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ABSTRACT 

This paper concerns numerical modelling of the deformation process, taking into account the local 

fracture of porous 316L sinters at the mesoscopic scale using the finite element method. Calculations 

are performed with the use of geometrical models, to map the realistic shape of the porous 

mesostructure of the material, obtained by means of computed microtomography. The 

microtomographic device has limited and insufficient measurement accuracy for materials such as the 

porous sinters studied. For this reason, a method to compensate the inaccuracy of mesostructure shape-

mapping is used in the numerical modelling of the deformation and fracture process of the material. 

The normalised Cockroft-Latham ductile fracture criterion is used to model the local fracture process 

(at the mesostructure level) of porous metal sinters under tension. The paper describes the numerical 

modelling procedure and the results of the calculations. The influence of the material structure on the 

meso-scale fracture process is also discussed. The numerical nominal stress-strain curves are 

compared with the results of experimental testing. The analysis of stress and strain fields and their 

variability caused by local fracture in the investigated heterogeneous material is also carried out. 

Keywords: fracture process, numerical modelling, finite element analysis, microtomography, sintered 

porous metals 

1. Introduction

Porous metallic materials are characterised, inter alia, by a comparatively low relative density 

while maintaining high stiffness and strength [1]. Nowadays, they are mainly used in the automotive, 

aviation and medical industries [2–4]. In this paper, porous sinters of 316L steel with various 

porosities, obtained by powder metallurgy, were used for the research [5,6]. Due to their mechanical 
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properties and corrosion resistance, the sinters investigated are some of those used in the production of 

implants, especially as a bone substitute material [7,8].   

Due to the complicated shapes of the material pores, many different approaches are currently 

used to take into account the spatial shape of the porous structure in numerical modelling [9]. Some of 

them assume the generation of a simplified pore network geometry, usually through the use of various 

types of algorithms [10–14]. The approach of mapping the actual shape of the tested porous structure 

is increasingly used. In the works of Chawla and Deng [15] and Deng et al. [16], the shape of the 

porous structure of the material was mapped using a microscope and the cross-section obtained was 

then used for 2D numerical calculations of the material's strength properties. To map the shape of the 

spatial structure of porous materials, the serial sectioning method and x-ray computed tomography 

method are mainly used to obtain images of cross-sections of the investigated materials. The serial 

sectioning method consists of removing the material layer, then smoothing the surface and recording 

the cross-section image using, for example, a microscope [17–19]. The number of sections for the 3D 

reconstruction of the shape of the porous structure depends on the number of material removal and 

cross-section saving sequences performed. Due to the complexity and time required for this method, 

its use is significantly limited. Due to the characteristics and limitations of the serial-sectioning 

method, the method that uses computed microtomography is more often used to map the shape of 

porous structures. Recently, there have been many studies of heterogeneous materials and numerical 

modelling of their mechanical properties based on microtomography [20–25]. In the work of Luo et al. 

[20], the yielding of metal foams under multiaxial loading was analysed. Madej et al. [21] investigated 

and numerically modelled the properties of sintered metallic materials. The concrete fracture process 

was also modelled with the use of computer microtomography [22]. In the work of Askari et al. [23], 

the results of experimental studies and compressive mechanical properties of 3D zirconia scaffolds for 

bone tissue engineering were analysed. The work by Doroszko and Seweryn [24] concerns the 

numerical modelling of the compression process and the simultaneous densification of porous sinters 

of 316L steel. In the work of Ghazi et al. [25], the behaviour of loaded metallic foams (closed cell) 

was modelled using shell approximation. 

The fracture process of metallic porous materials is now a frequently discussed research topic. 

It is related both to the development of the production technology and the development of computer 

methods, enabling the analysis of this process. Most of the work is in the field of experimental 

research [26–30]. Kashef et al. [26] describes the influence of the morphology of titanium foams on 

their fracture toughness. The work of Liu et al. [27] concerns experimental studies of the deformation 

and fracture of oriented linear porous metals. In turn, in the articles by Falkowska and Seweryn [28], 

Falkowska et al. [29] present the results of an analysis of the fracture process of the porous sinters of 

316L steel as a result of fatigue loading. In the work of Shevtsova et al. [30], the results of research on 

the mechanical properties of Ni3Al–Ni powder mixtures obtained with spark plasma sintering are 

discussed. Due to the complexity and heterogeneity of porous structures, determining their influence 
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on the process of local fracture and then global failure of the material is a complicated issue. In order 

to better understand the relationship between the porosity structure of the material and its impact on 

the fracture and failure processes, numerical modelling and simulation methods are increasingly used, 

taking into account the shape and morphology of the pores in the material [31–34]. In the work of 

Kaya et al. [31], damage to individual bridges of sintered steel foam during tension was investigated. 

