the green ovals. Shear band formation is inhibited by placing an OT unit cell
row between RT rows, preventing the severe drop in load capacity.
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Fig. 13. Effect of load direction and strain rate on the mechanical behavior of hybrid AMLS. In all lattice grades (Grade 1 in (a), Grade 2 in (b), and Grade 3 in (c)), there is
an increase in flow stress under both quasi-static and dynamic loading when the load is applied perpendicular to the stacking direction. This appears to be due to the increased
number of elements undergoing deformation in the transverse load case compared to the stacking load case. Additionally, in all three lattice grades, the first peak stress is higher
under dynamic loading than quasi-static loading.

in both the stacking and transverse directions, the flow stress is in- 3.5. Dependence on order of topology stacking

creased due to the heat treatment, leading to a 28% increase in energy

absorption (up to 30% strain) when loaded in the stacking direction, To determine if the pattern in which the constituent unit cell
and a 32% increase in energy absorption when loaded in the transverse topologies are integrated into the overall lattice structure affects the
direction. mechanical behavior, a comparison was made between the stress—strain

curves of the grade 1 (OT-RT-RT-OT) and grade 2 (OT-RT-OT-RT) lat-

tice structures for each loading condition. Fig. 11(a) demonstrates that
3.4. Structural-level size effects under quasi-static loading, the behavior of the AMLS is independent of
the topology stacking order for both loading directions considered. Un-
der dynamic loading (Fig. 11(b)), the effect of topology stacking order
is dependent upon the loading direction. In the transverse direction, the
response is independent of the unit cell stacking order. When loaded
in the stacking direction at high strain rates, however, the mechanical
behavior of the two grades diverges around 12% strain due to shear
band development in the adjacent RT unit cells of the Grade 1 AMLS,
as demonstrated by the high speed imaging in Fig. 12(a). Localized
instability occurs in the RT unit cells in the grade 1 lattice structures
beginning around 15% strain, corresponding with the decrease in flow

To determine if structural-level size effects are of concern for mixed-
topology lattice structures, a comparison of the quasi-static stress—
strain behavior of the Grade 3 and Grade 5 lattices was performed
for both loading directions, as these lattice grades have the same
constituent topologies arranged in the same alternating pattern. As
shown in Fig. 10, the differences in the stress—strain behavior between
the 4 x 4 x 4 and 6 x 6 x 6 unit cell lattices for a given loading direction
are negligible. The first peak stress is within 5% and the overall shape of

the stress-strain curve is similar between the two lattice grades for each stress. Instability propagation is inhibited by the octet unit cells at the
loading condition. This suggests that four unit cells in each direction of edges of the structure, which do not exhibit shear band formation under
hybrid AMLS remains an adequate threshold to prevent structural-level dynamic loading. Fig. 12(b) demonstrates that by alternating rows of
size effects. different topologies where one topology forms shear bands while the

11
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Fig. 14. Grade 1 topology under quasi-static compression loading in transverse direction (G1-TD). (a) Engineering stress, NET, NEC, and NET+NEC are plotted against the
engineering strain. (b) The number of failed elements NFET, NFEC, and TNFE in each increment is plotted vs. strain. Tension and compression elements are schematically shown
with blue and red colors, respectively, for three different strain values in (c). The state of damage in the form of stiffness degradation in elements is shown for the three strain
increments in (d). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

other does not, shear band formation can be prevented. Since shear
band formation in AMLS is detrimental to the load capacity, further
investigation into other topology combinations which place multiple
rows of shear band-forming topologies next to each other may be
beneficial.

3.6. Strain rate dependency

The flow stress behavior of the quasi-static and dynamic specimens
of the same unit cell structure can be compared by considering the
region after stress equilibrium is achieved in the dynamic specimens.
As demonstrated in Appendix D, equilibrium is achieved approximately
50-70 ps following the beginning of the loading pulse, generally corre-
sponding to strains on the order of 2%-3%. As shown in Fig. 13, for
each of the three topology combinations tested under both quasi-static
and dynamic loading, there is a modest increase in the first peak stress

12

under dynamic loading, on the order of 5%-10% depending upon the
topology combination and loading direction. This is not unexpected,
as flow stress sensitivity has been observed in Ti-6Al-4V AMLS [49],
aluminum foams [50] and as-built IN-718 AMLS of various topolo-
gies [29]. Other than the increase in flow stress due to the strain rate
sensitivity of the AMLS, similar trends in the stress—strain behavior are
seen for each grade and loading condition, with the notable exception
of the grade 1 AMLS loaded in the stacking direction due to shear band
development in adjacent RT unit cells under dynamic loading, leading
to the 70% decrease in flow stress.

