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Additive manufacturing

Additive Manufacturing (AM) has increasingly been used to fabricate parts in aerospace applications, which may
require service lives beyond ten-million cycles due to the imposed high loading frequencies. Understanding the
very high cycle fatigue (VHCF) behavior of these additive manufactured (AM) parts is an important step towards
their design and qualification processes. This study focuses on the high cycle fatigue (HCF) and VHCF behaviors
of both wrought and laser beam-powder bed fusion (LB-PBF) fabricated Inconel 718 in machined/polished
surface condition, emphasizing on the influence of test frequency (i.e., cyclic strain rate). Uniaxial, fully-reversed
force- and stress-controlled fatigue tests were conducted utilizing a servo-hydraulic and an ultrasonic test system
operating at 5 Hz and 20 kHz, respectively, on wrought as well as LB-PBF vertically and diagonally built
specimens. Fatigue cracks in the majority of the specimens were found to initiate from intra-granular slip bands
near or at the surface, which gives rise to strong anisotropy in fatigue resistance in LB-PBF specimens due to the
presence of columnar grains along the build directions. Longer fatigue lives were obtained at 20 kHz, which was
ascribed to possibly lower-than-intended stresses applied in the ultrasonic tests. The corrected stress-life fatigue
data at 20 kHz were found to converge to the one obtained from conventional testing at 5 Hz, implying no effect
of cyclic strain rate on the fatigue behavior of Inconel 718 regardless of the fabrication process. The findings of
this work confirm the use of ultrasonic fatigue testing to expedite generation of AM materials data to keep up
with the current demand; however, the applied stress may need to be corrected.

used to produce parts for fatigue-critical applications, the mechanical
behavior of the material, especially under cyclic loading (i.e., fatigue),
must be fully understood.

Ni-base superalloys owe their recognition to a noteworthy combi-

1. Introduction

Metal additive manufacturing (AM) techniques have recently
become of great interest to the aerospace industry, especially for their
significant potential to replace conventional manufacturing methods
producing gas-turbine engine components [1-4]. Since no special tool-
ing or molds are required to build a part, AM techniques are expected to
allow for more complex part geometries and less material waste when
compared to the traditional manufacturing techniques. Although the
popularity of AM of metals has increased tremendously, the structural
integrity of parts produced via AM has yet to be adequately character-
ized for use in critical aerospace applications [5,6]. Before AM can be

nation of exceptional mechanical properties including high strength as
well as corrosion and creep-rupture resistance in a wide range of oper-
ating temperatures [2,7,8]. Inconel 718 (abbreviated here on after as
IN718) is a y-y’-y” Ni-base superalloy that is commonly used in gas-
turbine and rocket engine components, as it can maintain acceptable
mechanical properties at temperatures approaching 650 °C which is the
decomposition temperature of its primary strengthening phase y”. In
such applications, IN718 parts are often subjected to cyclic loading at
very high frequency and service lives that well exceed ten-million cycles
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Nomenclatures

2Ny Reversals to failure

a Crack length

acr Crack length in specimen subjected to conventional fatigue
testing

ayr Crack length in specimen subjected to ultrasonic fatigue
testing

E Cyclic modulus of elasticity

€q Strain amplitude

I3 Strain rate

f Frequency

K¢ Mode I fracture toughness

R Stress ratio

0q Stress amplitude

Omax Maximum stress

Omin Minimum stress

oSp Corrected stress amplitude for the specimen in the
ultrasonic fatigue machine

our Input stress amplitude in the software in ultrasonic fatigue
machine

J The rates of events associated with dislocations’ motion,
including glide and cross-slip

Jo Rate constant

c Activation stress

Q Activation volume

AG Activation energy

k Boltzmann’s constant

T Temperature in Kelvin

Abbreviations
AM Additive manufacturing/manufactured
APBE Anti-phase boundary energy

BCC Body centered cubic

CIS Crack initiating site
CNC Computerized numerical control
D Diagonal, used for specimens fabricated at 45° with respect

to build plate

EBSD Electron back-scatter diffraction
EDS Energy dispersive spectroscopy
FCC Face centered cubic

HCF High cycle fatigue
IN718  Inconel 718
IPF Inverse polar figure

KAM Kernel average misorientation

LB-DED Laser beam-directed energy deposition

LB-PBF Laser beam-powder bed fusion

LCF Low cycle fatigue

LEFM Linear elastic fracture mechanics

LoF Lack of fusion

MMPDS Metallic Materials Properties Development and
Standardization

PSB Persistent slip bands

SEM Scanning electron microscope/microscopy

SFE Stacking fault energy

\Y Vertical, used for specimens fabricated at 90° with respect
to the build plate

VHCF Very high cycle fatigue

XCT X-ray computed tomography
XRD X-ray Diffractometer/X-ray diffraction

(>107 cycles); therefore, a thorough understanding of very high cycle
fatigue (VHCF) behavior (i.e., cyclic loading beyond 107 cycles) of
IN718 is critical.

Comprehensive characterizations of the VHCF performance is chal-
lenging since a) conventional fatigue tests are typically conducted at 20
Hz or lower and cannot reach the VHCF regime efficiently [4,7], b)
although the novel ultrasonic fatigue tests operating at 20 kHz can easily
reach 10° cycles [4,7,9-11], the imposed significantly higher cyclic
strain rates may influence the cyclic stress-strain behavior, and conse-
quently, the measured fatigue strength/life, which may render them
inapplicable to service conditions at lower strain rates. This is because
slip related events such as cross-slip, as the main mechanisms by which
cyclic damage is accumulated, are thermally activated and rate depen-
dent. Under higher strain rates (such as during ultrasonic fatigue), the
occurrences of these events may be limited, leading to reduced damage
accumulation. The sensitivity of fatigue damage accumulation to the
cyclic strain rate, which has been shown to strongly depend on the
material, needs to be carefully characterized for IN718 [4,5,12,13].

