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Abstract 

Fatigue cracks in additively manufactured (AMed) Inconel 718 (IN-718) in machined 

surface condition often initiate from persistent slip bands (PSBs) unlike other popular AM alloys 

such as 17-4 PH stainless steel or Ti-6Al-4V, where fatigue crack initiation is exclusively from 

volumetric defects; therefore, a competition between PSB- vs. defect- mediated crack initiation 

clearly exists. To shed light on the factors governing the competition, this study investigates the 

characteristics of cyclic strain localization, PSB formation, and crack initiation via crystal 

plasticity (CP) modeling of cyclic loading on polycrystalline aggregates which are then validated 

by experiments. A physics-based, free slip distance (FSD) dependent slip strength evolution law 

is proposed, which is shown to enable the CP model to simulate the heterogeneous strain 

distribution in IN-718. Implementing a crack initiation criterion based on strain contrast, the 

locations and lives for crack initiation can also be calculated. It is shown that both FSD and resolve 

shear stress influence the strain localization and crack initiation behaviors. The distribution of a 

localization parameter calculated based on the multiplication of FSD and Schmid factor within a 

grain is found to correlate well with the locations of PSBs. The maximum values of the localization 

parameters within a microstructure are shown to correlate well with the experimentally obtained 

crack initiation lives. The presence of volumetric defects in IN-718 generally do not impact strain 

localization behavior unless their size is large compared to the grain size. 

Keywords: Additive manufacturing; Inconel 718; Crystal plasticity; Persistent slip band; Fatigue 

crack initiation. 
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Abbreviation 

2D Two-dimensional 

AF Armstrong and Frederick  

AM Additive manufacturing  

AMed Additively manufactured 

APBE Antiphase boundary energy  

BSE Backscattered electron 

CP Crystal plasticity 

CTB Coherent twin boundary  

DAMASK Düsseldorf advanced material simulation kit 

EBSD Electron backscatter diffraction 

ECCI Electron channeling contrast imaging  

EDS Energy dispersive spectroscopy  

FFT Fast Fourier transform  

FSD Free slip distance  

GB Grain boundary 

GI Grain interior 

HCF High cycle fatigue 

HIP Hot isostatic pressing  

HT Heat treatment 

IN-718 Inconel 718 

IPF Inverse pole figure  

LB-PBF Laser beam powder bed fusion/fused  

MCF Mid cycle fatigue 

PSB Persistent slip band 

RVE Representative volume element  

SFE Stacking fault energy 

SP Slip plane 

TW Twin boundary 

VHCF Very high cycle fatigue 

XCT X-ray computed tomography  
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Nomenclature 

a Stress exponent for phenomenological crystal plasticity model 

d Average grain size 

F Deformation gradient   

Fe Elastic deformation gradient 

Fp Plastic deformation gradient 

h0 Initial hardening parameter 

hαα' Hardening matrix 

J2 Second invariant of the Mandel stress tensor 

K Hall Petch constant 

L Velocity gradient 

Le Elastic Velocity gradient 

Lp Plastic velocity gradient 

l Free slip distance exponent 

mα  Unit vector normal to the slip plane 

m Strain rate sensitivity  

𝑀𝑝 Mandel stress tensor 

𝑀𝑝
𝑑𝑒𝑣 Deviatoric Mandel stress tensor 

‖𝑀𝑝
𝑑𝑒𝑣‖

𝐹
 Frobenius norm of the deviatoric Mandel stress 

Ns Number of slip systems 

q Stress exponent for Isotropic plastic material model 

r Dynamic recovery coefficient 

Rε  Strain ratio 

sα  Unit vector parallel to the slip direction 

T Taylor factor 

t Schmid factor exponent 

u Hardening Coefficient 

α Slip system 

β Slip plane designator 

εmax  Maximum strain amplitude 

εmin  Minimum strain amplitude 

ηα Square root of the area of the slip plane surrounded by grain boundary 

σ Fatigue limits 

𝜎0 Hall Petch constant 

𝛾̇𝛼 Rate of shear for slip system α 

𝛾̇0 Reference shear rate on slip system α 

𝜏𝛼 Resolved shear stress on slip system α 

𝜒𝛼 Back stress on slip system α 

𝜉𝛼 Critical resolved shear stress on slip system α 

𝜒̇𝛼 Rate of change of back stress on Slip system α 

𝜉𝛼
𝑖𝑛𝑖 Initial critical resolved shear stress 
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𝜉𝛼
𝑖𝑛𝑖0 Reference initial critical resolved shear stress 

𝜉𝛼
𝑠𝑎𝑡 Saturation critical resolved shear stress 

𝜉𝛼
𝑠𝑎𝑡0 Reference saturation critical resolved shear stress 

𝜆 Free slip distance threshold 

𝜔 Scalar resistance to plastic flow 

𝜔𝑠𝑎𝑡 Saturation resistance 

𝛿 Localization parameter 

𝜃 Average Schmid factor for all slip systems on a crystallographic slip planes 
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1. Introduction 

Additive manufacturing (AM), such as laser (beam) powder bed fusion (L-PBF or LB-PBF), 

fabricates parts in a layer-by-layer fashion and offers significant benefits over conventional manufacturing 

such as near net shaping and consolidating assemblies into monolithic parts [1,2]. It therefore has strong 

potential to be adopted for the fabrication of hard-to-machine alloys such as Ti alloys and Ni-base 

superalloys, which are often used for the fabrication of complex parts in load-bearing applications [3–5]. 

However, additively manufactured (AMed) parts typically contain large population of volumetric defects 

which act as stress risers and can be detrimental to the mechanical properties especially their fatigue 

behavior. Fatigue fracture of many AMed metallic materials in the mid and high cycle fatigue (MCF and 

HCF) regimes often is dominated by the volumetric defects, such as lack-of-fusions, gas entrapped pores, 

and keyholes, which can accelerate the initiation of fatigue cracks, introduce uncertainty to and deteriorate 

the fatigue performance [6,7]. In general, an inverse correlation between defect size and fatigue resistance 

exists for most AM materials [8,9].  

Inconel 718 (IN-718) is perhaps one of the most popular Ni-base superalloy for various AM 

technologies owing to its excellent weldability [10]. Interestingly, this material does not appear to be as 

sensitive to the presence of defects as other alloys, e.g., Ti-6Al-4V and 17-4 precipitation hardening 

stainless steel [11,12]. In fact, in the machined surface condition, volumetric defects are not always 

responsible for the initiation of the main fatigue crack for AMed IN-718 [13–15]. For LB-PBF IN-718, 

Wan et al. [16] reported that the process induced gas-entrapped pores always served as the initiation sites 

for the main fatigue cracks in the MCF and HCF regimes; however, Yang et al. [17] observed that in HCF 

and very high cycle fatigue (VHCF) regimes crack initiation can be either from volumetric defects or from 

crystallographic facets, despite that the critical defects from both works were mostly spherical and were 

~20 μm in diameter. Recently, Muhammad et al. reported that, irrespective of the test frequency of 5 Hz or 

20 kHz, fatigue crack initiation almost exclusively occured from crystallographic facets in HCF and VHCF 

regimes, even though the maximum defect diameter was ~40 μm [13]. These observations from the 
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literature suggested that the defect- and facet- driven fatigue crack initiation mechanisms in the LB-PBF 

IN-718 may be competing. However, the factors governing this competition are not solely related to the 

defect size and are presently not well known.  

The crystallographic facets serving as the initiation sites suggests the initiation of fatigue cracks 

may be ascribed to the persistent slip bands (PSBs) which form along slip planes [18]. Under cyclic loading, 

the operation of PSBs not only form intrusions/extrusions at free surfaces and internal microstructural 

discontinuities, such as grain boundaries (GBs) or secondary phases, but also generate vacancies within the 

bands due to the climb/annihilation of edge dislocations [19,20]. The former creates the driving force for 

crack formation, while the latter provides a pathway for the short crack growth  in the “damaged material”– 

which is the typical planar feature often seen on the crack initiation sites [21]. The extent (depth or height) 

of the intrusions/extrusions formed, therefore the driving force for crack formation, is directly proportional 

to the size (in-plane dimension) of the PSBs [22]. In addition, a longer free slip distance (FSD) between 

adjacent microstructural discontinuities favors the formation of the PSBs. Therefore, fatigue crack initiation 

via PSBs is easier with larger FSD, and vice versa. The competition between the defect- and the PSB- 

driven crack initiation mechanisms can be hypothesized to be governed by the relative size of the defects 

and FSD.  

This hypothesis appears to be consistent with the observations reported in the literature. In fact, 

Yang et al. showed that on the fracture surfaces where both initiation mechanisms were evident, the size of 

the facets were quite comparable with that of the volumetric defects – around 20 μm in diameter [23]. In 

contrast, the facet size reported by Muhammad et al. was well above 100 μm in diameter, which was 

significantly larger than the diameter of the largest defects observed via X-ray CT (~40 μm). In this case, 

the crack initiation via PSB was perhaps easier. This was further confirmed by their observations that the 

diagonally built specimens exhibited larger facets at crack initiation sites and weaker fatigue resistance 

compared to the vertically built specimens. On the other hand, the IN-718 microstructure reported by Wan 
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et al., where no PSB governed crack initiation was observed, contained closely spaced δ phase (several 

microns or smaller in distance), which limited the FSD, and thus, inhibited the formation of PSBs [24].  

