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A B S T R A C T   

The post-yield mechanical behavior of additively manufactured lattice structures (AMLS) is governed by the 
interplay between intrinsic (microstructural) and extrinsic (structural topology) properties at different length 
scales. Herein, we introduce a novel design optimization approach that accounts for scale separation and size 
effects, which control deformation mechanisms, to achieve a certain targeted macroscopic mechanical response. 
The new topological designs are guided by finding a direct correlation between the distribution of local stresses 
within struts and the underlying microstructures. The local stresses are computed using a strut-level yield cri
terion that has been calibrated to strut-level tensile, compressive, and shear loading experiments. Therefore, the 
local response of the struts, including tension-compression asymmetry, build direction dependence, and size 
effects, are accounted for in the yield surface, enabling a more accurate representation of the local stress state. 
Accurate calculation of the stress state for a given microstructure and topology combination allows for opti
mizing the topology for the given strut-level microstructure. The interplay between the topology and micro
structure is assessed by investigating the unit cell-level deformation mechanisms and quantifying their influence 
on the global stress-strain relationship via finite element simulations. Using these relationships, a new set of 
topologies is designed, built, and validated with experiments. On average, the new topologies demonstrate 40% 
and 72% improvement in energy absorption capacity and flow stress, respectively, compared to topologies that 
had been previously optimized using constitutive models, which are homogeneous throughout the unit cell. The 
goal of the presented article is to demonstrate that simultaneously considering the effects of topology and 
microstructure on the mechanical behavior of AMLS has the potential to substantially improve key performance 
metrics, including ultimate strength and energy dissipation. The distinguishing and novel feature of our approach 
is that the topological optimization is performed while accounting for the heterogeneous distribution of strut- 
level microstructural features and concomitant mechanical behavior, which leads to new insights relative to 
peak AMLS structural performance.   

1. Introduction 

Multi-functionality and lightweight are two fundamental character
istics of additively manufactured (AM) lattice structures (LS), or AMLS, 
that can be achieved by design and optimization methods. Lattice 
structures are three-dimensional (3D) structures formed by repeating 
unit cells, which consist of a network of struts connected at nodes (see  
Fig. 1). The periodic nature of the constituent unit cell differentiates LS 

from other classes of cellular materials such as metallic foams. There
fore, unit cell configuration, which depends on strut dimensions and 
orientation angles, can be used as a design variable for mechanical 
property optimization. In general, property optimization of materials 
with hierarchical structures can be divided into three main categories: 
(1) optimization of unit cell shape, (2) optimization of the unit cell size 
distribution, (3) optimization of unit cell parameters (such as strut di
mensions). The differences between each of these optimization 

* Corresponding author at: Aerospace and Mechanical Engineering Department, The University of Arizona, USA. 
E-mail address: hazeli@arizona.edu (K. Hazeli).  

Contents lists available at ScienceDirect 

Additive Manufacturing 

journal homepage: www.elsevier.com/locate/addma 

https://doi.org/10.1016/j.addma.2021.102143 
Received 7 January 2021; Received in revised form 19 June 2021; Accepted 22 June 2021   

mailto:hazeli@arizona.edu
www.sciencedirect.com/science/journal/22148604
https://www.elsevier.com/locate/addma
https://doi.org/10.1016/j.addma.2021.102143
https://doi.org/10.1016/j.addma.2021.102143
https://doi.org/10.1016/j.addma.2021.102143
http://crossmark.crossref.org/dialog/?doi=10.1016/j.addma.2021.102143&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Additive Manufacturing 46 (2021) 102143

2

categories mainly depend on the definition of the design variables, 
which are the parameters that can be changed during the optimization 
process [1,2]. Furthermore, for each category, there are several different 
optimization approaches. For instance, in the unit cell optimization 
method, the unit cell shape, structure, and spatial arrangement (peri
odic, stochastic, or hierarchical tessellation) are the design variables for 
structures ranging from prismatic hexagonal honeycomb and stochastic 
foams to LS. In other words, different unit cell structures with different 
shapes are designed using CAD software; subsequently, the performance 
and behavior of those unit cells are examined by analytical (Maxwell’s 
stability criterion [3] or Gibson-Ashby [4]), empirical (experimental), or 
computational methods (finite element simulation) [5–8,9]. Once the 
desired performance is achieved, the aggregate LS is fabricated using the 
arrangement of unit cells best determined to meet project requirements. 

Optimization of unit cell size, topology, and distribution has also 
been inspired by nature. Material gradients commonly occur in cellular 
biological materials such as bone, sea sponges, teeth, bamboo, pine 
leaves, and horses hooves [10]. In nature multi-functionality is achieved 
by adapting to the local loading conditions and relying on building hi
erarchical structures with the optimized spatial distribution of unit cells 
with varying sizes as needed to maximize accommodation of local 
stresses. Mimicking natural structures by selecting the best spatial 
variation of cell sizes for a specific loading condition is another design 
challenge that can be guided by examining the local response of 
different unit cells with selected relative densities throughout a design 
[4]. Regular and functionally graded periodic structures (i.e. error 
diffusion method [11]) and stochastic structures implementing sizing 
distribution rules (such as the top-down Voronoi-tessellation method 
[12]) are examples of proposed unit cell size distribution strategies to 
create graded cellular material. The Voronoi-tessellation method is an 
innovative way to control the unit cell size, density, local distribution, 
and morphology without producing material discontinuities [12–14]. 
Therefore, it can be implemented to generate LS with regular or func
tionally graded distributions of porosity and unit cell size [15]. This 
approach is one of the most effective ways to mimic the cellular struc
tures in natural tissues such as bone [16]. Another benefit of imple
menting graded materials into LS is that graded cellular materials can 
achieve greater energy absorption capacity than regular cellular struc
tures [17]. 

The optimization of unit cell parameters, including struts di
mensions, topology, and microstructure are design variables of concern 
for the present investigation. For example, in LS, unit cell parameters 

include strut length, thickness, cross-sectional shape and area, fillet 
radius at the nodes, and the building material properties. The relative 
density-based scaling law relationship introduced by Ashby et al. [4,18] 
is one of the most widely used methods to determine the optimized 
thickness parameter of simple cellular material geometries. There are 
some drawbacks in the relative density approach, however, as it over
looks critical geometrical factors such as strut geometry [19–22] and 
fillet radii at the nodes [23,24]. 

Tang and Zhao [25] used a genetic algorithm to optimize the dis
tribution of struts orientation angles inside a lattice structure. In this 
method, the overall volume of the structure is divided into several 
subsections. An equivalent analysis model is created by considering the 
effective orthotropic properties of LS at the macroscopic level. Then, a 
genetic algorithm is applied to measure the optimized distribution of 
minimum strain energy and higher structural stiffness by regulating the 
struts orientation angles. The results from [25], indicates that an opti
mized LS designed with non-uniform strut orientation angles was more 
stiffness efficient (i.e., had higher stiffness per unit mass) than LS with 
uniform strut orientation angles. Homogenization-based topology opti
mization combined with field-aligned parameterization [26] is another 
method to optimize LS topology using the distribution of struts orien
tation to enhance stiffness. This method optimizes the structural stiffness 
of LS by aligning the struts with principal stress directions. In this 
approach, the struts on the boundary match the curved surfaces of the 
optimized 3D shapes. This method resulted in an LS with a critical 
buckling load approximately twice that of a topology-optimized solid 
structure at the cost of a slight decrease in stiffness. 

