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ABSTRACT 

This work concerns the numerical modeling of the deformation process and mechanical properties of 

structures obtained by the additive method laser power bed fusion (LPBF). The investigation uses 

diamond structures of Ti-6Al-4V titanium implantation alloy with various relative densities. To model 

the process of tensile deformation of the materials, geometric models were used, mapping the realistic 

shape of the examined structures. To recreate the geometry of the samples, computed tomography 

(CT) and microtomography (micro-CT) were used, which allowed to obtain two accuracy levels of the 

mapping details of the investigated structures shape. Taking into account the nonlinearity of the 

material in the computational model makes it possible to model the deformation process of cellular 

materials until the fracture initiation. On the basis of the performed calculations using the finite 

element method (FEM), the stress and strain distributions in deformed structures were obtained and 

analyzed. The relationship between the shape of cellular structures and their effective mechanical 

properties on a macroscopic scale was investigated. The influence of the accuracy of the structures 

shape mapping on their strength properties and stress and strain distributions was also described. On 

the basis of the conducted research, fracture initiation localizations in titanium cellular structures were 

indicated. Finally, the results of the numerical calculations were verified by experimental tests. 

1. INTRODUCTION

The intensive development of orthopedic implants over the last decades has forced increased 

efforts in the field of designing new implant constructions. The significant development of additive 
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technologies has contributed greatly to this. It makes possible to produce any porous structures with 

mechanical properties similar to those of bone tissue [1–4]. 

The use of 3D printing for biomedical applications enables the production of implants from 

materials distinguished by high biocompatibility. These criteria are met by titanium alloys such as 

Ti-6Al-4V, which apart from this feature are also characterized by high strength with a low value 

of elasticity modulus. Moreover, elements made of titanium alloys are lighter than those of other 

metals (eg 316L steel) and have a higher corrosion resistance [5,6]. One of the popular methods of 3D 

printing is laser power bed fusion (LPBF) according to ASTM [7], also known as selective laser 

melting (SLM). It consists in spreading successive layers of the powder of the created element, and 

then the action of a laser with a specific power, melts the powder particles into a compact whole. This 

method enables the production of whole elements with a specific structure, and thus with a defined 

relative density [8–10]. 

Conducting experimental tests of porous materials requires the development of an appropriate 

methodology, starting from the design of specimens and holders of the testing machine to determining 

the load conditions and conducting advanced microstructure studies [11–15]. The strength tests of 

materials obtained by laser melting, mainly the type of structure [16,17], and the degree of material 

densification are taken into account [18–21]. Obtaining optimal strength properties may result in the 

fact that the tested material will have a high similarity to the properties of bone tissue [18,22]. 

Modeling the deformation process and mechanical properties of materials, taking into account 

their structure on a mesoscopic scale, is currently the subject of many scientific works. The study of 

Askari et al. [23] presents micro-CT based finite element modeling of the compressive properties of 

zirconia foam scaffolds for bone tissue engineering. Doroszko and Seweryn [24] describes the 

developed procedure and results of large deformation compressive behavior of porous 316L sinters 

using microtomography. In the work of Legwand et al. [25], the communication mechanism between 

microscale and macroscale models of the multiscale numerical approach was investigated. The works 

Zhou and Zhou [26,27] concern computed tomography based numerical investigation of strength the 

properties of sintered iron ore. For numerical modeling of the mechanical properties of cellular 

materials, geometric models are often used to simplify the real shape of structures on a mesoscopic 

scale. In the works of Baranowski et al. [28] and Kucewicz et al. [29], the compressive deformation 

and failure of honeycomb structures were modeling. The work of Geng et al. [30] concerns the 

numerical modeling of three-dimensional lattice structures fracture under quasi-static tensile load. 

Drücker et al. [31] describe the mechanical characterization of additively manufactured Ti-6Al-4V 

lattice structures considering progressive damage. In the work of Wang et al. [32], the compressive 

behavior of modified gyroid structures with bone-like mechanical properties was analysed. Due to the 

complex spatial shape of structures, various approaches are used to take into account the real shape of 

material discontinuities in numerical modeling [33–35]. Computer simulations using realistic 

geometric models enable a better understanding and a more detailed description of the deformation 
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and fracture process of materials with a complex three-dimensional mesoscopic structure [36–38]. For 

the detailed mapping of the realistic shape of lattice structures in numerical modeling, the most 

commonly used approaches are based on the use of computed microtomography. In the work of 

