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Abstract 
Additive manufacturing (AM) has enabled the fabrication of complex geometries directly from the 

design data and gained a lot of interest. However, AM products can contain pores, which can 

significantly reduce fatigue life. The main focus of this work is to evaluate the effect of the pores in 

Ti6Al4V dog-bone samples, produced by AM, and propose a methodology to estimate the fatigue life 

reduction due to the internal pores. The bond-based Peridynamics (PD) fatigue model was utilised to 

analyse the fatigue life of the defect-free sample with the calibrated PD parameters. Moreover, a 

numerical model is developed to investigate two types of porosities in a system. The application of the 

PD model showed a capability of crack nucleation prediction for the titanium alloy samples under cycling 

loading. The predicted results are compared with experimental data using the stress-life (S-N) curve. 

Furthermore, this paper presents a numerical approach to assess the influence of the pore location and 

size on the fatigue life of Ti6Al4V. The PD predictions indicated the critical pore characteristics and the 

applicability of the developed PD model on samples with low porosity for high cycle fatigue-loaded 

applications. 

1 Introduction 

Additive manufacturing (AM), or known as 3D printing technology, is a subject of 

undergoing intense research and development studies in the field of Metal Rapid 

Prototyping (MRP). 3D printed structures are widely used in aerospace, automotive 

and biomedical industries [1–4], and, nowadays, its application is extended to the 

marine industry [5,6].  

The rapid increase of AM in industrial applications provides flexibility in designing 

and manufacturing of complex metal structures involving titanium, stainless steel, 

nickel and aluminium alloys [7]. Moreover, the AM process of building layer by layer 

metal components according to the designed 3D model [3], is increasing production 
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efficiency and product customisation. Titanium alloys Ti6Al4V receive particular 

interest in most of the fields due to its high specific strength and corrosion resistance. 

Therefore, some experimental studies showed the existence of the process-induced 

defects and the differences in the product quality of the structures produced by additive 

layer manufacturing (ALM), which can have an influence on the fatigue performance 

of the AM parts [8–11]. Firstly, the variations in the microstructure and the material 

properties (layer quality) were reported [12,13]. The changes in the overall 

composition of the alloy are due to vaporisation of the elements when the 

temperatures in the molten pool are very high [14]. Moreover, the deposition process 

has to be carefully controlled as it could lead to the entrapped gases or vapours in the 

material resulting in microscopic spherical pores [7]. Secondly, recent studies on wire 

+ arc AM (WAAM) and selective laser melting (SLM), using in-situ X-ray computed 

tomography (CT) scanning, evidenced the presence of the pores in the structures. The 

porosity volumes for each of the methods vary and are reported as 0.01-0.04% for 

WAAM [8] and 0.08-0.2% for SLM [15]. The variations of the porosity inclusions are 

the cause of cooling rates and temperatures of the AM process [16]. It is commonly 

observed that pores are in the regions of non-melted powder for SLM [17] and when 

the structure is manufactured with a contaminated wire during WAAM [10]. With this 

respect, it is essential to understand the cause of the mechanical property variations 

of the metal alloys produced by AM and the effect of porosities on Ti6Al4V fatigue 

properties. 

The Ti6Al4V fatigue properties have significantly scattered experimental data. 

Besides, the pores in the structures have a significant influence on the fatigue life of 

AM samples. Experimental studies on Ti6Al4V fatigue properties showed that the 

crack nucleation starts at the process-induced pore and the lifetime to failure depends 

on location, size and pore volume [11,18–21]. Moreover, indicating the types of pores 

according to their location as on surface, subsurface and internal pores, the surface 

pores have a higher impact on the Ti6Al4V fatigue properties [8]. The surface 

roughness is the major drawback of the AM process, which limits fatigue performance. 

The studies [22,23] showed that the post-processing of the samples increases the 

fatigue performance where the smoother surface brings higher fatigue life. On the 

other hand, the surface pores or surface roughness can be removed by post-

processing techniques, like chemical polishing, machining, grinding and peening. With 

the use of post-processing techniques and the carefully controlled processing 

conditions, input parameters can avoid the surface pores and subsurface pores, 

located in the vicinity of the free surface, specified as the most critical one [10,24,25]. 
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It is important to note that crack initiation occurs at the areas with a more considerable 

amount of porosity or the pores located close to the free surface. Multiple tests 

[9,10,26,27] indicated that the sub-surface pores are the dominant factor of limiting 

fatigue life. Also, the researchers identified the challenges for determining the AM 

Ti6Al4V fatigue properties, as layer by layer manufacturing results in heterogeneous 

microstructure and porosity defects distributions.  

Ti6Al4V porosities have a direct impact on mechanical behaviour [28]. Also, 

porosity affects the elastic properties of the material, and the proposed empirical and 

semi-empirical expressions [29–37] relate Young’s modulus to the total porosity of the 

sample. The proposed analytical solutions include the characterisation of the pore 

sizes, ratio, orientation, fraction, etc. However, the proposed equations have 

limitations and include assumptions about the real microstructure, including the 

parameters, which has to be measured experimentally for each type of material. The 

proposed analytical approaches showed a good fit to experimental values for brittle 

fracture with the main focus on the prediction of the elastic properties of porous 

materials. While quasi-static properties are essential for initial evaluation of the 

material, the prediction of the fatigue life of the material is more crucial.  

The predictive model, based on the defect tolerant design approach, such as El-

Haddad’s [38], is widely used to predict the fatigue limit of AM materials. In this model, 

the defect is assumed as a crack and later Murakami and Endo [39] introduced a new 

parameter based on the projected area of the pore expressing the fatigue limit as a 

function of the porosity size and location. In addition, Beretta and Romano [40] 

adapted Murakami’s parameter in El-Haddad’s model for calculating the fatigue limit 

of the samples including pores. The analytical approaches [38–40] showed reasonable 

estimation of the endurance limit in comparison to the fatigue test of AM samples 

[9,10,20,41], but in some cases can give conservative predictions. The numerical 

crack nucleation models can be developed for more accurate predictions of fatigue 

performance. The studies [11,42] are modelling an individual pore using a finite 

element method to compute the stress concentration factor. The performed  static 

analysis with a defined ratio of pore diameter to its distance to the free edge [42] 

concluded that the stress concentration factor is higher for the pores located close to 

the free surface. Instead, in [11], the porosity defects of different shapes are identified 

by scanning the samples of SLM Ti6Al4V and evaluating the stress concentration 

factor by FEA. The fatigue nucleation is predicted at the pore by using the stress-strain 

response of the FE model. Nonetheless, the following numerical studies focused on a 

single pore and did not include the global interaction on the multiple pores. 



