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ARTICLE INFO ABSTRACT

Keywords: Additive manufacturing (AM) via laser powder bed fusion (LPBF) induces a severe crystallographic anisotropy to
Additive manufacturing Inconel 718 (IN718). Its influence on fatigue crack growth under variable amplitude loading requires high-
Alloy 718 resolution micromechanical analysis. This study provides a mechanistic evaluation of overload-induced crack
S;;;];Szrs:;f growth growth retardation in as-built LPBF IN718 across two build orientations (0° and 90°), compared against a

wrought baseline. Employing a single-specimen, continuum-to-microstructural scale methodology to deeply

Overload profile localised interactions, crack growth was tracked under constant load amplitude interrupted by a single
tensile overload. In-situ digital image correlation quantified local crack opening behaviours, coupled with EBSD,
XRD, and fractography to characterise active microstructural deformation and residual stress states. While the
wrought condition exhibited lower nominal crack growth rates than the LPBF ones, normalising the driving force
to the effective stress intensity factor (AK.y) caused all responses to converge in the stable Paris regime, indi-
cating comparable intrinsic propagation resistance. Following the overload, AM builds exhibited a severely
truncated retardation zone compared to the wrought alloy. Fractography revealed that AM closure is driven by a
combination of roughness-induced—characterised by tortuous deflections against columnar grains—and
plasticity-induced crack closure. Crucially, despite diverging macroscopic yield strengths between AM orienta-
tions, their retardation spatial extents were identical. This implies a disconnect in LPBF IN718: the localised
transient retardation behaviour does not simply follow the plastic zone dimensions predicted by the bulk
macroscopic yield strength.
NOMENCLATURE (continued)
Symbol/Abbreviation Description
Symbol/Abbreviation Description - -
AK Stress intensity factor range

26 Scattering angle DIC Digital image correlation

a Crack length E Macroscopic Young's modulus

AM Additive manufacturing EBSD Electron backscatter diffraction

B Specimen thickness EDM Electro discharge machining

BD Building direction FCG Fatigue crack growth

C(TD) Compact Tension specimen FCGR Fatigue crack growth rate

CDh Crack direction IPF Inverse pole figures

COD Crack opening displacement K; Mode I stress intensity factor

da/ dN Crack growth rate Kinax Maximum stress intensity factor (load condition)

AKnom Nominal stress intensity factor range Kop Opening SIF

AKyy Effective stress intensity factor range LEFM Linear elastic fracture mechanics

AKp Sif threshold LPBF Laser powder bed fusion

* Corresponding author.

(continued on next column)

E-mail address: plopezcrespo@uma.es (P. Lopez-Crespo).

https://doi.org/10.1016/j.msea.2026.150913
Received 29 April 2026; Received in revised form 23 July 2026; Accepted 6 August 2026

(continued on next page)

Available online 7 August 2026
0921-5093/© 2026 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).


https://orcid.org/0009-0006-0177-240X
https://orcid.org/0009-0006-0177-240X
https://orcid.org/0009-0003-0421-070X
https://orcid.org/0009-0003-0421-070X
https://orcid.org/0000-0002-7994-6039
https://orcid.org/0000-0002-7994-6039
https://orcid.org/0000-0002-5025-8304
https://orcid.org/0000-0002-5025-8304
https://orcid.org/0000-0002-5897-5615
https://orcid.org/0000-0002-5897-5615
mailto:plopezcrespo@uma.es
www.sciencedirect.com/science/journal/09215093
https://www.elsevier.com/locate/msea
https://doi.org/10.1016/j.msea.2026.150913
https://doi.org/10.1016/j.msea.2026.150913
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

J.A. Aguilera et al.

(continued)
Symbol/Abbreviation Description
N Number of cycles
v Poisson's ratio
OL Overload
PICC Plasticity-induced crack closure
PZ Plastic zone
R Load ratio
153 Irwin's monotonic plastic zone
RICC Roughness-induced crack closure
SIF Stress intensity factor
oys Yield stress in uniaxial tension
oy Stress in the crack opening direction
w Specimen width
XRD X-ray Diffraction

1. Introduction

Nickel-based superalloys, particularly IN718, are widely used in
high-temperature turbine applications owing to their exceptional me-
chanical properties [1,2]. In service, critical rotating components, such
as turbine blades, are subjected to a spectrum of different loading con-
ditions, including overloads (OL), rather than solely experiencing con-
stant amplitude loading [3,4]. In conventionally wrought materials, the
influence of tensile overloads has been extensively studied, revealing
that such loads can significantly retard fatigue crack growth. This
retardation is primarily attributable to crack shielding, which arises
from both plasticity-induced crack closure (PICC) along the crack flanks
and the compressive residual stresses developed within the enlarged
plastic zone ahead of the crack tip [3,5-7]. In contrast, research on
Additive Manufactured (AM) IN718, particularly Laser Powder Bed
Fusion (LPBF), has predominantly focused on constant-amplitude cyclic
loading, with emphasis on process parameters, defects, and the char-
acterisation of fatigue crack propagation and threshold rates [1,8,9].
However, the interaction between single OL events and the anisotropic
microstructure inherent to AM components remains insufficiently un-
derstood. In particular, it is unclear whether the retardation mechanisms
established for isotropic wrought materials [4,10] remain valid in the
presence of strong microstructural anisotropy. Understanding the in-
fluence of build orientation on post-overload fatigue behaviour is
therefore essential for assessing the structural integrity of AM compo-
nents in aerospace applications [4,11].

Fatigue crack propagation is conventionally described within the
framework of Linear Elastic Fracture Mechanics (LEFM), where the
crack growth rate (da/dN) is related to the applied stress intensity factor
(SIF) range (AK) through the Paris-Erdogan law [11,12]. However, the
intrinsic resistance to crack propagation is more accurately represented
by the effective SIF range (AK,fs), which accounts for crack tip shielding
mechanisms such as PICC or roughness-induced crack closure (RICC)
[13,14]. Reported crack growth behaviour of LPBF and wrought IN718
is often comparable within the Paris regime, where continuum-scale
deformation dominates [9,11]. Nevertheless, significant differences
arise in the near-threshold regime, where crack propagation becomes
sensitive to microstructural features. AM material typically exhibits
lower threshold values and higher crack growth rates compared to
wrought counterparts [1,9]. These differences originate from the
distinct microstructures of the two materials. Wrought IN718 generally
exhibits a homogeneous equiaxed grain structure, resulting in isotropic
mechanical behaviour [1,15]. In contrast, LPBF produces a highly
anisotropic microstructure characterised by columnar grains and strong
(001) crystallographic texture, leading to orientation-dependent crack
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propagation behaviour [1,9,16]. In addition, process-induced defects
and residual stresses further modify the effective crack driving force [13,
17]. Tensile residual stresses can reduce crack closure and increase
AK., thereby accelerating crack growth, whereas compressive residual
stresses promote closure and reduce the effective driving force [9,18].
Furthermore, crack path morphology is influenced by crystallographic
features, resulting in tortuous paths in wrought material and a propa-
gation behaviour that is dependent on the build direction in additively
manufactured material [19,20].