Amani et al. [39], the compression behavior of lattice structures produced by selective laser melting 

was modeled using computed tomography. The article by Boniotti et al. [40] presents the numerical 

investigation of the compressive fatigue strength of lattice structures of AlSi7Mg. The study of Hazeli 

et al. [41] presents a relationship between manufacturing variables on the porosity distribution, quasi-

static, and dynamic behavior of additively manufactured lattice structures (AMLS) using micro-CT. In 

the work of Galarreta et al. [42], the procedure for evaluation the mechanical properties of porous 

structures was described. Including the imperfections of individual struts and lattice structure nodes in 

the calculations allows for a more accurate simulation of the material deformation process than in the 

case of highly simplified models. In the work of Dallago et al. [43], the effect of geometrical defects 

and residual stresses on the elastic modulus and fatigue resistance of cellular specimens was 

investigated. Lei et al. [44] present the evaluation of compressive properties and struts imperfections 

of multilayer lattice structures by finite element analysis. The article of Lozanovski et al. [45] 

describes the generation of manufacturing defects in computational models of additively manufactured 

lattice structures to improve simulation accuracy. In the work of Xiao et al. [46], the geometric defects 

influence of octet truss and rhombic dodecahedron lattice fabricated by electron beam melting on 

compressive deformation was studied. In the article of Yanez et al. [47], the surface roughness effects 

on the fatigue behavior of gyroid cellular Ti-6Al-4V structures obtained by additive manufacturing 

were investigated. 

This paper describes the modeling of the deformation process and the mechanical properties of 

the tensile cellular structures (under quasi-static conditions) of the Ti-6Al-4V alloy, taking into 

account the shape of imperfections resulting from the production process. Diamond lattice structures 

with different relative densities were analyzed [15]. In order to take into account the shape of 

structures and their imperfections in numerical calculations, techniques using x-rays: computed 

tomography and microtomography were used. Due to the characteristics and accuracy of both 

measurement techniques used, models with two levels of mapping, the geometric details of the 

investigated lattice structures were obtained. The study investigated the influence of the accuracy of 

the structure geometry mapping, in particular the imperfections occurring in the structures, on the 

process of their deformation and the values of effective mechanical properties. The differences in the 

deformation process of diamond lattice structures resulting from the different relative density of the 

material were also described. The influence of the material's relative density on the location of the 

stress concentration in deformed structures was determined. The stress and strain distributions in the 

investigated structures at the moment of fracture initiation in the material were also analyzed. Finally, 

the results of the numerical calculations were verified using the results of experimental studies. 
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2. MATERIALS AND EXPERIMENTAL TESTS 

In this study, Ti-6Al-4V titanium alloy used mainly as a biomedical material for the 

production of various types of implants (including bone replacement elements) due to its high 

biocompatibility [9] and appropriate strength properties was used. The material for the production of 

the specimens was LaserForm Ti Gr23 powder (3D Systems) with a particle size from several up to 40 

µm. In Table 1 shown the chemical composition of the used Ti-6Al-4V powder. For the tests, diamond 

lattice structures with nominal relative density of 18.5%, 27%, 50%, and 66% (Fig. 1) and strut 

thicknesses of 0.49, 0.6, 0.7, and 1.2 mm respectively were produced. This corresponds to porosity 

values of 81.5%, 73%, 50%, and 34% respectively. The relative density ρrel was defined as the ratio of 

the density of the sample with the cellular structure ρcell to the density of the solid specimen ρs obtained 

by the additive manufacturing technique ρrel = ρcell/ρs. Specimens were obtained by the laser power bed 

fusion additive method. The main parameters of sample production using LPBF are layer thickness 60 

µm and scanning speed 400 mm/s. The remaining parameters were optimized by the material 

manufacturer, Medgal® Orthopeadic Implants & Instruments, based on the work of Benedetti et al. 

[48]. To remove the residual stresses resulting from the 3D printing process, the specimens were 

heated in a vacuum furnace at 920°C. More details on the investigated materials are described in the 

work of Falkowska et al. [15]. 

Table 1. Chemical composition of Ti-6Al-4V powder [%] used for the production of diamond lattice 

structures. 

 

 

 

Material C Fe H N O V Y Other 

Ti-6Al-4V ≤0.08 ≤0.25 ≤0.12 ≤0.03 ≤0.13 3.5-4.5 ≤0.005 ≤0.40 
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Fig. 1. Tested materials obtained by the LPBF method: a) specimen dimensions and specimens with 

different relative density values b) near to 1 (solid material), b) 66%, c) 50%, d) 27% and e) 18.5%. 

 

Fig. 2. A specimen of a diamond structure with an extensometer prepared for a monotonic tensile test. 