4 

This study is focused on the effect of the pores in the AM Ti6Al4V samples by 

taking into account the porosity of the material and pore distributions. To analyse the 

influence of the pores on the high cycle fatigue (HCF) crack initiation, the “bond-based” 

peridynamics (PD) is used. The PD model, developed by Silling in [43], is successfully 

applied to brittle facture problems on crack nucleation and propagation [44,45], as well 

as on micro-crack interaction problems [46,47]. Furthermore, Oterkus et al. [48] 

proposed a PD fatigue model which applies only on crack growth and Silling and Askari 

[49] introduced a “bond-based” PD approach to treat crack nucleation and propagation 

under the cycling loading. The applicability of the model [49] is shown on fatigue crack 

propagation problems in metals [50] and composites [51]. 

The predictive HCF nucleation model [49] is developed to investigate the influence 

of changes in the porosity of the AM Ti6Al4V. In Section 2, the bond-based PD model 

is briefly introduced for fatigue nucleation. Considering the duration of the fatigue 

simulations, the direct solution with stabilised biconjugate gradients method (BiCG) is 

used to improve the computational efficiency. In Section 3, the defect-free titanium 

alloy is used to calibrate PD parameters using the tests data from [8], and the 

convergence study of fatigue nucleation in a dog-bone specimen is performed. In 

Section 4, the fatigue nucleation analysis is performed for AM Ti6Al4V samples with 

two different porosity levels. The porosity in fatigue models is introduced with gamma 

distributions in order to reach the required porosity levels. Firstly, the porosities in the 

fatigue model are implemented with a “concentration-dependent damage” (CDD) [52] 

approach and fatigue life were predicted. Secondly, new peridynamic porosity model 

is proposed to model the low porosity in the samples, which improves the prediction 

accuracy of the fatigue nucleation. Both of the models are validated against the tests. 

Lastly, the sensitivity study is performed on the reduction of material life with the 

located single pore and changing its diameter and location. Finally, the discussions 

are given in Section 5 and followed by conclusions.  

2 Method 

2.1 Peridynamic model for brittle damage 

The bond-based peridynamics (PD) introduced by Silling [43] is a reformulation of 

the fundamental equations of continuum mechanics equations which are particularly 

suitable to solve problems including discontinuities. Peridynamics uses integro-

differential equations instead of partial differential equations as in classical continuum 
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mechanics. This widens the possibility of solving fracture mechanics problems 

including cracks initiation and propagation [53]. 

The peridynamic equation of motion can be written in the form of the integro-

differential equation as: 

𝜌(𝒙)�̈�(𝒙, 𝑡) = ∫ 𝒇(𝒖(𝒙′, 𝑡) − 𝒖(𝒙, 𝑡), 𝒙′ − 𝒙)𝑑𝑉𝑥′ + 𝒃(𝒙, 𝑡)

𝐻𝑥

 (1) 

which can be discretised as 

𝜌(𝑖)�̈�(𝑖) = ∑ 𝒇(𝑖)(𝑗)𝑉(𝑗)

𝑁

𝑗=1

+ 𝒃(𝑖) (2) 

from which the acceleration �̈�(𝑖) of the material point i at time 𝑡 can be obtained. Each 

material point i interacts with other material points j within its horizon 𝐻𝑥 with a total 

number of N family members, as shown in Fig. 1. The coordinates of a material point 

are represented as 𝒙 with the incremental volume 𝑉. 𝒖, 𝒃 and  𝜌  denote displacement 

vector field, body load and mass density of the material point, respectively.  

In the bond-based Peridynamics, interacting material points can exert forces on 

each other with equal magnitudes [54] and for the interacting material points i and j, 

peridynamic pairwise force densities can be defined as [55]: 

𝑓(𝑖)(𝑗) = 4𝛿𝑏𝑠(𝑖)(𝑗)

𝒚(𝑗) − 𝒚(𝑖)

|𝒚(𝑗) − 𝒚(𝑖)|
 (3) 

where 𝛿 is the horizon size, 𝑏 is the peridynamic parameter and 𝑠 is the stretch 

between material points. Once a material point displaces to a new location as a result 

of deformation of the structure, its new location is specified as 𝒚 in the deformed 

configuration, as shown in Fig. 2.  

Peridynamic parameter 𝑏 can be related to the material constant of classical 

continuum mechanics by equating strain energy density of a material point inside a 

body subjected to isotropic expansion and simple shear loading conditions calculated 

from classical continuum mechanics and peridynamics [54]. In this paper, 2D-model 

with plane stress conditions is used, where the plate is discretised with a single layer 

of material points in the thickness direction. Due to this, the PD parameter is expressed 

in terms of shear modulus, 𝜇, thickness, ℎ, and horizon size, 𝛿, for a 2-Dimensional 

problem: 

𝑏 =
6𝜇

𝜋ℎ𝛿4
 (4) 

The stretch between material points i and j can be expressed as  
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𝑠(𝑖)(𝑗) =
|𝒚(𝑗) − 𝒚(𝑖)| − |𝒙(𝑗) − 𝒙(𝑖)|

|𝒙(𝑗) − 𝒙(𝑖)|
 (5) 

2.2 Peridynamic model for fatigue damage 

The first peridynamic fatigue model was proposed in [48], which applies only to the 

crack growth phase. Instead, the formulation in [49] describes the possibilities to deal 

with three phases of fatigue: crack nucleation, crack growth and final failure. The 

damage variable called the “remaining life” was introduced, which is degrading over 

the fatigue cycles. Each bond of the material points interactions in the PD model is 

identified by initial remaining life 𝜆(0) = 1 and the bond is breaking irreversibly when 

𝜆(𝑁) ≤ 0. The irreversible bond breakage for fatigue cracking can be implemented by 

the failure parameter [56] in the equation of motion Eq. (2), which includes a history-

dependent scalar-valued function   to represent broken interactions (bonds) between 

material points: 

𝜇(𝒙(𝑗) − 𝒙(𝑖), 𝑁) = {
1
0

             if 𝜆(𝑁) > 0 for all 1 < 𝑁′ < 𝑁 
otherwise

 (6) 

