
Brno University of Technology 
Faculty of Mechanical Engineering 
Institute of Machine and Industrial Design 

Vysoké učení technické v Brně 
Fakulta strojního inženýrství 
Ústav konstruování 

COMPUTATIONAL MODELS FOR NON-LINEAR 
MECHANICAL LOADING ANALYSES OF LATTICE 
STRUCTURES MADE BY LASER POWDER BED FUSION 
VÝPOČTOVÉ MODELY PRO NELINEÁRNÍ ANALÝZY ZATĚŽOVÁNÍ 
MIKRO-PRUTOVÝCH STRUKTUR VYROBENÝCH TECHNOLOGIÍ 
LASEROVÉ FÚZE S PRÁŠKOVÝM LOŽEM 

Ing. Ondřej Červinek 
Author 
Autor práce 

doc. Ing. Daniel Koutný, Ph.D. 
Supervisor 
Vedoucí práce 

Dissertation Thesis 
Dizertační práce 

Brno 2022 





T FSI 
ÚSTAV 
KONSTRUOVÁNÍ 

Brno University of Technology 
Faculty of Mechanical Engineering 
Institute of Machine and Industrial Design 

Vysoké učení technické v Brně 
Fakulta strojního inženýrství 
Ústav konstruování 

COMPUTATIONAL MODELS FOR NON-LINEAR 
MECHANICAL LOADING ANALYSES OF LATTICE 
STRUCTURES MADE BY LASER POWDER BED FUSION 
VÝPOČTOVÉ MODELY PRO NELINEÁRNÍ ANALÝZY ZATĚŽOVÁNÍ 
MIKRO-PRUTOVÝCH STRUKTUR VYROBENÝCH TECHNOLOGIÍ 
LASEROVÉ FÚZE S PRÁŠKOVÝM LOŽEM 

Ing. Ondřej Červinek 
Author 
Autor práce 

doc. Ing. Daniel Koutný, Ph.D. 
Supervisor 
Vedoucí práce 

Dissertation Thesis 
Dizertační práce 

Brno 2022 





STATEMENT 
I hereby declare that I have written the PhD thesis Computational models for non-linear 
mechanical loading analyses of lattice structures made by laser powder bed fusion on my 
own according to advice of my supervisor doc. Ing. Daniel Koutný, Ph.D., and using 
the sources listed in the references. 

Brno, 

Ing. Ondřej Červinek 

BIBLIOGRAPHICAL REFERENCE 
CERVINEK, O. Computational models for non-linear mechanical loading analyses of 
lattice structures made by powder laser bed fusion. Brno, 2022, 160 p. PhD thesis. Brno 
University of Technology, Faculty of Mechanical Engineering, Institute of Machine and 
Industrial Design. Supervisor: doc. Ing. Daniel Koutny, Ph.D. 

I 



II 



A C K N O W L E D G E M E N T 
I would like to thank all people who supported me during my doctoral studies. First, I want 
to mention my supervisor doc. Daniel Koutný, Ph.D., who guided me through the entire 
period of my Ph.D. studies. Further, I would like to thank my colleagues from the RIAT 
group who stand with me side by side in good times and bad times. I want to thank to my 
colleagues at T U Wien who made friendly workplace for me and taught me a lot. Thank to 
doc. David Pal oušek, Ph.D. for his advice. Many thanks to my family, friends and especially 
to my girlfriend for support. Without you finishing my studies would not be possible. 

Ill 



ABSTRACT 

The development of additive technologies in recent years has enabled the manufacturing of 
metamaterials with porous internal architecture, called lattice structures, from several types 
of metal alloys. With these structures, it is possible to develop lightweight parts with 
potential in the field of mechanical energy absorption. Their implementation in vehicle 
deformation zones can increase the safety of passengers. The properties of structures allow 
to design absorbers with specific type of behavior which reduce the overload applied on 
the vehicle crew during an accident. To use these parts for specific applications, it is 
necessary to estimate their deformational behavior. Recent research has shown that 
the parent material of these structures has properties different from those of conventional 
bulk components produced by the same technologies. It means that, for efficient use of lattice 
structures, their specific properties and deformation characteristics must be accurately 
mathematically described. However, a mathematical model that would consider 
a description of all significant deformation characteristics of lattice structures is not 
available. Therefore, this thesis focuses on development of non-linear numerical model of 
lattice structures loading with inclusion of the most significant geometrical imperfections, 
specific properties of multi-strut samples and dynamic effects. The structures are made of 
aluminum alloy AlSiioMg and stainless steel 316L using the selective laser melting 
technology. Two different finite element analysis approaches are used to create the geometry 
model that allows inspection of the deformation features in detail. The results of both models 
confirm that geometrical imperfections related to a change in shape and cross-sectional area 
of the strut have a significant impact on the resulting mechanical properties. Their inclusion 
in the geometry model improves the accuracy of the simulation results. Furthermore, 
the mechanical properties of lattice structures determined by multi-strut samples 
significantly better represent properties of structures for quasi-static and dynamic loading. 
The final parameter verification simulation of lattice structures loading at several velocities 
shows good agreement between the experiment and the computational solution. A similar 
parametrical study can lead to the finding of efficient structure configurations determined 
for a specific amount of absorbed energy without prior manufacturing and testing. 

KEYWORDS 

Non-linear finite element analysis, Split Hopkinson bars test, laser powder bed fusion, lattice 
structures, geometrical imperfections 
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ABSTRAKT 

Rozvoj aditivních technologií v posledních letech umožnil výrobu meta materiálů s porézní 
vnitřní architekturou zvaných mikro-prutové struktury z několika typů kovových slitin. Za 
pomoci těchto struktur je možné vyvíjet lehké komponenty s potenciálem v oblasti absorpce 
mechanické energie. Jejich implementací do deformačních zón vozidel může být docíleno 
zvýšení bezpečnosti posádky. Vlastnosti mikro-prutových struktur umožňují navrhnout 
absorbéry se specifickým typem chování, které redukuje přetížení působící na posádku 
vozidla v případě nehody. Pro využití těchto dílů pro specifické aplikace je nutné odhadnout 
jejich deformační chování. Nedávný výzkum ukázal, že základový materiál těchto struktur 
má odlišné vlastnosti v porovnání s konvenčními objemovými komponentami vyrobenými 
stejnou technologií. To znamená, že pro efektivní využití mikro-prutových struktur je 
zapotřebí matematicky přesně popsat jejich specifické vlastnosti a deformační 
charakteristiky. Nicméně matematický model, který by zahrnoval popis všech významných 
charakteristik deformace mikro-prutových struktur, není k dispozici. Proto se tato práce 
zaměřuje na vývoj nelineárního numerického modelu zatěžování mikro-prutových struktur 
se zahrnutím efektů spojených s nej významnějšími geometrickými imperfekcemi, 
specifickými vlastnostmi multi-prutových vzorků a dynamickými efekty. Struktury jsou 
vyrobeny z hliníkové slitiny AlSiioMg a nerezové oceli 316L s využitím technologie 
selektivního laserového tavení. Dva odlišné přístupy jsou použity k vytvoření modelu 
geometrie, což umožňuje detailní inspekci deformačního charakteru. Výsledky obou modelů 
potvrzují, že geometrické imperfekce spojené se změnou tvaru a velikosti průřezu prutu mají 
významný vliv na výsledné mechanické vlastnosti. Jejich zahrnutí do modelu geometrie 
zvyšuje přesnost výsledků simulace. Navíc mechanické vlastnosti mikro-prutových struktur 
stanovené pomocí multi-prutových vzorků výrazně lépe representují vlastnosti struktur pro 
kvazistatické i dynamické zatěžování. Finální parametrická ověřovací simulace zatěžování 
mikro-prutové struktury při několika rychlostech ukazuje dobrou shodu experimentu 
a výpočtového řešení. Podobná parametrická studie může v budoucnu vést k nalezení 
efektivních strukturovaných konfigurací pro specifické množství absorbované energie bez 
předchozí výroby a testování. 

KLÍČOVÁ SLOVA 

Nelineární analýza metody konečných prvků, test Hopkinsonových dělených tyčí, laserová 
fúze s práškovým ložem, mikro-prutové struktury, geometrické imperfekce 
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1 INTRODUCTION 

For fast energy absorption, e.g., in vehicle crashes, plastically deformed absorbers are used 
from specially shaped profiles made of mild steels and aluminum alloys. Their main purpose 
is the dissipation of kinetic energy during impact. Changes in shape and material allow 
tailoring of absorbers for a specific application. Their implementation in vehicle deformation 
zones increases the safety of the crew in case of an accident. However, customization of 
specially shaped profiles has certain limitations given by manufacturing technology. 

Highly specialized applications use components precisely designed for a specific kind of 
deformation. In this category, a porous metamaterial with regularly repeated architecture can 
be included. These are, for example, aluminum foams or structures of honeycomb type. 
Metamaterials with internal architecture include a large volume fraction of pores (75-95%), 
which in the event of impact loading serves as a flexible damper and increases energy 
absorption capacity. However, these components are usually limited to a specific amount of 
energy absorbed and cannot be adapted for wide range of deformation loads. 

The solution provides structures with internal architecture produced by additive 
technologies, e.g., selective laser melting (SLM). Using S L M technology allows to 
efficiently combine multiple absorption characteristics by geometry changes like gradient 
volume fraction. The precise control of the structure shape enables tuning associated 
mechanical properties. As a result, components that protect passengers against collisions of 
varying intensity can be produced. Multifunctional absorbers with enhanced energy 
absorption capabilities can be designed for better adaptation to different types of car 
accidents. Furthermore, a large freedom of shapes in the internal architecture with 
a lightweight design can be obtained. Compared to metal foams, a wider range of metallic 
materials, such as titanium alloys (TieAUV) or tool steels (1.2709), can be processed. 

To effectively design and use lattice structures for energy absorption, it is necessary to 
mathematically describe their deformation behavior. This description can be done with 
analytical equations or, more efficiently, with computational software based on finite 
element methods (FEM). Research has shown that these structures have a specific type of 
behavior compared to bulk components. Therefore, to obtain a description of the behavior 
of the lattice structures, it is necessary to define specific input parameters of the material 
model, geometry and boundary conditions (contacts) involving non-linear effects. A precise 
numerical model that would reflect the influence of non-linearities of all types and at 
the same time the effect of imperfections and dynamic loading has not been the subject of 
studies yet. Therefore, this dissertation focuses on the development of a model that builds 
on existing knowledge in the field of F E M models and combines all the aspects described 
above. It allows to obtain precise estimation of lattice structure properties under dynamic 
loading similar to those during vehicle crash. As a result, energy absorbers with a graduated 
deformation pattern can be achieved, which reduces the applied overload on the passenger. 
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2 STATE OF THE ART 

Specially shaped profiles made of metal sheets and tubes are frequently used to absorb 
mechanical energy in deformation zones of vehicles in the transport industry. A suitable 
shaping of their geometry can increase the amount of energy that the absorber is able to 
dissipate during its deformation [1-3]. However, this procedure has limitations [4, 5]. 
Changing shape can rapidly increase stiffness. It leads to a stepwise change in force at 
the beginning of the plastic deformation, causing a force peak (stress peak respectively o p e a k \ 

see Fig. 2-1) [6]. This force reaction peak is undesirable because it indicates step deformation 
deceleration, leading to a steep overload that can endanger the vehicle crew. 

Fig. 2-1 Idealized stress-strain curve of lattice structure compression [6] 

New applications combine these conventional absorbers with porous metamaterials [7-10] 
to increase their absorption capabilities and reduce the force peak [11, 12]. In the optimal 
course of deformation, a smooth transition from the elastic to the uniform plastic 
deformation area can be observed. The plastic deformation should have uniform plateau 
character opiateau and last until the compaction Ecompact of the porous material (see Fig. 2-2) 
[13]. This area, sometimes described as the area of progressive collapse, is most significant 
in active absorption. The engineering stress in this phase should be constant or possibly 
monotonically increasing [14]. It should be followed by a material densification area where 
the absorber is no longer able to efficiently dissipate energy. Some of the current metal foams 
approximate this model [15]. 

Compression 

Cpeak 

ĉompact 
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Strain, £ 

Fig. 2-2 Optimal stress-strain dependence of the energy absorber [16] 

The development of additive technologies in recent years allowed the use of new types of 
porous materials that have potential in applications considering the absorption of mechanical 
energy [17-19]. These are lattice structures produced by S L M technology [13, 20]. 
Comparison of lattice structures with conventional porous materials such as extruded 
honeycomb and aluminum foams showed [21, 22] that they can achieve similar potential in 
the field of mechanical energy absorption. Furthermore, a wide range of materials can be 
used to produce these structures (SS316L [13], T i 6 V 4 A l [23], AlSiioMg, AlSi 7 Mg 0 .6 [24,25]. 
The geometry of the lattice structures can be controlled relatively precisely by several 
parameters and designed for the desired type of deformation, or the amount of energy 
absorbed [18,26]. It allows the tailoring of highly specialized parts which dissipate a specific 
energy shock with the required characteristics of deformation behavior. 

For an efficient estimation of the lattice structure properties, it is necessary to perform 
a detailed F E M analysis that includes quasi-static and dynamic loading [27, 28]. The model 
must contain knowledge about the properties of the structures obtained by mechanical testing 
[22]. It includes tensile and compression tests of the lattice structure material performed at 
several strain-rates [21]. 

Software that works with implicit and explicit F E M solvers is used for simulations of lattice 
structure deformation behavior [29-32]. These analyzes are based on the computational 
solution of the interactions of solid bodies or shock waves with structured blocks, which 
reflect the conditions of the experiments [33]. Using simulations allows to make changes of 
the geometry (material) model and observe their impact on the behavior of the structure with 
minimizing the production efforts. 
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The following studies describe different types of non-linear computational F E M analysis 
development, including the determination of the input parameters of the material model, 
the geometry model, and the initial and boundary conditions. For this type of analysis, 
the influence of the non-linearities of material, geometry and contact conditions must be 
considered. The inclusion of these non-linearities together with the precise definition of 
the geometry allows to achieve numerical predictions of the structure's deformation 
behavior with high accuracy. 

2.1 Computational approaches and models of geometry 

Luxner et al. [34-36] published pioneering studies in the field of the deformation behavior 
of lattice structures produced by additive technologies. The studies focused on quasi-static 
uniaxial compression loading of several structures produced by stereolithography (SLA; 
a blend of acrylates and epoxy-based resins) and selective laser sintering (SLS; polyamide 
powder). The simulation approaches were compared with those of the experiment, especially 
in terms of the structure modulus of elasticity. 

The first approach used the geometry model described by 3D beam elements with a quadratic 
interpolation function based on Timoshenko beam theory. It allowed for consideration of 
large deformations, bending stresses, transverse shear deformations, and tensile stresses. 
The model was computationally cheap, but its accuracy was reduced because of several 
simplifications. The contact of the beam struts in the nodes was reduced to a single point, 
which did not fully reflect the actual contact conditions. For this reason, a stiffness correction 
was introduced in the vicinity of the nodes using elements with artificially increased stiffness 
(1000 times higher). At least four elements were used to discretize each strut between two 
nodal regions. Twenty-four Gaussian integration points were used across the beam cross-
section (eight points around the circumference times three in the radial direction). 

The second approach used a model for detailed representation created with tetrahedron solid 
elements with a quadratic interpolation function. It allowed the study of a high-resolved 
stress and strain field in the vicinity of the nodes. The element edge length was not larger 
than 1/6 of the strut diameter (1/12 in the nodes). The high number of degrees of freedom 
led to a computationally expensive simulation with significant limitations in the model size. 
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A comparison of simulations for different loading directions showed significantly lower 
values of the structure's normalized modulus of elasticity E*/Es for the approach using 
beam elements without stiffness correction (see Fig. 2-3 (a), Finite, without adapt, beams) 
[35]. In contrast, the simulation that considered beam elements with stiffness correction 
(Finite, adapt, beams) was close to the computational model with volume elements, which 
was considered as a reference (unit cell, continuum elements). A comparison of 
computational models with the experiment for the most of tested structures produced by both 
technologies showed good agreement (see Fig. 2-3 (b)). 

m 

0.025 

0.02 

0.O15 

0.01 

11,005 

TOQl] cell, continuum elements 
l — Unit cell, adapt, beam elements 

A 5x5x5 Finite, adapt, beams 
O 8x8x8 Finite, adapt, beams 
• 11x11x11 Finite, adapt, beams 
• 8x8x8 Finite, without adapt, beams 

L010J 
0.005 0.01 0.015 0.02 0.025 

O . O m i • 
I Unit cell simulation (continuum elements) 

Finite sample simulation (adapt beam elements. 8*8x8) 

RBCC 

(a) (b) 
Fig. 2-3 Comparison of (a) simulations in terms of normalized modulus of elasticity for the BCC structure; (b) 

uniaxial pressure experiment and simulation for Simple Cubic (SC), Gibson Ashby (GA), BCC and 
Reinforced BCC structure [35] 

Labeas et al. [6] continued with simulations of dynamic loading of lattice structures. Two 
numerical models were developed to predict the deformation of the B C C structure under 
low-velocity loading up to 5 ms" 1 (316L made by SLM). The first type used beam elements 
B E A M 188 based on Timoshenko beam theory with quadratic shape function suitable for 
problems that involved geometrical non-linearities and plasticity. The circular strut cross-
section was divided into sixteen circumferential areas with four integration points per area. 
To compensate for a higher material concentration around the strut junction points, the strut 
cross-section was increased by 40% on 1/10 of the strut length. The simulation of the drop 
test was performed in an explicit solver with the following conditions: 

• Four beam elements per strut were used for heavily loaded areas. 

• For less loaded areas, two beam elements per strut were used. 
• The edge plates were meshed with SHELL 163 four-node layered shell elements of 

the degenerated biphase type. It allows for the bending and tearing of the plates under 
impact force. 

• A self-intersecting contact was defined for the struts of the structure. 
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• Node-surface contact was defined between the indenter and the top plate in 
the impact region. 

The second type replaced the lattice structure with eight-node brick elements SOLID 164 
with x, y and z degrees of freedom referring to translations, velocities, and acceleration 
suitable for explicit analysis [13]. The method was called homogenization - the model 
provided the solution to complex contact problems of structure's interactions with foreign 
bodies under dynamic loading (see Fig. 2-4 (a)). 

A comparison of the simulations and the experiment (see Fig. 2-4 (b)) showed that the beam 
element model can better reflect the experiment (Detailed FE model). The model appeared 
to be suitable for studying the mechanisms of structural damage, stiffness, and strength of 
the struts. On the contrary, the model with homogenized structure representation 
(Homogenized core FE model) suffered from significant inaccuracies caused by nonrealistic 
structure deformation. 

(a) (b) 
Fig. 2-4 (a) polygonal mesh of homogenized structure; (b) numerical and experimental load-deflection curves of 

BCC structure for 99 J impact [13] 

Ravari et al. [37] presented a novel approach to include geometrical imperfections for 
the BCCz structure produced by fused deposition modeling (FDM) made of polylactid acid 
(PLA). The method used the Python 6.6.6 script to create a geometry model. The first model 
used 3D shear deformable beam elements B32 with quadratic interpolation function. 
The second model used second-order tetrahedral elements C3D10M to capture the complex 
geometry of the struts, especially at the nodal points (see Fig. 2-5 (a)). Both models 
considered the circular strut cross-section with the trapezoidal rule applied for integration 
points (three in the radial direction and eight in the circumferential direction). 
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The script split each strut into the required number of equivalent sections, which allowed to 
change the diameter independently for each section. The average diameters of the struts were 
changed according to the probability index assigned for each section of the strut (see Fig. 
2-5 (b)). The diameter assignment was based on a pseudorandom distribution of the specific 
values range from previous measurements. To capture the effect of material concentration 
on the nodes, the diameter of the struts near the nodes was assigned to the four largest 
diameter ranges. 

(a) (b) 
Fig. 2-5 (a) overlaps of the beam and solid element struts at a conjunction; (b) probabilities for diameter of struts 

[37] 

The comparison showed that the model with solid elements was closer to the experimental 
results than the model with beam elements. The same result was observed for both, constant 
and variable cross-sections. At least ten intervals with variable diameters were required to 
obtain a valid value of the modulus of elasticity or deformation stress according to 
the sensitivity study. 

Persistent problems with node connectivity were investigated by Dong et al. [38], who tried 
to model strut connections using the so-called joint stiffening concept for Cubic-centered 
and Vintiles structures. The proposed method was applied to determine the effect of joint 
connections and stiffness of the struts produced from acrylonitrile butadiene styrene (ABS) 
by F D M . At first, each strut was divided into three segments meshed with four-node 
tetrahedrons C3D4 (very stiff, one integration point) and 3D two-node beam B31 (linear 
interpolation function) elements. The segments at the ends of the strut were represented by 
joint elements (see Fig. 2-6). The middle segment represented the actual length of the strut 
reduced by the radii of the nodes. The stiffness matrix of the proposed element was derived 
by rearranging the displacement and the load vector. Some parameters, e.g., the diameter of 
the strut, were parametrically changed to achieve the required rigidity of the proposed joint 
element. A self-contained beam element solver was written in Matlab with integrated joint 
stiffening parameters to solve the proposed model. 
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Fig. 2-6 The geometrical model of the joint stiffening element inside a lattice structure [38] 

The experimental and computational approaches were compared for uniaxial tensile and 
bending loading. The results showed that the model with the proposed joint connection with 
parametrically changed properties can better reflect the actual stiffness of the lattice structure 
even for beam elements [39]. Better compliance with the results was observed for stretching-
dominated structures, where axial loads played a significant role, and the joint stiffening 
effect was not that significant. 

Geng et al. [40] tried to reduce computational effort using beam elements (Timoshenko -
shear flexible) but preserve the level of accuracy achievable for solid elements (C3D10 
second-order tetrahedral). The study was carried out as an investigation of the deformation 
behavior of the rhombic dodecahedron and BCCz lattice structures made of AlSiioMg alloy 
by S L M technology. A geometry model was created by a combination of both types of 
elements. By replacing the beam elements of a specific unit cell in the middle of the structure 
with solid elements, a hybrid model was created. It allowed to make local changes in 
the geometry of the struts and closely monitor their effects on the stress response (see Fig. 
2-7). To connect the beam elements with the solid elements, a bond called a multipoint 
constraint was used (MPC - allowed constraint to be imposed between different degrees of 
freedom; can be non-linear or nonhomogeneous), which reflected the actual conditions of 
the strut connection. Depending on the structure, each strut was divided into 3, 4 or 6 
elements. 
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(«) (b) (c) 

Fig. 2-7 Combined models of geometry (a) rhombic dodecahedron; (b) BCCzl; (c) BCCz2 [40] 

The comparison of the experiment and the hybrid simulation showed good agreement not 
only in the modulus of elasticity but also for plastic deformation. The unit cell meshed with 
solid elements did not affect the overall behavior of the loaded structure. Small differences 
between the experiment and the calculations were attributed to geometric imperfections of 
lattice manufacturing that were not included in the analyzes. 

Lei et al. [41] took the next step in the inclusion of different geometric imperfections in 
the computational model of quasi-static compression loading of lattice structures produced 
by S L M (BCC and BCCz structures made of AlSiioMg). Structures were subjected to micro-
computed tomography (u-CT) to capture actual information about the geometry of the struts 
[42]. The results of the u-CT analysis showed that the diameter of the strut changed with its 
location in the structure and the manufacturing angle (similar to the findings of Koutny et 
al.) [43]. For each strut, 160 cross-sections were measured perpendicular to the axis. 
The boundary shape of the cross-section was fitted with a circle using the least squares' 
method [44]. The measured diameters showed significant deviations along the length 
compared to the designed C A D data. 

The models were prepared with an automatic Python script that served to generate lattice 
structure models using 3D B31 beam elements (see Fig. 2-8) [37]. The first computational 
approach was used with idealized strut diameters according to the original C A D design. 
The second approach used the average strut diameter value based on statistical processing 
of the u-CT scanned data. Another method considered pseudo-random assignment according 
to the Gaussian distribution of diameters for individual segments similar to Ravari et al. [37]. 
Furthermore, the strut diameter was defined based on reconstructed u-CT scans and 
the fitting function with fast Fourier transformation (FFT, see Fig. 2-9). 
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Fig. 2-8 BCC lattice structure model of geometry including geometric imperfections [41] 

E 0.0 0.2 0.4 0.6 0.8 1.0 B 0.0 0.2 0.4 0.6 0.8 1.0 

J m J m 

(a) (b) 
Fig. 2-9 Distribution of diameter deviation along the length Al/I of strut: (a) diagonal strut; (b) vertical strut [41] 

The models were tested for compression loading of structures with different numbers of unit 
cell layers. A comparison showed that the inclusion of geometric imperfections using 
a method that used reconstructed data from u-CT and a fitting function led to the most 
accurate numerical prediction for different numbers of unit cell layers. 

Liu et al. [45] tried to increase the efficiency of computations to predict the quasi-static 
loading behavior of the multilayer B C C structure. To create a simulation, an explicit Abaqus 
6.14-1 module was used, which is commonly used for simulations of dynamic processes. 
A similar procedure was used by Lei et al. [41] in a previous study. 

To guarantee the quasi-static response of the structure, the loading time was 10 times 
increased. Furthermore, two energy principles were followed according to 
the recommendations of the Abaqus developers [46]. The ratio of increase in artificial energy 
to internal energy was kept below 5% to guarantee minimization of the hourglass effect. 
Furthermore, the ratio of kinetic energy to internal energy was monitored with the same 
boundary criterion during structure compression to maintain the dynamic effects at 
a negligible level. An optimum element size was determined according to the convergence 
test developed by Becker et al. [47]. 
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Based on the settings, acceptable compliance with theoretical results in terms of stress-strain 
was achieved for the quasi-static compression of the lattice structure. 

Gumruk et al. [27] introduced a similar approach for further investigation of the mechanical 
properties of lattice structures (BCC made of 316L by SLM) under quasi-static compressive 
loading. An analytical approach based on Timoshenko theory was formulated and two 
numerical approaches were developed. 

The first approach used 1-D 3-noded Hughes Liu beam elements that allowed for finite 
deformation and shear effects [48]. A lack of stiffness in the vicinity of the vertices was 
compensated by increasing Young's modulus by about 50%, similar to Luxner et al. [35]. 
The length of the elements at the ends was equal to 50% of the diameter. The length of other 
elements changed according to the size of the unit cell (e.g., the cell side 2.5mm - 10 el.; 
1.25 mm - 6 el.;). For each strut thickness 16 integration points were used across the cross-
section. The second approach used solid 3-D 4-node tetrahedron elements with rotational 
degrees of freedom. 

For preliminary study, the symmetry boundary conditions were applied by the constrained 
Node Set option. It allowed for the connection of preferred degrees of freedom in a node 
group to each other, i.e., the translational movements of the nodes on the symmetric surface 
in parallel to the normal of the surface. Movement of the nodes in parallel to the symmetric 
surface was possible, but rotations were not allowed. The translation movement of 
the symmetric nodes on the bottom surface in the normal direction of the surface was fixed 
to prevent rigid body movement (see Fig. 2-10). 

Fig. 2-10 The boundary conditions and finite element model of 3D strut [27] 

The quasi-static loading simulation was created in the L S - D Y N A explicit solver by an 
artificially increased loading rate while minimizing the effects of inertia. The velocity of 
the deformation member in the form of a rigid wall for the solid element model was given 
by the initial velocity of 1 ms" 1. For the beam element model, the rigid wall was modeled 
with a velocity defined by the equation: 
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U r / TL \n „ (2-1) 

=p[ l -cos (—1)\ [m-s-1] 

where t* is the total loading time and U is the axial displacement. After 4 ms, the loading 
speed was fixed to the maximal value achieved according to the equation. To increase 
the explicit time step, the density of the parent material was scaled 100 times. The criterion 
of quasi-static conditions was defined as the equal reaction forces between the loading and 
the bottom surface of the structure. Furthermore, the criterion of minimizing kinetic energy 
was used during the simulation, similar to that of Liu et al. [45]. 

Lozanovski et al. [49] continued by including manufacturing deviations and defects in 
the computational geometry models of the FCC and FCCz structures made of Inconel 625 
by S L M technology. The material model was based on Yadroitsev et al. [50]. Simulations 
with models based on u-CT scans were compared with simulations considering nominal 
geometry and experiment. The u-CT scans were performed with a 7.5 um voxel size 
undergoing thresholding and 3D reconstruction. A binary image stack of cross-sectional 
views was generated at 8 um intervals. A custom algorithm was developed to analyze 
the image stack and extract scaled cross-sectional boundary data. The extracted cross-section 
included Cartesian coordinates of centroid position, centroidal principal area moments of 
inertia and the axis principal inclination angle. The data from each cross-sectional image 
were considered valid if they were within the three standard deviation intervals from 
the mean value. 

The simulation was prepared as a quasi-static compressive loading of cubes using 4-node 
linear C3D4 and 8-node quadratic tetrahedral C3D8 (isoparametric) element models [51]. 
Scanned data, including detailed information on the geometry of the struts, were divided into 
sections. The sections were intersected with a series of ellipses that approximated the actual 
shape of the struts (see Fig. 2-11). The ellipses differed in each section in size, position, and 
rotation of the axes. Therefore, they had to be intertwined to create the geometry of the struts 
that reflected the imperfections and strut waviness. 
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Fig. 2-11 Elliptical cross-section of the strut including variable parameters defining the dimensions and shape 
of the ellipse: a, b- radii of axes; dx, dy- vertical and horizontal displacement of the center of gravity 
with respect to the theoretical axis of the strut; x\ y' - rotated cross-section axis [49] 

A comparison of the Young's modulus and yield strength for different structure sizes showed 
that simulations of larger structures were closer to the experimental results. The study 
compared simulations with nominal geometry called 'Idealized' and geometry with 
imperfections called ' A M Representative Geometry' (see Fig. 2-12). The solid element 
models showed better compliance with the experiment. The deviations were probably caused 
by the material model, which was determined for different process parameters and bulk 
bodies. 

U-CT Reconstruction AM Representative 
Geometry 

Idealised 

Mesh 

Fig. 2-12 Finite element mesh of u-CT Reconstruction, AM representative and Idealized geometries [49] 
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2.2 Models of material 

Experimental testing of lattice structures showed that thin struts have different material 
characteristics compared to bulk components despite the same manufacturing procedure and 
the same parent material used. Tsopanos et al. [21] determined the relative deformation, 
Young's modulus and the plastic deformation at 5 % of the B C C structure (made by S L M 
of SS 316L) using experimental and computational approaches. The properties of the parent 
material were determined by tensile tests of single-strut samples and compression tests of 
the structures. For the tensile samples, the elongation was subtracted in two ways. 

According to the first, an extension of the sample was determined directly from the crosshead 
displacement. For testing, a low-capacity load cell (50 N) was used in combination with 
friction grips with a loading rate of 10"4 s"1. The results showed an elasticity modulus of 
approximately 5 GPa, which corresponded to approximately 3% of the Young's modulus of 
the bulk material. This significant deviation was attributed to an inaccurate measurement of 
the elongation of the thin strut caused by slippage of a sample in the grips' jaws. Therefore, 
it was decided to make corrections to the elastic modulus using finite element analysis in 
the L S - D Y N A software. 

The second method used displacement measurement with a touch extensometer with 8 mm 
clip gauge length. The results showed an average modulus of elasticity of 40 GPa, which 
indicated only 21% of the Young's modulus of the bulk material. For this reason, a similar 
correction was made as in the previous case. The study highlighted problems with 
the accuracy of measuring the mechanical properties of thin strut samples. The authors 
mentioned the variability of the strut geometry and its metallographic structure as one of 
the main problems (see Fig. 2-13). 

(a) (b) 
Fig. 2-13 Scanning electron micrographs of struts failure with laser power (a) 140W; (b) 70 W [21] 
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To tune the simulation material model, the structures were subjected to a compression test 
(using Hughes-Liu beam elements) [52]. The Young's modulus of the parent material was 
parameterized until good agreement of the experimental and computational compression 
modulus of the structure was reached. The resulting value of Young's modulus of the parent 
material corresponded to 140 GPa, which is equal to 74%. 