The monotonic tensile test was carried out on the MTS 858 Mini Bionix testing machine with 

digital FlexTest SE control. The change in the gauge length was recorded using an Instron 2620-201 

extensometer with a gauge length of 25 mm and a range of ± 5 mm (Fig. 2). The load was applied at a 

speed of 0.01 mm/s, while the data was recorded at a frequency of 25 Hz. On the basis of the 

monotonic tensile test, the effective tensile curves (based on three specimens for each relative density) 

were determined (Fig. 3) and the most important effective strength properties for Ti-6Al-4V titanium 

alloys with various degrees of diamond structure densification and solid specimens (Table 2), such as: 

Young's modulus Eeff, Poisson's ratio νeff, yield stress σ0.2eff, ultimate tensile strength 
max

eff , and relative 

elongation Aeff. The effective values refer to and are usually used to describe the averaged values of 

stresses and strains in inhomogeneous materials such as porous materials, foams, composites. When 

determining the effective values, it is assumed that the material is solid and homogeneous, that is, 

voids in the form of pores are not taken into account when defining the cross-section needed to 

calculate the effective stress. On the other hand, the effective deformation determines the macroscopic 

deformation of the material taking into account only the change in the length of the measurement base. 

The effective stress σeff was calculated as F/A0, where F is the reaction force and A0 is the initial cross-

sectional area of the specimen. The effective strain εeff was defined as Δl/l0, where Δl is the change in 

the gauge length and l0 is the initial length of the analysed gauge length. The strength properties 

obtained from these stress and strain values are often called effective [49–51]. The nominal stress and 

strain values are calculated in a similar way, while the nominal values are usually used for 

conventional solid materials. It can be seen that despite the difference in the relative density values in 

individual specimens, a similar value of the maximum effective strain was obtained for almost tested 

materials (Fig. 3). 
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The tensile test of Ti-6Al-4V near to solid specimens was carried out in the same experimental 

conditions as the tests of lattice structures described above. 

 

 

 

Fig. 3. Nominal and effective stress-strain relationship during monotonic tension of specimens made 

of Ti-6Al-4V titanium alloy by LPBF: a) with different relative density and b) solid specimens. 

Table. 2. Effective strength properties of Ti-6Al-4V lattice structures with various relative densities, 

produced by the LPBF. 

 

To determine the fracture locations in the tensile diamond structures, microscopic 

investigation was performed using the optical Digital Microscope Olympus DSX110 device (Fig. 4). 

In the tested materials, fracture occurs in the struts near the nodes of the structure, although there are 

also cases where the fracture occurs at a certain distance from the node. For a structure with a relative 

density of 18.5%, the fracture surfaces are at various distances from the structure nodes. However, for 

the relative density of 27%, a small part of them is distant from the nodes. The shape of the cellular 
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structures of materials with a higher value of the relative density of 50% and 66% (and a greater 

thickness of the struts) determines the fracture of the struts near the structure nodes. 

 

Fig. 4. Fracture surfaces of the tested cellular diamond structures with relative density: a) 18.5%, b) 

27%, c) 50%, and d) 66%. 

3. NUMERICAL MODELING 

This paper presents a procedure for numerical modeling of quasi-static tension of diamond 

lattice structures. It was also described how the deformation process of the material is influenced by 

the imperfections of mapping the real shape of titanium cellular structures obtained by means of 

additive manufacturing (LPBF). 

3.1. Determination of a solid material nonlinearity 

To determine the material nonlinearity of the tensile cellular structures, experimental tensile 

tests of the solid Ti-6Al-4V material obtained under the same production conditions as the tested 

cellular structures were also carried out. A microtomographic examination of the obtained almost solid 

material under study was also performed. The microporosity of the tested sample was 0.00564%. Due 

to the negligible porosity created in the solid material (as a result of laser melting of powder particles), 

it has a negligible impact on the deformation process on a macro scale. It is also noticeable after 

analyzing the obtained values of Young's modulus, yield stress and strain-stress curves, which are 

similar to those obtained for Ti-6Al-4V solid alloy produced by methods other than additive 

manufacturing. For this reason, it was assumed for the numerical modeling that there are no voids in 

the solid specimens. 
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Fig. 5. Boundary conditions and finite element mesh used for tension modeling of a specimen made of 

solid Ti-6Al-4V material. 

 

Fig. 6. Comparison of the true and nominal stress-strain relationship obtained by means of numerical 

calculations and experimental tests. 

A hybrid experimental-numerical method was used to determine the nonlinearity of the 

material [52,53]. For this purpose, experimental studies and tensile calculations for solid Ti-6Al-4V 

material were carried out using the MSC.Marc software based on the finite element method. A 

three-dimensional geometric model representing a quarter of the entire geometry of the tested 
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specimens was used for numerical calculations. The model was divided into 18 400 solid 8-node 

isoparametric finite elements with linear interpolation of the Hex 7 type [54]. The finite element mesh 

was densified towards the center of the specimen. Symmetric boundary conditions (SBC) were used in 

the calculations by assigning zero displacements of the finite element nodes lying on the three planes 

of the geometric model constituting the symmetry planes of the sample (Fig. 5). Tensile modeling of 

the finite element mesh was obtained by assigning nodal displacements in the direction of positive 

x-axis values for nodes located on the significant surfaces of gripping part, in a similar way to the 

experimental studies. For the calculations, the elastic-plastic model of the material with hardening was 

used. Values of Young's modulus Es = 116.9 GPa and Poisson's ratio 

νs = 0.31 obtained by experimental tests were used [15]. Material yielding was determined using the 

Huber-von Mises criterion and the nonlinearity in the range of plastic strains using the true 

stress-plastic strain curve. The true tensile curve of the Ti-6Al-4V alloy was determined iteratively. 

