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A B S T R A C T   

Mechanical behavior of additively manufactured lattice materials has been mainly investigated under uniaxial 
compression, while their performance under uniaxial and multiaxial tension are yet to be understood. To address 
this gap, a generic elastoplastic homogenization scheme with continuum damage model is developed, and three 
different lattice materials, namely cubic, modified face-center cubic and body-center cubic, are analyzed under 
uniaxial, biaxial and triaxial tension. The influence of micro-architecture on the material’s failure behavior as 
well as its macroscopic mechanical performance is thoroughly discussed. For validation, a set of uniaxial tensile 
experiments are conducted on functionally graded cubic lattice samples that are additively manufactured using 
Electron Beam Melting (EBM) process. Digital image correlation technique is employed to obtain the macro-
scopic stress–strain curves, and manufacturing imperfections are inspected using light omitting microscopy. It 
turns out that the behavior of as-built samples could substantially differ from numerical predictions. Thus, a 
defect-informed numerical model is employed to accommodate the effect of imperfections. The outcome is in a 
very good agreement with experimental data, indicating that with proper input data, the developed scheme can 
accurately predict the mechanical and failure behavior of a given lattice material.   

1. Introduction 

Lattice materials are a class of architectured solids made of two 
distinct phases, that is solid and air. These materials are lightweight and 
can be engineered to manifest properties that are not found in natural 
materials, e.g. negative Poisson’s ratio, e.g. see (Mirzaali et al., 2020; 
Wang, 2018). In the last decade, the advancements in additive 
manufacturing enabled the fabrication of complex micro-architectures 
and facilitated the adoption of lattice materials in wide range of in-
dustries (Molavitabrizi and Laliberte, 2020). The elastic and/or elasto-
plastic behavior of these materials has long been investigated, e.g. see 
(Gibson, 2003; Wang and McDowell, 2005; Alkhader and Vural, 2009; 
Dos Reis and Ganghoffer, 2014; Pal et al., 2016; Molavitabrizi and 
Mousavi, 2020). Yet, their mechanical testing and characterization have 
been mainly performed under compressive loading, e.g. see (Roos et al., 
2019; Xiao et al., 2015; Liu et al., 2017; Cao et al., 2020; Wang and Li, 
2018; Epasto et al., 2019; Großmann et al., 2019; Alaña et al., 2021; 
Wang et al., 2020), while tensile behavior is less explored. This may be 

due to the challenges associated with the design of tensile samples and 
the early failure resulting from the stiffness jump. 

Nonetheless, understanding the tensile behavior of lattice materials 
is a crucial step in their design process and this has become an active 
field of research in the last few years. There are some studies that 
investigated the topic experimentally and performed tensile tests on 
lattice samples, e.g. (Alsalla et al., 2016; Gümrük et al., 2013; Lietaert 
et al., 2018; Köhnen et al., 2018). However, characterization of lattice 
materials through experiments are time consuming and expensive, and 
there is a need for a suitable numerical model. In another study (Seiler 
et al., 2020), the tensile behavior of a set of 2D lattices were numerically 
and experimentally assessed, but the authors employed an elastoplastic 
material model with no damage mechanism. Incorporating damage 
models in (Geng et al., 2019; Geng et al., 2018), the fracture behavior of 
lattice materials under tensile loading was numerically and experi-
mentally examined. In the absence of homogenization technique, to 
reduce the computational costs, mixed beam-solid finite element model 
was employed in these studies. Such numerical model is valid for low 
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density lattices (in which struts can be simulated with beam elements) 
but may not be suitable for higher densities. In another recent study 
(Molavitabrizi et al., 2022), the quasi-static and low cycle fatigue 
behavior of 2- and 3-D lattice materials under tensile loads were 
investigated using elastoplastic homogenization, where the quasi-static 
failure strain was solely assessed based on structural softening (material 
softening excluded). The authors acknowledged that the inclusion of a 
suitable damage model is required for numerical determination of fail-
ure strain. This issue was tackled in (Drücker et al., 2021) by including a 
progressive damage model in a homogenization scheme for cubic lattice 
material. However, the obtained numerical results from homogenization 
do not completely agree with the experiments. This seems to be due to 
tensile sample being designed with a pyramid at the clamping area to 
reduce the stiffness jump from bulk grips to the lattice structure, 
resulting in stress concentration and altering the experimental data. 

To sum up, previous studies tend to characterize the failure behavior 
of lattice materials through numerical and/or experimental uniaxial 
tensile tests, while the behavior of these materials under multiaxial 
loading states are rather unknown. Conducting multiaxial tensile tests 
are possible for classical bulk materials but is very challenging when it 
comes to lattice materials. This is expected since (as discussed above) 
even performing a simple uniaxial tensile experiment on these materials 
is not straight forward. Hence, there is a need for an efficient numerical 
model to assess the failure strain of micro-architectured materials under 
various loading conditions. The current paper contributes to the field by 
characterizing the failure behavior of three different lattice materials 
under uniaxial and multiaxial tensile loads, using an inclusive frame-
work applicable to any periodic micro-architectured material. Addi-
tionally, the influence of cell micro-architecture on homogenized 
properties and failure behavior of the material is investigated. 

The paper is organized as follows. First, the theory behind elasto-
plastic homogenization and constitutive model for material softening is 
reviewed. Then, the structure of the developed elastoplastic homoge-
nization scheme coupled with continuum damage mechanics is 
explained, and its practical implementation through commercial finite 
element code (Abaqus 2019) is discussed. Next, using the homogeniza-
tion code, three different lattice structures are analyzed under uniaxial 
and multiaxial tensile loads, and the effect of micro-architecture on their 
macroscopic mechanical performance is evaluated. Following that, a 
uniaxial tensile experiment is conducted on additively manufactured 
functionally graded cubic lattice samples, and the role of manufacturing 
imperfections on their mechanical behavior is studied. Finally, the input 
material data are reverse engineered, and a defect-informed numerical 
model was constructed. 

2. Theory and background 

Lattice materials are formed by the tessellation of a unit-cell in one, 
two or three-dimensional space. It is possible to study their mechanical 
behavior by isolating a single unit-cell, also referred to as a represen-
tative volume element (RVE), along with periodic boundary condition 
(PBC) according to the tessellation directions. This way of extraction of 
effective properties is known as homogenization. There are different 
homogenization techniques available in the literature but one of the 
most common ones for the derivation of static properties is the averaging 
method (Pasini et al., 2017). This technique can be implemented using 
finite element method (FEM), in which the RVE is discretized with finite 
elements. The averaging theory is well-established in the literature, e.g. 
see (Molavitabrizi and Mousavi, 2020; Yvonnet, 2019; Gross and Seelig, 
2018) for details, but we will briefly review the main concepts to elab-
orate the computational scheme. 