Smith et al. [51] built on previous research by creating mathematical models of 2-noded 
beams and 8-noded brick elements to predict the deformational behavior of the B C C and 
BCCz structures produced by S L M technology. The diameter of the struts near the nodes 
was increased to achieve a higher stiffness of the model, similar to the Luxner study [35]. 

Due to the small diameters of the struts, it was difficult to determine the properties of 
the material based on tensile tests. Manufacturing phenomena causing changes in 
the diameter of the strut led to inaccurate measurement and determination of mechanical 
properties. Therefore, the material properties of the Tsopanos study were taken over [53]. 
Instead of changing material properties, reverse engineering methods were used to adjust 
the diameter of the strut in the simulation. At first, the initial diameter of the strut of 0.2 mm 
was chosen for simulation. Then the diameter of the strut varied until the compliance 
between the experiment and the simulation was achieved for both the model definitions for 
most unit cell sizes. 

The results showed that the behavior of lattice structures under non-linear quasi-static 
loading can be accurately captured using beam element simulations in the certain range of 
strut radius (K) to strut length (L) ratios (for BCC see Fig. 2-14). 
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(a) (b) 
Fig. 2-14 (a) comparison of initial structure's stiffness; (b) plastic deformation depending on the strut diameter 

to length ratio for the BCC structure [51] 
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L i et al. [28] continued with the precise determination of the mechanical properties of 
the lattice structures. A simulation was developed that mapped the macroscopic 
deformations of a B C C structure made of SS 316L by S L M technology. The elastic-plastic 
material model was based on stress-strain curves of a single strut tensile test with a nominal 
diameter corresponding to the diameter of the structure strut. The elongation of the strut was 
deduced from the displacement of the test head with the gripping clamps specially developed 
for the strut samples (500 N load cell and ~ 10"4 s"1 strain-rate). Furthermore, due to 
the difficulty of measuring properties described in the Tsopanos study [53], one end of 
the strut was captured by a high-resolution camera mapping the sample deformation. 

It allowed to perform deformation correction using the camera images. By the corrections, 
the deformation was increased approximately 1.3 times in the plastic area (see Fig. 2-15 (a)) 
and 1.9 times in the elastic area (see Fig. 2-15 (b)). Despite the relatively large roughness of 
the struts and the teeth of the test head jaws, the slippage of the ends proved to be significant. 
Compared to contact measurement, the deformation of non-contact sample scanning allowed 
to eliminate the slip effect. 

0.1 0.15 

N o m i n a l S t r a i n 

0.002 0 .003 

Nominal Strain 

(a) (b) 
Fig. 2-15 (a) Nominal stress as a function of the strain measured directly during the tensile test and indirectly by 

means of image corrections; (b) curves fitted in the elastic region to one of the curves [28] 

The elastic deformation was subjected to linear regression analysis to determine the true 
value of Young's modulus. The results showed a value of E=l\±l GPa, which differed 
significantly from Young's modulus of the bulk material (£'=190-200 GPa). This result 
indicated a significant degradation of the material, probably due to the influence of pores in 
the struts [54]. The contractual yield strength at 0.2% plastic strain was oy=280±14 MPa. 

L i et al. [55, 56] continued with the development of a non-linear elastic-plastic material 
model with isotropic hardening for the quasi-static compression simulation of the BCCz 
structure. The input parameters of the AlSiioMg alloy were determined based on tensile tests 
of strut samples with the same nominal diameter as the structure struts diameter (1 mm at 
a loading rate of 0.5 mmmin"1) similar to Labeas et al. [13]. The geometry model in 
the simulation was created using a Python script. The F E M simulations were compared with 
analytical calculations based on the Gibson-Ashby [57] model and experiments. 
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In addition, conventional tensile struts with a diameter of 5 mm were produced and tested. 
The results showed Young's modulus values of 70 GPa, a tensile strength of 350 MPa and 
maximal elongation at a break of 5.5%. The corresponding properties of the strut were 
40 GPa, 276 MPa and 3.5%. Despite the equivalent production conditions and the same 
process parameters, significant differences were observed, similar to previous studies [14, 
58]. These differences have been attributed to the effects of different heat transfers to thin 
struts and bulk material [55]. For each new layer built, a smaller strut diameter requires 
a shorter scan time. Insufficient heat accumulation caused by short melting time could lead 
to reduction of actual diameters, which degrades mechanical properties. However, 
overheating of the melted cross-section could lead to large amounts of partially melted 
particles. 

A similar approach was used by Labeas et al. [13], who focused on the investigation of 
compression properties of B C C and FCC-based structures produced by S L M (SS 316L). 
The geometry model was created with Timoshenko beam elements ( B E A M 188) for detailed 
simulation and hexahedral elements (SOLID 164) for homogenized representations. For 
the beam elements, a bilinear elastic-plastic model of material with kinematic hardening 
Mat03 was prepared based on the quasi-static tensile test of struts with corrections. 
Corrections were determined using the calibration procedure suggested by Mines et al. [59]. 

To obtain material properties, a lattice structure was tested with compression and shear 
loading. For the linear phase, the unit cell was considered isotropic. The elastic tensor values 
assumed that the average stress-strain response of homogenized material is identical to 
the stress-strain response of the lattice structure. 

For the homogenized representation, Mat26 (Mat Honeycomb) was used. Its mathematical 
formulation consisted of two almost independent deformation phases (see Fig. 2-16). In 
the first uncompacted phase (see Fig. 2-16 (a)), stresses and strains were uncoupled in all 
three directions. Each element behaved like six independent one-dimensional elements -
three compressions and three shears. The second fully compacted phase (see Fig. 2-16 (b)) 
prevented the hexagonal element from becoming a zero volume. The stresses were a function 
of relative volume or volumetric strain. 
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(a) (b) 
Fig. 2-16 Material model used for homogenized representation (a) uncompacted; (b) compacted phase [20] 

In the later stages of the research, the material model was replaced by the non-linear 
orthotropic Mat40 (*Mat_Nonlinear_Orthotropic) [20]. The input parameters were based on 
the six independent non-linear stress-strain curves - three normal and three shear stresses. 
The elastic moduli required for the stress update in the model were used from the stress-
strain curves and coincide with the values calculated from the linear phase of 
homogenization. 

An experimentally performed drop test was used to validate the F E M simulations. 
The results of both simulations in comparison with the experiment showed a similar course 
in the elastic region and the region of progressive deformations. During the onset of material 
compaction, the simulations no longer reflected experimental trends. 

Harris et al. [60] compared different approaches to modeling lattice structure plasticity. 
The approaches were used to assess the impact of the process parameters and changes in 
geometry on the mechanical properties of the structure under dynamic loading (316L made 
by SLM). The main object of interest became a special honeycomb structure with artificially 
increased porosity created by replacing walls with struts that maintained the same relative 
density. 

Properties were determined by tensile tests of the dogbone tensile coupon with gauge section 
of width 3 mm, length 20 mm and thickness 1 mm. The curves of the actual stress at 

depending on the logarithmic deformation ep were interpolated by the curves of 
the constitutive relations of plastic hardening (see Fig. 2-17). Each of them represented 
a different stress-strain response. The parameters m and G obtained by interpolation were 
used to describe these relationships: 

Hollomon [61] at = dej 1 [MPa] (2-2) 

Ludwik [62] at = C2 + dej 1 [MPa] (2-3) 
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Voce [63] 

Ludwigson [64] 

Of = C 2 - (C 2 - C 1 )exp( -n 1 e p ) [MPa] 

rjt = C ^ p 1 + exp(C 2 + n2ep) [MPa] 

(2-4) 

(2-5) 

True strain 

Fig. 2-17 a) Tensile stress-strain response of a dogbone sample with alternative models for strain hardening 
superimposed; b) a magnification of the curve at the onset of yielding [60] 

Amani et al. [65] introduced an even more sophisticated material model for simulation of 
the B C C structure (AlSiioMg) produced by S L M technology. The deformation process of 
the structures was scanned in-situ and ex-situ by X-ray tomography, capturing macroscopic 
changes in the structure geometry and local micro-porosity (see Fig. 2-18). The detector with 
1920 x 1536 square sensitive pixels and a relatively low resolution of 20 um pixel size was 
able to capture entire structure. The three-dimensional images were then used to create 
a simplified geometric representation of the structures, including manufacturing 
imperfections. 

Fig. 2-18 Scan of basic BCC unit cell with red highlighted local pores [65] 
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The internal porosity information obtained by tomography was introduced via a Gurson-
Tvergaard-Needleman (GTN) model of the material which assigned local porosity data to 
each element. The GTN model was based on von Mises yield criteria for ductile porous 
materials that included void nucleation and growth [66]. The basic equation of this model 
was defined as [66, 67]: 

Op 
^{Peq.^y.^H.f) = ( J + 2fq1COSh 2av . 

- (1 + q3f2) = 0 
(2-6) 

where <P is the yield function, aeq is the von Mises equivalent stress, oy is the yield stress, 

aH is the hydrostatic stress, q l 5 q2, and q3 are calibrating parameters, and / is the void 

volume fraction in the matrix starting from an initial void volume fraction f0 defined as: 

f=far+fnucl = a-ntr(éPl)+- fN 
exp 

f pi _ N 
^eq £W 

3W 
,pl 
~eq 

(2-7) 

where fgr represents the void growth rate based on mass conservation and proportional to 

the hydrostatic plastic strain-rate tensor epl and equivalent plastic strain E^l

q. In additional, 

eN is the mean value and sN standard deviation of the normal nucleation distribution. fN 

represents the volume fraction of nucleated voids. The power law hardening was defined by 

following equation [68]: 

a L = , a L + 3 G A w 

a0 \a0 crn / 
3G (2-8) 

where oy is the flow stress, a0 is the initial yield stress, N in the hardening exponent and G 

represents the elastic shear modulus. 

As a result, two computational models were created: the first considered a homogeneous 
distribution of the average measured porosity across all struts and the second 
a heterogeneous distribution depending on the area of actual pore occurrence. First-order 
volume tetrahedral elements were used to create a polygonal mesh for both approaches 
(Avizo software) [65]. 

Except for the two models of the GTN material, the nonporous J2 isotropic plasticity model 
was used and compared with the experiment (see Fig. 2-19). The comparison showed that 
the simulations using J2 plasticity overestimated the stress values. The micro-pores in 
the struts and nodes of the structure slightly reduced Young's modulus and its strength 
significantly. The simulation using homogeneous GTN led to lower stress levels compared 
to the experiment, while the simulation with heterogeneous G T N was in good agreement. 
This result indicated a correct representation of the micro-porosity distribution. 
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Fig. 2-19 Nominal stress a z z as a function of strain Ez obtained by experiment and simulation (a) for structure 

with thin struts (0.66±0.56); (b) for structure with thick struts (0.79±0.59) [65] 

The model of material with constitutive law for the simulation of lattice structure under 
dynamic loading was presented by Chen et al. [24]. The main focus was to increase 
the stiffness, strength, and energy absorption capacity of the lattice structures with a negative 
Poisson's ratio. More specifically, it was desired to achieve transverse expansion of 
the structures under tensile loading by the implementation of different types of rib to 
conventional structures (see Fig. 2-20 (a-d)). 

(a) (b) (c) (d) 

Fig. 2-20 Unit cells of structure with negative value of Poisson's ratio [24] 

Linear elastic behavior was defined as the standard aluminum alloy 7075 with Young's 
modulus of 70 GPa and Poisson's ratio of 0.27. Plasticity was represented by the constitutive 
law of simplified Johnson-Cook (J-C, MAT-98) [48] considering the deformation hardening 
effect and the strain-rate, but neglecting the effect of temperature: 

a = (A + Ben)(l + Cln—) [MPa] 
(2-9) 
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where a is resulting stress value, s0 is quasi-static strain-rate, e is dynamic strain-rate, A 
(448 MPa) is yield strength, B (343 MPa) is hardening modulus, C (0.01) strain-rate 
hardening coefficient and n (0.41) is hardening exponent. 

Due to the computational effort of the solid elements, Belytschko-Schwer beam elements 
reflecting plastic bends, elongations, and torsional loading were used. A series of tests were 
performed to determine the effect of changes in geometry and mechanical properties. 
A comparison of the parametric simulation with the experiment showed small differences in 
the acting stress. 

The full version of the J-C constitutive law was used by Grytten et. al [33] and Zmindak et. 
al [30, 69] to model the high velocity impact on aluminum (6061-T6) and steel (4340-C30) 
plates at intermediate strain-rates 102—103 s"1. The model was given by the equation where 
isotropic hardening in which von Mises stress a was expressed as a function of the equivalent 
plastic strain P1, equivalent plastic strain-rate Epl, a homologous temperature T* and m 
coefficient of thermal softening [70]: 

a = [A + B(ePl)n] 

where sP1/^ is the normalized equivalent plastic strain-rate usually to 1.0 s"1. 
The homologous temperature T* is the defined as [69]: 

r = (T-Troom) (2-11) 

(Tmelt ~ Troom) 

where T is the material temperature, Tmeit is the melting temperature, and Tr0om is the room 
temperature. The equation for equivalent plastic deformation is given as: 

£?x = jc^ + d2exp (d3 ^ | 

where p is pressure and di - ds are experimentally determined constants. 

Gumruk et al. [19] continued the development of a simpler strain-rate-dependent 
computational model to estimate the dynamic compression behavior of the B C C structure 
made of SS 316L by S L M technology. The model considered the dynamic effect that 
represented the sensitivity of the parent material to the strain-rate in the area of plastic 
deformations. This dependence was introduced by means of the Cowper-Symonds (C-S) 
constitutive law supplemented with the isotropic elasticity behavior [1]. The basic equation 
can be described as follows [71]: 

1 + Cln[ — 

V£oy 
(1-7/*"') [MPa] 

(2-10) 

1 + d4ln I — x I ( l - d 5 ) [MPa] 
(2-12) 
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• - (2-13) 

^ = 1 + &f [ 5 _ 1 ] P T 0 °'° ~ °° 

where o'0 is the dynamic yield or ultimate tensile stress at uniaxial plastic deformation with 
strain-rate ep. a0 is the static stress and D and q are the constant material parameters. 

To determine the input parameters of the constitutive law, the strut tensile tests were 
performed in the range of 10"3 s"1 to 6T0 3 s"1. Low-velocity dynamic tensile tests (up to 
80 s"l) were performed on a modified Instron E3000 hydraulic device (Instron, Norwood, 
Massachusetts, USA) using single strut samples. Significant oscillations of the system 
transmitted to the strain gauge record were observed with increasing loading velocities. This 
problem was described in a study by Fang et al. [8]. A modified Hopkinson device was used 
for high-velocity tensile testing [72-74] (see Fig. 2-21 a)). Special multi-strut bodies (21 
struts; see Fig. 2-21 b)) were used similarly to those used by Dong et al. [38] for polymer 
materials. Based on the results, the stress, strain, and strain-rate values were obtained using 
the following equations [75, 76]: 

^o^o (2-14) 
a = ^ e t ( t ) [MPa] { Z ' V 

1 (2-15) 2C f 
s(t) = —^j etdt [-] 

2Q) r _n (2-16) e = — er [s J 

where ef(t) and er(^represented the transmitted wave and the reflected wave, respectively. Ao 
indicated the cross-sectional area, Eo the elasticity modulus of the bars, A the cross-sectional 
area of a micro-strut, L the size of the samples, and Co the elastic wave velocity given by 
equation [75]: 

£0 (2-17) 
Po 

C0 = 
N 

where po is the density of the bars. The obtained values of dynamic yield strength (Ys) or 
ultimate tensile stress (UTS) for different strain-rates were fitted with curves. Constants D 
and q were determined as parameters of the polynomial function describing the fitting curve. 
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Fig. 2-21 (a) Schematic of a Hopkinson device adapter for high-speed tensile tests; (b) attachment of a sample 

designed for the test [19] 

For verification, a drop test was simulated in the L S - D Y N A 3D software with settings from 
a previous study [27]. The geometry of the structure struts was created using Hughes-Liu 
beam elements with sixteen integration points across the cross-section. Each strut consisted 
of eight elements. Rotational degrees of freedom were removed from the struts in the nodes. 

Xiao et al. [23] used a similar evaluation of the split Hopkinson pressure bars test (SHPB, 
Kolsky bars) for dynamic compression of lattice structures. The tests were performed for 
relative strain-rates up to 103 s"1. Based on the one-dimensional stress wave theory and 
homogeneous hypothesis, nominal stress, strain and strain-rate were obtained using 
the following formula: 

a(t) = 
Finput ~l~ ^output _ EßAß 

2A~n ~ ~2A~r 
(ei(t) + e r(t) + £ t ( 0 ) [MPa] 

(2-18) 
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AL C 0 f ( 2 " 1 9 ) 

e(t) = — = -p (et(r) - e r (r) - e t(r))dT [-] 
0 

de(t) C 0 (2-20) 
E' ' = ~dt~ = L^ ' e ' ^ ~ £ r ^ ~ E t ' T ' ' ^ " 

where EB, AB, and Co are elastic modulus, cross-section area and sound speed of the bars, 
respectively. Si(t), sr(t) and et(t) represent the elastic strain obtained for the incident wave, 
the reflected wave, and the transmitted W3.VC r input and Foutput represent the input and output 
force history at the bar-sample interface. Lo is the initial length of the sample and AL is 
the relative displacement of the bar-sample interface. 

2.3 Performance of lattice structures 

In order to quantify and compare the performance of lattice structures with those of other 
porous metamaterials, research teams started to develop their metrics. Most of them focused 
on stress-strain dependence, plateau stress, energy absorption, or structure efficiency. 
Ushijima et al. [22] focused on the analytical and numerical estimation of the B C C structure 
properties and their comparison with the experiment. The study highlighted the main 
mechanisms that influenced the behavior of the structure, for example, elastic and plastic 
buckling, axial and bending plasticity, rupture, etc. [77]. It also mentioned that the struts 
were primarily deformed by axial tension or bending, whereas the effect of torsion was 
assumed to be negligible. One of the most important comparative metrics was the initial 
stiffness of the B C C structure E*BCC based on classical beam theory given as: 

^ ^ T & ^ ' i T ^ i M P a ] < M 1 ) 

where E is the Young's modulus of the parent material, d is the diameter of the strut, L is 

the length of unit cell, and p*/ps is the relative density with ps density of parent material 

and p* actual overall density of structure. Applying this metric assumed for symmetry 

boundary conditions and constraint of rotation at strut nodes. Another important metric was 

the plastic collapse strength cr*lBCC which was defined as the initiation of fully plastic hinges 

[6]. This metric was mathematically described by the following equation: 

4pao(d\3 p* 4V6ob d (2-22) 

^ - « = - 3 ( l ) = Z 9 7 [ M P a ] 
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where go is the flow stress. The application of this metric assumed that the elastic 
deformation was not affected by the growth of plasticity. It allowed to estimate plastic 
collapse strength for different d/L ratios and compare them with simulation and experiment. 
For relatively small values d/L<0.\, a good agreement of the prediction was achieved with 
the simulation of the beam and solid elements and the experiment. However, for a large ratio 
d/L>0.1 analytical calculation and the beam element simulation became inaccurate. 

Mines et al. [17] continued with the development of the analytical approach for estimation 
the actual diameter of the B C C structure strut based on the weight of the structure. It allowed 
the detection of anisotropic imperfections related to changes in the geometry of struts [27]. 
The calculated diameter of the struts is given as: 

d = 

N 

mb 23) 
[mm] 

ppnN3Ly/3 

where mb is the measured sample weight, pp is the parent material density, N is the number 
of cells along the side length of the structure, and L is the side length of unit cell. 
The disadvantage of the method was considering only the circular cross-section of the struts, 
which was constant along its entire length and did not correspond to the actual shape 
accurately. 

Furthermore, the study focused on the energy absorption performance of different types of 
porous materials. A drop-weight test was used to compare the properties of B C C and BCCz 
structures made of SS 316L and TieAUV by S L M with a honeycomb aluminum structure 
(Hexcel CR111-1/4-5056-0.001N-2.3) [78] and aluminum foam (Alporas, Shinko Wire 
Company, Amagasaki, Japan). To achieve an equivalent comparison of metamaterials with 
different volume fractions, the energy dissipated during deformation (see Fig. 2-22) was 
divided by the average density of the sample - specific impact energy (SIE). The results 
showed a similar amount of SIE for several types of structures tested, with the honeycomb 
type reaching the highest values for various dent depths. 
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Fig. 2-22 Specific impact energy dissipated for the deformation of several types of porous structures [79] 

A similar approach was offered by Tancogne-Dejean et al. [14], who mapped 
the deformation behavior of octet truss lattice structures made of SS 316L by S L M 
technology under quasi-static and dynamic loading. The study assumed that a suitable 
parabolic narrowing of the struts (see Fig. 2-23) can lead to higher energy absorption 
capabilities and an increase in stiffness. 

2aR0 

(a) (b) 
Fig. 2-23 (a) Basic cell of octet truss structure without constriction; (b) constricted geometry of a single strut 

[14] 

The energy absorption was evaluated as the dissipated energy dependent on the relative 
density based on simulations - specific energy absorption (SEA). The relative density p was 
defined by the ratio of the average density of the structure p and the density of the parent 
material ps: 

(2-24) 

SEA up to 0.3 strain was defined by the following equation: 
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0.3 (2-26) 
W = ads {] • kg x] 

o 

where W is the work performed on the structure compression, o is the axial stress and s is 
the axial strain. The results showed that the SEA was a monotonically increasing function 
of the relative density with the highest absorption capacity for the fully dense parent material 
SS 316L ips = 26.6/ • If SEA of the structure was normalized by SEA of fully dense 
material the relative SEA was obtained, which was proportional to the relative density: 

Since the SEA was already normalized by the density, the absorbed energy was a quadratic 
function of the density. Therefore, it was concluded that the energy absorption of the lattice 
structures increases substantially for higher densities, and the following equation was 
formulated: 

The assessed strength of the lattice structure increased by approximately 30% as the rate of 
relative deformation changed from 10"3 s"1 to 103 s"1. This phenomenon was mainly attributed 
to the sensitivity of the parent material to the deformation rate. 

Harris et al. [60] investigated the impact of process parameters and geometry changes on 
the mechanical properties of lattice structures produced by the S L M technology of SS 316L 
under dynamic loading. The special honeycomb structure was designed, with artificially 
increased porosity created by replacing walls with struts that maintained the same relative 
density (see Fig. 2-24). Structure performance was expressed in terms of normalized stress, 
normalized SEA, and energy absorption efficiency. Normalized stress was described as 
follows: 

(2-27) 

(2-28) 

a (2-29) 
a = [-] 

P0y 
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where o is the nominal compressive stress defined as the total force divided by sample cross-
section, p is the measured relative density of the sample and oy = 580 MPa is the yield 
stress of the S L M produced SS 316L (thin-walled material). Normalized SEA was defined 
as: 

w M = ^ [-] < 2 - 3 0 ) 

PPs 

where SEA is evaluated to strain et = 0.5. The energy absorption efficiency was described 
as: 

1 * d (2-31) 
y(£d) = — \ ode [-] 

0 

where am is the maximum nominal compressive stress in the range of 0 < s < Sd with Sd 
indicating the maximum strain achieved. The normalized energy absorption efficiency was 
further defined by the following equation: 

(2-32) 

Solid Lattice 

MDNDN 

Lattice Wall 
Square Honeycomb 

Solid Wall 
Square Honeycomb 

Fig. 2-24 Hybrid geometry concept: replacing the walls of a square honeycomb structure with strut elements 
(with equal relative density) [37] 

For quasi-static and dynamic loading, the hybrid geometry of Fine lattice-walled square 
honeycomb (FLW-SHC) and Lattice-walled square honeycomb (LW-SHC) significantly 
outperformed lattice structures produced in previous studies (see Fig. 2-25) [22, 80-82]. 
An increase in mechanical properties was observed for the strength of the structure, the SEA, 
and the absorption efficiency. However, compared to the square honeycomb (SHC) 
produced by additive technologies, these values were lower [83]. 

29 



50 

40 

JP 30 

1^ 20 

10 

• FLW-SHC « BCC-Z[7 ,24 ] § Low p SHC (31] 
• LW-SHC • BCC [7,24) ••• Cellular square 

• SHC Vletal foams [2] tubes [49] 

A 

m 

St' 

0.5 10 1.5 2.0 

Fig. 2-25 SEA to 50% nominal compressive strain vs normalized initial peak stress ap [37] 

Similar metric to eq. 2-27 was used by Wang et al. [7] for the assessment of the energy 
absorption capabilities of connectors with curved plates and aluminum foam. The stress and 
strain were replaced with force and displacement. Therefore, the energy absorption capacity 
of the connector was determined by integrating the force as: 

XD 

Ea = j F(x)dx [/] 
o 

Then the specific energy absorption was calculated as: 

(2-33) 

SBA=± m ( 2 " 3 4 ) 

where mct is total mass of aluminum foam and plates. The energy absorption efficiency was 
defined by: 

(2-35) 
F(x)dx [—] 

Xy 

where F(x) represents compressive force, H is the height of aluminum foam and xy is 
the displacement at yield. The densification displacement xD was determined according two 
principles. The first of them the displacement x'D corresponding to the point at which 
the energy absorption efficiency reached a maximum value was chosen: 
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(2-36) 

In the second of them the maximal force Fmax within the displacement from 0 to x'D was 
found. The densification displacement xD was determined as the displacement 
corresponding to the first maximum force, Fmax after x'D. Then, the mean force reaction Fm 

was calculated as: 

f*DF(x)dx 

XD 

[N] 
(2-37) 

Similar metric to eq. 2-25 was used by Xiao et al. [23, 84, 85]. The study focused on 
increasing energy absorption for the B C C structure with a step change in the volume fraction 
(made with TieAUV S L M technology) under quasi-static and dynamic loading. Differences 
in volume fraction were achieved by changing the length of unit cells of the structure in 
the direction of loading (see Fig. 2-26). One of the main goals was to verify the hypothesis 
that a step-change volume fraction can lead to a reduction of the force peak at the beginning 
of impact loading and increases the energy absorption capacity. 

(a) 

(c) 

9 12 15 18 : i 24 27 
Location mm 

(b) 

(d) 
Fig. 2-26 Step change in volume fraction of the BCC structure shown graphically (a-b) and on the corresponding 

sample (c-d) [23] 
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The collapse strength metrics mentioned above [22] and energy absorption [14] were 
supplemented with specific strength a* and specific plateau stress a*t. The collapse strength 
a was defined according to Gibson and Ashby [86, 87] for porous materials with solid struts 
and related to the relative density in a simple form: 

(2-38) 

where as and ps represent strength and density of the bulk material respectively, and C is 
constant which can be determined by experiments. The specific strength a "related to 
the material density was defined as follows: 

(2-39) 

where p denotes density of the lattice sample and ps density of parent material. The specific 
plateau stress a*t was defined as follows: 

a \ d (2-40) 
a*t = - 2 i I o(s)ds/p [MPa] 

P <J 

where apl denotes plateau stress, es strain related to collapse strength and £ d=0.65 in 

the densification strain which corresponded to the origin of the rapid increase of stress. 

The loading process was monitored by two high-speed cameras F A S T C A M SA5 (frequency 
50 KHz) to assess the deformation mechanisms characteristic of the lattice structures by 2D 
digital imaging correlation (DIC). The least squares search algorithm was used to analyze 
images using 27-pixel subsets with a step size of 2 pixels. The experimental study was 
supplemented by a numerical simulation in the L S - D Y N A software. The modeling methods 
were taken from the Özdemir study [26, 88]. 

A comparison of the experimental results with uniform conventional B C C structures showed 
that the specific strength and SEA were higher for structures with a gradient relative density. 
For the area of uniform deformations, before compaction of the material, the SEA was 
approximately 28% higher. The type of structure transition or the inclination of the load 
direction (in the vertical direction) did not have a significant impact on energy absorption in 
the range of tested velocities. 
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Tancogne-Dejean et al. [18] evaluated the deformation behavior of B C C structures produced 
by S L M technology (SS 316L) using analytical and numerical calculations. The author 
increased the values of Young's modulus and SEA of the structure by suitable strut tapering 
(see Fig. 2-27) [14]. 

(a) (b) (c) 
Fig. 2-27 Unit cell of BCC structure composed of (a) struts with constant circular cross-section (a = 1; unit cell 

length Luc), (b) tapered struts (a = 0,7); (c) parameters describing strut geometry (strut diameter Rn) 
[18] 

The dynamic response (Hopkinson test, 480 s"1) of the material was similar to the quasi-
static. The difference was described by a coefficient called the dynamic increase factor 
(DIE). An approximately 30% stress difference was observed for the structure with 10% 
volume fraction and different strut tapering. The DIE values confirmed the findings of 
the previous study [23] for the same parent material. Furthermore, it was determined that 
the DIE of the lattice structure was caused primarily by the sensitivity of the material to 
the strain-rate (not the topological configuration). 

Zhao et al. [89] determined the properties of a mathematically defined modification of 
the B C C structure using a triply periodic minimal surface (TPMS) representation. Smooth 
transitions between neighboring struts were achieved by mathematical shape definition, 
resulting in a more favorable distribution of the applied stress when loading the structure 
(see Fig. 2-28) [90, 91]. The structure samples were subsequently made by S L M technology 
from TieAUV, subjected to quasi-static pressure tests and compared with a conventional 
B C C structure. 

a) b) c) 
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Fig. 2-28 (a-c) conventional BCC structure, (d-f) modified BCC TPMS structure [89] 

The energy absorption of the structures was determined by numerical integration of the stress 
curve up to 50% deformation according to ISO 13314: 2011 [92]. The similar method up to 
30% strain was used by Dejean-Tancogne et al. (see eq. 2-22) [14]. To compare the load-
bearing capacity after the first plastic failure, the coefficient K was presented by 
the following equation: 

K = 
Or, 

["] 
(2-41) 

where a m i n is the first lowest value of stress after the initial plastic failure and ob is 
the compression strength and regarded as the first stress peak. The B C C TPMS structure 
achieved the larger amount of absorbed energy compared to the convention B C C 
configuration with the desired course of absorption (see Fig. 2-29). 

Volume fraction (p'r %) 

Fig. 2-29 Load-bearing capability of BCC and BCC TPMS after first plastic failure (three samples, means and 
standard deviations) [89] 

The changes in the absorbed energy Wv at different strain e was assessed: 

Wv = aeb [/] (2-42) 
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where the coefficient a refers to the initial energy absorption capacity and the exponent b 
represents the increasing rate of cumulative absorption. The coefficient values increased 
with increasing volume fraction. The same author [84] used a similar procedure for more 
TPMS structures. 
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3 ANALYSIS AND CONCLUSION OF LITERATURE 
REVIEW 

The following section describes the analysis of knowledge based on research papers from 
the field of non-linear structural F E M simulations, which consider the loading of lattice 
structures produced by additive technologies. It describes the most important modeling 
strategies and highlights their advantages and weaknesses. The key fragments of the analysis 
that require further investigation are summarized in the subsection at the end of this section. 

3.1 Computational approaches 

To understand the properties of lattice structures during mechanical loading, a series of F E M 
simulations was developed working with different representations of the structure 
geometries. The main aim of computational approaches was to explore the deformation 
pattern and estimate the behavior of the lattice structure. One of the first descriptions [34, 
35] used beam elements based on Timoshenko's theory with a quadratic interpolation 
function suitable for simulation of larger structures. The model considered large 
deformations, allowed for bending, transverse shear deformations, and strut stretching [36, 
93]. The simulations were computationally cheap, but the beam representation was unable 
to provide accurate results because of several simplifications. For this reason, a stiffness 
correction was introduced near the nodal points by implementing elements with artificially 
increased Young's modulus [27, 93]. Furthermore, it was recommended to modify 
the diameter and mass of the strut so that the beams in the vicinity of the nodes were equal 
to those of the real structure [13, 37]. At least four elements were used to discretize the non-
modified middle part of each strut for linear elastic loading [51]. Despite the modification, 
the beam element model definition was accurate only in a certain range of strains. 