The work of Perzyński et al. [32] concerns numerical modelling of the fracture process of two-phase 

steels. An analysis of closed-cell aluminium foam with crushing behaviour was also performed [33]. 

The article by Kozma and Zsoldos [34] presents the results of research on the fracture process of 

syntactic foams. 

This paper concerns the numerical modelling of the deformation and fracture process, taking 

into account the local fracture of porous sinters of 316L steel, using the finite element method. Sinters 

with various porosity values were used for the investigation. The shape of the porous mesostructure of 

the materials was included in the numerical calculations using computed microtomography. Micro-CT 

devices indicate insufficient accuracy of measurement of geometry details (fissures and small pores) of 

the porous structure of the studied sinters [35]. The lack of mapping results in the overestimation of 

the obtained nominal stress values during the deformation of the material [36]. For this reason, in 

previous studies [35,37], methods were developed to compensate for the inaccuracy of computed 

microtomography in FEM calculations. Due to the characteristics of both these methods, the second 

method was used in this study [37], which takes into account the fissures between the sintered powder 

particles that are omitted in the microtomographic measurements. The numerical calculations included 

the non-linearity of the material and implemented the normalised Cockroft-Latham ductile fracture 

criterion [38], thus taking into account the fracture process of the material mesostructure, up to the 

macrofracture initiation. It should be emphasised that, in the available literature, no other studies 

describing the numerical modelling of the mesostructure deformation and fracture process taking into 

account the local fracture of porous metals using the Cockroft-Latham criterion and computed 

microtomography have been noted. The paper presents and analyses the results obtained from 

calculations in the form of nominal stress-strain curves, as well as stress and strain distributions in a 

deformed material, and the variability caused by the mesofracture process. Moreover, the influence of 

the local fracture process of the material (at the mesoscopic scale) on its properties at the macro scale 

is described. 

 

2. Materials 

For the investigation described in this work, porous sinters of 316L steel with various porosity 

values were used. Material specimens were made of 316L steel powder with a particle size of 125–250 

µm. The sinters were obtained by powder metallurgy and, more specifically, by sintering with cold 

pressing. In the cold pressing process, three average pressures of 200 MPa, 400 MPa and 600 MPa 
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were used, with which various porosities of the material were obtained, 41%, 33% and 26%, 

respectively. The investigated porous structures were mostly open cell. There are also single small 

closed pores in the structure resulting from the sintering production process. The production process of 

the porous sinters studied is described in more detail in the works of Grądzka-Dahlke [39] and 

Falkowska et al. [6]. Fig. 1 shows examples of the porous structures of the investigated materials. 

 

Fig. 1. Examples of porous structures of the investigated 316L steel sinters with a porosity of 41%, 

33% and 26%. 

3. Numerical modelling 

For the numerical modelling of the fracture process described in the paper, a procedure 

consisting of the following stages was used (Fig. 2): 

1) preparation of porous sinters for micro-CT imaging; 

2) performing microtomographic measurements of the investigated porous structures; 

3) processing and modification of microtomographic images in order to take into account the 

details of the geometry of the material mesostructure in the numerical modelling of the 

deformation and fracture process; 

4) creating a spatial model of the porous mesostructure of the studied materials on the basis of 

modified images obtained by computed microtomography; 

5) generating a spatial finite element mesh of the porous structure; 

6) determination of the non-linearity of the solid material from which the powder for the 

production of porous material was obtained; 

7) application of the material fracture criterion in the calculation model (on the level of the finite 

element); 

8) numerical modelling of stress and strain fields using FEM, taking into account the local 

fracture of the mesostructure. 
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Fig. 2. The procedure for numerical modelling of the fracture process of porous metals with the use of 

computer microtomography. 

 

3.1. Mapping the shape of the material mesostructure based on microtomographic images 

In order to recreate the shape of the mesostructure of the investigated porous sinters, computed 

microtomography was used. The tomographic measurements were made using a high-resolution 

micro-CT Bruker SkyScan 1172. Using the SkyScan 1172 device and other similar micro-CT devices, 

the size limitations of the tested objects strongly depend on the assumed measurement accuracy (pixel 

size). With an accuracy such as that described in this paper (pixel size approx. 3 µm), the maximum 

size of the object is 12 x 8 mm. As the measurement accuracy decreases, objects can be tested up to a 

maximum diameter of about 5 cm. The microtomographic scanning performed allowed us to obtain 