Initially, the nominal stress-strain curve obtained from the experimental tests was used as the 

nonlinearity of the material in the numerical calculations. The values of stress σnom and strain ɛnom were 

assumed as nominal values (Fig. 6), not taking into account the changes in the cross-sectional area and 

the length of the initial measurement base. After the calculations, the convergence of the nominal 

curves obtained numerically and experimentally was checked, and then the true hardening curve was 

modified to improve their convergence. The iterations described above were repeated until the 

satisfactory compliance of the nominal stress-strain curves obtained by calculations and experiment. 

Then, the true stress-plastic strain curve (Fig. 8) was obtained at the center point of the specimen, 

i.e. at the point where the maximum values of stress and plastic strain are located (Fig. 7). The use of 

nonlinearity obtained by the experimental-numerical method allows to take into account the change in 

the cross-sectional area and the stress distribution in the most plastically deformed localization of the 

specimen (Fig. 7). Fig. 6 also shows the convergence of the nominal stress-strain curves obtained by 

numerical calculation and experiment. 
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Fig. 7. Distributions of plastic strain and stress in a solid Ti-6Al-4V specimen at the moment of 

material fracture initiation. 

 

Fig. 8. The true equivalent stress-equivalent plastic strain curve for Ti-6Al-4V solid material obtained 

by 3D printing. 

3.2. Recreating the shape of lattice structures using tomographic techniques 

In the numerical modeling of stress and strain fields of the tensile process described in the 

paper, the realistic shape of spatial diamond structures was taken into account. For this purpose, two 

tomographic devices were used. As a result, geometric models of lattice structures were obtained, 

mapping the details of the geometry of the produced specimens with varying accuracy. As a result, 

geometric models with two accuracy levels were obtained in order to describe the influence of micro 

and macrodefects on the deformation process of the lattice structures. 

To study the influence of macroscopic imperfections of the lattice structure on its mechanical 

behavior, a Nikon XT H 225 CT was used. In the studies with the use of computed tomography, whole 

specimens of the tested materials were used. The following scanning parameters were used for CT 

measurements: pixel size of 127 µm, source voltage of 170 kV, and current of 341 µA. From a part of 

the gauge length of the specimens, 1 geometric model was separated for each of the investigated 

structures. Cuboidal models with dimensions of 6 × 8 × 2.5 mm were obtained (Fig. 9). However, in 

order to take into account the microscopic imperfections of the structures, the Bruker SkyScan 1172 

micro-CT was used. The following measurement parameters were used for microtomographic 

investigation: pixel size of 2.94 µm, source voltage of 100 kV, and current of 100 μA. In the case of 

micro-CT measurements, the specimens dimensions have been decreased due to the device 

characteristics. From the gauge length, specimens with a cross-section equal to a quarter of the cross-

sectional area (3 × 4 mm) of the whole produced samples were cut. Based on the obtained images, 
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diamond structures were recreated in the form of geometric models with dimensions of 3 × 4 × 2.5 

mm (Fig. 10). 

An important aspect influencing the mapping of the geometry of diamond structures was the 

tomographic image thresholding procedure. Initially, a median filter was applied to the obtained CT 

images reconstruction in order to remove noise types such: Gaussian, random and salt and pepper 

noises. This filter to remove the noise pixels on the protein crystal images before binarization 

operation. In order to binarize, the automatic thresholding method presented by Otsu [55] was used. 

The method is based on the Otsu criterion. It is a nonparametric and unsupervised method of 

automatic threshold selection for image segmentation. The procedure is very simple, utilizing only the 

zeroth- and the first-order cumulative moments of the gray-level histogram. 

 

Fig. 9. Geometric models obtained on the basis of computed tomography. 
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Fig. 10. Geometric models obtained on the basis of computed microtomography. 

The accuracy of the measurement with the CT device allowed for the mapping of the structure 

topology as well as the waviness and thickness of the struts. The greater accuracy of the micro-CT 

device (pixel size 2.94 µm) in relation to CT (pixel size 127 µm) made it possible to recreate a much 

larger number of geometric details of the tested cellular structures. These include imperfections on the 

surface such as micronotches caused by the manufacturing process and powder particles that have not 

been completely fused into the structure. Micro-CT measurements also allowed taking into account the 

micropores inside the struts and the structures nodes (Fig. 11). Geometric models from CT and micro-

CT images were generated using Thermo Scientific Avizo 9.7.0 software. 

