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Powder-bed additive manufacturing (AM) processes are associated with the formation of multiple types of process-

specific pores, including but not limited to lack-of-fusion (LoF) and keyhole pores. The performance of an AM 

component is dependent on the type of pores, their density and their proximity to the free surface, and other 

heterogeneities in the microstructure. In order to characterize the influence of porosity on the mechanical behavior of 

AM materials, it is imperative to quantitatively analyze the heterogeneous strain accumulation in the vicinity of 

porosity. Process-specific microstructure models are generated using SPPARKS, an open-source process simulation 

code. Spherical keyhole or irregular LoF pores are embedded into the microstructure models, which are meshed and 

input into a finite element code, ScIFEN, to solve for the heterogeneous strain localization in the vicinity of the pores. 

Given the non-smooth geometries of LoF pores, they readily promote strain accumulation in their vicinity thereby 

increasing the propensity of initiating fatigue cracks.  

 

Nomenclature 

C11, C12, C44 = cubic elastic constants 

NSS = number of slip systems 

γ̇α = shear rate for slip system α 

γ̇o = reference shear rate  

τα = resolved shear stress on slip system α 

gα = critical resolved shear stress on slip system α 

go
α  = initial resolved shear stress for slip system α 

gs
α  = saturation resolved shear stress for slip system α 

Ho, Go = direct hardening coefficients 

n̂p  = slip plane normal 

μ = elastic constant 

m = shear rate sensitivity parameter 

β = calibration parameter 

b = Burgers vector 

𝜀𝑧𝑧 = strain component in the loading direction (ZZ) 

xo = x-coordinate of the centroid of microstructure volume 

yo = y-coordinate of the centroid of microstructure volume  

zo = z-coordinate of the centroid of microstructure volume 

x = x-coordinate of any generic voxel inside a pore 

y = y-coordinate of any generic voxel inside a pore 
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𝑧 = z-coordinate of any generic voxel inside a pore 

𝐴 = scaling parameter of major axes of super ellipsoid 

𝐵 = scaling parameter of semi-major axes of super ellipsoid 

𝐶 = scaling parameter of minor axes of super ellipsoid 

𝑛 = shape control parameter of super ellipsoid 

𝑒 = shape control parameter of super ellipsoid 

I. Introduction 

 Striving to meet the demands of product and systems design engineers, the materials design community is looking 

for ways to reduce the time taken in the materials design, development and certification stages, which is also a 

proposed goal of the materials genome initiative (MGI) [1]. The advent of additive manufacturing (AM) has created 

an opportunity for an integrated product and material design and has also paved a path forward for the ‘design of 

materials for functionality’ thereby creating a potential paradigm shift from the traditional empirical, iterative and 

often laborious materials development procedures [2]. Effectively using AM techniques would help achieve the goals 

of MGI. 

 

 AM processing techniques, such as the powder-bed fusion process, come with a large space of process parameters 

which means that it is far too expensive and time consuming to produce hundreds of components using various build 

parameters and characterizing scatter in properties. Such a large build and test matrix would not serve the purpose of 

MGI. An effective way to overcome this barrier is to seek a digital transformation in the way additively manufactured 

materials are designed, tailored and certified. An integrated computational materials engineering (ICME) framework 

that integrates AM process modeling simulations with performance predictive models would help narrow the process 

window, which in turn assists the processing/production engineer to significantly reduce the amount of time and effort 

spent in exploring the process parameter space.  
 

In addition to having a large process parameter space, powder-based AM processes are associated with the 

formation of multiple types of process-specific defects (or pores), including but not limited to: i) horizontal lack-of-

fusion (LoF) pores formed due to low power and high speed processing conditions [3-6], ii) vertical LoF pores formed 

as a result of a large hatch spacing [6], iii) keyhole pores formed due to high laser energy [4,5], iv) entrapped gas pores 

formed due to entrapped gas present in powder particles [5] and, v) oxide pores [7]. The performance of as-built 

components is directly dependent on the type of pores, their density and their local stress state, in addition to the 

complex crystallographic and morphological attributes of the microstructure of the material. 

 

 Over the past decade, significant research effort was dedicated towards studying the influence of process 

parameters on the: i) melt pool dimensions [8-12], ii) types and distribution of pores within the bulk of the material 

[4-7,13,14] and iii) tensile [15] and fatigue behavior [16-21] of as-built components due to the formation of pores. 