3.7. Thoughts on loading direction effects on the mechanical response of
mixed-topology AMLS

Fig. 13 presents stress-strain curves for each lattice grade and
loading direction to demonstrate the effect of loading direction on the
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Fig. 15. Grade 1 topology under quasi-static compression loading in stacking direction (G1-SD). (a) Engineering stress, NET, NEC, and NET+NEC are plotted against the engineering
strain. (b) The number of failed elements NFET, NFEC, and TNFE in each increment is plotted vs. strain. Tension and compression elements are schematically shown with blue
and red colors, respectively, for three different strain values in (c). The state of damage in the form of stiffness degradation in elements is shown for the three strain increments
in (d). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

mechanical response of hybrid AMLS. Fig. 13(a) shows that for Grade
1 lattices, there is approximately a 10% increase in the first peak stress
for both quasi-static and dynamic loading for the transverse loading
compared to the stacking direction loading. Similarly in Grade 2 and
Grade 3 AMLS (Figs. 13(b) and 13(c)), there is a 9% and 7% increase
for quasi-static and 6% and 7% increase for dynamic, respectively, in
first peak stress for transverse loading compared to loading applied in
the direction of the stacking. Moreover, Grade 1, 2, and 3 lattices all
experience a drop in the flow stress beginning between 10%-15% strain
under quasi-static compression loading (Fig. 13), but the flow stress
drop when the specimen is loaded in the transverse direction is 15%-—
50% smaller than when loaded stacking direction, depending upon the
topology combination.

13

3.8. Numerical analysis

Since the underlying mechanics leading to the flow stress increase
under transverse loading cannot be determined through simple imaging
of the deformation, local stress analysis performed in Abaqus was used
to examine the NET, NEC, and NET+NEC of Grade 1 and 3 structures.
Fig. 14a demonstrates that NET+NEC is between 60%-62% of the total
elements up to 5% strain for transverse-loaded Grade 1 structures,
but NET+NEC is only 55%-58% over this same period for Grade 1
structures loaded in the stacking direction (Fig. 15a). The increased
proportion of total structural elements acting to resist the load is
responsible for the increased peak stress under transverse loading,
consistent with the behavior reported in [11].

When loaded in the stacking direction, Grade 1 structures expe-
rience a 46% decrease in flow stress between 10 and 20% strain.
This flow stress decrease is reduced to only 26% when loaded in the
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with blue and red colors, respectively, for three different strain values in (c). The state of damage in the form of stiffness degradation in elements is shown for the three strain
increments in (d). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

transverse direction. Examination of NET in Figs. 14a and 15a shows
a significantly larger spike in NET between 15%-20% strain when
loaded in the stacking direction compared to the transverse direction.
A large number of tensile elements is of special concern for STA IN-
718 AMLS, as the elongation of STA IN-718 under tension is only
12%, and the tensile yield stress of STA IN-718 is ~ 15% lower than
the compressive yield stress. These material properties, along with the
presence of relatively weak horizontally-manufactured struts in the
OT topology, have previously been shown to be responsible for the
softening behavior observed in the OT topology [11]. This softening
behavior is carried over to the hybrid structures, where the increased
NET in the stacking direction leads to approximately a 50% increase in
NFET compared to the transverse direction between 10 and 20% strain
compared to the transverse direction. The TNFE up to 20% strain when
loaded in the stacking direction is 15% greater than when loaded in
the transverse direction, leading to the larger flow stress decrease in
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the stacking direction compared to the transverse loading. The stiffness
degradation contour plots in 14d and 15d demonstrate locations in the
structure where element failure contributes to the softening. It is clear
that the weaker OT topology dominates deformation mechanisms in
both loading directions, although this effect is amplified when loaded
in the stacking direction.