Wu et al. [27] used the Approximation of Reduced Substructure with 
Penalization (ARSP) model to improve LS manufacturability and stiff
ness by solving connectivity and length scale-ratio problems that arise in 
conventional homogenization-based methods. In the ARSP method, the 
structure is assumed to be made of multiple substructures that consist of 
the same unit cell topology in two different, connected length scales. As 
substructure density is a design variable in this process, the geometry of 
the LS in each substructure can be changed by changing the associated 
density. This process offers the potential to produce stiffness-efficient LS 
with improved manufacturability. Feng et al. [28] employed a two-stage 
topology optimization strategy for LS. This process optimizes strut mass 
by altering the nodal x- and y-coordinates and grid configuration. A 
genetic algorithm is used to adjust nodal coordinates and remove struts 
under low stress from the structure. This technique results in a 
weight-efficient LS at the expense of stiffness and nonlinear buckling 
load. 

Chen et al. [29] employed an FE method-based technique to generate 
large-scale, weight-optimized LS. The LS nodes for a given geometry are 
defined horizontally, and the desired unit cell is created by connecting 
these nodes with struts. The initial lattice structure is assembled by 
connecting a specified number of unit cells in each direction. The mesh 
configuration method is used to remove struts under low stress from the 
structure, resulting in an optimized structure demonstrating superior 
stiffness over the initial structure. Global stiffness was shown to improve 
by 11.83% by implementing this process, although further investigation 
is required to evaluate the proposed method’s efficiency and effective
ness over existing techniques. Du et al. [30] used an energy-based ho
mogenization method to find the optimal distribution of material phases 
within the unit cell of the periodic LS. This topology optimization 
strategy aims to improve the transverse shear performance of the hex
agonal unit cells. Their results show improvement in the shear stiffness 
and bearing properties of the optimized LS compared to the traditional 
honeycomb sandwich structure. 

2. Significance and need for developing a new optimization 
technique 

While optimization methods developed for hierarchical materials, 
such as those summarized in Section 1 and others [31–34–37], have also 

Fig. 1. AMLS with Octet truss topology formed by a repeated arrangement of 
spatial unit cells composed of struts and nodes. 
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improved weight-efficiency and stiffness in AMLS, these optimization 
methods do not account for characteristic material behaviors such as 
plastic anisotropy resulting from the microstructure of AMLS constitu
ents. It is important to note that the focus of the many studies mentioned 
above is placed only on the elastic regime of the hierarchical materials, 
so parameters which control yielding and subsequent plastic stress flow 
are mainly unexplored. Therefore, in this study we show that by 
considering the combined effects of microstructure and topology on the 
mechanical properties of additively manufactured lattice structures, 
novel designs may be discovered through the presented optimization 
methods that otherwise would be overlooked if topology alone is 
considered. As a demonstration of our design strategy, we will establish 
the connection between microstructure and mechanical behavior 
through experiments and show how using microstructure-specific ma
terial properties in unit cell analysis influences the development of local 
stresses, plasticity, and damage evolution as a function of topology. 
Once the interplay between topology and microstructure on the me
chanical behavior of AMLS is understood, we limit the adverse effects of 
each attribute by designing a new lattice topology that leads to 
enhanced yield strength and energy absorption capacity relative to to
pologies optimized using constitutive models, which are homogeneous 
throughout the unit cell. Specifically, our analysis shows that optimi
zation of topological features including struts angle and thickness can be 
guided by microstructural effects, such as increased yield strength, while 
avoiding the limitations imposed by the microstructure on the me
chanical behavior, e.g., low ductility. 

Altering the microstructure through heat treatments may be used to 
improve the mechanical behavior of AMLS [38]. However, this may lead 
to unexpected behavior such as a drop in plastic flow stress at some 
stages of deformation. For instance, Fig. 2 compares the quasi-static 
compression behavior of AM IN718 Octet truss (OT) and Rhombic do
decahedron (RD) lattice structures with 30% relative density with either 
as-built (AB) or solution treated and aged (STA) microstructures. Fig. 2 
shows that changing the strut microstructure through heat treatment 

improved the yield strength by approximately 38% and 46% in OT and 
RD, respectively (see Fig. 2c & d). While the yield strength was 
improved, the STAs microstructure led to a drastic drop in the plastic 
flow stress in both topologies: ≈ 50% drop in OT specimens and ≈ 17% 
drop in RD specimens. The design strategy proposed in this article aims 
to improve the mechanical response of AMLS, including flow stress and 
energy absorption capacity, by using benefits of microstructural control 
(through heat treatment) to enhance the yield strength while using to
pology to overcome microstructural shortcomings in flow stress reten
tion, resulting in a high yield strength coupled with maintained high 
flow stress, ultimately leading to improved energy absorption capacity. 

3. Material systems and experimental procedure 

3.1. Manufacturing and heat-treatment 

In the present study, argon atomized Inconel 718 (IN718) powder 
was used to fabricate parts. The chemical composition, adapted from 
[39], is reported in Table 1. All parts were manufactured using an EOS 
M290 machine, which is equipped with a Ytterbium (Yb) fiber laser. All 
parts were manufactured under an inert argon atmosphere using EOS 
recommended process parameters (see Table 2). 

As seen in Fig. 3, three layouts were used to fabricate LS as well as the 
bulk structures. In the first set of specimens, 72 LS with three different 
topologies were manufactured (see Fig. 3a). All parts were slightly ori
ented on the build plate to minimize the disturbance caused by the 
recoater during fabrication. In the second set of specimens, four vertical 
tension, compression, and shear specimens were fabricated, along with 
four diagonal tension specimens (see Fig. 3b). Finally, several tension 
and compression specimens with different thicknesses in both vertical 
and diagonal directions and four vertical shear specimens were fabri
cated in the third set of specimens (see Fig. 3c). 

After fabrication, all parts were detached from the build plates. Some 
parts were tested in the AB condition without any further post- 

Fig. 2. The effect of solution treatment and aging on the quasi-static compression behavior of AMLS with OT and RD topology made of IN718. (a) the schematic of 
AMLS with unit cell and strut dimensions, (b) the struts’ microstructure including grain size and morphology for AB and STA specimens are compared and correlated 
to the mechanical properties of (c) OT (ρ* = 30%) and (d) RD (ρ* = 30%) topologies under quasi-static compression loading. Both OT and RD specimens experienced 
a peak compressive stress at around 5% strain, followed by a sharp drop in flow stress for the STA specimens. 
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processing heat treatments. The rest of the specimens underwent a 
stress-relieving heat treatment according to ASTM F3055 at 1065 ◦C for 
1.5 h [39] followed by furnace cooling. Afterward, some parts were 
removed from the batch to be tested in the stress relieved (SR) condition. 
Finally, the remainder of the structures were subjected to the STA heat 
treatment. STA parts were homogenized at 1065 ◦C for 1.5 h followed 
by argon purge cooling. The STA specimens were then aged at 760 ◦C for 
10 h, followed by furnace cooling to 650 ◦C. Finally, STA specimens 
were held at this temperature for a total precipitation time of 20 h and 
cooled by argon purging. 

3.2. Quasi-static mechanical testing 

Quasi-static tension and compression testing were performed using a 
servo-hydraulic Materials Testing System (MTS) machine with a 100 kN 
load cell. The displacement rate was set to 1 mm per minute for both 
tension and compression tests, corresponding to strain rates on the order 

of 10− 4 s− 1 to 10− 3 s− 1. Tensile tests were run until the samples frac
tured; compression tests were run until the desired deformation was 
reached, approximately 5 mm in the bulk compression samples and 
10 mm in the AMLS compression samples. In addition, quasi-static shear 
testing was performed using a Satec Model 120HVL under NASM 
1312–13. The load was applied at a rate of 68.5 kN/min with a span of 
12.5 mm. At least two tests were run for each specimen type and heat 
treatment to ensure repeatability of the results. 