Computational models have been developed to quantitatively link the process parameters to size, shape, distribution 

and volume fraction of pores in as-built materials [22-26]. Tang et al. [22, 23], using a purely geometric framework, 

developed a 2D model to predict the volume fraction and shape of lack-of-fusion pores. Panwisawas et al. [24], using 

a computational fluid dynamics and heat transfer model, was able to predict the formation of keyhole pores. 

Prithivirajan et al. [27] studied the micromechanical response of idealized spherical pores in an SLM built IN718 alloy 

that underwent stress relief heat treatment followed by homogenization and aging processes. Using crystal plasticity 

finite element (CPFE) simulations, he predicted a critical pore size beyond which fatigue crack initiation occurs near 

the vicinity of pores rather than at crystallographic features. Cunningham et al. [28], using a CPFE framework, 

calculated strain localization around idealized pores in hot isostatically pressed (HIPed) material and as-built material, 

and showed that strain localizations in the as-built material to be significantly higher compared to those in HIPed 

material. Using an analytical model representing an isolated pore in a homogeneous elastic medium, Sabotka et al. 

[29] showed maintaining a spherical pore geometry and reducing the pore size are desirable to promote higher fatigue 

lives. This study suggests highly irregular pores have a much higher influence on fatigue performance than do nearly 

spherical keyhole and entrapped gas pores for SLM built material.  

 

Although there have been several experimental and computational studies in the past decade that focused on 

characterizing defects [4-7,13,14, 22, 23]  and understanding the effect of pores on the tensile [15] and fatigue [6,16-

21] behavior of SLM-built materials, there have not been any extensive studies that focused on unifying high-fidelity 

process-simulation tools and property-predictive tools with a goal of understanding the effect of process-specific 
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defects on micro-scale fatigue crack driving forces. The current study aims to fill this gap by taking advantage of an 

integrated computational materials framework that solves for the micromechanical response within process-specific, 

defect-embedded microstructure instantiations. The micromechanical response and fatigue crack driving forces, 

expressed as the fatigue indicator parameter (or FIP), are evaluated in the vicinity of an idealized non-spherical lack-

of-fusion pore with sharp features and an idealized spherical keyhole pore. 

 

 Inconel-718 (IN718), a nickel-based superalloy known for its high strength, excellent oxidation, wear, and 

corrosion resistance at high temperatures, is widely employed in high temperature components for engines and other 

high temperature structural applications. Additionally, its excellent weldability characteristic makes it a preferred 

material among superalloys to produce high-temperature components using the powder-bed selective laser melting 

(SLM) AM technique. There are several IN718 components for the RS-25 engine for the space launch system (SLS) 

identified to be manufactured by SLM [30, 31]. Owing to the aforementioned properties and applications, IN718 has 

been selected as a material of choice in the proposed study.  

 

 A detailed overview of the process-structure-property (PSP) framework is provided in Section II. Section III 

discusses the procedure in which LoF and keyhole pores are modelled into the microstructure domain. Section IV 

compares the micromechanical model response in the vicinity of idealized LoF and keyhole pores. Conclusions of the 

study are presented in Section V. 

II. Process-structure-property framework 

 The computational materials-based PSP framework used in the current study is equipped with three important 

modules. The first module uses an open-source process-simulation tool, Stochastic Parallel PARticle Kinetics 

Simulator (SPPARKS) [32], from Sandia National Labs. It helps link process parameters of the SLM technique to the 

material microstructure by outputting a process-specific three dimensional microstructure instantiation. The second 

module uses open source packages, DREAM.3D [33] and Gmsh [34], to discretize the microstructure instantiation 

volume. The third module is an in-house property-predictive finite element driver, ScIFEN [35], that solves for the 

heterogeneous stress state within the process-specific microstructure output from SPPARKS. Both ScIFEN and 

SPPARKS are built to leverage high-performance computing architectures and are scalable over thousands of 

processors. A high level overview of the PSP framework is shown in Fig. 1. 