 

Fig. 11. Micropores in geometric models obtained on the basis of microtomographic images on the 

example of a diamond structure with a relative density of 27%. 
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Based on the generated geometric models, the values of the relative density of diamond 

structures obtained on the basis of CT and micro-CT images were determined and compared with the 

nominal values obtained for the produced materials (Table 3). Relative density was measured 

experimentally as the ratio of the measured specimen mass and the nominal volume value without 

taking into account the voids of the structure (as if it were a solid material) and then related to the 

density of the solid material. For models derived from micro-CT and CT, relative density was 

measured in Avizo software based on binary image analysis. For this purpose, the total volume of 

voxels representing the solid material in the lattice structure was compared to the volume of voxels 

identified as voids in the material. Attention should be paid to overestimating the relative density 

obtained for all analyzed methods in comparison to the assumed (nominal) value. This is due to the 

struts oversizing resulting from the production process depending mainly on the struts orientation and 

additive manufacturing parameters [46]. The results shown in Table 3 indicate an increase in the 

difference between the nominal and experimental relative density values with the increase in relative 

density. It can also be noticed that the greater accuracy of the micro-CT device in relation to CT, 

allowed to obtain results very similar to the experimental values. Whereas, the discrepancy in the 

relative density values determined on the basis of CT images and experimentally, results from the 

limited accuracy of the tomographic measurement and the lack of taking into account the micropores 

in the model's volume generated by this method. 

 

Table 3. Comparison of the relative density values of geometric models and produced material 

specimens. 

 

3.3. Numerical modeling of the tensile deformation process of diamond lattice structures 

In numerical modeling, a workstation equipped with Intel Core i9-7940X CPU, SSD M.2 

drive, and 64GB DDR4 memory was used. The previously generated geometric models were imported 

to the software using FEM (MSC.MARC) in the form of surface finite element meshes. Then, based 

on the surface meshes, solid finite element meshes were generated. Four-node tetrahedral solid finite 

elements of the Tetra 134 type [54] were used for numerical calculations. The average size of the finite 

elements for structures generated from CT images was approximately 0.1 mm and 0.02 mm for 
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models based on micro-CT images. Representative elements of the lattice structures obtained from CT 

images were divided into approximately 0.94, 1.15, 1.48, and 1.54 million finite elements for the 

relative material density of 18.5%, 27%, 50%, and 66%, respectively. However, in the case of 

structures obtained on the basis of computed microtomography, it was 6.13, 6.4, 8.72, and 9.04 million 

finite elements respectively. In Fig. 12 shown comparison of exemplary diamond structures divided 

into finite elements. 

In order to determine the influence of the finite element size on the results of numerical 

calculations, additional calculations were carried out for meshes with larger and smaller finite 

elements than those described above. For this, elements of 0.01 mm and 0.05 mm (micro-CT models) 

as well as 0.05 and 0.25 mm (CT models) were used. It should be noted that reducing the size of finite 

elements by half compared to those used in the manuscript resulted in a change in the Young’s 

modulus, yield stress and maximum effective stress by less than 1% (based on mean absolute 

percentage error). On the other hand, increasing the size of the finite element significantly influenced 

the overestimation of the research results. In the case of models based on micro-CT, it was an average 

increase of 4.55%, while in the case of CT the average error was 12.79%. 

 

Fig. 12. Division into finite elements of geometric models of lattice structures with a relative density 

of 27% obtained with the use of both tomographic techniques. 

In the work, the tensile deformation process of Ti-6Al-4V diamond structures obtained by 3D 

printing was modeled. For this purpose, two variants of boundary conditions were used (Fig. 13). The 

first variant was determined for models generated on the basis of CT images, and the second based on 

micro-CT images. In the first variant, a symmetric boundary condition (SBC) was used on one of the 

model base plane, which prevents the model displacement in the direction of the z-axis. Nodal 

displacements in the direction of positive z-axis values were applied to the finite element nodes lying 

on the second model base plane, thus causing the macroscopic tension of the model. In order to 

prevent the rotation of the model during deformation, nodes lying on two planes crossing the center of 

the model (Fig. 13) were applied displacements equal to zero in the x- and y-directions. Due to the 

four times smaller cross-section of the geometric models obtained with the use of micro-CT images 

(than in the case of models based on CT images), symmetrical boundary conditions were applied. 
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They were defined on the three faces of the model by applying displacements equal to zero for the 

nodes lying on them, in directions normal to these planes (Fig. 13). The tension of the model, as in the 

previous case, was obtained by applying nodal displacements in the z-direction to the nodes lying on 

the upper base plane of the geometric model. 

 

Fig. 13. Boundary conditions used for tensile modeling of lattice structures obtained by computed 

tomography (on the left) and microtomography (on the right) . 