Likewise, for Grade 3 AMLS (Fig. 13(c)), there is a 7% increase in
the first peak stress in the transverse loading condition compared to
the stacking direction for both the quasi-static and dynamic loading
conditions. This is similar to behavior seen in the Grade 1 AMLS and
can be explained by looking at NET, NEC, and NET+NEC presented in
Figs. 16 and 17. Figs. 16 and 17 show that again, the topology with
a lower yield strength (here, RT topology) dominates the deformation
mechanisms in both transverse and stacking directions, with the effect
more pronounced when the structure is loaded in the stacking direction.
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Fig. 17. Grade 3 topology under quasi-static compression loading in stacking direction(G3-SD). (a) Engineering stress, NET, NEC, and NET+NEC are plotted against the engineering
strain. (b) The number of failed elements NFET, NFEC, and TNFE in each increment is plotted vs. strain. Tension and compression elements are schematically shown with blue
and red colors, respectively, for three different strain values in (c). The state of damage in the form of stiffness degradation in elements is shown for the three strain increments
in (d). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.9. Comparison of the behavior of hybrid AMLS with homogeneous AMLS
composed of the constituent topologies

Fig. 18 provides a comparison of the mechanical behavior of the
mixed-topology lattice structures with that of the homogenous LS com-
posed of the constituent topologies of the hybrid structures. Under
quasi-static loading in the stacking direction, it can be seen for Grade
1 and 2 AMLS (Fig. 18a—d) that the behavior of the hybrid AMLS is
very similar to that of the weaker constituent topology. This validates
the suggestion from the numerical modeling that the weaker topology
drives instability in the structure and the flow stress follows. Teimouri
and Asgari reported a similar conclusion [6] for graded lattice struc-
tures with a relative density gradient throughout the structure, that unit
cells with the lowest relative density (ie, the weakest unit cells) collapse
before unit cells with greater relative densities in the structure.

For grade 1 and 2 lattices under transverse quasi-static loading
(Fig. 18a,c), the first peak stress follows that of the stronger constituent
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topology. The increased first peak stress under transverse loading com-
pared to stacking direction loading can be attributed to a larger number
of structural elements being involved in the deformation under trans-
verse loading. After the first peak stress, however, the hybrid lattice
structures experience a larger drop in flow stress compared to the
rhoctet topology, but a smaller flow stress drop compared to the octet
truss topology. Our numerical analysis shows that as in the stacking
direction, damage starts in the OT unit cells, but when loaded in
the transverse direction, collapse of entire rows is prevented by the
alternating OT and RT unit cells. Additionally, the decreased proportion
of tensile elements when transversely loaded compared to the stacking
direction is contributes to the reduced flow stress decrease by pre-
venting tensile failure of elements due to excessive elongation [11].
This suggests that while the hybrid lattice structures under transverse
loading may be able to take advantage of the behavior of the stronger
constituent unit cell topology initially, it is not sustained, resulting in
inferior energy absorption overall compared to a homogeneous lattice
structure composed of the stronger unit cell topology.
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Fig. 18. Comparison of behavior of hybrid lattice structures with the constituent topologies. It can be seen that in the Grade 1 and 2 AMLS (a-d), the flow stress in both loading
directions is limited by the weakest topology used. When loaded in the stacking direction, the all aspects of the flow stress of these hybrid AMLS are similar to that of the
weaker topology. When loaded in the transverse direction, the first peak stress of the hybrid AMLS may match that of the stronger topology, but the magnitude of the subsequent
softening is more in line with that of the weaker topology. In Grade 3 AMLS under quasi-static loading (e), the flow stress in the transverse direction is limited to that of the
weaker topology, while the flow stress in the stacking direction is lower than either of the constituent topologies. In Grade 3 AMLS under dynamic loading (f), the flow stress in
the transverse direction is slightly higher than that of either the RT or RTN topologies, suggesting under certain loading conditions there may be mechanical benefits to layered

hybrid AMLS.

Likewise for grade 1 and 2 hybrid lattice structures under dynamic
loading (Fig. 18b,d), the stress—strain behavior of the hybrid lattices
when loaded in the stacking direction tends to follow the stress—strain
behavior of the weaker constituent topology (under dynamic loading,
rhoctet is the “weaker” topology). The grade 1 AMLS (Fig. 18b) have
similar behavior to the rhoctet AMLS under dynamic loading through-
out the entire deformation process, including the shear band-induced
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load capacity decrease beginning around 15% strain. Under dynamic
loading, the grade 2 AMLS (Fig. 18d) in the stacking direction appears
to behave like a hybrid of OT and RT unit cells. Initially, the first peak
stress matches that of the RT structure, but between 10 and 12% strain,
one row of OT unit cells begins to collapse, in line with the uniform OT
structure, but the alternating OT-RT-OT-RT pattern prevents structural
shear band development.
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In grade 3 AMLS under quasi-static loading (Fig. 18e), the flow
stress in the transverse direction is limited to that of the weaker RT
topology used. When loaded in the stacking direction, the flow stress
is lower than that of either topology incorporated into the structure.
This may be due to poor connectivity [51] and stress concentrations
at the interface between the two unit cell topologies, where a sudden
change in strut diameter occurs. The potential for stress concentrations
is particularly concerning for applications of these structures under
fatigue loading, as fatigue life is strongly influenced by stress concen-
trations [52-54]. Under dynamic loading (Fig. 18f), the Grade 3 AMLS
appears to take advantage of beneficial properties of both constituent
topologies, with a first peak stress similar to that of the RT topology and
shear band mitigation due to the alternating RT and RTN arrangement.