A key limitation in conventional Fatigue Crack Growth (FCG) studies
is the reliance on global measurement techniques, which are unable to
resolve local variations in crack closure behaviour [21-23]. Digital
Image Correlation (DIC) provides a powerful tool by enabling full-field
displacement measurements with high spatial resolution, offering
direct insights into local crack tip mechanics [4,24-26]. By extracting
local Crack Opening Displacement (COD) profiles, it is possible to
determine the opening stress intensity factor (K,,) and quantify the
extent of crack closure [27,28]. This approach enables the evaluation of
AKgy to be evaluated based on local measurements [29], thereby
enabling a more rigorous separation between intrinsic crack growth
resistance and extrinsic shielding mechanisms. Such capability is
particularly relevant for AM materials, where anisotropic microstruc-
tures lead to spatially heterogeneous deformation and crack closure
behaviour [30-32].

This spatially heterogeneous crack closure becomes particularly
critical when evaluating the transient effects of a tensile OL. An OL
significantly amplifies localised shielding, introducing a complex tran-
sient effect in FCG: an immediate, brief acceleration in crack growth
rate, followed by a delayed drop to a minimum and gradual recovery.
Mechanistically, this retardation is driven by the formation of an
enlarged plastic zone (r,), which generates strong compressive residual
stresses in closed cracks and promotes PICC [10,13,33,34]. While these
PICC-driven mechanisms are well established for conventional wrought
materials [3,4,7,10,14,33-37], their applicability to AM microstructures
remains unclear. In LPBF IN718, the presence of columnar grains and
strong crystallographic texture introduces strong anisotropy, which can
significantly alter both the shape and the geometric constraint of the
plastic zone. As a result, the development of crack closure and the extent
of overload-induced retardation, due to its dependence on local yielding
behaviour, are expected to depend on the build orientation [9,19,38].

The present study investigates overload-induced fatigue crack
growth retardation in as-built LPBF IN718 for two build orientations (0°
and 90°), in comparison with a wrought counterpart. The materials are
analysed in the as-received condition to preserve their initial micro-
structural and residual stress states, thoughtfully isolating the funda-
mental influence of the as-built LPBF architecture without the
confounding effects of thermal post-processing. By combining DIC, near-
surface X-ray diffraction (XRD) residual stress measurements, and
scanning electron microscopy fractographic analysis, the study estab-
lishes a direct relationship between microstructure, crack closure
behaviour, and overload-induced retardation. It is hypothesised that
overload-induced retardation in LPBF IN718 is reduced relative to the
wrought condition due to constraints on plastic zone development
imposed by microstructural anisotropy, and that build orientation pri-
marily influences crack path morphology without significantly altering
the magnitude of retardation. To the authors’ knowledge, no previous
study has directly quantified local crack closure evolution during
overload-induced fatigue crack growth in LPBF IN718 using full-field
DIC, enabling a direct comparison between AM and conventional
microstructures.

Table 1

Powder IN718 composition.
Element Ni Cr Fe Nb + Ta
Composition (wt.%) 52.96 19.3 18.24 4.93

Mo Ti Al C Co (6]
3 0.96 0.49 0.03 0.04 0.02
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Fig. 1. (a) IN718 powder dimensions distribution. (b) Near net-shape AM block.

Table 2

Wrought IN718 composition.
Element Ni Cr Fe Nb + Ta Mo
Composition (wt.%) 54.1 18.5 17.70 (balance) 4.955 3.04

0.94

Al C
0.52 0.012

Mn Si
0.04 0.09

Cu P S B
0.03 0.007 <0.001 0.0040

2. Materials and methods
2.1. Material and additive manufacturing process

IN718 powder (Carpenter Additive) produced by gas atomisation
was used as feedstock material for LPBF manufacturing. Chemical
composition and powder distribution can be seen in Table 1 and Fig. 1
(a), respectively. Blocks of 33 mm x 33 mm were fabricated with a size
near-net shape, Fig. 1(b), through LPBF using Renishaw AM500 (Bilbao,
Spain). The IN718 used in this study was built with the following pa-
rameters P = 275 W, Hatch = 90 pm, a scan velocity of 1000 mm/s and a
thickness of 60 pm per layer. The scan strategy used is a 67° rotation
each layer. The mentioned parameters result in a nominal volumetric
energy density of 51 Jmm=3. A mean density of 8.16 g/cm?> from 6
measurements following ASTM B311 [39] has been obtained, yielding a
relative density of 99.6% compared to theoretical density of 8.19 gr/cm®
[40]. No post-build heat treatment was applied in order to preserve the
as-built microstructure and residual stress state, which are critical for
assessing intrinsic anisotropy and its effect on fatigue behaviour. Ac-
cording to printer manufacturer [41], yield strength for 0° is 735 MPa
and for 90° is 632 MPa in the as-built state, similar to those reported in
literature for the as-built state [42-47]. Preliminary microstructure
evaluation showed no difference between directions within the build
plane, so the material is considered transversely isotropic.

The wrought reference alloy is VDM® Alloy 718 CTP (NICROFER
5219 CTP, material designation 2.4668, UNS N07718), manufactured by
VDM Metals GmbH, with composition conformed to API 6ACRA speci-
fications as shown in Table 2, with a measured density of 8.24 g/cm?>.
According to the provider, room temperature mechanical properties
were evaluated using longitudinal orientation specimens and according
to ASTM ES/E8M [48], yielding a 0.2% offset yield strength of 877 MPa
and ultimate tensile strength of 1219 MPa. The samples’ hardness, after
Vickers test with a 0.5 kgf load, were 374 HV for the wrought material
and 304 HV for the AM samples.

Following ASTM E647 [49] standard a total of three Compact tension
C(T) samples with W = 25 mm and B = 6 mm are manufactured,
following the minimum width recommended by the standard and the
required thickness relative to its width. C(T) with similar dimensions
have been also employed in recent FCG tests for AM samples [9,50-52].
Two samples are machined from the LPBF blocks, Fig. 1(b), and one

more from the Wrought alloy. For the three samples, same cutting
process is followed; C(T) profiles are machined with wire cut electro
discharge machining (EDM) and surfaces are milled at low speed till the
final thickness. The AM blocks are machined with the notch manufac-
tured parallel to the build direction in one sample and perpendicular to
it in the other sample, resulting in a 0° or parallel CD//BD sample and a
90° or perpendicular CD_LBD. The wrought sample (W) is machined in
C-R direction according to ASTM E399 [53]. Given the
resource-intensive nature of the in-situ DIC crack tracking coupled with
continuum-to-microstructural scale characterisation (encompassing
EBSD, XRD, and high-resolution fractography), a single specimen per
condition was evaluated. This methodology prioritises the depth of
mechanistic data over statistical bulk qualification and is a
well-established practice in recent literature investigating localised fa-
tigue phenomena in AM metals or other advanced materials [13,52,
54-57]. Within each specimen, however, a high density of measure-
ments was extracted continuously throughout the test, yielding thou-
sands of instantaneous crack growth (da/dN) and closure data points
that establish clear kinetic trends, alongside statistically robust averages
for the nanoindentation and porosity analyses. While batch-level
repeatability is not assessed, this intra-specimen data density supports
confidence in the local trends reported. Consequently, this study is best
understood as a high-resolution, mechanistic exploration of local crack
closure phenomena and microstructural interactions, rather than a sta-
tistical bulk qualification of the materials tested.