 

 
Fig. 1 A high level overview of the PSP framework leveraging SPPARKS, DREAM.3D, Gmsh and ScIFEN. 
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A. Process simulation and incorporation of texture 

 

SPPARKS is a kinetic Monte Carlo (kMC) framework that implements an idealized molten zone and temperature-

dependent grain boundary mobility to predict the three-dimensional microstructure in metallic materials produced 

through irregular grain growth [36]. It segregates the melt pool into two distinct non-overlapping regions, the fusion 

zone surrounded by the heat-affected zone. The temperature within the fusion zone is at or above the melting 

temperature and is simulated by assigning random spins to every lattice point within the region, thereby resulting in a 

high configurational energy [37]. The heat-affected zone on the other hand governs the grain boundary mobility 

defined by an Arrhenius relationship. Although the current version of SPPARKS [32] does not take in the laser specific 

process parameters directly, it accepts the parameters in the form of melt pool dimensions, separately for the fusion 

and the heat affected zones. The melt pool dimensions are solved from the process parameters using the analytical 

Rosenthal equation [38]. Using a finite element model to solve for the melt pool dimensions as a function of process 

parameters is beyond the scope of the current work and is a focus of future studies. The parameters that are input into 

SPPARKS include melt pool width, depth, tail length, cap height for both the fusion and heat affected zones, mobility 

parameter, hatch rotation, hatch spacing, and laser raster pattern. It must be noted that SPPARKS does not model the 

heat source directly, only the effect of the heat source is manifested through melt pool dimensions. Additionally, it 

lacks the complex physics that captures the mechanics of formation of keyhole pores. For a detailed explanation of 

the underlying kMC algorithm of SPPARKS, the reader is referred to the work of Rodgers et al. [36, 37]. 

 

The current version of SPPARKS [32] does not incorporate material texture [36]. Hence, texture definitions (or 

individual grain orientations) for microstructure instantiations output from SPPARKS simulations are sampled from 

observed textures obtained through electron back-scatter diffraction (EBSD) analysis of microstructures of IN718 

samples built through the SLM process. The process parameters examined include a laser power of 200 W, velocity 

of 900 mm/sec, layer thickness of 30 μm, hatch spacing of 0.12 mm, and a hatch rotation of 0 degrees. A strong <100> 

texture observed from the EBSD analysis of one of the samples built using the aforementioned parameters is shown 

in Fig. 2. 

 
 

Fig. 2 (a) EBSD scan of an SLM built IN718 material, (b) Corresponding (100), (110) and (111) pole 

figures generated from the EBSD scan shown in Fig. 2a. 
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B. Volume meshing of microstructure instantiations 

 The microstructures from SPPARKS are fed into the DREAM.3D package for cleaning up the bad neighborhood 

data, which primarily consist of a few isolated voxels that are unmerged into the neighboring features. For instance, 

there could be a grain occupying just one voxel, which is most certainly an artifact from the kMC simulation. Using 

‘minimum feature size’ and minimum neighbors as filters, the bad data is filtered and a refined microstructure is 

generated. The surface mesh of the microstructure is generated and STL files of each individual grain is exported into 

Gmsh, which is then able to produce the volume mesh of the entire microstructure volume. Quadratic tetrahedral 

elements are used to discretize the microstructure. 

C. Crystal plasticity finite element framework 

 

A CPFE framework was used to solve for the heterogeneous stress state within the polycrystalline 

microstructure by combining anisotropic elasticity with rate dependent crystal plasticity kinetics. For the elastic 

behavior, individual grains representing the γ –γ’ matrix were assigned cubic elastic constants C11, C12 and C44 equal 

to 259.6 GPa, 179.0 GPa, 109.6 GPa, respectively [39]. Since the experiments were conducted at room temperature, 

it has been assumed that the plastic flow occurs only through dislocation glide on cubic slip systems within the γ -γ’ 

matrix, while octahedral slip is not activated. The flow rule used for describing incremental slip on the cubic slip 

systems is shown in Eq. 1 

 

γ̇α = γ̇o

τα

gα
|
τα

gα
|

1
m

−1

  , (1) 

where γ̇α and  γ̇o are the shear and reference shear rates of slip system α, respectively, m is a shear rate sensitivity 

parameter, τα is the resolved shear stress acting on a slip system α, and gα is the critical resolved shear stress 

representing the threshold for the onset of plastic deformation.  