 In numerical modeling of the tensile behavior of lattice structures obtained from CT and 

micro-CT images, an elastic-plastic model of the material with isotropic hardening was used. Young's 

modulus Es = 116.9 GPa and Poisson's ratio νs = 0.31 obtained as a result of experimental tests of solid 

Ti-6Al-4V specimens (relative density near to 0) obtained by 3D printing were used for the 

calculations. The Huber-von Mises plasticity criterion was also used, and the material nonlinearity was 

defined using the true stress-strain curve (Fig. 8). 

4. NUMERICAL RESULTS 

This chapter describes the obtained results of numerical calculations concerning the tensile 

deformation process of Ti-6Al-4V diamond structures with various relative densities. The stress and 

strain distributions in deformed materials as well as the material tensile curves were shown and 

analyzed. Stress concentration and potential fracture initiation locations were also indicated. 

4.1. Stress and strain distributions in deformed lattice structures 

Fig. 14 shows the equivalent Huber-von Mises stress distributions in cellular structures at the 

moment of obtaining an effective strain of 0.01. The places with the highest stress value are near the 

nodes of the diamond structures. In the case of structures based on CT scanning, these are the notches 

in the shape of node surfaces, while in the structures based on micro-CT, imperfections on the surface 

create scattered micronotches concentrating the stress. It can also be seen that with the increase in the 

relative density of the material, the value of the equivalent stress in the places of concentration 
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increases. The increase in the stress value according to the Huber-von Mises hypothesis with the 

increase in relative density is related to the topology of the obtained diamond structure. Changing the 

shape of the structure by changing the thickness of the struts results in a higher stress concentration 

associated with the change in the notch geometry of the structure. The distributions of the equivalent 

plastic strain at the moment of obtaining an effective strain of 0.01 (Figs. 15 and 16) are of a similar 

character to the distributions of equivalent stress. The strain fields show that with the increase of the 

relative density of the material, the areas of plastic zones in the material become larger. 
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Fig. 14. Equivalent stress distributions according to the Huber-von Mises hypothesis in lattice 

structures obtained on the basis of computed tomography (on the left) and microtomography (on the 

right) at the moment of obtaining an effective strain of 0.01. 

 

Fig. 15. Equivalent plastic strain distributions in lattice structures obtained on the basis of tomography 

at the moment of obtaining an effective strain of 0.01. 
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Fig. 16. Equivalent plastic strain distributions in lattice structures obtained on the basis of 

microtomography at the moment of obtaining an effective strain of 0.01. 

 

In Fig. 17 shown the equivalent stress distributions in the tensile diamond structures at the 

moment of obtaining the maximum effective strain determined experimentally. The places where the 

material hardening is the greatest and the equivalent stress reaches its highest values are near the 

structure nodes (Fig. 17). Higher stress values occur in structures mapped on the basis of micro-CT. 

This is due to the greater concentration of stress at the locations in the shape of micronotches that 

result from the manufacturing process. With the relative density of the material increases, the values of 

the equivalent stress increase. This is mainly due to the notch (in the macroscale) effect which occurs 

between struts and nodes of the lattice structures. As the struts thickness increases, their length 

decreases, which results in the formation of notches with smaller radii and a higher stress 

concentration. 

Distributions of the maximum principal stress in lattice structures obtained on the basis of the 

two tested methods are shown in Fig. 18. As in the case of the previously analyzed stress, the 

maximum values are located near the nodes of the examined structures. However, it should be noted 

that the obtained maximum values exceed the critical value of the maximum principal stress σ1c = 

1612 MPa obtained for solid Ti-6Al-4V specimens manufactured by the LPBF. In locations where the 

maximum principal stress exceeds the critical value (red arrows), fracture may be initiated. A large 

number of such locations have been observed in models based on micro-CT, focusing mainly on the 

surface of struts around structure nodes. In materials with a relative density of 18.5% and 27%, the 

critical stress sometimes occurs at greater distances from the nodes of diamond structures. It is related 

to the significant influence of technological micronotches on the stress distribution in the material and 

its strength. Whereas, in materials with higher relative density, i.e., 50% and 66%, macroscopic 

notches have a decisive influence on the strength of the structures. The indicated locations and their 

distribution show a significant similarity to the results of the experimental studies described in the 

previous chapter (Fig. 4). In contrast, in the case of models obtained from CT images, there are fewer 

locations where the critical stress value is exceeded. In structures where ρrel is 18.5% and 27%, there 

are only a few such places and for materials with ρrel = 50% and 66% they are more concentrated and 

occupy a larger area than in the corresponding models based on micro-CT. 