reconstructed images of material cross-sections with a single pixel size of 2.91 µm. The measurement 

parameters were described in the previous work by Doroszko and Seweryn [35]. The accuracy of the 

microtomographic measurement obtained is insufficient to recreate the details of the porous structure, 

such as the fissures between the particles of sintered steel powder and small pores, with a size below 

the scanning accuracy (Fig. 1). The lack of mapping of these elements of the mesostructure has a 

significant impact on the process of deformation and fracture of the material, as well as the values of 

stress and strain in the deformed material [24,37,40]. For this reason, a method to compensate for the 

inaccuracy of microtomographic measurement in numerical calculations was used to model the 

mesofracture process of porous 316L steel sinters. This method consists of modifying tomographic 

cross-sections by applying a sequence of image processing operations in order to generate the 
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geometric shape of the fissures between the sintered powder particles, omitted in the micro-CT 

measurements [37]. The modification method is based mainly on image processing using watershed 

segmentation [41]. In watershed segmentation, each two-dimensional grayscale image can be 

represented as a three-dimensional geological map (with a specific topology) in which the pixels with 

the highest value (e.g. obtained from a distance transform) are the vertices. The pixels with the lowest 

value, on the other hand, form valleys on the relief map. The watershed algorithm using markers 

requires two input images. The first is the image that will be processed to define the watershed lines 

(object separation lines). The second image contains markers (H-maxima), i.e. areas indicating the 

center of flooding. The areas are flooded starting from the markers towards increasing pixel values. In 

places between the flooded areas (on their borders) there are local maximum pixel values. The 

combination of these pixels creates dividing lines, separating flooded areas. It is also worth noting that 

image processing operations are constantly developed in order to improve the mesostructure mapping 

of materials [42]. The modification procedure of the tomographic cross-sections used consisted of the 

following stages (Fig. 3):  

1) Increasing the resolution of microtomographic images - to obtain smaller pixels. In the next 

image processing operations, it will allow to increase the detailed mapping of the studied 

mesostructures shape. 

2) Filtering the images with a Gaussian filter - to increase the homogenization and smoothing of 

images. 

3) Binarisation (thresholding) - separation of pixels representing the solid material from the 

images in the entire volume of the porous sinter. 

4) Separation of mesostructure objects (particles) based on the watershed algorithm - the 

particles of the porous structure are separated based on the topology of the images represented 

by the various shades of gray of the pixels. 

5) Morphological opening operation in order to deepen the fissures between separated particles. 

The use of a morphological opening operation enables the mapping of the gaps shape occurs 

in this type of material. The gaps are wider on the surface and taper into the material. 

6) Filtering the images with a majority filter to partially blur the separation lines and to shape the 

fissures between the particles. The dividing lines between the particles are removed and the 

particles are connected deeper within the structure. 
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Fig. 3. Diagram of the process of modifying microtomography images using image processing 

operations [37] and a comparison to an exemplary cross-section of a material with a porosity of 41% 

obtained by SEM [39].  

Figure 3 also shows an example of a cross-sectional view of 316L steel with a porosity of 41% 

obtained with a scanning electron microscope (SEM). The cross-section that does not take into 

account the modifications is shown in point 3 in Fig. 3. As can be seen, its shape is qualitatively 

significantly different from the cross-section shape obtained by SEM. This is due to the insufficient 

accuracy of the micro-CT device. On the other hand, the method developed in Doroszko and Seweryn 

[37] allows for taking into account a significant part of the details omitted as a result of 

microtomographic measurements. Based on the modified tomographic cross-sections, three cube-

shaped three-dimensional geometric models (with dimensions 0.4 × 0.4 × 0.4 mm) were generated, 

one for each of the tested material porosities. Cross-section modification and generation of geometric 

models were carried out using Thermo Scientific Avizo 9.7.0 software. In order to create 3D models, a 

widely used procedure of 3D geometry reconstruction based on tomographic images was used. The 

main steps in such a procedure are as follows: 
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1) Arranging the sections in the correct order with an appropriate spacing between them resulting 

from microtomographic measurements. 

2) Marking in the images of pixels with shades of gray corresponding to the geometry of the 

solid material in the sample (thresholding). 

3) Building a three-dimensional model by generating and connecting voxels (the volumetric 

equivalent of a pixel) based on previously marked pixels. 

4) Model surface triangulation. 

The generated geometric models were then exported in the form of surface finite element meshes. 