 

The slip resistance (ġα) shown in Eq. 2 evolves according to a gradient based evolution law obtained from 

combining the hardening laws given by Beaudoin et al. [40] and Voce-Kocks relations [41], 
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  , (2) 

 

 where go
α and  gs

α are the initial and saturation resolved shear strengths of slip system α,  NSS represents the number 

of slip systems, Ho and Go are the direct hardening coefficients, β= 
1

3
 [42], b is the Burgers vector, n̂p is the slip plane 

normal, μ an elastic constant equal to C44, ∆ is the measure of dislocation density and is calculated using the gradient 

of plastic deformation as shown in Eq. 3, 

∆ij=  ϵjklFil,k
p

 . (3) 

There are a total of 6 calibration parameters (γ̇o, m, Ho, Go, go
α, and  gs

α) in the crystal plasticity model used 

in the current framework. The parameters were tuned in order to fit the macroscopic stress strain curve of IN718 at 

room temperature. The final calibration parameters of the crystal plasticity framework are shown in Table 2. 

 

Table 2. Calibrated parameters to fit the macroscopic stress strain curve of SLM built IN718  

at room temperature. 

Parameter Value 

γ̇o (s-1) 0.98 

m 0.045 

Ho (MPa) 412.3 

Go (MPa) 415.2 

go
α (MPa) 320.2 

gs
α (MPa) 375.2 
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 The boundary conditions applied to the microstructure volume are depicted in the schematic shown in Fig. 3. The 

microstructure model is subjected to a 1% global strain by prescribing displacement-controlled loading conditions 

along with the other boundary conditions as depicted schematically in Fig. 3. 1% global strain was chosen to simulate 

a low-cycle fatigue loading condition where defects (like pores) dominate the microstructure in governing crack 

initiation. It must be noted that in this current study, the loading direction coincides with the build direction. Fully 

fixed constraints were applied on the bottom (-Z) face, whereas only the z-displacement was prescribed along the top 

(+Z) face. The remaining four faces (+X, -X, +Y and -Y) of the cuboidal microstructure domain were set to deform 

freely. 

 
Fig. 3 (a) Front view of the microstructure domain showing the boundary conditions on +Z, +Y, -Z and -Y 

faces. (b) Side view of the microstructure domain showing the boundary conditions on the +X and -X faces. 

III. Incorporation of pores into microstructure models 

 The PSP framework discussed in the current work does not take into consideration the formation of process-

specific defects. Additionally, simulating the formation of process-specific defects is beyond the scope of the current 

work. Generation of process parameter-specific pores is the focus of a future effort. Hence, pores are embedded 

manually with the sole purpose of studying how differently shaped pores play a deleterious role in fatigue performance 

of the material. 

  

 The pore insertion algorithm used in the current study is detailed as follows: 

i) A microstructure output from SPPARKS is refined using DREAM.3D to remove any existing bad 

features.  

ii) Using analytical geometries (of a sphere/ellipsoid/super ellipsoid etc.,), define the region within the 

microstructure volume where a pore will be placed. In order to minimize the boundary effects, the pore 

is placed at the center of the microstructure volume. The voxels that lie within the volume, as defined by 

the analytical expression, are assigned a new and unique feature ID, thereby overwriting the previous 

IDs that define those voxels.  

iii) Use DREAM.3D to create the surface meshes for all the features in the updated microstructure with the 

pore region defined.  

iv) Delete the STL file of the pore region and input all the remaining STL files to Gmsh to create a volume 

mesh of the microstructure volume with the pore inserted. 

The uniqueness of the aforementioned algorithm is that any number of pores of varying complex shapes can be 

embedded into the microstructure volume. Additionally, it provides the flexibility to define the density of pores and 

mean distance between the pores, thereby, creating an opportunity to evaluate the role played by various factors in 

degrading the fatigue performance.  A drawback of the pore insertion methodology is that the pore volume needs to 

be defined by an analytical geometry, which is cumbersome to express for incorporation of more realistic pores. The 

pore volumes used in the current study are idealizations of the actual pores but replicate some important features that 

are evident from real pore geometries observed in SLM processes that were characterized through X-Ray micro CT 

scans [4,5]. A schematic of the pore insertion algorithm discussed above is shown in Fig. 4. 
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Fig. 4 (a) A schematic of a pristine microstructure, with grains and grain boundaries shown distinctly, (b) 

Microstructure with voxels of a desired arbitrary irregularly shaped region assigned a new grain (or feature) 

ID, (c) Microstructure showing the pore inserted at the desired region, by deleting the STL file of the region.  