4. Summary

In this study, the mechanical behavior of mixed topology AMLS
was investigated to determine the effects of loading direction, unit cell
stacking order, and strain rate. Additionally, the mechanical perfor-
mance of the hybrid AMLS was compared to uniform AMLS of the
constituent topologies. Strut-level finite element modeling provided in-
sight onto specific mechanisms of the behavior of the hybrid structures.
Notable conclusions from this study can be summarized as follows:

+ Increasing the flow stress from 10~3/s to 10%/s increased the peak
stress of each structure type tested by 5%-10%. Additionally,
the increased flow stress altered the deformation mechanisms
of constituent OT and RT unit cell topologies, leading to shear
band development in RT unit cells not observed under quasi-static
loading.

The unit cell stacking order influence the mechanical behavior
of these hybrid structures under certain situations, particularly
when two rows of a topology which forms shear bands are placed
adjacent to each other. Shear band development in these rows
led to a 70% decrease in plastic flow stress, but this decrease
in load capacity could be mitigated by separating shear band-
forming rows with a row of unit cells in which shear bands do
not form.

For all hybrid structures considered, the peak stress was increased
by up to 10% when loaded in the transverse direction compared
to the stacking direction. Finite element modeling demonstrated
that this is due to an increased proportion of the structure resist-
ing the loading. Additionally, the flow stress decrease following
the peak was reduced when loaded in the transverse direction
due to a smaller proportion of the structure being under tension,
reducing tensile failure of LS struts.

In most cases, the weaker constituent unit cell topology con-
trolled the mechanical behavior of the mixed-topology AMLS.
When hybrid structures were loaded in the stacking direction, the
peak stress was generally limited to that of the weaker topology.
When hybrid structures were loaded in the transverse direction,
although the first peak stress reached that of the stronger con-
stituent topology in some cases, the magnitude of subsequent flow
stress decrease was more in line with that of the weaker topology.

Through the observations and analysis collected in this study, im-
portant steps have been taken toward developing design guidelines
for mixed-topology AMLS by understanding how some deformation
mechanisms of the constituent topologies affect the hybrid structure
behavior. These design guidelines will aid in improving the reliability
of hybrid structure implementation into critical structures by ensuring
that detrimental effects such as shear band development are mitigated.
Future work should include further investigation into the underlying
cause of shear band development under dynamic loading in certain
topologies, connectivity between unit cells of different topologies and
the associated stress concentrations that may arise, as well as further
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characterization of the behavior of hybrid AMLS considering the effects
of inclined or multiaxial loadings, or fatigue loading. Additionally,
hybrid AMLS should be investigated at multiple length scales to de-
termine how potential strut-level size effects inherent in many AM
processes [31,32,34] may affect the behavior of the AMLS. This ad-
ditional characterization will help ensure structural integrity of hybrid
AMLS throughout a wide variety of potential loading cases.
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Appendix A. Node coordinates of rhoctan and rhoctet topologies

List of ordered pairs of connected node numbers in RT topology:
(6,14), (14,0), (14,1), (14,2), (7,15), (15,0), (15,1), (15,5), (8,16),
(16,0), (16,4), (16,2), (9,17), (17,0), (17,4), (17,5), (10,18), (18,3),
(18,1), (18,2), (11,19), (19,3), (19,1), (19,5), (12,20), (20,3), (20,4),
(20,2), (13,21), (21,3), (21,4), (21,5), (7,8), (6,9), (10,13), (11,12),
(7,10), (6,11), (8,13), (9,12), (6,12), (8,10), (7,13), (9,11) (see Ta-
ble A.2).