The maps of the maximum shear stress (Fig. 19) show that the locations of the maximum 

values partially coincide with the locations of the maximum principal stress σ1c. 
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Fig. 17. Equivalent stress distributions according to the Huber-von Mises hypothesis in lattice 

structures obtained on the basis of computed tomography (on the left) and microtomography (on the 

right) at the moment of macroscopic fracture initiation. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


20 
 

 

Fig. 18. Maximum principal stress distributions in lattice structures obtained on the basis of computed 

tomography (on the left) and microtomography (on the right) at the moment of macroscopic fracture 

initiation. 
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Fig. 19. Maximum shear stress distributions in lattice structures obtained on the basis of computed 

tomography (on the left) and microtomography (on the right) at the moment of macroscopic fracture 

initiation. 

 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


22 
 

In Figs. 20 and 21 shown the plastic strain distributions for structures based on CT and 

micro-CT images, respectively at the moment of macroscopic fracture initiation. In the case of CT 

models, with an increase in relative density, the plastic zones and the maximum values of strain 

significantly increase. For the micro-CT models, the zones increase less with increasing relative 

density, and the strain values achieve similar values. It should be noted that the deformation values in 

the most plastically deformed places are even twice as high in the case of models based on micro-CT 

images than in the case of CT images. This is due to the high concentration of plastic deformation in 

the micronotches of the investigated structures, which in the case of CT models are smoothed due to 

the lower accuracy of the tomographic measurement. 

 

Fig. 20. Equivalent plastic strain distributions in lattice structures obtained on the basis of tomography 

at the moment of macroscopic fracture initiation. 
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Fig. 21. Equivalent plastic strain distributions in lattice structures obtained on the basis of 

microtomography at the moment of macroscopic fracture initiation. 

4.2. Effective stress-strain curves of tensile lattice structures 

In Fig. 22 shown charts of the relationship between effective stress and effective strain 

obtained by numerical calculations and experimental tests. It should be emphasized that in the case of 

models based on micro-CT, a satisfactory agreement of the computational and experimental results 

was obtained. In the case of models based on CT images, there is a significant discrepancy between 

the modeling and experimental results. The curves shown are also an experimental verification of the 

applied calculation models. It can be seen that the smoothing of the structures shape and the 

overestimation of the relative density caused by the lower accuracy of the measurement with the CT 

device causes the calculated values of the effective stress to be overestimated. The high compliance of 

the stress-strain curves obtained on the basis of computational models using microtomographic images 

means that taking into account structure microdefects in the calculations has a significant impact on 

the deformation process of diamond lattice structures. To correctly simulate the deformation process 

of this type of material, the imperfections resulting from the material production process should be 

taken into account. 
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Fig. 22. Comparison of nominal effective stress-strain curves of the investigated diamond structures 

obtained by numerical calculations and experimental tests. 

 

4.3. Effective mechanical properties 

Based on the performed numerical calculations, the effective mechanical properties of 

diamond structures such as Young's modulus, yield stress and ultimate tensile strength were also 

determined (Table 4). It can be noticed that the inclusion of details of the lattice structures geometry 

by means of the micro-CT device in numerical calculations significantly improves the convergence of 

the results with experimental tests compared to the calculations using CT images. Based on the 

calculated percentage errors shown in Table 5, the mean absolute percentage error (MAPE) was also 

determined for the strength properties obtained with the use of two tomographic methods. The MAPE 

obtained for the models based on the CT images in the case of Young's modulus is 
CT

MAPE 54.0%E  , 

yield stress 
CT

0.2MAPE 46.0%   and ultimate tensile strength 
CT

maxMAPE 39.6%  . Whereas, for the 

models obtained on the basis of computed microtomography, it was respectively 
micro-CT

MAPE 7.5%E  , 

micro-CT

0.2MAPE 3.1%  , 
micro-CT

maxMAPE 2.8%  . It follows that the lower accuracy of the CT device causes, 

among others, the smoothing of the surface's shape of the structures and the lack of taking into account 

the micropores, which significantly increases the value of the obtained effective mechanical 
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properties. In addition, the micronotches resulting from the material manufacturing process and other 

structural defects have a significant impact on their mechanical properties. 

Table 4. Effective mechanical properties of the studied diamond structures obtained by numerical 

calculations and experimental tests. 

 

Table 5. Percentage error obtained for the effective mechanical properties of the investigated lattice 

structures. 

 

The values of the effective Young's modulus and the ultimate tensile strength obtained as a 

result of numerical calculations were also compared with the curve approximating the experimental 

values [15]. To better show the dependence of the mechanical properties on the relative material 

density, the charts (Fig. 23) show the values of Young's modulus and ultimate tensile strength related 

to the corresponding values obtained for the solid Ti-6Al-4V alloy. The form of these relations is as 

follows: for Young's modulus 
ratio

eff eff s/E E E  and for ultimate tensile strength 
ratio max max

max eff s/   , 

where Es and 
max

s  are respectively Young's modulus and nominal ultimate tensile strength obtained 

for solid Ti-6Al-4V specimens. The approximation curves in both cases were obtained as power 

functions, which were determined on the basis of nonlinear least squares curve fitting. The 

approximating functions for the effective Young's modulus have the form 
ratio 2.856

approx relE   and for 

ultimate tensile strength 
ratio 2.265

approx rel 
.
 