A. Incorporating idealized entrapped gas and keyhole pores 

 

 The morphology of entrapped gas pores is nearly spherical, but that of keyhole pores deviates from near-spherical 

geometry, although they are characterized by smooth morphologies, unlike LoF pores [5]. For the purpose of the 

current study, both entrapped gas and keyhole pores are idealized using a spherical morphology. An idealized spherical 

pore with radius R is introduced into the microstructure using the aforementioned algorithm. Assuming 𝑥𝑜, 𝑦𝑜 and 𝑧𝑜 

represent the three coordinates of the centroid of the microstructure volume, the void region is determined by selecting 

all the voxels that satisfy Eq. 4, and identifying them as voxels that define the pore. 

 

(𝑥 − 𝑥𝑜)2 + (𝑦 − 𝑦𝑜)
2

+ (𝑧 − 𝑧𝑜)2

𝑅2
≤ 1 

 

(4) 

 A spherical pore with R=6μm is inserted into the microstructure volume generated from SPPARKS. The CPFE 

framework is applied to analyze the strain localization in the vicinity of the pore, as shown in Fig. 5.  

 
Fig. 5 A spherical pore representing an idealized entrapped gas or keyhole pore is embedded into the 

microstructure volume output from SPPARKS and analyzed using CPFE framework. Cut section view of the 

microstructure is shown to visualize the strain localization in the vicinity of the pore. Strain component in the 

loading direction (ZZ) is shown.  
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B. Incorporating idealized lack-of-fusion pores 

 

 LoF pores have highly irregular geometry characterized by high aspect ratios and sharp corners that act as drivers 

for strain localizations to occur that lead to initiation of fatigue cracks [5, 6, 43]. Large LoF pores generate high stress 

intensity factors and degrade the ductility of SLM built components, whereas small LoF pores are detrimental for 

promoting fatigue crack initiation [43]. These pores can potentially degrade the fatigue life of SLM built components 

by an order of magnitude compared to conventional wrought parts [44]. Hence, completely eliminating LoF pores is 

within the best interest of processing engineers, in order to improve the fatigue performance of the components. 

 

 For the purpose of capturing the sharp features and non-spherical geometries that are the major characteristics of 

LoF pores, they are modeled using analytical equations that define super ellipsoids. Using super ellipsoid geometries 

ensures that the pores are symmetrical, which is certainly not the case in reality, but for the purpose of the current 

study, the pore shapes are idealized. Assuming the LoF pore is defined by a super ellipsoid with A, B and C as scaling 

parameters along the three axes (these parameters are analogous to the lengths of major, semi-major and minor axes 

of an ellipsoid), and shape control parameters, e and n, the volume occupied by the LoF pore is defined using the 

equation of a super ellipsoid shown in Eq. 5. Figure 6 shows the dependence of the shape of the super ellipsoid on the 

parameters e and n. 

(|
𝑥 − 𝑥𝑜

𝐴
|

2
𝑒

+ |
𝑦 − 𝑦𝑜

𝐵
|

2
𝑒

)

𝑒
𝑛

+ |
𝑧 − 𝑧𝑜

𝐶
|

2
𝑛

≤ 1 

 

(5) 

 

Fig. 6 Shape change in super ellipsoid geometry attributed to the parameters e and n. This image has been 

borrowed from a Wikipedia article on Super ellipsoids [45]. 

 

 Assuming the values of scaling parameters, A, B and C, to be all equal to 12μm and the shape parameters e and n 

to be 4 and 2.5, respectively, a super ellipsoid pore is inserted into the microstructure instantiation output from 

SPPARKS, using the analytical expression shown in Eq. 5 and the algorithm discussed above. The CPFE framework 

is applied to analyze the strain localization in the vicinity of the pore, as shown in Fig. 7. The clip view shown in the 

figure clearly shows the high amount of strain localization near the sharp corner of the pore. This is the characteristic 

micro-mechanical behavior of the LoF pore which promotes crack initiation and growth and thereby degrades the 

performance of the component. 
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Fig. 7 A super ellipsoid representing an idealized LoF pore is embedded into the microstructure volume 

output from SPPARKS and analyzed using the CPFE framework. Cut section view of the microstructure is 

shown to visualize the strain localization in the vicinity of the pore. Strain component in the loading direction 

(ZZ) is shown.  