To date, the limited VHCF studies [7,14-17] on wrought IN718 using
ultrasonic loading conditions have revealed that cracks initiate from
sub-surface anomalies and weak points in the microstructure, which
contrasts with the surface crack initiation typically observed in the HCF
regime. The surface-to-internal transition of crack initiation sites (CIS)
from HCF to VHCF was believed to originate from the reduction of load
amplitude which essentially eliminates the surface dominated, cyclic
plasticity [18]. In the VHCF regime, the plasticity is extremely localized
and is limited to the vicinity of microstructural related stress risers, such
as brittle particles and grain boundaries. The main sources of sub-surface
crack initiation for IN718 are brittle metal carbides and coarse grains
containing twin boundaries [7]. It has also been proposed that there
exists an optimal value for austenite grain size as well as the population
of carbides within the matrix to achieve the highest VHCF resistance for

wrought IN718 [7].

For AM materials, studies on the VHCF behavior of Ni-base super-
alloys have been scarce- only one is available to the authors’ best
knowledge [19]. In [19], the machined, laser beam-powder bed fusion
(LB-PBF) fabricated IN718 specimens were shown to have fatigue cracks
initiated from process-induced defects, including entrapped gas pores
and lack of fusion (LoF) defects, which substantially deteriorated their
fatigue performance compared to their wrought counterparts.

To sum, VHCF studies on IN718 are still very limited in the literature
regardless of the manufacturing technologies [7,14-17,19]. In addition,
most of these studies, although have generated valuable data and
important mechanistic understandings on the fatigue failure of IN718 in
the VHCF regime, did not directly investigate the effect of frequency (i.
e., cyclic strain rate) [14,19]. Although there have been attempts to
quantify the frequency effects for wrought IN718 leveraging uniaxial
ultrasonic fatigue tests [14,15], comparisons have been made with low-
frequency rotation bending [20,21] and push-pull data [22] in the
literature. Well-controlled, side-by-side comparison of fatigue data from
conventional and ultrasonic tests with similar loading conditions,
isolating only the cyclic strain rate effects, is still lacking for both
wrought and AM IN718.

On another vein, the fatigue behavior of AM materials, in the HCF
regime and under conventional frequencies, can be sensitive to the
loading direction with respect to their layer orientation [23-25]. This
anisotropy has been commonly ascribed to the presence of orientation
dependent defects, such as the LoF defects, which are usually formed
perpendicular to the build orientation, and elongated grains that are
typically oriented parallel to the build orientation [26]. For instance,
due to the alignment of the LoF defects with the maximum shear plane,
diagonally-built specimens can exhibit lower fatigue resistance than the
vertically built specimens in some AM materials [24,25]. Indeed, it has
been seen in wrought materials with artificial defects (surface notches)
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subjected to cyclic loading, defects which are aligned to the plane of
maximum shear stress, the cracks typically initiate with less number of
cycles compared to the defects oriented at 0° or 90° to the plane of
maximum shear stress [27].

Hypothetically, even with the absence of LoF defects, the diagonally
build specimens may still have lower fatigue resistance, since the elon-
gated grains are aligned with the plane with the maximum shear stress
leading to significantly higher slip distances. Although the orientation
effect is known in the low cycle fatigue (LCF) and HCF regimes [28], this
effect is hitherto unexplored in the VHCF regime.

The main objective of the present study is therefore two-fold:

1) To quantify the effect of load frequency (therefore the cyclic strain
rate) on the uniaxial fatigue behavior of both wrought and LB-PBF
IN718;

2) To quantify the effect of build orientation on uniaxial fatigue
behavior of LB-PBF IN718 in the VHCF regime.

In the present study, the conventional fatigue testing technique using
a servo-hydraulic system and an ultrasonic fatigue system were
employed probe into both HCF and VHCF regimes. To the best knowl-
edge of the authors, the present study offers the first data set on the
effect of cyclic strain rate on the fatigue performance of both wrought
and LB-PBF IN718. The research performed in this study will also help
with determining whether or not ultrasonic fatigue testing at very high
frequency can be used to generate fatigue properties for AM materials to
expedite their qualification process. The findings of this work suggested
that the equivalency of fatigue tests for both conventional and ultrasonic
frequencies to be carefully established before ultrasonic tests can be
adapted to rapidly generate fatigue data of AM materials.

Machined specimens made from both wrought and LB-PBF IN718 in
the vertical and diagonal orientations were tested. The geometries of the
test specimens for both testing frequencies were designed to be as close
as possible, within the constraint of standards and equipment manu-
facturer recommendations, to achieve a near-identical state of stress at
the gage sections. Fatigue lives of machined specimens from 10> to 107
reversals were measured in the conventional fatigue tests and lives from
2 x 10* to 2 x 10° reversals were measured in the ultrasonic fatigue
tests, permitting cross referencing of data over a broad life regime and
reliable quantification of cyclic strain rate effects.

This article is organized as the following: In Section 2, experimental
procedures including the description of material and specimen fabrica-
tion, porosity analysis, microstructure and fractography analysis, as well
as the description of conventional and ultrasonic fatigue testing is pro-
vided. In Section 3, experimental results were summarized which
include porosity analysis, characterization of microstructure, uniaxial
fatigue behavior under both conventional and ultrasonic tests, and
analysis of fracture surfaces. Section 4 is devoted to discuss and ratio-
nalize the key experimental findings, followed by summarizing the
findings and stating concluding remarks in Section 5.

2. Experimental procedures
2.1. Material and specimen fabrication

Test specimens were fabricated using an LB-PBF process via the EOS
M290 additive manufacturing system in an argon purged environment.
Suggested process parameters provided by the manufacturer for the EOS
M290 system (see Table 1) were utilized for all AM part fabrications in
this study. Oversized LB-PBF specimens were fabricated in two build
directions, vertical (V) and diagonal (i.e., bar axis 45° with respect to the
build plate, D) using the oversized dimensions and geometries shown in
Fig. 1 (a) and 1 (b) for conventional and ultrasonic fatigue tests,
respectively. After fabrication, all specimens were subjected to heat
treatment according to SAE AMS2774E [29] for nickel alloy parts.
Following this procedure, specimens were first held at a minimum of 10
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Table 1
Manufacturer suggested LB-PBF process parameters for
IN718 by EOS M290.