2.1. Homogenization 

Assume that the strain field at each point is composed of a constant 

macroscopic strain (ε) and a microscopic (fluctuation) strain (ε*), i.e. ε =

ε + ε*. Here, the use of PBC assures that the microscopic displacements 
(u*) are equal for any two analogous points located on the opposite sides 
of an RVE. For example, suppose nodes A and B being on two opposite 
sides, the PBC implies that u*

A = u*
B. 

To derive the effective elastic properties of a heterogenous material 
under the stated assumptions, six macroscopic strain states are applied 
as follow. 

ε(ij) = 1
2

((
ei ⊗ ej

)
+
(
ei ⊗ ej

)T
)

(1)  

where, ei (i = 1,2,3) are the unit basis vectors. Based on the averaging 
theory, the material macroscopic stress (σ) is obtained by taking the 
volume average of the resulting stress field over the RVE domain. 
Following the Voigt’s notation, we have 

[σ] =< [σ]〉 = 1
VRVE

∫

Ω

[
σ(x)

]
dV (2) 

Here, the volume averaging operator is denoted by <> and Ω is the 
region of space in which the RVE is defined. Now, considering Hooke’s 
law for the homogenized linear elastic continuum, we have 

[σ] = [C][ε] (3)  

where, [C] is the effective elasticity matrix of the homogenized media. In 
the presence of plasticity, the macroscopic strain field is assumed to be 
additively decomposed into elastic and plastic parts, i.e. [ε] = [εe] + [εp]. 
Therefore 

[σ] = [C][εe] = [C]([ε] − [εp]) (4)  

2.2. Constitutive model 

For the bulk material, J2-plasticty theory with associated flow rule 
were implemented. The yield function φ is defined as 

φ = q − σy ≤ 0 (5)  

where, σy is the yield stress of the bulk material and q is the equivalent 
stress given as 

q =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3
2
([s] : [s])

√

(6) 

Here, [s] is the deviatoric stress and is formulated as 

[s] = [σ] + p[I] (7)  

with [I] being the identity tensor and p being the hydrostatic pressure, i. 
e. p = − 1

3 tr([σ]). 
Additionally, continuum damage model (Lemaitre, 1985; Lemaitre 

and A, 1996) was utilized to include softening and capture the failure 
strain. Continuum damage mechanics considers damage as an internal 
state variable and evaluates its effect into constitutive equation as 
follow. 
[
σd] = (1 − D)[σ] (8)  

where, 
[
σd] and is the stress tensor of the damaged material, [σ] is the 

original stress tensor of the undamaged material and D is the damage 
variable. The damage variable is a scalar varying from 0 to 1, where 
0 refers to undamaged material and 1 refers to fully broken material. In 
another words, the fracture initiates when D > 0 and it evolves until 
complete separation of the material with D = 1 (Lemaitre, 1996). The 
process of damage initiation/evolution is directly related to the accu-
mulation of equivalent plastic strain. For quasi-static loading at room 
temperature, the equivalent plastic strain at the onset of damage is 
assumed to be a function of stress triaxiality (η), which is defined as 
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η = − p/q (9) 

The evolution of damage variable is linearly defined based on the 
energy dissipated during damage process, given by (ABAQUS, 2017) 

Gf =

∫ εf

εp0

Lσudεp (10)  

where εp0 is the equivalent plastic strain at the onset of damage, σu is the 
ultimate stress, εf is the equivalent plastic strain at fracture and L is the 
characteristic length in the finite element model. 

3. Numerical scheme 

The proposed model is a numerical strain-controlled test, in which 
macroscopic strain is applied to the lattice RVE to assess the homoge-
nized elastoplastic and/or damage behavior of the material. The model 
is implemented in Abaqus 2019 using three python scripts aiming at 
model preparation, definition of load/BC (macroscopic strains and PBC), 
and post-processing (homogenization). In the model preparation script, 
details such as material model, mesh and solver setup are defined. In 
load/BC script, the periodicity is imposed using constraint equations, 
while macroscopic strains are defined using NumPy package and applied 
through a reference point (RP). The definition of RP allows users to 
apply and control the magnitude of the macroscopic strain. Additionally, 
one corner of the RVE is fixed in translational directions to prevent rigid 
body motion. Then, the model is passed to the Abaqus solver, and finally 
the post-processing script reads the obtained results at every integration 
point and homogenizes the fields following Eqs. (2)–(4). For the prac-
tical implementation, the developed scheme is divided into two main 
parts, namely elastic homogenization and elastoplastic homogenization 
coupled with damage, as described below. 

First, elastic homogenization is performed by applying six macro-
scopic strain states, eq. (1), and averaging the resulting microscopic 
stresses, eq. (2). This eventually determines the effective elasticity ma-
trix [C], eq. (3), which is used as an input for elastoplastic homogeni-
zation. The schematic of the elastic homogenization is shown in Fig. 1. 
The employed material model in this part is linear elastic. 

The algorithm for elastoplastic homogenization coupled with dam-
age differs from its elastic counterpart in terms of solver setup, material 
model and post-processing. In elastoplastic analysis, there is no need to 
loop over all strain states, as each load is studied separately depending 
on the user’s interest. Yet, since the elastoplastic problem is solved 
incrementally, we need to loop over all increments in the post- 
processing script to record the load history and obtain the homoge-
nized stress/strain at every increment. The data at each load increment 
is saved into external.csv files for further result interpretation. The loop 
continues until the applied macroscopic strain reaches its maximum 
value. The algorithm is schematically demonstrated in Fig. 2. 

4. Finite element model 

The above homogenization scheme is applied on three unit-cells (see 
Fig. 3), namely cubic, body-centered cubic (BCC) and modified face- 
centered cubic (FCCm). The latter is formed by connecting the adja-
cent face-centers of a cube. The unit-cells have a relative density of 
approximately 20 %, and a cell length of 5 mm. The struts of the cubic 
cell have square cross-section with 2.15 mm diameter, while FCCm and 
BCC cell struts have circular cross-section with diameter of 1 mm and 
1.075 mm, respectively. 