Digital image correlation (DIC) techniques were used to calculate 
strain using Correlated Solution’s Vic 2D software. A PointGrey Grass
hopper camera (model number GS3-U3–51S5M-C) with a resolution of 
2448 × 2048 pixels was used to perform the imaging. Samples were 
lightly polished, and a DIC speckle pattern was applied using an 
airbrush. The specimens were sprayed with a layer of white paint fol
lowed by a misting with black paint to produce a random speckle 
pattern. Images were taken at a frame rate of 20 frames per second 
during the elastic deformation stage, with subsequent images taken at a 
frame rate of 1 frame per second until the conclusion of the test. A Cole- 
Parmer 41500–50 fiber optic illuminator was used to illuminate the 
samples. For DIC analysis, a subset size of 33 pixels and a step size of 11 
pixels were used. A series of images taken before sample loading was 
used to calculate the uncertainty of the DIC strain measurements. The 
standard deviation of the unloaded strain was calculated to be 245 μϵ for 
the tensile samples and 635 μϵ for the compression samples. 

4. Introducing a new optimized topology based on deformation 
mechanisms 

This section delineates the basis of an optimization approach that 
accounts for the combined effects of microstructure and topology. The 
optimization process introduced here attempts to improve the me
chanical strength of topologies previously optimized using classical 
optimization theories for the unit cells. Historically, geometric consid
erations and beam element mechanics have been used to find an opti
mized balance between strength, stiffness, and weight in OT and RD 
topologies. In the following sections, the process of designing new to
pologies guided by deformation mechanisms is explained. To provide a 
consistent comparison with previous topologies, the relative density is 
held constant at 30% in the newly developed topologies, still exhibiting 
considerable improvements in yield strength, strain hardening rate and 
energy absorption capacity. The design strategy relies on understanding 
and subsequently controlling the local unit cell-level deformation 
mechanisms. The effects of the magnitude and distribution of the local 
stresses rising from local response of the microstructure (e.g., plastic 
anisotropy) on the global response are calculated at different stages of 
deformation, and a relationship between local instability and macro
scopic behavior is established. To obtain accurate values of local 
stresses, it is first necessary to define a proper material model. In this 
study, the material model is represented with a yield surface whose 
evolution, i.e., hardening and softening, is governed by the modified 
volumetric hardening model (VHM), or MVHM [40], which was 

Table 1 
Chemical composition of IN718 based on ASTM F3055 [39].  

Element ASTM F3055 

Carbon (C) 0.08 (Max) 
Manganese (Mn) 0.35 (Max) 
Silicon (Si) 0.35 (Max) 
Phosphorus (P) 0.015 (Max) 
Sulfur (S) 0.015 (Max) 
Chromium (Cr) 17.00–21.00 
Cobalt (Co) 1.00 (Max) 
Molybdenum (Mo) 2.80–3.30 
Niobium + tantalum (Nb+Ta) 4.75–5.50 
Titanium (Ti) 0.65–1.15 
Aluminum (Al) 0.20–0.80 
Iron (Fe) Remainder 
Copper (Cu) 0.30 (Max) 
Nickel (Ni) 50.00–55.00 
Boron (B) 0.006 (Max)  

Table 2 
Material, 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∕mm3) 67.47 
Beam comp (mm) 0.015  

Fig. 3. (a) The lattice structure samples before heat-treatment, (b) the quasi-static tension, compression, and shear samples and their build direction, (c) the quasi- 
static tension, compression, and shear samples with different build direction and thicknesses. 
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originally introduced by Deshpande and Fleck [41]. The main advantage 
of MVHM over VHM in the case of AMLS is that the yield surface is 
assigned to the respective struts, thus enabling capture of the hardening 
and softening of the flow stress curves as deformation proceeds while 
accounting for (1) tension-compression asymmetry of strut-level 
response; (2) tension-compression asymmetry of the aggregate 
response; and (3) hydrostatic pressure sensitivity of the strut-level 
response [40]. 

4.1. Experimentally driven customized yield surface for AMLS 

The yield surface for MVHM is described in terms of von Mises stress 
σv, and hydrostatic pressure (p), i.e. F(p, σv): 

F(p, σ v ) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σ2
v + α2(p − p0)

2
√

− B = 0 (1) 

The yield surface expressed in Eq. (1) evolves in a self-similar manner 
(i.e. α is constant). p0 is the center of the yield ellipse on the p-axis and B 
is the size of the (vertical) σv-axis of the yield ellipse. α, p0, and B are 
defined as follows: 

α =
3σc

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(3pt + σc)(3pc − σc)

√

p0 = pc − pt

/2

B = α(pc + pt

/2).

The von Mises stress (σv) and the pressure stress (p) in the Eq. (1) are 
defined is Eq. (2) and (3), respectively. 

σ v =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3
2
σdev : σdev

√

(2)  

p = −
1
3

trace σ (3) 

Where σc is compressive yield strength, and pc and pt are yield 
strength in hydrostatic compression and yield strength in hydrostatic 
tension, respectively. 

Substituting α, p0, B into Eq. (1) gives: 

F(p, σ v ) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σ2
v +

9σ2
c

(3pt + σc)(3pc − σc)
(p −

(pc − pt

2

))2
√

−

3σc
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(3pt + σc)(3pc − σc)

√
(pc + pt

2

)
= 0

(4) 

The values of pc, pt, and σc are in Eq. (4) are unknown. Therefore, to 
create the yield surface, at least three distinct points or three different 
loading paths are required [40]. In this study, yield strengths in tension, 
compression, and shear are chosen as three different points to generate 
the initial yield surface (see Fig. 4). These quantities are used because 
quasi-static tension, compression, and shear testing setups are usually 
more readily available than combined hydrostatic compression and 
tension tests. It should be noted that fitting to the yield functions is 
possible only if the number of loading directions is equal to or larger 
than the number of parameters of the yield functions (i.e., 3). The 
required fitting procedure to establish the initial yield surface using the 
yield point under the three different loading paths can generally be 
performed using a nonlinear least square method (NLSM). Here, the 
Levenberg-Marquardt NLSM optimization algorithm [42,43] is 
employed to find the optimal fitting parameter set. Finally, the hard
ening behavior was defined in terms of uniaxial compression yield stress 
versus corresponding logarithmic plastic strain. In order to get the 
experimental uniaxial compression curve, uniaxial compression tests 
were carried out (see Fig. 5). Nominal stresses and strains were trans
formed into true stresses and logarithmic plastic strains, which were 
used as input data in Eq. (5). In Eq. (5) the material hardens only with 
compressive pressure (the ellipse grows only in the positive pressure 
direction). 

pc =
σc(ϵpl

axial)[σc(ϵpl
axial)(

1
α2 +

1
9) +

pt
3 ]

pt +
σc(ϵ

pl
axial)

3

(5)  

4.2. A yield surface with built-in build direction and size effect 
dependency 

Struts in AMLS may take on several geometries and are often not 
oriented parallel to the build direction. Because the solidification pro
cess is geometry-dependent, the formation of microstructural features, 

Fig. 4. The schematic of the initial yield surface (the ellipse) indicating yield strength in tension (blue square), yield strength in compression (red circle), and shear 
strength (green triangle). 
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including grain size and orientation, porosity size and distribution, and 
surface roughness, is geometry-dependent. This suggests that mechani
cal behavior could be affected by the build direction and the thickness of 
the struts. However, neither the effect of build direction of the struts nor 
the effects of thin-section behavior on the mechanical properties were 
accounted for in the MVHM recently developed by the authors [40] and 
described in Section 4.1. The importance of accounting for build direc
tion and size effects in establishing the initial yield surface is demon
strated in Sections 4.2.1 and 4.2.2, respectively. Additionally, it is 
essential to note that the effect of these microstructural features on 
mechanical behavior is dependent on the state of stress (e.g., tension, 
compression) [40]. Therefore, developing a high-fidelity yield locus to 
calculate the magnitude of the local stresses under global loading should 
account for:  

1. Effect of the strut build direction on mechanical behavior.  
2. Intrinsic size effects. 

Furthermore, the evolution of the yield surface should follow the 
hardening and softening of the struts at different stages of deformation 
in accordance with the material response to the instantaneous state of 
local stresses. 