To represent the topology of the lattice structure in detail, a tetrahedron element model of 
geometry with a quadratic interpolation function was created [27, 34]. This model provided 
a detailed description of the stress evolution across the strut cross-section. Its disadvantages 
were the high demands on hardware and computing times that limited the size of the structure 
and scope of the simulation. 

An alternative option was to use the so-called homogenized model of geometry [13, 20]. 
This concept used hexahedral elements with independent mechanical properties in each 
loading direction which were equal to the properties of the lattice structure defined by 
compression tests. This approach allowed to solve computational problems of large structure 
deformations with omitting of complex interactions among struts in structures. On the other 
hand, its use for non-linear computations was shown to be significantly inaccurate. 
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One of the progressive approaches for the creation of a geometry model allowed the Python 
programming language [37]. The tool enabled the assembly of the beam element and 
tetrahedron element models with the actual measured shape of the strut. Furthermore, Python 
scripting made it possible to prepare code that divided struts of any cross-sectional shape 
into equivalent intervals with different diameter sizes [49, 90]. Individual diameters were 
assigned to the struts according to the experimentally measured probability intervals [37]. 

Persistent issues with the connectivity of the struts were investigated in concept using 
the modeling and loading of only a single strut enclosed in a lattice structure [38]. 
The approach was used to determine the effect of different joint connections of the struts on 
the stiffness of the lattice structure for solid or beam elements [42]. A similar method used 
in the following study [40] worked with models based on a combination of both types of 
elements. Some of the beam elements (Timoshenko representation) in the central cells of 
the loaded structure were replaced with tetrahedron elements. By this step, a so-called hybrid 
model was created. It provided a detailed overview of the development of stresses in 
the structure while maintaining low computational demands. 

To achieve higher accuracy of simulations, the methods that allowed to implement 
manufacturing imperfections based on actual structure measurement were developed. One 
of the methods used u-CT to capture actual information about the shape of the strut surface, 
including imperfections [44, 90, 94]. The Python script was used to automatically generate 
a beam element model. Therefore, the actual distribution of imperfections was considered 
when the geometry model was generated. It was in contrast to the approach described above 
[37] that works with the random assignment of strut diameters to individual segments [37]. 
Another similar model captured the waviness of the struts that vary along their length using 
a series of elliptical cross-sections created from u-CT scan measurements [49]. 

Usually, software that worked with explicit solvers was used for computational tasks of 
dynamic events such as drop tests or impacts [13, 56, 60]. The explicit algorithm allowed to 
achieve longer duration of simulations considering large deformations until the structure 
densification. Then metrics that compared the performance of the structure, such as energy 
absorption, were applied. To achieve a similar comparison for quasi-static simulations, some 
authors used explicit solvers to simulate slow events with an artificial quasi-static condition 
(see eq. 2-1) [27, 41, 44, 45, 55]. The ratio of artificially increased energy and internal 
energy, as well as the ratio of kinetic energy, and internal energy, was kept below 5%. 
Sometimes, the equilibrium of the force reaction was required on the loaded side and on 
the opposite side of the structure [27]. Applied criteria allowed to create a simulation 
neglecting dynamic effects. 
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3.2 Models of material 

The correctly defined material model was crucial for the simulation of the parent material 
behavior under mechanical loading. The model was represented by a mathematical 
description that determined the response of the material to mechanical excitations. Its 
development for the purpose of non-linear loading of lattice structures produced by additive 
technologies has been studied by many research teams [14, 20, 23, 27]. 

Most of the initial approaches worked with the definition of a bilinear elastic-plastic material 
model based on the tensile tests of the conventional sample produced according to DIN 
standards [51]. Unfortunately, the material parameters obtained by the tests of these samples 
did not accurately represent the structure behavior and the overestimated mechanical 
properties [28, 55]. Therefore, the samples were replaced with thin long strut samples [21] 
similar to struts of lattice structures [21]. Some authors directly used the same nominal strut 
diameter for samples and the corresponding structure [13, 55] to obtain the correct material 
parameters. However, the resulting parameters were strongly underestimated, as single strut 
samples tended to fragile fractures caused by local defects. Therefore, these tests were 
supplemented with a quasi-static compression of the structure [51]. Based on 
the compression test, the material properties were adjusted until the simulation and 
the experiment achieved compliance in terms of the deformation curve. It was concluded 
that this procedure was limiting in terms of material properties measurement accuracy and 
therefore had to be further modified. 

Another issue was the exact measurement of the elongation of the struts under tensile loading 
[28]. Measurement was usually considered as the reading of the elongation directly from 
the displacement of the head of the test machine [21]. However, this procedure did not 
consider the slippage of a small circular sample in the jaws. An alternative type of 
measurement considered taking high-resolution images that captured the elongation of 
the test sample independently of the slip in the jaws [28]. The measurement method allowed 
to do the correction of the measured data in the post-processing. 

The following methods offered the performance of tensile tests using samples composed of 
multiple struts joined to a single sample [19, 38]. According to the authors, the configuration 
of multi-strut samples better reflected the behavior of the corresponding structure because 
several struts participated in the load transfer. This method seemed to be sufficiently accurate 
and representative to obtain input parameters of a bilinear elastic-plastic model of 
the material (even for the J2-plasticity model) [14]. 
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In addition to the approaches mentioned above, the literature offered the formulation of more 
complex models. Based on tensile tests and additional calibration, it was possible to 
construct a piece-wise linear (multi-linear) model with isotropic hardening [14]. This model 
allowed to better capture the development of stresses depending on the deformation of 
complex geometry. A more accurate representation was achieved using a so-called 
homogeneous isotropic Levy-von Mises model, which combined ideal plasticity with 
isotropic strain hardening [18]. However, the model did not consider the effect of possible 
anisotropy, loading rate, kinematic hardening, and martensitic phase transformation [27]. 
Other strain hardening models that used different fitting parameters were developed by 
Hollomon (see eq. 2-2) [61], Ludwik (see eq. 2-3) [62], Voce (see eq. 2-4) [63], and 
Ludwigson (see eq. 2-5) [60, 64]. 

The most advanced model of the material reflecting the loading of the lattice structure was 
the model called porous plastic G T N (in the Abaqus environment; see eqs. 2-6,2-7,2-8) [65, 
66]. The input values of this model were obtained by compression test of structures and X -
ray tomography. The deformation process of the structure was captured by in-situ and ex-
situ tomography showing macroscopic structural and local micro-porosity. 
The reconstructed 3D images were then used to create a geometry model of the structure. 
A special procedure was used to assign local porosity properties to individual elements based 
on tomography images. Based on the results, models using a homogeneous matrix with an 
average initial porosity and a heterogeneous porosity distribution were prepared. The authors 
stated that the use of models for low porosity could have less effect on the resulting behavior 
of the loaded structure. 

The above-described material models achieved different accuracy for lattice structure 
behavior estimation. However, even the most sophisticated model did not consider 
the effects of dynamic loading. Therefore, some of these models were supplemented by other 
constitutive laws that consider the dynamic effect. One of these laws was known as Cowper-
Symonds [72], which reflected the strain-rate sensitivity of the parent material (see eq. 2-
13). The input values of this law were obtained by a dynamic tensile test of special multi-
strut samples [19]. An example was Hopkinson Bars specially modified to perform a tensile 
test (see eqs. 2-14, 2-15, 2-16) [75, 76]. 

An alternative constitutive law was Johnson-Cook (see eq. 2-10) [30, 33, 56]. In addition to 
the effect of the strain-rate, this law also included the effect of material thermal softening of 
the material and the effect of large plastic strains (strain hardening) [95]. The law was 
supplemented with a corresponding damage criterion based on the formation of a crack in 
the material when the critical strain value was reached (see eq. 2-12). Its input parameters 
were obtained using the Taylor test [7, 29, 33, 96]. For lower strain-rates where neglect of 
the thermal effect was possible, a simplified version was used that considered only the strain-
rate and the large plastic strain effect (see eq. 2-9) [23, 24, 48]. 
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3.3 Performance of lattice structures 

The state of the art in the previous section showed that the non-linear F E M simulations used 
to estimate the deformation behavior of the lattice structures allowed to assess the energy 
absorption capabilities [23, 60]. Using validated computational models made it possible to 
test individual designs with changes in material, geometry, or loading conditions without 
the need of their production. Based on the software output data, the most efficient 
configurations were chosen [89]. It usually indicated the structures with the highest SEA 
(see eqs. 2-25, 2-34) [14, 17, 83]. However, this property was not the only determining 
parameter for a specific configuration selection. Other key characteristics included 
the course of absorption or its efficiency (see eqs. 2-31, 2-35) [14, 60]. The preferred type 
was uniform energy absorption under constant stress during progressive collapse of 
the structure [16, 20]. A stable stress level without extreme fluctuations (peaks) was 
especially required before the first plastic deformations occurred [1, 11, 97]. 

The stability of energy absorption was an issue that arose (see eqs. 2-26, 2-33) [18] when 
fragile materials with low ductility were used for the production of structures (TieAUV, 
AlSiioMg) [23, 89]. During structure compression, the struts were loaded with combined 
stress [98]. The highest stress concentration occurred in the transition between the nodes and 
the struts. When the yield strength was exceeded, the strut-node interfaces started to rotate 
and were changed to plastic hinges. It caused cracks followed by fragmentation of the struts 
in the transition in the early stage of the deflection of the structure. As a dominant 
consequence, a collapse of the structure occurred along the slip planes [89]. Therefore, it 
was appropriate to prevent this phenomenon by using materials with high elongation at 
break, e.g., 316L stainless steel [14]. The natural properties of steel allowed for a large 
deflection of the structure until densification without fragmentation of the struts. 

Except for the choice of parent material, the absorption of energy and the deformation pattern 
were fundamentally affected by the geometry of the basic elements of the structure called 
unit cells [99]. If these cells had high initial stiffness, usually caused by struts with an axis 
perpendicular to the loading direction, a step increase in applied stress occurred at 
the beginning of loading [13, 49]. The stress increased until buckling failure was achieved 
accompanied by plastic deformation of the struts (see eqs. 2-22; 2-38). This was followed 
by a rapid fluctuation of stress, usually associated with the collapse of several unit cells, 
unless the structure collapsed along the slip planes [100]. Therefore, it appeared to be 
efficient to use cells with lower initial stiffness and further modify them to increase 
absorption efficiency [18, 89]. An example of such a structure was the B C C lattice structure, 
which had already been partially modified for these purposes [23]. In addition, the use of 
the modified structure allowed to increase the capacity of the absorbed energy with 
a monotonically increasing stress during deformation [18]. 
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3.4 Lack of knowledge - key points 

Based on the analysis of the fundamental findings, certain aspects of lack of knowledge were 
drawn. Together with them, assumptions were raised for the supplementation of knowledge. 
Both are summarized in the following bullets: 

o The development of non-linear computational models of lattice structures loading for 
quasi-static and dynamic deformation became an interest of many research teams. 
However, the model that would consider together aspects of important geometrical 
deviations, deformation behavior specifics of structures, thin strut material 
characteristics and dynamic effects does not exist. Including all the mentioned 
features would lead to a robust computational model that would be able to accurately 
estimate the deformation behavior of lattice structures. 

o The input parameters of the material model for quasi-static loading of lattice 
structures are difficult to define based on the tensile test of single strut samples. 
Research results indicate that by using specially designed multi-strut samples with 
a nominal strut diameter that corresponds to the nominal strut diameter of 
the structure, a better representation of structure properties could be achieved. 
Additionally, it should eliminate problems with sample slip in jaw grips. 

o The plasticity of a lattice structure made of 316L stainless steel by S L M technology 
could be represented by the linear or multi-linear dependency of a material model. 
For loading in an elastic area, a standard linear isotropic elasticity should 
mathematically sufficiently describe the loading until the yield strength is reached. 

o As the loading velocity increases, the accuracy of the simulation decreases because 
the material model specified for quasi-static loading does not capture the effects of 
phenomena associated with dynamic loading. It should be sufficient to use 
a constitutive law known as the Cowper-Symonds or Johnson-Cook law to include 
the behavior of the metamaterial at elevated velocities. Their input parameters could 
be obtained using a high velocity tensile test (SHPB, Taylor test). 

o The geometry of the structures created by the beam elements should include 
corrections of stiffness or diameters near the nodes to compensate for the actual 
contact of the struts in this area. The results of the modified simulation should be 
compared and verified by an equivalent simulation using the volume elements. 

o Simulations of lattice structure loading require large deformations of samples to 
evaluate the absorbed energy. Solvers working with explicit algorithms commonly 
used for simulations of dynamic processes could be efficiently used even for quasi-
static loading rates. 
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o Incorporating geometric imperfections of the manufacturing process related to 
a change of strut cross-section shape and area into the simulation should increase 
accuracy. It should be appropriate to use u-CT scanning, X-ray tomography, or 
surface digitization methods to obtain input data of geometric deviations based on 
actual geometry. The measured data could be evaluated using automated Python or 
A P D L language scripts and implemented in the geometry model as a constant or 
variable deviation. 

o For structure production, it is necessary to use topologies and materials that lead to 
deformation characteristics corresponding to idealized energy absorption. This 
behavior could be described by the elastic deformation area followed by a smooth 
transition to the uniform plastic deformation area until the material compaction. 
Using the B C C lattice structure and its modifications made of SS 316L appears to be 
suitable for achieving the described characteristics. 

Based on some of the assumptions for supplementing lack of knowledge, scientific 
questions and hypotheses were formulated. To test the hypotheses, the partial aims of 
the thesis were defined giving together the overall aim. 
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4 AIM OF THE THESIS 

This dissertation thesis aims at developing a computational model that represents 
the deformational behavior of mechanically loaded lattice structures produced by S L M 
technology, primarily from stainless steel 316L. This model should include non-linearities 
arising from large deformations, the most significant manufacturing imperfections, and 
knowledge about the mechanisms of structural damage and failure for quasi-static and 
dynamic loading. To achieve the main goal of this thesis, the following steps must be taken: 

o Identification and execution of experimental procedures required for 
the determination of the mechanical properties of thin struts, 

o Identification and execution of procedures required to obtain actual geometry, 
including imperfections in the shape of the strut, 

o Development of non-linear quasi-static F E M analysis using solid and beam elements, 
o Calibration of the stiffness of the nodal connection for the beam element model to 

achieve compliance with the solid element model, 
o Implementation of geometrical imperfections related to change of strut cross-section 

shape and area to F E M simulation, 
o Determination of the dynamic behavior of the thin strut material and implementation 

of constitutive law reflecting the dynamic loading effects to the material model, 
o Verification of computational strategy for different loading velocities and structure 

topologies. 

4.1 Scientific questions 

Upon analysis and review of the literature, the following scientific questions were identified: 

Q l How do geometric imperfections of the cross-sectional shape and size affect 
the compression response of the lattice structures with a nominal strut diameter in the range 
of 0.6-1.2 mm? 

Q2 How does the non-linear material model based on multi-strut tensile samples with 
stiffness corrections influence the deformation behavior of the lattice structure with nominal 
strut diameter in the range of 0.3-1.0 mm made of 316L stainless steel by S L M technology? 

Q3 How does the implementation of strain-rate sensitivity into the model of material 
influence the behavior of the 316L stainless steel lattice structure under dynamic 
compression loading in the range of 102-103 s"1 strain-rate? 
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4.2 Hypothesis 

Each scientific question was tested through working hypothesis formulated on the basis of 
the state of the art and previous research. 

Working hypothesis 1 

HI Lattice structures produced by S L M technology show signs of anisotropic behavior due 
to the layer-wise building process that leads to non-uniform geometric imperfections arising 
on the struts during production. The phenomenon is associated primarily with an increase in 
the load-bearing cross-section height of the strut, which leads to an increase in 
the mechanical properties in the direction of the building. As a consequence, a higher 
stiffness of the structure is expected to be observed. The most significant imperfections are 
expected for struts with smaller diameters, where a high energy input related to the melted 
area is delivered during production. With increasing diameters of the struts, the significance 
of imperfections is expected to decrease. However, in the range of investigated diameters, 
these imperfections have not yet been minimized to consider the mechanical properties 
change to be negligible. 

Fundamental explanation: After manufacturing, inspections of the lattice structures revealed 
imperfections of several types. These are mainly the waviness of the struts [49], the rough 
surface, the change in the shape and diameter of the cross-section [17] or the internal porosity 
[65]. The occurrence of these imperfections is different for each material, structure type, and 
set of process parameters. The biggest influence on mechanical properties should have 
a combination of factors associated with the change in the diameter and cross-sectional shape 
of the strut [101]. As a result of the transfer of heat to the surrounding environment in 
the S L M production process, the powder particles of the raw building material are partially 
melted onto the surfaces of the struts. Most of them remain melted on the lower side of 
the struts [102, 103]. This causes a change (very often an increase) in the cross-section in 
the vertical direction, which is usually also the direction of structure loading. Changes in 
properties are the most significant for small diameters, where overheating can occur [55]. 

H2. LPBF scanning strategies applied to sample production create a different internal 
architecture for the subsurface and internal space of components with different material 
properties. The different proportions of subsurface and internal space for thin struts and DIN 
samples are expected to lead to a distinction in mechanical properties that cannot be 
neglected. It can be assumed that performing a tensile test of samples that contain a series of 
thin struts with nominal strut diameter similar to the struts of the structure is necessary. 
Furthermore, due to the simplified contact definition for the beam element model, 
a compression test of the structure should be required to reveal detailed characteristics of 
the deformation behavior. Based on the findings, stiffness corrections need to be done in 
the vicinity of the nodes to achieve the desired accuracy. 
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Fundamental explanation: The determination of the non-linear model of the material in 
the past showed that conventional tensile samples cannot fully reflect the deformation 
properties of the lattice structure [21, 37]. Detailed analysis of the samples revealed 
differences between the porosity of the subsurface layer and the internal volume part of 
the bodies [17]. These properties were attributed to applied scanning strategies. It led to 
a change in mechanical properties, namely, a weakening of the subsurface part with a higher 
proportion of porosity. In the case of conventional tensile samples, the ratio of the subsurface 
layer to the internal volume is negligible and therefore the weakening of the mechanical 
properties is not significant. Different situations occur in the case of struts, where the ratio 
of subsurface area to internal area is much higher and the weakening of mechanical 
properties increases. Therefore, the properties of the lattice structures should be obtained 
based on struts with the corresponding geometry [19, 38]. It includes the use of a similar 
strut diameter and manufacturing angle for the lattice structure and tensile sample. In 
addition, the models of geometry proposed for the lattice structure can suffer from several 
simplifications. As a consequence of these simplifications, inaccuracies occur in 
the structure deformation pattern and the resulting deformation response. To compensate for 
these simplifications, local corrections of the material model are required. A lattice structure 
compression test should be performed to determine the level of corrections required [51]. 
According to the experimental results, the stiffness of the elements around the nodes can be 
changed to ensure the calibration of the computational model [34]. 

H3 Monitoring of the 316L stainless steel properties under dynamic loading showed 
increased stress compared to quasi-static loading, even at a relatively low strain-rate of about 
102 s"1. A similar effect is expected in the case of thin strut structures produced by S L M 
technology, assuming the same parent material. The stress difference between quasi-static 
and dynamic loading should increase with increasing strain-rate. Dynamic effects such as 
the sensitivity of the parent material on strain-rate, micro-inertia, dynamic strengthening, 
thermal softening, or large deformation effects become amplified. However, for low strain-
rates, most of these effects have a negligible level compared to the strain-rate sensitivity, 
which becomes dominant. Therefore, it is expected that the inclusion of this effect into 
the material model of the structure will significantly increase the level of dynamic stress for 
intermediate strain-rates (102-103 s"1) and improve the simulation accuracy. 
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Fundamental explanation: The behavior of the lattice structures under dynamic loading is 
relatively complex and differs from that of the base material [18]. At higher velocities, 
the effects of large deformations, micro-inertia, dynamic strengthening, etc. begin to rise 
[17, 60, 79]. The behavior of the parent material affects the sensitivity of the parent material 
to relative deformation. This effect can be described, for example, by the Cowper-Symonds 
[19] constitutive law. The input values of this law can be obtained by a dynamic tensile test 
of strut samples (SHPB) [75, 104]. Its advantage is relative simplicity; on the other hand, it 
considers only the sensitivity of the parent material to the strain-rate. To consider other 
influences, it is possible to use a combination of similar laws or replace them with more 
complex ones. For example, the Johnson-Cook constitutive law [24] accounts in addition for 
the large deformation effect and the temperature softening effect. 

4.3 Thesis layout 

The main part of the dissertation thesis consists of three scientific papers published in peer-
reviewed journals with an impact factor. The first paper [I.] focuses on answering the first 
scientific question of how geometric imperfections of shape and size affect the mechanical 
properties of the lattice structure. To test the hypothesis, several lattice structures with 
different strut diameters were tested by a dynamic impact test in experimental and two 
computational regimes. F E M analyses allowed to investigate the influence of individual 
imperfections separately. The second paper [II.] answers the second scientific question on 
how the input parameters of the non-linear material model based on multi-strut tensile 
samples with stiffness corrections influence the deformation behavior of the lattice structure. 
In the first step, conventional and special strut tensile samples were designed and tested. 
The stress-strain results were evaluated using optical digitization methods. In the second 
step, lattice cubes with a wide range of volume ratios were designed and tested. The data 
were used for verification of the solid element model. Furthermore, information on 
the deformation pattern was used for local adjustments of the properties of the beam element 
model material. The third paper [III.] focuses on the third scientific question asking how 
the implementation of strain-rate sensitivity into the model of material influences 
the behavior of the lattice structure under dynamic compression loading. To test 
the hypothesis, data determined by several authors in the past were combined with results of 
dynamic tests of special multi-strut tensile samples. Based on curve fitting, regression 
parameters of the constitutive C-S law were obtained. The C-S effect was computationally 
tested for different structures at several loading velocities and further verified with 
the experiment. 
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5 MATERIALS A N D METHODS 

To test hypotheses formulated on scientific questions, it was necessary to perform various 
types of experiments and FE analyses (see Fig. 5-1). The following section describes 
the equipment, methods, and experiments that were used to develop and verify a non-linear 
computational F E A of lattice structure loading, including dynamic effects and the most 
significant geometrical imperfections of manufactured structures. In the first step, 
dimensional analysis was performed on single strut samples and unit cells with different 
topologies to determine the actual deviations of the struts. Based on this measurement, 
the geometry models were prepared using the A P D L programming language and Python 
scripts. In the second step, the mechanical tests of multi-strut samples were performed to 
determine the material model under quasi-static loading. The tests were supplemented with 
dynamic loading of similarly designed samples to obtain input parameters of a constitutive 
law for fast loading of structures. Then series of compression experiments with lattice 
structures were performed under strain-rates and compared with the computational model. 

Non-linear computational FEA of lattice structure loading 

f Main components^] Required samples Testing procedures Obtained input parameters Desired outputs 

Model of geometry 

Thin struts 

Lattice structure 
segments 

Optical 
digitization 

Imperfections of 
manufacturing process 

Influence of strut 
diameter and cross-

section shape change 

Conventional DIN 
tensile samples 

Model of material 
- quasi-static 

Multi-strut tensile 
samples (clamps) 

Qu as i-static 
tensile test 

Non-linear material model for 
bulk components 

Non-linear material model for 
structures 

Influence of mechanical 
properties change based 
on tests of strut bodies 

Structures wi th 
variable struts 

Quasi-static 
compression test 

Structure deformation pattern 
- low velocities 

r 

Model of material 
- dynamic 

Different structure 
topologies 

Dynamic 
compression test 

Structure deformation pattern 
- medium velocities 

Structure deformation pattern 
- high velocities 

Verification experiment 

Mult i-strut tensile 
samples fboits) 

Dynamic tensile 
test 

Non-linear material model for 
fast loading of structures 

influence of structure 
dynamic loading 

Fig. 5-1 Scheme of the most important methods and procedures used 
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5.1 Laser powder bed fusion 

5.1.1 Process parameters 

A l l samples for experimental testing were produced by S L M 280 H L (SLM Solutions GmbH, 
Lübeck, Germany; building area 280 x 280 x 350 mm). The device was equipped with 
a YLR-400-WC-Y11 ytterbium fiber laser (IPG Photonics, Oxford, USA), which has 
a maximum power of 400 W with a Gaussian energy distribution in the focus spot with 
a diameter of 82 urn. Process parameters were selected primarily as a series of settings 
recommended by the machine provider for the SS 316L and AlSiioMg materials (see Tab. 
5-1). The selected scanning strategy was referred to as bidirectional hatching with two 
contours. The laser paths for each layer were rotated to each other about an angle of 67°. 
Setting equal parameters and production conditions for each manufacturing trial should 
guarantee equivalent mechanical properties and comparable deviations from the geometry 
of the samples. 

Tab. 5-1 Basic process parameters of stainless steel 316L and AlSiioMg 

Parameters SS 316L AlSiioMg Unit 

Platform temperature 
Inert atmosphere 
Layer thickness 

Borders 
Laser power 
Scanning speed 

Hatching 
Laser power 
Scanning speed 

Fill contours 
Laser power 
Scanning speed 

Hatch distance 

100 150 °C 

N 2 ( > 0 . 2 % 0 2 ) N 2 (>0 .2%0 2 ) -
50 

100 
300 

275 
700 

150 
400 

120 

50 

300 

600 (500) 

350 

1150(930) 
250 
555 

170(150) 

um 

W 

mms" 

W 

mms 

W 

mms" 

um 
Note: Values in brackets indicate parameters based on previous research used in the study. 
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5.1.2 Powder material 

SS 316L and AlSiioMg supplied by TLS Technik GmbH (Bitterfeld, Germany) were selected 
for sample production. Their chemical composition (see Tab. 5-2) was close to that of 
the materials produced by S L M Solutions. The particle distribution before the first recycling 
cycle was 0;o=lO.O7 urn, 050=29.44 urn and 090=48.21 urn for steel and 0;o=25.2 urn, 
050=40.7 urn and 090=58.0 urn for AlSiioMg. The manufacturability of both materials has 
been tested with good results at the Institute of Machine and Industrial Design in the past. 
Therefore, the powders were found to be suitable for further research. It was decided not to 
continue with the development of the process parameters to maintain constant conditions. 
The powder materials were dried in an oven before each production. 

Tab. 5-2 Result of chemical analysis of stainless steel 316L and AlSiioMg powders 

SS 316L  

Elem. Fe C Si M n Cr Mo Ni 

wt-% Bal. 0.03 0.8 1.8 17.5 2.2 11.3 

AlSiioMg  

Elem. A l Si Mg Fe Ni+Cu Other 

wt-% Bal. 9.8 0.35 0.14 <0.02 <0.1 

5.1.3 Samples 

Models of samples for production were prepared in Inventor software (Autodesk, San 
Rafael, Californie, USA). Assignment of process parameters and data slicing was performed 
in Magics software (Materialize, Leuven, Belgium). 

Single struts for optical digitization - were manufactured as 20 mm long distributed in 
the corners of the platform. Originally, the struts for optical inspection were produced as part 
of structures. The struts were manufactured with the same nominal diameter as the structure 
struts that cover all manufacturing angles of the struts in the structures (35.26°, 40.89°, 90°, 
etc.). 

Samples for tensile test (quasi-static, DIN 50125:2009-07) - to compare mechanical 
properties with thin struts, conventional tensile samples were produced with a manufacturing 
angle of 90°. The effect of surface and subsurface porosity was eliminated by machining. 
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Samples for tensile test (quasi-static, multi-strut) - consisted of 12 parallel struts with 
a length of 28 mm in an arrangement of 3 x 4 struts (the minimum length for mounting 
the extensometer jaws was 20 mm) [105]. The multi-strut configuration was supposed to 
prevent a local weakening of the sample caused by pores in the strut that occur during 
the production. Additionally, the design of the samples was expected to better reflect 
the situation of the structure, where multiple struts participate in the transmission of applied 
forces [19, 38]. 

The samples were designed with a nominal strut diameter of 0.6 mm, which was further 
considered as a reference [55]. The manufacturing angle was set at 35.26° so that any 
geometric deviations and properties were mainly comparable to the properties of the BCC 
structure struts. 

Samples for tensile test (dynamic, multi-strut) - were manufactured in a configuration 
similar to multi-strut samples for quasi-static tests. The length of the struts was preserved, 
but the arrangement of the struts and the fastening part was adjusted to the Hopkinson device 
(2x6 struts configuration) [19, 38]. 

Structures for compression test (quasi-static, dynamic) - were designed as lattice 
structure cubes of the BCC or FCC based type* [3, 27, 29], their combinations, and 
modifications with vertical struts [5, 99, 105, 106]. The dimensions of the structures were 
20 x 20 x 20 mm with a unit cell side length of 4 mm. The strut diameter and the volume 
fraction differed according to the objective of the individual sample series. Due to 
the equivalent width to height dimensions, it was possible to observe whether slip planes 
occur on the sample diagonals during the pressure test [107]. Regarding the production 
method, solid cone-shaped supports were used to attach the lowest positioned nodes in 
the structure to build the plate (height 5 mm). 

*Note: The basic cubic element called the unit cell of the B C C structure consists of eight 
struts. These struts correspond in their arrangement to the body diagonals that intersect at its 
center. The FCC unit cell consists of struts that correspond to the face diagonals. Both are 
self-supported (with limited side length). 
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5.2 Model of geometry 

To obtain actual dimensions of the struts, the samples were digitized (see Fig. 5-2) after 
production with a blue light projection scanner ATOS Triple Scan (GOM GmbH, 
Braunschweig, Germany) [102, 108]. The scanner was equipped with MV170 optical lenses 
calibrated according to the VDI /VDE 2634 standard. Before scanning, the samples were 
coated with antireflective titanium dioxide (approx. 5 urn height layer) [109]. The resulting 
data in the form of 3D scans were evaluated using G O M Inspect (SRI, G O M GmbH, 
Braunschweig, Germany) [100, 110-112]. 

T i t S - l _ I _ r ^ a u s s 
Q N o m i n a l r\ctUol Cc-v. C h e c k 
O +Q.&00 + 0 , 6 7 5 + U.D75 

- s ^ 
: • 

T 4 5 - 1 1 M i n 
Q N o m i n a l rVctual Dev . 

I'BI + 0 . 5 0 0 + 1 , 0 7 4 + 0 . Z 7 4 

T 4 S - 1 1 M a x 
d N o m i n a l A c t u a l 
0 -r-D.SOD -r-0-rj55 

D e v . 
- 0 , 1 4 5 

Check. 
• — f 

(a) (b) 
Fig. 5-2 Example of strut part selection for inspection - (a) on structure; (b) on tensile sample 

Scans of individual struts were divided into sections using a semi-automated G O M script. 
These sections were intersected with simple geometric shapes such as a circle or ellipse, 
which were used to approximate the actual shape of the strut [49]. The shapes were measured 
and statistically evaluated to achieve the average values of simplified cross-sections 
representing the actual geometry. Based on the simplified shapes, geometry models were 
created in the F E M software. The geometry of the struts was designed with constant or 
variable cross-sections depending on the aim of simulation. 

After production, the structures were weighed with Sartorius MA35 (Sartorius, Gottingen, 
Germany) with a resolution of ±0.5 mg. According to the measurement, an estimation of 
the actual volume fraction was made using eq. 2-23. Together with information on the actual 
dimensions of the struts, it was possible to approximately calculate the porosity and/or 
the amount of powder aggregated on the struts [17]. 
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5.3 Model of material 

5.3.1 Determination of mechanical properties 

To estimate the behavior of the lattice structure under mechanical loading considering plastic 
deformation, it was necessary to perform experiments with a thin strut material. Furthermore, 
to verify the computational models, structures were required to be compressed under 
different loading rates. 