 

3.2. Numerical modelling of the fracture process of the mesostructure of porous material 

A workstation equipped with Intel Core i9-7940X CPU, SSD M.2 NVMe drive and 64GB 

DDR4 memory was used for numerical calculations. Numerical modelling of the fracture process of 

the studied porous sinters was performed with the use of nonlinear calculation software (MSC.Marc) 

using a finite element method. The previously generated geometric models were imported into FEM 

software 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 Tetra 134 type [43] 

were used for numerical calculations. The average size of the finite elements was approximately 0.003 

mm. The individual mesostructures were divided into approximately 7.1, 9.2 and 8.4 million finite 

elements for the material porosity of 41%, 33% and 26%, respectively. Fig. 4 shows the structures of 

the investigated sintered 316L, divided into finite elements.  

 

Fig. 4. Division of sintered mesostructures into finite elements with porosities of 41%, 33% and 26%. 

 In this work, the process of deformation and fracture of the mesostructure of porous metals 

was modelled during macroscopic tension of the material. In the described research, symmetric 
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boundary conditions were used on three side walls of FEM models by applying zero nodal 

displacements to them in a direction normal to a given plane. The use of symmetric boundary 

conditions resulted in an eightfold increase in the volume of the mesostructure in numerical modelling. 

The tension of the models of porous mesostructures was carried out by assigning nodal displacements 

of the upper wall of the studied model in the direction of positive z-axis values of the coordinate 

system (Fig. 5). 

 

 

Fig. 5. Boundary conditions used for numerical modelling of the tension process of the investigated 

porous mesostructures. 

 For the numerical modelling of the deformation process, taking into account the local fracture 

of the material, an elasto-plastic material model with an implemented fracture criterion was used. The 

calculations assumed Young's modulus Es = 202 GPa and Poisson's ratio νs = 0.3, obtained as a result 

of experimental tensile tests of solid 316L steel. The behaviour of the material under load in the range 

of plastic strain was defined by the true stress-strain curve (Fig. 6) and the application of the Huber-

von Mises yield criterion. Bulk material non-linearity in the porous materials was determined using 

the hybrid method (experimental-numerical), based on the results of an experimental tensile test of 

solid 316L steel [35]. The true stress-strain curve of the solid 316L was obtained iteratively. Initially, 

the nominal stress-strain curve obtained from the experimental tests was used as the nonlinearity of the 

material in the numerical calculations. After the calculations, the convergence of the force-

displacement curves obtained numerically and experimentally was checked, and then the true stress-

strain curve was modified to improve their agreement. This sequence was repeated until the acceptable 

compliance of the nominal stress-strain curves obtained by experiment and calculations. Then, the true 

stress-strain curve was obtained at the center point of the specimen, i.e. at the point of the maximum 

stress and strain values location. The method used allowed us to take into account the necking effect of 

the tensile steel in the true stress-strain curve and the stress distribution in the most plastically 

deformed cross-section [44,45]. A more detailed description of the determination of the true stress-
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strain curve of the investigated solid 316L steel and a summary of the experimental and numerical 

tests are included in the work by Doroszko and Seweryn [35]. 

 

 

Fig. 6. The true and nominal stress-strain curve obtained for solid 316L steel and used in numerical 

calculations for porous sinters  [35]. 

 

 One of the most frequently used criteria in scientific research and engineering practice is the 

criterion proposed by Cockroft and Latham [46] and its modifications [38]. The reason for the frequent 

use of this criterion is its simple implementation in numerical calculations and the small number of 

constants to be determined on the basis of experimental data. In order to take into account the process 

of local fracture of the material as a result of its tension, the normalised Cockroft-Latham ductile 

fracture criterion implemented in the MSC.Marc software was used (at the finite element level), in the 

form [38]: 

f

p1

eq0

d C







  
  

    (1) 

where: σ1 is the maximum principal stress in tension, σeq is the equivalent Huber-von Mises stress, ε
p
 is 

the equivalent plastic strain, εf is the equivalent plastic strain at fracture initiation moment, and C is the 

critical value parameter at which fracture initiation occurs. In the normalised ductile fracture criterion 

proposed by Cockroft and Latham, it was assumed that the fracture initiation in the material takes 

place at the moment of obtaining the critical value by the integral in Eq. (1). In order to determine this 

critical value, the relationship between the maximum stress values and plastic strain was used, 

obtained for a smooth tensile specimen made of solid 316L steel using the previously described 

experimental-numerical method. The value of the Cockroft-Latham criterion parameter at which the 

fracture initiation takes place was determined by calculating the integral from Eq. (1). The true values 

of stress and strain obtained as a result of FEM modelling were used for the calculations of this 
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parameter. The values of stress and strain were determined in the center (in the axis) of the FE model, 

i.e. in the most plastically deformed place. The values of stress and strain in the model at the moment 

of initiating material fracture and the shape of true stress-strain curves are shown in the work of 

Doroszko and Seweryn [35]. The obtained critical value of the parameter causing the fracture initiation 

in the material was determined as C = 1.297. In order to simulate and visualise the fracture process of 

the mesostructure of the studied porous metals, the deactivation of finite elements was used. Finite 

elements in which the critical value of the implemented fracture criterion parameter was reached were 

deactivated. 