This work aims to discover the factors governing the competing fatigue crack initiation 

mechanisms, i.e., PSB- vs. defect- mediated, in AMed IN-718 via crystal plasticity (CP) simulations 

validated by experiments. To capture the cyclic strain localization as well as the crack initiation behaviors 

of IN-718, a physics-based CP slip strength evolution law and a crack initiation criterion are proposed and 

implemented in the CP simulations. The influence of the presence of volumetric defects of varying size on 

the formation of PSBs and fatigue cracks are also investigated using the simulations. The hypothesized 

governance of the relative size between defects and FSD on the crack initiating mechanisms is confirmed 

by simulation. Experimentally, fully-reversed uniaxial fatigue tests are performed in strain-controlled mode 

on machined LB-PBF IN-718 specimens undergone two heat treatment schedules to induce both fine and 

coarse microstructures for assessing the influence of FSD on the fatigue crack initiation resistance. With 

the selective application of hot isostatic pressing (HIP), the fine and coarse microstructures will respectively 

contain large and small defects, which generates a broad range of relative size between defects and FSD.  

This manuscript is organized as the following: Section 2 provides a brief overview on the physical 

aspects of cyclic strain localization, PSB formation, and crack initiation; Section 3 describes methodology, 

which include the CP framework used, setup of the model geometry, and experimental procedure; results 

of the simulations along with the experimental observations are provided and discussed in Section 4; finally, 

conclusions are drawn in Section 5. 

2. Physics of fatigue crack initiation  

Under cyclic loading, metallic materials undergo permanent microstructural changes as the loading 

continues which eventually lead to initiation of fatigue cracks. The propagation of the major crack(s) is 

generally responsible for the fatigue failure of an engineering component. In the initial loading stage, 

dislocations in single-phase metals (including pure Cu, Ni and Ag, as well as solid solution alloys such as 
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austenitic stainless steels, IN625 and Hastelloy X) typically significantly multiply—leading to increase in 

overall dislocation density—and rearrange into relatively low energy configurations such as bundles of 

edge dislocation dipoles and multipoles [25–28]. This is typically accompanied by a relatively rapid cyclic 

hardening. With presence of dislocation bundles, deformation is typically carried out by the screw 

dislocations connecting neighboring bundles. Continued cyclic deformation from this stage can cause the 

collapse of the bundles into dislocation walls with higher dislocation density within narrow regions (i.e., 

PSBs) along a favorable slip plane [29,30]. The spacing between walls is significantly larger than that 

between bundles which favors the slip within the PSBs [31–35]. The contrast in slip resistance between the 

cyclically hardened grains and the softened PSBs essentially localizes the slip activities within the latter. In 

fact, two orders of magnitude higher strains have been measured in PSBs as compared to the grains [36,37]. 

In precipitation hardened alloys (such as the γ' and γ" hardened Ni-base superalloys), the to-and-

fro motion of screw dislocations within the PSBs can shear the precipitates (see depictions in Fig. 1). Since 

the motion of screw dislocations is irreversible due to cross-slip events, the repetitive and irreversible 

shearing of precipitates can induce mechanical dissolution of the precipitates in the PSBs. The shearing of 

precipitates within the PSBs further facilitates slip in the PSBs, increases the contrast in slip resistance 

between the PSBs and the matrix, and provides a more favorable condition for strain localization within the 

PSBs [38,39]. 

PSBs forms along slip planes but cannot penetrate strong obstacles that are opaque to dislocation 

glide, such as twin boundaries (TBs), GBs, and non-shearable particles. As a result, they are typically 

confined between neighboring obstacles. In a single-phase alloy, PSBs generally extend fully within the 

grains along the slip planes where the grain’s cross sections are the largest and the PSBs size essentially 

equates the grain size. In addition, these obstacles can impose strong back stress on PSBs [40] making their 

formation/operation stress dependent on the free slip distance between the obstacles, i.e., smaller distances 

make the formation/operation more difficult requiring higher stress amplitudes. For instance, it has been 
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shown that in single-phase FCC materials such as brass, pure Cu, and pure Al the PSBs form on the largest 

cross sections of grains and the fatigue limits are inversely related to the grain size following a Hall-Petch 

like relation [41], i.e., 

𝜎 = 𝜎0 + 𝑘 √𝑑⁄ ,         (1) 

where σ is the fatigue limit, d is the average grain size or the average free slip distance within the grains, 

and σ0 and k are constants. It follows that the difficulty of forming PSBs is not constant within the material 

given the natural variation in grain size with larger grains favorable for PSBs to form [42,43]. In fact, this 

difficulty is not constant even within the same grain, since the dislocations free slip distance (FSD) is 

location dependent; i.e., formation of PSBs is easier at locations where the free slip distance is longer. In 

smaller grains, the absolute difference of FSD among parallel slip systems or among different slip systems 

is inherently small compared to larger grains. As a result (excluding the scenarios of ultrafine grained 

materials for which the dislocation densities are very low due to dislocation starvation), the contrast in slip 

resistance among different slip systems tends to be small, giving rise to multiple slip systems being active 

and dislocation configuration being homogeneous compared to the formation of cells and walls in larger 

grains [44]. This suggests that one favorable condition for the formation of PSBs may be “the existence of 

a slip system with the advantage of easy glide over other systems, dictated by grain orientation and/or size”. 

In metallic materials where defect population and size are relatively small, fatigue cracks typically 

initiates along PSBs due to their interaction with either free surfaces or GBs [45–50]. When intersected 

with free surfaces, PSBs form persistent slip markings (or intrusions and extrusions) on the surface [51–

53]. When intersected with GBs, they induce stress concentrations at these locations. Both scenarios favor 

the initiation of transgranular cracks. The path along which the microstructurally small cracks form 

typically does not follow precisely the center line of the PSBs; instead, it coincides with the PSB-matrix 

interface where the normal-to-PSB gradient in the cyclic plastic shear strain is the maximum. Although the 

slip activities within an individual PSB are not completely uniform through the thickness of PSBs, the 
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magnitude of such variations are generally small [54]. The driving force for fatigue crack initiation from 

PSBs is directly proportional to the magnitude of the extrusions which, in turn, is correlated to the grain 

size and the slip irreversibility within the PSBs [55]. Specifically, the larger the grain size and/or the higher 

the degree of slip irreversibility, the higher the extrusion amplitude. The slip reversibility is influenced by 

the intrinsic material properties such as extended fault energies (including the stacking fault energy (SFE) 

in an FCC matrix or antiphase boundary energy (APBE) in the ordered precipitates); i.e., higher fault 

energies cause wavier slip, wider PSBs, and less slip reversibility, and vice versa [49]. 

With the presence of defects relatively large compared to their surrounding grains, the associated 

stress concentrations can cause localized plastic deformation in its vicinity which may accelerate the 

formation of PSBs, inducing defect- mediated fatigue crack initiation [56]. On the other hand, if the defects 

are significantly smaller compared to surrounding grains, the material volume that experiences the elevated 

stresses may not be sufficient to achieve this acceleration; and fatigue crack initiation is expected to be slip 

induced and transgranular. Determining the precise conditions that favor the one mechanism over the other 

by means of pure experimentation is challenging as the required direct observations on crack initiation are 

often hindered by the subsurface nature of critical volumetric defects. An ideal supplementation to 

experiments would be a physics-based numerical model that can simulate the microstructural evolution in 

AMed metallic materials from the onset of cyclic loading up to the initiation of fatigue cracks. Among 

others, CP modeling, including the finite element based, phase field based, and spectral solver based ones, 

can explicitly model the deformation of grain aggregates (with or without volumetric defects) and, if the 

back stress term is implemented, their cyclic response [56–66]. If proper fatigue indicator parameters are 

incorporated, the initiation of fatigue cracks can also be modeled [67–70]. Nevertheless, appropriate 

material strength and hardening kinetics models are needed in order to adequately capture the location 

dependent slip resistance and its evolution under cyclic loading that leads to the eventual formation of PSBs 

and initiation of fatigue cracks.  
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3. Methodology 

This work proposes an FSD-based material strength model compatible with the CP framework and 

suitable to model the cyclic response of IN-718. Spectral solver based CP simulations with this strength 

model implemented are performed using Düsseldorf Advanced Material Simulation Kit (DAMASK) to 

understand the competitive mechanisms of fatigue crack initiation from AM volumetric defects or PSBs in 

AM IN-718 [71]. To validate the simulation results, fatigue performance of LB-PBF IN-718 specimens, 

heat treated to result in both coarse and fine microstructures, were evaluated using strain-controlled fatigue 

tests. This section details the CP framework implemented as well as the numerical and experimental 

procedures carried out.  

3.1.  Crystal plasticity formulation 

CP multiplicably decomposes the total deformation gradient (F) into elastic and plastic parts, i.e., 

𝑭 = 𝑭𝑒𝑭𝑝. Accordingly, the velocity gradient (𝑳 = 𝑭̇𝑭−1) can be additively decomposed into elastic and 

plastic parts, i.e., 𝑳 = 𝑳𝑒 + 𝑭𝑒𝑳𝑝𝑭𝑒−1
. The plastic velocity gradient (𝑳𝑝) was described in this work via 

two different material models depending on the regions of interest. Specifically, phenomenological CP was 

applied for the IN-718 crystallites within the model and —since the spectral solver based CP does not 

explicitly model free surfaces— isotropic plasticity with very low material strengths was applied to mimic 

the behavior of volumetric defects (pores). 