2.2. Fatigue crack growth testing and digital image correlation

In order to analyse the fatigue behaviour of the material with a single
OL, a constant load approach is taken according to ASTM E647 [49]
including an OL in the three samples at approximately the same position,
at a = 9.3 mm. Pre-cracking to a length of 6.5 mm was performed under
constant amplitude loading at 10 Hz, with a stress ratio of R = 0.1 and a
maximum load of 3 kN. The cyclic load is, as well, maintained constant
throughout the experiment between 0.3 kN and 3 kN with a load ratio
R = 0.1. The OL load is 4.5 kN, resulting in a Ro;, = 1.5. A constant load
amplitude approach was adopted to preserve the natural evolution of
crack closure and residual stress effects during propagation. The fatigue
crack initiation and propagation tests were performed using the Walter
+ Bai LFM-C 5 kN (Malaga, Spain) in-situ fatigue test machine. The
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Fig. 2. (a) C(T) sample with XRD measured points (red crosses). (b) AM non cracked block with XRD measurement points (red crosses). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

fatigue cracking was done at a frequency of 10 Hz, but the loading rate
was reduced to 0.1 Hz at various crack lengths to enable the acquisition
of images of the fatigue cracking while loading and unloading.

On one side of the sample, images are taken in several crack lengths
during maximum load, at intervals between 1000 and 2000 cycles
before the OL and between 50 and 500 cycles after the OL. Crack length
measurements were obtained by visual crack-tip location of the taken
images, with an estimated measurement uncertainty of +5 pm. The
stereo microscope, a Questar QM-100 long-distance microscope, pro-
vides a field of view of approximately 2.5 x 2.5 mm, which then resulted
in the need to translate the microscope to keep the crack in frame. The
spatial resolution of the optics corresponds to approximately 1.2 pm/
pixel. Due to the high magnification required for the small field of view,
a scratching technique was used to generate an appropriately speckle
pattern [58,59]. DIC analysis was conducted using a 59x 59 pixel subset
and 3-pixel step size, due to its high inherent noise. Given the optical
magnification, this setup provides an effective spatial resolution of
70.8 pm with a displacement data spacing of 3.6 pm. Crack tip and path
coordinates were autonomously tracked using the CrackPy Python li-
brary [60-62], allowing extraction of COD data from a 100x 100 pm
area located 75 pm behind the advancing crack-tip in horizontal direc-
tion and at 150 pm above and below the crack path, following similar
steps to Paysan et al. [28]. This location was selected to ensure enough
resolution for crack closure analysis. The COD data is later analysed
based on the compliance method proposed by Moreno et al. [63] to
obtain the normalised opening load (K,p/Kmax). In this approach, the
open-crack compliance is first established from the linear upper portion
of the unloading branch, and the K, is identified where the compliance
of the loading branch deviates by a specific threshold. While a 2% offset
is standard for wrought materials, a 4% threshold was utilised here. The
tortuous crack paths in AM materials promote pronounced RICC and
gradual asperity separation; thus, the 4% threshold prevents premature
triggering from experimental noise or partial asperity contact, providing
a more stable identification of when the entire crack is open, with the
compromise of slightly overestimating the actual opening load.

2.3. Residual stress measurements protocol

Residual stress analysis was performed using XRD with the sin’y
method on the high-angle (331) and (420) reflections to minimise sys-
tematic errors. Measurements were conducted on a Bruker D8 Discover,
Cu Ko radiation, (Cologne, Germany) and stress evaluation was con-
ducted using Leptos 7 software (Bruker).

Residual stress measurements were performed on compact tension C
(T) specimens following Fatigue crack growth rate (FCGR) testing, with
no external load applied during XRD acquisition. No surface preparation
was applied prior to initial measurements; samples were analysed in the
as-tested condition to preserve the deformation-induced stress state. For
cracked specimens, a total of six points were measured along the pro-
spective ligament crack plane, starting at a distance of 1 mm from the
specimen edge and progressing toward the final crack tip position with a
spacing of 2 mm between consecutive points, Fig. 2(a). For AM un-
cracked reference specimens, measurements were obtained at multiple
locations to characterise the initial residual stress distribution in the two
directions, Fig. 2(b). The objective was to characterise the residual stress
state resulting from the AM process, and to evaluate how these stresses
redistribute and evolve after cyclic loading and crack propagation.
Measured points consist of four 1 x 1 mm spots that are irradiated with
exposure times of 150 s per frame to achieve adequate signal-to-noise
ratios despite the elevated background caused by fluorescence effects.
It should be noted that the results represent near-surface stress states
(<10 pm depth).

2.4. Microstructural characterisation techniques

Samples were initially extracted from the compact tension specimens
using an Accutom-5 precision cut-off machine (Struers). To accommo-
date the different analysis requirements, the characterisation was
divided into three specific techniques:

e Fractography and Microstructural Analysis (SEM and Optical Mi-
croscope): Following the fatigue tests, the cracked region of each
sample was extracted and sliced longitudinally through the mid-
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Fig. 3. Study of porosity via 2D metallography. (a) Porosity percentage for AM IN718 (X-Y, Y-Z, and X-Z planes). (b) Pore aspect ratio versus circularity, with

marginal density plots, for each plane.

thickness. The resulting back half of this division was used for frac-
tography. These samples were hot-mounted in carbon-filled
conductive phenolic resin, subjected to standard grinding and pol-
ishing, and chemically etched using waterless Kaling's reagent No. 2
[64] to reveal microstructural features. Imaging was conducted
using a scanning electron microscope (SEM, CLARA-TESCAN, Ma-
laga, Spain). Three additional specimens (XY, XZ and YZ plane) were
ground and polished to enable inspection of porosity by 2D metal-
lography (optical microscope, LEICA DM6, Malaga, Spain). For each
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sample, an area of approximately 20 mm? was covered, providing a
representative assessment of the internal porosity. Porosity was

defined as the ratio of the total pore area to the image area. Circu-

__ min(W,H)
~ max(WH)’

calculated, being P the pore perimeter, W the width and H the height
of the pore.

Crystallographic Analysis (EBSD): The front half of the longitudinally
sectioned crack (which retained the surface used for DIC) was hot-
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Fig. 4. XRD patterns (20 = 40° — 54°) of Wrought and AM IN718 (X-Y, Y-Z, and extracted X-Z planes). Data is stacked and normalised on a logarithmic scale. Vertical

lines indicate theoretical peak locations.
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mounted to keep the crack surface visible. In addition to standard
polishing, an extra vibrational polishing step was conducted using an
OP-U suspension with HyO5 on a Buehler VibroMet 2 for approxi-
mately 6 h to achieve a strain-free surface. EBSD was performed
using a Zeiss Ultra 55 (Cologne, Germany) equipped with an Oxford
Nordlys II detector. Large-area scans (2200 x 1700 pm) with a 1 pm
step size were performed at the sample centre near the crack to
capture the overall microstructural context, including grain
morphology, texture, and crack propagation trajectory. In addition
to them, AM-0° and AM-90° samples underwent to a higher resolu-
tion EBSD mapping with an area of 50 x 50 pm and a resolution of
0.1 pm step size in a location near the crack and previous to the OL
position. This higher resolution provided sufficient data to under-
stand Geometrical Necessary Dislocations (GND) distribution. Data
acquisition and evaluation were managed using Oxford AZtec
(version 3.3) and AZtecCrystal software.

Phase Analysis (XRD): For phase identification, separate specimens
were sectioned along three orthogonal planes relative to the build
direction (transverse XY, longitudinal XZ, and YZ planes). Mea-
surements were performed using a Bruker D8 DISCOVER (M4élaga,
Spain) diffractometer equipped with TRIO optics and a Cu Ka radi-
ation source. Phase identification was achieved by a systematic
comparison of the experimental diffraction peaks with reference
patterns from the ICDD PDF-5 database.