 

4. Results 

In this section, we present and discuss the numerical modelling results obtained for the 

deformation and fracture process at the mesoscopic scale. The nominal stress-strain curves obtained 

for the calculation model were compared with and without the implemented fracture criterion. The 

stress and strain distributions in the places of local fracture of the mesostructure were analysed and the 

results of the research were compared with the results of the experimental tests.  

 

4.1. Tensile properties of the sintered 316L mesostructures 

Based on the performed calculations, the macroscopic (effective) values of the strength 

properties of the investigated materials, such as Young's modulus, yield stress and maximum nominal 

stress, were determined (Tab. 1).  Both in the case of the calculations with the implemented fracture 

model and without it, the same values of yield stress were obtained for the specific porosity of the 

material. This means that, until the macroscopic yield stress of the material was achieved, the critical 

value of the fracture criterion was not reached in the mesostructures of the studied sinters. However, in 

the case of the maximum nominal stress, the use of the fracture criterion in numerical calculations 

significantly reduced its value and brought it closer to the values obtained experimentally. Tab. 2 

shows the percentage errors for the calculated strength properties. The greatest discrepancy between 

Young's modulus and the yield stress was obtained for the material with a porosity of 26%, amounting 

to 15.37% and 11.51%, respectively. However, for the remaining materials, it was from 1 to 6%. The 

inclusion of the material fracture criterion in the numerical model allowed us to reduce the mean 

absolute percentage error (MAPE) calculated for the maximum nominal stress, by approximately 18%. 

The MAPE obtained for the Young's modulus and the yield stress for all porosities was 7.63% and 

6.35%, respectively. 

Table 1. Mechanical properties of the porous sintered 316L steel, calculated by the finite element 

method and obtained by experimental tests [46]. 
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Table 2. Percentage errors of Young’s modulus, yield strength and maximum nominal stress obtained 

using numerical calculations.  

 

 In Fig. 7 were compared the nominal stress-strain curves obtained by numerical calculations 

and experimental tests until the macroscopic failure of the material [47]. The presented graphs show 

the stress-strain curves obtained for four calculation variants: a model using a porous structure without 

geometry modification and without and with taking into account the fracture criterion (initial) [37]; a 

model with modification of geometry and without the fracture criterion; and a model taking into 

account the modification of the mesostructure geometry and the normalised Cockrotf-Latham 

criterion. The numerical curves present the stress-strain relationship until the maximum nominal strain 

determined based on experimental tests. The fact that there are slight discrepancies between the values 

of the maximum nominal strain calculated by FEM and on the basis of the experiment is the result of 

the use of the arc length method in numerical calculations, where a given calculation increment does 

not exactly hit the point determining the maximum nominal strain in the case of the experiment. At the 

moment of obtaining the maximum nominal strain using numerical calculations, the material 

macrocrack on the entire cross-section of the sample is not yet obtained. This may be due to the 

implementation of the crack criterion which does not take into account the complex stress state. All of 

the presented graphs show that the use of the modified Cockroft-Latham criterion in the computational 

model, and the deactivation of finite elements meeting this condition, resulted in a significant increase 

in the convergence of the numerical and experimental curves compared to the model taking into 

account only the elasto-plastic material model. It can also be concluded that the fracture of the material 

mesostructure, as a result of tension, has a large impact on the macroscopic hardening of porous 316L 

steel sinters. The best convergence of the numerical and experimental stress-strain curves was 

obtained for a material with a porosity of 26% with an implemented fracture criterion. The curves 

obtained for the modified models with the Cockroft-Latham criterion and under the experimental 

conditions indicate that the initiation of macroscopic fracture follows faster, i.e. it takes place at a 

lower nominal strain value for a material with a porosity of 41% than for a porosity of 33% and 26% 
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(Fig. 7). In order to determine the impact of modifying the shape of the porous structure, the curves 

obtained by the method using the modification of tomographic images and those without any 

modifications (initial model) were compared (Fig. 7). It can be seen that the use of the Cockroft-

Latham fracture criterion in case of initial model causes a slight decrease in the value of the nominal 

tensile stress compared to the calculation models that do not take into account the fracture of the 

material. Comparing the results obtained using the initial model to the calculation models using 

modified tomographic images and to the results of the experiment, the nominal stress values are still 

significantly overestimated. This is due to the much larger cross-sections of the bridges connecting the 

mesostructure of the material, which failure at higher values of the nominal strain than in the case of 

the modified method. Smoother notches with a larger radius occurring in the mesostructures of initial 

model result in a lower stress concentration, and thus the smaller number of finite elements reaches the 

critical value of the implemented fracture criterion parameter. 

