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Abstract 

The experimental characterization of lattice structures based on cubic cells fabricated through 

selective laser melting (SLM) and electron beam melting (EBM) is presented. The lattice failure 

under compressive load is studied as a function of the process typology, material properties, 

and dimensional parameters of the unit cell. The bulk material is preliminarily characterized to 

evaluate the process stabilization. Three main failure modes of the lattice are identified, 

depending on the ductile/brittle material response and the direction of crack propagation. The 

relationship between lattice geometrical parameters and mechanical strength is observed. The 

equivalent Young’s module of lattice samples with different cell size has been measured and 

compared with numerical simulations based on the homogenization method.   
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1. Introduction 

The demand for strong and light structures is motivating researchers in many different 

academic and industrial fields. The development of advanced components with high 

strength/mass ratios is under investigation especially in vehicle and transport systems, civil 

engineering, spatial industry, and aeronautic applications [1, 2]. Relevant advancements in the 

field of lightered structures have been obtained mainly with composite materials and topology 

optimization methods for metals. Earlier studies in the field of structural optimization have led 

to the development of several models and algorithms toward modifying the shape of 

components by decreasing their mass and keeping stresses below certain limits. These 

calculation strategies, known as topology optimization methods [3, 4], modify the component 

shape with the use of iterative procedures. Among them are the homogenization method [5, 6], 

multipoint approximation [7, 8], single-point approximation [9, 10], and combined 

approximations [11, 12]. However, the modern simulation tools for topology optimization do 

not achieve the best strength/mass ratios; in general, their outputs are geometrically 

complicated structures with a bulk massive configuration with the same density in the entire 

volume [13, 14].  

To overcome the intrinsic limitations of lightered bulk structures, another design philosophy is 

needed, which is represented by lattice structures. The design of lattices is pushed to the 

millimeter (or even submillimeter) scale to define the structural geometry through assembling a 

few modules with an elementary shape. The lattice design is inspired by natural structures, in 

which the use of bulk materials is very rare. The resulting structures are also identified as 



“biologically inspired” (or bio-inspired) structures due to their similarities with nature. The main 

advantage of the lattice design is the detailed control and continuous modification of the 

material equivalent density in every region of the structure. Then, it is possible to control the 

local strength with high precision and to provide the highest achievable optimization of 

lightness. 

Interest in lattice design is increasing considerably because of the rapid spread of additive 

manufacturing (AM) technologies, which are suitable for building small and detailed features 

[15-21]. Historically, the applications of AM were limited to the production of prototypes and 

casting inserts; at present, they include a huge variety of production tools, short-run structural 

parts, customized bioengineered parts, and mass-customized parts, among others. On the 

other hand, there is still a lack of knowledge about the linkage between the AM process 

parameters and the structural performance of products. For this purpose, the World 

Technology Evaluation Center developed in 2009 the “Roadmap for Additive Manufacturing 

(RAM): Identifying the Future of Freeform Processing” [22], which includes the following crucial 

points. Design: a) to create conceptual design methods to aid designers in defining and 

exploring design spaces enabled by AM; b) to develop computer-aided design systems to 

overcome the limitations of existing solid modeling in representing complex geometries; c) to 

provide a multiscale modeling and inverse design methodology to assist in navigating complex 

process-structure relationships; d) to create methods to model and design with variability: 

shape, properties, process, etc. Process modeling and control: a) to develop predictive process-

structure relationships integrated with CAD/E/M tools; b) to create adaptive control systems 

with feedforward and feedback capabilities and new sensors. Materials, processes, and 



machines: a) to develop a better understanding of the basic physics of AM; b) to create 

scalable, fast material processing methods; c) to exploit unique AM characteristics to produce 

epitaxial metallic structures, fabricate functionally gradient materials and multiple materials, 

and embed components during fabrication processes.  

The first models of periodic structures were based on an analogy with cellular materials, such as 

foams [23-25]. Then, several analytic and numerical models were proposed for predicting the 

behavior of periodic structures [26, 27] and lattice structures with various shapes [28-31]. 