In the framework of CP (applied for IN-718 crystallites), the plastic velocity gradient (𝑳𝑝) is 

calculated as the summation of shear rates contributed by each slip system α, i.e.:  

𝑳𝑝 =  ∑ 𝛾̇𝛼  (𝒔𝛼⨂𝒎𝛼)𝑁𝑠
𝛼=1 ,         (2) 

where sα and mα are the unit vectors parallel to the slip direction and normal to the slip plane—their dyadic 

product (𝒔𝛼⨂𝒎𝛼) is also called the Schmid tensor, 𝛾̇𝛼 is the corresponding shear rate, and 𝑁𝑠 is the number 

of slip systems. The shear rate (𝛾̇𝛼) given by the following flow rule is used for IN-718: 
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𝛾̇𝛼 = 𝛾̇0 |
𝜏𝛼−𝜒𝛼

𝜉𝛼
|
1

𝑚⁄
𝑠𝑔𝑛(𝜏𝛼 − 𝜒𝛼),        (3) 

where 𝛾̇0 is the reference rate of the shear strain, τα is the resolved shear stress, χα is the back stress, ξα is 

the slip resistance on slip system α, and m is the strain rate sensitivity. The back stress is a long-range stress 

exerted by dislocations previously deposited onto barriers (such as dislocation bundles and walls) to repel 

the motion of the new gliding dislocations. Back stress generated from the forward loading direction can 

significantly reduce the yield point in the reverse loading direction and is believed to be the cause of 

Bauschinger effect. Back stress also evolves during cyclic loading whose rate, in this work, is described by 

the Armstrong and Frederick (AF) model [72] using the rate of plastic strain:  

𝜒̇𝛼 = 𝑢𝛾̇𝛼 − 𝑟𝜒𝛼|𝛾̇𝛼|,          (4) 

where u is the hardening coefficient and r is the dynamic recovery parameter.  

Conventionally, the evolution rate of critical resolved shear stress (or slip resistance) in a slip 

system is attributed to the shear strain in all active slip systems [71] by: 

𝜉̇𝛼 = ∑ ℎ𝛼𝛼′|𝛾̇𝛼′| |1 −
𝜉

𝛼′

𝜉
𝛼′
𝑠𝑎𝑡|

𝑎

sgn (1 −
𝜉

𝛼′

𝜉
𝛼′
𝑠𝑎𝑡)

𝑁𝑠
𝛼′=1 ,       (5) 

where hαα’ is the hardening matrix that empirically considers the self (dislocation-dislocation interaction 

within the same slip system, i.e., when α = α') and latent (dislocation-dislocation interaction between slip 

systems, i.e., when α ≠ α') hardenings; and 𝜉𝛼
𝑠𝑎𝑡 is the saturation value of the slip resistance on system α. 

The initial and saturation values of slip resistance (𝜉𝛼
𝑖𝑛𝑖 and 𝜉𝛼

𝑠𝑎𝑡) of a material point are dependent on its 

FSD by a Hall-Petch law. Specifically, the FSD parameter (ηα) is defined as the √𝑎𝑟𝑒𝑎 of the slip planes 

within a grain. Fig. 2 illustrates the procedure to calculate ηα: for each slip plane, the grain was first 

sectioned into slabs of equal thickness (t = 2 voxels was used in this study) and the area of slab i was 

calculated based on the number of voxels contained. Accordingly, although for each material point (or 

voxel) the FSD parameter is calculated for each slip system, the ηα values of slip systems that belong to the 
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same planes are the same. Based on the defined FSD parameter, the initial and final slip resistances are 

expressed as: 

𝜉𝛼
𝑖𝑛𝑖 = 𝜉𝛼

𝑖𝑛𝑖0 + 𝑘
√𝜂𝛼

⁄ , 𝜉𝛼
𝑠𝑎𝑡 = 𝜉𝛼

𝑠𝑎𝑡0 + 𝑘
√𝜂𝛼

⁄ ,       (6) 

where k is the Hall-Petch parameter, 𝜉𝛼
𝑖𝑛𝑖 and 𝜉𝛼

𝑠𝑎𝑡 are the initial/saturation slip resistances on system α, and 

𝜉𝛼
𝑖𝑛𝑖0 and 𝜉𝛼

𝑠𝑎𝑡0 are the reference initial/saturation slip resistances. A lower saturation strength than the initial 

strength indicates cyclic softening, and vice versa. Replacing Eq. 5, the location-dependent evolution rate 

of the slip resistance can be calculated based on: 

𝜉̇𝛼 = ∑ ℎ𝛼𝛼′|𝛾̇𝛼| |1 −
𝜉

𝛼′

𝜉𝛼
𝑠𝑎𝑡|

𝑎

sgn (1 −
𝜉

𝛼′

𝜉𝛼
𝑠𝑎𝑡)

𝑁𝑠
𝛼′=1 sgn(𝜂𝛼 − 𝜆),     (7) 

where λ is the FSD threshold parameter. As discussed in Section 2, depending on the FSD, certain regions 

of a grain may experience local cyclic hardening (when FSD is small) due to the formation of dislocation 

bundles while others soften when the bundles collapse into PSBs (when FSD is large). The threshold FSD 

value governing the hardening/softening behavior is specified in this work as λ, which may vary depending 

on the slip characteristics of a material, i.e., planar or wavy slip, dictated by its planar fault energies (such 

as SFE and APBE) [29,73,74]. Such information can be calculated from a lower length scale, such as using 

atomistic simulations, passed onto crystal plasticity in a multiscale framework [75].  

The velocity gradient of the pores in the grain aggregate is described by isotropic elasto-plastic 

material model as it has been implemented within DAMASK: 

𝑳𝑝 =
𝛾̇𝑝

𝑇

𝑴𝑝
𝑑𝑒𝑣

‖𝑴𝑝
𝑑𝑒𝑣‖

𝐹

           (8) 

where 𝛾̇𝑝 is the rate of plastic shear strain, 𝑴𝑝
𝑑𝑒𝑣 is the deviatoric Mandel stress tensor, and ‖𝑴𝑝

𝑑𝑒𝑣‖
𝐹

 is the 

Frobenius norm of the deviatoric Mandel stress. The rate of shear in the material is defined by: 
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𝛾̇𝑝 = 𝛾̇0 (
√3𝐽2

𝑇𝜔
)

𝑞

,          (9) 

where J2 is the second invariant of the Mandel stress tensor (𝑴𝑝), T is the Taylor factor, q is the stress 

exponent, and 𝜔 denotes the scalar resistance to plastic flow. The evolution of the resistance parameter (ω) 

is defined by: 

𝜔̇ = 𝛾̇ℎ0  |1 −
𝜔

𝜔𝑠𝑎𝑡|
𝑎

sgn (1 −
𝜔

𝜔𝑠𝑎𝑡),        (10) 

where h0 is the initial hardening parameter, 𝜔𝑠𝑎𝑡 the saturation resistance, and a is the strain rate sensitivity 

exponent. 

To obtain the material parameters for the CP model (Eqs. 1-10), virtual single crystal simulations 

were performed to fit the obtained material response under both tensile and cyclic loadings to 

experimentally measured curves (the experimental procedure was provided in Section 3.3). For these 

simulations, elastic constants identical to what have been used in the literature for IN-718 were used [76,77] 

(See Table 1). This virtual single crystal simulations perform both uniaxial tensile and fully-reversed cyclic 

loadings 50 times on single crystals with random orientations. Under the eigen-strain Taylor assumption, 

the average stress-strain curves from the simulations, which were assumed to represent the polycrystalline 

response, were then fitted to the experimental ones. The procedure for virtual single crystal tensile 

simulations were detailed elsewhere [78–81]. The simulated responses in the first cycle from unloaded 

condition to the maximum strain were fitted to the experimental tensile test results. For calibrations with 

cyclic loading, several strain amplitudes of 0.006, 0.008, and 0.01 mm/mm were applied for 250 cycles, 

and the saturated cyclic stress-strain responses were fitted to experimental data with corresponding strain 

amplitudes. The tensile stress-strain curves and cyclic hysteresis loops for all strain amplitudes, overlaid 

with experimental data, are presented in Fig. 3. The material parameters obtained as the result of fitting 

procedure are listed in Table 1.  
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3.2. Model Geometries 

A fast Fourier transform (FFT)-based method, also referred to as the spectral method, implemented 

in the DAMASK, was used to perform the CP simulations [71]. The spectral method implicitly assumes 

periodic boundary conditions along X, Y, and Z directions. The computational cells contained grain 

aggregates that form a representative volume element (RVE) of the material discretized by a 33 (X) × 33 

(Y) × 32 (Z) grid system. The physical length of the cubic RVEs on each side was 115 μm. A polycrystalline 

aggregate containing 23 small grains surrounding a large grain was generated by modifying a Voronoi 

tessellated grain structure with relatively uniform grain sizes. This type of synthesized geometry on one 

hand replicated the presence of both very large and very small grains in the LB-PBF IN-718 microstructure 

[13,82–84]; on the other hand, the large grain contained sufficient integration points which permitted 

analysis of transgranular strain distribution. The cutaway views of the modelled geometries are provided in 

Fig. 4. A defect-free microstructure and one containing a pore are shown in Figs. 4(a-b), respectively.  