The unit-cells were partitioned and discretized with conformal nodes 
(meshes) on the cell boundaries, which facilitates the imposition of 
periodicity constraints (according to PBCs). The cubic, FCCm and BCC 
cells were, respectively, discretized with reduced integration linear 
brick elements (C3D8R), quadratic tetrahedral elements (C3D10) and a 
combination of quadratic tetrahedral elements (C3D10) as well as 
reduced integration quadratic brick elements (C3D20R). The classical 
finite element formulation with material softening generally suffers 
from mesh sensitivity, in a sense that stress/strain data do not converge 
with consecutive mesh refinement. Nonlocal regularization techniques 
are often employed with respect to damage evolution to eliminate such 
dependence, e.g. see (Frizzell et al., 2011; Cervera et al., 2004; Bažant 
and Jirásek, 2002). Here, the introduction of characteristic length in 
energy dissipation formulation (eq. (10)) reduces mesh dependency, and 
thus, the dissipated energy is directly specified as a function of charac-
teristic element length in the python script. After conducting mesh 
sensitivity analysis, the suitable element size is found to be 1/8th of the 
strut diameter for each unit-cell. 

Periodicity constraints are prescribed for unit-cells with conformal 
meshes, and virtual tests are conducted by applying macroscopic strain 
loads (Load/BC script). Three different loading scenarios are considered, 
i.e. uniaxial, biaxial and triaxial tension, given by 

Uniaxial :

⎡

⎢
⎢
⎣

εxx 0 0

0 0 0

0 0 0

⎤

⎥
⎥
⎦

Biaxial :

⎡

⎢
⎢
⎣

εxx 0 0

0 εyy 0

0 0 0

⎤

⎥
⎥
⎦

Triaxial :

⎡

⎢
⎢
⎣

εxx 0 0

0 εyy 0

0 0 εzz

⎤

⎥
⎥
⎦

(11) 

The microscale is simulated considering finite deformations, while 
the homogenization toward macroscale is based on small deformation 
assumption with additive decomposition of strain field, see eq. (4). This 

Fig. 1. Elastic homogenization scheme.  
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is because the lattice struts locally experience relatively large strains (up 
to 40 %) at critical locations in which failure initiates, while the applied 
macroscopic strain is rather small (< 12%), see section 6 for results. To 
assure that the large local plastic strains do not alter the results obtained 

with regular elements, some simulations (susceptible to volumetric 
locking) were repeated with hybrid elements (C3D10H). Hybrid ele-
ments possess an additional degree of freedom that directly determines 
the pressure stress and avoid issues with computing volume changes in 

Fig. 2. Elastoplastic homogenization scheme.  

Fig. 3. Unit-cell topologies:(a) Cubic, (b) FCCm, and (c) BCC.  
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regular elements when the material is incompressible or large plastic 
strains occur (semi-incompressible), see (ABAQUS, 2017) for more in-
formation. Yet, the macroscopic stress–strain response of the material 
did not change, and thus, the use of regular elements is preferred here 
due to their lower computational cost. 

Abaqus/standard (implicit) solver was used for the numerical sim-
ulations. To improve numerical convergence issues associated with 
material softening in the presence of damage, unsymmetric equation 
solver was utilized because the material Jacobian matrix becomes 
nonsymmetric when damage evolves (ABAQUS, 2017). Another mea-
sure for convergence improvement was the use of viscous regularization 
with viscosity parameter of μ = 3e− 3, e.g. see (ABAQUS, 2017; Zhao and 
Xue, 2014) for more details. This technique makes the tangent stiffness 
of the softened material positive for very small time increments. To 
assure that the artificially introduced viscosity does not affect the re-
sults, the value of dissipated energy resulting from viscosity (ALLCD in 
Abaqus) was monitored and kept less than 5% as compared to strain 
energy (ALLSE in Abaqus). 

The base material is Ti-6Al-4V with the elastic modulus of 118 GPa 
and Poisson’s ratio of 0.3. The experimental data provided in (Radlof 
et al., 2020) was used to calibrate the material’s hardening behavior 
with Johnson-Cook (J-C) model (Johnson and Cook, 1985), i.e. σ = A +

B(εp)
n, where σ is the true stress, A is the yield stress (in MPa), εp is true 

plastic strain, B is hardening coefficient (in MPa) and n is the hardening 
exponent. These material parameters are summarized in Table 1. 

The equivalent plastic strain at the onset of damage is defined as a 
tabular function of stress triaxiality using data in (Radlof et al., 2020), 
and damage variable is assumed to evolve linearly with respect to Gf , eq. 
(10). The dissipated energy density during damage process is obtained 
by taking the area under the experimental stress-stain curve in the 
softening regime (28.42 mJ/mm3), and this value is then multiplied to 
the element size in the finite element model to obtain Gf . 

It is to be noted that the build direction may affect the mechanical 
properties of the additively manufactured bulk samples. It was observed 
in (Radlof et al., 2020) that the printing direction has a minor effect on 
elastic modulus, but it considerably affects the failure strain. More 
specifically, the samples printed horizontally, vertically, and diagonally 
have strain to fracture of 2.1%, 8.9% and 13.1%, respectively. There-
fore, one should be aware of these influential factors, such as process 
parameters and build direction, when reporting the data for printed bulk 
materials. 

5. Numerical validation 

To validate the homogenization code, standard numerical tensile 
tests (no PBC involved) are conducted on three samples made of 5 × 5 ×
5, 7 × 7 × 7 and 9× 9 × 9 cubic cells with 20% relative density. To 
reduce the computational costs, only half of the models are simulated. 
That is, the models are split into half along the loading direction, where 
one end is constrained with symmetry boundary conditions and the 
other end is uniformly displaced. The applied displacement and total 
reaction forces are recorded at each load increment. The macroscopic 
stress is then obtained by dividing the total reaction force by the cross- 
sectional area enclosing all until-cells, and the macroscopic strain is 
obtained by dividing the applied displacement to the initial length of the 
model. No macroscopic necking is observed and thus, the computed 
engineering stress–strain values are converted to true stress–strain data 
using the following equations. 

εt = ln(1 + εe)

σt = σe.(1 + εe) (12)  

where subscripts t and e denote true and engineering values, respec-
tively. This conversion is done because the stress measure in Abaqus 
(and consequently the homogenization code) is the Cauchy (true) stress. 
Hence, it is necessary to convert the obtained nominal values into their 
true counterparts to be able to compare them with the homogenization 
results. 

The obtained macroscopic stress–strain curves for lattice samples 
with various number of cells are plotted against the homogenization 
code (PBC), see Fig. 4. 