Material properties (quasi-static) - to obtain material properties of stainless steel for 
quasi-static loading uniaxial tests on a Zwick Z250 (ZwickRoell GmbH & Co. K G , Ulm, 
Germany) with a maximum force 250 kN was performed at strain-rate 10"3 s"1 (see Fig. 5-3). 
At this strain-rate no inertia effect was expected. The tests were performed as compression 
of lattice structures (see Fig. 5-3 (a)) and tension of standard DIN and multi-strut tensile 
samples (see Fig. 5-3 (b)). The deformation of the samples was read from the clip-on 
extensometer attached directly to the sample. The transition of the measurement values from 
the sample to the sensor was short and stiff, resulting in a high level of accuracy. 

To determine the engineering stress-strain curves of multi-strut samples, the force reaction 
was divided by the overall cross-sectional area of the struts in the sample determined by 
optical digitization before testing. Based on sample scans the actual cross-sections were 
calculated. The true stress-strain curves were determined using FEA. Based on 
the compression test results, a correction of stiffness in the near area of the nodes was made 
for the beam element model. 

(a) (b) 
Fig. 5-3 Mounting of the samples in Zwick - (a) compression test; (b) tensile test 
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Material properties (dynamic) - were carried out using modified split Hopkinson tensile 
bars (SVS F E M , Brno, Czech Republic) to determine the mechanical properties of 316L 
stainless steel under dynamic loading [19, 60]. The initial loading velocity was 30 m s"1 

(equal to approx. 175-250 s"1). The samples were attached between the bars of the device 
using a bolt connection. Semiconductor strain gauges EP140-3-35-G (VTS Zlin s.r.o., Zlin, 
Czech Republic) with a nominal resistance of 350 Q, a grid length of 3 mm, and a k-factor 
of +140 were placed in pairs in the middle of both bars. The strain gauges were connected 
in the half Wheatstone bridge configuration to eliminate any flexural stress on the bars. 
The signal emitted from the Wheatstone bridge was strengthened with amplifiers. The signal 
was further recorded with a high-speed oscilloscope with a recording frequency of 10 MHz. 

The signals from the gauges were evaluated assuming uniaxial stress wave theory in the form 
of engineering stress o according to eq. 2-14, strain e according to eq. 2-15, and strain-rate e 
according to eqs. 2-16, 2-17 [30, 72]. 

5.3.2 Constitutive law 

The model of material was defined as a non-linear elastic-plastic model [5] based on tensile 
tests of multi-strut samples (see Tab. 5-3). For quasi-static simulations, the behavior of 
the material after exceeding the yield point was described as linear isotropic hardening [13]. 
Unlike the Grytten study [33], the model was not supplemented with a damage criterion 
(plastic strain failure or other), because SS 316L was ductile with high elongation at break 
and showed no signs of strut fragmentation even for large deformations [20, 27]. 

Tab. 5-3 Parameters of non-linear model of material 

Parameters Value Unit 

Isotropic elasticity 
Density 7750 kgm" 3 

Poisson's ratio 0.3 -
Young's modulus 94 GPa 
Bilinear plasticity 
Yield strength 338 MPa 
Tangent modulus 787 MPa 
Hollomon plasticity 
Strength coefficient 481 MPa 
Hardening exponent 0.0656 -
Cowper-Symonds 
D 80737 s-1 

q 5.0075 -
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The dynamic properties were described using a Cowper-Symonds constitutive law (see 
eq. 2-13) that considered the effect of the strain-rate, which was described for lattice 
structures by Ahmad et al. and Gumruk et al. [19,113]. The law was combined with plasticity 
description using the Hollomon equation (see eq. 2-2) [60, 61]. 

5.3.3 Verification experiments 

In order to verify the computational model at different loading rates, a comparative series of 
experiments were performed and compared to FEA. 

Quasi-static compression (strain-rate approx. 10"3 s"1) - was performed as a compression 
test of lattice structure cubes on Zwick described in section 5.3.1.. They were placed without 
fixing between the plate adapters of the device. The lower adapter was fixed on a movable 
bar in a vertical direction, and the upper adapter was mounted on a static joint connection to 
allow slight tilting. 

Dynamic compression (strain-rate approx. 102 s"1) - was performed as a drop-weight test 
on the impact tester (Impactor 2.1, BUT, Brno, Czechia) with a maximum weight of 13.45 kg 
and a fall height of 1.1 m [114, 115]. For these parameters, a crosshead was able to achieve 
a drop velocity of approximately 3.5 ms" 1 [69], equal to impact energy of 60.5 J [17, 43, 
90]. The device was equipped with a Phantom V710 high-speed camera (Vision Research, 
Wayne, New Jersey) and a strain gauge XY31-3/120 (HBM GmbH, Darmstadt, Germany). 
The strain gauge measured the reaction force during the deformation of the lattice sample, 
whereas the high-speed camera measured the position of the marker on the falling head to 
capture the deformation of the sample. A strain gauge signal was recorded using 
the Quantum MX410B data acquisition system (HBM GmbH, Darmstadt, Germany). 
The high-speed camera used Phantom Camera Control software version 3.5 for recording 
(Vision Research, Wayne, NJ). Both records were compounded and evaluated in M A T L A B 
R2021a software (MathWorks, Natick, Massachusetts). An indenter placed on the head was 
flat with a diameter of 32 mm. 

Dynamic compression (strain-rate approx. 103 s"1) - was performed on a Hopkinson device 
similar to that described in Section 5.3.1.. The device was based on the principle of moving 
bars toward each other, causing high-speed dynamic compression of the structures, as 
described by Nolting et al. [72, 75]. 
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5.4 Computational approaches 

Non-linear simulations of structure compression were created in the ANSYS Workbench 
software (Ansys Inc., Canonsburg, Pennsylvania, USA) using several approaches. 
Geometries for solid element models was created in the Inventor software. For beam element 
models, A P D L and later Python script API v l9 were used. Scripting allowed to accurately 
model geometry of struts including geometrical imperfections and define material properties 
on single element resolution. The quasi-static simulations were prepared in a module called 
Static Structural using the Mechanical solver, while the dynamic simulations were prepared 
in the module Explicit Dynamics [55, 89] using the A U T O D Y N solver. Both types of 
simulation, quasi-static and dynamic, were prepared using two different approaches. 

The first of them used solid tetrahedron elements type SOLID 187 with quadratic base 
function for discretization of modeled geometry. It allowed a detailed assessment of 
the development of stress in individual struts and geometrical transitions between struts and 
nodes. The model was considered as a reference and was used to simulate the loading of 
smaller structures and mild non-linearities. 

The second model used beam elements type B E A M 189 based on Timoshenko's beam theory 
to create more extensive parametric studies. It allowed to monitor the development of energy 
absorption for different structure configurations. In this model, the stiffness of the elements 
in the vicinity of the nodes was modified according to the experiment and the reference solid 
element model to simulate the real contact of the struts (see Fig. 5-4) [35]. 

Special attention was paid to the quality of the polygonal mesh, which can have a high impact 
on the validity of the results. Furthermore, both types of models were subjected to a mesh 
sensitivity study to determine the appropriate number of elements to divide the strut length 
or its cross-section [14, 34, 51]. 

The other setup was related to the loading conditions. The structure was placed between rigid 
plates with artificially increased stiffness that represented surfaces of static support and 
deformational member similar to the experiment. For the discretization of both plates, shell 
elements of type SHELL 93 were used [45, 65]. Both plates were modeled in proximity to 
the structure to shorten computational times and eliminate the inaccuracies that would occur 
when the indenter passed through free space. 

Subsequently, frictional contacts that allowed sliding and separation on the target surface 
were defined at the interfaces of the deformation member-structure and the structure-static 
support. Tabular values for the steel-steel contact for both static and dynamic friction 
coefficients (dry degreased surface - static 0.15-0.2 and dynamic 0.1 for the steel-steel 
interface) were considered. In the next steps, the boundary conditions, load velocity, and 
other computational settings were defined according to the specific purpose of the task. 
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Structural sample Unit cell Cross-section 

Fig. 5-4 Beam element model of BCC lattice structures with stiffness corrections and diameter changes 
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6 RESULTS AND DISCUSSION 

The following section presents a summary of the most important results, especially in 
the field of non-linear computational modeling strategies that involve quasi-static and 
dynamic loading of lattice structures. The first part is divided into three subsections 
according to the main research papers. The subsections focus on the geometry model with 
the inclusion of the most significant geometrical imperfections, determination of the accurate 
model of material that represents properties of lattice structures, and constitutive law that 
reflects dynamic effects of structure deformation. Each subsection is dedicated to testing one 
of the above-mentioned scientific hypotheses. The second part consists of full versions of 
research papers in which the results are discussed in detail. 

6.1 Research paper I 

The key findings of Research Paper I were related to the geometry model. Most of 
the attention was paid to a novel approach to include geometrical imperfections of 
the manufacturing process. The proposed methodology workflow was based on optical 
digitization of structure segments after the manufacturing process. The scanned struts were 
cut in several cross-sections and interlaced by several simplified shapes of a circle and 
ellipse. This step allowed to accurately find the actual cross-section shape and its 
dimensions. Simplified shapes were used to make an equivalent comparison of geometries 
and create models suitable for F E M analyzes. 

In the paper, the B C C lattice structure made of aluminum alloy AlSiioMg with different 
parameters was investigated using an impact test and corresponding F E M analysis. In 
the first step, digitization of the structure segments was performed with a nominal strut 
diameter of 0.8 mm (section 5.2.). After digitization cross-sections were done in the mid-
length of chosen struts. These cross-sections formed significantly irregular shapes similar to 
a water drop. In the next step, they were interlaced with circles according to several 
governing rules: maximum inscribed, minimum circumscribed, and circle with Gaussian 
distribution (with three-sigma accuracy). Additionally, an elliptical approximation of 
the actual cross-sectional shape was included because it better approximated the shape of 
the water drop. 
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The measurement results were consistent (0.94±0.08 mm for the circle with Gaussian 
distribution), but the different governing rules of the cross-sectional approximation showed 
significant differences in the measured diameters. The largest differences were observed for 
the diameters of the maximum inscribed and minimum circumscribed circle diameters 
(0.74±0.08 mm for the maximum inscribed circle and 1.25±0.17 for the minimum 
circumscribed circle). The result was attributed to the significant non-circularity of 
the measured sections (average minor/major axis ratio 0.71). Therefore, it was decided to 
compare experiment with F E M simulations for nominal geometry, geometry created with 
Gaussian distribution and elliptical cross-section. It allowed to assess the influence of 
imperfections independently. 

The results were compared in terms of force reaction, duration of deformation, and 
deformation pattern. Initial comparison of experiment and simulation with nominal 
geometry of struts showed a significant underestimation of deformation resistance. 
The geometry was, therefore, modified according to the measurements, and the simulation 
was recalculated. It was shown that simulation considering the cross-section with circular 
Gaussian distribution achieved lower values of force reaction at the beginning of the plastic 
deformation compared to the experiment (approx. 12% difference). In addition, the duration 
of the deformation differed about 21%. In contrast, geometry created with elliptical cross-
section achieved a good agreement of the force reaction compared to the experiment (approx. 
2% difference). The comparison also showed a similar deformation pattern. 

In the next step, a similar optical measurement and experimental testing procedure were 
performed for structures with nominal strut diameters in the range of 0.6-1.2 mm. Measured 
data were extrapolated with the linear function to show general trends. The percentage 
difference between the measured Gaussian and nominal diameters was concluded to 
decrease with increasing nominal diameters: 29% for 0.6 mm, 16% for 0.8 mm, 9% for 
1.0 mm, and 4% for 1.2 mm. Based on the measurement results, the simulations with circular 
Gaussian and elliptical cross-sections were prepared for the remaining diameters equivalent 
to 0.6 mm, 1 mm, and 1.2 mm. 
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The results showed a good agreement between the experimental data and the numerical 
models that used elliptical geometry. Differences in terms of structure reaction forces were 
29% for 0.6 mm, 6% for 1 mm, and 1% for 1.2 mm nominal diameter equivalent and 
deformation differences were 5% for 0.6 mm, 14% for 1 mm, and 5% for 1.2 mm nominal 
diameter equivalent. Bigger overall differences were observed for geometries that used 
circular cross-sections with Gaussian distribution. For reaction forces were 16% for 0.6 mm, 
16% for 1 mm, and 14% for 1.2 mm nominal diameter equivalent and for deformations were 
6% for 0.6 mm, 21% for 1 mm, and 23% for 1.2 mm nominal diameter equivalent. The last 
findings showed that the geometrical imperfections differed according to the strut diameter. 
It confirmed that the inclusion of manufacturing imperfections must be considered 
individually for each geometry, material and manufacturing setup. Furthermore, it showed 
that the inclusion of imperfections related to the shape and size of the cross-section can be 
sufficient to achieve accurate results. 

6.2 Research paper II 

The key findings of Research Paper II were related to the model of the material. The main 
aim was focused on the determination of material properties specific to thin struts of lattice 
structures and the assembly of the non-linear material model. The proposed workflow was 
based on the development of a special multi-strut tensile sample that was able to reflect 
conditions of lattice structure under loading. The course of the elastic-plastic response of 
loaded samples gave a detailed overview of which mathematical equations were required for 
the description of material behavior. The model developed for this purpose was adopted by 
simulations that used the solid and beam element model. Both types of simulations were 
further compared with the experiment and evaluated by several metrics. 

The study focused on the B C C lattice structure made of 316L stainless steel using S L M 
technology under quasi-static loading. The nominal diameter of the strut changed in 
the range of 0.3-1.0 mm. 

In the first step, special multi-strut tensile samples were designed with a nominal strut 
diameter of 0.6 mm determined by the state of the art [19, 38]. In the next step, special 
samples were manufactured together with conventional samples and tested on the Zwick 
device. 
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The comparison of the different tensile samples showed a significant difference. Although 
the properties of conventional tensile samples (DIN 50125:2009-07, £=166=1=15 GPa, 
Fs=450±5 MPa) were comparable to the properties provided by S L M Solutions (DIN E N 
10088:2014, A S T M A276, £=178 GPa, Ys=529 MPa, [116]), multi-strut tensile samples 
showed a decrease in the observed properties (£=94±10 GPa, Ks,=338±20 MPa). Further 
investigation of multi-strut samples showed a 49% lower Young's modulus compared to 
the single strut test with the numerical corrections performed by Smith et al. [51 ]. In contrast, 
a comparison of the dual mode module described by L i et al. [28] showed an increase of 
approximately 30%. A good agreement of Young's modulus and other properties was 
achieved for the study by Gumruk et al. [27] who used similar samples. The wide range of 
properties can be explained by the different process parameters and geometry. These factors 
play an important role, especially in the production of thin-walled samples. 

In the following step, the non-linear elastic-plastic material model based on the results of 
multi-strut tensile samples was adopted by numerical simulation. An optical digitization 
procedure similar to the previous study was performed to obtain manufacturing 
imperfections. Based on findings geometry models with circular Gaussian and elliptical 
cross-sections were prepared. 

The first simulation considered only the linear elastic behavior of the material without 
including imperfections. For this setup, one solid element and two beam element models 
[34, 117] were compared with the experiment in terms of structure compressive modulus. 
One of the beam element models was prepared with modification of the nodal stiffness 
according to theLuxner study (1000 times higher Young's modulus) [34]. The radius of 
correction for stiffness in the vicinity of the node was determined as a value of the nominal 
strut diameter +0.2 mm. The comparison showed that the compressive modulus of 
the structure without modifications was in good agreement with the experiment for all tested 
strut diameters (with an average error of 14%) [117]. In contrast to this, the beam element 
model with stiffness corrections was in good agreement with the experiment only for smaller 
strut diameters up to 0.6 mm. The compressive modulus then increased significantly. 
A similar behavior was observed for the solid element model, which was according to 
expectations in compliance with the beam element model that included stiffness corrections. 
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Then the non-linear behavior was included in the material model. For this setup, four beam 
element models were compared: the model with nominal geometry [117], the model with 
nominal geometry and stiffness corrections [34], the model with circle Gaussian cross-
sections and stiffness corrections, and the model with elliptical cross-sections and stiffness 
corrections. This time, both models with nominal geometry were shown to be consistent with 
the experiment in terms of compressive modulus (with average error of 18% and 10%, 
respectively). On the other hand, models with modified cross-sections manifested higher 
stiffness compared to experimental values, especially for intermediate strut diameters 
(approx. twice in the range of 0.5-0.8 mm nominal diameter equivalent). It indicated that 
the different nominal cross-sections were influenced by the imperfections irregularly. 

Three of these models were further compared with the experiment in the area of plastic 
deformations in terms of initial collapse stress, plateau stress at 30% strain and volume 
energy absorbed up to 30% strain (see eqs. 2-22, 2-26, 2-40). The model with nominal 
geometry [117] appeared to have insufficient stiffness compared to the experiment. The lack 
of stiffness became significant with increasing strut diameter, and therefore the model was 
eliminated. Contrary to that, results closer to the experiment showed models with nodal 
stiffness modification and Gaussian, respectively, elliptical cross-section even for higher 
strut diameters. The most accurate results were achieved with elliptical cross-section and 
stiffness corrections, which confirmed findings from the previous study and justified 
the model of material developed in this research paper. Differences that occurred for 
simulations with larger strut diameters were caused by slightly different material properties 
for each diameter. 

In the last step, a larger lattice structure was produced and tested in a similar way. 
A comparison of the experiment and the finite element analysis confirmed the functionality 
of the simulation using a non-linear model of the material based on multi-strut tensile 
samples with the inclusion of local modifications and geometrical imperfections (up to 11% 
difference in terms of stress at 0.3 strain). 
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6.3 Research paper III 

The key findings of Research Paper III were related to the inclusion of dynamic loading 
effects in the material model. The study focused on the determination of the strain-rate 
sensitivity of the parent material for thin struts and its mathematical description. 
The proposed methodology workflow was based on the fast tensile test of multi-strut 
samples on a modified Hopkinson bars device. The result of this test quantified 
the differences between dynamic and quasi-static behavior determined in the previous study. 
Both series tested at different velocities were supplemented with data from other authors 
[19, 73, 74] and fitted with curves. According to the polynomial description of the curves, 
the most accurate input parameters of the constitutive C-S law were found. The material 
model containing this constitutive law was applied for simulations of lattice structure 
compression at different loading velocities. 

In the paper, several B C C and FCC based lattice structures made of stainless steel 316L with 
different parameters were investigated using experiment and F E M analysis of compression 
tests with different strain-rates. The governing nominal diameter was chosen at 0.6 mm for 
all struts, which led to a different volume fraction depending on the type of structure. 
Furthermore, the stand-alone struts were manufactured with different manufacturing angles, 
representing the angles of the struts in the structures. The struts were further digitized and 
geometry models were prepared based on measurement results similar to those of previous 
studies. 

The results of the dynamic tensile test showed good agreement with three sets of C-S law 
parameters from the author that tested thin struts in a similar multi-strut composition [19]. 
The parameters set in the original study were defined as 1 - up to 100 s"1 based on yield 
stress; 2 - up to 6600 s"1 based on yield stress; 4 - Estimation. A l l the mentioned sets were 
adopted by the material model and used in the simulation performed at intermediate strain-
rates (102-103 s"1). The results compared to the experiment of six different structures in terms 
of initial collapse stress, plateau stress and SEA showed significant differences. 

The initial collapse stress was consistent for parameter sets 1 and 2 but differed from 
the simulation with parameters 4. Compared to the experiment, the simulation with 
parameters 1 and 2 was much closer to the average values of the experiment. On the other 
hand, when plateau stress and SEA were compared, parameter setup 4 showed better 
compliance with the experiment. However, the consistency of the simulations using setups 
1 and 2 remained preserved. 
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In the next part, parameter set 4 was used for simulations of B C C lattice structure 
compression performed under different strain-rates. To compare them with the experiment, 
the data from quasi-static testing from the previous study had to be supplemented with 
intermediate and high loading rates (approx. 2.2-103 s"1). The comparison of simulation and 
experiment in terms of initial collapse stress showed a relatively good agreement across 
the range of tested strain-rates. It showed that a similar approach can be used in the future 
for different structure topologies or process parameters. 
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Abstract: Selective laser melting (SLM) is an additive technology that allows for the production of 
precisely designed complex structures for energy absorbing applications from a wide range of 
metallic materials. Geometrical imperfections of the SLM fabricated lattice structures, which form 
one of the many thin struts, can lead to a great difference in prediction of their behavior. This article 
deals with the prediction of lattice structure mechanical properties under dynamic loading using 
finite element method (FEA) with inclusion of geometrical imperfections of the S L M process. Such 
properties are necessary to know especially for the application of SLM fabricated lattice structures 
in automotive or aerospace industries. Four types of specimens from AlSilOMg alloy powder 
material were manufactured using SLM for quasi-static mechanical testing and determination of 
lattice structure mechanical properties for the FEA material model, for optical measurement of 
geometrical accuracy, and for low-velocity impact testing using the impact tester with a flat 
indenter. Geometries of struts with elliptical and circular cross-sections were identified and tested 
using FEA. The results showed that, in the case of elliptical cross-section, a significantly better match 
was found (2% error in the Fmax) with the low-velocity impact experiments during the whole 
deformation process compared to the circular cross-section. The FEA numerical model wil l be used 
for future testing of geometry changes and its effect on mechanical properties. 

Keywords: finite element analysis (FEA); low-velocity impact; numerical model; lattice structure; 
material model; ANSYS Workbench; aluminum alloy AlSilOMg; energy absorption 

1. Introduction 

Energy absorbers made of porous materials are currently used to absorb mechanical energy 
caused by impact or high velocity deformation due to their high efficiency of energy absorption and 
low weight [1-3]. There are several types of commercially produced porous materials, e.g., hexagonal 
honeycomb structures [4], metal foams [5-7], or laminated composite fiber blocks [8]. Mostly, the 
aluminum foams are used. They usually have porosity about 75-95% with a large amount of closed 
gas pockets and irregular porous structure. This material is usually used in the form of sandwich 
panels to achieve a higher absorption effect through uniform distribution of stress during loading. 

A n alternative way to produce porous materials with precisely controlled shape of porous 
geometry is the S L M technology [9]. SLM uses a layer-based production which allows for the 
manufacturing of the porous material with a complex shape that can be designed directly for the 
expected amount of impact energy. Using SLM, it is also possible to integrate screw holes or other 
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fixation elements to the porous material. Unlike conventionally produced materials, S L M allows the 
production of the porous material from various alloys such as titanium or tool steels alloys [10]. The 
most commonly used shape of lattice structure produced by SLM is BCC (Body Centered Cubic) 
[9,11]- BCC geometry corresponds to body diagonals of the cube. It consists of eight struts 
intersecting in its center. Orientation of the struts in BCC structure is 35.26° compared to xy plane. 

During SLM production of the lattice structure, geometrical imperfections occur. They are 
caused by struts orientation and heat transfer to the surrounding metal powder. Consequently, the 
laser process parameter needs to be optimized for SLM production of lattice structure [12-19]. Vrana 
et al. [19] deal with the SLM processing strategy for strut-lattice structure production, which uses 
only contour lines and various combinations of main process parameters. The authors focused on the 
evaluation of the influence of a laser scanning strategy on material properties and surface roughness. 
The best results were achieved with 25% track overlapping, input energy Euv in the range from 9 J to 
10.5 J and linear energy Em from 0.25 to 0.4 [/mm; in particular, the relative density of 99.83% and 
the surface roughness on the side of the strut of Ra 14.6 \xra in an as-built state was achieved. 
Geometrical imperfections are mainly shape deviations created by sticking of the partly melted 
powder particles onto the down skin side of struts [19-21], high surface roughness, and internal 
porosity. Sticking of powder was also dealt with by Koutny et al. [20]. These authors studied the 
influence of SLM production orientation on the real diameter of struts. The results show a 
dependence between the struts diameter and production orientation. In the case AlSilOMg, the 
diameter of the struts was always larger, and their true diameter changed with orientation of the 
strut (compared to the platform). Qui et al. [14] also examined the influence of laser process 
parameters onto the strut diameter. The results show that single struts manufactured by S L M had a 
larger diameter than nominal. The diameter increased monotonically with higher laser power and it 
significantly improved compression mechanical properties of the lattice structure compared to the 
assumption. Similar results were achieved by Vrana et al. [22] in the case of lattice structure under 
low-velocity impact loading. The results from mechanical testing show a significant improvement of 
the impact resistance due to the strut diameter increase. 

For efficient design of energy absorber, it is necessary to use FEA to predict mechanical 
properties of the part during impact load. There are two main approaches to the numerical models 
of porous materials. The former uses a homogenized model of geometry and the latter uses a 
simplified model of real geometry [2,4,23-27]. The method of how to simplify the real shape of the 
lattice struts for FEA was described by Suard et al. [21]. They studied the shape of the lattice structure 
struts produced by EBM technology. A Computed tomography (CT) analysis was used for a detailed 
3D scan of the strut surface. For geometry simplification in FEA, the effective volume corresponding 
with the maximum cylinder inscribed in the strut was defined. Koutny et al. [20] measured the shape 
of struts specimens using optical measurement. Similar to the previous author, the maximum 
inscribed diameter was used for the evaluation of mechanical properties. 

Porous materials have a specific impact loading behavior due to the topology of core geometry. 
Therefore, in the case of homogenized geometry, it is necessary to use a suitable material model that 
considers its deformation behavior. Material models of porous structures, such as honeycomb or 
metal foam, are usually included in the material library of the FEA software, and it is possible to also 
use them for lattice structure [10,26-28]. According to Mohmmed et al. [26], a crushable foam 
material model is suitable for simulation of penetration of porous foam blocks with a damage 
criterion describing the occurrence of breakdowns between the core and plates. Input material 
constants can be obtained from uniaxial compression tests according to AST M D5308. Labeas et al. 
[27] used both ways; the material model Mat-26 Honeycomb (LS-Dyna) to create a dynamic FEM 
simulation with a homogenized micro-lattice core and the bilinear (multilinear) material model with 
micro-lattice BCC structure geometry. The results showed that the simplified core is only suitable for 
prediction of the first progressive collapse of the lattice structure, while the beam geometry allows 
for the prediction of the whole deformation process due to the preserving topology of the core. Based 
on previous studies [10,26,27], it is possible to determine boundary conditions, type and density of 
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polygonal mesh, type of contact between bodies. It is necessary to consider the difference between 
the core and plate material model and the damage criterion [19,24,29,30] that needs to be added. 

The authors [31-33] examined mechanical properties of AlSilOMg alloy produced by SLM 
technology. As tensile specimens, the standard or flat specimens in the as-build or machined 
condition were usually used. Kempen et al. [33] showed various mechanical properties depending 
on the SLM production orientation. Specimens with xy orientation achieved a higher elongation 
compared to the z direction. The influence of the strut shape and SLM process parameters was dealt 
with by Tsopanos et al. [34]. In their study, the single struts from 316L alloy were tested. The results 
showed significant differences between the mechanical properties of struts with internal porosity or 
non-melted particles compared to the well melted struts. It is caused by small dimensions of struts 
compared to the standard tensile specimens. Therefore, special multi-strut tensile specimens were 
designed in this study. 

Porous materials as honeycomb or metal foams are already used as a highly effective absorber 
in industry. Currently, metal additive technologies such as SLM can be used as one of the ways for 
production of energy absorbers. Thanks to the additive production, it is possible to customize the 
absorbers for specific impact loading by the structure shape design (various areas with a different 
type of structure, gradient structure [35], etc.) or by the used material. S L M technology also has a few 
technological limitations that should be considered in FEA. In the case of thin struts production, 
small shape deviations can occur. Due to the high number of the struts inside the lattice structure, 
these imperfections can influence mechanical properties of whole structure. Therefore, this study 
deals with the influence of SLM technology imperfections during struts production and their 
mechanical response in FEA. 

2. Materials and Methods 

2.1. Speciments Fabrication Using SLM 

A l l sets of specimens were manufactured using S L M 280HL machine (SLM Solutions GmbH, 
Lübeck, Germany) which is equipped with a 400 W Ytterbium fiber laser (YLR-laser) with Gaussian 
shape of energy distribution and spot diameter 82 pm. Laser scanning speed may reach up to 10.000 
mrns - 1. During SLM process, the N2 atmosphere was used in a chamber which provides 280 * 280 * 
350 mm build envelope. To ensure the same conditions during the manufacturing process, each set 
of specimens were produced in one build job (Figure la). Standard process parameters (SLM 
Solutions) were used (Figure lb). 

Selective Laser Mel t ing Process Parameters 

Lasel spee d - b or ders 500 mm • s"1 

La ser speed - volume 930 mm • s -1 

Beam compensation 150 um 

Hatch distance 150 l i i y l 

Platform preheating 150 I JC 

Layer thickness 50 urn 

Laser spot size cj) 82 urn 
Oxygen level up to 0.2 % 
Atmosphere N2 

Laser power 350 VV 

(a) (b) 

Figure 1. (a) Single series of mechanical specimens after SLM manufacturing; (b) SLM laser process 
parameters used for specimen fabrication. 
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2.2. Metal Powder Analysis 

AlSilOMg aluminum alloy powder (TLS Technik GmbH, Bitterfeld, Germany) was used for 
manufacturing all types of specimens. The powder material with almost spherical shape of particles 
was produced using a gas atomization technology in nitrogen atmosphere (Figure 2b). For quality 
verification, the particle size distribution was analyzed (Horiba LA-960, Horiba, Kyoto, Japan). Main 
parameters of the particle size distribution were as follows—median size was 40.7 pm, mean size 
was 41.4 pm, and standard deviation was 12.9 pm. The particle size up to 25.2 pm represents 10% 
and the particles up to size of 58 pm represents 90% of particles (Figure 2a). Depending on the particle 
size distribution of the metal powder, a 50 pm layer was used for fabrication of all specimens. 

(a) (b) 

Figure 2. Selective laser melting (SLM) powder characteristics; (a) chart of particle size distribution; 
(b) shape of powder particles (scanning electron microscopy (SEM)). 

2.3. Specimens for Mechanical Testing 

2.3.1. Tensile Specimens 

Mechanical properties of thin struts are highly affected by surface roughness and internal 
material porosity, which locally reduces the strut cross-section and mechanical properties [34]. 
Therefore, a special (multi-struts) shape of tensile specimens was designed for quasi-static 
mechanical testing (TS-series; Figure 3d). The multi-strut specimens were composed of 12 struts with 
diameters of d = 0.8 mm and strut lengths of / = 29 mm. To describe the material properties depending 
on specimen's inclination during S L M layer-based fabrication, they were fabricated in orientation of 
90° and 45° (relative to the platform). To compare the struts and bulk mechanical properties, standard 
bulk material specimens (TB-series; Figure 3b) were also fabricated in orientation of 90° and 45° 
(relative to the platform). A l l specimens were tested in the as-build condition. 
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28.9 
45 
85 

12x 00.8 

(c) (d) 

Figure 3. Specimens for (a) quasi-static compressive (C-series) and low-velocity impact testing (IT-

series); (b) quasi-static tensile testing of bulk material (TB-series); (c) optical analysis (O-series); and 

(d) quasi-static tensile testing of multi-strut specimens (TS-series). 

2.3.2. Lattice Structure Specimens 

For quasi-static compression tests, BCC lattice structure core specimens with dimensions of 20 
x 20 x 20.8 mm were used (C-series; Figure 3a). The BCC unit cell was composed of eight struts with 
diameter d = 0.8 mm and side length OBCC = 4 mm. On the bottom and upper side, the specimens were 
covered with thin plates t = 0.3 mm. For low-velocity impact testing, a specimen with dimensions of 
20 x 20 x 16.8 mm and the same shape of the unit cell was used (IT-series; Figure 3a). To verify the 
material model based on parameters obtained from quasi-static testing, specimens for low-velocity 
impact testing with diameters of 0.6, 0.8, 1.0, and 1.2 mm were produced. Specimens for optical 
measurement were similar to the specimens for mechanical testing but manufactured without the 
upper plate for better access to the lattice structure core during the optical measurement process (O-
series; Figure 3c). 