An experimental analysis of the mechanical behavior of lattice structures is needed to validate 

the predictive models. The limited number of experimental studies in the literature is primarily 

due to the challenges associated with the fabrication process of lattice samples with the 

desired accuracy and repeatability. In fact, although powder-based technologies are almost 

consolidated also for metals, the stabilization of these processes is not easy to obtain. 

Consistent mechanical characterization activities require repeatable and certifiable processes 

that can guarantee the same quantifiable output. This requirement involves many issues, 

including powder control and stabilization, thermal treatment consolidation, machine trials, 

and post-processing inspection activities. The survey of the literature provides a limited number 

of relevant contributions to the experimental validation of metal lattices under static loads [32-

37], in some cases with focus on strength and strain properties [38-39] or even with preliminary 

fatigue results [40]. Lattices made with other materials, such as polymers [41], have also been 

considered, as well as those with different structure typologies, such as honeycomb [42]. 



In the present work, samples fabricated by stable, repeatable, and certified SLM and EBM 

processes are used. The experimental approach applied is inspired by other studies reported in 

the literature [43-51] and consists of the characterization of parameterized samples with a 

uniform lattice shape and controlled loading conditions. The material (light alloy Ti-6Al-4V) has 

been preliminarily characterized with the use of tensile tests to investigate the behavior of 

lattice samples. 

There is a linkage between lattice structures (in which each cell is dimensioned by the designer) 

and traditional cellular materials (in which cells are created randomly and without order), such 

as foams. In both cases, the structures are formed by repeated modular elements, and the 

global properties can be related to those of the basic unit cell. The structural collapse of foams 

is linked to elastic buckling of elastomeric cells (e.g., rubbers), yielding of plastic hinges in cells 

(e.g., metals), and brittle crushing in brittle cells (e.g., ceramics). Similarly, the energy absorbed 

by the foam during deformation is linked to the energy absorbed by the cell. The 

characterization results for lattice structures reported in this work are very similar to the 

experimental results obtained with cellular materials and foams [23, 24]. The failure modes of 

lattices are also investigated, with particular focus on the direction of fracture propagation; 

three main failure modes are identified, depending on the material properties, cell geometry, 

and, indirectly, fabrication process. 

 

 

 



2. Equipment 

2.1. SLM Processing 

The EOS M 290 machine with a 400-W Yb-fiber laser (Tab. 1) is used for the selective laser 

melting (SLM) process. Several process parameters are modulated with the use of the 

embedded software, including the laser speed and power, hatch distance and orientation, 

hatch offset to the part contour (beam offset), and stripe width and offset. SLM is a “cold 

process” because the powder bed among the parts to be built is not warmed up during the 

melting. The produced parts present residual stresses; therefore, heat treatments for relieving 

stress are needed. The volumetric energy density (VED) for SLM process is defined as 

𝑉𝐸𝐷 =
𝑃

𝑣ℎ𝑡
  

where P is the laser power, v is the laser speed, h is the hatching distance and t is the layer 

thickness. The SLM process setup used in this work has VED = 37.78 J/mm3. 

 

2.2. EBM Processing 

The Arcam Q10 machine (Tab. 1) is used for the electron beam melting (EBM) process. This 

system is particularly suitable for building biomedical components because the vacuum 

chamber is designed to contain the most common implants. The electron beam gun can achieve 

a laser beam power of 3000 W and a high scan speed of 8000 m/s. Different process 

parameters can be set to produce either bulk or thin structures, with good results. In contrast 

to SLM, EBM is a “hot process” because each layer is warmed up to 750 °C by scanning the 

powder bed with an electron beam. Thus, no heat treatments for relieving stress are needed.  

The VED for EBM process is defined accordingly to [XXX] as 



𝑉𝐸𝐷 =
𝑈𝐼𝑏

𝑣ℎ𝑡
  

where U is the acceleration voltage, Ib is the beam current, v is the scan speed, h is the hatching 

distance, and t is the layer thickness. The EBM process setup used in this work has VED = 19.86 

J/mm3. 

 
Tab. 1. Technical data of SLM (EOS M290) and EBM (Archam Q10) machines. 