There is a very good agreement between the elastoplastic curves 
obtained for various lattice samples and the one obtained by the ho-
mogenization scheme (PBC). However, the failure strain is affected by 
the number of unit-cells, in a sense that the ductility of the material 
increases with the number of unit-cells. This trend reveals that the 
macroscopic stress–strain curve would eventually converge to PBC re-
sults if large number of unit-cells are included in the simulation. Hence, 
the use of homogenization scheme along with PBC is an efficient 
approach to reduce computational costs, see Table 2, and eliminate size 
effects. 

The conformity in macroscopic responses (Fig. 4) suggests that a 
single unit-cell with PBC can reasonably represent the microscopic 
stress/strain fields of the lattice material. Hence, this model is further 
used to study the failure behavior under different loading conditions. 

It is to be noted that the mechanics, and in particular failure 
behavior, of the “infinite” lattice (obtained here with homogenization 
and PBC) differs from that of fabricated samples with limited number of 
unit-cells. Stemmed from the boundary effects, this difference is high-
lighted in the vicinity of the boundaries. To design structural compo-
nents made of lattice materials, both the material properties as well as 
finite boundaries are to be taken into account. A computationally 
practical approach is to determine the effective material properties in-
dependent of boundary (e.g. using homogenization) and then, employ 
those properties as reference for the analysis of the “finite” lattice in a 
specific structure. In this study, the focus is on the former i.e. material 
characterization based on the concept of homogenization. 

6. Results 

Three different tensile loading states, i.e. uniaxial, equibiaxial and 
equitriaxial, are applied on the candidate unit-cells, and the homoge-
nized stress–strain curves are plotted in Fig. 5. 

Table 1 
Johnson-Cook material parameters of Ti-6Al-4 V.  

A(MPa) B(MPa) n 

1004  757.5  0.62  
Fig. 4. Macroscopic stress–strain curves for cubic lattice with various cell 
numbers (PBC mimics infinite number of unit-cells). 
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6.1. Uniaxial 

Using the uniaxial numerical test results, the effective (homoge-
nized) quasi-static tensile properties of the lattice materials are sum-
marized in Table 3. Here, the failure point is considered as the onset of 
macroscopic softening, and consequently, the failure strain is the strain 
at maximum stress (ultimate tensile strength). 

The cubic cell has the highest elastic stiffness, followed by the FCCm 
and BCC cells. The same trend applies to the yield strength, with cubic 
cell being the strongest and BCC being the weakest. This may imply that 
the cubic cell is the most suitable option for load bearing applications. 
Nevertheless, the situation is different when considering the post-yield 
behavior of the material. That is, the BCC cell has the highest ultimate 
tensile strength, followed by the FCCm and cubic cells. Moreover, the 
failure strain of the BCC cell is considerably larger than the ones in the 
FCCm and cubic cells. These unit-cells have an identical base material, 
and thus, the above findings highlight the influence of micro- 
architecture on macroscopic quasi-static properties of the material. 
For instance, by modifying the micro-architecture from cubic to BCC, the 
elastic modulus reduces by a factor of 2.8, yield strength reduces by 
14.5%, while the ultimate tensile strength increases by 10.8% and the 
failure strain increases by a factor of 2.4. 

The failure mechanics also differs for each micro-architecture. For 
instance, when the cubic cell is macroscopically stretched, the struts 
parallel to the load direction are also stretched. These struts act like a 
ductile bulk specimen, in which the failure initiates from the center 
(inside) and propagates until full rupture happens. The failure behavior 
is different in the FCCm cell, where the macroscopic stress gradually 
decreases (instead of sharp drop) after the onset of failure. This is 
because the failure in this cell is driven by the formation of a neck at the 
lattice joints that are along the loading direction. Finally, the BCC cell 
also has its unique failure mechanism. That is, damage zones start to 
appear at the cell joints when the cell is macroscopically stretched to a 
certain extent. These damage zones expand as the loading continues and 
result in macroscopic softening and eventually, the loss of load toler-
ating capability of the material. The described failure mechanisms are 
schematically illustrated in Fig. 6, where PEEQ and SDEG refer to 
equivalent plastic strain and scalar damage variable, respectively. 

It should be pointed that when the cubic cell is periodically assem-
bled in 3-D space, the highlighted critical element would correspond to 
the center (inside) of the of struts. Indeed, what is seen here on a single 
unit-cell is only 1/4th of the struts. Additionally, the BCC cell is a unit- 
cell with similarly situated joints, i.e. all joints have identical connec-
tivity. Thus, all the corner joints experience the same damage level as in 
the center joint; yet their contour may not be visible in the current view 
(requires several viewpoints). 

6.2. Multiaxial 

The mechanical properties of the selected materials were charac-
terized using uniaxial test data. However, this is not sufficient for the 
characterization of failure behavior, and we aim to do so by introducing 
the equivalent macroscopic plastic strain at the point of failure under 

Table 2 
Number of elements/nodes in FE models, and the estimated increase in 
computation cost.   

Number of elements 
(nodes) 

Estimated increase in computation 
cost 

PBC 1,728 (10,592) N.A. 
5 × 5 × 5 

sample 
108,000 (150,336) 225 times more than PBC 

7 × 7 × 7 
sample 

296,352 (405,000) 1600 times more than PBC 

9× 9 × 9 
sample 

629,856 (851,968) 6400 times more than PBC  

Fig. 5. Macroscopic stress–strain response of (a) cubic, (b) FCCm, and (c) BCC 
unit-cells under various tensile loads. 
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various loading conditions. The equivalent macroscopic plastic strain is 
computed incrementally using 

dεeq
p =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
3
[dεp] : [dεp]

√

(13)  

where [dεp] is the increment of macroscopic plastic strain tensor ob-
tained from homogenization. Hereinafter, the value of this quantity at 
the point of failure is referred as the macroscopic failure strain, εf . As 
was discussed, we consider the failure as the onset of macroscopic 
softening. In almost all cases (except uniaxial tension in FCCm, see 
Fig. 5), there is a significant drop in the macroscopic material response 
at the onset of softening. This means once the softening initiates, the 
material noticeably loses its load carrying capability in a short time, 

Table 3 
Effective quasi-static tensile properties of the selected unit-cells.   

Elastic 
modulus 
(GPa) 

0.2% offset yield 
strength (MPa) 

Ultimate tensile 
strength (MPa) 

Total strain at 
failure (%) 

Cubic  13.45  91.80  101.45 5 
FCCm  7.05  84.50  103.30 5 
BCC  4.80  78.50  113.70 12  

Fig. 6. Schematic of the failure pattern under uniaxial tension for (a-b) cubic, (c-d) FCCm, and (e-f) BCC cells. For each cell, the first and second figures correspond to 
the failure and post-failure points, respectively. 
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which makes the state of complete failure very close to the softening 
onset. The failure strain of various unit-cells under different loadings are 
summarized in Table 4. 