4.2.1. Build direction effect 
Initial microstructural features, response to heat-treatment pro

cesses, and ultimately, mechanical behavior of AM structures may vary 
as the build direction (BD) varies. In order to investigate and incorporate 
the effects of the build direction on quasi-static tension and compression 
behavior, mechanical tests were performed on AB and STA IN718 
samples fabricated with vertical (test specimens oriented in Z direction 
or 0∘) and diagonal (test specimens built on a 45∘ angle) orientations 
with respect to the loading direction, as shown in Fig. 5. Complete de
tails on the build process and mechanical testing are given in Section 3. 
The effect of solution treatment and aging on the mechanical behavior 
(yield strength, ultimate tensile strength, and elongation) of vertical and 
diagonal AM IN718 samples is presented in Table 3. Fig. 5a and Table 3 

Fig. 5. (a) Stress-strain response of AB and STA bulk IN718 with two different build directions, vertical and diagonal, under quasi-static tension loading, (b) Stress- 
strain response of AB and STA bulk IN718 with two different build directions, vertical and diagonal, under quasi-static compression loading. The build direction 
arrow indicates the direction in which layers of building material were stacked during the build process. 

Table 3 
Mechanical properties of AB and STA IN718 under quasi-static compressive and 
tensile loading.  

Mechanical Properties AB (V) AB (D) STA (V) STA (D) 

0.2% Yield Strength 
(Compression) 

644 MPa 742 MPa 974 MPa 1215 MPa 

0.2% Yield Strength 
(Tension) 

587 MPa 630 MPa 1048 MPa 1048 MPa 

Tensile Strength 863 MPa 908 MPa 1206 MPa 1206 MPa 
Elongation 16% 19% 19.5% 12%  
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demonstrate that diagonal samples in the AB condition have approxi
mately 6% higher tensile yield strengths and plastic flow stress than the 
vertical samples. In contrast, strength is unaffected by the build direc
tion for STA samples. The most notable difference between the build 
directions for specimens in the STA condition is the ductility. The 
elongation to failure in STA diagonal sample is around 12%, which is 
38% lower than the vertical sample. The difference between the elon
gation of struts of different build orientations is substantial because 
ductility plays a vital role in the deformation mechanisms of AMLS (see 
Section 7). Fig. 5b and Table 3 demonstrate that diagonal specimens in 
both heat treatment conditions exhibit 15%− 25% higher compressive 
yield strengths than vertical specimens under quasi-static compression. 

The effect of build direction on mechanical properties is critical in 
LS, as lattice structures consist of many struts oriented at a variety of 
angles with respect to the build axis. Fig. 6 shows two different lattice 
structure topologies, OT and RD. Fig. 6a shows 67% of the struts in the 
OT LS are oriented at a 45∘ angle with respect to the build direction, with 
the remainder oriented perpendicular to the build direction. Fig. 6b 
shows that all struts in the RD LS are oriented at a 54.86∘ with respect to 
the build direction. Because the majority of the struts in both topologies 
are oriented diagonally, the mechanical properties of the diagonally- 
oriented bulk test specimens are used in the development of the yield 
surface. 

4.2.2. Size effects 
Using material properties obtained from testing relatively thick full- 

size specimens when modeling sub-size AM parts such as thin-wall 
structures and struts in AMLS is an oversimplification that can lead to 
an inaccurate representation of the actual mechanical behavior. Recent 
studies have investigated the geometric size effects on the mechanical 
properties of different AM alloys including titanium-6% aluminium-4% 
vanadium [44], 316 L stainless steel [45], and copper-4%chromium-2% 
niobium [46]. These studies show that the plastic flow stress in AM 
specimens reduces with sample thickness even when the grain size is 
unchanged. Reduction in average plastic flow stress is attributed to 
stress concentrations caused by an increased surface roughness to vol
ume ratio [45], or increased porosity [46] in thin-wall specimens; these 
properties are dependent upon build parameters [47–49], which vary 
from material to material. A specific investigation into the porosity and 
surface roughness of the tensile specimens is beyond the scope of this 
study; however, in order to demonstrate the effect of wall thickness on 
mechanical properties of the AM IN718 specimens in this study, dog
bone tensile samples were fabricated with thicknesses of 2 mm and 
5 mm, as shown in Fig. 7. All sample thicknesses used a diagonal (45∘) 
build direction. As the stress-strain curve in Fig. 7 demonstrates, the 

5 mm samples have higher yield strength and flow stress in both heat 
treatment conditions. The yield strength in 5 mm AB and STA samples is 
12% and 5% higher than each of the 2 mm counterparts, respectively. 

5. Material model validation 

The discussion presented in Sections 4.2.1 and 4.2.2 underscores the 
significance of incorporating accurate material properties in modeling 
the initial yield surface, its evolution, and subsequently the magnitude 
of the calculated local stresses. Fig. 8 shows the generated yield surface 
for three different sets of AB samples. The dashed line ellipse represents 
the yield surface for vertical thin samples (0∘ build direction and 2 mm 
thickness), the solid line ellipse represents the yield surface for diagonal 
thin samples (45∘ build direction and 2 mm thickness), and the dotted 
line ellipse demonstrates the yield surface for thick diagonal samples 
(45∘ build direction and 5 mm thickness). Fig. 8 shows there is a 
considerable difference between these three yield surfaces. Therefore, a 
constitutive model with appropriate yield criteria for different material 
properties must be used to accurately predict a strut’s local stress state 
and predict its role in global mechanical behavior. 

The compressive, tensile, and shear yield strengths of the diagonal 
thin specimens used to define the yield surface for all modeling analysis 
are taken from Fig. 5 presented in Section 4.2. In addition, these three 
points are measured for all heat-treatment conditions (microstructures) 
from Section 3.2. Once these strengths are defined, a unique elliptical 
yield surface can be generated without a need to perform hydrostatic 
compression/tension tests. After the yield surface is obtained for AB and 
STA microstructures (see Fig. 9), the numerical simulation for local 
stress analysis is conducted with the commercial FE package Abaqus/ 
Explicit. The results are then validated with the experimental results (see 
Section 6.1). 

6. Modeling and material parameters 

In this study, all specimens have four unit cells (each 4 × 4 × 4 mm3) 
in each direction, yielding an overall structure 16 × 16 × 16 mm3. Each 
topology considered has a relative density (ρ*, defined as the ratio of the 
LS density to the building material density) of 30%. Stretching domi
nated and bending dominated structures (as determined by Maxwell’s 
criterion [50]) or softening-based and hardening-based structures [40] 
were chosen for this analysis; OT is a stretching-dominated (soften
ing-based) structure, and RD is a bending-dominated (hardening-based) 
structure. 

Following the model validation in Section 5 and creation of the 
initial yield surface (Fig. 9) to allow the application of the MVHM, CAD 

Fig. 6. (a) Octet truss LS topology with 45∘ and 90∘ struts angle, (b) Rhombic dodecahedron LS topology with 54.86∘ strut’s angle. The relative density of both 
topologies is 30%. 
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models for each lattice structure were created and imported into the 
finite element package ABAQUS [51]. The models were meshed using 
4-node linear tetrahedral elements (C3D4). Subsequently, moving and 
fixed rigid plates were defined at the top and bottom of the LS model, 
respectively, as demonstrated in Fig. 10. The frictional contact 

Fig. 7. Size effect (2 mm and 5 mm thickness) sensitivity of bulk IN718 dog-bone samples. Specimens were manufactured diagonally with regard to build direction.  

Fig. 8. The comparison between the generated yield surface from the AB di
agonal thin sample (dashed line), AB vertical thin sample (solid line), and AB 
diagonal thick sample (dotted line). 

Fig. 9. The schematic of the initial yield surface (the ellipse) indicating yield strength in tension (blue square), yield strength in compression (red circle), and shear 
strength (green triangle) for the (a) AB and (b) STA heat-treatment conditions. 