Nano-mechanical test (Nanoindentation): To assess localised me-
chanical properties and microstructural heterogeneity, nano-
indentation mapping was carried out on the wrought baseline and
the additively manufactured specimens, sectioned along three
orthogonal planes relative to the build direction (transverse XY,
longitudinal XZ, and YZ). A total of 50 points were measured for the
wrought sample, and 120 points were measured for each of the three
AM planes. Measurements were taken using a Micro Materials Ltd.
NanoTest Platform 2 (Méalaga, Spain), fitted with a standard Berko-
vich diamond indenter tip. Contact hardness (H,) was extracted from
the load-displacement curves.

3. Results and discussion
3.1. Microstructure, texture and phase characterisation

Given the highly anisotropic and heterogeneous microstructures
inherent to the LPBF process, establishing a fundamental microstruc-
tural baseline is essential for interpreting the subsequent fatigue
behaviour [2,43,57]. A porosity analysis based on 2D images is pre-
sented in Fig. 3. Fig. 3 (a) shows the porosity percentage for each plane.
The XY plane, normal to the BD, exhibits lower porosity (0.040%) than
the XZ and YZ planes (0.048%), which are parallel to the BD. Fig. 3(b)

shows pore aspect ratio (fugpec:) plotted against circularity (f-.) for each
specimen plane. Marginal kernel density estimates accompany each axis
to convey the distribution of points, in order to help visualisation of the
local density. Because our maximum pore diameter (~25 pm) falls well
below the minimum size thresholds for lack-of-fusion and keyhole de-
fects established by Snell et al. [65], and the pores exhibit highly equi-
axed shapes (f.i. mostly > 0.65 and fygpe near 1), the defects can be
classified predominantly as entrapped gas porosity. Overall, the detec-
ted mean pore diameter is in the order of 2 to 2.5 pm for all measured
samples. Fig. 4 presents the XRD patterns for Wrought and As-Built AM
Inconel 718 samples in three orthogonal directions, plotted on a loga-
rithmic scale to address intensity disparities from crystallographic
texture [66,67]. A direct comparison reveals severe crystallographic
anisotropy in the AM material, absent in the Wrought condition.

While the Wrought sample exhibits a standard polycrystalline
diffraction profile with a dominant y reflection, the AM samples display
a complete inversion of peak intensities depending on the sectioning
plane. The AM X-Y plane (transverse cut) exhibits a suppression of the y
peak [68]. This confirms the expected strong (001) fibre texture parallel
to the build direction, while the similar profiles of the Y-Z and X-Z planes
indicate transverse isotropy [69]. Furthermore, the LPBF builds display
broader and less-defined secondary phases — laves and MC/ My3Cg
carbides — reflections than the wrought material, which is a direct
consequence of rapid solidification-induced lattice microstrain and
interdendritic segregation [70]. Although their low volume fraction
(<5% [1]) prevents quantitative analysis, their detection confirms that
the as-built microstructure retains significant brittle segregations dis-
tinguishing it from the Wrought condition [43].

Further characterisation is shown in Fig. 5, where Fig. 5(a) presents
SEM micrographs of the etched AM IN718 samples along orthogonal
planes. As expected, melting pool boundaries are clearly discernible,
building up the layer-by-layer structure of the AM sample, with a
spacing of 90 pm. Higher magnification views confirm the brittle seg-
regations identified in the XRD profiles, Fig. 4, forming a cellular-
dendritic substructure typical of rapid solidification kinetics [2,71,72].

The severe crystallographic anisotropy deduced from the XRD pat-
terns is directly corroborated by the EBSD inverse pole figure (IPF)
maps, Fig. 5(b—e). The 3D EBSD reconstruction, Fig. 5(b), visualises the
competition between nucleation of fine grains within melt pools and the
growth of massive columnar grains extending across multiple layers
along the build direction (BD) [73]. The transverse X-Y plane reveals a
“chessboard” grain pattern indicative of the orthogonal scanning strat-
egy [74].

The IPF and pole figures shown in Fig. 5(c) and (d) corroborate the
texture deduced from the XRD and shown in the EBSD. The AM samples
display a pronounced columnar texture, with the < 001 > crystallo-
graphic direction aligned parallel to the BD [9,38,75]. In contrast to AM,



J.A. Aguilera et al.

Materials Science & Engineering A 975 (2026) 150913

@
AM-0®
AM-%°
14 4 w
=== Exp. fitting
_ + Overload
E 124
%
5 10 4
8 Bisceccsscescescussdscascnssessessessessassessessessessisssesenssssssssaserses
=
o}
8 4
TIrTIL
64 [t
T T T T T r
=100000 0 100000 200000 300000 400000
Cycles, N = Nu=6.5mm
(®) © %)
== == Exp. fitting == == Exp. filting == == Exp. fitting ]
AM-0° AM-90" w I
141 ..t Overload 144 ..ee Overload 144 e Overload I
I
//BD .
- —> T ’l
= ¢ o " N
£ Hm ” £ £
20 L | %0 . )
510 o - 51()-130 e £ 104
N Y T 2 e, I S N ¥ Hicscsssisssssdssnssussssssnassnnes =
v (&) )
8 1 / 8 8
6 6 6
T T T T T T T T T T T - T T T T
240000 260000 280000 300000 320000 340000 360000 300000 350000 400000 450000 600000 700000 800000 900000 1000000
Cycles, N Cycles, N Cycles. N

Fig. 7. Fatigue crack growth (a — N) curves for Wrought and As-Built AM Inconel 718. (a) Comparative growth behaviour normalised to a = 6.5 mm. (b-d) Absolute
cycles for AM-0°, AM-90°, and Wrought samples. Experimental-fitted behaviour is represented by dashed lines and the OL event is marked by the dotted line.

the wrought material, Fig. 5(f), shows an evident isotropic orientation in
the cross-section with a slight texture intensity along the forging di-
rection, which is not even comparable to the AM anisotropy [15].

What is remarkable about the grain size in Fig. 5 is that, according to
standard ASTM E112 measurements, the AM samples (G = 8.0-8.2) and
the Wrought sample (G = 7.7) appear statistically similar. However, this
average metric masks the morphological disparity seen in other works
[69] and in the current results. The distribution histograms reveal that
the AM microstructure follows a bimodal distribution with a high fre-
quency of small, nucleated grains (< 1, 000 pm?) that coexist with
massive columnar grains, as seen in the IPF maps, reaching areas as large
as 60, 000 ym?. Conversely, the wrought sample exhibits a unimodal
distribution with grain areas consistently below 10,000 ym?.

Fig. 6 presents the nanoindentation contact hardness (H,) distribu-
tions for the wrought baseline and the AM IN718 specimens across the
three orthogonal planes. The wrought material shows a relatively uni-
form hardness profile with a narrow data spread, consistent with a well-
homogenised microstructure in which solid-solution strengtheners and
fine precipitates are evenly distributed [1,70]. The AM planes, by
contrast, all display a markedly lower median hardness alongside
considerable microstructural heterogeneity, with standard deviations
more than double those recorded for the wrought material. This lower
median hardness in the AM specimens is consistent with a
niobium-depleted y matrix, a consequence of the rapid solidification
rates inherent to the LPBF process, which limits the formation of
strengthening y” precipitates [2,76]. A pronounced tail of high-hardness
outliers is also evident in the AM data, reaching values of up to 100 GPa;
these are attributed to indents that intersect the heavily segregated

interdendritic cellular networks, where hard, brittle Laves phases and
MC carbides are concentrated [75]. Notably, this micromechanical
heterogeneity is present across all three planes (X-Y, X-Z and Y-Z),
suggesting that although the bulk material may display macroscopic
anisotropy, the localised features responsible for these hardness gradi-
ents is an inherent characteristic of the as-built condition. The transverse
isotropy noted above is also reflected in the median H, values: the X-Y
plane (4.43 GPa) shows a higher hardness than the X-Z and Y-Z planes
(4.10 and 4.12 GPa, respectively), which are, as expected, very similar to
one another. This is consistent with the X-Z and Y-Z planes both con-
taining the build direction, whereas the X-Y plane lies perpendicular to
it.