From the results in Table 4 and Fig. 5, one can see that in the cubic 
cell the applied strain at failure barely changes with the loading con-
dition. In FCCm cell, the applied strain at failure slightly differs for 
various loading conditions but the difference is minor. This is because in 
the cubic cell, each set of struts (along x-, y- or z-direction) indepen-
dently tolerate the loads that are applied in that specific direction, and 
there is no combined effect of multiaxial loading on lattice struts, see 
Fig. 7-(a) and (b). 

A similar trend under uniaxial loading is observed in the FCCm cell, 
in which each set of joints (along x-, y- or z-direction) independently 
carry the loads that are applied in that specific direction—we refer them 
as “active joints”. For instance, we see in Fig. 7-(c) that under uniaxial 
loading, εxx, plasticity mainly develops at the joints that are located 
along x-direction, while the rest of joints have no plasticity. This is 
different when the unit-cell is exposed to triaxial loading in Fig. 7-(d), in 
which all joints actively carry loads. The effect of this combined loading 
at all joints (and their connecting struts) results in a different plasticity 
pattern. That is plasticity is localized at the center of struts, see Fig. 7-(d) 
where plastic domains (highlighted with orange in contour plot) appear 
at the center of struts. Indeed, as opposed to uniaxial loading in Fig. 7-(c) 
where there is minor plasticity at the struts connected to the so-called 
“active joints”, the contribution of the new “active joints” under 
triaxial loading strengthens the plasticity development at the center of 
struts, Fig. 7-(d). 

The behavior of the BCC cell under uniaxial loading differs from 
cubic and FCCm, in a sense that all joints and struts actively participate 
in load bearing. For example, we see in Fig. 7-(e) that under uniaxial 
loading, εxx, plasticity develops at all struts and/or joints (due to limi-
tation for 3D visualization, only some of these struts/joints are high-
lighted but all struts/joints in this cell experience a similar plasticity). 
Such structural behavior leads to the formation of localized plastic bands 
at the center of all struts, when the unit-cell is exposed to equitriaxial 
loading, see Fig. 7-(f). Thus, the behavior of BCC cell under multiaxial 
loading is similar to the FCCm cell in the sense that multiaxial loading 
has a combined effect on the whole unit-cell but is completely different 
for the cubic cell. 

7. Experimental validation 

In this section, the uniaxial tensile behavior of the cubic lattice is 
experimentally characterized. Details on sample fabrication and test 
setup are provided. Following that, the experimental results are 
compared against numerical simulation and the influence of 
manufacturing defects are discussed. 

7.1. Sample fabrication 

Functionally graded tensile specimen was designed to resolve the 
issues associated with load introduction and stiffness jump in tensile 
testing of architectured materials, e.g. see also (Lietaert et al., 2018; 

Köhnen et al., 2018). The functionally graded sample has a constant 
relative density of 20% in the central part, and outside this region, the 
density linearly increases towards the ends (20% to 100%), see Fig. 8. 
The middle part of the samples contains 7 × 7 × 7 unit-cells (7 cells in 
each x, y, and z directions) to capture the homogenized macroscopic 
behavior of the lattice. 

The specimens were fabricated using a standard Ti-6Al-4V alloy 
(grade 5) plasma atomized feedstock acquired from GE Additive (Arcam 
AB, Mölndal, Sweden) with a grain distribution between 53 µm and 106 
µm. The powder had been used for previous builds and recirculated in a 
standard powder recovery system several times before the experiments. 
A batch of parts were manufactured under electron beam melting (EBM) 
process, using an Arcam A2 system (Arcam AB, Mölndal, Sweden) with a 
layer thickness of 50 µm and default printing parameters as provided by 
the equipment manufacturer. These parameters typically lead to two 
strategies to melt a cross-section: first, a contour function that melts the 
outer surface area (periphery of the cross-section), and second, a so- 
called hatch function that melts the inner part of the cross-section. 
The hatch melting has a dynamic setup, that is its beam power and 
speed change at each layer depending on size/geometry of the cross- 
sectional area, exposure to negative surface on previous layers, etc. 
The outer surface area is melted in three separate operations, that is one 
inner, one middle and one outer contour. The spacing between the 
contours are 0.25–0.29 mm and each contour is melted in a spot-like 
procedure called MultiBeam®, with a spot time of 0.8–1.3 ms and a 
current of 4–10 mA. 

Typically, the manufacturing takes place at an elevated temperature 
(~700 ◦C) and each layer is processed in a sequence that starts with a so- 
called preheating where a defocused beam is scanned over the powder 
feedstock. This is done not only to maintain the elevated temperature 
but also to slightly sinter the powder feedstock and increase the con-
ductivity in the powder bed. Thereafter, the beam parameters are 
automatically adjusted by the software to suit the melting process, i.e. 
the energy is increased and the speed of the beam is lowered to facilitate 
melting of the powder. Once the melting is complete, the working area 
will be lowered corresponding to the layer thickness and a new layer will 
be processed. The specimens were vertically printed (along x-axis), as 
shown in Fig. 8. 

The fabricated specimens were then transferred to a powder recovery 
system to remove the semi-sintered powders surrounding the specimens 
by using the compressed air. Blasting time was about five minutes, and 
an additional five minutes per sample was required to remove as much 
powder as possible within the lattice structures. After blasting, support 
structures were removed through grinding process. No further heat or 
surface treatment was performed. 

7.2. Experiment 

The surface of the samples was sprayed with black speckles, and the 
central 35 mm of the samples (i.e. lattice with constant 20% density) 
was used as a gauge length and marked with two speckled paper strips at 
the top and bottom, see Fig. 9. A camera with 48-megapixel resolution 
was set at image rate of 60 Hz during tensile tests, and the images were 
then imported to Ncorr (Blaber et al., 2015), an open source 2-D digital 
image correlation (DIC) software to track the local deformations. Tensile 
tests were conducted on three different samples using an Instron 8516 
machine with 100 kN load cell. The samples were clamped over a length 
of 35–40 mm at both ends, and displaced with a rate of 2 mm/min. 