2.4. Shape of the Struts Analysis 

To determine the actual dimensions of BCC lattice structure and multi-strut tensile specimens, 
O-series and TS-series of the specimens were analyzed by ATOS Triple Scan (GOM GmbH, 
Braunschweig, Germany) optical 3D scanner (MV170 lens; calibration was carried out according to 
VDI/VDE 2634, Part 3). Before the scanning process, specimens were coated with a thin layer of 
titanium dioxide powder (approx. 3 |_im) [36]. Due to the complex shape of specimens, only four-
corner struts could be digitized in the required quality. 

The actual dimensions were measured by fitting the ideal cylinders and ellipses into the surface 
geometry in G O M Inspect software (SRI, G O M GmbH, Braunschweig, Germany, Figure 4)— 
diameter din (inscribed cylinder) shows the largest diameter of homogeneous strut without 
geometrical imperfection and surface roughness; diameter dmt (circumscribed cylinder) defines the 
strut diameter including surface roughness and partially melted powder on the down skin strut 
surface; diameter dgmss shows the value with the Gaussian distribution. 

To include the partially melted powder on the down skin side to the strut geometry, the ellipse 
geometry, which very well reflects the real shape of the strut cross-section, was used. Ellipse 
dimensions were measured in three points on the single corner struts, and the average value was 
used. Measured diameters were used for dimensional analysis of the lattice structure and for the 
creation of real lattice structure geometry in FEA. 
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Figure 4. Visual 2D representation of elements used for dimensional struts analysis. 

2.5. Mechanical Testing 

2.5.1. Quasi-Static Mechanical Testing 

Zwick Z020 device, (Zwick Z020, ZwickRoell GmbH & Co. KG, Ulm, Germany) a universal 
machine for mechanical testing with maximum force of 20 kN, was used for tensile (TS-series, TB-
series) and compression test (C-series). Specimens were pre-loaded with 20 N and loaded with 
standard loading speed of 2 mm-min - 1. During tensile testing, specimens were clamped into the jaws 
and loaded until all struts were broken. 

During the pressure testing, the samples were placed between two plates in the testing device. 
The bottom plate was fixed attached to the device, thereby, movement of the sample in the vertical 
axis or its rotation was avoided. The upper movable plate was hinged with a rotary joint. This type 
of connection allowed a slight rotation of the upper (loading) plate during contacting with the 
sample's surface. This eliminates the possible effect of uneven loads caused by inclined grinding of 
the sample surface (Figure 5). 

(a) (b) 

Figure 5. Mechanical testing using Zwick Z020 machine (a) tensile test; and (b) compression test. 

2.5.2. Low-Velocity Impact Test 

Low-velocity impact testing of the IT-series was performed on the drop weight impact tester 
developed at Brno University of Technology (Figure 6a). The system is equipped with high-speed 
camera Phantom V710 and strain-gauge (XY31-3/120). The strain-gauge measures the reaction force 
during deformation of the lattice specimens, the high-speed camera measures the position of the 
marker on the falling head. Signals from the strain gauge were recorded using the data acquisition 
system Quantum X MX410B (HBM GmbH) with a sampling frequency of 96 kHz, data from the high-
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speed camera were recorded in Phantom software with a sampling frequency of 48 kHz. Both records 
were jointly evaluated in M A T L A B software. The main output of measurements are the following 
dependencies: Force reaction, time (deformation), velocity of falling head, time (deformation), 
maximum specimen deformation, and deformation duration. The device allows to change the shape 
of impact body—flat indenter (surface contact; Figure 6b) and ball indenter (point contact; d = 16 
mm). During impact testing, the weight of the falling head was m = 7.252 kg and the drop height was 
(i = l m , For these parameters, the falling head achieves the maximum drop speed vin = 3.2 ms _ 1 with 
maximum energy Ein = 71.1 J. The testing device belongs to the group of low-velocity test devices 
[7,25,26]. 

1 

A 

Magnet 

Falling head 

5train-gjuge 

\ Indenter 
Sample 

Base 

V////// 

(a) (b) 

Figure 6. (a) Schema of the low-velocity impact tester; and (b) Geometry of the flat indenter. 

2.6. FEM Numerical Model 

The numerical model of the low-velocity impact test was created in ANSYS Workbench 18.2 
software, module Explicit dynamic. Based on previous studies [2,4,23-27], the material model 
Bilinear isotropic hardening was selected for definition of mechanical properties of lattice core. The 
geometry was composed of five bodies according to Figure 7a, where the body (3) represents the 
lattice structured core; bodies (2) and (4) represent bottom and upper plates of the specimen; the 
body (1) is the indenter, and the body (5) is a solid base. 

The initial drop weight impact test was performed to find out the strain rate values for various 
struts diameters. The obtained results were in range of 80-120 s_1. Based on the initial results along 
with the loading velocity of about of 3 ms _ 1 , the elastic-plastic material model was selected. This 
model did not further consider sensitivity in the strain-rate effect. 

Input parameters for definition of lattice structure core material model were determined from 
quasi-static tensile and compression tests of the specimen TS- and C-series, specifically from stress-
strain curves, which were created based on force—displacement testing data and the geometry 
results from optical measurement of the specimens (see Section 3.3.1). Mechanical parameters of 
plates were determined from the tensile test of bulk material (TB-series). The material model was 
also supplemented with the criterion of damage obtained from the lattice quasi-static compression 
test. The used limit value corresponds with strain at the maximum stress point ( & « ) before the 
progressive collapse of the lattice structure. For the indenter and the base body, the standard 
Structural Steel material model was used in the case of the indenter with rigid behavior. 

Numerical model constrains were based on a quarter symmetry in x and y directions. From the 
bottom to the top in Figure 7a, between the base (5) and the bottom plate (4), the frictional contact 
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with static frictional coefficient (0.61), and dynamic frictional coefficient of 0.47 were defined. The 
bottom and upper plates (4, 2) are connected with the lattice core (3) by the bonded contacts. Body 
self-interaction was involved. To achieve a comparable result with the experiment, only the base 
body (5), which represents the base plate in the testing device, was limited in x, y, z direction (rotation 
was not suppressed). To define the boundary conditions, parameters of the low-velocity impact 
experiment were used. The falling head (m = 7.25 kg) was represented by the indenter in the 
numerical model. As in reality, the weight of the indenter is very low compared to the falling head; 
therefore, the weight of the indenter was increased using a higher density value (pina = 899,306 kg-rrr3) 
to match the weight of the real falling head. The impact velocity was determined using high-speed 
camera v = 3.1 ms _ 1 . For all bodies, the standard gravitational acceleration g = 9.806 ms~2 was 
adopted. 

Body ( I ) - sol id hex dominan t block 

(a) (b) 

Figure 7. Numerical model in the Ansys software (a) quarter model with bodies and constrains; (b) 
finite element mesh quality. 

A finite element mesh was created with several element types (Figure 7a)—the base and 
indenter bodies (1, 5) were formed by Hex dominant block elements (8 nodes) with size 2 mm, the 
bottom plate (4) with Hex Dominant block elements (8 nodes) with a size of 1 mm, the lattice core (3) 
with solid Tetrahedron (4 nodes) elements, which also well represents the surface roughness of the 
struts (Figure 7b). Their size was managed by the diameter of struts and the mesh quality parameter. 
In the case of circular cross-section shape with diameter d = 0.95 mm, tetrahedron element size was 
0.4 mm. The shell elements with size of 0.5 mm were used for upper plate (2) to prevent the Hourglass 
effect (Figure 8a). 

In the case of a mid-surface representation, all physical and geometrical information are 
represented only by the surface of shell elements without thickness (Figure 8b). For the correct 
physical representation and constrain application between the upper plate and indenter, the shell 
thickness factor was considered and set to STF = 0.95. This parameter ensures a contact surface in 
real distance from the mid-surface (Figure 8c). 
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Figure 8. (a) Hour-glassing energy error; Shell thickness factor—(b) Shell mid-surface of the upper 
plate; and (c) Description of the contact surface. 

3. Results 

In presented study, there are a lot of used abbreviations, therefore, the table which summarizes 
them was created (Table 1). 

Table 1. The list of used abbreviation. 

Shortcut Description Shortcut Description 
SLM Selective laser melting technology dm Maximum inscribed cylinder into the strut 

FEA Finite element analysis 
Minimum circumscribed cylinder on the strut 

surface 
FEM Finite element method A, Cross-section area of real strut 

YLR Ytterbium fiber laser ADI„ 
Cross-section area of maximum inscribed cylinder 

into a strut 
BCC Body centered cubic Aogauss Cross-section area of Gauss strut cylinder 

NM Numerical model Aoout 
Cross-section area of minimum circumscribed 

NM Numerical model Aoout 
cylinder fitted on a strut surface 

STF Shell thickness factor AcUipsc 
Cross-section area of an ellipse fitted to the strut 

surface 
CAD Computer aided design a Ellipse minor axes 
EPS Equivalent Plastic Strain b Ellipse major axes 

BL-I 
Bilinear isotropic hardening model of 

lattice core 
c Ellipse ratio 

BL-II 
Bilinear isotropic hardening model of 

bottom and upper plates 
Fnua Maximum force 

EBM Electron beam melting XFimn Deformation of the specimen at maximum force 
CT Computed tomography (7l.'!i?l Maximum engineering stress 
ascc Length of BCC cell edge Strain at the maximum engineering stress 

I 
Length of the struts in the multi-strut 

tensile specimen 
E Young's Modulus 

d Nominal lattice structure strut diameter ET Tangent Modulus 
t Specimen's upper plate thickness YTSo.2% Offset yield strength at strain 0.2% 
h Height of the C-series specimens UTS Ultimate tensile strength 

kCAD Nominal CAD height of the specimen Eln Initiating impact energy, energy just before impact 
tUpP Thickness of the upper plate Vln Initiating speed, speed just before impact 
mc Weight of the C-series specimens m Weight of the falling head 

niCADJJ.8 
CAD weight of the C-series specimen 

with nominal struts dimeter 
frirf Duration of deformation 

niCAD_0.95 

CAD weight of the C-series specimen 
with Gauss stuts diameter and real upper 

plate thickness 
XDyn 

Deformation of the specimens under dynamic 
loading 

P Measured relative density of C-series EAbs Absorbed energy 

pCAD_0.S 
Calculated relative density of the CAD 

model with nominal diameter d = 0.8 mm 
VUp Speed of the rebound 

PCAD_0.95 

Calculated relative density of the CAD 
model with measured Gaussian diameter 

d = 0.8 mm 
kDyn 

Average stiffness of the specimens under dynamic 
loading 
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Ideal struts Gauss cylinder PAbs Absorption power of the specimens under dynamic 
loading 

Number of the struts in the multi-strut llrl Effective length of the tensile specimen n 
Number of the struts in the multi-strut llrl Effective length of the tensile specimen 

specimen 
llrl Effective length of the tensile specimen 

pinä 

deliberately increased density of the 
indenter to represent the weight of the E'llj! 

Input energy to the current layer of the lattice 
structure 

whole falling head 

Input energy to the current layer of the lattice 
structure 

SEM Scanning electron microscopy Elm Linear energy—(laser power/laser speed) 

3.1. The Analysis of Initial Weight and Height 

After SLM fabrication, the basic parameters, such as weight and height of C-series, were carried 
out (nominal struts diameter d = 0.8 mm). The results showed that the weight of the specimens was 
almost twice as high and the relative density p, which was found comparing the real weight and the 
theoretical weight of the solid cube, was about 10% higher than that expected by C A D . Therefore, 
the lattice structure numerical model must have struts diameter larger than the nominal diameter d 
= 0.8 mm. The deviation was caused by S L M production of larger struts of the lattice structure, as 
was also described in the study in Reference [14]. Based on these results (Table 2), more detailed 
analyses using optical measurement were performed. 

Table 2. The initial analysis of the C-series. 

(Avg. Values) Measured C A D 
h tupp m 9 kCAD mCAD_0.8 mCAD_0.95 pCADJ.S PCAD_0.% 

(mm) (mm) (g) (%) (mm) (s) (g) (%) (%) 
X 21.04 0.75 6.97 31 20.80 4.72 6.94 21 31 

3.2. Optical Measurement of the Lattice Structure 

The optical system Atos Triple Scan III (GOM GmbH, Braunschweig, Germany) and the lighting 
microscope Olympus SZX7 (Olympus, Tokyo, Japan) were used for more detailed measurements of 
the lattice structure. The result shows that there were significant differences between the inscribed 
and circumscribed cylinders (Table 3, Figures 4 and 9). 

Table 3. Struts diameter measured using the Atos Triple Scan optical system (O-series; nominal 

diameter d = 0.8 mm). 

(mm) Corner Strut dgauss din doui 
Ellipse 

(mm) Corner Strut dgauss din doui 
Minor Axis Major Axis 

1 0.94 0.74 1.26 0.79 1.1 

SI 
2 

3 

0.99 
0.95 

0.93 

0.75 

0.7 
0.73 

1.19 

1.24 
1.21 

0.81 
0.79 

0.79 

1.17 

1.14 
1.12 

4 0.93 0.72 1.16 0.78 1.09 

1 0.96 0.76 1.18 0.8 1.2 

S2 
2 

3 

0.92 
0.96 

1.02 

0.75 

0.73 
0.74 

1.09 

1.36 
1.22 

0.79 
0.79 

0.8 

1.03 

1.06 
1.12 

4 0.94 0.72 1.23 0.77 1.17 
1 0.86 0.69 1.08 0.78 1.08 

S3 
2 
3 

0.91 
0.94 ° - 9 1 

0.69 
0.76 

0.71 
1.26 
1.2 

1.18 
0.77 
0.76 ° - 7 6 

1.05 
1.13 

1.06 

4 0.91 0.7 1.17 0.73 0.97 
1 0.97 0.82 1.27 0.86 1.27 

S4 
2 
3 

0.96 
0.97 

1.01 

0.73 
0.74 

0.74 
1.31 
1.43 

1.31 
0.89 

0.84 
0.83 

1.15 
1.04 

1.16 

4 0.93 0.67 1.23 0.77 1.18 
X 0.945 0.729 1.229 0.795 1.114 
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Figure 9. Side view on the C-series specimen using the lighting microscope. 

3.3. Mechanical Properties 

3.3.1. Quasi-Static Mechanical Testing 

For evaluation of mechanical properties, the average dimensions of dgauss were used (Table 4; 
Figure 10). From the stress-strain curves, yield strength YTSo.2%, Young's Modulus E, and tangent 
modulus ET were evaluated. YTSo.2% was carried out as an intersection of the stress-strain curve and 
the parallel line to the linear part of the curve (Hook area) in the strain value 0.002. ET tangent 
modulus was obtained as an interpolation of the part of the plastic area in a stress-strain curve by a 
line. The same evaluation process was used in the case of bulk material specimens (TB-series). The 
obtained average values are shown in Table 5. 

TS90 series TS45 series 

1 ^ 

35 

30 

ra" 2 5 

1 20 

& 10 

5 

C - series 

»»-3* 

M K*l 
t 

A 

0.01? 0.02 0.03 

(a) 

0.06 0.09 

Strain{-) 

(b) 

I 

ill 
1' 

0.12 0.15 

Figure 10. (a) Quasi-static stress-strain curves of the struts tensile specimens; and (b) Quasi-static 
stress-strain curves of the compression specimens. 

Table 4. The dimensions of the tensile specimen specimens (multi-struts tensile specimens TS-series; 
bulk tensile specimens TB-series). 

(mm) 
TS45 TS90 TB45 TB90 

(mm) 
dgauss din dout dgauss din dout dgauss din dout dgauss din do ti! 

1 0.88 0.66 1.07 0.78 0.61 1.09 5.05 4.91 5.49 5.03 4.94 5.36 
2 0.88 0.69 1.14 79 0.68 1.03 5.04 4.89 5.66 5.02 4.9 5.45 
3 0.89 0.72 1.15 - - - 5.03 4.85 5.6 5.01 4.93 5.57 
4 0.9 0.74 1.19 0.79 0.71 0.88 - - - - - -
5 0.9 0.7 1.34 0.8 0.69 1.06 - - - - - -
6 0.91 0.71 1.29 0.78 0.69 0.87 - - - - - -
X 0.89 0.70 1.20 0.79 0.68 0.99 5.04 4.88 5.58 5.02 4.92 5.46 



Materials 2018, 22,2129 12 of 21 

Table 5. The dimensions of the tensile specimen specimens with different orientation to the platform 

(multi-struts tensile specimens TS-series; bulk tensile specimens TB-series). 

Spec. Fmax Umax 
£ (GPa) 

YTSo.2% UTS ET 
Spec. (N) (mm) (MPa) 

Eamax £ (GPa) 
(MPa) (MPa) (MPa) 

TS45 2270 0.462 - 0.015 71.6 131.6 224.2 6649 
TS90 1934 0.297 - 0.010 103.7 116.6 186.8 8701 
TB45 7625 1.030 - 0.026 96.1 227.0 382.2 4858 
TB90 6453 0.809 - 0.020 147.5 187.4 326 5753.3 

C 10,860 2.133 27.2 0.103 483.5 - - -

3.3.2. Low-Velocity Impact Test Results 

To find out the absorption characteristics of the BCC lattice structure material and FEA for 
validation, the low-velocity impact test of the IT-series was carried out using the low-velocity 
impactor. As was described above, the specimens were produced together in the one build job; 
however, significant differences in mechanical properties in single sets of specimens, such as 
maximum reaction force Fmax, maximum deformation xoyn or duration taef can be observed (Figure 
l ib ) . These differences could be caused by a local damage of the lattice structure under loading, the 
structure which can occur by the material imperfection of SLM fabricated lattice structures such as 
surface roughness or internal porosity. It can change symmetrical bending of dominate deformation 
process, which is typical for BCC structures, to an asymmetrical mechanical response [37]. Therefore, 
in the case of the lattice structure, it is necessary to work with average values of the mechanical 
properties. For comparison purposes, the average curves of the force-deformation and initial speed-
deformation were created (Figure llc,d). A l l the low-velocity impact results are shown in Table 6; 
there is shown that mechanical properties of sets of specimens, such as maximum reaction Fmax and 
stiffness of the specimens under dynamic loading koyn, increase linearly with struts diameter. 
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o 
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5 

0 
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4 6 8 
Deformation, (mm) 

(c) 

10 4 6 8 

Deformation (nun) 

(d) 
Figure 11. The results from low-velocity impact testing: (a) Single IT-series with diameter d = 0.8 mm; 

(b) variance of force and deformation of all IT-series; (c) average initial speed, deformation curves; 

and (d) average force-deformation curves. 

Absorbed energy EMS was evaluated regarding the real measured initiating speed vin and 
initiating impact energy Ein for each specimen. From Table 5, it is obvious that most of specimens 
absorbed more than 99% of impact energy, and only in the case of the specimens with nominal 
diameter d = 1.2 mm, there was a small decline. Therefore, the parameter absorption power PAU (J- s_1), 
which reflects the deformation and absorbed energy, was defined. 

PAbs = ^Abs/^def (1) 

The lattice structure with low value of PMS can absorb energy through long duration and large 
deformation. It is important e.g., in automotive industry where the car deformation area must be 
designed for overload not damaging the human body. 

Table 6. The results of the low-velocity impact. 

# 
Fmax tdef XDyn VIn 

Em (J) EAbs VUp koyn PAbs 
# (N) (ms) (mm) (m-s-1) Em (J) 

(J) (m-s"1) (N-mm-1) (J-*"1) 
4252 4.94 9.07 3.02 33.10 32.47 0.42 6.58 

6479 4.64 7.67 2.95 31.51 31.19 0.30 6.73 

IT 0.6 4005 5.29 9.61 2.93 31.19 30.87 0.30 9005 5.83 

4660 5.04 8.86 2.95 31.48 31.20 0.28 6.19 

6047 4.71 8.31 2.97 32.08 31.68 0.33 6.73 

X 5089 4.92 8.70 2.96 31.87 31.48 0.32 - 6.41 

9989 3.41 5.15 2.97 32.03 31.58 0.35 

-
9.27 

IT 0.8 9368 

12,218 

4.05 

2.94 

6.00 

4.32 

2.93 

2.96 

31.91 

31.87 

31.71 

31.31 

0.24 

0.39 
19,417 

7.82 

10.66 

9795 3.52 5.43 2.96 31.72 31.08 0.42 8.83 

X 10,343 3.48 5.22 2.96 31.88 31.42 0.35 - 9.15 

15,223 2.79 3.83 3.07 34.22 33.89 0.30 12.14 

17,625 2.03 3.30 3.13 35.45 35.28 0.22 17.37 

IT 1.0 16,437 2.16 3.66 3.15 36.09 35.56 0.38 29,371 16.49 

18,796 1.80 3.08 3.16 36.09 35.29 0.47 19.58 

16,859 2.18 3.50 3.15 35.98 35.83 0.20 16.46 

X 16,988 2.19 3.47 3.13 35.57 35.17 0.31 - 16.41 
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24,205 1.49 2.43 3.19 36.93 34.87 0.75 23.41 

28,067 1.31 2.17 3.22 37.61 35.22 0.81 26.84 

IT 1.2 20,597 1.89 3.14 3.21 37.30 36.44 0.48 39,006 19.33 

27,627 1.31 2.13 3.21 37.28 34.92 0.81 26.61 

20,990 1.80 2.87 3.17 36.54 35.41 0.56 19.65 

x 24,297 1.56 2.55 3.20 37.13 35.38 0.68 - 23.17 

3.4. Finite Element Analysis (FEA) 

3.4.1. FEA Material Models 

Based on the quasi-static results, the material model (BL-I) of the BCC lattice structure from 
AlSilOMg alloy was created (Table 7). The parameters E, YTSo.2% and ET of the TS45-series were used 
to create the Bilinear isotropic hardening material model due to a similar strut build inclination, as 
in the case of the BCC lattice structure (35.26°) [33]. A damage criterion was obtained from the C-
series as the maximum equivalent plastic strain eamax. The material model (BL-II) of the upper and 
bottom plate was created using mechanical parameters of the bulk material. The other needed 
parameters were used from the Ansys material library as the default values. 

Table 7. Materials model used for lattice structure specimens FEA. 

Parameters BL-I (BCC) BL-II (Plate) Unit 
Density 2680 2680 k g m 3 

Isotropic Elasticity - - -
Young's Modulus 70,723 96,100 MPa 

Poisson's Ratio 0.334 0.334 -
Bulk Modulus 7.1 x 101" 9.6 x 101" Pa 
Shear Modulus 2.7 x 101" 3.6 x 10" Pa 

Bilinear Isotropic Hardening - - -
Yield Strength 135 227 MPa 

Tangent Modulus 6586 4858 MPa 
Plastic Strain Failure - - -

Max. Equivalent Plastic Strain EPS 0.1025 0.1025 -

3.4.2. F E M Model 

The results from FEA using the numerical model (NM) of the low-velocity dynamic loading 
(described above) are shown in Figure 12. From the figure, it is obvious that the force-time curve of 
the N M with ellipse cross-section (Figure 12b) corresponds better to the experimental results than 
that with circular cross-section (Figure 12a). The largest deviations can be seen in the middle 
(between 1.5-4 ms) and towards the end (between 4-5 ms) of the force-time curve. In the case of FEA 
considering the circular cross-section shape, the deformation time exceeded 5 ms, and the specimen 
was continually deformed. It does not correspond with the results of the low-velocity testing where 
the deformation ended at 5 ms. In the case of FEA considering the ellipse cross-section shape, 
duration and deformation ended at the end of 5 ms. The real and predicted damage of the specimens 
after low-velocity impact testing is shown in Figures 13 and 14. 

The deviations between FEA and the experiment were compared using the maximum force 
value in the first force peak in the case of FEA, and the average maximum force from the five 
experimentally tested specimens. The results show that the relative error of FEA with circular cross-
section is 12%, while with elliptical cross-section, it is 2% in the case of IT-0.8 series. 



Materials 2018, 22,2129 15 of 21 

(a) (b) (c) (d) 

Figure 14. Gradual deformation of the specimen with elliptical strut cross-section in tim: (a) 0ms; (b) 
1.31ms, (c) 3.78 ms; and (d) real damage of the specimen IT-2 after low-velocity impact test. 

4. Discussion 

4.1. Substitution of the Strut's Real Cross-Section with the Ideal Cross-Section 

The deformation behavior of numerical model (NM) with the ideal circular cross-section 
geometry of d = 0.8 mm (nominal diameter) showed large differences to the experiment during initial 
tests. Therefore, the results from weighing and optical measuring of the C-series (Figrue 15a) were 
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used for finding ideal diameter for using in N M for prediction of the real behavior of the lattice 
structure. 

From the 3D scanned data of the lattice structure(C-series), a cross-section area of the real single 
strut was calculated (Figure 15b; Ar = 0.712 mm2) and compared with the cross-section area of the 
fitted ideal cylinders to the strut in the G O M Inspect software (Ami = 0.417 mm 2; Aogmss = 0.701 mm 2; 
Aoout = 1.186 mm2). The results show that the best match is in the case of dGauss. Therefore, this diameter 
seems to be appropriate to represent the designed diameter d = 0.8 mm in the N M . 

A similar result was obtained from weight comparison where the weight of the lattice structure 
C A D model with dGauss and the measured weight were compared (Table 2). To the weight of C A D 
model (mcAD_o.9s), the larger thickness of the plates from the lighting microscope was also added. The 
result show that weight m and mcAu_o.% are almost identical. Based on these basic analyses, the strut 
diameter douss was selected for lattice structure simplification using ideal circular cross-section in the 
numerical model. This result differs from the results of Suart et al. [21], where the diameter equal to 
din was used. 

During the evaluation of optical measurement, the real shape of the lattice structure struts 
similar to "water drop" was found (Figure 15b). On the down skin strut surface, surroundings metal 
powder was melted due to struts orientation and heat transfer [19]. The partially melted powder 
modifies the strut shape into an elliptical cross-section resulting in an increase of mechanical 
properties under compression loading (Figure 12). Therefore, if only equivalent circular cross-section 
is used, the mechanical properties are increase in all directions instead of only Z direction. This will 
be reflected especially in the F E M model response during the progressive collapse of the lattice 
structure where deviations from the actual behavior occur, as is shown in Figure 12a. The results of 
experiment and FEA comparison show that the elliptic cross-section is more suitable for a description 
of the whole deformation process via FEA (Figure 12b). The circular cross-section can only be used 
for the estimation of approximate Fmax reaction force when the lattice structure starts to be damaged. 

Figure 15. Comparison of the real and ideal cylinder cross-section: (a) shape analysis in the GOM 
Inspect software and (b) real cross-section in four corner struts. 

4.2. Application of Numerical Model to BCC Lattice Structures with Struts Diameter between 0.6-1.2 mm 

The material model was created directly for the lattice structure with 0.8 mm nominal diameter; 
therefore, the other specimens, such as those for optical measurement or quasi-static testing, were 
fabricated only for this nominal diameter. However, as is shown in Figure 16, the material model of 
the lattice structure can also be used for diameters between 0.6-1.2 mm, which are commonly used 
dimensions of lattice structure struts. 
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Figure 16. Comparison of FEA results and experiment for different strut diameters; (a) reaction force; 

and (b) deformation. 

To create the F E M geometry in Ansys software, real strut diameters of nominal diameters 0.6, 
1.0 and 1.2 mm were obtained from the previous study [20] where the relation between the designed 
and real strut diameter after SLM processing was described. In order to use the elliptical shape for 
these diameters (0.6-1.2 mm), the ellipse ratio e from the O-series (d = 0.8 mm) was evaluated and 
applied to other strut sizes using Equation (6). The dgmm cylinder values from the line equation (Figure 
17) [20] were used to calculate the circle cross-section area. Then the elliptical ratio e = 0.71 and the 
equivalent sizes of circular and elliptical cross-sections were used for calculation of minor and major 
axes of the ellipse. The elliptical ratio was identified as a ratio between the average minor and major 
ellipse axes in the O-series test. The re-calculation process is described in Equations (2)-(6). The 
results also confirm a better compliance with the ellipse cross-section than with the circular one 
(Figure 16). 

y-0.6341x + 0.4697 

0.4 0.5 0.6 0.7 0 8 0.9 1 1.1 

Nominal diameter (mm) 

Figure 17. Increase of the real strut diameter fabricated by S L M described in the study [20]. 

^Dgauss ~ ^ellipse (2) 

d,2 

7T 
gauss , / o n 

= n • a - b (3) 4 

a 0.795/2 
-111472- = 0 7 1 4 <4> 

b = J d j a u s s / 4 • e (5) 

a = e • b (6) 
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4.3. Mechanical Testing 

In their study [34], the Tsopanos et al. tested single struts of 316L with diameters of about 0.2 
mm. The mechanical properties of struts were half as compared to the standard material because the 
mechanical properties of a single strut mainly decrease porosity and surface roughness. From this, it 
follows that to find the correct mechanical properties for the numerical model of lattice structure, it 
is not suitable to use the bulk material tensile specimens. 

Nevertheless, during compression loading, a lot of single struts transfer the load in the lattice 
structure. Therefore, multi-strut tensile specimen, where more struts are also loaded simultaneously 
were designed. The results of tensile testing show that specimens fabricated by S L M with of 45° 
orientation have different mechanical properties in comparison with those of 90° orientation - YTSo.2% 
+ 10%; UTS + 20%; E + 40%; and Et - 30%. It could be due to a higher porosity level inside the strut in 
the case of 90° orientation. To obtain the correct mechanical properties during evaluation of strut 
mechanical properties, it is necessary to use the real dimensions measured e.g., by optical 
measurement. The strut mechanical properties were compared with bulk material which is not too 
affected by internal defects. The results show much lower strut mechanical properties and more 
brittle material. (YTSo.2% - 40%; UTS - 30%; Young's modulus E - 30% and Tangent modulus Et + 30 
+ 50%). It may be mainly caused by significant surface roughness and almost two times higher 
surface of multi-strut specimens compare to bulk specimens (970/565 mm 2, calculated using Gaussian 
diam. for specimens T45-series dGauss = 0.89 mm.). The size of specimen's surface is also connected 
with close to surface porosity which can be expressed using parameter CtS and Equation (7) (for one 
truss of multi-strut spec, it is of 130; for bulk spec, it is of 29). This parameter expresses the ratio 
between the surface of the specimen or struts in multi-strut specimen S (mm2) and cross-section of 
the specimen or strut A (mm2). Its value shows susceptibility to failure due to close to surface 
porosity. 

S n-n• d - hpf 4-hpf 

C t S = A = ^ = V = 2 8 - 8 (7) 
n - ? r T 

where n is number of the struts of the specimens (for bulk shape n = 1), d is the strut or bulk 
specimens' diameter and h is the effective area of the specimen (see Figure 3). 

4.4. Criterion of Damage 

A damage criterion is the Ansys parameter which defines when the element is excluded from 
calculation (element erosion) and no longer contributes to load transfer. In the case of presented 
numerical model, the Equivalent Plastic Strain EPS = 0.1025 was used (Table 6). It means that if the 
element is deformed more than 10.25%, it is removed. 

The true strain value at the area of the damage of tensile specimen is required as input for this 
criterion in Ansys. From the strut tensile testing, only the global specimen's strain without 
considering the local damage in the critical area was obtained. There are two reasons: Firstly, it was 
an atypical shape of the specimens where it was problematic to measure the narrowing of the single 
struts in the damaged area. Secondly, the used material is very brittle; therefore, the narrowing of 
the struts was very small and could not be measured with available equipment. For this reason, an 
alternative method was used; EPS was represented by the strain at the first peak Fmm in the 
compression test. 

5. Conclusions 

In this study, all processes of material model creation and final FEA analysis were presented. 
The results show that the SLM technology allows to produce energy absorbers from AlSilOMg alloy, 
which can effectively absorb energy through self-deformation. Due to a good accordance between 
the numerical model and the experiment, it was possible to use the numerical model of lattice 
structure for precise design of the absorber in high-performance applications. This model will be 
used for future testing of geometry changes and their impact on mechanical properties. The 
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presented process of finding the material model can be employed for various materials used for SLM 
production. 

• The numerical model of BCC micro-lattice structure under dynamic loading with the elliptic 
strut shape was developed. The results show that the elliptic shape of the lattice structure 
significantly decreases a deviation between FEA and the measured results compared to the 
circular cross-section (10%, measured in the first force peak). 