3.2. Macroscopic fatigue crack growth kinetics

The fatigue crack growth behaviour is first evaluated in terms of
crack length as a function of the number of cycles, followed by an
analysis of crack growth rates and overload-induced transient effects.
The first results of the fatigue performance are presented in Fig. 7 as
crack length (a) versus number of cycles (N). The gaps in the plotted data
are due to temporary interruptions in image acquisition during the
experiment. In the pre-OL stage (6.5 mm < a < 9.3 mm), the AM-
0° orientation demonstrated the lowest resistance to crack propagation,
reaching the overload point (a ~ 9.3 mm) in just 70,000 cycles. The AM-
90° needs an additional set of 15,000 cycles (a ~ 21% increase) to reach
this point, while the wrought sample exhibited significantly higher
damage tolerance, requiring nearly 285,000 cycles to cover the same
crack extension. These results are in agreement with those obtained in
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literature [9,75]. At a =~ 9.3 mm, a single 50% OL was applied, gener-
ating a deviation in crack growth rate from the expected trend (fitted
from experimental data) in Fig. 5(b-d) for all samples.

To quantify the instantaneous crack growth response and the tran-
sient effects of the single overload (OL), the crack growth rate (da/ dN) is
plotted as a function of AK in Fig. 8. The high resolution of the optical
tracking reveals a distinct “unsteady” or oscillatory growth behaviour,
particularly in the pre-OL regime. A detail of these fluctuations is shown
in Fig. 9, with decelerations of the crack growth rate coincident to crack
asperities or deflections seen on micrographs of the C(T) surface where
DIC images were taken. AM-0°, Fig. 9 (a), sample shows a moderate
tortuosity, which results in less fluctuations. On the other hand, AM-90°
and Wrought samples, Fig. 9(b) and (c), show a more prominent

tortuosity with its consequent greater fluctuation on the crack growth
rate [77]. The differences in the tortuosity of the samples are in line with
the microstructure: while in AM-0° the columnar grains are aligned in
the direction of the crack, in AM-90° the columnar structure is perpen-
dicular to it, resulting in visibly greater tortuosity and, consequently,
crack growth fluctuations. In the Wrought specimen, the crack deflects
when it encounters equiaxed grains with high-angle grain boundaries or
twins. These fluctuations became more evident given the high number of
images and crack length measurements taken during the FCG test, an
order of magnitude bigger than other recent studies [78,79].

The difference in FCG between Wrought and AM samples is promi-
nent, with a moderate improvement in fatigue resistance of the AM-90°
with respect to the AM-0° specimen. This improvement might initially
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be attributed to the difference in porosity registered, Fig. 3 (a), in the XY
plane (crack [78,79] plane for AM-90°) compared to the YZ plane (crack
plane for AM-0°). However, although porosity has been reported to in-
fluence crack initiation (Region I) [15,80], no significant effect has been
observed in the literature on the fatigue crack growth regime (Region II)
for IN718 AM specimens [57,72]. As seen in Fig. 3(b), the pores detected
are round, which are less severe stress concentrators than irregular or
angular pores (like lack of fusion defects). An example of these pores can
be seen in Fig. 15(a) in Section 3.4. Since they lack sharp features
capable of producing strong local stress concentrations, it is expected to
have little effect in the FCG. Therefore, the FCG difference between AM
specimens is likely attributable to another source.

In order to account for the effect of the OL, the extent of the transient
retardation zone—defined the crack growth distance from the overload
application until the growth rate recovers to the baseline Paris
trend—was evaluated. This retardation extent was then compared to the
theoretical plastic zone, r,, calculated using the softer yield strength
(0ys) of 632 MPa for both AM cohorts [41], and 877 MPa for the equi-
axed Wrought condition. The theoretical OL monotonic plastic zone

2
sizes, r, = %(5%) , are calculated based on the second-order estimate of

the Irwin's approximation [81]. While this isotropic calculation serves as
a standard comparative baseline, its applicability to the highly textured
AM microstructures is critically evaluated in Section 3.3.

Following the OL event, all samples exhibit immediate growth
retardation, identifiable by the sharp drop in da/dN, Fig. 8(c and d). This
retardation persists over a crack extension corresponding to half the
theoretical r, for AM-0° and AM-90° samples and around a 50% beyond
the r, for Wrought sample. The Wrought sample exhibits the strongest
shielding effect, with the growth rate dropping by nearly an order of
magnitude (from 2 x 1075 to 4.5 x 10~® mm/cycle). In contrast, the AM
samples show a comparable, albeit milder, retardation magnitude. The
crack growth rate recovery profile differs between manufacturing
methods. The Wrought sample presents a recovery with intermediate
fluctuations. Although the raw data show some oscillations that go
beyond the Paris trend, the smoothed curve does not present an over-
shoot transition above the Paris trend. While the AM-0° shows some
fluctuations, both AM samples follow a classic V-shape recovery. How-
ever, in contrast with the Wrought sample, they do show an acceleration
of the growth rate above the Paris fit at approximately half the extent of
the OL PZ, attributed to crack front curvature effects [82] and/or local
crack-tip stress redistribution [83]. Regardless of the dominant mecha-
nism, growth rates fully stabilise at twice the OL r,,.

For a distinct driving force (e.g., AK = 15 MPa /m), both AM vari-
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Table 3
Paris Law coefficients (C,m) for steady-state growth (excluding OL 2r;).

Sample Mnom Crom (m/cycle-(MPaym) ™)
AM-0° 2.60 2.72E-11
AM-90° 2.69 1.70E-11
Wrought 3.67 3.57E-13

ants exhibit higher growth rates than the Wrought counterpart, driven
by the higher Paris law intercept (C) associated with the AM micro-
structure (Table 3). AM anisotropy has been studied previously on LPBF
IN718 [8], suggesting that build direction has negligible influence on
the stable Paris region crack growth. However, the data in Fig. 8 reveals
a distinct anisotropy, indicated by the consistent lower crack growth
rates of the AM-90° orientation compared to the AM-0°. This implies
that crack propagation perpendicular to the build layers—and thus
perpendicular to the columnar grains—provides a slightly superior
resistance to FCG. Ostergaard et al. [9] previously reported superior
fatigue performance for AM-90° samples compared to the parallel
orientation at AK levels below 20 MPa /m, something that is corrobo-
rated in Fig. 8 and further indicates that this performance advantage
persists up to AK ~ 40 MPa /m.

Table 3 summarises the Paris Law constants (C and m) derived from
the steady-state regions (excluding two times the PZ size, 2r,, transient
zones). The Wrought sample exhibits the highest slope (m ~ 3.67), yet
its significantly lower intercept (C) ensures it maintains the lowest
overall growth rate within the studied region. Among the AM samples,
the AM-90° shows a slightly higher slope but lower intercept than the
AM-0°, mathematically confirming its superior resistance in the tested
range. Additionally, the AM-90° sample displays an anomalous decel-
eration at around 17.5 MPay/m. After surface inspection, this deceler-
ation is attributed to a secondary crack propagating parallel to the main
fracture plane, and to the building layers, at this exact position.