The macroscopic strain was calculated by dividing the relative 
displacement of the markers by the initial gauge length, and the nominal 
macroscopic stress is obtained by dividing the reaction forces by the 
cross-sectional area enclosing all unit-cells in, i.e. 35 × 35 mm2. The 
experimental macroscopic stress–strain curves along with local 
displacement and strain fields obtained from DIC are illustrated in 
Figs. 10 and 11, respectively. 

Table 4 
Failure strain of the selected unit-cells under uniaxial and multiaxial loading.   

Test Applied strain at failure εf 

Cube Uniaxial εxx = 0.05  0.034 
Equibiaxial εxx = εyy = 0.0497  0.048 
Equitriaxial εxx = εyy = εzz = 0.0494  0.059 

FCCm Uniaxial εxx = 0.050  0.029 
Equibiaxial εxx = εyy = 0.046  0.044 
Equitriaxial εxx = εyy = εzz = 0.044  0.052 

BCC Uniaxial εxx = 0.12  0.073 
Equibiaxial εxx = εyy = 0.08  0.078 
Equitriaxial εxx = εyy = εzz = 0.05  0.061  
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7.3. Manufacturing defects 

Using the experimental data, the homogenized quasi-static me-
chanical properties of the manufactured lattice samples are summarized 
in Table 5. 

Comparing the results in Fig. 10 reveals that although the experi-
mental stress–strain curves follow the same trend as in numerical sim-
ulations (initial linear elastic behavior, followed by nonlinear 
elastoplastic region and eventually, sudden drop of stress with no prior 
necking), the experimentally obtained macroscopic stress/strain values 
are noticeably less than the numerical predictions, compare Tables 3 and 
5. Although such discrepancies exist in all the evaluated mechanical 
properties, the largest deviation is observed in the strains where the 
experimental failure strain (1%) is 80% lower than what was 

numerically predicted (5%). This difference makes quantitative com-
parison of experimental and numerical data infeasible, but we may 
qualitatively compare them using the experimental strain contours in 
Fig. 11. That is at late stages of loading (i.e. εxx = 0.8% − 1%), the 
vertical struts— struts along the load direction— generally have higher 
strain values compared to the horizontal struts. This agrees with the 
concept of “active beams” in section 6, where we argued that for a cubic 
cell under uniaxial loading only struts parallel to the load direction 
contribute to load bearing and failure occurs at the center of these struts, 
see Fig. 6-(a) and 7-(a). Here, we also experimentally observe that the 
failure happens at vertical struts, as these struts carry the majority of the 
load. Due to the presence of noise in the DIC results (arising from 
lighting noise and unsmooth surface of samples), the notation of “active 
beams” in experimental contours may not be as clear as it is in the 

Fig. 7. Schematic of the deformation mechanics under uniaxial and triaxial loading for (a-b) cubic, (c-d) FCCm, and (e-f) BCC cells.  
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numerical simulations but one can notice the similar trend. 
Having significant discrepancies in experimentally and numerically 

characterized mechanical properties of additively manufactured lattice 
materials is a common issue, e.g. see (Drücker et al., 2021; Alaña et al., 
2021; Xiao et al., 2020). This is because there are many manufacturing 
defects which are not included in the numerical model. Here, a set of 
measurements are conducted to identify the manufacturing defects and 
provide a defect-informed numerical model by accommodating the ef-
fect of imperfections. 

As-built EBM samples are known to have rough surfaces, which alter 
the sample’s mechanical performance. Due to small length-scales and 
complex scanning paths, the influence of such an imperfection becomes 
even more severe in lattice materials. For instance, it has been observed 
that the cross-sectional area of as-built small scale EBM samples differs 
from the nominal design (Dzugan et al., 2018). To quantify this, parts of 
a lattice sample were retrieved from its center (constant density of 20%) 
by means of hot mounting in epoxy resin, followed by three polishing 

steps using 240, 600 and 800 grit-paper. The retrieved parts were cut 
along YZ- and XZ- planes (see Fig. 8-(b)). Two struts on each section 
were analyzed using light omitting microscopy with 5X magnification, 
and the maximum and minimum dimensions on each cross-section were 
assessed, see Fig. 12. The so-called effective area was then obtained by 
multiplying the minimum dimensions on each cross-section, as sum-
marized in Table 6. 

The results in Table 6 show that while the effective area of the 
horizontal struts (sections 3 and 4 with cross-section on XZ-plane) are 
almost equal or greater than the nominal design, the effective area of 
vertical struts (sections 1 and 2 with cross-section on YZ-plane) are 
smaller than the nominal design. However, it is to be reminded that in 
the current tensile test conducted on the cubic lattice (Fig. 9), only the 
vertical struts contribute to load bearing, see discussion in section 6. 
Therefore, we proceed with the defect analysis using the information on 
the cross-section of vertical struts, i.e. section 1 and 2. 

Here, the extreme dimensions on four selected struts were measured. 
The minimum values of these measurements were then used to calculate 
the so-called effective cross-section. One should be aware that the 
smallest strut cross-section of the lattice is not identified with this 
approach. This is due to the variation of a strut cross-section in addi-
tively manufactured lattices, especially in cubic lattices where the pro-
file shape and size of cross-section is not homogenous along the strut 
length and information of a single section does not provide details about 
the whole strut. A more comprehensive approach is to use computed 

Fig. 8. Tensile lattice specimen: (a) printed sample and dimensions, (b) CAD file and build direction.  

Fig. 9. Test setup for the tensile experiment.  

Fig. 10. Experimental and numerical macroscopic stress–strain curves.  
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tomography, see e.g. (Epasto et al., 2019), allowing for detailed 

comparison of designed models with fabricated parts. However, the in- 
depth experimental defect analysis is out of the scope of current study. 
Here, we calibrate the numerical model using limited experimental data, 
demonstrating that the developed computational model can accommo-
date manufacturing imperfections. 

We found three main reasons for differences in experimental and 
numerical results. First, the as-designed and as-built area of strut cross- 
sections are different (see Table 6). Second, the non-smooth, rough 

Fig. 11. DIC results on local strain and displacement fields at different stages of the tensile test.  

Table 5 
Experimentally evaluated homogenized tensile properties of the cubic lattice.   

Average Elastic 
modulus (GPa) 

Average yield 
strength (MPa) 

Ultimate tensile 
strength (MPa) 

Average strain 
at failure (%) 

Cubic  7.8  59.9  65.6 1  

D. Molavitabrizi et al.                                                                                                                                                                                                                          



International Journal of Solids and Structures 252 (2022) 111783

12

surface of the struts acts as notches and considerably reduce the fracture 
strain of the printed sample. Third, the presence of voids causes early 
fracture and reduce failure strength. In what follows. we build a defect- 
informed numerical model by including the effect of such defects. 