 
Property SLM 

Building volume 250x250x325 mm 
Laser type Yb-fibre laser, 400 W 

Max scan speed 7.0 m/s 
Max beam power 400 W 

Focus diameter 100 μm 
Compressed air supply 7000 hPa, 20 m3/m 

Property EBM 

Building volume 200x200x180 mm 
Cathode type single crystalline 

Max scan speed 8000 m/s 
Max beam power 3000 W 

Vacuum base pressure 1∙10-5 mbar 

 

2.3. Other instrumentation 

After fabrication process, SLM samples are subjected to heat treatments for stress relief. A 

customized TAV vacuum furnace (300x240x150-mm capacity, 1400°C maximum temperature) is 

used for this purpose. The furnace can force gas convection during thermal cycles to improve 

the temperature uniformity and heating speed in the internal regions of massive components. 

Gas quenching is applied to ensure metallurgical and mechanical transformation without 

excessive distortion.  

The Sonica 3300 EP ultrasonic cleaner (9.5-l tank capacity, 300-W power heating, 70°C 

maximum operating temperature) is then used to remove contaminants from SLM and EBM 

samples. The ultrasonic cleaning mechanism includes an electronic generator coupled with 



piezoelectric transducers that can mechanically excite the cleaning fluid. The vibrating signal 

causes pressure waves in the fluid at about 40 kHz and the formation of micro-bubbles, which 

impact against the solid surfaces of the samples and achieve mechanical cleaning. 

In the next step, SLM and EBM samples are separated into two sections to allow internal 

inspection and to analyze the properties and topology of lattices. The ATM Brillant 250 wet 

abrasive cut-off machine is used to cut the samples. This machine has a cutting wheel 356mm 

in diameter and provides coolant recirculation for heating prevention and debris removal. The 

Zeiss Axio Observer optical microscope with 350nm vertical resolution is used for morphological 

detection. After cutting, each sample is encapsulated in resin and subjected to one hour of 

heating. Then, the encapsulated samples are polished with sandpaper and analyzed under the 

optical microscope to evaluate the internal topology.  

After optical inspection of some sacrificial samples, other SLM and EBM bulk and lattice 

samples are characterized mechanically. The Instron 8801 servohydraulic testing machine with 

100-kN maximum load capacity is used at this purpose. This machine can perform static and 

dynamic tests (low/high cycle fatigue), thermomechanical fatigue testing, and fracture 

mechanics. The system is equipped with digital controller and dynamic load cell. 

 

3. Samples for material characterization 

The first sample typology addresses the characterization of material properties after SLM and 

EBM processes. The light alloy Ti-6Al-4V is chosen because it is largely used for building 

biomedical components and is suitable for post-process heat treatments and lattice structure 



fabrication [52, 53]. The powder granulometry has a Gaussian distribution range of 15-45 µm 

for SLM and 45-106 µm for EBM.  

The bulk samples used for the material stress-strain curve evaluation under tensile test have 

central region with uniform stress (40mm long and 5mm wide) and two clamping borders 

(12mm long and 8mm wide); the thickness is 0.6mm. The shape and dimensions are shown in 

Fig. 1 and Tab. 2. The nominal thickness of the samples corresponds to the average strut 

thickness in lattice structures, to reproduce the same failure mechanisms. Two sample sets are 

fabricated by using SLM and EBM processes, respectively. For each set, two growth orientations 

(horizontal and vertical) are considered to evaluate possible variations in mechanical strength in 

the lattice struts. Five sample replications per combination set (total of 20 samples) are 

fabricated and tested to provide statistical confidence to the results.  

The tests are conducted at ambient temperature and 0.4 mm/min velocity in displacement 

control mode. The load is applied until the rupture. The application of strain gauges is impeded 

by the small size and low stiffness of samples. However the measurement of displacement, 

which has the resolution of 10-3mm, is not affected by significant errors because the mechanical 

parts of the machine are loaded at only 2.4% of the load capacity due to sample characteristics. 

The load cell accuracy in detecting the applied force is +/- 0.5%. 



 

Fig. 1. Samples for Ti-6Al-4V mechanical characterization fabricated with SLM (a) and EBM (b) 

processes. 

 

Tab. 2. Nominal and measured dimensions of samples for material characterization fabricated 
with SLM and EBM processes. 