To assess the effect of grain orientation on the strain localization, the orientation of the central grain 

is systematically varied. Inverse pole figure (IPF) maps of post heat treatment microstructure of IN-718 

considered in this study do not show a particular texture along the build direction (see Figs. 5(a & d) or the 

transverse direction (see Figs. 5(b and e)). Grain size distributions of LB-PBF IN-718 specimens in both 

radial and transverse planes are shown in Fig. 6 as well. The distributions corroborated with the presence 

of both very large and very small grains visible in Fig. 5, which was modeled in this work. Detailed 

experimental procedure used to obtain such data is given in Section 3.3. As such, three main 

crystallographic poles of the central grain; i.e., [100], [101], and [111], were chosen to align with Z axis (as 

schematically illustrated by Figs. 7(a-c). If the loading is along the Z direction, the three pole alignments 

should produce three constant maximum Schmid factors, irrespective of any rotation of the crystallographic 

coordinate about Z axis. To further diversify the range of Schmid factors probed, a diagonal loading 

direction, i.e., along line X = -Z and Y = 0, was also applied.  
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When the loading direction is diagonal, for each pole orientation along Z, relatively large variations 

in the maximum Schmid factor are achieved by rotating the crystal coordinates about Z. The maximum 

values of the Schmid factor (θ) among all slip systems with respect to rotation about Z axis are plotted for 

both loading directions in Figs. 7(d-f) (corresponding to the Z axis orientations presented in Figs. 7(a-c). 

Note that due to the periodicity only the Schmid factors for a 180˚ rotation are plotted. As indicated by red 

square markers, a few points with different Schmid factors are chosen and the corresponding orientation is 

assigned to the grain of interest in the RVE. A complete list of the defect-free RVEs modeled in this study 

is presented in Table 2.  

Multiple cases of the RVE containing a pore with different sizes were modeled. A schematic 

representation of the RVE including a pore is provided in Fig. 4(b). These RVE models were based on Case 

No. 14 shown in Table 2, where the [111] pole of the central grain aligns with Z axis, and the loading 

direction is diagonal. The location of the pore remained constant for all cases. Three different pore diameters 

ranging between 3.5 to 17.5 µm were considered. The defect statistics in the two microstructures as 

measured from both XCT and 2D optical analysis are shown in Figs. 8(a & b). The experimental procedures 

used to obtain such data is provided in Section 3.3. The modeled defect size range appeared to be realistic 

as the largest defects revealed by X-ray computed tomography (XCT) scans performed on the small 

coupons extracted from the specimens in this study were in the range of 15-20 µm (Fig. 8(a)). It is also 

notable that the XCT analysis did not reveal any defects in the coarse microstructure within the small 

volume sampled, which is likely due to the different heat treatment applied (to be elaborated in Section 

3.3). 2D optical analysis sampled larger volume and have detected some small defects in the coarse 

microstructure (Fig. 8(b)) 

To mimic the mechanical behavior of pores, the material constants should ideally be chosen so that 

both the elastic constants and strength are significantly lower than the ones for IN-718. Maiti et al. suggested 

one order of magnitude lower elastic constants for the buffer layer to model free surface and void (similar 
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to Set 2 parameters in Table 3) [85] which were effective under monotonic loading. However, in this work 

performed simulations of cyclic loading and applying these parameters resulted in numerical convergence 

issues due to the rapid softening in certain integration points. To circumvent these numerical issues 

encountered during cyclic loading, a material with similar elastic constants to the ones that had been used 

for the IN-718 and significantly lower yield strength were applied to the pores (i.e., Set 1 parameters in 

Table 3). To verify the soundness of the chosen material constants, simple tension simulations of the 

microstructure containing a pore were performed while the IN-718 matrix was treated as linear elastic 

solids. Two different sets of material parameters as listed in Table 3 were assigned to the pore region and 

the stress responses near the pores were compared. Figure 9 visualizes the von Mises stress solutions along 

the dashed arrow passing through the pore for both cases. The relative difference in the stress solutions 

versus location is also plotted on the same graph. Only a maximum of ~ 6 percent difference in the stress 

response is noticed across the two cases.  

Uniaxial fully-reversed cyclic loading with constant, 0.012 mm/mm, strain amplitude was 

simulated for 250 cycles for all cases. Note that, although the simulated cycles appeared to be a small 

number compared to the actual cycles required for nucleation and early growth of short cracks (which is 

typically over thousands of cycles), the former when scaled (i.e., each simulated cycle representing a few 

tens or hundreds of experimental cycles) were shown to correlate well with the latter [64,86]. Upon 

conclusion of the simulations, the material response was post processed and analyzed to investigate strain 

localization and crack initiation behaviors.  

3.3.  Experimental procedures 

The near-net shape fatigue specimens used in this study were fabricated using gas atomized IN-718 

powder in an argon purged environment via the LB-PBF process utilizing an EOS M290 AM system and 

manufacturer recommended process parameters, as listed in Table 4. Fatigue specimens were designed and 

machined according to ASTM E606 (see Fig. 10) [87]. The machining process was turning only, which 
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was identical to the turning process used by Lee et al. [88]. This process resulted in surface roughness 

values of Ra = 0.77 μm, Rp = 2.34 μm, and Rv = 2.40 μm.  

Two different HT procedures, as listed in Table 5, were applied to the LB-PBF IN-718 specimens 

prior to machining (details regarding HT1 are obtained from Lee et al. [88]). All the heat treatments were 

conducted in an electric furnace in an argon environment. All specimens were stress-relieved at 1066⁰ C 

for 1.5 hours according to the ASTM F3055-14a standard prior to removing them from the build platform 

[89]. Following stress-relieving, the fatigue test specimens went through an optional HIP step (only HT2 

went through HIP), solution treatment, and double aging according to ASTM F3055-14a and AMS 2774 

standards [89,90]. As shown in Fig. 5, the HT2 induced a much coarser microstructure compared to HT1, 

which likely was due to the additional exposure to 1163°C for 3h.  

A Zeiss Crossbeam 550 SEM with electron backscatter diffraction (EBSD) and backscattered 

electron (BSE) detectors was utilized for microstructural analysis. The microstructure of IN-718 specimens 

in this study was investigated using EBSD analysis and electron channeling contrast imaging (ECCI). For 

microstructure analysis, HT1 and HT2 samples were cut and mounted in planes both parallel and 

perpendicular to the build direction and polished to mirror surface finish according to the ASTM E3 

standard [91]. Initially, the samples were ground and polished using sandpapers up to 1200 grits and then 

polished using polishing pads until mirror finish. In addition, a vibratory polisher was employed for 5 hours 

to ensure removal of any remaining minor surface scratches from previous polishing steps.  

For defect analysis, one specimen from each set of IN-718 batches fabricated for fatigue testing 

were cut into cuboids of ~ 3 × 4 × 5 mm and scanned using a Zeiss Xradia 620 Versa XCT machine. The 

imaging was performed at the source voltage and power of 160 kV and 25 W, respectively. An X-ray filter 

was used to minimize the count of low-energy photons. Following the reconstruction of the XCT obtained 

images, ImageJ software was used to analyze the defects via simple thresholding operations. The specimen 

was placed in the XCT machine such that the longest dimension of the cuboids was positioned vertically. 
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The voxel size of the scans was ~3 μm in each direction. The defects of size (equivalent diameter) smaller 

than 5 μm were not included in the post processing to avoid false detection from artifacts. To confirm the 

defect analysis results obtained from XCT scanning, two-dimensional (2D) optical porosity analysis on the 

polished cross-sections of IN-718 specimens was also conducted using a Keyence optical microscope. For 

2D porosity analysis, specimens were cut in a plane perpendicular to the build direction, mounted, and 

polished until they had a mirror finish. A minimum of five planes were analyzed for defect characterization 

of each sample. Defects population for a particular range of defect sizes were calculated based on the 

average values obtained from all readings. Resulting data on defect distributions are presented in Fig. 8. As 

expected, the HIPed (i.e., coarse microstructure from HT2) IN-718 samples contains less defect compared 

the non-HIPed (i.e., fine microstructure from HT1) ones. Nevertheless, the overall trends of defect 

distribution in the size range of 5-20 μm for the fine microstructure were similar from both measurement 

techniques, even though the total defect count from optical microscopy was lower due to the limited cross-

sections examined. The optical microscopy detected a few larger defects of size 20-25 μm in the fine 

microstructure, which were absent from the XCT scans. In addition, XCT scan did not detect any defects 

in the HT2 sample—only a small amount of relatively small defects were found by optical microscopy. 

These discrepancies between XCT and optical results could be due to the small volumes of the XCT samples 

(60 mm3) compared to the much larger volumes probed by cross-sectioning throughout the gage sections 

of the specimens shown in Fig. 10.  