7.4. Defect-informed model 

As a case study, we build a defect-informed numerical model by, 
first, considering the measured effective area (1.45 mm2) as the cross- 

Fig. 12. Microscope images of the struts’ cross-section on (a-b) YZ-plane: sections 1–2; and (c-d) XZ-plane: sections 3–4. (Voids are marked with red circles.).  

Table 6 
Results of cross-section analysis on selected struts (H and V represent the length 
of horizontal and vertical measurements, respectively.).  

Section Parameter Measured 
Dimension 
[mm] 

Nominal 
Dimension 
[mm] 

Effective 
area 
[mm2] 

Nominal 
area 
[mm2] 

1 Hmax  1.50  1.50 1.32 ×
1.29 =
1.70 

1.50 ×
1.50 =
2.25 

Hmin  1.32  1.50 
Vmax  1.47  1.50 
Vmin  1.29  1.50 

2 Hmax  1.51  1.50 1.26 ×
1.15 =
1.45 

1.50 ×
1.50 =
2.25 

Hmin  1.26  1.50 
Vmax  1.38  1.50 
Vmin  1.15  1.50 

3 Hmax  1.47  1.50 1.29 ×
1.82 =
2.35 

1.50 ×
1.50 =
2.25 

Hmin  1.29  1.50 
Vmax  1.87  1.50 
Vmin  1.82  1.50 

4 Hmax  1.37  1.50 1.32 ×
1.66 =
2.20 

1.50 ×
1.50 =
2.25 

Hmin  1.32  1.50 
Vmax  1.91  1.50 
Vmin  1.66  1.50  

Fig. 13. Experimental vs numerical defect-informed homogenized stress–strain 
curves; The defect-informed model is constructed by only revising the effective 
strut cross-section. 
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section of the lattice struts in the simulation, see Fig. 13. Although the 
elastic modulus and yield strength of this defect-informed model have a 
very good agreement with the experimental data, there is still a signif-
icant difference between the failure strain. This mainly attributes to the 
dependence of material properties on the length-scale of as-built addi-
tively manufactured parts. 

The sample size considerably influences the material behavior of 
EBM parts, see also (Dzugan et al., 2018; Razavi et al., 2020). That is the 
as-built EBM small-scale samples (with 0.5–2 mm thickness) have 
rougher surface compared to samples with larger thicknesses. This poor 
surface roughness in turn results in the reduction of failure strain of 
small-scale samples. For instance, it was observed in (Razavi et al., 
2020) that the failure strain of a 5 mm thick sample is 12.9%, while this 
is 3.5% for a sample with 1 mm thickness. The influence of build 
thickness is significant, and it is clearly seen in Fig. 13 that the modifi-
cation of the effective cross-section alone is not sufficient for the cali-
bration of the numerical model. 

As a second step, we include the influence of build thickness by 
modifying the material properties. This is because (in section 4) we 
calibrated the material data using ref. (Radlof et al., 2020), in which the 
test specimens are not in the same size of what we have in the lattice 
struts. So we adopt the properties of a test specimen that is lengthwise 
comparable with the lattice struts (nominal strut cross-section size: 1.5 
mm). We input the material properties of a notched as-built small scale 
(1 mm thick) EBM sample into numerical code. Such tensile sample 
(Razavi et al., 2020) has yield strength of 1178 MPa, ultimate strength of 
1224 MPa and 2.2% elongation at failure (1.5% at the onset of damage). 
The macroscopic stress–strain curves of experimental and defect- 
informed numerical models are presented in Fig. 14. 

It is observed that the defect-informed numerical model in Fig. 14 is 
well-matched with the experimental results. This indicates that with the 
right input data, the developed numerical code can accurately predict 
the behavior of a given lattice material. The defect-informed model is 
constructed by reverse engineering of the input material parameters, 
and it provides key insights for the design process. First, to realistically 
predict the behavior of the printed lattice material, instead of using 
large-scale (compared to scale of lattice struts) bulk specimens, one 
should take the properties of a small-scale printed bulk specimen as a 
material input for the numerical model. This is because the length-scale 
affects the properties of the printed material, e.g. see (Dzugan et al., 
2018; Razavi et al., 2020). Second, it is recommended to perform some 
sort of post-processing, e.g. chemical etching (Sun et al., 2016), to 
reduce the surface roughness in additively manufactured lattice mate-
rials. This could resolve the issues with the notches (as crack initiation 

sites) and improve the failure strain of the printed lattice. 

8. Conclusion 

This study analyzed the quasi-static uniaxial and multiaxial tensile 
behavior of three different lattice materials, i.e. cubic, FCCm and BCC 
with 20% relative density. The aim was to investigate the influence of 
micro-architecture on the mechanical and failure behavior of these 
materials under various loading conditions. A generic elastoplastic ho-
mogenization scheme coupled with continuum damage model was 
developed for this purpose. The numerical code is applicable to any 
periodic micro-architectured material, and enables the application of 
combined macroscopic loads, e.g. multiaxial. Following that, a set of 
uniaxial tensile experiments was conducted on functionally graded 
cubic lattice samples. The samples were made of Ti-6Al-4V, and addi-
tively manufactured using EBM process. The DIC techniques was 
employed to characterize the mechanical properties, and the obtained 
results were compared against numerical simulations. Defect analysis 
was conducted using light omitting microscopy to highlight the role of 
manufacturing imperfections. Finally, a defect-informed numerical 
model was constructed (reverse engineered) based on the results of 
defect analysis. The prediction of this model was in a very god agree-
ment with experimental results. The following conclusions are drawn 
from the current study:  

• Elastoplastic homogenization scheme coupled with continuum 
damage model is a numerically efficient approach, which eliminates 
the boundary effects. If the simulation of the full lattice sample (all 
unit-cells included, no PBC) is of the interest, one should assure that 
adequate number of unit-cells are included. It was observed that for 
the cubic lattice, even a 9× 9 × 9 sample underestimates the failure 
strain, and a greater number of unit-cells are required to eliminate 
the influence of boundaries. However, this comes at a very high 
computational cost in analyses with material softening. 

• The cell micro-architecture greatly influences the macroscopic me-
chanical behavior of the lattice material. Additionally, the compar-
ative performance of lattice materials could be very different in pre- 
yield and post-yield regimes, i.e. before and after the yield stress. For 
example, among the studied unit-cells, the cubic lattice has the 
highest elastic modulus and yield strength (strongest in elastic 
domain), while the BCC lattice has the highest ultimate tensile 
strength and failure strain (strongest in plastic domain).  