 Nominal dimension Measured dimension Standard deviation 

SLM samples 

Length 40.00 mm 41.15 mm 0.350 mm 
Thickness 0.60 mm 0.74 mm 0.025 mm 

Width 5.00 mm 5.09 mm 0.079 mm 
Area 3.00 mm2 3.76 mm2 - 

EBM samples 

Length 40.00 mm 41.15 mm 0.239 mm 
Thickness 0.60 mm 0.81 mm 0.025 mm 

Width 5.00 mm 5.14 mm 0.100 mm 
Area 3.00 mm2 4.18 mm2 - 

 

4. Lattice samples  

The lattice samples are designed according to the following variants: cell dimensions, strut 

thickness, and cell staggering (symmetric or asymmetric). The number of cells is varied among 

samples to obtain approximately the same size of all lattices. The parametric dimensions are 

used to evaluate the effect of the cell and strut sizes on the structural properties. The 

dimensions are selected by considering the limits imposed by each process, especially on the 



length of suspended parts. In general, the EBM process uses preheated powder with increased 

compactness, which allows longer struts compared with the SLM process. The samples are 

organized on the machine stage to optimize the number of fabrication jobs, as shown in Fig. 2a 

for the EBM process. After the powder melting process, the SLM samples are subjected to heat 

treatment for stress relief and mechanical strength stabilization, after which they are removed 

from the metal stage by using an electro-discharge machine and then sandblasted. In contrast, 

the EBM samples are sandblasted just after the fabrication process. All samples are washed 

with an ultrasonic cleaner and then dried to remove any residual powder from inside the 

cavities. 

Preliminary EBM and SLM process calibration based on the design of experiments (DOE) is 

carried out to define the best process parameters for fabricating lattice samples. The final 

dimensions of the lattice samples are shown in Tab. 3, with reference to Fig. 2b, where t is the 

strut thickness, l is the cell size, B is the sample width/length, and H is the sample height. Figure 

2c and d shows the final lattice samples after the SLM and EBM additive processes.  



 

Fig. 2. Organization of samples in the operational volume of EBM machine (a), lattice 

geometrical parameters (b), lattice samples fabricated with SLM (a) and EBM (b) additive 

processes. 

 
 

Tab. 3. Lattice samples dimensions. 
 

Sample t [mm] l [mm] Number of cells s Volume BxBxH [mm3] 

SLM samples 

1-SLM 0.40 1.50 20x20x23 l/2 38.78x38.78x48.54 
2-SLM 0.50 1.65 17x17x20 l/2 38.34x38.34x47.70 
3-SLM 0.60 1.70 16x16x19 l/2 38.22x38.22x47.88 

EBM samples 

1-EBM 0.64 3.60 8x8x10 l/2 36.30x36.30x46.60 
2-EBM 0.60 3.60 9x9x10 l/4 39.45x39.45x46.60 
3-EBM 0.40 2.60 12x12x14 l/2 37.90x37.90x46.40 
4-EBM 0.40 2.00 16x16x18 l/2 40.00x40.00x47.60 
5-EBM 0.60 2.00 14x14x16 l/2 38.30x38.30x46.20 

 

 

 



5. Results of material characterization 

The samples for material characterization described in Section 3 are subjected to tensile tests 

with the use of the Instron 8801 hydraulic machine. Figure 3 shows the stress-strain curves of 

the SLM and EBM samples, respectively, considering the difference between the horizontal and 

the vertical orientation during the additive process. Tab. 4 presents the measured Young’s 

moduli for all samples. Figure 4 shows the fracture surfaces of some significant SLM and EBM 

samples.  

 

Fig. 3. Stress-strain curve of Ti-6Al-4V samples fabricated with SLM in vertical (a) and horizontal 

(b) growth orientations and with EBM in vertical (c) and horizontal (d) growth orientations. 

 

Tab. 4. Young’s modulus of SLM and EBM samples as function of orientation. 
 