3.3. Macroscopic shielding and residual stress

Crack closure was quantified using DIC and COD data to explain the
physical mechanisms driving the distinct FCG kinetics. Fig. 10 presents
the evolution of the normalised opening level (K, /Kmax) as a function of
crack length (a), with detailed magnifications of the overload (OL)
transient region, Fig. 10(b-d).

In the pre-OL steady-state regime, the Wrought condition maintains
a consistently higher closure level (K,,/Knox = 0.5) compared to the
highly variable AM specimens (0.25 to 0.50). These results are in accord
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with previous studies for both conventional and AM IN718. For the
Wrought alloy, Andersson et al. [84] reported a mean closure level of
0.40, with localised peaks reaching 0.55 within ~ 10 pm of the crack tip.
This aligns with the average closure before the OL, Ko,/ Kmax = 0.53,
and the transient overload peak of 0.64 measured. Additionally, the
lower steady-state closure levels observed in the AM specimens, varying
from 0.35 to 0.40, are highly consistent with the results of Wang et al.
[19]. Their COD profiles for LPBF IN718 confirmed that crack closure
occurring largely dissipate at driving forces exceeding 0.3 to the
maximum force applied, validating the reduced macroscopic shielding
capacity of the AM microstructure. This elevated closure in the wrought
material proportionally reduces AK,s, directly explaining its superior
fatigue resistance and lower Paris law intercept (C) detailed previously
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(Table 3).

It is important to note that the C(T) dimensions fundamentally may
influence crack tip constraint and the resulting crack closure levels. To
quantitatively evaluate the geometric constraint in this study, the
required thickness for a predominantly plane strain state was calculated
using the standard ASTM E399 [53] criterion: B > 2.5(Kmax/ O'ys)z.
During the critical pre-overload phase and precisely at the peak of the
50% overload application (a = 9.3 mm, yielding a maximum applied
stress intensity Kpq ~ 32.1 MPa,/m), the minimum required thickness
to maintain plane strain ranges from 3.35 mm for the high-strength
wrought baseline to 6.44 mm for the lowest-strength AM-90° condi-
tion. Because all specimens utilised in this study possessed a uniform
thickness of 6.0 mm, the crack tip operated under predominant plane
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strain conditions for the Wrought and AM variants, maximising geo-
metric constraint and limiting the free-surface PZ size. Consequently,
the baseline values and the overload retardation behaviour observed in
these tests are expected to be representative of thick-section and
high-constraint conditions, with comparable results in FCG and closure
anticipated in larger specimens provided the plane strain condition is
satisfied [85].

Upon the application of the OL, the Wrought specimen exhibits an
immediate drop in the K, /Knqx to approximately 0.40, nearly identical
to the values observed in the AM variants prior to the OL. Following the
initial crack tip blunting from the OL [86,87], a rapid rise in closure
occurs due to PICC [5,27]. The magnitude of this PICC varies between
materials but all of them are near a value of 0.60. The Wrought sample
develops the strongest closure wake, peaking at K,,/Knax = 0.68, fol-
lowed by the AM-90° (0.66) and the AM-0° (0.57).

Crucially, the spatial extent of this localised closure increase physi-
cally maps the macroscopic OL retardation zone. This zone reaches
around 0.6 mm for the Wrought sample, surpassing its theoretical r,
boundary of 0.43 mm. This sustained PICC wake (~0.6 mm) directly
correlates with the extended retardation zone observed in the crack
growth rate curves, Fig. 8, whereas the truncated closure region in the
AM specimens (~0.4 mm) results in earlier recovery of crack growth
rates. In accordance with the present results, previous studies have
demonstrated that this behaviour is characteristic of the wrought alloy's
homogeneous, equiaxed microstructure, with OL retardation zones
excessing the OL r, [5,88,89]. Contrary to surpassing the r,, the AM
specimens exhibit a truncation of the closure effect. Despite possessing
significantly larger theoretical r, values (0.83 mm), the zone of elevated
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closure for both AM orientations spans only ~0.4 mm. As a result of this,
the crack growth retardation is supressed earlier, persisting for only
~ 0.5r,. This rather contradictory result may indicate that standard
isotropic r, calculations overestimate the generated shielding zone in
LPBF IN718. Using an anisotropic framework to evaluate the plastic
yielding helps to explain the spatial extent of the crack growth retar-
dation. Xin et al. [90] developed an analytical formulation based on the
Hill yield criterion [91]. This shows that orthotropic yielding depends
on a decoupled tensor of longitudinal (X), transverse (Y), and shear (S)
yield limits. Based on their analytical solutions, the PZ extension directly
ahead of the crack tip (¢p = 0°) is only driven by the interaction between
the normal crack-tip stress fields and their orthogonal yield limits, due to
the disappearance of the local shear fields. The AM-0° and AM-90°
specimens are an exact orthogonal rotation of the same columnar ar-
chitecture. Therefore, their principal longitudinal and transverse yield
limits (X and Y) swap positions in the Hill yield equation. This mathe-
matical symmetry implies that the vertical amplitude of the plastic zone
is very sensitive to the yield strength in the loading direction. However,
the horizontal yield boundary along the crack propagation plane re-
mains the same for both orientations under the same AK. Having in mind
that the OL transient retardation zone is related to this horizontal extent
of the PZ [92], this theoretical anisotropic framework provides a
mechanistic explanation for why both AM architectures produced an
identical ~0.4 mm closure wake, irrespective of their diverging
macroscopic yield strengths. The closure data provides further expla-
nation for the anomalous growth rate deceleration observed in the
AM-90° sample prior to the OL (around a = 8.5 mm), Fig. 10(a).
Taking advantage of the previously calculated shielding effects, the
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Table 4
Mean crack closure level.
Sample Pre OL Post OL
Kop/Kmax Kop/Kmax
AM-0° 0.34 0.39
AM-90° 0.38 0.40
Wrought 0.53 0.54
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Fig. 12. Spatial distribution of residual stresses measured in the load direction
(oyy). The pre-notch geometry and the physical extent of the fatigue crack are
denoted by the grey triangle and the solid black line, respectively. The hori-
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FCGR were re-evaluated in terms of AK,g. Following Elber's approach
[81], the driving force is redefined by subtracting the closure
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contribution, such that AKyy = Kmax — Kop. Fig. 11 presents the da/dN
curves plotted against both the nominal (AK) and effective (AKcy)
driving forces, to isolate the intrinsic material resistance. For this anal-
ysis, a constant mean steady-state closure level (K,p/Kmax) Was applied.
This mean value is calculated in two zones, previous and posterior to the
OL, with values reported in Table 4. It should be noted that the use of
mean K,, values simplifies the local variability of crack closure along the
crack front and may not fully capture transient effects immediately after
the OL, therefore the transient zone is not represented in Fig. 11.
When the extrinsic shielding is mathematically removed for all
specimens, the da/dN curves shift to the left. The Wrought sample has a
higher steady-state closure level (0.53) compared to the AM builds
(~0.38). Because of this, its curve shows a much larger displacement to
the left. This correction neutralises the performance gap seen in the
nominal data, making the Wrought curve overlap with the AM data
points in the stable Paris regime (da/dN < 10~® m/cycle). This overlap
suggests that the intrinsic fatigue crack resistance of the IN718 is very
similar in both cases, which agrees with other studies showing similar
crack growth rates at higher load ratios [11]. As a result, the better fa-
tigue performance of the Wrought condition (detailed in Section 3.2) is
not caused by higher intrinsic fatigue crack resistance. Instead, it is
mostly an extrinsic effect driven by its ability to maintain a strong
closure wake (high K,,). Although, Table 4 shows small differences for
the AM samples, the applied shift causes the curves to overlap. This
helps explain the da/dN differences between the AM-0° and AM-90°
orientations, mainly in the pre-OL region. Recent literature supports
these findings as several studies have used AK,s, including corrections
for crack closure and residual stress, to show similar shielding effects in
AM alloys [30-32]. The AK.y curves shown in Fig. 11 further support
the idea that porosity is not the primary factor behind the reduction in
FCGR between the AM specimens, nor behind the difference between the
wrought and AM specimens. Despite measurable differences in porosity
between wrought and AM specimens, the AK, collapse indicates that
closure-level differences account for the FCGR gap instead, as evidenced