 

Fig. 7. Nominal stress-strain curves obtained for the investigated porous sintered 316L by means of 

numerical calculations and experimental tests [47]. 
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4.2. Fracture process of porous mesostructures of sintered 316L steel 

In the work by Falkowska et al. [6], the fracture process of tensile behaviour of porous 316L 

sinters was described on the basis of experimental tests, including microscopic analysis of the fracture 

surface (Fig. 8). At the beginning of loading, yielding and damage accumulation occur in the bridges 

between the sintered powder particles of the porous mesostructure. Microfracture initiation takes place 

at the edge of the pores or inclusions located in the area of the connection of the sintered powder 

particles. Further tension causes local fracture of the material by cracking the strongly plastically-

deformed bridges connecting the individual particles of sintered powder. No cracks were observed 

inside the powder grains. The cracks then join together, which leads to cracking at the macro level. It 

has been shown that the fracture of the porous sinters tested in this paper, under conditions of 

monotonic uniaxial tension, is only ductile and inter-crystalline [6]. 

 

Fig. 8. The fracture process of porous sintered 316L steel during uniaxial tension (based on Falkowska 

et al. [47]). 

As a result of the performed numerical calculations, the stress and strain distributions in the 

tensioned material in the z direction were also obtained. Figures 8, 9 and 10 show the equivalent stress 

distributions according to the Huber-von Mises hypothesis in the material with porosity of 41%, 33% 

and 26%, respectively (at the moment of obtaining the maximum value of macroscopic deformation

max

nom ) and local fracture of the mesostructure during tension. As in the case of experimental studies in 

[47], it was observed that the fracture initiation of the studied porous metals takes place in the bridges 

connecting the sintered powder particles. There is also a high concentration of stress (according to the 

Huber-von Mises hypothesis) in these places. This is due to the small size of the cross-section of the 

bridges in relation to the remaining parts of the mesostructure and the shape of the notches (pores) 

with a small radius. It can be seen that, with a decrease in the porosity of the material, plastic zones 
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with high values of strain and stress occupy a larger area of the sintered mesostructure (Fig. 9-11). The 

reasons for this are the higher number and the larger cross-section size of the bridges between the 

sintered powder particles (in less porous material), which bond the material together stronger and 

transmit a higher tensile load. The higher number of bridges and their larger cross-sectional area in the 

sinters with lower porosity are the result of the higher pressure in the material production process. In 

Fig. 9 to 11, the fracture trajectories resulting from tension are also indicated by red lines. In the case 

of material porosity of 41%, fracture occurs mainly along one plane (Fig. 9), while in a sinter with a 

porosity of 26%, bands of adjacent cracks can be determined, which have a decisive influence on the 

strength and stiffness of the material at the macro level. Fig. 12 shows microscopic images of the side 

surfaces of the studied sinters after monotonic uniaxial tension tests. Images were obtained with a 

Digital Microscope Olympus DSX110, and the surface of the samples was ground before microscopic 

examination, to better visualise the cracks formed. As in the case of numerical calculations (Fig. 9-11), 

the microscopic images indicate that, with the decreasing porosity of the material, the length and 

thickness of cracks in the tested materials increases (Fig. 12). 

 

Fig. 9. Equivalent Huber-von Mises stress distribution in a material with a porosity of 41% at the 

moment of obtaining the maximum value of macroscopic strain 
max

nom (on the left) and local tensile 

fracture of the mesostructure (on the right). 
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Fig. 10. Equivalent Huber-von Mises stress distribution in a material with a porosity of 33% at the 

moment of obtaining the maximum value of macroscopic strain  (on the left) and local tensile fracture 

of the mesostructure (on the right). 

 

Fig. 11. Equivalent Huber-von Mises stress distribution in a material with a porosity of 26% at the 

moment of obtaining the maximum value of macroscopic strain 
max

nom (on the left) and local tensile 

fracture of the mesostructure (on the right). 
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Fig. 12. View of the cracks on the side surface of the tested porous sinters obtained as a result of 

monotonic uniaxial tensile tests. 
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Fig. 13. Equivalent Huber-von Mises stress distribution in the initial model (without modification) 

with implemented fracture criterion at the moment of obtaining the maximum value of macroscopic 

strain 
max

nom .