  Young’s modulus [MPa] 

Sample Orientation Measured value Average Std. dev 



SLM Samples 

1V 

Vertical 

64.726 

64.390 2.530 

2V 65.267 

3V 67.731 

4V 63.329 

5V 60.864 

1H 

Horizontal 

69.884 

63.411 3.792 

2H 62.930 

3H 60.711 

4H 60.607 

5H 62.923 

EBM Samples 

1V 

Vertical 

36.721 

36.431 2.811 

2V 34.869 

3V 38.171 

4V 39.800 

5V 32.596 

1H 

Horizontal 

22.486 

38.349 9.164 

2H 42.273 

3H 45.865 

4H 41.569 

5H 39.778 

     

 



 

Fig. 4. Fracture surfaces of some significant SLM (a) and EBM (b) samples; both sides of the 

sample are reported. 

 

6. Results of lattice compression tests 

The compression tests are carried out in position control mode at 25 mm/min velocity and 

ambient temperature. Two samples per typology are tested. 

 

6.1. SLM lattice 

Figure 5 shows the load-displacement curve for the SLM samples. Each peak corresponds to the 

collapse of one lattice layer. After every collapse, the load decreases because of the reduced 



strength of the damaged layer. Also, the compressive plates of the machine experiences small 

oscillations, which are visible in the diagrams before the beginning of each load step. At the end 

of the compression curve, the load increases monotonically due to the complete densification 

of the lattice. Sample 3-SLM shows high mechanical strength, exceeding the maximum 

compressive force applicable by the machine (100 kN). 

 



Fig. 5. Experimental load-displacement curves of SLM lattice samples (a, b, c) and variation of 

lattice stiffness during layers collapse for samples 1-SLM (d) and 2-SLM (e). 

 

The slope of each peak is used to determine the stiffness variation of the lattice samples during 

the successive layer collapse. Finally, the trends reported in Fig. 5d and e are obtained for 

samples 1-SLM and 2-SLM. The initial compressive stiffness of the lattice sample (before the 

first cell collapse) is particularly relevant to validate the numerical and analytical models of 

elastic response of lattice structures. Table 5 shows the first peak stiffness measured on six SLM 

samples (two samples per typology). Figure 7a presents the sequence of collapse of sample 1-

SLM. 

 

Tab. 5. Experimental compressive stiffness of SLM lattice samples before first cell collapse. 
 kexp [N/mm]  

Sample Test 1 Test 2 Error [%] 

1-SLM 56157 56077 -0,14 
2-SLM 73885 75516 2,21 
3-SLM 76433 79262 3,70 

 

 

6.2. EBM lattice 

Figure 6a to f shows the load-displacement curve of the EBM samples. Differently from the SLM 

samples, single cells fail simultaneously in different positions. The failure modes are described 

in greater detail in Section 8. Figure 6f to j presents the trend in stiffness variation obtained 

from the slope of each force-displacement peak. Table 6 shows the first peak stiffness 

measured on the five EBM samples. The sequence of collapse of sample 2-EBM is presented in 

Fig. 7b. 



 

Fig. 6. Experimental load-displacement curves of EBM lattice samples (a-e) and variation of 

lattice stiffness during layers collapse (f-j). 



Tab. 6. Experimental compressive stiffness of EBM lattice samples. 
 

 kexp [N/mm]  

Sample Test 1 Test 2 Error [%] 

1-EBM 13649 13455 -1,42 
2-EBM 28424 29111 2,42 
3-EBM 8889 9090 2,26 
4-EBM 21618 21777 0,74 
5-EBM 54911 52210 -4,92 

 

 

Fig. 7. Collapse sequence of samples 1-SLM (a) and 2-EBM (b). 

 

7. Numerical modeling 

The homogenization method is used to develop a numerical model capable of predicting the 

equivalent structural properties of lattice materials. Cellular structures can be compared with 

composite materials consisting of bulk Ti-6Al-4V alloy and vacuum as constitutive phases. Then, 



the representative volume element (RVE) can be modeled as an equivalent homogeneous 

anisotropic continuum [54-56]. The detailed study of local properties (e.g., stress and strain) 

requires investigation at the lattice scale; however, these properties are not relevant to the 

evaluation of the structural behavior of the whole lattice material and thus are not considered 

in the present analysis. In other words, the homogenization method allows replacing at the 

macroscopic scale the true (and complex) geometry of the RVE with an equivalent 

homogeneous medium whose mechanical response is described by a set of “effective” (or 

equivalent) material properties. These properties can be computed through different 

homogenization schemes, such as the volume average stress–based method and the strain 

energy method. Furthermore, although the bulk material constituting the lattice is isotropic, its 

macroscopic behavior (i.e., after homogenization) is generally anisotropic due to the shape and 

geometry of the RVE.  