Fig. 13. EBSD inverse pole figure (IPF) maps tracking the crack propagation paths for the (a-c) AM-0°, (d-f) AM-90°, and (g-i) Wrought specimens. Columns
represent crack lengths prior to the overload (a = 8 mm, AK ~ 17 MPa+/m), at the overload location, and post-overload (a = 13 mm, AK ~ 3 MPa\/m). The crack
growth direction is from left to right. The AM-90° orientation displays severe secondary cracking and branching (white arrows).
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Fig. 14. GND Density maps for (a) AM-0° and (b) AM-90° in a position previous to the OL.

by the effective curves collapsing closely onto a single trend once
adjusted for the closure levels measured at the specimen surface.

As a further step to investigate the impact of macroscopic shielding
mechanisms, residual stress distributions were measured according to
the scheme detailed in Fig. 2. Fig. 12 collects the load direction (oy,)
residual stresses. As can be seen in Fig. 12, load direction stresses for
Wrought specimen exhibits severe compression ranging from —350 to
—550 MPa ahead of the crack tip. This strong compressive field creates a

clamping force across the crack plane. This mechanical effect is the
likely explanation for the high and stable closure levels shown in Section
3.3. Prior to testing, a strong compressive residual stress field exists in
the AM-90° non-cracked block. Measurements show values from —100
to —250 MPa across the planned crack path. The AM-0° block, by
comparison, starts in a nearly stress-free or slightly compressive state
(around 0 to —100 MPa) within that same zone. Growing fatigue cracks
create new fracture surfaces, which naturally relieve and redistribute

Fig. 15. High-magnification SEM fractographs acquired near the specimen free surfaces (bottom of images) for the (a, d) AM-0°, (b, €) AM-90°, and (c, f) Wrought
samples. Images are categorised by low (a-c) and high (d-f) applied AK regimes. Red arrows highlight the varying morphologies of crack face abrasion, also localised
inside dashed red lines. The macroscopic crack growth direction is from left to right. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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these starting stresses [93]. Thanks to this relaxation, post-test readings
for both the AM-0° and AM-90° specimens end up at very similar
compressive levels. They align between —50 and —250 MPa right in
front of the stopped crack tip (x > 14 mm). The effect of the compression
in the untested AM-90° block is clearly seen in Table 4, with crack
closure data revealing and confirming this initial gap between AM
samples. While the pre-OL closure magnitude for the AM-0° orientation
is markedly lower than that of the AM-90° build, the post-OL values
converge to a common baseline. This post-OL equilibration suggests a
significant relief of internal residual stresses, mediated either by pro-
gressive crack wake extension or by the localised plasticity introduced
during the overload event itself. Crucially, despite this stress relief in the
crack wake, the actively advancing crack front in the AM-90° orientation
was forced to continuously penetrate a pre-existing macroscopic
compressive field. By continuously counteracting the applied far-field
tensile loads during propagation, this inherent compression locally
reduced the effective mean stress (R-ratio) at the crack tip [1,94], at
least in the pre-OL part. It is widely acknowledged in the literature [5,
95,96] that macroscopic compressive residual stresses act synergisti-
cally with PICC. Because PICC inherently manifests as a local field of
compressive stresses within the plastic wake, the superposition of the
bulk compressive stresses from the manufacturing process naturally
amplifies this closure behaviour. Consequently, while this inherent
compression unequivocally elevates the observed closure levels, its in-
dividual contribution cannot be entirely decoupled from the funda-
mental PICC or RICC mechanisms in the present research.

3.4. Crack path deflection and fractographic observations

EBSD maps, Fig. 13, along the crack wakes provide direct validation
of the transient kinetics discussed in Section 3.2, confirming that crack
growth behaviour depends on both crystallographic anisotropy and
applied AK. Across all specimens, a transgranular fracture mode is
mostly observed. However, the microstructure drives the local crack
deflection. The Wrought material shows normal crack growth for a
homogenised alloy, Fig. 13(g-i). The crack only deflects when it hits
randomly oriented, equiaxed high-angle grain boundaries and internal
annealing twins. This creates a moderate, even tortuosity that scales
predictably with the driving force. AM samples behave quite differently
as their columnar structure leads to severe micro-tortuosity that varies
with orientation. Looking at the AM-0° orientation, Fig. 13(a—c), the
main crack grows parallel to the long columnar grain boundaries. As the
columnar boundaries align with the maximum principal stress plane,
they provide an easier fracture path [19]. As a result, the crack in some
AM-0° grains stops growing in a pure transgranular way, causing
localised intergranular fractures and straight, fast-growing segments,
Fig. 13(c). Conversely, the AM-90° crack front, Fig. 13(d-f) is forced to
propagate perpendicularly across the elongated grain boundaries.
Deflecting the crack 90° is highly difficult due to the energy needed for
that, thus the crack must repeatedly cut through these obstacles. This
interaction forces the crack to constantly shift its active crystallographic
slip plane, resulting in a highly tortuous, zigzagging transgranular path
[73]. This barrier effect gets greater at elevated driving forces (AK ~
35 MPa/m), Fig. 13(f), where the AM-90° specimen exhibits branching
and secondary cracking, absent in the AM-0° and Wrought EBSD maps.
At this stress intensity, the theoretical isotropic cyclic r, expands to
approximately 0.25 mm, which reaches multiple columnar grain
boundaries. This high crack driving force derives in micro-cracks along
the main crack path [97,98], Fig. 13(f). The observed crack deflection in
the additively manufactured material is consistent with the columnar
grain structure and crystallographic texture, which promotes aniso-
tropic slip and contributes to variations in crack closure development.

To further clarify the microstructural constraints governing localised
yielding behaviour, GND density maps were extracted from the 0.1 pm
step EBSD datasets, Fig. 14, providing a direct spatial quantification of
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plastic strain accumulation near the crack, in a location previous to the
OL. While the EBSD technique cannot discern other dislocation types
from GNDs, it provides valuable insight into the spatial distribution of a
portion of the total dislocations. A clear divergence in the dislocation
arrangement is evident between the two additive orientations. The AM-
0° specimen, Fig. 14 (a), exhibits regions of elevated GND density
extending in horizontal direction, localised in the cellular structure seen
along the grain crystallographic direction, being that parallel to the
crack direction. This is consistent with easier plastic flow parallel to the
longitudinal columnar grain boundaries [99]. The AM-90° specimen,
Fig. 14 (b), in contrast, displays a more vertically distributed dislocation
arrangement, as forward yielding is restricted by the perpendicular
columnar boundaries, which act as strong barriers to dislocation motion
[79,100]. Those dislocations are also arranged on the cell boundaries,
perpendicular to the crack direction, in line with the direction of the
crystallographic plane. This spatial variation in plastic strain accumu-
lation lends direct microstructural support to the anisotropic Hill
yielding behaviour discussed in Section 3.3. The orthogonal rotation of
the columnar architecture alters the local principal yield limits, causing
the AM-90° plastic zone to expand vertically while the AM-0° zone ex-
tends longitudinally. Notably, despite these morphological differences
arising from building direction, the effective horizontal constraint
responsible for the truncated overload retardation zones remains com-
parable between the two AM builds.