In Fig. 13 shown the equivalent stress distributions in the initial models at the moment of 

obtaining the maximum value of the nominal strain. As can be seen, the notches occurring in the 

studied mesostructures are smoother and have a larger radius than in the case of models using the 

modification of tomographic images. For this reason, there is less stress concentration in the bridges 

and notches, which leads to the occurrence of only a few local fracture locations in the material. The 

smaller number of fractured bridges than in the case of the modified models also causes a significant 

overestimation of the nominal stress value during the macroscopic deformation of the material 

(Fig. 7). 

Figures 14 and 15 show the stress and strain distributions in the modified models at the 

moment of obtaining a macroscopic strain of 0.5%. In the maps of the maximum principal stress (Fig. 

14), it can be seen that the highest stress values are in the bridges connecting the particles of the 

mesostructure. The stress values in these places reach comparable values. Whereas, with the decrease 

in the porosity of the material, the areas of the occurrence of the maximum principal stress values 

become larger. In the case of the highest porosity, these areas can be compared to points, while for the 
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lowest porosity they form interconnected bands. The locations of the zones with the highest value of 

shear stress partially coincide with the locations of the maximum values of the maximum principal 

stress. Figure 15 shows the maps of the equivalent plastic strain and the maximum shear strain. 

Equivalent plastic strain in the most deformed places reaches the highest values in similar places as the 

maximum values of the principal stress. The maps of the maximum principal strain were very similar 

to the maps of the equivalent plastic strain, therefore they are not included in the figure. Based on the 

analysis of the maximum shear strain distributions (Fig. 15), it can be observed that the places of their 

maximum values coincide with the places of the maximum values of the equivalent plastic strain. 

Whereas, the maximum values in the bridges increase with the value of the material porosity. The 

strain distributions do not show a significant dominance of the maximum principal strain over the 

maximum shear strain in the most plastically deformed places. 

 

Fig. 14. Distributions of maximum principal stress (on top) and maximum shear stress (on bottom), at 

the moment of reaching the macroscopic strain 0.5%. 
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Fig. 15. Distributions of equivalent plastic strain (on top) and maximum shear strain (on bottom), at 

the moment of reaching the macroscopic strain 0.5%. 

Figures 16 and 17 show the stress and strain distributions in the modified models at the places 

of material mesofracture, respectively, at the moment of obtaining the maximum value of macroscopic 

strain 
max

nom . In Fig. 16, it can be seen that, with the increase in porosity of the material, the gradient of 

the maximum principal stress value decreases in the most plastically deformed places. However, the 

maximum shear stress locally (in the most plastically deformed places) reaches comparable maximum 

values for all of the mesostructures studied. This means that as the porosity of the material decreases, 

the maximum principal stress has an increasing influence on the fracture initiation. It can also be seen 

that at the time of macroscopic fracture initiation, as the porosity of the material decreases, there is a 

noticeable increase in the areas dominated by the maximum principal stress (Fig. 16). Fig. 17 shows 

that for a material with 41% porosity, the maximum deformation values at the moment of obtaining 

the maximum experimental macroscopic stress value 
max

nom  are significantly lower (more than 2 times) 

than for the remaining sinters. This is due to a much lower nominal strain obtained in the experiment, 

as well as higher number of local cracks for material with the lowest value of effective modulus of 

elasticity. The maximum values of strain increase with the decrease in porosity, which is caused by the 

longer deformation time until the maximum value of the macroscopic strain 
max

nom . 
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Fig. 16. Stress distributions in the mesofracture locations at the moment of obtaining the maximum 

value of macroscopic strain 
max

nom . 

 

Fig. 17. Strain distributions in the mesofracture locations at the moment of obtaining the maximum 

value of macroscopic strain 
max

nom . 
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Fig. 18. The dependence of the number of deactivated finite elements on the value of the nominal 

strain during the tensile deformation obtained for modified models. 

 

Fig. 19. The dependence of the number of deactivated finite elements on the value of the nominal 

strain during the tensile deformation obtained for initial models. 