Fig. 10. The quasi-static compression simulation boundary condition used for 
OT LS. The top plate is moving freely in the loading direction, and the bottom 
plate is fixed. This exact boundary condition was applied to all other topologies. 
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coefficient between the rigid plates and the LS was set to 0.2. A general 
contact algorithm was applied to the model to account for the contact 
between the struts during deformation. Loading was prescribed by 
applying a total displacement of 4.8 mm to the movable rigid plate at a 
constant strain rate of 0.1 s− 1. The deformation of the LS was then 
analyzed in three dimensions using an explicit algorithm. 

Failure analysis was performed based on damage initiation and 
evolution criteria for ductile metals. The damage initiation criterion 
used in this work is based on the Johnson-Cook damage model defined 
in Eq. (6) [52]. 

ϵpl
D = [D1 + D2exp( − D3η)][1 + D4lnϵ̇ ∗ ][1 + D5T ∗ ] (6) 

where ϵpl
D is the equivalent strain to fracture. Stress triaxiality is 

defined as η = σm∕σ, where σm is hydrostatic pressure stress and σ is the 
von Mises equivalent stress. ϵ̇∗ = ϵ̇pl∕_ϵ0 is the non-dimensional plastic 
strain rate, and T* is the dimensionless temperature. D1, D2, D3, D4, and 
D5 are material dependent fracture constants, which were acquired by 
fitting the experimental results as detailed in Table 4. The data in Table 4 
is consistent with that used for the quasi-static compression simulation 
of all LS topologies for AB and STA conditions. 

Upon reaching the damage initiation criterion, a damage evolution 
can be defined for which the true stress is reduced to zero while the true 
strain continues to increase. The damage evolution decreases the stiff
ness of the element as the plastic strain continues to increase past the 
strain value of the damage initiation criterion and removes the element 
from the mesh when the stiffness is reduced to a factor of 0.001 that of 
the initial stiffness (99.9% reduction of the stiffness). The damage evo
lution law employed was based on Hillerborg’s fracture energy principle 
[53], which assists in avoiding mesh-dependency in the results of the 
failure analysis, particularly with regard to energy dissipation due to 
strain localization. Moreover, a mesh convergence analysis was con
ducted to find a balance between computation time and stability in the 
stress distribution when the mesh size is altered to prevent mesh de
pendency further. A global mesh size of 0.2 mm was found to be suffi
cient for all four topologies considered in this study. To further reduce 
run times and increase the time steps of the simulation, a mass scaling 
process was performed by artificially increasing the density of the ma
terial. To ensure that accuracy of the results was not affected by the mass 
scaling technique, kinetic energy was monitored during the simulation 
to ensure that it remained less than 2% of the total internal energy 
during the deformation process, and critical results from simulations 
with different mass scaling magnitudes were compared to quantify the 
mass scaling effects. 

6.1. Numerical model validation using experimental data 

To verify the accuracy of the modified volumetric hardening model 
(MVHM), the global behavior of both OT and RD LS, including the quasi- 
static compressive stress-strain relationships, were calculated using an 
FE solver and compared with experimental results. Since the primary 
goal is to understand the deformation and failure mechanisms of both 
OT and RD topologies after yielding, specifically the sharp drop in flow 
stress occurring between 10% and 30% strain, the results are calculated 
and presented up to 30% strain. Fig. 11a− d compare the stress-strain 
curves obtained from experiments and MVHM for AB octet truss, AB 
rhombic dodecahedron, STA octet truss, and STA rhombic 

dodecahedron, respectively. In Fig. 11, the blue and black lines indicate 
the two series of experimental results plotted against the numerical re
sults with the red line. Fig. 11 suggests that the MVHM results are in 
good agreement with the experimental results. Since the developed 
MVHM follows the experimental measurements closely, it provides an 
opportunity to perform accurate stress analysis at the strut level to 
explain the deformation and failure mechanisms of OT and RD topology 
AMLS. 

7. Numerical and experimental study on the deformation 
mechanisms of OT and RD topologies 

To understand the specific roles of microstructure and topology on 
mechanical behavior, the information about underlying deformation 
mechanisms at different stages of deformation is coupled with the local 
state of stress. The obtained information is used to design and build new 
topologies. Moreover, as demonstrated in Section 2, the goal is to take 
advantage of the increased yield strength of solution treated and aged 
specimens. Therefore, local stress analysis and deformation mechanism 
investigation is only conducted for the STA heat-treatment condition to 
understand the mechanisms responsible for the macroscopic flow stress 
drop and use the knowledge of the deformation mechanisms to mitigate 
the identified drop by designing new unit cell topologies. Local insta
bility analysis relies on considering 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). For instance, if the volume of an element increases from 
the nth increment to the (n + 1)th increment, the examined element is 
under tensile loading in the (n + 1)th increment. Those elements with 
the volume change of zero or near zero (i.e., ΔV = 0) are not considered 
in the results. A ΔV = 0 means either a non-zero deviatoric state of stress 
or the element volume is changing less than 0.01% and can be excluded 
from the calculation. The complete description of this classification is 
presented in [40]. 

The status of materials points under tension or compression could 
further be linked to local damage initiation. Sections 7.1 and 7.2 use this 
approach to investigate the causes for the drop in the stress value of STA 
heat-treated AMLS with OT and RD topologies. In the wake of such 
analysis, new topologies with the same relative density as OT and RD are 
introduced to mitigate local damage and instabilities. The discussion for 
new topologies and their performance are presented in Sections 8.1 and 
8.2. 

7.1. Octet truss topology 

In order to explain the deformation and failure mechanisms of OT 
topology AMLS, NET, and NEC as a percentage of the total number of 
elements and the correlation between the global behavior (engineering 
stress-strain) and the state of stress that each material point experiences 
at different strain increments are established via MVHM (see Fig. 12a). 
Furthermore, the total number of failed elements (TNFE) in each 
increment is calculated and separated into the number of failed elements 
under tension (NFET) and the number of failed elements under 
compression (NFEC) (see Fig. 12b). Finally, to validate the results and 
further elaborate on the deformation and failure mechanisms, a com
parison between the experimental and simulated (MVHM) deformation 
mechanisms have been made at three different strain increments: 0%, 
15%, and 18%. The strain values of 15% and 18% correspond to the 
maximum values of TNFE. Additionally, the damage initiation and 
evolution for those three strain values are demonstrated in a 3D view by 
singling out a unit cell from the simulation analysis. The unit cell was 
chosen from the area in which damage was initiated following the 
Johnson-Cook damage initiation criterion (JCCRT). The color contour 
indicates the locations of damage; the red areas with higher JCCRT 
values are located between the horizontal struts, which are under a 
tensile state of stress (see Fig. 12a), and nodes. It should be pointed out 

Table 4 
AB and STA IN718 damage parameters of the Johnson-Cook damage criterion 
model used for the simulations.  

Heat- 
treatment 

D1 D2 D3 D4 D5 Displacement at 
failure 

AB  0.05  0.15 -1.2  0.002  0.46  0.2 
STA  0.03  0.2 -1.45  0.002  0.46  0.09  
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that JCCRT equal to or greater than 1 means damage is initiated. With 
that in mind, the deformation and failure mechanisms of OT are 
explained in detail as follows by using the stress-strain curve (Fig. 12a) 
of the OT topology that entails elastic, yielding, and post-yielding re
gimes up to 30% strain. 