To monitor the accumulated damage of the bonds over the loading cycles 𝑁, the 

local damage of each material point 𝑖 is defined as: 

The introduced evolution law in [49] for the remaining life of the bond is: 
𝑑𝜆(𝑁)

𝑑𝑁
= −𝐴휀𝑚 (8) 

where 휀 is the cyclic bond strain for the sample, which is under two extremes of the 

loading conditions. The application of each extreme in the model is resulting in 

maximum and minimum bond stretches between material points, so the bond strain is 

defined as: 

휀 = |𝑠𝑚𝑎𝑥 − 𝑠𝑚𝑖𝑛| = |(1 − 𝑅)𝑠𝑚𝑎𝑥| (9) 

The material behaviour under two extremes is assumed to be linear, so the cyclic 

bond strain is expressed in Eq. (9) by 𝑠𝑚𝑎𝑥 and load ratio 𝑅 = 𝑠𝑚𝑖𝑛/𝑠𝑚𝑎𝑥. 

The parameters 𝐴 and 𝑚 in Eq. (8) are the material constants that have to be 

calibrated using the S-N curve data for the crack initiation phase and with Paris law 

for fatigue crack growth.  

𝜑(𝒙(𝑖), 𝑁) = 1 −
∑ 𝜇(𝒙(𝑗) − 𝒙(𝑖), 𝑁)𝑉(𝑗)

𝑁
𝑖=1

∑ 𝑉(𝑗)
𝑁
𝑖=1

 (7) 
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For the crack nucleation phase, the parameters 𝐴 and 𝑚 are denoted as 𝐴1 and 

𝑚1, and have to be calibrated from experimental data. Because the initial remaining 

life of each bond is 𝜆1(0) = 1, integrating Eq. (8) leads to: 

𝐴1휀𝑚1𝑁1 = 1 (10) 

This means that the crack nucleation occurs at: 

𝑁1 =
1

𝐴1휀𝑚1
 (11) 

Presenting Eq. (11) in a log-log scale, the 𝐴1 and 𝑚1 can be determined by a linear 

fit to experimental data presented by strain-life relation in log-log scale. The obtained 

parameters of 𝐴1 and 𝑚1 are used for static solutions to calculate the fatigue life of the 

sample at the nucleation phase. The calculations will continue until the local damage 

is 𝜑 < 0.4, and fatigue damage will move from phase I (crack nucleation) to phase II 

(crack growth).  

The studies in the present work focus only on crack nucleation phase, so the phase 

II is not presented.  

2.3 Direct Peridynamic solver for fatigue damage 

Fatigue analysis includes multiple static simulations. Most of the studies on PD 

static or quasi-static solutions are using explicit time integration. Moreover, Eq. (2) is 

introduced in the dynamic form, and a commonly used technique, as Adaptive 

Dynamic Relaxation (ADR)[53], is implemented in PD theory to solve static or quasi-

static problems. Using the explicit method, the convergence of the static solution can 

be time-consuming, as too many time steps are required to reach a stable solution. 

Such a method for fatigue analysis can be very costly, and some studies are performed 

using an implicit solution [50]. In the current work, the direct method [57] is used where 

PD force function for a 2-D problem is expressed in the matrix form: 

{
𝑓𝑥

𝑓𝑦
} =

4𝛿𝑏

|𝝃|3
[
𝜉𝑥𝜉𝑥 𝜉𝑥𝜉𝑦

𝜉𝑦𝜉𝑥 𝜉𝑦𝜉𝑦
] {

𝜂𝑥

𝜂𝑦
} (12) 

where 𝜉 is the relative position between material points, 𝝃 = 𝒙′ − 𝒙, 𝜼 is the relative 

displacement between material points, 𝜼 = 𝒖(𝒙′, 𝑡) − 𝒖(𝒙, 𝑡) and 𝜉𝑥 , 𝜉𝑦 are the 

reference lengths in x and y directions. 

In order to solve the static problem using the direct method, the acceleration term 

�̈� is omitted from the equation of motion, and the equation will have the following form: 

∑ 𝒇(𝑖)(𝑗)𝑉(𝑗)

𝑁

𝑗=1

+ 𝒃(𝑖) = 0 (13) 
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Note that Eq. (13) contains a local stiffness for each material point, interacting with 

other material points. The combination of local stiffness matrices is resulting in the 

global static PD equation written in the matrix form as: 

𝑲𝑼 = 𝑩 (14) 

where 𝑲, 𝑼 and 𝑩 are the global stiffness matrix, the material points’ displacement and 

the body load matrices. Eq. (14) is solved to find the displacements of each material 

point, by calculating the inverse stiffness matrix 𝑲−1. For the models with fine 

discretisation, the global stiffness matrix can be very massive, and it is time-consuming 

to calculate the 𝑲−1. To overcome the following issue, the stabilised biconjugate 

gradients method (BiCG) is used. BiCG improves the capabilities of the PD solver by 

making it faster and smoother convergence. For all the presented simulations the 

BiCG method is used with the convergence tolerance of 10−6 and the maximum 

number of iterations of 5000.  

3 The fatigue life of defect-free Ti6Al4V Titanium alloy 

The AM Ti6Al4V got attention in multiple fields due to its high strength to weight 

ratio, and a lot of studies are focused on Ti6Al4V fatigue properties. The investigations 

showed that the factors, like AM processing parameters, the geometry and the 

surrounding environment, have a direct impact on Ti6Al4V mechanical properties [58]. 

In the presented studies, the AM processing parameter variations and its processing-

property relationships are not taken into account, as well as the potential anisotropy 

of mechanical properties. Therefore, the resulting process-induced pores in the dog-

bone samples and their effect on the Ti6Al4V fatigue properties are investigated. In 

this respect, the defect-free Ti6Al4V sample with isotropic properties is selected as a 

reference specimen, and different methods of pores implementation in PD model are 

presented with its effect on the fatigue performance. In Sect. 3, the PD defect-free high 

cycle fatigue nucleation model set up is presented. 