Through the homogenization method, the equivalence between the strain energy of the RVE 

and that of the equivalent homogeneous material is imposed. This assumption allows defining 

the stiffness matrix [K] of the equivalent homogeneous material. Then, the periodic distribution 

of cells can be used to set boundary conditions for the single RVE. These constraints are applied 

to the RVE to obtain non-zero components of the strain field in only one direction, as described 

below. 

The constitutive law for the equivalent homogeneous material is  

     K  (1) 

where    and    are the stresses and strains of the equivalent homogeneous continuum, 

respectively. The stiffness matrix components are calculated, column by column, by solving six 



linear static analyses. In each static analysis, the boundary conditions are imposed to provide 

only one non-zero component of the RVE average strain field. The non-zero strain field 

component is arbitrarily imposed as equal to the unit; then, the stiffness matrix components [K] 

are estimated as 

 
V

ii dVxxx
V

K 321 ,,
1

   (2) 

where V is the volume; and 6,...,1  and 6,...,1i  correspond to the actual static case. 

Finally, the Young’s moduli of the homogenized material can be calculated from the compliance 

matrix     1
 KB as 

11

1

1

B
E  ;  

22

2

1

B
E  ;   

33

3

1

B
E   (3) 

The RVE is identified inside the lattice samples, as shown in Fig. 8a, except for sample 2-EBM, 

which has asymmetric beam staggering (s = l/4) and thus is not considered. The RVE is modeled 

with 3D 20-node solid elements (Fig. 8b) to carry out the six static linear analyses after imposing 

boundary conditions. The homogenization method is used to predict the Young’s moduli 

measured by experiments along the loading direction. The numerical value of the Young’s 

moduli considered is E1, as expressed by Eq. (3). The experimental value can be expressed as 

2expexp
B

H
kE   (4) 

where kexp is the experimental stiffness. Table 7 shows the results of the numerical 

homogenized and experimental values of the Young’s moduli. 

 

 



Tab. 7. Comparison between numerical homogenized and experimental Young’s moduli. 

Sample 

Young’s module [MPa] 
 Errors [%] 

Experimental (Eexp) Homogenized  
(E1) Test 1 Test 2 Test 1 Test 2 

1-SLM 1812.5 1810.0 1865.0 2.89 3.04 
2-SLM 2397.6 2450.5 2674.8 11.5 9.15 
3-SLM 2505.3 2598.0 3070.2 22.5 18.2 
1-EBM 482.7 475.8 403.5 -16.4 -15.2 
3-EBM 287.1 293.6 259.3 -9.70 -11.7 
4-EBM 643.1 647.9 584.6 -9.10 -9.77 
5-EBM 1729.4 1644.4 1550.2 -10.4 -5.73 

 

 

Fig. 8. Representative volume element (RVE): lattice sample composition (a) and finite elements 

discretization for homogenization method (b). 

 

 

8. Discussion 

8.1. Material characterization 

Tensile tests were carried out on 10 SLM samples (5 horizontal and 5 vertical) at 0.4 mm/min in 

position control. The SLM samples experienced ductile fracture, as demonstrated by the stress-

stain diagrams of Figs. 3a-3b where yielding point is visible. The indirect confirmation of this 



behavior is provided by the micrographs in Fig. 4a, which shows the fracture surfaces oriented 

about 45° relative to the loading axis. Additionally, the stress-strain curve shows a large plastic 

deformation region before the fracture (Fig. 3a and b). 

Tensile tests were done on 10 EBM samples (5 horizontal and 5 vertical) at 0.4 mm/min in 

position control. The EBM samples experienced brittle fracture, as demonstrated by the stress-

stain diagrams of Figs. 3c-3d, which does not show plastic deformation. The indirect 

confirmation of this behavior is provided by the micrographs in Fig. 4b, which shows the 

fracture surfaces oriented about 90° relative to the loading axis.  