Around 10% strain, plastic flow stress begins to drop gradually, and 
around 20% strain has dropped by approximately 50%. This area is 
called the failure zone. By looking at Fig. 12c− e, it can be observed that 
this failure zone coincides with the formation of a structural shear band. 
In the failure zone area (see Fig. 12a), NET is increasing, and it reaches 
its maximum value (22%) in the global stress-strain valley (at around 
20% strain), while NEC is decreasing and reaches its minimum value 
(15%). On the other hand, the total number of elements involved in the 
deformation (NET+NEC) is decreased from 60% to 37% in the flow 
stress drop. Therefore, it can be inferred that around 60% of the ele
ments involved in the deformation is under a tensile state of stress be
tween 15%− 20% global strain. Fig. 12b demonstrates that elements in 
tension govern the deformation mechanisms in the failure zone and 
cause the structural shear band by investigating and comparing the el
ements that failed under tensile and compressive states of stress. Fig. 12b 
demonstrates that in the failure zone, NFET is considerably higher than 
NFEC. For example, at around 18% strain, NFET is three times larger 
than NFEC. Overall, from Fig. 12b, it can be noted that more than 50% of 

the TNFE failed under tension. 
At this point, the question to ask is why material points under tension 

are dominating failure? To answer this question, first, it should be 
pointed out that in general, in any AMLS, regardless of topology, 
10–30% of the elements go under tension when the entire AMLS is 
subjected to quasi-static uniaxial compression loading. While 10–30% of 
elements in tension seem to be minor, these elements can lead to local 
instability and premature failure. Additionally, due to the strength dif
ferential effect in bulk STA IN718 [54], yield strength in compression is 
16% higher than yield strength in tension. Furthermore, the elongation 
at failure in bulk STA IN718 is only about 12% (see Table 3). As a result, 
struts are more likely to fail at a lower value of stress or elongation when 
subjected to tensile loading compared to the struts subjected to 
compressive loading. Both experiments and simulation (see Fig. 12c− e) 
illustrate that horizontal struts (see blue struts in the unit cell in Fig. 12a) 
are tension-dominated struts. Based on JCCRT local contour plot (see 
Fig. 12c− e), horizontal struts have a higher value of JCCRT, which in
dicates an area with localized plastic strain. In other words, horizontal 
struts undergo tensile stress, then fracture, causing the structural shear 
bands. 

7.1.1. Lessons learned from deformation mechanisms of OT topology 
Analyzing the deformation and failure mechanisms of STA OT AMLS 

Fig. 11. Experimental and numerical comparison of quasi-static behavior of AMLS made of IN718, with 4 mm unit cell size, and fixed topology and microstructure: 
(a) AB Octet truss; (b) AB Rhombic dodecahedron; (c) STA Octet truss; (d) STA Rhombic dodecahedron. For each condition, two samples were tested experimentally 
(black and blue solid lines), and then the numerical analysis were conducted and plotted against the experimental results (red solid line). 
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Fig. 12. Octet truss topology under quasi-static compression loading (a) engineering stress, NET, NEC, and NET+NEC are plotted against the engineering strain, and 
(b) the number of failed elements NFET, NFEC, and TNFE in each increment is plotted vs. strain. Deformation mode mechanism comparison between experiment and 
MVHM for three different strain values is shown in (c), (d), and (e). One unit cell is singled out to show the Johnson-Cook contour plot of OT topology during 
deformation. It is seen that damage initiates first in horizontal struts (having angles of 90∘ with build direction), going under a tensile state of stress. The red dashed- 
line indicates the location of shear bands. 
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gives valuable insight regarding the drop in the flow stress, and partic
ularly the structural shear band formation, which can be used as 
guidelines to create a new optimized topology that overcomes the flow 
stress drop stemming from the microstructural shortcomings (i.e., the 
reduced elongation to failure). Guidelines for developing a new topology 
can be generalized as follows:  

1. A higher NET increases the likelihood of local tensile fracturing and 
shear band occurrence in AMLS.  

2. A lower value of NET+NEC during deformation means increasing the 
possibility of plastic strain and damage localization.  

3. AMLS with horizontal struts have higher NET and higher tension- 
based elongation, and as a result are more prone to fracture. 

To prevent the flow stress drop, a topology with higher NEC and 
NEC+NET is desirable. More NEC and NET+NEC implies that more 
nodes and struts are involved in the deformation, resulting in less 
localization. With more NEC and NET+NEC, the structural shear bands 
can be minimized, and more homogeneous deformation could occur, 
thus higher energy absorption capacity. To achieve this goal, first, the 
new topology should have less or no horizontal struts for two main 
reasons: (i) horizontal struts are weaker than diagonal struts from a 
manufacturing perspective [55], (ii) horizontal struts mostly undergo a 
tensile state of stress and therefore are more prone to fracture. The di
agonal struts in the new AMLS should be designed so that the elongation 
in struts and nodes is less than 10% to prevent fracture under tension. 

7.2. Rhombic dodecahedron topology 

Compared to the OT topology, in RD, the minimum stress value that 
the flow stress drops to during the global stress-strain valley is 60% 
higher than its counterpart in OT. This observation implies the impor
tance of topology in the deformation behavior of AMLS. Moreover, the 
NET has an abrupt change around 18% strain when the drop occurs, and 
it reaches its maximum value of 22%. Therefore, it can be inferred that 
the tensile state of stress induces damage and softening behavior in RD 
as well. Fig. 13a shows that NET+NEC decreases from 5% to 22% strain. 
This portion of the stress-strain curve can be broken into two separate 
regions. First, examine the part of the curve that falls between 5%− 15% 
strain. In this region, the reduction in NET+NEC coincides with plastic 
strain localization. This can be further verified by exploring the corre
sponding number of failed elements in Fig. 13b, as the number of failed 
elements in this deformation range is negligible. When deformation 
proceeds from 15% to 22%, strain reduction in NET+NEC coincides with 
damage localization instead of plastic strain localization. Furthermore, 
between 5%− 18% strain, NET is almost constant (20%), but it increases 
slightly from 18% to 22% strain, and at 22% strain, is equal with the 
NEC. This is associated with the failure zone when the plastic flow stress 
drop occurs. 

In this area, NET and NEC are almost equal; NFET and NFEC are 
approximately the same as well. Comparing the failure zone of RD with 
OT demonstrates the significance of topology in controlling the influ
ence of the microstructure since both topologies have the same relative 
density (30%) with the same microstructure induced by STA heat- 
treatment. 

Although the NET and NEC in the failure zone are almost the same 
(≈ 20%), the tensile loading is still the primary reason for the unex
pected softening. Looking at the unit cell in Fig. 13c− e, it can be seen 
that nodes have the highest value of JCCRT, and the unit cell in Fig. 13a 
displays that the nodes are dominated by the tensile state of stress (blue 
color). Moreover, in Fig. 13c− e, both experiment and the simulation 
illustrate the damage initiation and evolution in the joints. When RD is 
under quasi-static compressive loading, struts (see two red color struts in 
Fig. 6b or blue spot on the unit cell in Fig. 13a) primarily undergo 
bending, and with increased bending get disjointed by the tensile state of 
stress from their original anchor nodes. The question to ask here is why 

NET and NEC are almost equal in the failure zone? As noted, struts are 
primarily in bending, and since in bending, the compressive and tensile 
normal stresses are almost balanced (to give a zero net horizontal force), 
NET and NEC are almost the same. However, considering STA IN718 has 
lower yield strength in tension than the compression, the possibility of 
material points under tension, causing damage, and governing the fail
ure zone is higher. 