IV. Comparing the effects of pores with different geometries 

  A case study has been undertaken to understand the effect of pore shapes on fatigue crack driving forces. As 

strain localization is a pre-cursor to fatigue crack initiation, the localization was measured through the accumulation 

of the strain component in the loading direction (ZZ). Two simulations were run, with one simulation having an 

idealized entrapped gas/keyhole pore and the other one having an idealized LoF pore. Pores were inserted into the 

same microstructure volume in order minimize the role played by the surrounding microstructure in controlling the 

strain localization. Additionally, the volume fraction of the pores in both the simulations were kept constant to 

eliminate the size effect and only focus on the pore geometry. A displacement controlled global strain of 1% was 

applied in both the simulations. A cut section view of the 3D strain localization maps of both the simulations is shown 

in Fig. 8.  

  

 In the case of the idealized entrapped gas/keyhole pore, shown in Fig. 8a, the strain localization in the vicinity of 

the pore is of similar magnitude when compared to the localizations in the rest of the microstructure far from the pore, 

where the influence of the pore is minimal. In this case, perhaps the fatigue crack initiation mechanism might be 

governed by the crystallographic features and less due to the presence of the pore. Using CPFE simulations, Veerappan 

et al. [27] showed that in order for the crack initiation to be governed by localizations in the vicinity of the pore rather 

than the crystallographic attributes, the spherical pore needs to attain a critical size. Based on the strain localization 

profile, it is evident that the size of the pore considered in the current study is smaller than the critical pore size which 

would promote higher strain accumulation near its vicinity. 

 

 For the simulation with an embedded idealized LoF pore, as shown in Fig. 8b, it can be visualized that the strain 

accumulation near the sharp corners is significantly higher than that of the localizations that occur in the rest of the 

microstructure, and certainly higher than the localizations near the vicinity of the spherical pore shown in Fig. 8a. The 

maximum value of 𝜀𝑍𝑍 in the vicinity of the keyhole pore and the LoF pore shown in the cross-sections in Fig. 8a and 

8b is 2.05% and 3.3%, respectively. In other words, for the particular size of keyhole and LoF pores studied in the 

current work, the LoF pore accumulates approximately 37.8% more strain in the loading direction. Over multiple 

fatigue cycles, high strain accumulation in the vicinity of LoF pores will increase the likelihood of the initiation of 

fatigue cracks.  
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Fig. 8 Comparison of the strain accumulation in the vicinity of: a) an idealized gas/keyhole pore, and b) an 

idealized LoF pore. In both simulations, the microstructure surrounding the pore, volume fraction of the pore 

and the applied load are the same. 

V. Conclusion 

 A process-structure-property (PSP) framework that leverages the capabilities of SPPARKS, a process simulation 

package, and ScIFEN, a scalable finite element driver  is used to understand the effect of pore geometry on the fatigue 

performance of additively built IN718 material. A pore insertion algorithm, which aids in inserting idealized pores 

defined by analytical geometries, is discussed. Idealized entrapped gas/keyhole pores are modeled using a spherical 

geometry and lack of fusion (LoF) pores are modeled using super ellipsoid geometries to mimic the sharp features 

that are evident in LoF pores. Two simulations were run, with one simulation having an idealized entrapped 

gas/keyhole pore and the other having an idealized LoF pore. Pores were inserted into the same microstructure 

instantiation in order to minimize the role played by the surrounding microstructure in controlling the strain 

localization in the vicinity of the pore. The volume fraction of the pores in both simulations was maintained the same, 

in order to minimize the size-effect of the pore. It was observed that the strain localization in the vicinity of the LoF 

pore was about 37.8% higher than in the vicinity of keyhole pore of the same size as the LoF pore. The deleterious 

role played by the LoF pore in degrading the fatigue performance is evident from the high strain localization promoted 

by the sharp features of the pore. This informs the materials design and processing engineer regarding the importance 

of optimizing the process parameters so as to eliminate the formation of LoF pores. This can primarily be achieved by 

modulating the laser power, laser scan speed, and hatch spacing.  
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