High-magnification SEM fractography near the specimen free sur-
faces, Fig. 15, provides direct physical validation for the crack closure
mechanisms quantified in Section 3.3. Across all fractographies, the
fracture surfaces exhibit clear localised fretting damage and abrasion,
indicative of repeated crack face contact during the unloading portion of
the fatigue cycles [101]. The morphology of these burnished regions,
however, differs between materials. The wrought fracture, Fig. 15(c)
and (f), display broad abrasion zones across planar facets, visually
confirming the macroscopic PICC and compressive fields measured
earlier. The strong compressive clamping along the full crack wake
drives widespread rubbing between fracture surfaces. By contrast, wear
patterns in the AM specimens are highly localised, Fig. 15(a), (b), (d)
and (e). Instead of broad rubbing across the plane, characteristic of PICC
[102], the abrasion highly concentrates on the peaks of surface asper-
ities and microstructural steps for both the AM-0° and AM-90° builds.
The observation of this localised fretting provides strong evidence that
while both PICC and RICC are active, PICC is a stronger contributor to
the closure mechanism in wrought material than in AM.

As the tortuous crack paths—driven by the orthogonal columnar
grain boundaries—undergo mixed-mode microscopic displacements,
the misaligned asperities prematurely contact during unloading [103].
This leaves discrete, highly concentrated abrasion marks strictly on the
elevated fracture plane features. Notably, these closure signatures
become increasingly prominent in the high-AK regime, Fig. 15(d-f). The
amplified severity of this abrasion indicates a volumetric expansion of
the active contact zones, driven by the naturally enlarged forward PZ at
elevated driving forces an in line with the increase of the crack closure in
Table 4. Further high-magnification SEM fractographic analysis reveals
a driving-force-dependent transition in the active crack propagation
micro-mechanisms, fully consistent with observations reported in the
literature for both conventional and AM Inconel 718 [1,8,84,104]. At
low AK before the OL (12 — 19 MPa,/m), propagation is dominated by
crystallographic slip along preferential planes, evidenced by a faceted
basketweave morphology with scarce fatigue striations [8]. As the
driving force increases, a mixed-mode regime emerges, before contin-
uum ductile mechanisms become dominant in the upper Paris regime,
marked by well-defined fatigue striations across all samples. Notably,
the AM-90° specimen additionally develops prominent longitudinal tear
ridges at elevated driving forces [1], consistent with the severe
out-of-plane secondary cracking and macroscopic branching previously
identified via EBSD mapping (Section 3.4).
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3.5. Synthesis of anisotropic FCG and overload retardation mechanisms

To bring together the microstructural, kinematic, and fractographic
observations discussed above, the governing mechanisms controlling
fatigue crack growth (FCG) and overload-induced retardation are syn-
thesised schematically in Fig. 16. This summary highlights the funda-
mental difference in damage mechanics between the strongly
anisotropic LPBF architectures and the equiaxed wrought
microstructure:

i. AM-0° (parallel propagation). As shown in Fig. 16(a), crack
propagation parallel to the LPBF build direction encounters few
microstructural barriers, with a transgranular fracture path that
occasionally follows grain boundaries, becoming intergranular
where the crack front aligns in the same direction than the grain
boundary. Because plastic yielding is strongly constrained in the
transverse direction by the orthogonal yield limits (Hill crite-
rion), the retardation zone induced by the overload is consider-
ably smaller than the theoretical continuum estimate of r,,
resulting in a markedly truncated retardation zone (~0.4 mm).
Shielding is predominantly governed by localised RICC at
discrete asperity contacts rather than global PICC, as observed in
the fractography.

ii. AM-90° (transverse propagation). When forced to propagate

perpendicular to the columnar build direction, Fig. 16(b), the

crack repeatedly cuts across grain-boundary barriers (trans-
granular fracture), producing occasional crack path deflections at
low SIF ranges and crack branching at high SIF ranges, with the
increase of the PZ with respect to the grain size. Localised RICC
due to asperity mismatch on unloading is also observed. Despite
its lower macroscopic yield strength relative to the AM-0° orien-
tation, the AM-90° specimen is subject to the same constrained
yield limit along the crack propagation direction. As reflected in
the comparable yielding ellipses in Fig. 16(a) and (b), this shared

constraint results in a retardation zone length (~0.4 mm)

essentially identical to that of the AM-0° build.

Wrought baseline (isotropic propagation). By contrast, as shown in

Fig. 16(c), crack propagation through the randomly oriented,

equiaxed wrought matrix occurs by transgranular fracture with

moderate boundary deflection. The high monotonic yield
strength and isotropic plasticity of the matrix mean that crack-
wake shielding is dominated globally by PICC, reflected in
broad compressive residual stress fields and widespread abrasion
facets. Following the OL, the resulting plastic deformation pro-
duces an extended retardation zone (>0.6 mm) that exceeds the
theoretical monotonic plastic zone size (7).

iii.

Overall, this summary indicates that while LPBF build orientation
seems to affect both the crack path and the vertical extent of the PZ, the
spatial extent of overload-induced retardation is governed primarily by
the anisotropic constraints imposed on the horizontal extent of the OL
PZ at the studied Ro;.

4. Conclusions

The fatigue crack growth kinetics and overload-induced retardation
mechanisms of Laser Powder Bed Fusion (LPBF) Inconel 718 relative to
its wrought counterpart has been assessed thoroughly. This study has
identified the following principal conclusions:

e Within the scope of the tested specimens, the wrought IN718 alloy
exhibits superior nominal FCG resistance compared to the as-built
AM variants. Within the LPBF material, a moderate orientation
dependence: crack propagation transverse to the build direction
(AM-90°) showed slightly greater resistance than propagation par-
allel to it (AM-0°).
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e Despite the microstructural anisotropy, both AM architectures
exhibited highly comparable crack growth retardation distances of
~0.4 mm following a 50% tensile OL. Theoretical approximations
suggest this orientation-independent transient behaviour is governed
by the geometrically constrained horizontal extension of the plastic
zone under orthotropic yielding.

e The data suggests that the enhanced nominal performance of the
wrought material is primarily driven by its potent extrinsic shielding
capacity. Upon normalising the kinetic data to the AK,, the crack
growth curves converged, implying that the intrinsic crack propa-
gation resistance is comparable across the tested microstructures.

e The application of a single OL induces immediate crack growth
retardation across all microstructural conditions. However, while the
wrought material sustains a prolonged retardation phase extending
beyond Irwin's plastic zone, both AM build orientations exhibit a
similar but severely truncated response. This suggests that standard
isotropic models may significantly overestimate the effective
shielding zone in as-built LPBF IN718.
Fractographic and DIC observations indicate that the shielding in the
wrought alloy relies on global PICC and strong compressive residual
stresses. Conversely, closure in the analysed AM microstructures
appears to be predominantly driven by RICC, facilitated by localised
fretting against rigid columnar boundaries. Specifically, the 90°
crack front advancing across these boundaries induced localised
deflections and branching that impeded propagation.
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