Laser power 285 W
Scanning speed 960 mm/s
Hatching space 110 ym
Layer thickness 40 pm
Shielding gas type Argon

min at a solution set temperature of 954 °C. They were subsequently
transferred to a separate furnace and held at 718 °C furnace for 8 h, and
621 °C for an additional 10 h.

After heat treatment, the oversized specimens were then machined
using a computer numerical control (CNC) lathe to the final dimensions
shown in Fig. 1 (¢) and 1 (d) for conventional and ultrasonic fatigue
testing, respectively. The dimensions and geometries of the ultrasonic
specimens in Fig. 1 (d) were established based on the recommendation
by the ultrasonic fatigue test system manufacturer, Shimadzu Scientific
[30], to achieve the required natural frequency. The dimensions of the
hour-glass specimens for conventional fatigue tests follow the ASTM
E466 standard [31], and to minimize stress concentration in the gage
section, the radius of the diameter of the hour-glass gage was>8 times
than the minimum diameter of the gage section for both conventional
and ultrasonic testing to meet the standard requirement. However, the
minimum diameter and volume at the gage section more closely follow
the dimensions of specimens used for ultrasonic fatigue testing to ensure
consistency in the state of stress in both types of specimens.

In addition, wrought specimens for both conventional and ultrasonic
fatigue testing were fabricated from 15.9 mm round bar stocks and
machined using a CNC lathe. As-received (purchased from “Online Metal
Supply” [31]) wrought IN718 bars had been processed and heat-treated
according to the SAE AMS2774E standard; therefore, no additional heat
treatments were applied to wrought IN718 specimens. Following
machining, all specimens, including wrought and LB-PBF ones, were
polished using 400 grit, 800 grit, 1000 grit, 1500 grit, and 2000 grit
silicon carbide cloths, respectively, to remove machining marks from
their gage sections.

2.2. Porosity analysis

A ZEISS Xradia 620 Versa X-ray computed tomography (XCT) ma-
chine was used to analyze the porosity of a typical specimen for con-
ventional frequency testing (as shown in Fig. 2 (a)) at the gage section. A
total volume of 25.9 mm? in the specimen gage section was scanned.
ImageJ software was used to analyze the pores from the images of the
XCT scan. The result of the XCT-based porosity analysis was cross-
checked with the polished cross-section optical analysis using a Key-
ence microscope. For the optical analysis, the specimen gage was
sectioned 5 times on the radial direction (normal to the build direction)
and polished before imaging, and an average porosity reading was
calculated.

2.3. Microstructure and fractography analyses

Initial microstructural analysis was performed using a Tescan Mira3
field emission scanning electron microscope (SEM). Wrought and LB-
PBF IN718 grain characteristics were investigated by electron back-
scatter diffraction (EBSD) measurements using an Oxford system. Sec-
ondary phases and precipitates were identified through energy disper-
sive spectroscopy (EDS) analysis on metallographic samples.
Metallographic samples were sectioned using a slow speed saw and
experienced preliminary grinding and polishing with 120 grit, 240 grit,
400 grit, 600 grit, 1200 grit grinding discs, and 6 ym and 1 pm lapping
films with polishing pads. To ensure the consistent surface quality in all
specimens, a final vibratory polishing was performed using a 0.02 pm
lapping film for 12 h. High-resolution fracture surface imaging was
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Fig. 1. Geometries and dimensions for oversized IN718 specimens for (a) conventional and (b) ultrasonic fatigue tests. These oversized specimens were machined to

the final geometries and dimensions shown in (c) for conventional and (d) for ultrasonic fatigue testing.
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Fig. 2. (a) X-ray CT scanned section of a machined vertical LB-PBF IN718
specimen for porosity analysis, and (b) porosity size distribution of
the specimen.

performed using the Tescan Mira3 field emission SEM and the Zeiss
Crossbeam FIB-SEM to identify crack nucleation, fatigue striations, and
crack propagation regions.

2.4. Micro-hardness testing

To qualitatively compare the strengths of the wrought and the heat
treated LB-PBF IN718, an Anton Paar Nanoindentation Hardness Tester
(NHT2) (Anton Paar GmbH) was used. Prior micro-hardness testing,
both wrought and LB-PBF IN718 samples were mounted and polished
until mirror finish. For micro-hardness testing, a Vicker’s indenter was
employed along with a load of 100 mN and a loading rate of 2000 mN/
min with 0 s hold time. To confirm the measured value, micro-hardness
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readings were repeated at 10 points for each sample.
2.5. Conventional fatigue testing

Fully-reversed (R = 6min/0max = -1) force-controlled uniaxial fatigue
testing was conducted using MTS servo-hydraulic test system with a 100
kN load cell. Tests were performed according to the ASTM E466 stan-
dard [31] at room temperature and room relative humidity. Cyclic
loading was applied using a sinusoidal waveform and a test frequency of
5 Hz for all tests. At least two fatigue tests were performed at each force
level. Specimens with a life exceeding 2 x 107 reversals were considered
as runout tests.

2.6. Ultrasonic fatigue testing

Ultrasonic fatigue testing in this study was conducted under fully-
reversed loading at 20 kHz at room temperature and room relative hu-
midity, employing a Shimadzu USF-2000A ultrasonic fatigue test sys-
tem. A piezo actuator oscillates at a frequency of 20 kHz, which achieves
a stationary longitudinal waveform through the amplify horn and test
specimen, thus allowing the test specimen to resonate. The dimensions
and geometry of the specimen are designed so that the maximum stress
is applied to the gage section only, and the maximum displacement
occurs at the free end and the clamped end of the specimen.