• To find the correct mechanical properties for FEA material model, it is necessary to use the struts 
specimens with appropriate orientation during production due to the influence of internal 
porosity and surface roughness. 

• The orientation during SLM production significantly influences the mechanical properties. 
• The shape of the BCC lattice structure was analyzed using optical methods. A distinct "water 

drop" shape was found in the case of AlSilOMg alloy. 
• A weight comparison of the C A D design and the produced lattice structure shows that for 

simplification of the "water drop" shape of the strut, the Gaussian strut diameter should be 
used. 

• The results of quasi-static mechanical testing show that the differences between mechanical 
properties of the 90° and 45° orientation are mainly in the plastic area of deformation and may 
by caused by the significant surface roughness. 
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Abstract: Additive manufacturing methods (AM) allow the production of complex-shaped lattice 
structures from a wide range of materials with enhanced mechanical properties, e.g., high strength 
to relative density ratio. These structures can be modified for various applications considering a 
transfer of a specific load or to absorb a precise amount of energy with the required deformation 
pattern. However, the structure design requires knowledge of the relationship between nonlinear 
material properties and lattice structure geometrical imperfections affected by manufacturing pro
cess parameters. A detailed analytical and numerical computational investigation must be done to 
better understand the behavior of lattice structures under mechanical loading. Different computa
tional methods lead to different levels of result accuracy and reveal various deformational features. 
Therefore, this study focuses on a comparison of computational approaches using a quasi-static 
compression experiment of body-centered cubic (BCC) lattice structure manufactured of stainless 
steel 316L by selective laser melting technology. Models of geometry in numerical simulations are 
supplemented with geometrical imperfections that occur on the lattice structure's surface during the 
manufacturing process. They are related to the change of lattice struts cross-section size and actual 
shape. Results of the models supplemented with geometrical imperfections improved the accuracy 
of the calculations compared to the nominal geometry. 
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1. Introduction 
1.1. Lightweight Structures 

Lightweight structures and materials have become interesting for industries includ
ing transportation, aerospace, and space applications [1]. One category of lightweight 
structures are metallic cellular structures where metal foams, honeycombs, and lattices 
belong. Properties like low thermal conductivity, acoustic absorption, mechanical vibration 
damping, high stiffness to volume fraction ratio, and energy absorption are required within 
these materials [2-4]. Some of these properties are we l l represented by closed-cell and 
open-cell metallic foams [5]. However, both topological configurations are mostly irregular, 
which can cause randomly distributed damage during loading [6]. Furthermore, closed-cell 
foams form gas capsules that are usually non-desirable, and open-cell foams tend to be 
deformed by bending instead of the more convenient stretching-dominated mode [7-9]. 

Addi t ive manufacturing ( A M ) brings new production possibilities of stretching-
dominated lattice structures w i th enhanced mechanical properties such as h igh energy 
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absorption related to their weight or damping properties [10-12]. One of the frequently 
used A M technologies called selective laser melting (SLM) allows manufacturing from 
different materials, e.g., stainless steel 316L [13], titanium alloy TigAL^V [14], or aluminum 
alloy A l S i 1 0 M g [15,16]. 

With the A M , the topology of lattice structures can be customized to a wide range 
of applications, including a different k ind or direction of loading behavior [17,18]. This 
advantage can be used when lightweight components are designed for the transmission 
of accurately defined loading [8,19]. Structures can also be designed to absorb a specific 
amount of energy and undergo predefined deformation patterns [20]. A deeper knowledge 
of loading behavior and manufacturing technology is required to increase the efficiency of 
lattice structures, for example, i n terms of energy-absorbing capabilities [21]. It includes 
information about the deformation mechanism wi th in a specific geometry configuration, 
which can be investigated via finite element analysis (FEA) [22]. Significant inaccuracies 
and imperfections can occur [23], as far as the geometry of lattice structures produced by 
S L M technology is strongly influenced by the heat transfer phenomenon. In the computa
tional model of lattice, the structure geometry should be considered wi th deviations from 
the nominal computer-aided designed (CAD) data [24]. 

1.2. Computational Approaches 

Some methods of finite element discretization of geometry have been developed to 
study the properties of lattice structures under mechanical loading. Luxner et al. [25] 
focused on the uniaxial compression properties of lattice structures wi th circular cross-
sections and constant diameter. Timoshenko beam element models were util ized for 
the simulation of large structures. A stiffness correction i n the vicinity of the vertices 
was introduced by using elements w i th artificially increased Young's modulus i n these 
domains [26,27]. For a highly detailed representation of the structure topology, solid 
tetrahedron elements were used, giving higher modeling effort and computational cost. 

Ravari et al. [28] developed a Python 6.6.6. script for creating models of lattice 
structure geometry using quadratic beam element B32 and solid tetrahedron elements 
C3D10M from the Abaqus library. The script divided the lattice struts into at least 9 equally 
spaced intervals variating in the strut's diameter wi th a circular cross-section. A diameter 
according to probability was assigned to each interval. Furthermore, Dong et al. [29] dealt 
wi th the concept of loading only a single strut in the structure. To indicate the influence of 
the joint on the stiffness of the lattice, strut, beam, and solid element models were generated. 
A similar approach was invented by Geng et al. [30] who used finite element models based 
on combined elements. Some of the Timoshenko beam elements in a unit cell in the middle 
of the loaded lattice structure were replaced wi th solid tetrahedral elements C3D10. 

Vrana et al. [31] described methods of optical digitalization to achieve a model of 
lattice structure wi th the actual manufactured cross-section area and shape. The actual 
shape of the tilted lattice struts produced by S L M was approximated by an ellipse. Besides, 
Lei et al. [24] used micro computed tomography (u-CT) to capture the realistic geometrical 
information of the lattice strut surface including imperfections. A Python script was 
developed to automatically create a 3D model using B31 beam elements. Actual distribution 
characteristics of imperfection were taken into account in the F E A model as the opposite 
of Ravari et al. [28]. The quasi-static FE simulations were conducted in the A B A Q U S 6.14 
Explicit solver. The same solver used also Gumruk et al. [32], L i et al. [33], and L i u et al. [34] 
for solving quasi-static compression behavior of body-centered cubic (BCC) lattice structure 
under large deformation. The ratio of artificial energy to internal energy and the ratio of 
kinetic energy to internal energy were held below 5% to ensure that the dynamic effect 
is insignificant. The different models presented by Lozanovski et al. [35] captured the 
'waviness' of a struts' varying diameter along its length. They used a series of elliptical 
cross-sections derived from u-CT measurements to develop a model geometry that includes 
manufacturing imperfections. 
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Several teams focused also on the development of a model of the material. Tsopanos et al. [36] 
used tensile tests of thin struts complemented with compression tests of B C C lattice cubes. 
The experimental results were used to obtain the mechanical properties of the structure 
produced by S L M . The elastic modulus varied unti l a good match between the finite 
element analysis and experiment was achieved. This knowledge used Smith et al. [3] for 
numerical modeling of the lattice structure compressive response. Initially, the material 
properties based on conventional tensile tests and a strut diameter of 0.2 m m was used 
for the FE models. The strut diameter then varied unti l both the experimental and FE 
stress-strain curves coincided. The ends of the struts were modeled wi th an increased 
diameter similar to the Luxner et al. [25] study. 

Tancogne et al. [10] used a piece-wise linear hardening curve (a simple rate-independent 
J2-plasticity model wi th isotropic hardening) based on calibrated tensile experiments per
formed on SLM-made samples for a description of lattice structures made of SS316L. 
The effect of possible anisotropy, rate dependency, kinematic hardening, and martensitic 
phase transformation was neglected. A similar approach was used by Gumri ik et al. [32]. 
Tancogne et al. [19] continued the research wi th the numerical investigation of the B C C 
lattice structure wi th tapered beams. Simulations were performed on a single unit cell 
to investigate the effect of tapering on the elastic modu l i and the structure when large 
deformation occurs. The base material was a homogeneous isotropic Levy-von Mises 
material wi th isotropic strain hardening. 

The material model was improved by A m a n i et al. [37], who studied the compres
sion behavior of face-centered cubic (FCC) lattice structures manufactured by S L M . The 
deformation process of the lattice was captured by in situ and ex situ X-ray tomography 
illustrating a macroscopic structure and local micro-porosity. A 3D image-based confor-
mal finite element model was then built for the simulation of the compression test using 
Gurson-Tvergaard-Needleman ( G T N , in Abaqus) porous plasticity (based on von Mises 
yield criterion of ductile porous materials). A new procedure al lowing to inform each 
element about the local porosity directly from high-resolution tomography was used. Sim
ulation considering a homogenous matrix with an average initial porosity everywhere was 
compared to the new heterogeneous model. 

Unfortunately, published studies usually involve simulations considering of only 
some of the most important characteristics of lattice structures. Some authors focus on 
the correct determination of input data for the model of the material using numerical 
corrections usually restricted to linear elastic behavior. Other researchers focus on the exact 
determination of the model of geometry including imperfections using u-CT. These studies 
usually compare the mechanical properties of lattice structures in terms of compression 
modulus or collapse stress. However, a study with correctly determined models of material 
and geometry beyond the linear elastic area, is missing. The description of lattice structure 
behavior in the nonlinear area is crucial for future applications that consider progressive 
collapse, e.g., energy absorbers in the transport industry. Therefore, the main objective of 
further research should aim to the development and verification of computational models 
that al low the prediction of lattice structures' nonlinear deformation. The models w i l l 
allow the designing of vehicle protection segments using lattice structures wi th minimal 
experimental effort. This study focuses on the development of computational analysis 
considering the abovementioned input parameters and the determination of their relevancy 
compared to experimental data. 

2. Materials and Methods 

To realize the aim of this study, it is necessary to perform a series of procedures 
connected to material testing, optical digitalization, and finite element analysis. The main 
processes described in the following sections are shown in the scheme in Figure 1. 
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Figure 1. Scheme of the main working points in study. 

2.1. Powder Material 

For the production of lattice cubes and multi-strut tensile samples, the 1.4404 (316L) 
stainless steel metal powder (TLS Technik G m b H , Bitterfeld-Wolfen, Germany) was se
lected. The manufacturability of this material has reached a level allowing the production 
of parts with complex geometry such as lattice structures. Furthermore, stainless steel 316L 
is a ductile material wi th high elongation at failure (41 ± 1% without heat treatment [38]), 
which predetermines it to a good resistance during loading assumed for energy absorption. 
The chemical powder chemical composition of the 316L is given in Table 1. The gas atom-
ization method was used to produce the powder. The particle size requirement was given 
by values between 15 |xm and 45 |xm for 50 |xm layer thickness. The powder particle size 
analysis showed a distribution with the following characteristics that met the expectations: 
Qio = 10.07 |j.m, Q 5 0 = 29.44 ytm, and Q 9 0 = 48.21 |xm. 

Table 1. Chemical analysis of TLS stainless steel 316L powder. 

Elem. Fe C Si Mn Cr Mo Ni 

wt.% Bai. 0.03 0.8 1.8 17.5 2.2 11.3 

2.2. Lattice Structure 

The present study focuses on a basic lattice structure that has a unit cell assembled 
by four struts along the body diagonals of a cube (see Figure 2a), which is typically 
called body-centered cubic (BCC). Lattice structured cubes wi th nominal dimensions of 
20 x 20 x 20 m m and 4 m m unit cell size (see Figure 2b) were designed for a quasi-static 
compression test. The nominal strut diameter of the structure in C A D design varied from 
0.3 m m to 1 mm. The samples were manufactured using an S L M 2 8 0 H L machine ( S L M 
Solutions, Lübeck, Germany) wi th the following standard set-up process parameters ac
cording to S L M Solutions recommendations: 100 °C platform heating, N2 inert atmosphere, 
bidirectional hatching scanning strategy with two contours, and 50 |xm layer thickness. The 
melting parameters were: 100 W laser power and 300 m m - s - 1 scanning speed for scanning 
contours, 275 W laser power and 700 m m - s - 1 scanning speed for hatching, 150 W laser 
power, and 400 m m - s - 1 scanning speed for fill contours. 
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(a) (b) 

Figure 2. (a) BCC unit cell; (b) BCC lattice structure sample. 

2.3. Multi-Strut Tensile Samples 

Tensile tests were carried out to determine the mechanical properties of 316L stainless 
steel. Conventional tensile samples manufactured according to usually used Standards 
(ISO, DIN) are not representing the mechanical properties of the lattice structure closely 
enough [36,38]. Already mentioned in Vrana et al. [39], the surface area of al l parts 
manufactured via S L M technology is influenced by heat transfer and other phenomena 
during the manufacturing process. Therefore, this area is characterized by different values 
of mechanical properties. The percentage portion of these areas in samples manufactured 
according to abovementioned standards is significantly lower compared to the lattice 
structure struts. Therefore, strut tensile samples with a nominal strut diameter equal to the 
lattice structure struts were used (see Figure 3). 

28 mm 
< > 

Figure 3. Multi-strut tensile sample with 12 struts. 

Furthermore, the manufacturing angle of the samples was considered. According 
to Koutny et al. [40], the actual strut diameter measured after the manufacturing process 
differs from the nominal ones. Actua l shape and size depend on many aspects, e.g., the 
settings of process parameters, powder distribution, manufacturing conditions, and manu
facturing angle [23]. A l l tensile samples were manufactured with a 35° angle regarding the 
platform to achieve similar strut manufacturing conditions as in the B C C lattice structure. 
This ensures (together with equal process parameters) a very similar strut diameter, shape 
of cross-section, and mechanical properties of the multi-strut tensile samples compared to 
the B C C lattice structures. 

Besides the multi-strut tensile samples, a series of conventional samples was manufac
tured wi th the same process parameters. Testing samples were prepared from billets built 
wi th a 90° angle regarding the platform and machined according to D I N 50125—(Form B, 
dimensions of the gauge length 0 6 x 30 mm). 

2.4. Dimension and Shape Analysis 

The previous series of structured samples was used to inspect the actual diameter 
and cross-section area of the struts after the manufacturing process. After post-processing, 
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these samples were subjected to the optical digitalization process. A n optical scanner 
ATOS Triple Scan ( G O M G m b H , Braunschweig, Germany) wi th an MV170 lens was used 
(calibration was carried out according to V D I / V D E 2634). The samples were coated wi th 
titanium dioxide powder before scanning to prevent reflection of light projection (coating 
thickness approx. 5 urn [41]). The samples were scanned on the rotation table using a script 
written for maximizing the total area of the scanned surface. 

The scans of lattice structures were evaluated using G O M Inspect v8.0 software. Eight 
measurements were carried out on struts at middle height (corner struts) for every sample. 
These struts were interlaced wi th cylinders based on the Gaussian best fit method (points 
3 sigma) [40]. Diameters of the cylinders were measured. In the next step, the struts were 
cut at half of their length. The cross-section created by the section plane was interlaced by 
an ellipse with the same Gaussian best fit function (see Figure 4), and the major and minor 
axis diameter of the ellipse were determined. 

Elliptical cross-section 

Figure 4. Comparison of different cross-section approximations. 

2.5. Quasi-Static Mechanical Tests 

Tensile tests (multi-strut samples, standard tensile samples) and compression tests 
of lattice cubes were performed on a universal testing machine Zwick Z250 (ZwickRoell 
G m b H & Co. K G , U l m , Germany) equipped wi th dynamometer enabling load of 150 k N . 
The declared positioning accuracy of the device measurement (with repeatability) is ± 2 urn. 
Ends of multi-strut tensile samples were fixed into the centered jaws and preloaded wi th 
20 N force. Self-locking grips prevented the slipping of samples during the test. 

The lattice cubes were placed without any fixing between the flat adapters in the 
device. The lower adapter was fixed on a bar movable in a vertical direction and the upper 
adapter was mounted on a static joint connection (slight tilting of the adapter was allowed). 
Both tensile and compression samples were loaded wi th a strain rate of approximately 
10~ 3 s - 1 ; therefore, no strain rate effect was expected. 

2.6. Analytical Formulation 

Analytical approaches were developed for the simplified evaluation of cellular struc
ture deformation behavior [2,42]. This study is using one of the newest approaches pre
sented by Yang et al. [43], which accounts for the unit cell length, nominal strut radius, and 
boundary conditions of the B C C lattice structure. Equations described in this study were 
based on the earlier Timoshenko beam theory and Euler-Bernoulli theory [19] neglecting 
shear deflection terms. The equations used in this study do not contain the boundary plates 
constraints of the investigated lattice structure representing free strut deformation patterns 
(Equations (1) and (2)). With these equations, an elastic modulus EE

CL of lattice structure is 
calculated as follows: 



Materials 2021,14, 2462 7 of 24 

Timoshenko solution 

9v / 3 t tE s 

(1) 

( 1 7 + 1 2 ^ ) f e ) 2 + 2 f e ) 

Euler-Bemoull i solution 

9v /37tE s 

(2) 

Ki) 2 + 2 ( i )* 
where E s is the elastic modulus of bulk material, vs is Poisson's constant of bulk material, 
rn is strut radius, and 1 is half of the unit cell diagonal. It should be mentioned that the 
analytical models take into account only nominal strut radius; therefore, the imperfections 
connected wi th change of cross-section area and its shape are neglected here. 

2.7. Finite Element Analysis 

Numerical simulations were carried out in A N SYS Workbench 19.2 in module for 
structural analysis (Static structural). The subject of the simulation was a quasi-static 
compression test of the B C C lattice structure produced by S L M technology. Two different 
approaches were introduced and compared with experiments, including linear and nonlin
ear deformation behavior. The beam element model was developed as a computationally 
cheap solution for the simulation of bigger structures. For analysis requiring higher accu
racy and stress analysis, a solid element model was used. Manufacturing imperfections 
connected with the change of strut cross-section and cross-sections' shape were considered 
in the beam element model simulation. 

2.7.1. Solid Element Mode l (Continuum Model) 

The model of geometry consisted of tetrahedron elements (SOLID 187) with a quadratic 
interpolation function. This approach is computationally expensive and is restricted to 
smaller bodies, but gives information about the stress evolution in the lattice structure 
during loading. Because of higher computational requirements, a mesh sensitivity study 
was performed on a smaller lattice structure wi th a configuration of 3 x 3 x 3 unit cells to 
achieve reasonably accurate results [35]. Dur ing the study, the level of plateau stress and 
the convergence of the solution were validated through the series wi th different element 
sizes [3,37,43]. A t least six elements were used to discretize the diameter of the strut for 
geometry wi th and without imperfections [19,26]. Struts in the model wi th imperfections 
were represented by a constant elliptical cross-section based on measurement. Nodes 
created by intersecting struts were modelled wi th sharp comers without radiuses. 

2.7.2. Beam Element Mode l 

The model was created using a script written in A P D L by copying a single unit cell 
represented by a wireframe. Struts of unit cells were divided into mid-part and ends. Each 
strut consisted of minimal five beam elements ( B E A M 188) according to the mesh sensitivity 
study performed in previous studies [30,44]. The behavior of nodes was adjusted at nodes 
where at least three ends of the struts met [26]. This step was done to achieve more realistic 
behavior of intersecting struts represented by the spherical domain rather than one point. It 
is caused by additional material accumulated in the struts after the manufacturing process. 
It included higher stiffness and material volume increase in the near vicinity of nodes. 
The artificial increase of stiffness was achieved by a thousand times increased value of 
Young's modulus. The higher material volume was achieved by an increase in nominal 
strut diameter about 0.2 m m (see Figure 5 (red)). This approach ensures bending and 
cracking struts rather than reinforced nodes during compression loading [45,46]. This 
approach is based on previous studies such as Luxner [26], Labeas [47], Smith [3], and 
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Gumruk [32], and supplemented wi th imperfections of the manufacturing process (see 
Figure 6). 

Figure 5. Schematic composition of elements and nodes with different properties. 

Structure Unit cell Cross-section 

Figure 6. Segmented beam element model of BCC lattice structure including geometrical imperfection (for 0.6 mm nominal 
strut diameter). 

Besides the lattice structure, the FE model included a top and bottom surface dis-
cretized wi th quadrilateral shell elements (SHELL 181), where boundary conditions were 
applied [24]. A standard Structural Steel model was assigned to the shells supplemented 
wi th a thousand times higher values of Young's modulus to account for the rigidity of 
adapters [26]. Between the beam elements of the lattice structure and the top and bot
tom surfaces, contact w i th a static friction coefficient [10,35] of 0.15 was applied (tabular 
steel-steel contact). 

The model of the material of the lattice structure was based on a quasi-static tensile test 
of multi-strut samples. The data obtained by tensile test in the form of force-displacement 
curves were further evaluated. The optical scanning methods described i n Section 2.4 
were used for the determination of the actual cross-section of struts in the multi-strut 
sample. Results were used for the construction of a simple nonlinear elastic-plastic model 
of the material w i th isotropic hardening according to stress-strain curves [24,25,37]. N o 
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failure criterion was considered due to the ductile properties of stainless steel 316L, which 
preserved the continuity of structure, even under large deflection [18]. 

The compressive loading was applied as a displacement in the y-direction on the top 
surface. In addition, the bottom surface was constrained in all degrees of freedom. Except 
for this movement, no other constraints were applied. Quarter-symmetry conditions cannot 
be introduced to make possible a small sl iding structure along the diagonal dur ing its 
deformation. The step end time was set to 1 s dur ing one step and auto time stepping to 
program control. Large deflection settings were turned off. 

3. Results and Discussion 
3.1. Strut Dimension Analysis/Samples Morphology 

After-manufacturing weight inspection revealed variations in the mass of the samples 
compared to nominal weight values based on C A D data. A similar phenomenon was ob
served by Gumruk [32] within B C C lattice structures manufactured from the same material 
by S L M . This variation differed for a l l manufactured structures wi th a nominal diameter 
value between 0.3-1.0 mm. The residues of supporting cones used in the manufacturing 
process were excluded as a probable cause of the weight increment because support ma
terial was mil led d o w n during the post-processing phase to make the samples equally 
high. The detailed microscope photo shows a large number of metal particles melted on 
the surface of the sample strut. Most of these particles occurring on the bottom of the struts 
in the form of irregular clusters (see Figure 7, aggregates in red circles). It is caused by 
an increased heat transfer into the powder layer beneath, compared to the surrounding 
area. This phenomenon leads to a change of the geometry of down-skin surfaces known 
as the staircase (stair-step) effect [48]. The conditions of this effect led to a change of 
strut cross-section shape and size [3,21], dominantly in a direction perpendicular to the 
built platform. This led to a deviation in sample weight compared to nominal data (see 
Figure 8). It must be mentioned that the calculation of nominal weight is based on data not 
considering the strut porosity [48], which probably occurred during sample manufacturing. 
For standard process parameters tuned by the machine manufacturer, a negligibly low 
porosity value is assumed. 

Figure 7. Detail of lattice structure surface with imperfections. 
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Figure 8. Comparison of the actual average and nominal weight of samples according to the nominal 
volume fraction; the numbers above points show the percentage of weight variation. 

The lattice structures were digitalized as described in Section 2.4 to determine the 
accurate strut cross-section geometry. Based on these measurements, the strut cross-section 
geometry was approximated wi th a circular (according to Gauss distribution) and an 
elliptical shape to represent the manufactured strut geometry more precisely. The diameter 
of both Gauss circular and elliptical cross-sections based on optical measurements is bigger 
than the nominal C A D diameter values for a l l samples. The increase of diameter for 
the Gauss circular approximation is thereby between +4.0% and +22.5% (see Figure 9a). 
The major axis of the elliptical cross-section varies between +15.0% and +50.0%. The 
minor axis for al l strut sizes is slightly smaller than the nominal value (between —8.0% 
and —12.9%; see Figure 9b). These values are reflected i n the load-bearing strut cross-
section area (see Table 2). Together w i th the results of weight measurement and the 
knowledge from a previous study [41], the following can be concluded: there is probably 
a strut diameter beyond the range of diameters investigated in this study for which 
increments in cross-section area caused by imperfections became negligible if the trend 
remains. Detail assessment of the border nominal strut value for which geometrical 
imperfections connected to the change of its cross-section has to be considered and should 
be further investigated. 
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Figure 9. Difference between nominal and measured dimensions for (a) Gauss circular and (b) elliptical measurement; 
numbers above/beneath points show the percentage of dimension increase/ decrease compared to C A D data. 
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Table 2. Average strut dimensions according to different measurement methods. 

d n ^Gauss ^Gauss/Sri dmaj dmin Sellipse/Sn 
(mm) (mm) (%) (mm) (mm) (%) 

0.3 0.34 +13.7 0.39 0.27 +41.4 
0.4 0.49 +21.5 0.60 0.35 +108.3 
0.5 0.59 +18.0 0.73 0.44 +46.2 
0.6 0.68 +13.4 0.81 0.55 +34.9 
0.7 0.77 +10.5 0.93 0.61 +33.2 
0.8 0.86 +7.9 0.99 0.72 +23.8 
0.9 0.94 +4.1 1.06 0.82 +18.1 
1 1.04 +4.2 1.15 0.92 +14.9 

Optical measurements of struts i n a previous study [40] revealed that an elliptical 
approximation is more accurate to the actual manufactured strut compared to a circular 
cross-section. Therefore, it was decided to use primari ly the average values of elliptical 
measurements given in Figure 9b for creating models of geometry in numerical simulation. 
This approach allowed the introduction of one of the manufacturing imperfections wi th a 
crucial impact on lattice structure mechanical properties. According to the measurements, 
two geometrical configurations were adopted. The first considers only the change of 
circular strut diameter measured according to Gauss distribution (see Figure 9a), while the 
second also changes its shape to elliptical (see Figure 9b). 

3.2. Multi-Strut Tensile Test Evaluation 

The engineering stress-strain curves as a result of the multi-strut tensile tests are 
related to the sum of al l strut cross-sections in the sample. Strut dimensions and their 
actual cross-sections were measured by optical digitalization methods similar to those used 
for the lattice structure struts measurement. The samples were loaded until all 12 struts in 
the sample were broken (see Figure 10). A l l struts failed in different heights of the sample, 
which indicates approximately homogeneous mechanical properties across its length. This 
phenomenon is in contrast to conventional samples, which usually fail in the diagonal 
direction. The failures were probably driven by the random distribution of larger pores in 
thin struts, which caused local weakening of cross-sections. On the other hand, if the failure 
manners of separate struts are judged, a trend similar to the conventional samples occurs. 

Figure 10. Multi-strut tensile sample after experiment including the detail of strut failure. 

Because the process parameters and the tilt angle of the multi-strut samples are 
identical compared to the struts in the B C C lattice structure, similar cross-section deviations, 
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as well as mechanical properties, were expected. A comparison of the actual manufactured 
strut cross-section between the multi-strut tensile samples and the lattice structures revealed 
a deviation of the minor axis smaller than 25 urn. Based on the tensile tests of multi-strut 
tensile samples, true stress-strain values were calculated unencumbered by imperfections. 
From the calculated dependency, a bilinear elastic-plastic behavior was defined wi th 
Young's modulus Es of 94 GPa , yield strength (0.2% proof stress) Rpo.2% of 338 M P a , and 
tangent modulus Et of 787 M P a (see Table 3). 

Table 3. Comparison of mechanical properties of conventional samples and samples with thin struts. 

Es RpO.2% Et 
A 

(GPa) (MPa) (MPa) (MPa) (%) 

Multi-strut tensile samples 94 ± 1 0 338 ± 20 787 397 5.3 
Conventional samples 166 ± 15 450 ± 5 89 541 40.7 

Mechanical properties obtained by tensile tests of conventional and multi-strut tensile 
samples showed the following: 

• Young's modulus Es and yield strength Rpo.2% determined by testing of multi-strut 
tensile samples achieved only 57% and 75% of the conventional samples values; 

• Elongation at failure A of multi-strut tensile samples was significantly lower compared 
to conventional samples, which is appointed to the increased fragility of the thin strut 
described in previous studies [3,32,36]; 

• Young's modulus Es obtained by multi-strut tensile samples testing is approximately 
49% lower compared to the results achieved by single strut samples testing combined 
wi th the numerical correction presented by Tsopanos [36] and Smith [3]. Contrary to 
this, yield strength i?po.2% was more than two times higher compared to previous studies; 

• A good correlation of mechanical properties between multi-strut samples test and 
Gumri ik [32] study was found. Young's modulus Es and yield strength Rpo.2% values 
deviated up to 5%; 

• A good correlation of mechanical properties between conventional samples and the 
data sheet from S L M Solutions was found. Young's modulus Es, yield strength Rpo.2%, 
and elongation at break A values deviated up to 7%. 

3.3. Comparison of Analytical Approaches and Experiment 

For comparison of the experimental and analytical results, two different approaches 
considering the unconstrained movement of struts' free ends introduced by Yunhui [44] 
were used (Equations (1) and (2)). To calculate the compression modulus of the lattice 
structure Ec, Young's modulus value Es, introduced in Table 3, with 94 GPa is used. Further
more, the nominal strut cross-sections are applied without considering imperfections (see 
Figure 11a). The analytical approach based on the Euler-Bernoulli theory (see Equation (2)) 
predicts the results of Ec closer to the experimentally determined compression modulus of 
the lattice. The analytical approach based on the Timoshenko beam theory (see Equation 
(1)) shows a similar trend but predicts a slightly smaller Ec. For a nominal strut diameter 
of 0.4 mm, the results of both analytical approaches deviate the most compared to the 
experiment (45% and 46% lower). 
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Figure 11. Comparison of quasi-static compression experiment with an analytical approach for: (a) nominal strut diameter; 
(b) Gauss circular approximation; (c) elliptical approximation. 

This behavior can be attributed to the boundary conditions of the analytical approach. 
Both equations assume a frictionless contact on interfaces: the free ends of the lattice 
structure and the loading surface, and the free ends of the lattice structure and the sup
porting surface. O n the contrary, in the experiments, the contact between the free ends 
and the surface of the testing machine adapter is characterized by contact w i th friction. 
Furthermore, the analytical model d id not consider the imperfections of the manufactur
ing process. The only geometry involved i n both models is the nominal strut diameter, 
which differs greatly from the actual ones according to abovementioned measurements (see 
Table 2). Therefore, two additional analytical computations were performed for Equations 
(1) and (2) considering the Gauss circular (see Figure l i b ) and elliptical (see Figure 11c) 
strut cross-section. The input value rn for the elliptical cross-section was defined from the 
average major axis dmaj and minor axis d m ,„ measurements. 

The best agreement with the experiment was achieved by the analytical computations 
considering the elliptical cross-section for the Timoshenko equation. The biggest deviation 
from the average experimental values reached 12% at strut equal to 0.5 m m diameter. 
Contrary to this, the worst accuracy was determined by the computations considering the 
Gauss circular cross-section for the Euler-Bernoulli equation. The biggest deviation from 
the average experimental values reached 33% at a strut equal to 1.0 m m diameter. For a 
better assessment of the analytical approaches, further investigations in terms of structure 
morphology, boundary conditions, and geometrical imperfections must be done. 
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3.4. Comparison ofFEM and Experiment 
3.4.1. Linear Material 

In the first step, the experiment was compared to FE analysis considering the nominal 
strut diameter wi th a circular cross-section. In addition, the material accumulation due to 
the manufacturing process was considered by increasing the strut diameter by 0.2 m m as 
described in Section 2.7. The model of the material was restricted to linear elastic behavior 
(Young's modulus 94 GPa). The resulting structure compressive modulus (E c) versus 
slenderness ratio (rn/l) are shown in Figure 12, wi th the slenderness ratio defined as strut 
radius rn d ivided by the strut length I. A s clearly visible from the results, the simulation 
is in good agreement wi th the experiment (FEM—Beam model, orange rhombus). A n 
inaccuracy wi th in the last value can be caused by experimental results deviating from 
the overall trend or lower stiffness of structures, which are then sensitive to deviations. 
Repeatability tests of mechanical properties showed a good correlation (range < 5% in 
plateau area, see Figure 13); nevertheless, better stability of the results can be achieved 
when more samples wi th the same nominal strut diameter are tested. 