 From the charts (Fig. 23), it can be concluded that the character of changes in the obtained 

results of numerical calculations is similar to the shape of the approximation curve based on 

experimental studies. The greatest discrepancies in relation to the curve occur for the models obtained 

on the basis of CT images. It should also be noted that for these models the convergence of the 
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obtained values with the approximation increases with the increase of the relative density. This 

indicates that the impact of the lack of detail mapping of the structure shape on the values of the 

mechanical properties of cellular materials in these models decreases. Whereas, for the models 

obtained on the basis of micro-CT images, the values of the obtained relationships 
ratio

effE  and 
ratio

max  are 

very similar to the values obtained as a result of experimental tests, which means that the trend is also 

very similar. The results obtained on the basis of the micro-CT models also indicate the correct 

simulation of the deformation process of tensile diamond structures using these calculation models. 

 

Fig. 23. Summary of the dependence of effective Young's modulus ratio (on the left) and ultimate 

tensile strength ratio (on the right) on the relative density of the tested materials obtained numerically 

and experimentally. 

5. CONCLUSIONS 

This work presents the results of numerical modeling using the finite element method of the 

deformation process of diamond structures of the Ti-6Al-4V titanium alloy with various relative 

densities (porosity: 0%, 34%, 50%, 73%, 81.5%) obtained by the additive method laser power bed 

fusion (LPBF). In numerical calculations, geometric models recreating the realistic shape of the 

investigated structures were used. These models were obtained on the basis of images obtained by 

means of computed tomography (CT) and microtomography (micro-CT), i.e., on two levels of 

accuracy of mapping the shape details of the investigated structures. 

Based on the research carried out and described in the work and the analysis of the obtained 

results, the following conclusions can be presented: 

1. It has been shown that the accuracy of the geometry mapping by computed tomography is 

insufficient, as evidenced by the significantly overestimated values of the relative density and 

tensile force in the charts of the relationship between nominal effective stress and strain. 
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Moreover, the strength properties of the structure determined on this basis significantly differ from 

those determined experimentally. 

2. Modeling of stress and strain fields using the finite element method and geometric models 

mapping the real shape of the studied structures obtained by computed microtomography 

(micro-CT) enables the determination of effective mechanical properties of structures of any 

geometry, such as: effective axial modulus of elasticity, effective ultimate tensile strength, 

effective yield strength and effective relative elongation, based on the known values of these 

parameters for a solid material. This has practical applications, e.g., when metallic materials are 

used as replacements for joint endoprosthesis. Lattice structures make it possible to decrease the 

stiffness of the material to the level of bone tissue stiffness, which would ensure better cooperation 

of the implant-bone connections (lower bone load). At the same time, however, there is a decrease 

in the strength properties of the structure, hence it is so important to choose its geometry optimally 

so that it is able to withstand the applied load. 

3. In the case of using in the calculations the mapping of the structure geometry by means of 

computed microtomography, the obtained maximum values of local stress (maximum principal 

and equivalent) were similar to the values of these stress for the solid material at the moment of 

fracture initiation. This means that it is possible to predict the true strength of the obtained 

structure on the basis of numerical calculations, without conducting experimental tests. 

4. The obtained results of the stress concentration and deformations in the realistic structure also 

allow the analysis of the fatigue properties of the material, taking into account both the notches 

related to the shape of the diamond structure itself, as well as voids and technological 

micronotches between the particles of the molten powder, resulting from the inaccuracy of 

mapping the surfaces of the struts using laser power bed fusion (LPBF) method. The stress and 

strain concentrations caused by them significantly reduce the fatigue life of the structure, 

especially in the field of high-cycle fatigue. However, to determine the quantitative dependence of 

the number of load cycles causing the fracture initiation on the amplitude of this load, 

experimental tests in this area are necessary. 

5. The obtained results can be the basis for modifying the structure geometry in terms of reducing the 

effect of structural notches - stress and strain concentration, and at the same time increasing its 

strength and fatigue life. This requires, of course, additional calculations by the finite element 

method to confirm the reduction of stress and strain concentration, as well as experimental fatigue 

tests of the corrected structure confirming the increase in fatigue life. However, a much more 

difficult problem is the limitation of the influence of technological micronotches, resulting directly 

from the specificity of the LPBF method. The titanium powder particles are of finite size and 

obtaining a smoother surface would require additional processing, difficult to perform in the 

production of a diamond-like metamaterial or the use of a powder with smaller particles, which 

would significantly increase the manufacturing cost. 
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