During testing, the specimen temperature was closely monitored
using a laser thermometer. The temperature rise of the specimen was
kept less than 30 °C to minimize any temperature effects on the results.
Temperature rise was also minimized using compressed air flow directly
to the gage section of the specimen, as well as intermittent driving
pulse/pause conditions to negate thermal expansion effects from self-
heating. Intermittent pulse/pause parameters varied from 110/800
msec to 110/4000 msec, depending on the stress amplitude. Calibrations
of extensometer and piezo-electric transducer were carried out prior to
testing. In contrast to the conventional fatigue tests, no tests were run to
fracture. Instead, each test was terminated when the observed change in
the resonance frequency of the test sample exceeded 500 Hz. The runout
for the ultrasonic fatigue testing was set to 2 x 10° reversals. The failed
specimens were then pulled apart using a tensile machine to expose the
fracture surfaces.

3. Experimental results
3.1. Porosity analysis

Fig. 2 (a) shows a qualitative three-dimensional representation of
volumetric defects in the hour-glass gage section of the V LB-PBF spec-
imen fabricated for conventional fatigue testing. All the defects have
been identified as gas-entrapped pores. Fig. 2 (b) exhibits the pore size
distribution in the gage section over a volume of 25.9 mm® measured
during the XCT scan. A total of 909 pores were identified in the scanned
region, with pore diameters ranging from 4.64 um to 41.19 um. The
majority of pores were below 15 ym diameter. On average, around 35
pores were observed per mm® volume. These findings from XCT were
found to be consistent with the observations from the optical analysis on
several polished cross-sections.

3.2. Microstructural observations

Typical microstructures of wrought and LB-PBF IN718 heat treated
to the same SAE AMS2774E specifications are displayed in Fig. 3. An
equiaxed microstructure is evident for wrought IN718 (Fig. 3 (a)), while
columnar grains along the build direction are clearly visible for LB-PBF
IN718 (Fig. 3 (b)). Although IN718 is a y-y’-y’’ (major phases) alloy,
under low magnifications (Fig. 3 (a)), only the (face centered cubic
(FCQ)) y grains are visible in the wrought microstructure. In addition,
some bright contrast decorating the grain boundaries and, in rare cases,
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Fig. 3. Microstructures of (a) wrought IN718 with equiaxed grains and (b) post process heat treated LB-PBF IN718 with columnar grains and the remnant of dendritic
structures, both imaged in the transverse plane. LB-PBF IN718 shows (c) sub-grain structures with Nb rich boundaries.

the grain interiors are also visible in Fig. 3 (a). The platelets may be &
precipitates with chemical formula of NigNb, while the small bright
gobbles may be metal carbides [32]. Conventionally-processed IN718
can also contain trace amounts of an additional secondary phase known
as Laves phases (chemical formula (Ni,Fe,Cr)2(Nb,Mo,Ti)); however,
based on the morphology of the precipitates observed in the micro-
graphs shown in Fig. 3 (a), its presence in the microstructure is
inconclusive.

In this study, the heat treated LB-PBF IN718 specimens contained
sub-granular structures with Nb rich boundaries, which are remnants of
the as-fabricated dendritic microstructure [19], and are shown in Fig. 3
(b) in lower magnification and Fig. 3 (c) in higher magnification.
Directly aged LB-PBF IN718 is shown to contain Nb rich inter-dendritic
boundaries decorated by Laves phases [33,34]. Considering the short
solutionizing time specified by SAE AMS2774E, it is expected that the
Laves phases also exits in the LB-PBF specimens analyzed in this study.
Comparing Fig. 3 (a) and 3 (¢), it is evident that the LB-PBF material has
less grain boundary precipitation (which could be 8 and metal carbides
along grain boundaries) compared to wrought IN718.

A typical microstructure, represented by inverse pole figure (IPF)
maps, in the transverse and radial planes of wrought, and both V and D
specimens obtained via EBSD analysis is shown in Fig. 4. For both V and
D specimens, most of the grains shown in Fig. 4, are columnar and
elongated in the direction perpendicular to the build plate (i.e., parallel
to the build direction). The longitudinal IPF maps of specimens of both
build orientations reveal a large scatter in crystallographic orientations,
where neighboring grains are separated by high angle grain boundaries.

It is also notable from Fig. 4(b)-4(e) that slight misorientations exist
within the large grains of the LB-PBF IN718, which are quantified by
kernel average misorientation (KAM) maps for both V and D LB-PBF
IN718 in both radial and transverse planes (see Fig. 5). The grain
boundaries are shown in green lines. As shown in Fig. 5, these mis-
orientations manifest as low angle sub-grain boundaries are qualita-
tively similar for LB-PBF IN718 samples fabricated under both build
orientations. As a result, the motion of dislocations may be limited by
these boundaries leading to moderate strengthening. Nevertheless, as

the resistance of these boundaries to dislocations’ gliding is less than
that of the high-angle grain boundaries, the slip distances within the
grains are still dictated by the high-angle grain boundaries.

The average grain size observed from the radial plane IPF maps in
Fig. 4 (c) and 4 (e) is ~11.4 pym for the V specimen and ~12.7 pym for the
D specimen. The LB-PBF microstructures comprise very large grains
(diameter > 100 pm) decorated by very small grains (5 ~ 10 um) in the
interior of (or at the boundaries between) the large grains. For the
wrought material used in this study (shown in Fig. 4 (a)), the average
grain size is ~19 pym. The grain size is much more uniform. Therefore,
although the average grain size of the wrought specimens is slightly
larger, the LB-PBF should still permit longer slip distances under
deformation. The grain size distribution in grain counts per area as well
as area-weighted fraction histograms for the LB-PBF and wrought
specimens are provided in the histograms in Fig. 6. The grain counts are
based on scanning of 400 pm x 400 um area for V and D LB-PBF in the
radial plane and 350 um x 400 um area for wrought IN718 specimens.
The threshold misorientation angle for grain boundary detection was
10°, and border grains (i.e., the grains along the edges of IPF maps) are
included while analyzing the grain size distribution. Note that the grains
along the edges of IPF maps were not complete.