Fig. 18 shows the curves of the dependence of the number of deactivated finite elements (as a 

result of meeting the fracture criterion) on the nominal strain obtained for modified models with all of 

the studied material porosities. With the decrease in porosity, for the same value of nominal 

deformation, the number of finite elements that were deactivated as a result of reaching the assumed 

fracture condition decreases. This is due to the fact that the material with higher porosity has a smaller 

number of bridges in the mesostructure of the material. On the other hand, the intensity of deactivation 

of finite elements is related to the size of the cross-section of the connections between the sintered 

powder particles. In a sinter with a porosity of 26%, there are bridges with the largest cross-sections 

among the investigated materials and, therefore, they are slower to fracture than in sinters with higher 

porosity. In Fig. 19 shown the curves of the number of deactivated finite obtained for initial models. 

As can be seen, the shape of these curves is comparable to the curves obtained for the modified 

models. Whereas, the number of finite elements in which the critical value of the fracture criterion 

parameter has been reached is significantly lower than in the case of the modified models. At the 
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moment of obtaining the maximum value of the nominal strain, it is 15-20 times less finite elements 

than in the case of the modified model (Fig. 18). This is due to the much larger cross-sections of the 

bridges connecting the mesostructure of the material, which failure at higher values of the nominal 

strain than in the case of the modified method. Smoother notches with a larger radius occurring in the 

mesostructures of initial model result in a lower stress concentration, and thus the smaller number of 

finite elements reaches the critical value of the implemented fracture criterion parameter. It should be 

noted that the size of the finite elements was similar for all three calculation cases, with different 

porosity. In order to develop the description of the damage-failure transition mechanism, it would be 

worth using an additional analysis of free energy release. The use of free energy release kinetics may 

complement the research presented in this paper and provide a valuable description of the multiscale 

fracture process of the porous materials [48,49]. 

 

5. Conclusions 

This paper presents the procedure and results of modelling and numerical simulations (using 

the finite element method) of deformation and fracture processes occurring in the mesostructure of 

porous sinters of 316L steel under uniaxial tensile conditions. Due to the highly varied shape and size 

of the pores, the material has numerous stress and strain concentrations, as well as local plastic strain 

locations. The effect of their operation is the formation of local cracks (at the meso level) before the 

material reaches the limit state on the macro scale. 

The implementation of the Cockroft-Latham ductile fracture criterion (modified by Oh et al.  

[38]) in finite element analysis, enables the simulation of the local fracture process by deactivating the 

elements in which the critical condition has been reached. Of course, it is then necessary to use a very 

dense mesh of division into finite elements. This approach gives good results (better compliance of the 

relationship between the nominal stress and the nominal strain) for the material tension. The 

performed numerical modelling correctly reflected the physical character of the tensile fracture of the 

material observed by microscopic examination. In the case of compression or shearing of the porous 

sintered metal alloys, it would be more reasonable to use the procedure of dividing the finite element 

into two, along the projected fracture plane. This procedure would significantly complicate the 

calculations and lengthen their time. When the Cockroft-Latham criterion [46] is applied, the plane of 

the projected fracture coincides with the plane on which the maximum normal stresses occur. Its use in 

conditions of a complex load state, where tension is not dominant, can lead to large discrepancies in 

the results of calculations and experimental tests. In further research, the implementation of the ductile 

fracture criterion, proposed and verified experimentally in the works by Derpeński and Seweryn [50], 

will be considered. However, this requires conducting experimental testing on specimens with notches 
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made of solid material (from which the powder for sintering was made) under the conditions of 

tension and torsion. 

The approach to modelling and numerical simulations using the finite element method of 

deformation and fracture of the porous 316L steel mesostructures presented in this paper can also be 

applied to other heterogeneous materials (composites in particular) or obtained by means of additive 

techniques. It is then important to determine, by means of experimental tests, the properties of the 

solid material (or individual components, in the case of composite materials), such as: elasticity 

constants, material hardening curve and critical values of normal and shear stress, as well as the 

effective properties of the heterogeneous material necessary to verify numerical calculations. 

 

Nomenclature 

C  critical value parameter of normalised Cockroft-Latham criterion 

E  Young’s modulus of porous material 

Es  Young’s modulus of solid material 

Ry0.2  Yield strength of porous material 

s  Value of nodal displacements 

ux, uy, uz Nodal displacements in the x-, y- and z- directions 

εeq  True equivalent strain 

εf  Equivalent plastic strain at fracture initiation moment 

εnom  Nominal strain 

max

nom   Maximum nominal strain 

ε
p
  Equivalent plastic strain 

νs  Poisson’s ratio of solid material 

σ1  Maximum principal stress 

σeq  True equivalent stress 

σnom  Nominal stress 

max

nom   Maximum nominal stress 

FEM  Finite element method 

MAPE  Mean absolute percentage error 
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Micro-CT X-ray computed microtomography 

SBC Symmetric boundary conditions 

SEM Scanning electron microscope 
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