7.2.1. Lessons learned from deformation mechanisms of RD topology 
The deformation and failure mechanisms of RD verify the relation

ship between microstructural and topological effects on the mechanical 
performance of AMLS. The results (see Fig. 13a− e) show that the RD 
topology has better compatibility with STA microstructure than the OT 
topology. This results in improved mechanical properties such as higher 
energy absorption capacity (≈ 16% more than OT) and reduced flow 
stress drop (≈ 60% improvement). Moreover, there are no horizontal 
struts in RD topology, although this has not reduced the NET compared 
to OT. With no horizontal struts (which have lower strength than di
agonal struts), the NFET is reduced, suggesting that material points 
under tension are not as detrimental to RD AMLS as in OT AMLS. Note 
that NET in OT and RD are almost the same (around 20%), and the only 
significant difference is related to NEC. The change in NEC in RD (≈
20%) is much smaller than in OT (≈ 50%); the increased number of total 
elements involved in the deformation may contribute to why no struc
tural shear bands are seen in the RD topology. Additionally, material 
points in the struts and nodes under tension do not experience elonga
tion past the fracture point (≈ 12%) in the RD topology, further pre
venting localization such as shear bands. The main drawback to the 
deformation mechanisms of RD is the tensile stress concentrations at the 
nodes, which could lead to node fracture and instability in the structure. 
The lessons from deformation and failure mechanisms of RD can be 
outlined as follows:  

1. Having diagonal struts does not guarantee reduction in NET, but 
since diagonal struts have higher yield strength than the horizontal 
and vertical struts, they are preferable from a manufacturing 
perspective.  

2. In diagonal-strut-based structures such as RD, nodes are the primary 
mode for accommodating plastic strain, which in turn enhances the 
probability of damage localization and node fracture. 

Therefore, one effective way to prevent plastic strain localization, 
which results in damage initiation is to increase NEC and NET+NEC 
through imposing boundary conditions such as a bracing system to 
support the nodes and struts to prevent these elements from exceeding 
the elongation to fracture. For example, bracing systems are integral 
parts of most bridge structures to improve lateral and longitudinal sta
bility. The goal of adding additional bracing to AMLS is to distribute the 
vertical bending effects between the struts, and to ensure that the 
applied loadings are shared between all the struts and nodes, hindering 
localization. 

8. Transformation of knowledge to design new topologies 

Lessons learned from the mechanical behavior of OT and RD topol
ogies presented in Sections 7.1 and 7.2 are used to design two new to
pologies. The design strategy of the new topologies results in improved 
performance: 24–53% increases in energy absorption compared to OT 
and RD topologies, as detailed in Sections 8.1 and 8.2. 

8.1. Rhoctet topology 

The rhoctet (RT) design relies on confining the struts and nodes 
which undergo tensile states of stress. This is done by increasing NEC 
and therefore preventing strut and node elongation from exceeding 
10%. As a result, RT demonstrates 27% and 10% higher energy 
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Fig. 13. Rhombic dodecahedron topology under quasi-static compression loading (a) engineering stress, NET, NEC, and NET+NEC are plotted against the engi
neering strain, and (b) the number of failed elements NFET, NFEC, and TNFE in each increment is plotted vs. strain. Deformation mode mechanism comparison 
between experiment and MVHM for three different strain values is shown in (c), (d), and (e). One unit cell is singled out to show the Johnson-Cook contour plot of OT 
topology during deformation. It is seen that damage initiates first in the joints, going under a compressive state of stress. The red dashed-line indicates the location of 
the damage. 
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absorption capacity compared to OT and RD topologies, respectively. 
Furthermore, the RT topology has an 82% and 50% improvement in the 
flow stress drop compared to OT and RD, respectively (see Fig. 14). To 
explain this mechanism in more detail, local property analysis including 
NET, NEC, NET+NEC (see Fig. 15a), and failure analysis (see Fig. 15b) 
were conducted. In addition, the deformation modes of RT from ex
periments and simulation are compared and a JCCRT contour plot is 
used to display the localized damage areas (see Fig. 15c− e) in 
conjunction with the plastic stress flow. The results indicates up to 75% 
increase in NET+NEC and up to 50% increase in NEC compared to OT 
and RD topologies. 

Fig. 15a illustrates that the NET+NEC is almost constant, around 
70% of the total number of elements in the structure. That means the 
large number of struts and nodes are involved in the deformation, and 
the applied loading is distributed more uniformly than the OT and RD 
topologies. Fig. 15a also shows that NET and NEC lie between 20% and 
30%, and 30% and 40%, respectively. This indicates, there is no sig
nificant change in either NET and NEC throughout the deformation 
process, as compared to OT and RD topologies. As a result, RT does not 
show strain localization and damage (see Fig. 15c− e). 

NET in RT is approximately 6% higher than NET in OT and RD 
throughout the entire deformation. However, in RT, material points 
under tension are no longer governing the deformation and failure 
process (see Fig. 15b). Fig. 15b demonstrates that less than 20% of the 
total failed element failed under the tensile state of stress. The reason is 
that the provided support by adjacent struts hinders tensile elongation of 
material points to under 10%. This can be validated by the JCCRT 
contour plots (see Fig. 15c− e), which display the more uniform distri
bution of JCCRT in the struts and nodes compared to OT and RD. It is 
also important to note that the strut diameter in RT is 10% and 20% 
smaller than the strut’s diameter in OT and RD, respectively. Thus, it is 
reasonable to conclude that thicker struts do not necessarily deliver 
enhanced mechanical properties such as higher yield strength and 
higher energy absorption capacity in AMLS, suggesting topology may 
counteract geometric size effects. 

The quasi-static compression behavior of RT exhibits notable im
provements in yield strength, plastic flow stress, and energy absorption 
capacity compared to the OT and RD topologies. The main attribut to 
this proprties enhancement is the 20% increase in total number of ele
ments involved in the deformation from OT and RD to RT by changing 
the topology, preventing localization based on the guidelines listed in 
the Sections 7.1.1 and 7.2.1. The number of horizontal struts in RT to
pology is minimized. In addition, the local confinement imposed on 
material points which undergo tension is leveraged as an additional 
strengthening mechanism. 

8.2. Rhoctan topology 

The deformation and failure mechanisms of RT indicate that the ef
fect of the STA microstructure can be controlled by changing the to
pology. In other words, there is a synergistic effect between topology 
and microstructure. Hence, topology-microstructure-based optimization 
leads to improved structural integrity in AMLS. On the other hand, 
maintaining the structural integrity of AMLS after yielding is key to 
ensuring a longer life span for integral materials in critical applications. 
The structural integrity, such as damage resistance and vulnerability in 
RT, was improved compared to OT and RD topologies. While RT dem
onstrates considerable mechanical behavior improvement compared to 
OT and RD, the topology-microstructure-based optimization technique 
approach, which has been presented here, can be used to further 
enhance RT strength and energy absorption properties. This relies on 
finding the highest compatibility between topology and underlying strut 
microstructure. Fig. 16a− c compares the topology and quasi-static 
compression behavior of OT, RD, and RT with the newly developed 
topology in this section named Rhoctan (RTN). Evidently, RTN does not 
show (Fig. 16d) the characteristic drop in flow stress which was previ
ously seen in OT, RD, and to some extent, RT topologies. This 
improvement is attributed to a 10–60% increase in NET+NEC from OT, 
RD, and RT to RTN topology (Fig. 16c). Furthermore, the area under the 
entire stress-strain curve of RTN from Fig. 16d indicates the amount of 
energy absorbed per unit volume is 53%, 25%, and 15% higher than OT, 
RD, and RT topologies, respectively. Fig. 16c elucidates the deformation 
mechanisms of RTN based on MVHM analysis. In RTN, NET (≈ 25%), 
NEC (≈ 50%), and NET+NEC (≈ 75%) are almost constant as the 
deformation proceeds, suggesting the absence of damage localization in 
the structure. In fact, RTN is designed based on the STA microstructural 
constraints, including low ductility under the tensile loading by: 

Fig. 16c elucidates the deformation mechanisms of RTN based on 
MVHM analysis. In RTN, NET (≈ 25%), NEC (≈ 50%), and NET+NEC (≈
75%) are almost constant as the deformation proceeds, suggesting the 
absence of damage localization in the structure. In fact, RTN is designed 
based on the STA microstructural constraints, including low ductility 
under the tensile loading by:  

1. Minimizing the number of horizontal struts,  
2. Imposing local confinement to support nodes to avoid node fracture,  
3. Minimizing the space inside of the topology by creating diagonal 

struts as an obstacle to elongation exceeding 10%. 