3.1 Properties of PD model 

The 2D peridynamic fatigue model is considered for a dog-bone plate with a total 

length of 𝐿 =  30 × 10−3𝑚, a width of 𝑊 =  10−2 𝑚 and 𝑊𝑖𝑛 = 5 ×  10−3𝑚, the 

thickness of ℎ = 5 ×  10−3𝑚  shown in Fig. 3a. The following homogeneous material 

properties of the plate are specified: Young’s modulus 𝐸 = 110 𝐺𝑃𝑎 and Poisson’s 

ratio 𝜈 = 1/3. 
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Using the test data [8] for the defect-free sample, the calibration of the parameters 

𝐴1 = 2.9 × 1024 and 𝑚1 = 13.56 are utilized for PD numerical model [49]. The 

specimen is under high cycle fatigue with the load ratio of 𝑅 = 0.1 and the stress 

amplitudes of 𝜎𝑎 = 360, 316 and 270 𝑀𝑃𝑎 are considered. A static loading, using the 

direct method described in Sect. 2, is applied as a body force density, 𝑏𝑦 (Fig. 3b): 

𝑏𝑦 =
𝜎𝑦𝑊ℎ

∆𝑉∆
 (15) 

where V  is the volume of the boundary layer, and 𝜎𝑦 is a tension loading. 

𝜎𝑦 =  𝜎𝑦
𝑚𝑎𝑥 =

2𝜎𝑎

1−𝑅
, 𝜎𝑦 = 𝜎𝑦

𝑚𝑖𝑛 =  𝜎𝑦
𝑚𝑎𝑥𝑅. (16) 

Please note that the no-damage zone is introduced in all numerical models in 

order to avoid the crack initiation in the area of the abrupt changes in the cross-

sectional area. In that matter, the accumulated damage of the bonds is allowed only 

for the points located in the midsection of the sample (−2.5 × 10−3𝑚 ≤ 𝑦 ≤

2.5 × 10−3𝑚). 

3.2 Numerical study of convergence 

Three types of convergence studies are identified in [59]. In this work, the 𝛿 -

convergence study is performed for a fixed horizon factor 𝑚 = 3, where 𝛿 = 𝑚∆𝑥. The 

problem set up is stated in Sect. 3.1 and the dog-bone plate is under the stress 

amplitude of 𝜎𝑎 = 360 𝑀𝑃𝑎. Three different horizon sizes 𝛿 with corresponding uniform 

grid spacing and the total number of material points of Δ𝑥 = 0.2 ×

10−3𝑚 (4656 𝑛𝑜𝑑𝑒𝑠), Δ𝑥 = 0.15 × 10−3𝑚 (8352 𝑛𝑜𝑑𝑒𝑠), Δ𝑥 = 0.1 ×

10−3𝑚 (18784 𝑛𝑜𝑑𝑒𝑠) are selected. The parameters 𝐴1 and 𝑚1 are kept constant for 

𝛿 -convergence studies, as they are obtained from the test data and are not dependent 

on the horizon size. The focus of 𝛿 - convergence is to observe the crack nucleation 

phase in a specimen and the fatigue life. The PD simulations are stopped when the 

nucleation of the damage occurs, meaning that the local damage is 𝜑 ≥ 0.4. Fig. 4 

shows the comparison of damage plots, where the fatigue damage is at the midplanes 

of the specimen. With the increased number of material points within the sample, the 

damaged area is smaller, but there is no major impact on the fatigue life, where the 

difference in life predictions is <1%. Considering that the outcome of this study showed 

quite close results for all three horizon sizes, PD models with 𝛿 = 0.45 × 10−3𝑚 and 

𝑚 = 3 will be utilised for numerical efficiency. 



10 

3.3 Crack nucleation prediction 

As observed in [8], the type of wire used for WAAM of titanium alloy resulted in 

different porosity in the samples and moreover, in the variations of the fatigue life. Due 

to this, the reference PD model is set up for a defect-free Ti6Al4V specimen, and Fig. 

5 shows the S-N data of the numerical results in comparison with the experimental 

data [8]. All the HCF nucleation life predictions are presented in logarithmic scale. It 

can be seen in Fig. 5 that the predicted crack initiation life for three different amplitudes 

𝜎𝑎 = 360, 316 and 270 𝑀𝑃𝑎 are in good agreement with the experimental data and the 

developed numerical model is used as the reference one for the porosity 

implementations in the next presented studies.  

4 The fatigue life of the sample with micro-pores 

In this section, the “concentration-dependent damage” (CDD) [52] approach of 

porosity implementation is utilised in Peridynamic fatigue model. Then, a new method 

is introduced for pores representation in the numerical PD fatigue model. 

4.1 Numerical model assumptions 

The material exposed to cyclic loading undergoes different phases with a 

particular behaviour. Each of the phases is load-dependent, where the damage 

nucleation in the material is initiated from the fractions of 10 nm leading to the 

development of micro-cracks in the crystallographic planes initiated by the shearing 

stress. During the low-cycle fatigue (LCF), the material is exposed to the plastic 

deformations due to the large and continuous plastic slips in the grains. In the HCF 

the shear stress is also activating the localised plastic slips in some crystals and on a 

surface of the material, where the damage nucleates in the form of pores or cavities. 

The crack nucleation is a complex process which is dependent on the loading and the 

material composition, where a very small fraction can initiate the material damage and 

reduce the fatigue life. The damage on sub-microscopic level initiated with slip bands 

was investigated in theoretical studies [60] and, the studies [61,62] of fatigue 

behaviour of the material with different inclusion sizes, shapes and location indicated 

the stress concentrations at inclusion apex, where the inclusions with dimensions of 

𝑑𝑝 > 10𝜇𝑚  at sub-surface level originated the crack nucleation. Even perfectly round 

defects artificially induced in the sample had an effect on crack nucleation and the loss 

of fracture ductility during LCF investigation [63]. The in-situ X-ray computed 

tomography (CT) scanning of AM materials, evidenced the presence of the spherical 
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pores in the structures, which were immediately below the surface of the sample 

and/or inside the sample, and the damage nucleation occurred directly from the pore. 

Due to this, the assumptions were put in place in the presented PD model, where the 

evolution of the crack nucleation is starting at the pore and not at plastic slips, so the 

pore is always in the elastic domain and no plastic flow occurs.  

4.2 Problem setup 

All the presented numerical studies are performed on the Ti6Al4V dog-bone 

specimen (Fig. 3) with the geometrical and material properties stated in Sect. 3. 

Moreover, the PD numerical model from Sect. 3 is selected as a reference defect-free 

model. The specimens are under HCF with the load ratio of 𝑅 = 0.1 and the stress 

amplitudes of 𝜎𝑎 = 360, 316 and 270 𝑀𝑃𝑎. For each load, a number of simulations are 

performed with varying pore distributions within the midsection of the sample. As the 

current interest is at nucleation of the damage, the solver is stopped when local 

damage is 𝜑 ≥ 0.4. 