To assess the fatigue properties of IN-718 specimens, strain-controlled uniaxial fully-reversed 

fatigue tests (Rε = εmin ⁄εmax = -1) on HT1 and HT2 specimens were conducted. Tests utilized an MTS servo-

hydraulic machine following the ASTM E606 standard [92]. An extensometer was attached to the specimen 

gages to monitor strain. Acrylic paint was applied to the attachment points to prevent slippage. Strain 

amplitudes ranged from 0.002 to 0.006 mm/mm. Test frequencies varied from 0.83 Hz for 0.002 mm/mm 

to 2.08 Hz for 0.006 mm/mm to ensure a constant nominal cyclic strain rate of 0.02 mm/mm/s. At least two 

specimens were tested for each strain amplitude. It is worth mentioning that during fatigue testing, 
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specimens exceeding 107 reversals were stopped and considered as runout. Fractography was conducted on 

selected fracture surfaces of failed fatigue specimens using the SEM to investigate the failure mechanisms. 

4. Results and discussion 

4.1.  Strain localization behavior in the absence of volumetric defects 

Utilizing the proposed location-dependent initial strength and hardening laws as stated in Eq. 7, 

strain localization within both the interior and boundaries of the central grain were captured by the CP 

simulations. The localization behavior appears to be affected by the crystallographic orientation of the 

central grain with respect to the loading directions. To visualize the cyclic strain distribution within the 

central grain, binning analyses were performed to visualize the cyclic shear strain amplitude on parallel 

crystallographic slip planes. For this purpose, the central grain was divided into slices parallel to slip planes, 

i.e., four different plane orientations for the FCC crystal structure of IN-718 (see Fig. 2 for schematic 

illustration). The average slip activity in each slice is calculated by taking the average of the von Mises 

strain among all voxels within the section at the load peak of each cycle. Thus, for each cycle, the average 

peak von Mises strain can be plotted sequentially with respect to the slices, as shown in Fig. 11. Although 

the strain distributions on all four slip planes were examined, only the slice data on slip planes with the 

most prominent strain localization behaviors are visualized in this figure. It is apparent from Fig. 11 that 

the average von Mises strains were higher over a few sections compared to others – in some cases the higher 

strains occurred in Sections 1-9 (see Fig. 11 (a-f)), in other cases they occurred on Sections 0 & 10 (see 

Fig. 11(g-n)). Based on the location where the localization occurs, the cases can be categorized into two 

different groups; i.e., grain interior (GI) localization at Sections 1-9 and GB localizations at Sections 0 & 

10. In all cases, as the number of cycles increased, the strain localization became more pronounced.  

To further understand the factors influencing the strain localization behavior, the spatial distribution 

of the peak von Mises strain and maximum FSD were also visualized and analyzed. Two typical cases with 

GI localization (IDs #6 and #14) are exhibited in Figs. 12(a, b, d, and e), as examples. The distributions of 
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von Mises strain amplitude shown for the cases in the figure corresponded to the certain cycles where the 

strain localization became apparent. Boundaries of the central grain are marked using black dashed lines. 

The FSD values shown in Figs. 12(a and d) were normalized against the maximum value in the respective 

case, and therefore, ranged between 0 and 1. The green arrows indicate the loading directions. In Fig. 12(b), 

clear strain localizations are notable by regions with relatively high strain values in the boxed area. In this 

case, the middle plane of the central grain was a (111) plane. The FSD values at this location (see Fig. 

12(a)) were large which corresponded to low initial slip resistance and subsequent softening during cyclic 

loading. This likely has caused the localization.  

However, the FSD was not the only factor governing the strain localization. For instance, case ID 

#14 had the central grain with the same orientation as the case ID #6, thus had the relatively high value of 

FSDs in the middle plane (see Fig. 12(d)). However, since it was loaded vertically, the location of GI strain 

localization apparently did not overlap with the crystallographic planes with the largest FSD (i.e., the (111) 

plane), rather it localized on the (1̅1̅1) plane. This observation appears to be consistent with the behavior 

of PSBs as their formation requires not only a relatively high FSD, but also sufficient resolved shear stress. 

The vertical loading direction of the example illustrated in Fig. 12(d) resulted in essentially zero Schmid 

factor on the (111) plane which does not allow the formation of PSBs.   

Given the observations made earlier, an intuitive parameter to evaluate the tendency for PSB 

formation is perhaps a compounded measure of both FSD and Schmid factor. Therefore, a localization 

parameter (δ) for a material point (or voxel) was defined in this work using the equation: 

𝛿 = max(𝜃𝛽
𝑡 × 𝜂𝛽

𝑙 ) and β = 1 ~ 4       (11) 

where θ is the averaged Schmid factor of all three slip systems that exist on the slip plane, β is the slip plane 

designator and ranges from 1 to 4 due to the four slip planes in an FCC lattice, 𝜂 is the √𝑎𝑟𝑒𝑎 of the grain’s 

cross section through this point, and the exponents t and l assign the relative importance of resolved shear 

stress and FSD on the formation of PSB. Although at each material point there could be four distinct values 
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of 𝜃𝛽
𝑡 × 𝜂𝛽

𝑙  depending (one value per slip plane, four planes total), only the maximum of which was assigned 

to δ. Based on the results of the CP simulations performed in this work, when t and l were respectively set 

to be 0.25 and 2, the resulting spatial distribution of maximum location parameter (δ) appeared to agree 

well with the spatial strain localization behavior observed in the simulations (i.e., good agreement between 

the type of graphs shown in Figs. 12(b & e) and the type shown in Figs. 12(e & f)). As a comparison with 

the FSD distributions, the respective distributions of the localization parameters are also provided in Figs. 

12(c and f). The spatial distribution of localization parameter (δ) appear to better agree with that of the 

cyclic von Mises strain. The same conclusion was found to be valid for other simulation cases with GI 

localizations.  

4.2.  Crack initiation behavior in the absence of defects 

PSBs, which form after strain localization, are essentially pathways for plastic deformation where 

dislocation slip is significantly easier compared to other regions in a grain. As discussed in Section 2, this 

is due to the wall structures in the PSBs whose inter-wall spacing is much larger than the inter-bundle 

spacing in the matrix. As revealed by the CP simulations in this work and consistent with literature [49], 

the shear strain within the plane of strain localization was not constant and could vary due to a number of 

factors including the local stress concentrations at GBs. For instance, the contour plots of the von Mises 

strain for a few cases where strain localizes at the GI are shown in Figs. 13(a-d), where the localization slip 

planes are indicated using the red shades. The cycles at which the contour plots were generated are also 

given in the figure. Experimental observations revealed that shear strain amplitude within PSBs is constant 

within a material and is on the order of 0.01~0.02 mm/mm [40,93]. In this work, a simple criterion was 

defined for PSB formation: PSBs are said to have formed in a section if the peak von Mises strain exceeded 

0.02 mm/mm in more than half of voxels in any cycle. Here, the von Mises strain, instead of the resolved 

shear strain on an interested section, was used to in the criterion because the plastic strain typically should 

not be confined within a single slip plane prior to the formation of PSBs. In fact, it has been shown that it 
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was the “cross-cutting” action of dislocations, i.e., dislocations from the secondary slip planes gliding 

through veins, that collapsed the veins into walls [94]. Corresponding to the visualizations provided in Figs. 

13(a-d), the calculated fraction of voxels within the sliced sections (or area fractions) whose von Mises 

strain exceeded 0.02 is shown in Figs. 13(e-h). As shown in Figs. 13(a-h), the GI localization and the 

subsequent PSB formation occurred on the slip planes whose area (thus FSD) were largest among all 

parallel planar sections. Since these parallel sections had the same Schmid factor, these were also the 

locations where the localization parameters were the largest.  

The PSB mediated initiation of fatigue cracks, as discussed in Section 2, typically occurs at PSB-

matrix interface. This is because the operation of PSBs generates large amount of vacancies due to the 

forced-climb and annihilation of dislocations, which then diffuse and condense at the PSB-matrix interface 

(where abrupt changes in plastic strain occurs) rather than in the PSB interior [49,67,95]. Therefore, the 

contrast in the strain activities between the matrix and PSB—rather than the severity of plastic strains within 

a PSB—is a more relevant factor for crack initiation. On the other hand, at locations such as GBs, the elastic 

incompatibility between neighboring grains can induce significant near-GB plastic deformations under 

cyclic loading, incurring damage and leading to GB-mediated fatigue crack initiation without the presence 

of PSBs [96]. Therefore, strain localization observed adjacent to the GB shown in Figs. 11(g-n) can result 

in crack initiation. The PSB mediated and GB mediated modes compete to initiate fatigue cracks.  

To this end, the differences in the area fractions shown in Fig. 13(b) between neighboring sections 

are computed and shown in Figs. 13(i-l). The PSB-matrix interfaces are distinguishable in the figure by 

spikes (indicated by arrows) where the differences between each two neighboring sections are large. The 

locations with the peak difference values (also indicated by arrows in Figs. 13(i-l)) are the primary 

candidates for crack initiation. Although Fig. 13 only visualizes four very typical cases of GI localization 

and crack initiation., the observations and discussions made are generally applicable to all simulation cases 

performed, including both GI and GB crack initiations. As a criterion, a crack can be said to have initiated 

on either side of the slip band if the difference in area fractions of two adjacent slices reaches a certain 
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value. In this work, a value of 25% is used although a slightly deviation from it would not alter the overall 

observations in this study. For GB crack initiations, the same, slice-based criterion was applied. Using the 

criteria defined above for strain localization and crack initiation, the locations of strain localization as well 

as cycle number to crack initiation of all the simulation cases are summarized in Table 6.  