With the constraints, the struts and nodes are prevented from elon
gating more than 10% under tensile loading. Furthermore, the 

Fig. 14. Considering the deformation mechanisms of OT and RD topologies; RT topology is designed using MVHM model, and then the quasi-static compression 
behavior of RT is compared with OT and RD experimentally. The results show an improvement in flow stress and energy absorption capacity. 
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Fig. 15. Rhoctet topology under quasi-static compression loading (a) engineering stress, NET, NEC, and NET+NEC are plotted against the engineering strain, and (b) 
the number of failed elements NFET, NFEC, and TNFE in each increment are plotted vs. strain. Deformation mode mechanism comparison between experiment and 
MVHM for three different strain values is shown in (c), (d), and (e). One unit cell is singled out to show the Johnson-Cook contour plot of OT topology during 
deformation. The deformation mechanisms are smooth and no severe localized damage is noticed. 
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deformation mechanisms change from damaged-based mechanisms to 
strut self contact-based mechanisms. Finally, it can be inferred from the 
results that RTN topology can be successfully implemented in several 
different applications that need high energy absorption capacity and 
structural integrity under compressive loadings, such as aircraft wings 
and fuselages, a rocket bodies, and all manners of armor, etc. 

In order to compare the energy absorption capacity of RTN topology 
with other optimized foams and lattice structures made of metals and 
composite, an Ashby map containing energy absorption per unit volume 
versus relative density and specific energy absorption per relative den
sity is constructed and presented in Fig. 17a and b). It should be pointed 
out that to calculate the energy absorption capacity in Fig. 17a and b, the 
area below the stress-strain curve up to densification is used. To main
tain the optimized property-to-weight ratio, only relative densities be
tween 10% are 50% considered in Fig. 17. Therefore, energy absorption 
capacity values between 90 MJ∕m3 and 500 MJ∕m3 for topologies with 
10–40% relative density are marked, with the red color denoting a 
previously unclaimed area. 

Fig. 17a and b suggest that the RTN topology exhibits considerably 
higher energy absorption capacity compared to other metallic and 
composite structures used in several other studies. The significance of 
such an achievement in energy absorption capacity can be explained by 
an example taken from Fig. 17a and b. To obtain an energy absorption 
capacity close to the unclaimed area with titanium alloy, the relative 
density should be increased by approximately 40% (from 30% to almost 
42%). 

9. Summary 

In this study, a topology-microstructure-based optimization tech
nique was developed to generate AMLS topology with the highest 

compatibility between structural topology and the underlying micro
structure. The effectiveness of the proposed optimization approach was 
examined by substantially increasing yield strength, plastic flow stress, 
and energy absorption capacity of previously optimized topologies. 
First, customized yield surfaces (MVHM) for AMLS with AB and STA 
microstructures with built-in build direction and size effect dependency 
were assigned to the respective struts to obtain accurate values of local 
stresses and the hardening and softening of the flow stress curves as 
deformation proceeds. Once the developed model was validated with 
experimental data, it was used to elucidate the deformation mechanisms 
of OT and RD topologies. Then, based on the deformation and failure 
mechanisms of these two topologies, two new, optimized topologies 
were generated and validated experimentally: RT and RTN. The gener
ated topologies showed higher yield strength coupled with maintained 
high flow stress and improved energy absorption capacity compared to 
the conventional AMLS topologies such as OT and RD. Important find
ings from this work are listed as follows:  

• Development of a high-fidelity yield surface to measure the value of 
the local stresses under global compressive loading in AMLS should 
account for both strut build direction and the intrinsic size effects.  

• STA heat-treatment improved the yield strength for both OT and RD 
topologies by 42% and 56%, respectively. However, a 50% and 17% 
drop in flow stress was observed, beginning around 10% strain for 
both OT and RD topologies, respectively. Generally, the drop in flow 
stress is attributed to the damage localization in the struts with 
higher NET and higher tension-based elongation. 

• There is a synergistic relationship between microstructure and to
pology. In other words, to gain complete control of the mechanical 
performance, it is necessary to move down in length-scale and un
derstand the role of the constituent struts’ microstructure in 

Fig. 16. Introducing RTN topology, which is created based on the deformation mechanisms of STA OT, RD, and RT topologies. (a) OT, RD, and RT unit cell topology, 
(b) RTN unit cell topology, (c) engineering stress, NET, NEC, and NET+NEC are plotted against the engineering strain to analyze the deformation behavior of RTN as 
a new optimized topology, (d) the experimental results of quasi-static compression behavior of STA OT, RD, RT, and RTN. 
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conjunction with the AMLS topology on the mechanical properties. 
Therefore, topology-microstructure-based optimization leads to 
improved structural integrity in AMLS.  

• From a manufacturing perspective, in AMLS, diagonal struts are 
stronger than the vertical struts; from a deformation mechanism 
perspective, horizontal struts tend to undergo under tensile states of 
stress. Furthermore, due to strength differential effects in IN718, 
yield strength in tension is lower than yield strength in compression. 
Accordingly, damage more likely initiates from horizontal struts.  

• The results reveal that NET is a deciding factor in the deformation 
and failure mechanisms of AMLS. It means the higher the value of 
NET during AMLS deformation, the more likely damage, and fracture 
in the form of the structural shear bands occurs. The is due to the low 
elongation of STA IN718 under tensile states of stress. By realizing 
this, the new topologies (RT and RTN) are designed in a way to 
reduce the NET and increase NEC. As a result, the newly designed 
topologies show ever-hardening behavior with no drop in the flow 

Fig. 17. Superior energy absorption capacity and high specific energy absorption properties of RTN topology. (a) Ashby plot style for energy absorption per unit 
volume versus relative density, (b) specific energy absorption properties of different material structures. Both charts compare the energy absorption of the new 
optimized topology against other most advanced metallic and composite foam and LS so far [56–71]. 
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stress, rather than commonly seen hardening followed by softening 
behavior in AMLS and metallic foams. 

• In this study, NET+NEC, which represents the total number of ele
ments involved in deformation, is used as a design variable. A lower 
value of NET+NEC during deformation means plastic strain and 
damage localization occurs in either struts or nodes. Hence, the 
design goal is to increase the value of NET+NEC throughout the 
entire deformation process to better distribute the applied load be
tween all struts and nodes.  

• STA IN718 has low ductility (less than 12% elongation under tensile 
loading); therefore, the lower the elongation in struts and nodes, the 
lower the likelihood of fracture leading to a drop in the stress-strain 
behavior. One effective way to hinder the elongation of struts and 
nodes beyond 10% is by imposing boundary conditions such as 
adding a bracing system to support the nodes and struts.  

• Based on the deformation and failure mechanisms of OT and RD 
topologies with STA microstructure, two new topologies were 
introduced; RT and RTN. In both RT and RTN, (i) the number of 
horizontal struts was minimized, (ii) boundary conditions were 
imposed to support nodes and struts and act as an obstacle to passing 
the critical elongation for fracture.  

• The deformation and failure behavior of RTN topology illustrates 
53%, 25%, and 15% higher energy absorption capacity than OT, RD, 
and RT topologies, respectively. Moreover, no softening behavior 
was seen in the stress-strain behavior of the RTN topology. That in
dicates minor localized damage occurred in RTN under quasi-static 
compression loading. As a result, RTN topology is the most 
compatible topology with the STA microstructure. 

• RTN samples exhibit a significantly higher energy absorption ca
pacity per unit volume and unit mass, respectively, compared to 
other metallic and composite structures used in several previous 
studies. Therefore, the RTN topology has tremendous potential in 
high value-added industries such as aerospace and military that need 
high energy absorption capacity and structural integrity under 
compressive loading. 
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