3.3. Stress-life fatigue data

Stress-life fatigue data for wrought as well as V and D LB-PBF IN718
under both testing conditions are listed in Tables 2 and 3. It is notable
that, one of the wrought and one of the V specimens tested under con-
ventional frequency at 500 MPa stress amplitude broke at the grip while
testing. These data points are mentioned as “broke at grip” in Table 2 and
marked with arrows in Figs. 7 and 8, presenting the fatigue data
graphically. As can be noticed in these figures, the fatigue resistance of
specimens, regardless of fabrication conditions, appears to be higher
under ultrasonic testing. Although this “improvement” effect is less
apparent for D LB-PBF specimens at higher stress amplitudes (see Fig. 7
(c)), a rather consistent factor of ~10 increase in fatigue life is evident
for V LB-PBF as well as the wrought ones when ultrasonic fatigue results
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Fig. 4. EBSD obtained IPF-Z microstructures of (a) wrought IN718, vertical LB-PBF IN718 in (b) transverse and (c) radial planes, and (d) transverse and (e) radial
planes of a diagonal LB-PBF IN718 specimen. The ‘arrows’ (parallel to build direction) and ‘circles with a dot’ (coming out of plane i.e., perpendicular to build di-

rection) represent the build orientation of the respective images.

(i.e., 20 kHz) are compared with the conventional ones (i.e., 5 Hz). For
comparison, fatigue data of wrought IN718 in unnotched condition
collected from Metallic Materials Properties Development and Stan-
dardization (MMPDS) [35] is also plotted in Fig. 7 (a). Note that the
frequency and the surface finish of the MMPDS stress-life data of IN718
included here were not specified. It is evident that the fatigue data
collected from MMPDS is consistent with that of the wrought specimens
tested under conventional frequency.

The same stress-life data, now rearranged to illustrate the effect of
fabrication conditions, is presented again in Fig. 8, where similar trends
can be observed under both test frequencies. Specifically, the V LB-PBF
specimens appear to have much better fatigue resistance compared to D
LB-PBF specimens in lower stress amplitudes regardless of the test type/
frequency. This advantage of the V LB-PBF specimens, however, appears
to vanish in the higher stress magnitudes under conventional test fre-
quency (see Fig. 8 (a)). Under ultrasonic frequency, this advantage is
also noticeably attenuated in the higher stress levels (see Fig. 8 (b)). It is
also quite notable that, under conventional test frequency (i.e., 5 Hz),
the V LB-PBF specimens exhibited significantly higher fatigue resistance
in all stress levels (2 order of magnitudes better at 700 MPa level and 1
order of magnitude better at 500 MPa) compared to wrought specimens.
Under ultrasonic frequency, the V LB-PBF specimens exhibited

significantly better fatigue performance than the D LB-PBF ones in all
stress levels (2 orders of magnitude better at 500 MPa and 1 order of
magnitude better at 700 MPa). However, although the V-LBF specimens
showed better fatigue resistance than wrought specimens at high stress
amplitudes (1 order of magnitude better at 700 MPa), the difference in
fatigue resistance between V LB-PBF and wrought specimens appear to
vanish at lower stress levels, such as 500 MPa.

3.4. Fracture surfaces

The typical fracture surfaces of the wrought, V LB-PBF, and D LB-PBF
specimens are shown in Figs. 9, 10, and 11, respectively. The CISs have
been identified on each surface and presented as magnified views in the
respective figure. It appears that for wrought IN718 subjected to both
conventional and ultrasonic fatigue testing, fatigue cracks have initiated
from sub-surface or near surface second phase particles (as pointed to by
red arrows in Fig. 8 in the magnified views). This has been confirmed by
the EDS analyses on the fracture surfaces. Although the presence of
Laves phases was not conclusive from the microstructural observations
shown in Fig. 3 (a), EDS analysis confirmed that these particles are rich
in Nb, Mo, and Ti, which indicates that they may be Laves phases. In
addition, carbides are also often found in close proximities to these CISs.
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For both LB-PBF V and D specimens, multiple crystallographic facets
are always evident in the areas near the CISs, which indicates the crack
initiation due to persistent slip bands (PSB) [36]. The region containing
multiple adjoining crystallographic facets can form during the initiation
and growth of the microstructurally small crack [37]. The size of these
facets is approximately equivalent to that of the width of the columnar
grains, which confirms the prior speculation that the high-angle grain
boundaries, instead of the low-angle ones, dictate the slip distances.
Some obvious and large facets are identified and marked by red dashed
enclosures in the magnified views in Figs. 10 and 11. It is assumed that
these large facets are the evidence of the large PSB and dominate the
initiation of the fatigue cracks. Therefore, they have been registered as
the CIS in each fracture surface. Comparing the enclosed areas by red
dashed lines in Figs. 10 and 11, it is also notable that the D specimens
have larger CISs compared to V specimens, regardless of the testing
method (almost ~28% higher in conventional and ~40% in ultrasonic
tests). Two possible exceptions in the crack initiation behavior are
shown in the magnified views of Figs. 10 (d) and 11 (d), respectively,
revealing possible involvement of porosity in rare cases for ultrasonic
test method.

It is also noticeable that ultrasonic specimens contain larger crack
propagation area compared to their conventional counterparts. This can
be clearly seen by comparing the sub-figures (a) and (c) with sub-figures
(b) and (d) in Figs. 9, 10, and 11. The crack propagation areas are
characterized by relatively flat or faceted regions lined with river marks

_ Radial
Plane

International Journal of Fatigue 144 (2021) 106038

Fig. 5. EBSD obtained kernel average misorientation
map of vertical LB-PBF IN718 in (a) transverse and
(b) radial planes, and (c) transverse and (d) radial
planes of a diagonal LB-PBF IN718 specimen. The
‘arrows’ (parallel to build direction) and ‘circles with a
dot’ (coming out of plane i.e., perpendicular to build
direction) represent the build orientation of the
respective images. Note that, the grain boundaries
are shown by the green lines. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)

that can be traced back to the CISs. This observation is quite interesting
knowing that the fracture toughness typically decreases by an increase
in strain rate, and therefore, the cracks are expected to grow further
before final fracture occurs in lower strain rate tests [38,39].