Gathering data for all CP simulations, the maximum localization parameter in a given structure 

(δmax) or its inverse versus the simulated lives to crack initiation (Ni) at GI and GBs are plotted in Figs. 14(a 

and b), respectively. For the cases where strain localization and PSB formation occur in the GI of the central 

grain, longer lives are observed for the simulated structures with smaller δmax. In fact, the parameter and 

fatigue life to crack initiation appear to follow an inverse power law reasonably well (see Fig. 14(a)), 

indicating that higher resolved shear stress and larger FSD on certain slip planes favor fatigue crack 

initiation from the GI. For instance, when the [111] pole of the central grain aligns with the Z axis and 

loaded diagonally, the slip plane with the largest FSD and the one with highest Schmid factor coincides 

along the center line of the grain (see Fig. 12(a)). As a result, crack initiation criteria at the GI is met at ~40 

simulated cycles (see in Fig. 14(a) as indicated by arrow as well as the data in Table 6).  

While small maximum localization parameters extended the cycle life to crack initiation in the GI, 

excessively small values in this parameter can permit onset of the competing mechanism of the GB 

mediated crack initiation. In fact, very small resolved shear stresses and FSD values in a grain that suppress 

the GI crack initiation may favor the GB crack initiation, if the microstructure surrounding the grain of 

interest were to be kept constant. This trend is evident in Fig. 14(b), where an increasing trend between δmax 

and crack initiation life via a power law exists among the GB crack initiation cases. For instance, relatively 

rapid crack initiation from GB has been observed at cycle ~80 when the low Schmid factors and small FSDs 

are combined, i.e., case IDs #3 and #4 (see in Fig. 14(b) as indicated by arrow as well as the data in Table 

6). Overall, longer lives to fatigue crack initiation were observed for the GB crack initiation cases with 

larger δmax.  
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In reality, the grains of both high and low δ values constitute a IN718 microstructure. Given that 

the literature-reported crack initiation modes had been either defect- or PSB- mediated for LB-PBF IN718, 

crack initiation in absence of defects should be transgranular within grains with high δ values—instead of 

at GBs near grains with low δ values. As an outlook, for alloys with relatively weak interfacial strengths, a 

competition between PSB-mediated and GB-mediated crack initiation may exist [97]. Although the 

maximum localization parameter in an individual grain can be affected by its size and shape (which affect 

the FSD) as well as the loading direction (which affects the Schmid factor), the δmax in a polycrystalline 

material without a strong texture and thus with a uniform distribution of Schmid factors—such as the HT 

IN-718 specimens examined in this work—is primarily influenced by the grain size. Therefore, one expects 

that the crack initiation mechanism of materials with finer microstructures to be more often GB dominated 

and that of the coarse-grained materials to be PSB dominated. This is consistent with the observations 

reported in the literature [55,98,99].  

4.3. Effect of defect on strain localization and crack initiation 

In the absence of defects, the previous sections demonstrated that the strain localization, PSB 

formation, and the subsequent crack initiation occur in the GI on the slip planes whose localization 

parameters are the largest, or on the GB if the maximum localization parameter is insufficient. These 

behaviors are expected to be similar to those of microstructures where the presence of defects is not critical 

to fatigue performance. Assuming for a moment that the shape of the defects is not a factor, the material 

volume around larger defects that experiences stress concentration is larger compared to that around the 

smaller defects, even though the stress concentration factors in both cases are the same. Larger defects 

therefore can impose stronger influence on the surrounding microstructure, may alter the behaviors of strain 

localization and the subsequent crack initiation, and be more critical to the fatigue behavior.  

Defects observed in the XCT scans presented in Fig. 8 were all spherical in shape with varying 

sizes. This work is therefore primarily interested in the effect of defect size, rather than shape, on the strain 

localization and crack formation. To this end, a simulated defect-free microstructure (case ID #14) that has 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



27 

 
 

shown strain localization at middle plane ((111) plane) perpendicular to Z axis under diagonal loading (see 

for instance Figs. 12(a-c) & 16(c, g, and k)) is used to introduce defects. Three different defect diameters; 

i.e., 3.5, 10.5, and 17.5 µm are modeled in the same location with respect to the middle plane in the central 

grain (see illustration on the top of Fig. 15). For comparison, the distributions of peak von Mises strain on 

sequential (111) slices of the grain in the cycle of crack initiation are provided in Fig. 15. A total of 28 

slices—each with the thickness of one voxel—are made for each simulation case. Slices with a higher area 

fractions of voxels (i.e., > 20%) with peak von Mises strains higher than 0.02 are highlighted by red (Figs. 

15(a-c)) and yellow (Fig. 15(d)) shades to indicate the location of PSBs. The strain distribution for the 

defect-free case (case ID #14) is also provided in Fig 15(a) for comparison. In Figs. 15(b-d), the slices 

through the volumetric defects are indicated by dashed boxes. Looking at the highlighted regions in Figs. 

15(a-c), the slices with localized peak von Mises strain are similar with near-identical strain distributions 

when the defect size is ≤ 10.5 µm. However, when the defect size increases to 17.5 µm, the strain 

localization, while occurring over a narrower region (i.e., less slices), shifts towards the defect. The life to 

the crack initiation is similar for the first three cases; i.e., ~ 35 simulated cycles; however, it reduces to 25 

cycles when the pore size is the largest. 

The visual observations provided in Fig. 15 are quantitatively presented in Fig. 16. In a fashion 

similar to Figs. 13(e-h), Figs. 16(a-d), the fractions of voxels (or area fraction) on each (111) slice of the 

central grain with peak von Mises strain greater than 0.02 at the formation of PSBs are presented. The 

cycles in which the maximum area fractions among all the slices achieved 0.5 were used to extract the data. 

As shown in Fig. 16, the distribution of peak von Mises strains does not appear to be significantly affected 

by the presence of the defects unless the defect is excessively large (i.e., 17.5 µm diameter). Schematic 

representations of the volumetric defects, with their varying size are also provided in the figure. Similar to 

Figs. 13(i-l), the differences in area fractions between neighboring slices at the onset of crack initiation are 

shown in Figs. 16(e-h). Note that the data here was extracted from the cycles where the maximum difference 

for each case was 0.25. The locations of crack initiation site according to the criterion defined are indicated 
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by green arrows. In the absence of defects, a crack initiates at Slice 20, according to the criterion defined 

in Section 4.2 (the contrast in area fraction > 0.25). An increase in the defect size does not change the crack 

initiation site until the defect size is sufficiently large (~17.5 μm) — in which case the crack initiation shifts 

towards the pore.  

4.4.  Validation 

The results of the CP simulations have so far demonstrated that two factors; i.e., FSD and Schmid 

factor, can influence the strain localization and the PSB driven crack initiation behaviors in IN-718. Within 

a grain, slip planes with larger combination of both factors, calculated as a localization parameter (δ defined 

in Eq. 11), tend to localize cyclic strains and form PSBs. It followed that, a microstructure with larger 

maximum localization parameter (δmax) is expected to have shorter fatigue crack initiation life. In addition, 

defects in IN-718 typically should not influence strain localization behavior unless their size is considerable 

compared to the grain size. To experimentally validate these findings, two HT schedules were applied on 

LB-PBF IN-718 specimens to induce fine (HT1) and coarse (HT2) microstructures, as listed in Table 5. In 

addition, HT2 included HIP so that the grain size could be increased to further reduced the ratio between 

the defects size and grain size compared to HT1.   

Based on the IPF maps of HT1 and HT2 IN-718 specimens in radial and transverse planes presented 

in Fig. 5, the average grain size (equivalent circle diameter) for each case was also calculated according to 

the ASTM E2627 standard as 11.0 µm and 62.6 µm in radial planes and 14.5 µm and 69.8 µm in transverse 

planes, respectively [100]. Schmid factor maps in transverse planes for both HT1 and HT2 IN-718 

specimens are also shown in Fig. 5(c & d). Fatigue data for the HT2 material set is listed in Table 7. The 

strain-life data reported by  Lee et al. [101], where fatigue tests were performed on the specimens whose 

dimensions were identical with what was given in Fig. 10 and whose microstructure was identical to the 

HT1 condition shown in Fig. 5, is included in this study. However, the strain-life fatigue data for HT2 is 

generated in this work. Strain-life fatigue behaviors of IN-718 specimens undergone both HT1 [101] and 
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HT2 are plotted in Fig. 17. Runout tests are indicated by arrows on the figure. As is evident in Fig. 17, 

longer lives to failure at all strain amplitudes are obtained for HT1 specimens (smaller grain size), even 

though HT2 specimens are HIPed.  

While there are some differences in fatigue lives between the two specimen sets at the higher strain 

amplitudes, these differences become more significant as the strain amplitude decreases. At the higher strain 

amplitude of 0.005 mm/mm, where crack growth stage dominates a higher portion of the overall fatigue 

process, the difference in fatigue lives between HT1 and HT2 sets was only a factor of 2~3. On the other 

hand, at the lower strain amplitude of 0.003 mm/mm, where crack initiation is more important, at least one 

order of magnitude longer average fatigue life was measured for fine grained specimen set (HT1). At the 

even lower strain amplitude of 0.0027 mm/mm, while all HT1 specimens exceeded 107 reversals, all the 

HT2 specimens failed below 106 reversals.   