List of ordered pairs of connected node numbers in RTN topology:
(6,14), (14,0), (14,1), (14,2), (7,15), (15,0), (15,1), (15,5), (8,16),

Table A.2

Node coordinates in Rhoctan and Rhoctet topologies for a 4 x 4 x 4 mm? unit cell.
Node # Rhoctet Rhoctan
0 (-2, 0, 0) (-2, 0, 0)
1 0, -2, 0) 0, -2, 0)
2 0, 0, -2) 0, 0, -2)
3 (2,0, 0 (2, 0,0
4 (0, 2, 0) (0, 2, 0)
5 0, 0, 2) 0, 0, 2)
6 (-2, -2, -2) (-2, -2, -2)
7 (-2, -2,2) (-2,-2,2)
8 (-2,2,-2) (-2,2,-2)
9 (-2, 2,2) (-2, 2,2)
10 2, -2, -2) 2, -2, -2)
11 2, -2,2) 2, -2, 2)
12 2, 2, -2) 2, 2, -2)
13 2, 2,2 2, 2,2
14 (-1, 1, -1 (-1, -1, -1)
15 (-1, -1, 1) (-1, -1, 1)
16 (-1, 1, -1) (-1, 1, -1)
17 (-1, 1,1 (-1, 1,1
18 a, -1, -1 a, -1, -1
19 1, -1, 1) 1, -1, 1)
20 1,1, -1 1,1, -1
21 1,1, 1) 1,1, 1)
22 N/A (0, 0, 0)
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(16,0), (16,4), (16,2), (9,17), (17,0), (17,4, (17,5), (10,18), (18,3), Appendix C. Mechanical properties of hybrid AMLS
(18,1), (18,2), (11,19), (19,3), (19,1), (19,5), (12,20), (20,3), (20,4),

(20,2), (13,21), (21,3), (21,4), (21,5), (22,14), (22,15), (22,16), (22,17),

(22,18), (22,19), (22,20), (22,21), (11,12), (10,13), (6,9), (7,8), (8,13),

9,12), (10,7), (6,11), (13,7), (9,11), (6,12), (10,8).

See Table C.4 and Fig. C.19.

Appendix B. Physical properties of hybrid AMLS Table C.4
Elastic modulus, peak stress before softening, and energy absorption for the hybrid
AMLS under quasi-static loading. Energy absorption is area under stress—strain curve
to 30% strain in QS specimens and 20% strain in dynamic specimens.

Quasi-static

See Table B.3.