The pores are randomly distributed in the sample as schematically shown in Fig. 

6. Gamma distribution with the shape parameter of 𝑎 = 2 is selected. The scale 

parameter and the total number of pores 𝑁𝑝𝑡𝑜𝑡
 are implemented with variations in order 

to achieve the desired porosity ratio in a sample. The flow-chart of porosity evaluation 

and pore assignment is shown in Fig. 7. After the desired total porosity is reached, a 

set of pores 𝑁𝑝𝑡𝑜𝑡
 with the optimal pore diameters are randomly allocated in the 

sample. 

To evaluate the fraction of void space in the material, the following porosity ratio is 

used: 

𝑃 =
𝑉𝑝

𝑉𝑇
 (17) 

where 𝑉𝑝 is the volume of void-space and 𝑉𝑇 is the bulk volume of material.  

Two types of porosities are selected for verification study of PD numerical model 

with the tests [10]. During the experiments and analysis of the additively manufactured 

samples [10], the porosity specimens are deposited with contaminated wire, and the 

porosities of 𝑃 = 0.01% and 𝑃 = 0.04% are identified. Moreover, looking over the 

microstructure of the specimens, it is observed that the specimens with porosity of 𝑃 =

0.01% include pores with diameters below 100𝜇𝑚. Having this in mind, two types of 

simulations are performed using Gamma distribution of the pores in order to reach the 
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optimal pore diameters with the porosities of 𝑃 = 0.01% and 𝑃 = 0.04%. Fig. 8 shows 

the examples of the pore distributions.  

4.3 ‘Concentration-dependent damage’ peridynamic model  

The CDD in the PD model is representing the porosity in the system with the pre-

damage initiation. The following approach has been successfully utilised for the 

damage occurred by corrosion [52] and later on implemented in elastic porous 

materials like glass and rock [64], which are subjected to force pulses to evaluate the 

wave propagation. In the current study, the CDD model is used to initiate the porosity 

in the dog-bone specimen (Fig. 3) and to evaluate the influence of the pores on the 

fatigue life in HCF problems. 

In peridynamics, the failure in the material is calculated as 𝑁𝑏/𝑁𝑇 , where the ratio 

between the number of broken bonds is 𝑁𝑏 and the total number of the bonds is 𝑁𝑇.  

To implement pore in the system, we assume that the damage index at a point is 

linearly dependent on its porosity, where the porosity ratio for each material point 

𝑥𝑖 can be represented as: 

𝑃(𝑥(𝑖)) =
𝑁𝑏(𝑖)

𝑁𝑇(𝑖)
 (18) 

and the total porosity of the sample is evaluated in the following form: 

𝑃 =

∑
𝑁𝑏(𝑖)

𝑁𝑇(𝑖)
𝑉(𝑖)

𝑁
𝑖=1

∑ 𝑉(𝑖)
𝑁
𝑖=1

 (19) 

This means that initial damage is initiated in the model and implemented by 

breaking bonds in order to match the specified porosity. Note that in the current study, 

the interest is in low porosity of the metals and not in the porous materials.  

Using the CDD model, the number of broken bonds have to be evaluated for each 

pore. Combining Eq. (17) and Eq. (18) the number of pre-broken bonds for each 

material point is considered as:  

𝑁𝑏(𝑖) =
𝑉𝑝(𝑖)

𝑉𝑇(𝑖)
𝑁𝑇(𝑖) 

(20) 

where 𝑉𝑝(𝑖) is the volume of the pore assigned for the material point 𝑥𝑖  , 𝑉𝑇(𝑖) and 𝑁𝑇(𝑖) 

are the bulk volume and the total number of bonds of the material point, respectively.  

All the pores are treated as spherical, and for a 2D sample, the volume of the pore 

with a diameter 𝑑𝑝 is evaluated as 𝑉𝑝 =
4

3
𝜋 (

𝑑𝑝

2
)

3

. Utilising Eq. (20) for analysis of the 

number of the pre-broken bonds to be assigned in the selected material points with 

the allocated pore of diameter 𝑑𝑝 ≤ 400𝜇𝑚, the relationship between 𝑁𝑏(𝑖) and 𝑑𝑝(𝑖) 
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can be evaluated as shown in Fig. 9. It should be noted that the bonds can be fully 

and partially broken. For example, if the pore diameter of 𝑑𝑝 = 300𝜇𝑚 is allocated for 

material point, then three bonds are fully broken with 𝜇 = 0 and one partially broken 

with 𝜇 = 0.519 based on the pore diameter and the number of broken bonds. This 

means that a history-dependent scalar-valued function 𝜇 in Eq. (6) for pre-broken 

interactions (at cycle 𝑁 = 0) between material points will be 𝜇 = 1 if 𝑑𝑝 = 0 and 𝜇 < 1 

for 𝑑𝑝 > 0. Due to the fact that the scanned samples in the experimental studies [10] 

showed porosities of 𝑑𝑝 < 400𝜇𝑚, the number of pre-broken bonds per node is 𝑁𝑏 <

9 (Fig. 9). Due to the random breakage of bonds in the selected material points, the 

bonds connecting two material points with the pores will stay intact. It means that if the 

material point 𝑥𝑖 and material point 𝑥𝑗 are selected for the representation of the pore, 

then the bond 𝑥𝑖 − 𝑥𝑗  will not be broken, and the bond-breakage moves to the next 

bond of the family members of point 𝑥𝑖 .  With the stated bond-breakage system, the 

assumptions of the “isotropic” pore shapes and distribution, and the linear dependency 

of local damage on its porosity, the local damage of each material point is evaluated 

by Eq. (7).  

The numerical results of the CDD model implementation of porosities in the dog-

bone sample have shown that the damage is starting at the pore located close to the 

edge of the sample. The bigger the pore and closer it is to the edge, the faster the 

damage initiates. Fig. 10 represents the damage maps of three solutions under 

different loading conditions with the porosity of 𝑃 = 0.04% in the samples. Fig. 11 

shows the numerical results and comparison to experiments [10]. For the lower 

porosities (Fig. 11a), with the implemented CDD method, the fatigue life 𝑁𝑓 is quite 

close to experimental data. However, for the porosity of 𝑃 = 0.04%, the fatigue life is 

overpredicted (Fig. 11b). 