• As-built additively manufactured lattice samples substantially 
underperform compared to as-designed models. A post-processing 
step should be considered to smooth the surface and eliminate the 
undesirably formed notches on lattice struts. This is especially crucial 
in EBM samples, as this method is known to have the highest surface 
roughness among other Powder Bed Fusion (PBF) methods.  

• For the realistic simulation of lattice materials, it is recommended to 
input the material parameters of a small-scale additively manufac-
tured bulk sample. Because the printing length scale has a consid-
erable effect on the material properties of Ti-6Al-4V and inputting 
the properties of a large-scale (compare to scale of lattice struts) bulk 
sample may deviate the numerical predictions from experiments.  

• In a vertically (normal to the powder bed) printed EBM cubic lattice, 
the vertical struts have a smaller cross-section compared to nominal 
design, while the horizontal struts have larger cross-section. The 
former is possibly because of the process parameters, and the latter is 
due excessive layer by layer melting. 

To conclude, despite the large deformation assumption in microscale 
analysis, it should be pointed that the employed homogenization scheme 
in this study was based on small deformation assumption and additive 
decomposition of strains. This is certainly true for the cubic and FCCm 
cells, in which the applied strains at failure are less than 5%. However, 
we assumed that this assumption is also valid for the BCC cell with the 

Fig. 14. Experimental vs numerical defect-informed homogenized stress–strain 
curves; The defect-informed model is constructed by revising both effective 
cross-section and input material data. 
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applied macroscopic strain at failure of 12%. In the future works, an 
elastoplastic homogenization scheme with damage model based on 
finite deformations and multiplicative decomposition of strains should 
be developed to assess the validity of the proposed assumption. More-
over, nonclassical damage models can also be used in future studies to 
capture the damage evolution with more efficient convergence in nu-
merical analysis. 
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Bažant, Z.P., Jirásek, M., 2002. Nonlocal Integral Formulations of Plasticity and Damage: 
Survey of Progress. J. Eng. Mech. 128 (11), 1119–1149. https://doi.org/10.1061/ 
(ASCE)0733-9399(2002)128:11(1119). 

Blaber, J., Adair, B., Antoniou, A., 2015. Ncorr: Open-Source 2D Digital Image 
Correlation Matlab Software. Exp. Mech. 55 (6), 1105–1122. https://doi.org/ 
10.1007/s11340-015-0009-1. 

Cao, X., Xiao, D., Li, Y., Wen, W., Zhao, T., Chen, Z., Jiang, Y., Fang, D., 2020. Dynamic 
compressive behavior of a modified additively manufactured rhombic dodecahedron 
316L stainless steel lattice structure. Thin-Walled Struct. 148, 106586. 

Cervera, M., Chiumenti, M., Agelet de Saracibar, C., 2004. Shear band localization via 
local J2 continuum damage mechanics. Comput. Methods Appl. Mech. Eng. 193 (9), 
849–880. https://doi.org/10.1016/j.cma.2003.11.009. 

Dos Reis, F., Ganghoffer, J.F., 2014. Homogenized elastoplastic response of repetitive 2D 
lattice truss materials. Comput. Mater. Sci. 84, 145–155. https://doi.org/10.1016/j. 
commatsci.2013.11.066. 

Drücker, S., Schulze, M., Ipsen, H., Bandegani, L., Hoch, H., Kluge, M., Fiedler, B., 2021. 
Experimental and numerical mechanical characterization of additively 
manufactured Ti6Al4V lattice structures considering progressive damage. Int. J. 
Mech. Sci. 189, 105986. 

Dzugan, J., Seifi, M., Prochazka, R., Rund, M., Podany, P., Konopik, P., Lewandowski, J. 
J., 2018. Effects of thickness and orientation on the small scale fracture behaviour of 
additively manufactured Ti-6Al-4V. Mater. Charact. 143, 94–109. https://doi.org/ 
10.1016/j.matchar.2018.04.003. 

Epasto, G., Palomba, G., D’Andrea, D., Guglielmino, E., Di Bella, S., Traina, F., 2019. Ti- 
6Al-4V ELI microlattice structures manufactured by electron beam melting: Effect of 
unit cell dimensions and morphology on mechanical behaviour. Mater. Sci. Eng., A 
753, 31–41. https://doi.org/10.1016/j.msea.2019.03.014. 

Frizzell, R.M., McCarthy, C.T., McCarthy, M.A., 2011. Simulating damage and 
delamination in fibre metal laminate joints using a three-dimensional damage model 
with cohesive elements and damage regularisation. Compos. Sci. Technol. 71 (9), 
1225–1235. https://doi.org/10.1016/j.compscitech.2011.04.006. 

Geng, X., Ma, L., Liu, C., Zhao, C., Yue, Z., 2018. A FEM study on mechanical behavior of 
cellular lattice materials based on combined elements. Mater. Sci. Eng., A 712, 
188–198. https://doi.org/10.1016/j.msea.2017.11.082. 

Geng, X., Lu, Y., Liu, C., Li, W., Yue, Z., 2019. Fracture characteristic analysis of cellular 
lattice structures under tensile load. Int. J. Solids Struct. 163, 170–177. https://doi. 
org/10.1016/j.ijsolstr.2019.01.006. 

Gibson, L.J., 2003. Cellular Solids. MRS Bull. 28 (4), 270–274. https://doi.org/10.1557/ 
mrs2003.79. 

Gross, D., Seelig, T., 2018. In: Fracture Mechanics: With an Introduction to 
Micromechanics, 3rd ed. Springer International Publishing. https://doi.org/ 
10.1007/978-3-319-71090-7. 

Großmann, A., Gosmann, J., Mittelstedt, C., 2019. Lightweight lattice structures in 
selective laser melting: Design, fabrication and mechanical properties. Mater. Sci. 
Eng., A 766, 138356. https://doi.org/10.1016/j.msea.2019.138356. 

Gümrük, R., Mines, R.A.W., Karadeniz, S., 2013. Static mechanical behaviours of 
stainless steel micro-lattice structures under different loading conditions. Mater. Sci. 
Eng., A 586, 392–406. https://doi.org/10.1016/j.msea.2013.07.070. 

Johnson, G.R., Cook, W.H., 1985. Fracture characteristics of three metals subjected to 
various strains, strain rates, temperatures and pressures. Eng. Fract. Mech. 21 (1), 
31–48. https://doi.org/10.1016/0013-7944(85)90052-9. 
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