Specimen Elastic Modulus Peak Stress Energy Absorption
Table B.3 GPa MPa MJ/m?
Dimensions, volume, mass, density, and relative density of hybrid STA IN-718 AMLS Grade 1 Stacking 1 3.91 141 34.8
considered in this study, assuming a bulk density of IN-718 of p;y_;5 = 8.22 g/cm’. Grade 1 Stacking 2 4.12 136 33.6
Quasi-static Grade 1 Transverse 1 5.05 154 39.1
Specimen L W I Volume  Mass Density p* Grade 1 Transverse 2 4.75 152 38.6
mm mm mm cm? g g/cm’ % Grade 2 Stacking 1 4.62 140 35.4
Grade 1 Stacking 1 16.31 1598 16.01 4.17 11.07 265  32.3 gi:jz 3 '?"trz;ks:legrsi ) Z‘gf 122 ig's
Grade 1 Stacking 2 16.56 15.99 15.98 4.23 10.69 2.53 30.7 Grade 2 Transverse 2 4'93 154 40'1
Grade 1 Transverse 1 16.40 16.03 16.01 4.22 10.69 2.54 30.9 . ’
Grade 1 Transverse 2 16.45 16.02 16.01 4.22 10.71 2.54 30.9 Grade 3 Stacking 1 4.85 142 37.1
Grade 2 Stacking 1  16.40 16.08 1597 4.21 11.06 2.63 31.9 g::jz : ?;‘;ks“',‘ei; 1 :ﬂ 132 i‘:
Grade 2 Stacking 2 16.45 16.01 16.03 4.22 10.67 2.53 30.7 Grade 3 Transverse 2 5'00 156 41'7
Grade 2 Transverse 1 16.40 15.98 16.01 4.20 10.69 2.55 31.0 . ’
Grade 2 Transverse 2 16.40 16.01 16.00 4.20 10.69 2.54 31.0 Grade 4 Stacking 1 3.49 139 36.1
Grade 3 Stacking 1 16.41 16.02 16.05 4.22 1081 256  31.2 g;:jz : iittﬁsi ) i'gﬁ L‘Z 22;
Grade 3 Stacking 2 16.02 15.99 16.34 4.19 10.88 2.60 31.6 Grade 4 Transverse 2 5'04 138 37'4
Grade 3 Transverse 1 16.08 16.04 16.28 4.20 10.70 2.55 31.0 . ’
Grade 3 Transverse 2 16.01 16.00 16.36 4.19 10.84 2.59 315 Grade 5 Stacking 1 4.16 134 35.3
Grade 4 Stacking 1~ 24.60 23.98 23.98 14.15 3592 254  30.9 g::jz : 'Srt:;:ksmeisz . 2'53 igz ig'g
Grade 4 Stacking 2 24.60 24.00 24.00 14.17 35.43 2.50 30.4 Grade 5 TransZerse 9 4.82 155 41'7
Grade 4 Transverse 1 24.01 24.01 24.50 14.12 35.77 2.53 30.8 . ’
Grade 4 Transverse 2 23.98 23.98 24.48 14.08 36.03 2.56 31.1 Dynamic
Grade 5 Stacking 1 2450 24.00 24.00 14.11 35.67 2.53 30.7 Grade 1 Stacking 1 55.80 154 26.2
Grade 5 Stacking 1 24.45 24.00 24.00 14.08 35.96 2.55 31.1 Grade 1 Stacking 2 36.57 154 26.0
Grade 5 Transverse 1 24.04 24.00 24.60 14.19 35.38 2.49 30.3 Grade 1 Transverse 1 21.52 167 29.0
Grade 5 Transverse 1 23.98 23.98 2470 14.20 36.61 2.58 31.4 Grade 1 Transverse 2 34.29 164 28.1
Dynamic Grade 2 Stacking 1 36.39 154 26.2
Grade 1 Stacking 1 16.60 16.00 16.05 426 1098 258 313 g:gz z ?ri;ks“:‘eisi . f;'gg igi i;“g
Grade 1 Stacking 2 16.65 15.99 16.00 4.26 11.09 2.60 31.7 Grade 2 Transverse 2 30.48 160 27'8
Grade 1 Transverse 1 16.42 16.00 16.01 4.21 10.70 2.54 30.9 . .
Grade 1 Transverse 2 16.40 16.02 16.04 4.21 10.71 2.54 30.9 Grade 3 Stacking 1 20.75 153 27.1
Grade 2 Stacking 1 16.40 16.06 16.05 4.23 11.00 260 317 g;:jz i iﬁ:ﬁi ) fg‘zg 122 z;'g
Grade 2 Stacking 2 16.53 16.10 16.07 4.28 10.72 2.51 30.5 Grade 3 Transverse 2 36'11 170 31'2
Grade 2 Transverse 1 16.40 16.01 16.02 4.21 10.65 2.53 30.8 . :
Grade 2 Transverse 2 16.40 16.01 16.01 4.20 10.68 2.54 30.9
Grade 3 Stacking 1 16.35 16.00 16.02 4.19 10.72 2.56 31.1
Grade 3 Stacking 2 16.33 16.08 16.01 4.20 10.83 2.58 31.3
Grade 3 Transverse 1 16.05 16.04 16.42 4.23 10.79 2.55 31.1
Grade 3 Transverse 2 16.02 1599 16.34 4.19 10.88 2.60 31.6
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Fig. C.19. (a—c) present bar plots of the average (a) modulus of elasticity, (b) first peak stress, and (c) energy absorption up to 30% strain for all hybrid specimens under
quasi-static loading. (d-f) present bar plots of the average (d) modulus of elasticity, (e) first peak stress, and (f) energy absorption up to 20% strain for all hybrid specimens under
dynamic loading. “S” represents specimens loaded in the stacking direction, “T” represents specimens loaded in the transverse direction.

Appendix D. Face force equilibrium validation

REL Inc’s Sure-Pulse software [55] was used to analyze the strain
gauge data, calculating stress and strain in the specimens and the face
forces of the incident and transmission bars to ensure equilibrium was
reached, as this cannot necessarily be assumed for specimens that are
not fully dense [29,41-43]. The incident and transmission bar face
forces, used to verify the assumption of equilibrium in the specimen
when they are approximately equal, are calculated as [44]

Fr(t) = ArErer(®) (D.1)

Fi() = AL E(e,(1) — e g(1)) (D.2)

where Fp(t) and F;(¢) are the transmission face force and incident face
force, respectively. A, is the cross-sectional area of the transmission
bar, and A; is the incident bar cross-sectional area. E; and E; are the
moduli of elasticity of the transmission and incident bars, respectively.
ep(1) is the strain measured in the transmission bar by the strain gauge
as a function of time, £,(¢) is the strain in the incident bar from the
initial pulse, and e 4(?) is the strain of the reflected pulse in the incident
bar.