1.2 -

" 0.4 -

o Experiment 
A FEM - beam model (rigid nodes), Luxner 

FEM - beam model, Yunhut 
• FEM - solid model 

y = lOSS. lx 3 - 5 7 3 1 

R' = 0,9937 
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Figure 12. Comparison of lattice structure compressive modulus with a numerical solution. 

0 0.05 0.1 0.15 0.2 

Engineering strain e (-) 

Figure 13. Compression test of BCC lattice cubes with nominal strut diameter 0.6 mm. 

This approach worked we l l in the linear deformation region (see Figure 14), and 
therefore, allowed us to compare the lattice structure properties i n terms of compressive 
modulus or initial stiffness. O n the other hand, it was not possible to inspect the internal 
stress evolution during the loading of the structure. Therefore, a solid element model was 
introduced (Figure 12, FEM—Sol id model, blue squares) to simulate the realistic connection 
of struts in the vicinity of the node, which is rather represented by the domain than point 
connection. The loading and the boundary conditions remained the same. The numerical 
approach was, furthermore, supported with the beam element model (FEM—Beam model 
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(rigid nodes), red triangles) wi th adapted stiffness (Young's modulus x 1000) in the near 
area of nodes according to the Luxner study [26]. The length of the adapted node beams 
was equal to the nominal strut diameter increased by 0.2 m m (see Figure 5). 

Figure 14. BCC lattice structure behavior in different regions of deformation. 

The compressive modulus was calculated by both approaches wi th actual strut con
nection achieve similar values, but their difference compared to the experiment increased 
with the rising slenderness ratio. This difference is appointed to high stiffness when only 
the linear elastic behavior of the material is considered. The stiff behavior manifests, es
pecially in the near vicinity of structure nodes, where the highest stress occurs during 
structure loading (see Figures 15 and 16). On the other hand, it must be mentioned that the 
experimental values were determined at the beginning of the linear area of the stress-strain 
deformation curve wi th the assumption of nearly elastic linear material. However, the 
possible explanation could be that plastic deformations can also occur in this area. It could 
happen despite a linear manner because the area usually takes up to a few percent of the 
lattice deformation. Therefore, a comparison of the experiment has to be extended to the 
calculation of nonlinear elastic-plastic material behavior. 

3.4.2. Non-Linear Material 

Besides the beam element model with elastic-plastic material behavior (Figure 17 F E M -
Beam model, orange rhombus), three additional beam element models wi th nonlinear 
behavior are compared to the experimental outcome. These include a model wi th r igid 
nodes and a nominal strut cross-section (FEM-Beam model (rigid nodes), red triangles), a 
model wi th r igid nodes and an elliptical strut cross-section (FEM-Beam model elliptical 
(rigid nodes), blue cross), and a model characterized by r igid nodes and circular strut 
cross-section (FEM-Beam model Gauss (rigid nodes), purple squares). The cross-section 
diameter is derived from the optical measurements of the struts (the Gauss best fit function; 
Section 2.4). 
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Nominal CAD geometry — circular cross-section 
Equivalent (vQn-MitcO Streu 

Figure 15. Equivalent (von Mises) stress distribution for a structure considering linear elastic material behavior—Circular 
cross-section (2.5% structure deflection). 

Geometry with imperfections - elliptical cross-section 
Equivalent (von.Mises) Stress 

Figure 16. Equivalent (von Mises) stress distribution for a structure considering linear elastic material behavior—Elliptical 
cross-section (2.5% structure deflection). 
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Figure 17. Comparison of quasi-static compression experiment with numerical solutions using different approaches— 
(a) compressive modulus; (b) collapse stress (0.2% structure strain); (c) Plateau stress; (d) volume energy absorbed; 
(e) tangent modulus of the structure. 

Different trends occur when nonlinear material behavior is considered. Plastic defor
mation influences the calculated compressive modulus of the structure in the linear regime. 
Despite this fact, the calculated results of compressive modulus are still in good agreement 
wi th the experiment (see Figure 17a F E M - B e a m model). Even more accurate results are 
achieved if r igid nodes in the vicinity of the lattice structure strut nodes are considered 
(FEM-Beam model (rigid nodes)). Contrary to this, calculations considering elliptical 
(FEM-Beam model ellipse (rigid nodes)) or Gauss circular (FEM-Beam model Gauss (rigid 
nodes)) cross-section exhibit higher percentage values of structure compressive modulus 
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E c compared to experiments. The biggest difference is visible when the values of structures 
with strut diameters 0.6 m m and 0.7 m m are compared. 

The different trend of deviations occurs when the elastic-plastic material behavior is 
considered beyond the linear deformation of the structure. The deviation of engineering 
stress-strain dependency in this area indicates the beginning of structure collapse-Zone of 
active energy absorption. The first calculations performed wi th the model considering the 
nominal strut diameter (see Figure 17b FEM-Beam model) showed overall lower values of 
engineering stress wi th 0.2% deformation beyond the linear regime (collapse strain). The 
decrease is more significant wi th a rising strut diameter up to 0.9 mm, which corresponds 
to only 60% of the experimental stress. Contrary to this, slightly more accurate results 
achieve computations considering r igid nodes and circular Gauss cross-section ( F E M — 
Beam model Gauss (rigid nodes)). U p to a diameter equivalent to 0.5 mm, the computation 
achieved engineering stress higher than experimental. Then, it started to decrease wi th 
a rising strut diameter up to the diameter equivalent to 1.0 mm, which corresponds to 
70% of the experimental stress. Even closer to the experiment result an analysis can be 
achieved considering rigid nodes and elliptical cross-section (FEM-Beam model ellipse 
(rigid nodes)), which achieves the lowest value of 81% experimentally measured stress for 
the strut diameter equivalent to 1.0 mm. 

A similar trend can be observed for the considered strut diameters also when the engi
neering stress (plateau stress) at 30% deformation is compared (see Figure 17c). According 
to the expectations, the lowest engineering stress achieves the calculation considering the 
nominal strut diameter without increased stiffness in the near vicinity of structure nodes 
(FEM-Beam model). Overall, lower engineering stress also leads to lower absorbed energy 
during the lattice structure deformation (see Figure 17d). Supplementing the model wi th 
rigid nodes and modified cross-sections leads to a more accurate prediction of the collapse 
stress in the FE analyses (see Figure 17b, F E M - B e a m model ellipse (rigid nodes), and 
F E M - B e a m model Gauss (rigid nodes)). The stress values of the performed analysis that 
consider the elliptical strut cross-section closely approach the experimental results (up to 
the nominal diameter of 0.7 mm). Beyond the linear deformation of the structure, a small 
influence of r igid nodes was observed, and therefore, its separate meaning is no further 
described in graphs. 

The overall levels of engineering stress compared to the experiments i n the area 
of lattice structure progressive collapse exhibit lower values wi th increasing nominal 
strut diameter. This behavior could be caused by the same issue that occurs when the 
material properties of lattice structures are determined based on conventional bulk samples 
(see Section 2.3) [23,31]. Furthermore, the internal area of tensile sample struts is usually 
manufactured with process parameters and strategies that differ from those that are applied 
to surface and subsurface areas because of the manufacturing technology. It leads to 
different values of mechanical properties. As the strut diameter changes, the ratio of both 
types of areas changes, and the mechanical properties are expected to variate. Therefore, 
the material properties should be determined for every strut configuration separately. 

On the opposite, the tangent modulus values Ets (see Figure 17e) seem to be in a good 
correlation with the experiment for nominal strut diameters up to 0.8 m m diameter ( F E M — 
Beam model). Above this strut diameter only models supplemented wi th geometrical 
imperfections can provide reasonably good results. 

According to the FE simulations, an increment of partly melted material has a bigger 
significance on the loading force transmission. The deviations of the actual strut diameter 
can be caused by the different heat conductivity of powder and base parts, which causes 
the melting of the material wi th different intensities. This finding has a limitation because 
only a small range of structure geometrical configurations was tested (nominal C A D 
diameter < 1 mm). 
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3.4.3. Comparison wi th Specific Structured Component 

A further comparison of experiment and FE simulation was performed to verify the 
computational approaches in terms of material and geometry. A B C C lattice structure 
sample wi th dimensions of 40 x 40 x 20 m m 3 (see Figure 18a) was manufactured wi th a 
bottom and upper plate w i th a thickness of 3 m m and 5 mm. A nominal strut diameter 
of 0.8 m m was chosen for the structure. The size of the unit cell remained the same as i n 
the previous series. The experiment of quasi-static compression was performed under the 
same conditions described in Section 2.5. The resulting engineering stress-strain curve was 
compared to the simulations using the beam element models introduced in Section 3.4.2. 
(see Figure 19). The nonlinear behavior of the material was considered. 

(a) (b) 

Figure 18. (a) Geometry of verification part; (b) building configuration with oriented cross-section imperfections. 

Experiment 

Strain e [-] 

Figure 19. Engineering stress-strain comparison of reference structured part. 

The verification part had to be manufactured rotated about 90° (see Figure 18b) due to 
the technological limits of the S L M process. Therefore, the geometrical imperfections that 
occurred in the manufacturing process were also oriented differently. This orientation was 
reflected in the model of geometry in simulations considering the elliptical cross-section of 
the strut. 

The results showed a different level of engineering stress deviation for each compu
tational model and experiment. In the first stage of structure loading, the compression 
modulus determined by simulation and experiment exhibits similar behavior. The differ
ence occurs when the collapse strain is reached. According to the expectations, the worst 
result achieves for the model that considered the nominal strut diameter (FEM—Beam 
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model, see Table 4). The model reaches only 75% of the experimentally determined stress 
at 0.3 strain. Compared to that, models supplemented wi th geometrical imperfections 
achieve far better results. The simulation considering the elliptical cross-section ( F E M — 
Beam model ellipse (rigid nodes)) reaches 87% of the experimentally determined stress at 
0.3 strain, and the simulation considering Gauss circular cross-section (FEM—Beam model 
Gauss (rigid nodes)) reaches even 89%. Similar results can be achieved when the stress 
level at 10% and 20% of deformation or absorbed energy is compared (see Table 4). 

Table 4. Comparison of stress and absorbed energy for different structure deflection. 

Experiment Simulations 

Beam Element Beam Element Gauss Beam Element Ellipse 

£ cr Ea 
cr Ea 

cr Ea cr Ea 

(-) (MPa) (MJ-in- 3) (MPa) (MJ-m- 3) (MPa) (MJ-m- 3) (MPa) (MJ-m- 3) 

0.1 21.24 1.88 16.84 1.4 19.96 1.65 18.94 1.56 
0.2 23.51 4.17 19.41 3.18 23.09 3.77 22.2 3.58 
0.3 29.61 6.69 22.15 5.26 26.41 6.24 25.66 5.98 

In contrast to the previous comparison in Figure 17c, it seems to be more efficient 
to use a Gauss circular cross-section instead of an elliptical for a nominal strut diameter 
of 0.8 m m in simulations. However, it must be mentioned that the results obtained by 
simulations of samples wi th different strut diameters focused mainly on the description 
of geometrical imperfections i n the loading direction, which corresponds to the bui lding 
direction (where imperfections manifest probably the most, see Figure 7). A different 
situation can occur when other loading directions are considered. Therefore, imperfections 
in directions that do not correspond to the building direction could be better described by 
different cross-section approximations. To confirm this hypothesis, a further comparison of 
imperfections' influence on the mechanical properties in different loading directions has to 
be done. 

4. Conclusions 

The quasi-static compression behavior of the B C C lattice structure made of stainless 
steel 316L by selective laser melting technology was investigated experimentally, analyti
cally, and through finite element modeling. A good correlation between the experiment and 
analytical-based approach using the Timoshenko theory was achieved for the equivalent of 
elliptical cross-section (up to 12% within diameter 0.5 mm). Analytical approaches were fur
ther supplemented with numerical simulations. In the first step, a nominal CAD-designed 
geometry discretized by Timoshenko beam elements and solid tetrahedron elements was 
used. A linear elastic material behavior was used for the simulation. In the second step, two 
additional numerical approaches considering geometrical imperfections were introduced 
into the simulation wi th the non-linear elastic-plastic model of the material. The main 
conclusions of this study can be described in the following points: 

1. It is efficient to use specially designed tensile samples that consist of more thin struts 
to determine the actual mechanical properties of lattice structures. A good correlation 
(up to 5%) between mechanical properties determined i n this study and described 
in the literature [32] was found. The analytical models support the credibility of the 
mechanical properties in the linear-elastic regime; 

2. The geometrical imperfections can acquire different significance across variating strut 
diameter for one structure manufactured wi th the same process parameters and 
different geometrical parameters, e.g., strut diameter; 

3. The FE analyses with solid and beam element models can predict the lattice structure 
compressive modulus w i th similar accuracy if an artificial stiffness increase in the 
vicinity of nodes is used within the beam element model; 
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4. The significance of geometrical imperfections increased after reaching 0.2% deforma
tion beyond the linear regime (collapse strain). Including the imperfections improve 
the accuracy of calculations for both introduced approaches, whereas the change of 
cross-section to the elliptical seems to be more effective than the change to Gaussian 
circular for all diameters in the tested range; 

5. The calculated levels of engineering stress compared to experiments i n the area of 
lattice structure progressive collapse (30% deflection of structure) exhibit lower values 
wi th increasing nominal strut diameter. This phenomenon can indicate different 
values of mechanical properties of different strut diameters; 

6. According to the FE simulation, an increment of partly melted material has a bigger 
significance for the loading force transmission. The finding is similar to the study 
of Vrana [31], who determined geometrical imperfections for AlS i joMg wi th similar 
methods. It would be interesting to investigate the strut diameters beyond the range 
of diameters in this study (nominal C A D diameter > 1 mm) to determine the influence 
of the described imperfections in the future. 
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Abbreviations 

A M additive manufacturing 
BCC Body-centered cubic 
FEA finite element analysis 
SLM Selective laser melting 
FCC face-centered cubic 
C A D computer-aided design 
M--CT micro computed tomography 
Qio 10% quantile of particles distribution 
Qso 50% quantile of particles distribution 

QQO 
90% quantile of particles distribution 

pe 
c c l elastic modulus of lattice structure 
E s elastic modulus of bulk material 
l's Poisson's constant of bulk material 
rn nominal strut radius 
I half of unit cell diagonal 
m weight of sample 
m„ measured weight of sample 
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A 
E„ 

mn 

°~0.2% 
Rm 
<Ž>„ 
dn 

Sa 

t 
a 

E; 

nominal C A D weight of sample 
collapse stress (0.2% structure strain) 
ultimate tensile strength 
nominal volume fraction 
nominal strut diameter 
cross-section area of nominal strut diameter 
diameter given by Gauss distribution 
cross-section area of Gauss strut diameter 
major axis diameter 
minor axis diameter 
cross-section area of elliptical strut 
yield strength (0.2% proof stress) 
tangent modulus 
structure compressive modulus 
engineering stress 
engineering strain 
tangent modulus of structure 
elongation at break 
volume energy absorbed 
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The development of additive manufacturing technologies enables the production of a new 
type of porous materials for the absorption of mechanical energy. These are, for example, 
metallic lattice structures produced by laser powder bed fusion. The structures can be 
made from a wide range of alloys, achieve high specific energy absorption, and can be 
manufactured as hybrid parts with conventional bulk components. To effectively develop 
lattice structures, it is necessary to complement experimental tests with simulations using 
the finite element method (FEM) performed under conditions of increased loading veloc
ities. Therefore, this study focuses on the development of the FEM modelling strategy that 
reflects the effect of strain rate sensitivity of the base material (SS316L) and the most 
significant geometrical imperfections of the manufacturing process. The strain rate is re
flected by the Cowper-Symonds constitutive law, which parameters are determined by the 
dynamic tensile test on Hopkinson split bars. The imperfections are captured by optical 
digitalization. The significance of the Cowper-Symonds parameters and geometric im
perfections are studied independently, whereas agreement with the experiment is 
observed. Tests are performed for several lattice structures with different strut orientations 
and velocities to evaluate the versatility of the proposed approaches. A good correlation 
between computational and experimental results in terms of energy absorption is found 
for structures with an experimentally determined strut diameter and the proposed 
Cowper-Symonds input parameters. 
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1. Introduction 

Lightweight porous materials have become interesting in 
many industrial fields such as aerospace, transportation, 
biomedical engineering, and defence [1,2]. Properties such as 
low thermal conductivity, acoustic absorption, mechanical 
vibration damping, and topology adaptation for high energy 
absorption have been required for these materials [3-5]. The 
possibility of their production by additive manufacturing (AM) 
has introduced various architectures of porous materials with 
improved mechanical properties [6]. Their deformational 
behaviour could be adjusted according to specific re
quirements [7,8]. The most common porous materials are 
cellular structures that have regularly repeated cubic cells [9], 
They can be manufactured as a single part together with bulk 
elements and designed for a precisely defined load case 
[10,11]. A frequently used A M technology is laser powder bed 
fusion (LPBF) that allows the processing of different materials, 
for example, stainless steel 316L [12], titanium alloy TisALiV 
[13], or aluminium alloy A l S i 1 0 M g [14,15]. 

Regardless of the material or technology used, it has been 
found that mechanical properties can be significantly 
improved by adjusting the process parameters [7,16]. Unfor
tunately, the result of the tuning process is limited by the 
mechanical properties of the parent material. When consid
ering strut systems, properties decrease even more as defects 
are more pronounced in thin geometries [4,17]. Changes in 
internal lattice arrangement have also led to different types of 
deformation [18]. This behaviour has been associated with the 
bending or stretching dominated character of the lattice 
structure [19,20]. The approach can be applied to many 
structures, but, except for topology (connectivity of the struts 
and the degrees of freedom), it does not take into account 
other factors such as direction and loading conditions or node 
shape [21]. 

The performance of the structure can be further improved 
by local modifications of the struts. For example, a structure 
with slightly parabolic tapered struts could achieve higher 
stiffness and lead to a lighter configuration [7], Similarly, 
square honeycomb configurations can achieve higher 
strength and energy absorption efficiency under dynamic 
loading if thin walls are replaced with deformed strut shapes 
with equivalent relative density [5]. Another way to improve 
performance is to redesign the geometry of the entire struc
ture with implicit mathematical equations using tapered 
struts and fillets at the central nodes to increase mechanical 
properties [6,22]. Further improvement of energy absorption 
could be achieved when relative density is continuously 
changed. This can be done by changing the dimensions of the 
smallest unit element called a unit cell, in the loading direc
tion [13]. 

It is necessary to perform detailed finite element analyses 
(FEA) of the deformation response to predict the mechanical 
properties of the lattice structures [16,23]. The computa
tional model must contain information about the behaviour 
of the parent material obtained by mechanical tests on the 
thin strut [24,25]. Cervinek et al. [26] have already discussed 
a detailed analysis of the material models used for the lattice 
structure. 

The higher the loading rates and the larger the de
formations, the more complex the constitutive law must 
describe the behaviour. Higher velocities are associated with 
the propagation of shock waves, significant inertial forces, 
and an increase in adiabatic temperature [27,28]. The simple 
approach uses the properties of specially shaped tensile 
samples with multiple struts tested on modified Hopkinson 
bars to obtain material parameters used in the Cowper-
Symonds (C-S) law [29] as a function of the strain rate. A 
more sophisticated constitutive law uses the Johnson-Cook 
equation, which considers large strains, high loading rates, 
and an adiabatic temperature rise together with the failure 
criterion [30,31]. It is possible to neglect the adiabatic increase 
in temperature for a lower strain rate loading using the 
simplified Johnson-Cook law [32,33]. 

The model of the geometry that represents the structure in 
the simulation can be denned in different ways depending on 
its complexity. The most effective method uses a balanced 
simplification of the geometry created by the beam elements 
(based on the theory of Timoshenko [34] orBelytschko-Schwer 
[32]). The beams usually have circular cross-sections with di
ameters given by nominal CAD data [25,35]. However, the 
simulation accuracy is not very high because the model suf
fers from several inaccuracies in the strut geometry, the 
definition of the nodal connection, and the contact. An 
improvement in the accuracy of the Timoshenko beam 
element model is possible by artificially increasing the stiff
ness of the structural nodes [36], A stiffness correction is made 
in the vicinity of the vertices using elements with artificially 
increased Young's modulus [21,37]. With this approach used, 
the beam connection better represents the actual connection 
of the struts, which behaves more like a spherical domain 
than a single point. In addition, the element diameters in 
these domains are increased to compensate for the larger 
mass of the melted material caused by a material overlap in 
the nodes. A n advantage of beam elements is the ability to 
analyse larger structures with less computational effort. 

In addition, increased simplification is possible [12,15,38] 
by replacing each unit cell with one or more solid cubic ele
ments. The elements represent the effective properties of the 
structure under mechanical loading (homogenization). The 
next approach uses solid tetrahedral elements to model the 
geometry of the struts with real strut connections [16,37,39]. 

The purpose of this study is to explore the structural sim
ulations of lattice structures' dynamic loading. The simulation 
has to consider the effects of the strain rate and the actual 
cross-section of the struts, which have usually been treated 
separately. For one of the elementary structures, the range of 
velocities is set from quasi-static to high-velocity loading. The 
simulations are compared with experiments of structures 
made of stainless steel by laser powder bed fusion. 

2. Materials and methods 

To achieve the main objectives of the study, it is necessary to 
perform a series of procedures related to dynamic compres
sive and tensile mechanical testing, optical digitalization, and 
finite element analysis. The most important processes are 
described in the following sections (see Fig. 1). 
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Cowper-Symonds constitutive law can be used for 
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• Geometrical imperfections cannot be neglected. 

Fig. 1 - Scheme o f t h e m o s t i m p o r t a n t p rocess s teps o f t h e research . 

Stainless steel 1.4404 (SS 316L) metal powder (TLS Technik 
GmbH, Bitterfeld-Wolfen, Germany) is chosen to produce all 
samples on the SLM 280H L machine (SLM Solutions, Liibeck, 
Germany). The distribution of powder particles, chemical 
analysis, and process parameters were presented in the pre
vious study [28]. The manufacturing process parameters 
remained the same to preserve consistent mechanical 
properties. 

2.1. Dimension and shape analysis 

Groups of struts with a length of 20 m m (nominal diameter 
0.6 mm) are manufactured at the corners of the building 
platform to inspect the actual dimensions of the struts in the 
lattice structures. The layout should reflect potentially 
different conditions across the platform caused by the 

irregular flow of inert gas. The different angles of the struts are 
used to cover all angles that appeared within the manufac
tured structures (90°, 45°, and 35.26°). The struts were sub
jected to an optical digitalization process. A n ATOS Triple 
Scan optical scanner (GOM GmbH, Braunschweig, Germany) 
with an MV170 lens is used (calibration is carried out accord
ing to VDI/VDE 2634). Samples were coated with titanium di
oxide powder before scanning to prevent the reflection of light 
projection (coating thickness approximately 5 um [40]). 

The strut scans are evaluated using the GOM Inspect v8.0 
software (GOM GmbH, Braunschweig, Germany). Measure
ments are evaluated at several regularly spaced cross-sections 
of the strut (see Fig. 2 a)). Each measurement is made using 
circle that approximated the actual cross-section of the struts 
based on the Gaussian best fit method (3-point sigma, see 
Fig. 2 b)) [41]. 

Fig. 2 - a) h e i g h t o f t h e c ross -sec t ions , b) d e r i v a t i o n o f d i f f e ren t c ross -sec t ions . 
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Fig. 3 - M u l t i - s t r u t t ens i l e s a m p l e fo r SHBT. 

2.2. Split hopkinson bars test (SHBT) 

Conventional tensile samples manufactured according to 
common standards (ISO, DIN 50 125) have been found to not 
accurately represent the mechanical properties of the lattice 
structure [41,42]. Therefore, strut tensile samples with a 
nominal strut diameter equal to the lattice structure struts are 
used (strut diameter 0.6 mm, 12 struts, see Fig. 3) [4,42,43]. 

Dynamic tensile tests are carried out using modified split 
Hopkinson tensile bars (see Fig. 4, SVS FEM, Brno, Czech Re
public) to determine the mechanical properties of 316L 
stainless steel under dynamic loading. The initial loading ve
locity was 30 m s _ 1 . The samples are attached to the bars of 
the device using a bolt connection. The incident and trans
mission bars are made of structural steel (with Young's 
modulus 205 GPa, density 7850 kg m~ 3 , and Poisson's ratio 0.3). 
Semiconductor strain gauges EP140-3-35-G (VTS Zlín s.r.o., 
Zlín, Czech Republic) with a nominal resistance of 350 Q, a grid 
length of 3 mm, and a k-factor of +140 are placed in pairs in 
the middle of both bars. The strain gauges are connected in 
the half Wheatstone bridge configuration to eliminate any 
flexural stress on the bars. The signal emitted from the 
Wheatstone bridge is strengthened with amplifiers. The signal 
is further recorded with a high-speed oscilloscope with a 
recording frequency of 10 MHz. 

At the beginning of the SHBT, the striker bar impacts the 
loading block, indicating negative pulse propagation [29]. The 
pulse travels along the parallel bars until it reaches the second 
block. Then an elastic wave is reflected, causing a positive stress 
load in the incident bar. It generates tension wave propagation 
through the incident bar into the sample from the loading side. 
When the elastic wave arrives at the interface sample-incident 
bar, a part of the tension wave reflects as a compression wave 
from the interface, while the other part continues to propagate 
along with the sample and into the transmitbar until the sample 
breaks. Massive wave reflection is caused due to the impedance 
difference between the sample and the incidentbar. The sample 
loading time is given by the time it takes for the tension wave to 
reflect itself in the form of an unloading compression wave from 
the transmitbar free end and for this unloading wave to interact 
with the sample. 

In the next step, a similar device based on the principle of 
moving bars toward each other is used for high-velocity dy
namic compression of structured cubes, as described by 
Nolting et al. [44]. 

The signals coming from the gauges are evaluated in the 
form of engineering stress a, strain rate e, and strain e, using 
the following known Eq. (1-3) [29,44,45] (assuming for one 
dimensional stress wave theory): 

A n E n 
%(t) 

2C 0 

*(t) 

e(t) = 
2Co 

L 
erdt 

(1) 

(2) 

(3) 

where et(t) represents the transmitted wave, whilst er(t) rep
resents a reflected wave. A 0 and E 0 represent the cross-
sectional area and the Young's modulus of the bars, while A 
indicates the cross-sectional area summed over all struts in 
the multi-strut sample. In addition, L indicates the initial 
length of the sample in loading direction, whilst C 0 indicates 
the elastic wave velocity given by Eq. (4) [44]: 
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Fig. 4 - Schemat i c p i c t u r e o f H o p k i n s o n ba rs u s e d f o r d y n a m i c t ens i l e tests . 
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Tab le 1 - C-S p r o p o s e d p a r a m e t e r s . 

Authors D q 
[-] 

Description 

Langdon & Schleyer [46] 429-2 721 4.1-5.8 Standard bulk samples, strain rates 10~4-50 s _ 1 

Burgan [47] 240 4.74 Sheets with thickness 10 mm 
Gumriik [29] (1) 4 851,9 4.078 To 100 s _ 1, based on yield stress 
Gumrilk [29] (2) 80 736,69 5.0075 To 6600 s _ 1, based on yield stress 
Gumriik [29] (3) 252 106 8.054 Up to 6600 s _ 1, based on max. tensile stress 
Gumriik [29] (4) 17 106 12 Estimation 

C 0 = 
/Eo 

' Po 
(4) 

where p 0 is the density of the bars. 

2.3. C-S material parameters 

The C-S constitutive law accounts for the basic mechanism of 
strain rate dependence [16,27]. It is possible to use the model 
because the range of relatively low velocities is applied. The 
formulation of the model is given by the following Eq. (5) [27]: 

1 + ( d ) (5) 

where <rd and a0 represent the yield or maximum tensile 
stress observed during the dynamic and static test, respec
tively, whilst D and q are constants obtained by performing 
curve fitting with the experimental data. Mechanical tests at 

different velocities, including quasi-static loading, are usu
ally performed to obtain these constants for a specific 
material. 

The literature shows C-S constants for different conditions 
obtained by curve fitting (see Table 1). 

2.4. Impact test 

The present study focuses on lattice structures with a cubic 
unit cell assembled by struts along the body diagonals or faces 
(see Fig. 5). These are specifically called body-centered cubic 
(BCC), face-centered cubic (FCC), and their modifications 
supplemented with vertical struts in the corners (BCCz, FCCz) 
or their combinations (FBCC, FBCCz). Lattice structure cubes 
with nominal dimensions of 20 x 20 x 20 m m and 4 m m unit 
cell size are designed for a dynamic compression test (5 
samples of each structure). The nominal diameter of the 
structure strut in the CAD design is set to 0.6 mm. 

Fig. 5 - U n i t ce l l o f a) BCC, b) BCCz, c) FCC, d) FCCz, e) FBCC, a n d f) FBCCz la t t i ce s t r uc tu re . 
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Drop-weight impact tests of the lattice structures are 
performed with the impact tester developed at the Brno 
University of Technology (BUT, Fig. 6). The device is equip
ped with a Phantom V710 high-speed camera (Vision 
Research, Wayne, New Jersey) and a strain gauge XY31-3/ 
120 (HBM GmbH, Darmstadt, Germany). The strain gauge 
measures the reaction force during the deformation of the 
lattice sample, whereas the high-speed camera measures 
the position of the marker on the falling head to capture the 
deformation of the sample. A strain gauge signal is recorded 
using the Quantum X MX410B data acquisition system (HBM 
GmbH, Darmstadt, Germany) with a sampling frequency of 
96 kHz. Data from the high-speed camera are recorded using 
Phantom Camera Control software version 3.5 (Vision 
Research, Wayne, NJ) with a sampling frequency of 
56.808 kHz. Both records are compounded and evaluated in 
the MATLAB R2021a software (MathWorks, Natick, Massa
chusetts). The following outputs are obtained by signal 
evaluation: time dependence of the force reaction, defor
mation, and falling head velocity. 

During impact tests, the overall weight of the crosshead 
is 13.45 kg, and the height of the drop is 1 m. For these 
parameters, a crosshead achieves a drop velocity of 
approximately 3 m s _ 1 , equal to an impact energy of 60.5 J. 
The testing device belongs to low-velocity test devices 
[14,48,49]. 

(7T (6) 

2.5. Finite element analysis 

Numerical simulations are performed in the Explicit Dy
namics module of ANSYS Workbench 20.2 (Ansys Inc., Can-
onsburg, Pennsylvania). The main subject of the simulations 
is the dynamic compression of lattice structure samples using 
a split Hopkinson pressure bars test and an impact test 
described in Sections 2.2 and 2.4. 

2.5.1. Model of material 
The model of material given by the elastic-plastic behaviour 
is determined with the quasi-static tensile test of specially 
shaped samples performed in the study by Cervinek [26]. 
The original true stress-strain response o-T is fitted with the 
Hollomon Eq. (6) [5] to achieve the material parameters 
(strength coefficient K H and hardening exponent nH): 

- Crossroad with \osa 

' Strain gauge 

• SampJe 

- &asj* prate 

where a0 is yield stress value, while ep is an effective plastic 
strain. The non-linear behaviour is then assigned to beam 
elements in the Workbench together with the C-S constitutive 
law definition [50,51] (see Table 2). The failure criterion is not 
considered due to the ductile properties of stainless steel, 
which preserves the continuity of the structure, even under 
large deflection [52], 

2.5.2. Model of geometry 
The model is created using a Python API V20 script that al
lows the cutting of the struts along their axis. It allows to use 
half or quarter cross-section at the structure surface or to 
define the cross-section of a random shape. Al l struts are 
further divided along the length of the axis into the mid-part 
and ends. Each strut consists of 2-noded beam elements 
(BEAM 188) based on Timoshenko beam theory, which en
counters shear deformation effects. At least seven elements 
are used for discretization in the middle of the part. It is done 
according to the mesh sensitivity study performed in previ
ous studies [14,34]. Young's modulus is ten times higher at 
the intersections of the struts [21]. The diameters of these 
elements are increased to 0.8 m m to compensate for the in
crease in material (see Fig. 7). The procedure ensures bending 
the struts rather than deforming the nodes during 
compression loading [53], 

2.5.3. Finite element analysis setup 
Except for the lattice structure, the simulation includes a 
top (indenter) and bottom (base) surface. Surfaces are dis-
cretized with 4-noded quadrilateral shell elements (QUAD 4 
with a thickness of 3 mm) and assigned with boundary 
conditions [50]. The compressive loading is introduced by 
applying the initial velocity on an upper plate in the Y di
rection [displacements Ux = 0; Uy = -Y; Uz = 0] (see Fig. 7). 
In addition, the bottom surface is constrained in all degrees 
of freedom of displacement. No other constraints are 
applied. 