4. Discussion on experimental observations

Three major observations on the fatigue behaviors (summarized
below as F1-F3) of wrought and LB-PBF specimens tested under two
frequencies were made in Section 3. On the other hand, five major ob-
servations were made on the microscopic characteristics (summarized
below as M1-M5) of the defect-/micro- structures as well as the fracture
surfaces of the specimens. In this section, the observed fatigue behavior
(F1-F3) of the wrought and LB-PBF specimens are analyzed and ratio-
nalized using their respective microscopic characteristics of micro-
structure, defects, and fracture surfaces (M1-M5).

Fatigue behaviors:

F1. IN718, regardless of their processing routes, appears more fatigue
resistant (by a factor of ~10) under ultrasonic tests (i.e., 20 kHz)
compared to when it is conventionally tested (i.e., 5 Hz).

F2. Overall, the LB-PBF specimens appear to have a higher fatigue
resistance than wrought at higher stress amplitudes under both
loading frequencies, which attenuates at lower stress amplitudes.
Similarly, the V LB-PBF specimens appear to be more fatigue
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Fig. 6. Histograms depicting grain size distribution in (a) Grain counts per area
and (b) Area-weighted fraction for wrought, vertical LB-PBF, and diagonal LB-
PBF IN718. The grain size distribution of LB-PBF IN718 is shown in the
radial plane.

resistant than the D LB-PBF ones, especially under lower stress
levels.

F3. Fatigue cracks predominantly initiated from PSBs near or at
surface, barring only two possible involvements of volumetric
defects (one V LB-PBF and one D LB-PBF ultrasonic specimens), in
contrary to the reports by others [19,40].

Microscopic characteristics:

M1. In LB-PBF specimens, the volumetric defect type is porosity the
peak size between 5 and 15 pm. The probability of a large defect
(i.e., diameter > 40 pm) residing on the maximum-stress cross-
section of the specimens is relatively low, considering the hour-
glass shape specimens used in this study.

M2. The microstructure of LB-PBF specimens comprises large
columnar grains (diameter > 70 pm at radial cross-sections).
Thus, the pores can reside well within these grains.

M3. The as-solidified dendritic microstructure is evident within the
columnar grains in the heat treated LB-PBF specimens.

M4. In wrought IN718, cracks initiated mostly from second phase
particles likes Laves phases and carbides. However, for LB-PBF
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Table 2
Fatigue test results of IN718 subjected to ultrasonic fatigue testing at 20 kHz.

Specimen type Specimen Stress amplitude, 6, Reversals to failure,
D (MPa) 2N¢
Wrought INW_11 475 6.70E + 07
INW_12 475 >2.03E + 09
INW_13 475 4.80E + 08
INW_7 500 2.00E + 07
INW_8 500 3.53E + 07
INW_16 500 >2.00E + 09
INW_5 525 9.16E + 06
INW_6 525 2.34E + 07
INW_15 525 1.37E + 08
INW_3 550 1.80E + 06
INW_4 550 9.99E + 05
INW_14 550 5.93E + 07
INW_9 575 5.98E + 05
INW_10 575 3.12E + 06
INW_1 600 3.96E + 05
INW_2 600 9.27E + 05
INW_19 700 1.26E + 05
INW_20 700 2.70E + 05
INW_17 800 1.26E + 05
INW_18 800 1.78E + 04
Vertical LB-PBF ~ AM_V_1 250 >2.00E + 09
AM_V 5 350 >2.00E + 09
AM_V_ 9 400 >2.00E + 09
AM_V_2 500 1.04E + 08
AM_V_3 500 1.07E + 08
AM_V_6 600 8.31E + 06
AM_V_4 600 2.20E + 07
AM_V_7 700 2.79E + 06
AM_V_8 700 3.36E + 06
AM_V_10 800 3.90E + 05
AM_V_11 800 8.91E + 05
Diagonal LB- AM_D_13 300 3.46E + 08
PBF AM_D_5 350 6.46E + 07
AM D_6 350 1.19E + 08
AM D_11 400 4.41E + 07
AM_D_14 400 4.35E + 07
AMD_1 500 4.21E + 06
AM D_2 500 7.77E + 06
AM_D_3 600 1.13E + 06
AM_D 4 600 1.65E + 06
AM D_10 700 7.37E + 05
AM_ D9 700 6.76E + 05
AM_D_8 800 1.96E + 05
AM D_7 800 1.96E + 05

IN718, cracks initiated from PSB and there was substantial dif-
ference between crack initiating facet sizes between V LB-PBF
and D LB-PBF specimens. The average maximum facet length
for D LB-PBF specimens is ~ 28% and ~ 40% larger than V LB-
PBF specimens in conventional and ultrasonic specimens,
respectively.

M5. The conventionally tested specimens for both wrought and LB-
PBF IN718 revealed smaller areas for crack propagation on the
fracture surfaces than their ultrasonically tested counterparts
under the same stress amplitudes.

4.1. Test frequency effects (i.e., cyclic strain rate) on fatigue behavior

IN718 typically nucleate fatigue cracks from slip localization [41]
and, in some circumstances, due to the cracking of hard particles such as
carbides or Laves phases [42]. Dislocation’s motion, as well as the
associated interruptive events such as cross-slip, are thermally activated
phenomena [43]. The rate of these events (J) obey the Arrhenius law,
expressed as [44,45]:

cQ — AG

J = Joexp T (@D)]
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Table 3
Fatigue test results of IN718 subjected to uniaxial fully-reversed force-controlled
testing at 5 Hz.