The presence of the pores with the implemented CDD model results in local stress 

concentrations at the location of the pore with the crack initiation at the pore. In reality, 

a similar trend of pore initiation is noticed during the experiments on AM samples [65]. 

Therefore, the employment of the CDD method in PD HCF fatigue model did not show 

good applicability on fatigue problems, due to the different nature of the fatigue crack 

nucleation and the processes developing in the material under the cycling loading. 

Due to this, additional porosity models are investigated with the effect of the pores on 

fatigue limit. 
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4.4 New peridynamic porosity model  

Evaluating the fatigue life of the structures, porosity defects has a noticeable effect 

on fatigue strength and multiple models, summarised and classified in [66], were 

proposed to predict the impact of the small cracks or inclusions on fatigue life. El 

Haddad et al. [38] presented a model in Eq. (21) in order to use the LEFM theory for 

short cracks and introduced the fictitious crack length 𝑙0 in Eq. (22), which is increasing 

with a very short length of the crack.  

Δ𝐾 = Δ𝜎√𝜋(𝑙 + 𝑙0) (21) 

𝑙0 =
1

𝜋
(

Δ𝐾𝑡ℎ

Δ𝜎𝑒
)

2

 
(22) 

where Δ𝐾 and Δ𝜎 are the stress intensity factor (SIF) range and the applied stress 

range, 𝑙 and 𝑙0 are the short crack length and El Haddad parameter. Δ𝐾𝑡ℎ and Δ𝜎𝑒 are 

the threshold SIF and the fatigue limit of the material at which the small cracks do not 

propagate.  

Murakami [39] adopted a new parameter √𝑎𝑟𝑒𝑎 to obtain the relationship between 

the SIF range and the porosity size, where the spherical pore is treated as a crack with 

a size equal to the square root of the projected area of the pore and the SIF range can 

be estimated in the following form: 

Δ𝐾𝑝 = 𝐶Δ𝜎√𝜋√𝑎𝑟𝑒𝑎 
(23) 

The parameter 𝐶 depends on the porosity defects location, where 𝐶 = 0.5 is for internal 

pores and 𝐶 = 0.65 is for external pores [39]. 

Beretta and Romano [40] expressed El Haddad parameter 𝑙0 by Murakami’s 

parameter √𝑎𝑟𝑒𝑎 in Eq. (24) to have a smooth transition from the porosity defects to 

the long cracks, and introducing the SIF limit for the specimens with crack nucleation 

at the pore (Eq. (25)). 

√𝑎𝑟𝑒𝑎0 =
1

𝜋
(

Δ𝐾𝑡ℎ,𝐿𝐶

C Δ𝜎𝑒
)

2

 
(24) 

Δ𝐾𝑡ℎ = Δ𝐾𝑡ℎ,𝐿𝐶√
√𝑎𝑟𝑒𝑎

√𝑎𝑟𝑒𝑎 + √𝑎𝑟𝑒𝑎0

 
(25) 

Δ𝐾𝑡ℎ,𝐿𝐶 is the threshold SIF range for the long crack and according to the tests in [10] 

Δ𝐾𝑡ℎ,𝐿𝐶 = 4.5 𝑀𝑃𝑎√𝑚 for the AM Ti6Al4V with the intrinsic fatigue limit of Δ𝜎𝑒 =

540 𝑀𝑃𝑎, when load ratio 𝑅 = 0.1.  

The fatigue strength in the presence of the small defects can be described by 

Kitagawa and Takahashi diagram (K-T diagram) [67]. K-T diagram can be presented 
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in terms of fatigue limit or SIF in the presence of the porosity defects, and the study in 

[40] shows its good applicability. To analyse the effect of the porosity on the fatigue 

life of the sample, Eq. (23) is used to calculate the SIF range Δ𝐾𝑝 for the pores with 

diameter  0 ≤ 𝑑𝑝 ≤ 400 𝜇𝑚 and Eq. (25) – to find the SIF range limit Δ𝐾𝑡ℎ,𝑝 for specified 

pores. The calculated Δ𝐾𝑝 and Δ𝐾𝑡ℎ,𝑝 are presented by K-T diagram in Fig. 12. 

As discussed in Sect. 2, the evolution law of the remaining life in Eq. (8) is 

expressed in terms of cyclic bond strain, and following the Paris law the evolution law 

is presented in the following form: 
𝑑𝜆(𝑁)

𝑑𝑁
= −𝐴1Δ𝐾𝑚1 (26) 

Because the SIF range is proportional to the strain, the Δ𝐾𝑡ℎ,𝑝 is used as a SIF 

limit for crack nucleation phase and the effect of the pore on strain can be introduced 

in the following equation: 
휀

휀𝑝
=

Δ𝐾𝑡ℎ,𝑝

Δ𝐾𝑝
 (27) 

And the evolution law of the remaining life will be modified in the following way: 

𝑑𝜆(𝑁)

𝑑𝑁
= −𝐴1휀𝑝

𝑚1 = −𝐴1 (휀
Δ𝐾𝑝

Δ𝐾𝑡ℎ,𝑝
)

𝑚1

 
(28) 

in which 휀𝑝 is the cyclic strain of the bonds connected to the material point with a 

specified pore diameter 𝑑𝑝. In this way, the pores with different diameter can be added 

in the numerical model, and their effect can be analysed on the nucleation phase of 

fatigue life.  

Murakami’s concept of correlation between the geometrical parameter √𝑎𝑟𝑒𝑎  and 

the threshold SIF is applicable for different shapes of the defects and cracks for the 

region √𝑎𝑟𝑒𝑎 ≤ 1000𝜇𝑚 [66]. Moreover, it includes one pore, which is evaluated as 

the ‘fatal’ pore with the fatigue fracture nucleation. But the location of the ‘fatal’ pore in 

the specimen and the size is very important and plays a significant role in the fatigue 

life of the sample. Due to this, Sect. 4.4.1. is presenting the PD numerical results of 

the effect of one pore on the fatigue life of the Ti6Al4V sample.  