Crystallographic facets were also observed in the crack initiation sites on all the fracture surfaces 

in both specimen sets (see Fig. 18) — volumetric defects were not seen in the crack initiating regions. 

Overall, facets visible from the fracture surfaces of the HT2 specimens (Fig. 18(b)) were typically larger 

compared to those of the HT1 specimens (Fig. 18(a)). The size of the facets was measured as their √𝑎𝑟𝑒𝑎 

projected on the loading plane and the average values were reported for specimens failed at different strain 

amplitudes in Table 8. The values of each strain amplitude were calculated based on a minimum of 3 

measurements. Independent of the loading amplitudes, the average facet sizes appear to be similar within a 

specimen set. The average √area of the facets for HT1 set (i.e., fine grains) is ~ 80 µm and for HT2 (i.e., 

coarse grains) is ~220 µm—a difference by a factor of 2.75. These facet sizes are comparable to the sizes 

of the large grains in the two specimen sets (compare Figs. 5 and 6, where HT1 and HT2 consists of large 

grains of ~ 100 µm and ~250 µm in the radial plane, respectively). 

Considering that the maximum Schmid factors in both microstructures are comparable as shown in 

Figs. 5(c & f), the localization parameter for the two specimen sets can be estimated solely using the average 
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size of the large grains and assuming an identical mean Schmid factor. The localization parameter (δmax) 

for HT1 is smaller than that of the HT2 by a factor of 6.74. According to Fig. 14(a), the localization 

parameter and the simulated cycle life to GI crack initiation follow an inversed power law, i.e., 𝛿max  =

14843.51𝑁𝑓
−0.39. Dictated by this power law relation, a smaller localization parameter of the finer 

microstructure by a factor of 6.74 would lead to 133 times longer life to crack initiation for the HT1 

specimens as compared to the HT2 ones. This appears to agree well with the fatigue lives measured for 

both specimen sets under strain amplitudes of 0.003 mm/mm or lower. Under these amplitudes, fatigue life 

was in the HCF regime and was dominated by crack initiation—in fact, the lower the strain amplitude the 

higher life fraction crack initiation occupied. At 0.003 mm/mm, the fatigue life of HT1 and HT2 specimens 

differed by an order of magnitude; at 0.0027 mm/mm, the difference was more than one order of magnitude 

as all HT1 specimens ran out. Noting that the spread of data at 0.003 mm/mm level for HT1 specimens was 

more than a decade and the spread tended to increase with decreasing strain level, the difference between 

the average lives of HT1 and HT2 specimens was expected to be at least two decades at 0.0027 mm/mm 

had the tests ran to failure. 

Longitudinal cross sections of the fractured specimens were also polished and examined to reveal 

the formation mechanism of the facets. Fig. 19 provides ECCI micrographs on regions near the crack 

initiation site on the longitudinal cross section of a fractured HT2 specimen failed under strain amplitude 

of 0.005 mm/mm. It is evident that strain localization occurred and PSBs formed at several locations. Under 

higher magnification (Figs. 19(c-d)), small voids whose sizes are approximated hundreds of nm, uniformly 

distributed throughout the volume, are also visible. These voids are also present in the non-tested 

microstructures, and are believed to be small gas entrapped pores that typically form during the fabrication 

process. What is also interesting to note is the linear arrays of voids that formed along the PSBs. These 

arrays contain high density of voids and are preferred path for fatigue crack initiation. Some cracks initiated 

along the PSBs are also visible in Figs. 19(a-b)—some of these cracks are in fact the extension of facets on 

the fracture surface.  
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The ECCI micrograph of the longitudinal cross section of a failed specimen in Figure 20 shows a 

large grain adjacent to the fracture surface at the crack initiation site. It is noticeable that the formation of 

PSBs is not uniform throughout the grain. Instead, they tend to form along slip planes whose FSDs are 

greater, which is qualitatively in agreement with the predictions made based on the CP simulations. Multiple 

parallel PSBs close to the fracture surface are visible in the grain, especially in the magnified view in Fig. 

20(b) as indicated by the red arrow. These PSBs are parallel to a facet formed on the fracture surface, which 

suggests that the crack may have propagated along one of these PSBs while branching to other planes. In 

addition, the slip activity within the dashed region between two small grains in Fig. 20(b) appears to have 

been impeded by the relatively small FSD, resulting in the absence of any apparent slip markings in this 

region.  

The slip planes on which the PSBs (as indicated by the red arrow in Fig. 20(b)) were formed are 

denoted as SP1. As shown in Fig. 20(b), the trace of SP1 coincides with the coherent twin boundary of an 

annealing twinning (CTB1). The presence of another coherent twin boundary (CTB2) in Fig. 20(a) indicates 

the trace of another slip plane (SP2). From the orientation contrast offered by the ECCI technique, it appears 

that the maximum FSD values along SP1 and SP2 could both be relatively large. The fact that the PSBs 

only exist on SP1 may be explained by the localization parameters proposed in this work. With data from 

EBSD scans performed at this location, Figs. 20(c-d) present the distribution of FSD (or 𝜂) parameter within 

this grain along SP1 and SP2, respectively. In lieu of information on the grain geometry in the depth 

direction of the micrographs, the free distances (i.e., distances between the closest obstacles) along the 

traces of SP1 and SP2 were calculated. The calculated maximum FSD along these two slip planes are both 

very large at ~450 µm. The absence of PSBs on SP2 may be related to the difference in Schmid factors. 

Indeed, EBSD scans reveal that the average Schmid factors on SP1 is 0.32, while that for SP2 is only 0.10. 

As a result, the calculated maximum localization parameter (δmax) along SP1 is higher as shown in Figs. 20 

(e-f). It is also very interesting to note that the location of where the maximum localization parameter has 
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occurred well-coincides with the location where the PSBs are formed in the grain (compare Fig. 20(e) with 

Figs. 20(a-b)).  

5. Conclusion 

In this work, CP simulations were performed to shed light on the fatigue crack initiation 

mechanisms in laser beam powder bed fused (LB-PBF) IN-718. With a new material strength model and a 

new crack initiation criterion, the strain localization and fatigue crack initiation behaviors were investigated. 

Specifically, the effects of FSD, Schmid factor, and volumetric defects were studied in detail. The major 

findings obtained from the CP simulations were validated against experimental observations via extensive 

microstructural characterization, mechanical testing, and failure analysis. The following conclusions can 

be drawn from this study: 

1. CP simulations revealed that the location of strain localization, i.e., grain interiors versus grain 

boundaries, was strongly affected by both the free slip distance and the Schmid factors on slip 

planes. A localization parameter was defined for each material point based on the multiplication of 

the two factors raised to different powers. Regions with high values of localization parameters in a 

grain were found to localize cyclic strains.  

2. The maximum value of the localization parameter in a microstructure correlated with its life to 

fatigue crack initiation. Larger maximum values of this parameter would result in earlier crack 

initiation from the grain interior. On the contrary, lower maximum values of this parameter tended 

to delay the crack initiation in the grain, and thus, promote crack initiation at grain boundaries. 

3. The existence of defects did not affect the strain localization behavior and life to crack initiation 

unless they occupied a significant portion of the grain. A larger defect could shorten the fatigue life 

and shift the location of the PSBs/crack initiation sites towards the defect. 

4. Results from strain-controlled fatigue tests performed on heat treated LB-PBF IN-718 with both 

coarse and find microstructure supported the findings from simulations. Fractography revealed that 
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initiation of all fatigue cracks was due to the damage in the form of void arrays accumulated from 

the operation of PSBs in larger grains instead of from smaller defects. 

5. Coarser microstructure with larger FSD values showed lower resistance to crack initiation. This 

lead to significantly lower fatigue lives (more than one order of magnitude) at lower strain 

amplitudes (i.e., high cycle fatigue regime), where the crack initiation occupies a larger fraction of 

life. PSBs as seen in the experiment tended to form at slip planes in a grain whose localization 

parameter was the highest. 
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Tables 
 

Table 1. Material constants used in the CP simulations for IN-718 crystallites: elastic constants adopted from the literature ([71,102]) and plastic 

constants obtained by fitting materials response from virtual single crystal simulations to experiments. 

𝐶11 (GPa) 𝐶12 (GPa) 𝐶44 (GPa) 𝛾̇0 (s-1) 𝑚 𝑢 (MPa) 𝑟 𝜒̇0 (MPa·s-1) 𝜉𝛼
𝑖𝑛𝑖0 (MPa) 𝜉𝛼

𝑠𝑎𝑡0(MPa) 𝑎 ℎ0
𝑠−𝑠 k (MPa) λ (µm) 

259.6 179.0 109.6 0.007 0.13 39.0 0.4 10.0 300.0 100.0 1.0 100.0 0.4 40.0 

 

Table 2. Summary of all simulations of cyclic loading of defect-free polycrystalline aggregates performed in this study (individual models are 

shown with a tick mark and the associated case numbers are written within the parentheses for each case). 