When equilibrium is achieved between the face forces in Kolsky bar
tests, the stress in the specimen can be calculated as [44]

ApErer(r)

4 (D.3)

o,(t) =

5
where o (7) is the stress in the specimen as a function of time and A, is
the cross-sectional area of the specimen.

The strain rate of the dynamic tests can be calculated as [44]
—2cep(?)

L

s

£ = (D.4)
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where ¢() is the strain rate of the specimen as a function of time, ¢,
is the wave speed of the incident bar, and L, is the undeformed length
of the specimen.

The strain in the specimen is the time integral of the strain rate [44]

I/'im':h
£,(1) =/ E,(Ndt
t

start

(D.5)

where £,(¢) is the strain in the specimen, 7, is the beginning of the
loading pulse, and ¢, is the end of the loading pulse.

In fully dense metals, equilibrium between the incident bar face
force and transmission bar face force is generally achieved when three
wave reverberations occur in the specimen [41]. Due to differences
in the wave propagation in lattice structures [29] and the potential
for weak transmission signals in cellular or soft materials [42,43],
equilibrium cannot necessarily be assumed to occur after this interval
in AMLS. Because the equations used for stress and strain analysis of
data recorded from a Kolsky bar make the assumption equilibrium is
achieved in the specimen, it is necessary to examine the forces on each
face of the specimen to determine the range over which standard equa-
tions for Kolsky bar analysis apply. To this end, plots of the incident
and transmission face forces for representative specimens of each LS
grade are presented in Fig. D.20 to determine the range over which
the equilibrium assumption (where the incident and transmission face
forces are approximately equal) can be applied. As demonstrated for
each structure type in Fig. D.20, equilibrium between the incident
and transmission face forces is generally achieved in most specimens
beginning between 0.05 and 0.07 ms after the beginning of the loading
pulse, corresponding to approximately 2%-3% strain in each specimen.
The standard stress—strain equations for a Kolsky bar are therefore valid
after this point. The initial divergence in incident and transmission
face forces observed for a number of specimens is consistent with the
behavior reported for STA AMLS in [29].



B. Barnes et al.

(a)

Additive Manufacturing 48 (2021) 102466

(c)

—— Incident Face 140 {4 140 f [3% ncident Face
—————— Transmitted Face = Transmitted Face ransmitted Face
STA Octet Truss 120 Rhoctet 120 Rhoctan STA Rhoctan
100
Z &0 z Z 80
g ¢ 8 60
S (s} S
e
v L B N NS
20
%
-20
0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
Time, ms Time, ms Time, ms
(d) (e) ()
140 Incident Face 140 SLISIRT 140 A ncident Face
------ Transmitted Face Transmitted Face -----—Transmitted Face
STA Grade 1 - Stacking 120 STA Grade 3 - Stacking
100
Z < 80 Z 80
g g S 60
o o o
w w
)
20
o
-20
0.05 0.1 0.15 0.2 0.25 0.05 0.1 0.15 0.2 0.25
Time, ms Time, ms

140 Sor —!Pcident.:adci
ransmittex ace
120 Ri_ STA Grade 1 - Transverse
100 .
Z 80 < 80
g 60 §
e w

0.05

0.1 0.15
Time, ms

0.2 0.25

0.05

0.1

Time, ms

0.15

Incident Face Incident Face
Transmitted Face Transmitted Face
STA Grade 2 - Transverse STA Grade 3 - Transverse
Z 80
o}
o 60
i
40
20
0
-20
0.2 0.25 0.05 0.1 0.15 0.2 0.25
Time, ms

Fig. D.20. Incident and transmission bar face forces for a representative sample of each specimen type, showing that generally, equilibrium between the face forces is achieved
between 0.05 and 0.07 ms following the beginning of the loading pulse, allowing the equilibrium Kolsky bar stress-strain equations to be used with accurate results after that
point. Equilibrium is considered to be where the incident face and transmission face forces are approximately equal.
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