4.4.1 Pore size and location effect on fatigue life  

The analysis is performed on the effect of pore diameter and location on the fatigue 

life of the sample, using the proposed PD fatigue model of porosity implementation, 

described in Sect. 4.4. The PD study is conducted with the allocation of one ‘fatal’ pore 

with a diameter 𝑑𝑝 at the distance 𝑤𝑝 from the sample centre line, as shown in Fig. 13. 
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The specimen is under tension-tension loading condition with stress amplitude of 𝜎𝑎 =

270 𝑀𝑃𝑎. PD results in Fig. 14, showing that the closer the pore is to the free edge 

with higher pore diameter, the lower the life of the sample is. It can be seen that the 

critical pore diameter is around 𝑑𝑝 = 100𝜇𝑚, which means that the samples with pore 

diameters 𝑑𝑝 < 100𝜇𝑚 result in a small decrease of the titanium alloy fatigue strength.  

4.4.2 Fatigue life of low porosity sample  

The experiments [10] present a wide variation of the sample life under the same 

loading conditions. Moreover, various experimental studies [8,10,18,27,68] have 

indicated that the lowest fatigue life is noticed when multiple pores are present close 

to the free surface. The sub-surface pores are the most critical case for damage 

initiation, as shown as well in Sect.4.4.1. Having this in mind, the PD fatigue numerical 

model was implemented for a system with multiple pores. Considering the study of the 

existence of the multiple micro-cracks in the system [47], in this study, it is assumed 

that if two pores are interacting with each other, meaning if both material points 𝑥𝑖 and 

𝑥𝑗 are selected for the representation of the pore, where the evaluated by Eq. (27) 

cyclic strain of the bonds of material points 𝑥𝑖 and 𝑥𝑗 will be 휀𝑝𝑖 and 휀𝑝𝑗, respectively, 

then the bond 𝑥𝑖 − 𝑥𝑗  between two material points will be assigned with 휀𝑝𝑖 ∙ 휀𝑝𝑗, 

indicating the amplifying effect on the crack nucleation process. The following concept 

includes the interaction of the pores and, if the pores are located close to each other, 

at a distance between them ≤ 450𝜇𝑚 (horizon sizes of PD models is 𝛿 =

0.45 × 10−3𝑚), then the faster crack nucleation will be noticed and more significant 

impact on the fatigue life.  

Instead of using the pre-breaking bond model applied in Sect. 4.3, only the SIFs 

of each pore is evaluated, and Eq. (28) is used for pores representation in a sample. 

Note that the proposed relationship is applied to all bonds 𝑁𝑇(𝑖) for material point 𝑥𝑖. 

Fig. 15 represents the damage maps of three solutions under different loading 

conditions with the porosity of 𝑃 = 0.01% in the samples. The pattern of the damage 

is similar to the pre-broken bond method, where the damage is initiating at the pores 

located in the vicinity of the plate edge. The comparison of the numerically predicted 

fatigue life for porosity values of 𝑃 = 0.01% and 𝑃 = 0.04% and tests data is presented 

in Fig. 16. Multiple simulations were performed for the samples with 𝑃 = 0.04% and 

Fig. 16 shows the scatter of the PD results due to the different pore distribution in the 

sample. The damage initiates at the pore, closest to the sample surface, where the 

higher diameter of the pores and their interaction showed lower fatigue life, 
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summarised in Table 1. The ‘fatal’ pore is the pore where the crack nucleates and 

additional contribution to the crack initiation come from secondary pore located at the 

close proximity.  

The proposed approach of pores initiation in the sample provides fatigue life 

predictions close to the experiments [10]. Moreover, for the porosity value of 𝑃 =

0.04%, the new peridynamic porosity model performs better than the CDD model. 

5 Discussion 

The distribution, size, shape, location, and density of the process-induced critical 

defects impact the performance of AM structures. The samples with the similar 

manufacturing process, microstructures and smooth surface could result in different 

fatigue life, due to the high dependency on the initial defects size and stress levels, 

which brings the high scatter of the test fatigue data [11,18–21]. Due to this, it is 

important to understand the impact of process-induced porocities of fatigue life of AM 

samples. 

The fatigue studies have been conducted for the AM Ti6Al4V under load controlled 

constant amplitude condition with a load ratio of 𝑅 = 0.1. One of the challenges of 

investigating the AM materials fatigue life is the implementation of the porosity defects 

in the numerical model. For the numerical purpose, the developed PD fatigue model 

has been set-up for the defect-free Ti6Al4V sample using the test data for the PD 

parameters' calibration process. This approach indicated the workability of the 

developed model, which is named as a reference one. Although several assumptions 

are made in the PD model, like the material is treated as elastic with isotropic 

properties even when the pores are initiated in the model, the numerical results 

showed good fatigue life predictability.  

It is also well known that the sample undergoes the cyclic plastic deformations on 

microscopic levels and controls the material's fatigue life. The cracks are starting to 

initiate at the share of the persistent slip bands due to the development of stress 

concentrations [60–62]. On the other hand, the existence of the pores or inclusions is 

becoming the critical factor for crack initiation. The defects located at the close vicinity 

to the surface have had the high local stresses and with the inclusions of 𝑑𝑝 > 10𝜇𝑚  

originated the crack nucleation [63]. Flat elongated defects have higher stress 

concentrations and are more critical for the fatigue performance. However, even 

perfectly round defects have an effect on crack nucleation. Based on these 

observations in the literature, the phenomena such as stress relaxation, strain 
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hardening, phase transformation are excluded from the current PD fatigue model, and 

the evolution of the crack nucleation is starting at the pore, so the pore is always in 

the elastic domain, and no plastic flow occurs.  

The performed numerical investigation has demonstrated the vital reduction in the 

fatigue life of the Ti6Al4V dog-bone specimen caused by the presence of the pores in 

the sample. The early failure in the samples was influenced by a few large pores (with 

diameter of 𝑑𝑝 > 100 𝜇𝑚) located close to the surface or the multiple pores located in 

the close proximity. The CDD approach of porosity implementation results in local 

stress concentrations at the pre-damaged zone, developing in crack initiation. But the 

following concept overpredicted the fatigue life of the sample and required further 

investigation on its applicability on fatigue nucleation problems. However, the adopted 

Murakami’s formulation in the PD fatigue model, the SIF of the pore defect was 

evaluated with the assumption that all the pores are spherical. The numerical model 

was simulated for the two types of porosities of 𝑃 = 0.01% and 𝑃 = 0.04% and the 

results are quite close to the test results available in literature. Note that the model is 

treated as elastic and plastic slips and dislocation processes are omitted, where crack 

nucleation starts directly at the allocated pore in a sample. Nevertheless, the proposed 

method with the adopted assumptions of pores allocation in the PD model has shown 

an ability to estimate the most critical defect’s size and location.  