 Z//[100]  Z//[101]  Z//[111] 

Vertical θ = 0.4  θ = 0.4  θ = 0.27 

λ = 40 µm (1)  (3)  (5) 

λ = 60 µm (2)  (4)  (6) 

Diagonal θ =0.44 θ = 0.5 θ = 0.35 θ = 0.49 

λ = 40 µm (7) (9) (11) (13) 

λ = 60 µm (8) (10) (12) (14) 

 

Table 3. Parameters in the isotropic plasticity material model intended for the pore region: Set 1 parameters are the actual ones used in the 

polycrystalline simulations; Set 2 parameters are used as a comparison to eliminate the Poisson’s ratio and minimize the bulk modulus.  

Set 𝐶11 (GPa) 𝐶44 (GPa) 𝛾̇0 (s-1) 𝑇 𝑞 (MPa) 𝑎 ωini (MPa) ωsat (MPa) h0 (MPa) 

1 259.6 109.6 0.01 20 4.0 2.5 0.02 0.5 0.075 

2 25.0 1.0 0.01 20 4.0 2.5 0.02 0.5 0.075 
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Table 4. EOS M290 manufacturer recommended process parameters for IN-718. 

Laser Power 285 W 

Scanning speed 960 mm/s 

Layer thickness 40 µm 

Hatching distance 110 µm 

 

 

Table 5. Thermal and mechanical treatments applied for IN-718 specimens in this study, designated as 

Heat Treatments 1 and 2 (HT1 & HT2). FC: Furnace cooling, AC: Air cooling. 

 

Designations 
Stress 

relieving 
Cooling HIP 

Solution 

treatment 
Cooling 

Ageing: 

Step 1 

Ageing: 

Step 2 
Cooling 

HT1 
1065°C 

for 1.5 h 
FC - 

1066°C 

for 1 h 
AC 

760°C 

for 10 h 

650°C 

for 10 h 
AC 

HT2 
1065°C 

for 1.5 h 
FC 

1163°C 

at 102 

MPa for 

3 h 

1066°C 

for 1 h 
AC 

760°C 

for 10 h 

650°C 

for 10 h 
AC 

 

 

Table 6. Location and simulated cycles to crack initiation (Ni). V: vertically loaded specimen, D: 

Diagonally loaded specimen. The IDs of the simulation cases were also noted in the table. 

 

λ 

(µm) 

Z//[100] Z//[101] Z//[111] 

V D V D D V D 

40 #1: GB/195 #7: GI/175 #3: GB/84 #9: GB/171 #11: GB/116 #5: GB/183 #13: GI/37 

60 #2: GI/229 #8: GI/170 #4: GB/82 #10: GB /130 #12: GB/135 #6: GI/130 #14: GI/43 
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Table 7. Strain-controlled fatigue test data of HT2 LB-PBF IN-718 specimen. 

Specimen ID 

Total strain 

amplitude, 

εa 

(mm/mm) 

Elastic 

strain 

amplitude, 

εe 

(mm/mm) 

Plastic 

strain 

amplitude, 

εp 

(mm/mm) 

Stress 

amplitude, 

σa  

(MPa) 

Mean 

stress, 

σm 

(MPa) 

Reversals 

to failure, 

2Nf 

HT2  

IN-718 

B08 0.0020 0.0020 0.0000 362 -1 >1.00E+07  

B09 0.0020 0.0020 0.0000 368 -4 >1.00E+07  

B02 0.0024 0.0024 0.0000 433 -17 3.84E+06 

B01 0.0027 0.0027 0.0000 492 -18 9.10E+05 

B10 0.0027 0.0027 0.0000 489 -26 7.40E+05 

B03 0.0030 0.0030 0.0000 527 -3 2.44E+05 

B07 0.0030 0.0030 0.0000 530 0 1.92E+05 

B12 0.0040 0.0040 0.0000 721 -23 5.36E+04 

B06 0.0040 0.0040 0.0000 709 -28 4.98E+04 

B05 0.0050 0.0049 0.0001 861 -6 2.37E+04 

B04 0.0050 0.0049 0.0001 870 -10 1.64E+04 

 

Table 8. The average facet root area measured from the fracture surfaces of IN-718 fatigue specimens. 

Strain amplitude 

(mm/mm) 

HT1 

(μm) 

HT2 

(μm) 

0.0027 Run-out 244 

0.003 113 212 

0.004 66 266 

0.005 59 178 
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Figures 

 

Fig. 1 Schematic illustration of the presence of PSBs in a polycrystalline material with shearable 

precipitates. Colored patches represent different grains. Dark colored bands represent PSBs. Gray circles 

represent precipitates. A magnified view of a grain in (a) is shown in (b) where the presence of dislocation 

bundles and dislocation-precipitate interactions are depicted. 

 

Fig. 2 Schematic illustration of the calculation and assignment procedure of FSD.  
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Fig. 3 Monotonic and cyclic responses obtained from virtual single crystal simulations fitted to 

experimental data at different strain amplitudes of (a) 0.006, (b) 0.008 and (c) 0.010 mm/mm.  

 

 

Fig. 4 Representative volume elements containing a polycrystalline aggregate of 24 grains used to 

simulate: (a) pristine and (b) defective grain structure. 
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Fig. 5 IPF maps showing the microstructures of IN-718 specimens heat treated to result in fine ((a) radial 

and (b) transverse planes) and coarse ((d) radial and (e) transverse planes) microstructures. Material points 

are colored according to the normal directions of the respective planes. Arrows indicate the build 

orientations. Schmid factor maps at transverse planes for (c) fine and (f) coarse microstructure assuming 

the loading is along the build directions. 
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Fig. 6 Grain size distribution for fine and coarse microstructure of LB-PBF Inconel 718 in (a) radial and 

(b) transverse planes. 
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Fig. 7 Schematic illustrations of orientations of the central grain using Thompson’s tetrahedra with 

respect to the vertical (green arrows) and diagonal (blue arrow) loading directions: (a) Z//[100], (b) Z//[101], 

and (c) Z//[111]. Corresponding variations of maximum Schmid factors as the result of arbitrary rotation 

about the Z axis are provided in (d), (e), and (f), respectively. 
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Fig. 8 Pore size distribution of LB-PBF IN-718 using (a) X-ray computed tomography and (b) optical 

microscopy. 
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Fig. 9 von Mises stress solutions of elastically deformed polycrystal including a pore. Left axis: von Mises 

stresses shown along the dashed arrow passing through the pore simulated with parameters sets listed in 

Table 3 (solid and dashed lines). Right axis: percent difference in the stress values (triangle marker with 

dashed dotted line). 

 

Fig. 10 The final dimension of fatigue specimens investigated in this study. 
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Fig. 11 Average peak von Mises strain across the grain for the cases with grain interior (a-f) and grain 

boundary (g-n) localization. Strains are plotted sequentially with respect to the sections parallel to slip 

planes where localization behaviors were the most prominent. The slip planes as well as the IDs of the 

simulation cases are noted on each panel.  
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Fig. 12 Spatial distribution of (a, d) normalized FSD, (b, e) von Mises strain, and (c, f) localization 

parameter for 2 simulation cases with grain interior localization. First and second rows of panels correspond 

to case IDs #14 and #6, respectively. 

 

Fig. 13 (a-d) Contour plots of the peak von Mises strain distribution for a few cases with grain interior 

localization at specific cycles. The case IDs, the cycle numbers, and the slip planes on which the contours 

were constructed are noted on the left. (e-h) The corresponding fraction of voxels within the sliced sections 

(or area fractions) whose von Mises strain were above 0.02 mm/mm. (k-n) The difference between the area 

fractions between the neighboring sections. 
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Fig. 14 Correlation between maximum localization parameter (δmax) and simulated life to the crack 

initiation (Ni): (a) δmax – Ni relation for GI initiation and (b) 1/δmax – Ni relation for GB initiation. 

 

Fig. 15 Distribution of peak von Mises strains on (111) slices in the central grain: (a) defect-free case or 

simulation case ID #14, (b-d) with volumetric defects of varying diameter, i.e., 3.5 µm, 10.5 µm, and 17.5 

µm, respectively. Locations of the slices with respect to the central grain are noted with dashed lines on the 

top of the figure. The green arrows denote the loading directions. 
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Fig. 16 (a-d) Profiles of average peak von Mises strain along [111] direction in the central grain of the 

simulation cases presented in Fig. 13. (e-h) The corresponding difference in area fraction between 

neighboring slices along [111] direction. Panels of (a,e), (b,f), (c,g), and (d,h) respectively present data from 

simulations with no defect, and with defects of diameters 3.5 µm, 10.5 µm, and 17.5 µm. 
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Fig. 17 Strain-life fatigue behaviors of HT1 and HT2 IN-718 specimens. HT1 specimens were tested in this 

work, while the data for HT1 specimens was obtained from Lee et al. [88]. 
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Fig. 18 The fracture surfaces of (a) an HT1 specimen, and (b) an HT2 specimen. Selected regions of the 

fracture surfaces are magnified to provide details of the crack initiation sites in (c-f).  
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Fig. 19 ECCI micrographs on the vertical cross-section of a HT2 specimen failed under strain amplitude 

of 0.005 mm/mm with magnified views provided in (c & d).  
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Fig. 20 (a) Slip markings parallel to the planar features formed on the fracture surface, and (b) formation 

of faceted regions on the fracture surface as a result of crack growth on these facets. 
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