A standard structural steel model of the material is 
assigned to the shells supplemented with ten times higher 
values of Young's modulus to account for the increased 
stiffness of the plates. The indenter surface is supplemented 
with an artificially increased density to represent the weight 
of the load head (13.45 kg). At the interfaces of the structure-
indenter (vertices-face) and the structure-based plate 
(vertices-face), contact with a static friction coefficient of 
0.15 [7,54] and a dynamic coefficient of 0.1 [2,55] is applied. 

Fig. 6 - I m p a c t tester s c h e m e w i t h i n d e n t e r . 

Tab le 2 - M a t e r i a l p a r a m e t e r s o f s ta in less -s tee l e last ic -
p las t i c b e h a v i o u r . 

Mechanical property Value Unit 

Density of parent material ps 7900 kgm~ 3 

Young's modulus E 94000 MPa 
Poisson's ratio v 0.31 -
Yield strength a0 338 MPa 
Strength coefficient K H 481.45 MPa 
Hardening exponent nH 0.17 -
Ultimate tensile strength a m s 397 MPa 
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3. Results and discussion 

3.1. Strut dimension analysis/samples morphology 

3.1.1. Lattice structure samples 
After the sample manufacturing, post-processing operations 
and inspections are performed. Weight measurement is car
ried out using Sartorius MA35 with a resolution of ± 0 . 5 mg 
(Sartorius, Gottingen, Germany). The measured weights are 
divided by the total volume of the cubic space (8000 mm 3 ) to 
obtain the actual density of the structure p*. Based on the 
calculation, the relative density p'RE is determined using the 
following Eq. (7) [10]: 

PRE = £ - 1 0 0 % (7) 
Ps 

where ps is the density of parent material given by the sup
plier's datasheet (7 900 kg m~ 3). The same calculation is used 
for the nominal CAD relative density p'CAD, where the density 
of the structure is calculated by CAD software Inventor 2021 
(Autodesk, San Rafael, California). 

The further comparison reveals a good agreement between 
measured and CAD-based densities for FCC, FCCz, FBCC, and 
FBCCz samples (see Fig. 8 a)). On the other hand, significant 
differences occur between the BCC and BCCz lattice struc
tures. Fig. 8 b) shows that the range of relative density de
viations pj^j, is approximately 8% ± 1%, which is similar for all 
inspected structures. For most structures, the deviations are 
regularly distributed around the CAD-based relative density 
represented by zero value on a vertical axis. The different 
phenomena occur for BCC and BCCz lattice structures, where 
deviations go to positive values only. It is probably caused by 
the struts with an orientation of 35.26° regarding the building 
platform, as they incline to the most irregular aggregations. 
The increased transfer of heat to the powder layer beneath 
causes the particles in the larger area compared to the other 
strut orientations [16,17,28,41]. The phenomenon could occur 

on a smaller scale when FBCC and FBCCz structures are 
considered with differently oriented struts. For the standard 
process parameters delivered by the machine manufacturer, a 
negligibly low porosity value is assumed. The assumption is 
based on equal relative densities calculated from actual 
weight [56] and optical digitization. 

The microscope photos (Olympus SZX7, magnification x25, 
Shinjuku, Japan) show partially melted metal particles on the 
surface of the sample strut. Most of these particles occur at the 
bottom of the struts in the form of irregular clusters (see Fig. 9; 
arrows) due to the phenomenon mentioned above. It leads to a 
change in the geometry of downskin surfaces. If the phe
nomenon is strong enough, it can influence the shape and size 
of the cross section of the strut [4,56], dominantly in a direc
tion parallel to the building direction. 

3.1.2. Single struts inspection 
The single struts are digitalized as described in Section 2.1. to 
determine the accurate cross-section geometry of the strut. 
The graph in Fig. 10 shows the diameters of struts manufac
tured at different angles with results organized according to a 
measurement position. 

Based on the comparison, it can be concluded that 
measured diameters are smaller than the CAD-designed di
ameters within all inspected angles. No specific correlation 
was found between the change in diameters and the increase 
in height. Therefore, the possible increase in heat conduction 
at a low altitude over the building platform has no significant 
meaning, at least for thin struts made of SS316L up to 16 m m 
height above the platform (altitude of the highest cross-
section). The cross-section areas of all inspected struts reach 
between 83.1% and 84.3% of a CAD-designed cross-section 
(see Table 3). This range appoints to a minimal difference in 
cross-sections across inspected angles but highlights the 
importance of differences between measured and CAD-
designed geometry. 

Based on the results, several points must be considered 
when the lattice structure geometry is prepared: 
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• It is possible to neglect the differences between the di
ameters of the struts built at different angles since the 
average variation is less than 3%. 

• If the geometry of struts is represented by a circular cross-
section based on measurements, the nominal dimension 
reduced by -0.05 m m can be used (see Table 3). 

• The negligible range of measured strut diameters could 
indicate a similar influence of the laser on differently ori
ented struts positioned in the corners of the platform. 
Therefore, the mutual position of the sample-laser source 
can have a greater influence on the final geometry than 
strut orientation. 

• The measurements show that the cross-sectional shape 
tends to certain non-circularities that can be approximated 
by an ellipse, which was already discussed in Cervinek 
et al. [26]). However, the significance of this imperfection is 
less important and, therefore, is not discussed within the 
study. 

3.2. SHBT evaluation 

Fig. 11 gives an example of the results obtained by the high-
velocity tensile test described in Section 2.2. The relatively 
low amplitude of the initiated signal produces excessive noise. 

Fig. 9 - De ta i l s o f m a n u f a c t u r e d a) BCC a n d b) FCCz s t ruc tu re . 
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Tab le 4 - Proper t ies g i v e n b y t h e Spl i t H o p k i n s o n t ens i l e 
t es t of m u l t i - s t r u t samp les . 
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Fig. 10 - A c t u a l s t r u t d i a m e t e r w i t h c i rcu la r 
a p p r o x i m a t i o n . 

Tab le 3 - Resul ts o f s ing le s t r u t d i m e n s i o n m e a s u r e m e n t . 

Angle Average actual Cross-section Compared to 

[°] diameter da area nominal 
[mm] [mm

2

] [%] 

90 0.548 0.236 83.3 
45 0.547 0.235 83.1 
35.26 0.551 0.238 84.3 

Sample No. " U T S 

[MPa] 
£ M A X £ M A X 

1 
2 
3 
4 
5 
Average 
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223 
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Fig. 12 - C o m p a r i s o n o f s t r a i n ra te d e p e n d e n t cu rves o f t h e 
C-S e q u a t i o n u s i n g e x p e r i m e n t a l da ta . 

Therefore, the signal is cut after the first reflection to obtain 
readable information. The low amplitude of the transmitted 
signal is associated with the large difference in impedance at 
the sample-bar interfaces. Therefore, the signals captured on 
the incident bar and the transmit bar are amplified. Sample 
fastening conditions should be investigated in detail in the 
future to decrease this effect. 

The response of the lattice structure in terms of acting 
stress, strain, and strain rate is evaluated using Eq. (1-3). The 
results are compared in terms of the ultimate tensile strength 
C U T S , maximal strain £MAX> and maximal strain rate E M A X - A 
comparison of <T u t s and quasi-static testing in a previous study 

Incident signal 

• / Transmitted signal 

Reflected signal ^ I 

3 0.2 0.4 0.6 0.8 1 
Time f [ms] 

Fig. 1 1 - A n e x a m p l e o f SHBT resu l t s h o w i n g t h e i n c i d e n t , 
re f lec ted, a n d t r a n s m i t t e d s t r a i n s igna l s w i t h t i m e . 

conducted with similar samples shows a 28% increase (see 
Table 2 and Table 4) [26]. 

In the next step, material data determined in the literature 
are fitted to the C-S model (Eq. 5). Fig. 12 shows semi-
logarithmic scale curves that use parameters found by Lang-
don and Schleyer [46], Burgan [47], and G ü m r ü k [29], and the 
quasi-static ultimate tensile strength presented by Cervinek 
[26] (see Table 1 and Table 2). Differences between curves are 
visible even for strain rates lower than 100 s _ 1 . Based on the 
resulting stress levels, the curves can be divided into two 
groups, where two upper curves are given by constants ob
tained by conventional samples testing [46,47], while other 
curves are given by constants obtained by thin strut samples 
testing [29]. 

The graph shows good agreement between the experi
mental results of dynamic loading (with a loading rate of 
approximately 220 s _ 1) and some of the curves based on 
testing of thin-strut samples. Among them are two consid
ering higher loading rates (Gümrük (2) and G ü m r ü k (4)). As the 
experimental strain rates are still relatively low, also good 
agreement can be seen with Gümrük (1). 

The experimental results of standardized DIN samples (at a 
loading rate of approximately 10~3 s _ 1 ) are added to the graph 
to obtain complete information about the correlation between 
quasi-static and dynamic testing. Their comparison shows a 
significant difference between the results of thin strut sam
ples and conventional volume samples. This difference has 
even a greater impact on the ultimate tensile strength than 
the increased loading rates in the low-velocity testing regime. 
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The result appoints to the importance of obtaining the me
chanical properties of samples designed for a specific config
uration, which has been discussed in [4,28,42,56]. 

Based on the compliance between the suggested curves 
and the experimental results, the parameters D and q giving 
curves Glimrfik (1,2,4) are used. 

3.3. Impact test evaluation 

The data recorded by a high-speed camera and a strain gauge 
are evaluated to give the force reaction course and the posi
tion of the indenter over time. Based on it, the velocity of the 
structure deformation and indenter deceleration are calcu
lated. A n engineering stress value is calculated as a force re
action divided by the initial area of the sample (400 mm 2 ) . The 
strain is denned from the overall deformation of the sample 
divided by the initial sample height given by 20 m m . The 
strain rate values vary between 77 s _ 1 and 125 s _ 1 within the 
tested structures - the highest strain rate is measured for the 
BCC structure with the lowest stiffness. 

Despite the equivalent loading weight, the structures 
achieve different stress-strain responses due to their inter
nal strut organisation and variable relative density; Fig. 13. 
The graphs show that the structure deformation starts in an 
approximately linear manner. After reaching the critical 

o o.; D.4 a.e o.e 
Strain £ {-] 

a) 

o 0.2 o.4 o.e o.e 
Slrain t [-] 

c) 

0 0.1 0.2 0.3 0.4 
Strain E [-] 

e) 

Fig. 13 - T h e e n g i n e e r i n g s t r ess - s t r a i n response o f a) BCC; 

level of stress, initial collapse stress aic (see Appendix 1), 
[4,42]), the deformation of the structure starts to gradually 
turn into a region of progressive collapse. The level of critical 
stress increases with increasing stiffness in the direction of 
loading of the structures. The highest values are achieved 
within the FBCCz lattice structure with an average value of 
25.22 MPa. 

The region of progressive collapse characteristic of an 
approximately constant stress level is called the plateau stress 
area. This behaviour is better applicable within structures 
without struts that have an axis in the loading direction (see 
Fig. 13 a), c), and e)). Their collapse is caused by bending the 
struts rather than buckling failure, which manifests itself by a 
direct change in stress level [57], 

BCC, BCCz, and FCC structures (see Fig. 13 a), b), and c)) 
with the lowest stiffness are loaded until contact occurred 
between struts in neighbouring unit cells. The state is called 
densification [20,58]. It is defined by deformation, at which the 
energy absorption efficiency is the highest [52]. The ability of 
the material to absorb energy has its maximum at a specific 
stress value. The increase in absorbed energy is less than an 
equivalent increase in stress when the specific value is 
exceeded. Optimal energy absorption can be judged by effi
ciency (see Fig. 13) Eq. (8) [2,5,59]: 

0 0.1 0.2 0.3 0.4 0.5 0.6 

Strain i \-\ 

b) 

„ 3 0 " 

0 0.1 0,2 0.3 0.4 0 5 
Strain £ [-] 

Strain s [-] 

f) 

b) BCCz; c) FCC; d) FCCz; e) FBCC; f) FBCCz la t t i ce s t ruc tu res . 
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st ress w i t h i m p e r f e c t i o n a n d d i f f e ren t C-S p a r a m e t e r s ; c) p l a t e a u s t ress ; d) SEA. 

i j (e) = a(e)de (8) 

The value at the beginning of densification ed 0 is given at 
the point, where energy absorption efficiency reaches its 
maximal value according to Eq. (9), which means: 

di j (e) 
= 0 (9) 

A comparison of stress-strain response and images from 
the high-speed camera shows that a steep increase of stress 

occurred early before contact of the struts (see Fig. 13 and 
Appendix 1, BCC and FCC). It could be caused by the partially 
melted residual material between the struts, which enhances 
the stress response during compression loading, while within 
tension loading does not. The lowest strain achieves the 
FBCCz structure, which has the highest volume fraction. The 
graphs in Fig. 13 show an increasing plateau stress level when 
the maximal strain is decreased. 

The amount of energy dissipated can be expressed as the 
area under engineering stress until a certain amount of 
deformation is achieved (up to 0.25 strain, which is approxi
mately the strain achieved within structure deformation with 
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the highest stiffness). Therefore, the stress-strain response 
could be quantified by volume energy absorption [20] given by 
Eq. (10) [7]: 

6MAX 

W ^ . - / <j(e)de (10) 

In this case £MAX— 0.25. From energy absorption, the 
plateau stress can be calculated by Eq. (11) [60]: 

W,. 
<7p = (11) 

Comparison of volume energy absorption up to 25% strain 
could provide only partial information about the overall ab
sorption of the structures. With this indicator, according to 
expectations, the highest volume energy absorption achieves 
the structure with the highest stiffness. Therefore, to describe 
the effectivity of lattice structure configurations, volume en
ergy absorption up to 25% strain has to be normalized by the 
relative density of the structure - specific energy absorption \p 
(SEA). According to this metric, the efficiency of the average 
SEA values of the structures is compared according to Eq. (12) 
[7]: 

W 2 ! 

PSPRE 
(12) 

The FCCz configuration achieves the highest SEA \p level 
(see Fig. 14 d)). The second and third most efficient structures 
are FBCCz and BCCz, respectively. The high SEA values for the 
mentioned structures are assigned to the efficiency of the 
struts in the loading direction. The effectivity of similar con
figurations can be increased if the vertical struts are prevented 
from early buckling. In contrast, the basic BCC lattice struc
ture usually mentioned in many studies achieved the worst 
result. At least its deformation behaviour can be described by 
plateau stress without the stress peak typical for buckling 
strut failure in the loading direction. 

3.4. Comparison o / F E A and experiment 

For the preparation of the simulation of the drop-weight test, 
two main factors are considered. The first of them is the 

10 

1 
6 

20 

10 

O.J 0.4 

Strain £ [-] 
D.6 OS 

implementation of the geometrical imperfections that 
occurred during the manufacturing process. Based on the 
measurement results in Section 3.1.2., the circular cross-
section of the struts with a diameter of 0.6 m m is changed 
to 0.55 m m (for nodes from 0.8 m m to 0.75 mm) with the 
diameter approximating the actual ones. The second factor is 
related to the C-S strain rate sensitive constitutive law added 
to the material model. It is decided to investigate several pa
rameters sets because a good agreement between the values 
given by the literature and the experiment has been obtained 
(see Fig. 12). The factors are evaluated in the dynamic simu
lations to quantify the influence and to compare them with 
experiments. Both are done separately and together. 

3.4.1. Influence of geometrical imperfection 
Fig. 14 a) shows the differences between the structures with 
and without geometrical corrections. Differences are 
expressed in terms of stress at 0.2% strain beyond linear 
deformation - initial collapse stress a!C. The simulation uses 
an elastic-plastic model of the material described in Table 2. 
From the comparison, it can be concluded that involving the 
corrections using decreasing the cross-section of the strut 
leads to a decrease in the initial collapse stress for all inspected 
lattice configurations. The cross-section decreases of about 
15% causes deviation variation in the range between -12% and 
-25% of stress. Stress level differences show the significance of 
the manufacturing deviations inclusion. Therefore, it has to be 
considered individually for each structure as the influence on 
each parameter configuration differs. 

3.4.2. Influence of strain rate effects 
In the next step, the elastic-plastic nonlinear behaviour is 
supplemented with the C-S strain rate dependent law, and the 
geometrical corrections are included (diameter 0.55 mm). The 
response of the structures is compared in terms of the most 
important properties - initial collapse stress a!C (see Fig. 14 b)), 
plateau stress <rP (see Fig. 14 c)), and SEA \p (see Fig. 14 d)). 

The importance of the strain rate dependent model can be 
observed when Fig. 14 a) FEA Diameter 0.55 m m and Fig. 14 b) 
FEA are compared. It can be concluded that even for low 
loading velocities, the strain rate dependence of SS 316L 
cannot be neglected. Furthermore, despite the excessively 
different input parameters between Giimruk (1) and Giimriik 
(2) (see Table 1), the results in terms of observed quantities are 
almost the same (see Fig. 14 b)). The significant difference 
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Fig. 15 - C o m p a r i s o n o f FEA w i t h s t r a i n ra te d e p e n d e n c y 
i n c l u d e d a n d e x p e r i m e n t fo r FCC la t t i ce s t r uc tu re . 

Fig. 16 - C o m p a r i s o n o f s t r a i n ra tes f r o m quas i - s ta t i c to 
h i g h ve loc i t i es . 
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occurs when the parameters Gtimriik (4) are considered. Based 
on the initial collapse stress comparison, it can be judged that 
the simulations with parameters Giimriik (1) and Gtimriik (2) 
match better than the simulation with parameters Giimriik 
(4). On the contrary, if the plateau stress or SEA is compared, 
the simulations with Giimriik (4) parameters are closer to the 
experiment. It is also visible that the initial collapse stress can 
be predicted using FE analysis efficiently, while the energy 
absorption is more difficult to predict with increased structure 
deflection. 

The simulations suffer from several simplifications when a 
large deformation occurs (see Appendix 1). Powder particle 
aggregations in the nearest area of the lattice nodes are 
missing in the model, which could lead to the lack of hard
ening during compression loading. In addition to that, the 
other major problem is the contact of struts in the beam 
element model. The true contact in the vicinity of the struc
tural nodes is replaced by spheres of influence with artificially 
increased stiffness. However, when large deformations occur, 
the structure is deformed until the beam elements without 
increased stiffness touch each other. The point where the first 
contact of the beams occurs could be a limitation, as the only 
contact of the strut axis is considered in simulations. There
fore, after reaching this critical point, it cannot be expected 
that the simulation reflects the physically correct behaviour of 
the structure under loading. In the FEA reaction force 
response, reaching this level is manifested by excessive noise 
in the output signal (see Fig. 15). 

In the future, the APDL commands can be used to 
develop a computational approach that improves the con
tact formulation between the struts in the lattice structure 
and involves a hardening effect connected with the defor
mation of the aggregation in the nearest area of the struc
ture nodes. 

Finally, the initial collapse stress of the BCC lattice struc
ture deformed at different strain rates (from approximately 
10~3 s _ 1 to 2.2-103 s _ 1 ) is assessed. Material parameters were 
chosen according to the compliance of initial collapse stress 
with the experiment (Giimriik (1)). At several strain rates, the 
verification of the computational model is provided by com
parison with the experiment (see Fig. 16). The FEA gives an 
approximately linear dependency which can be expressed by 
the function y. The comparison shows good agreement in the 
measured points and, therefore, the applicability of the model 
for different loading rates. 

4. Conclusion 

In the study, a series of computational simulations of the 
lattice structures dynamic loading are performed using 
ANSYS Workbench. The model of material is defined as the 
nonlinear elastic-plastic model of stainless steel 316L made by 
laser powder bed fusion. The plastic behaviour is defined by 
the Hollomon equation. The strain rate dependent behaviour 
given by the C-S constitutive equation is included. A new 
method is applied to determine the input parameters using 
experiments with split Hopkinson tensile bars and specially 
shaped thin-strut samples. The experimental results and the 
curves obtained from previous studies with thin struts [29] 

show good agreement. Optical digitization methods are used 
to reflect the main imperfections of the manufacturing pro
cess. Thin struts corresponding to those of the tested struc
tures are scanned. Their cross-sections are approximated by 
circles to obtain a simplified shape and dimension of the strut 
for implementation in FEA. The models are created using a 
Python script, which allows us to define struts with any cross-
sectional shapes. Simulations of the lattice structure impact 
test are performed for all configurations and compared with 
those of the experiment. The main conclusions of this study 
can be described in the following points: 

1. A good agreement between the tensile tests on multi-strut 
samples and results given by equations from the literature 
is found for a low strain rate (approximately 220s~1). 

2. The imperfections of the manufacturing process related to 
the variation in the strut cross-section cannot be neglected. 
For the parameters used in this study, the circular diameter 
reduced by about 15% can be used for all strut orientations. 
This leads to a deviation in the range between -12% and 
-25% of the stress compared to the simulation without 
imperfections. 

3. The most efficient structure in terms of SEA is FCCz. The 
high efficiency is probably caused by struts with an axis in 
the loading direction, which are also well supported 
against buckling. 

4. The consideration of different C-S input parameters can 
lead to different stress-strain responses at certain loading 
stages of the lattice structure. At least for the initial 
collapse stress, good agreement was achieved for multiple 
parameters and different structures. 

5. The lack of contact between the struts in the beam element 
model seems to be the main weakness of this approach. In 
this study, only the contact of the beam axis is defined, 
which does not reflect reality if a large deflection occurs. 
This manifests itself in excessive noise in the force reac
tion response. Therefore, the contact between the beams 
should be redefined in the future to minimize this effect. 
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Appendix 1 

Based on Figure 17, good compliance in the deformation 
pattern can be observed at small structure strains. The plastic 
hinges leading to locally large deformation on the diagonals are 
visible for the BCC lattice structure in the experiment as well as 
in the FEA. For the rest of the structures, the local deformation 
is visible on the surface of the sample. As the strain increases, 
the structure surfaces of the struts begin to touch, leading to a 
rapid increase of the acting stress. Unfortunately, this effect 
cannot be captured with the geometry representation of beam 
elements in FEA. Therefore, the FEA results should be consid
ered valid until the strut surfaces first contact. 
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7 CONCLUSIONS 

This thesis focused on the development of the non-linear computational model of lattice 
structures under different loading velocities with the inclusion of geometrical imperfections. 
The most important issues were addressed to scientific questions identified based on 
the review of the literature. To use the lattice structures produced by additive technologies 
for energy absorption purposes, it was necessary to make a precise estimation of their 
deformational behavior. Such an estimation required consideration of the specific material 
properties of the thin struts and geometric deviations. 

Unfortunately, current analytical models did not reflect specific features and were designed 
to estimate the behavior of the structure only for linear elastic deformation. Therefore, it was 
necessary to use F E A to make a precise prediction. Some of the models developed in 
previous years already considered the above-mentioned features. But so far, a model that 
would encounter all of them and furthermore reflect the effects of dynamic loading did not 
exist. Therefore, this thesis brought a computational strategy that allowed to combine 
the mentioned features and determine their influence. The model was verified by 
experiments for different topologies, sizes, and loading velocities. 

The first part focused on the determination of the effect of the most significant geometrical 
imperfections - change in strut cross-sectional shape and area. It was found that the nominal 
geometry did not fully represent the actual topology of the thin struts. Its use for the creation 
of geometry models in F E A led to distorted information about the deformation resistance 
and the deformation pattern. Therefore, the model was supplemented with the measured 
cross-sectional shape and diameter, which provided enough accurate results. The measured 
values were not universally applicable; however, a similar approach could be used for 
different topologies, parent materials or LPBF process parameters. The most important 
outputs were described as follows: 

1. An optical digitization method revealed a 'water drop' shape of the cross-section of 
the strut. The best approximation of the shape was obtained by an ellipse with a minor-to-
major axis ratio of 0.71. 

2. The elliptic strut cross-section significantly increased the accuracy of the F E A compared 
to the Gaussian circular cross-section (from 12% to 2% difference). 

3. Partially melted powder particles on the strut surface caused a significant increase in 
structure weight (from 4.72 g to 6.97 g for a nominal strut diameter of 0.8 mm). Including 
the imperfections changed the weight to a value that corresponded to the measurement 
(6.94 g). 
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4. Tensile tests showed the differences in the mechanical properties of the samples with 
angles of 90° and 45° with respect to the building platform. Samples with 45° orientations 
had a yield strength about 10% higher, ultimate tensile stress about 20% higher, Young's 
modulus about 40% higher, and a tangent modulus about 30% lower. 

The second part was focused on the correct determination of the input parameters of the non
linear material model that represented the properties of the lattice structure made of SS 316L. 
It was shown that conventional samples manufactured according to DIN standards were 
unable to represent properties of thin-strut geometries. Furthermore, it was difficult to 
determine properties based on a single strut. However, specially shaped samples that 
combined multiple struts and conventional samples in one multi-strut sample appeared to be 
suitable for this purpose. Moreover, the definition of the beam element model suffered from 
several simplifications. To improve its accuracy, the diameter of the strut in the near area of 
the nodes had to be increased by approximately 0.2 mm and Young's modulus in this area 
had to be increased 1000 times. The approach had its limitations and did not allow to reflect 
the behavior of a heavily deflected structure. The main conclusions of this part were 
described in the following points: 

1. The test of specially shaped samples showed good agreement in properties compared to 
the literature dealing with similar multi-strut samples [19, 27] (Young's modulus in 
the literature was 97 GPa; determined in the thesis was 94 GPa). Analytical models based 
on Euler-Bernoulli and Timoshenko beam theory [117] supported the credibility of 
mechanical properties in the linear-elastic area. 

2. The determination of the mechanical properties for very thin struts had limitations. If 
the diameter of the struts changed a lot (<±0.3 mm), then the properties also changed. 
Therefore, to accurately represent the material properties of different strut diameters, it is 
required to determine properties for each diameter separately. 

3. Geometrical imperfections acquired different significance for different strut diameters. 
The most significant were for lower strut diameters (about +0.09 mm for a Gaussian circular 
diameter). The least significant were for larger strut diameters (about +0.04 mm for 
a Gaussian circular diameter). 

4. FE analyses using solid and beam element models predicted the compressive modulus of 
the lattice structure with similar accuracy if an increase in artificial stiffness in the vicinity 
of the nodes was used for the beam element model. 

5. Including imperfections improved the accuracy of both F E M approaches beyond the yield 
point. The elliptical cross-section was more beneficial than the Gaussian circular for all 
diameters (initial collapse stress for the equivalent strut diameter was 81% for the elliptical 
cross-section, whereas only 70% for the Gaussian circular). 
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7. The powder particles partially melted on the surface of the structure had an important 
significance for the transmission of force. The finding was similar to the study by Vrana 
[118], who determined geometrical imperfections for AlSiioMg with similar methods. 
Structures with nominal diameters >lmm have to be investigated in the future to determine 
the threshold where the influence of imperfections becomes negligible. 

The third part focused on the inclusion of an effect that caused a change in the material stress 
response under dynamic loading. The experimental findings of previous studies focused on 
dynamic loading of lattice structures were used and combined with the results of 
the Hopkinson tensile test of multi-strut samples. Based on this combination, the most 
suitable parameter setup was chosen. The model included the strain hardening represented 
by Hollomon and the C-S constitutive law, which modified the stress-strain response based 
on the strain rate. It was possible to use the model for various structure topologies 
considering the strut diameter similar to those used for multi-strut tensile samples. 
The biggest disadvantage was a limitation to a certain range of diameters. The main 
conclusions of this study were described in the following ways: 

1. A good agreement of results obtained by the tensile tests of multi-strut samples and 
equations from the literature was found for a low strain-rate (approximately 220 s"1). 

2. The imperfections of the manufacturing process related to the variation in the strut cross-
section could not be neglected. The Gaussian circular diameter reduced by approximately 
15% was used for all strut orientations. It resulted in a deviation in the range between -12% 
and -25% of the stress compared to the simulation without imperfections. 

3. The most efficient structure in terms of SEA was FCCz (average 0.39 MJm" 3 ) . The high 
efficiency was probably due to struts with an axis in the loading direction, which were also 
well supported against buckling. 

4. The consideration of different C-S input parameters led to different stress-strain responses 
at certain loading stages of the lattice structure. For the initial collapse stress, good 
agreement was achieved for all parameters tested and different structures. 

5. The lack of contact between the struts in the beam element model appeared to be the main 
weakness of this approach. Only the contact of the beam axis was defined, which did not 
reflect reality when a large deflection occurred (up to approx. 0.58 strain). It caused 
excessive noise in the force reaction response. Therefore, the contact between the beams 
should be redefined in the future to minimize this effect. 

Regarding the tested hypotheses, the obtained results are summarized in the following 
remarks: 

Q l How do geometric imperfections of the cross-sectional shape and size affect 
the compression response of the lattice structures with a nominal strut diameter in the range 
of 0.6-1.2 mm? 
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Computational analyzes that studied the effects of described imperfections showed 
a significant impact of their inclusion in the geometry model in the investigated range. Both 
contributed to an increase in the stiffness of the structure. Without their consideration, 
the resulting structure properties were underestimated in terms of deformation resistance. 
The influence of both types of imperfections was observed to decrease with increasing 
nominal strut diameter. The obtained results were valid only for specific ranges of diameters, 
material and process parameters set, and could not be universally applied. Furthermore, some 
configurations tended to only mild non-circularities strut cross-sections. Therefore, it had to 
be considered whether an elliptical approximation of the strut cross-section was beneficial 
or if a circular cross-section was representative enough. In any case, reflecting imperfections 
related to the change in shape and size was beneficial and improved the accuracy of 
the simulation. Thus, the first hypothesis was not falsified. 

Q2 How does the non-linear material model based on multi-strut tensile samples with 
stiffness corrections influence the deformation behavior of the lattice structure with nominal 
strut diameter in the range of 0.3-1.0 mm made of 316L stainless steel by S L M technology? 

The tensile tests of specially shaped multi-strut samples achieved a more accurate resulting 
properties of lattice structures in comparison to the conventional samples. The non-linear 
elastic-plastic material model based on these results appeared to sufficiently represent 
the behavior of the lattice structure for loading beyond the yield point. The disadvantage of 
this approach was its limitation for a certain range of strut diameters. If the nominal strut 
diameter of the tensile sample differed significantly from the strut diameter of the lattice 
structure, then the resulting models suffered from significant inaccuracies. Furthermore, 
the material model used for the beam element model required additional local corrections in 
the near vicinity of the nodes. According to the compression test result, the range of material 
corrections and stiffness adjustments was identified. These corrections appeared to be 
significant in the area of plastic deformation, where they replaced the lack of beam 
connectivity. Thus, the second hypothesis was not falsified. 

Q3 How does the implementation of strain-rate sensitivity into model of material influence 
the behavior of the 316L stainless steel lattice structure under dynamic compression loading 
in the range of 102-103 s"1 strain-rate? 

It was proved that for the tested range of strain-rates, it was beneficial to include the effect 
of the sensitivity of the parent material on the strain-rate. Furthermore, the combination with 
deformation hardening in the form of linear or exponential dependence, appeared to be 
beneficial for accuracy of the simulation. Without strain-rate dependence, the simulation 
suffered from the decreased dynamic resistance. The difference was significant even for 
lower values of strain-rates (102 s"1) as the stainless steel 316L showed a strong dependence 
on strain-rate sensitivity. Thus, the third hypothesis was not falsified. 
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