Specimen type Specimen Stress amplitude, o, Reversals to failure,
D (MPa) 2N¢
Wrought W_10 475 2.12E + 06
W_12 475 6.06E + 05
W_02 500 >6.03E + 06 (broke at
grip)
W_09 500 4.61E + 05
W_04 525 3.38E + 05
W_01 550 5.47E + 05
W_08 550 1.50E + 05
W_03 600 7.71E + 04
W_07 600 3.58E + 04
W_05 700 3.73E + 03
W_06 700 4.84E + 03
W 11 800 8.82E + 02
Vertical LB- AM_04 500 >1.02E + 07
PBF AM_05 500 >6.13E + 06 (broke at
grip)
AM_15 600 7.53E + 05
AM_10 600 1.01E + 06
AM_21 700 2.41E + 05
AM_03 700 2.52E + 05
AM_27 800 8.59E + 04
AM_25 800 8.27E + 04
Diagonal LB- MD_03 300 >1.00E + 07
PBF MD_04 300 >1.00E + 07
MD_05 400 >1.07E + 07
MD_10 400 4.93E + 06
MD_11 400 1.37E + 06
MD_02 500 8.26E + 05
MD_06 500 6.66E + 05
MD_01 600 6.40E + 05
MD_07 600 5.03E + 05
MD_08 700 3.90E + 05
MD_09 700 3.88E + 05

where Jj is a rate constant, 6 and Q are the activation stress and acti-
vation volume, respectively, AG is the activation energy, k is the
Boltzmann’s constant, and T is temperature in Kelvin [46,47]. It stipu-
lates that the rate at which dislocations move/cross-slip is restricted at a
given stress and temperature, and implies that at higher cyclic strain
rates less cross-slip events occur per cycle because of time restrictions.
Accordingly, lack of dislocation motion/cross-slip results in elasticity
governing a larger portion of the overall deformation, which ultimately
leads in less cyclic damage. Therefore, the damage incurred per cycle
under higher cyclic strain rates can be less than that the one under lower
strain rates, which may explain why for certain materials the fatigue
resistance measured under ultrasonic frequencies is higher than under
conventional frequencies.

Fatigue tests conducted in this study were all force-controlled using a
constant frequency of 5 Hz for conventional and 20 kHz for ultrasonic
tests; therefore, these tests were not conducted using constant strain
rates. However, since the stress amplitudes utilized in the study are
within the elastic limit of the material, the strain rates can be approxi-
mated based on elastic deformation assumption. The average strain rate
for conventional and ultrasonic tests are estimated to be ~0.07 s~ and
~200 57! respectively, according to the following equation:
. O,

&= 4E‘f (2)
where ¢ is strain rate, o, is the stress amplitude, f is the test frequency
and E’ is the cyclic elastic modulus.

It is, however, important to note that the sensitivity of fatigue
resistance to cyclic strain rate is material dependent. For instance, the
activation volume Q of dislocation glide in body centered cubic (BCC)
metals is significantly smaller than in FCC ones, leading to higher rate
sensitivity for BCC [13,48-50]. Similarly, the activation volume for
dislocation glide of FCC metals depends on the stacking fault energy
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Fig. 7. Stress-life plot for (a) wrought IN718, (b) vertical LB-PBF IN718, and (c)
diagonal LB-PBF IN718 tested using conventional and ultrasonic fatigue test
methods. In (a), wrought IN718 data from MMPDS [36] is also included
for comparison.

(SFE), i.e., high SFE metals have low activation volume, and therefore,
higher strain rate sensitivity and vice versa [49]. For low SFE metals,
such as Cu (SFE = 45 mJ/m? [43]), plastic response and crack growth
behavior do not significantly differ between conventional and ultrasonic
frequencies [13]. The SFE of y phases in Ni-base superalloys, due to the
presence of multiple alloying elements, is even lower, ~ 20 to 50 mJ/m?
[51-54]. Consequently, fatigue resistance of IN718 is not expected to be
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Fig. 8. Fatigue behavior of wrought, vertical LB-PBF, and diagonal LB-PBF
IN718 specimens in machined surface condition tested using (a) conventional
and (b) ultrasonic fatigue test methods.

much sensitive to the cyclic strain rate.

This rationale, however, contrasts with the data presented in Fig. 6,
which indicates an improvement in fatigue life of roughly an order of
magnitude for almost all specimens tested under ultrasonic frequency.
The discrepancy in fatigue lives between the two testing conditions, may
arise from the different ways in which the nominal stress amplitudes are
calculated. On one hand, the conventional fatigue tests are force-
controlled and force is calculated based on the engineering stress for
the targeted stress amplitude. On the other hand, in the resonance based
ultrasonic fatigue tests, the stresses are calculated based on the linear
elastic modal analysis, which does not account for plastic and anelastic
[55] energy dissipation, which may lead to the overestimation of
stresses. Therefore, at lower stresses and for less ductile behaving ma-
terials, more accurate stresses can be calculated from the elastic modal
analysis.

The discrepancy in stress values is reflected in the fracture surfaces of
the specimens (see Figs. 9, 10, and 11). It appears that the final fracture
regions of the conventionally tested specimens are consistently larger
than the ones under ultrasonic tests. Since no ultrasonic tests were run to
final fracture (they were terminated when a shift in the resonance fre-
quency of 500 Hz was detected and the specimens pulled apart manu-
ally), one can conclude that a higher stress amplitude was experienced in
the conventional fatigue tests than in the ultrasonic tests.