The SLM samples showed comparable ultimate stress and strain values for the vertical and 

horizontal orientations. In the EBM samples, the horizontal orientation caused a slightly higher 

dispersion of ultimate stress and strain values. The Young’s moduli are very similar for the two 

orientations for the SLM and EBM samples, as shown in Tab. 5. 

The higher dispersion of EBM experimental curves can be explained by the lower dimensional 

accuracy of the EBM process compared with SLM. Additionally, the brittle fracture is initiated 

by local defects that are very sensitive to single sample features. The plastic deformation of the 

SLM samples instead involves energy dissipation over a larger area, which is less sensitive to 

local material defects. 

 

8.2. Lattice structure characterization  

Three main modes of lattice collapse under compressive load have been observed, as shown in 

the schematic drawing in Fig. 9a.  



Mode 1 is associated with buckling of the strut intersections (buckling of hinges) and involves 

one entire layer of the sample at the same time; the compressive load induces structural 

instability in the direction orthogonal to the load and causes instability of vertical struts at the 

hinges.  

Mode 2 is related to the brittle fracture of horizontal struts primarily due to shear forces; the 

collapse involves a single or a few lattice cells with unpredictable locations in the lattice and is 

induced by a local critical combination of ultimate stress and material singularities/defects, 

which initiates the brittle fracture.  

Mode 3 is a combination of first and second modes. 

The first failure mode has been observed on both SLM (ductile) and EBM (brittle) lattice 

samples, whereas the second and third failure modes have been observed only on EBM brittle 

samples, as presented in Fig. 9 to e for several samples. 



 

Fig. 9. Failure modes of cubic lattice structures (a). Mode 1 due to hinges buckling: sample 2-SLM (b) and 

sample 2-EBM (c), mode 2 due to brittle fracture of horizontal struts: sample 1-EBM (d), mode 3 due to 

mixed failures: sample 6-EBM (e). Directions of densification (sample 3-EBM) of about 45°, lattice 

collapse due to brittle shear fracture of horizontal struts (f). Directions of lattice fracture (sample 5-EBM) 

at 45° (g, h). 



 

Failure mode 1 causes lattice densification in the direction orthogonal to the load (namely, at 

90° orientation) because the entire layer is involved in the collapse. 

In Mode 2 (brittle fracture of horizontal struts), the cubic lattice cell shape causes local 

densification regions with 45° orientation, as shown in Fig. 9 to h (samples 3-EBM and 5-EBM). 

This effect, which is associated with the geometry of the lattice cell, can be used to control the 

directions of lattice collapse and energy absorption in applications in which these parameters 

are crucial (e.g., impact absorbers). 

In conclusion, the behavior of cubic lattice structures as a function of the material properties, 

fabrication process, and lattice dimensional parameters is investigated. The failure modes of 

lattices under compressive load are divided into three groups. The results indicate the high 

potential of lattices, especially from the SLM process, in satisfying the requirements of high 

strength and lightness in many applications at present and in the immediate future. 

 

8.3. Numerical modeling  

The numerical modeling through the homogenization method shows good prediction of the 

real Young’s moduli, with error rates of between 2% and 22%. The higher accuracy is obtained 

from simulating lattice samples with the highest number of cells: in this case, border effects are 

less relevant, and the lattice structure is closer to the homogeneous condition than in the case 

of large cells. The errors associated with border effects include two sources of inaccuracy: first, 

the cells situated at the periphery of the sample have a different constraining condition from 



those situated internally; and second, the shape of the RVE is slightly different for cells at the 

sample periphery. 

 

9. Conclusions 

The mechanical properties of lattice samples are evaluated and compared with the predictions 

of a numerical model based on the homogenization method. The results of this experimental 

study show a strong connection between the AM process parameters, materials, and final 

properties of the lattice. The parametric approach used to design the samples provides detailed 

results for validating numerical and analytic models of the static strength of lattices. The failure 

modes of the lattice samples are grouped into three typologies, depending on the material 

properties and cell orientation. The lattice failure modes in the plastic field under compressive 

loads indicate the presence of preferential directions of energy dissipation; this property has 

high potential usefulness in designing components for impact absorption with decreased 

volume and mass. 
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