S-N curves are generated under constant amplitude loading with the load ratio of 

𝑅 = 0.1, while the loads can often be with variable amplitudes in nature. Under various 

loading conditions, load sequence can be important. Used linear cumulative damage 

rule in the PD studies for fatigue life predictions needs to be investigated for AM 

structures under variable amplitude or under different load ratios. If periodic overloads 

exist in the structure, then the cycling hardening or softening can occur in the structure. 

The PD model has to be extended and include both elastic and plastic processes in 

the material.  

The insight provided by the PD analyses can be used for fatigue life predictions 

considering both internal and surface defects, with the study of different defect shapes, 

are potential subjects of future works. 
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Table 1 PD results of the effect of porosity diameter on fatigue life with 𝑃 = 0.04% 

Stress amplitude 

𝜎𝑎, 𝑀𝑃𝑎 

Fatigue life 

𝑁𝑓 , 𝑐𝑦𝑐𝑙𝑒𝑠 

‘Fatal’ pore 

Diameter 𝑑𝑝, 𝜇𝑚 

Location 

𝑤𝑝, 10−3𝑚 

316 10894 210 3 

316 18053 160, 35 2.85, 2.7 

316 26418 17, 124 3, 2.85 

270 83228 21, 250 3, 2.85 

270 91750 162,47 3, 2.85 

270 203853 164,60 2.85, 2.7 

270 223221 222 2.85 

270 357848 55, 93 3, 2.85 

225 222554 350 2.85 

225 1461034 200 2.85 

6 Conclusion 

In this work, the authors present the results of considering the porosity effect and 

pore defects on the fatigue nucleation of AM Ti6Al4V material. Those effects were 

evaluated based on the porosity levels publicly available in the literature. The authors 

successfully implemented peridynamic theory to model pores in 2-D dog-bone titanium 

alloy specimen and took into account the interaction between the pores. The work 

included two types of porosity implementations, where the CDD model was used with 

pre-broken bonds in the sample, and new peridynamic porosity model with the 

enforced coefficient in the evolution law of the remaining life of the bonds. The porosity 

of the sample was accounted for by Gamma distribution, where the identified 

diameters of the pores were randomly distributed in the samples. Firstly, the CDD 

approach was applied in the fatigue model, where the fatigue life was overpredicted 

for the samples with the higher porosities of 𝑃 = 0.04%. Secondly, the new 

peridynamic porosity model-based life prediction method demonstrated the improved 

capability of capturing the effect of both porosities on fatigue nucleation. The 

presented S-N curves show that the PD fatigue life prediction is in a good agreement 

with the test data. The authors evaluated the dependency of the fatigue life on pore 

location and size and showcased that the subsurface pores with the pore diameter are 

the most critical. The larger pore located in the vicinity of the sample surface has a 

high contribution to fatigue life reduction. The developed PD fatigue model showed its 

capability to predict the fatigue life of the defect free-samples, as well as of the samples 

with different types of porosities. 
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Fig. 1 Peridynamic material points and interaction of material points i and j. 

 

Fig. 2 Peridynamic material points i and j in the deformed configuration and the peridynamic forces 
between these material points.  
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Fig. 3 a Dog-bone titanium alloy plate under uniaxial tensile loading and b its discretisation. 

 
Fig. 4 𝛿 - convergence of PD fatigue crack nucleation for three different horizon sizes and the 

corresponding predicted life 𝑁𝑓: a 𝛿 = 0.6 × 10−3𝑚, 𝑁𝑓 = 194571 𝑐𝑦𝑐𝑙𝑒; b 𝛿 = 0.45 × 10−3𝑚, 𝑁𝑓 =

194059 𝑐𝑦𝑐𝑙𝑒𝑠; c 𝛿 = 0.3 × 10−3𝑚, 𝑁𝑓 = 193240 𝑐𝑦𝑐𝑙𝑒𝑠  
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Fig. 5 Stress amplitude as a function of the loading cycle at which nucleation occurs 

 
Fig. 6 Sample geometry with randomly distributed pores. 
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Fig. 7 Flow-chart of porosity evaluation. 

a b 

  
Fig. 8 Gamma distribution: a 𝑎 = 2, 𝑏 = 10, 𝑁𝑝𝑡𝑜𝑡

= 2256 → 𝑃 = 0.01%; b 𝑎 = 2, 𝑏 = 15, 𝑁𝑝𝑡𝑜𝑡
=

2488 → 𝑃 = 0.04%. 
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Fig. 9 Pore diameter and the number of broken bonds relationship. 

 
Fig. 10 Damage maps: a 𝜎𝑎 = 360𝑀𝑃𝑎, 𝑁𝑓 = 441174 𝑐𝑦𝑐𝑙𝑒𝑠; b 𝜎𝑎 = 270𝑀𝑃𝑎, 𝑁𝑓 = 910241 𝑐𝑦𝑐𝑙𝑒𝑠; 

c 𝜎𝑎 = 225𝑀𝑃𝑎, 𝑁𝑓 = 9837299 𝑐𝑦𝑐𝑙𝑒𝑠 

a b 
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                                   c 

 
Fig. 11 Experimental and PD results of fatigue life prediction for porosities: a 𝑃 = 0.01%; b 𝑃 =

0.04% c Combined results for all three models  

 
Fig. 12 K-T diagram for Ti6Al4V alloy  

 
Fig. 13 Sample geometry with the allocation of one pore.  
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Fig. 14 Effect of pore location and diameter on fatigue life. 

 

Fig. 15 Damage maps for samples with 𝑃 = 0.01%: a 𝜎𝑎 = 360𝑀𝑃𝑎, 𝑁𝑓 = 33135 𝑐𝑦𝑐𝑙𝑒𝑠; b 𝜎𝑎 =

316𝑀𝑃𝑎, 𝑁𝑓 = 130872 𝑐𝑦𝑐𝑙𝑒𝑠; c 𝜎𝑎 = 270𝑀𝑃𝑎, 𝑁𝑓 = 1297377 𝑐𝑦𝑐𝑙𝑒𝑠.  

a b 

  
                                          c 
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Fig. 16 Experimental and PD results of fatigue life prediction for porosities: a 𝑃 = 0.01%; b 𝑃 =

0.04% c Combined results for all three models  

 