To account for this stress discrepancy, a linear elastic fracture me-
chanics (LEFM) based stress correction is applied to the stress-life data
obtained from ultrasonic fatigue tests. The correction assumes that
“fracture” occurs at the termination of ultrasonic tests, uses the stresses
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6,=700 MPa
2N¢=3.73 x 10° reversals
Frequency =5 Hz

6,=500 MPa
2N(= 4.61 x 10° reversals
Frequency =5 Hz

6,=700 MPa
2N,= 2.70 x 10 reversals
Frequency =20 kHz

6,=500 MPa
2N;=2.00 x 107 reversals
Frequency =20 kHz

300 pm

Fig. 9. Representative fracture surfaces of wrought IN718 samples tested under
both conventional and ultrasonic loading conditions. The specimens in (a) and
(b) were tested at a frequency of 5 Hz. The specimens in (c¢) and (d) were tested
at a frequency of at a frequency of 20 kHz.

and fracture surfaces of the conventional tests as references, and corrects
the stresses in ultrasonic fatigue tests based on their fracture surfaces.
Specifically, the final crack size (a) before “fracture” for both loading
types are compared and at fracture. Considering K as the Mode I frac-
ture toughness of the material:

Kc = ngax \/E (3)

where Y is the geometry factor, and opqy is the remotely applied stress,
which equals the stress amplitude in fully reversed cyclic loading.

Assuming that K. is rate-independent, the corrected stress (agp) in
the ultrasonic fatigue tests can be obtained by:
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Fig. 10. Representative fracture surfaces of vertical LB-PBF IN718 samples
tested under both conventional and ultrasonic loading conditions. The speci-
mens in (a) and (b) were tested at a frequency of 5 Hz. The specimens in (c) and
(d) were tested at a frequency of 20 kHz.

4

where acr and ayr are the effective final crack sizes for specimens under
conventional and ultrasonic tests, respectively (see Fig. 12), and oyy is
the intended stress amplitude in the input of “SuperSonic” software for

ultrasonic testing. The ratio /% is obtained by analyzing the fracture
UF

surfaces of the wrought IN718 specimens failed at 700 MPa (shown in
Fig. 12) and 500 MPa stress amplitudes for both conventional and ul-
trasonic testing. For each stress amplitude, the effective crack lengths,
acr and ayy, are obtained by equating the crack areas on the fracture
surfaces (such as the ones indicated by red dashed lines in Fig. 12) to the
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2N,= 3.90 x 10% reversals
Frequency =5 Hz

6,=500 MPa
2N,= 6.66 x 10° reversals
Frequency =5 Hz

6,=700 MPa
2N(= 6.76 x 10° reversals
Frequency =20 kHz

6,=500 MPa
2N;= 7.77 x 10° reversals
Frequency = 20 kHz

Fig. 11. Representative fracture surfaces of diagonal LB-PBF IN718 samples
tested under both conventional and ultrasonic loading conditions. The speci-
mens in (a) and (b) were tested at a frequency of 5 Hz. The specimens in (c) and
(d) were tested at a frequency of 20 kHz.

ideal crack shapes (such as the ones indicated by the blue dash-dot-dot
lines in Fig. 12) reported by Thompson and Shepard [56] using finite
element analysis. Conversion to ideal crack shapes allows for a relatively
objective comparison of crack sizes, even though their shape might not
be similar due to microstructural variations. At both stress levels, the

o was calculated to be consistently around 0.85.

ratio

The stress-life data from conventional tests, as well as the corrected
ones from the ultrasonic tests based on the calculated ratio of 0.85, are
presented in Fig. 13. As shown, this stress correction factor appears to
have unified the stress-life data from both test frequencies for all spec-
imens; Fig. 13 (a), (b), and (c), respectively, for wrought, V LB-PBF and
D LB-PBF IN718. Interestingly, the correlation is also acceptable for the
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Fig. 12. Typical crack propagation region for wrought IN718 specimens subjected to (a) conventional and (b) ultrasonic testing at 700 MPa stress amplitude.

superimposed stress-life fatigue data of wrought IN718 from MMPDS
[35] in Fig. 13 (). It should be emphasized that the employed Eq. (3) is
just to test the suggested hypothesis that the actual stress experienced at
the gage section of ultrasonic fatigue specimens might differ from the
one calculated based on the elastic modal analysis.

4.2. Effects of material processing on the fatigue behavior

The corrected stress-life behaviors of the IN718 specimens obtained
from ultrasonic fatigue tests was shown in Section 4.1 to converge to
those from conventional fatigue tests fairly well. As such, the discussion
in this section is limited to the observations made in Fig. 8 (a). In
summary, V LB-PBF specimens were shown to exhibit better fatigue
resistance as compared to D LB-PBF specimens in lower stress levels.
This advantage, however, appears to vanish at higher stress levels. In
addition, the fatigue resistance of the D LB-PBF specimens appears to be
superior to the wrought ones at all stress levels.

The difference in fatigue performance between the LB-PBF and
wrought specimens appear to primarily originate from their difference
in strength. A secondary reason may be their different crack initiation
mechanisms, i.e., PSBs initiation for LB-PBF specimens vs second phase
particle initiation for wrought specimens. The heat treatment schedule
adopted in the present study has a very limited solutioning time (10 min)
at a relatively low temperature (954 °C), which was insufficient to ho-
mogenize the micro-segregation of the alloying elements, especially Nb,
at the inter-dendritic regions. Indeed, the dendritic microstructure of the
LB-PBF specimens fabricated in this study is similar to that of the directly
aged LB-PBF IN718 obtained by Gallmeyer et al. [57], where the ma-
terial achieved a yield strength of 1300 MPa due to the presence of
dislocation cell structures stabilized by segregated Nb at the interdi-
meric regions. The intra-granular misorientations manifested as sub-
grain low angle boundaries (shown in Fig. 5) may also have provided
additional strengthening. The difference in the strength of materials
between wrought and LB-PBF IN718 is also demonstrated by the dif-
ference in their hardness. Micro-hardness of LB-PBF (465 HV with a
standard deviation of 2) was almost two times the micro-hardness of
wrought IN718 (151HV with a standard deviation of 80) in this study.

Therefore, at the stress amplitude of 800 MPa, the wrought specimen
exhibited significant hysteresis (see Fig. 14) and failed at low cycle
regime (below 1000 reversals). On the other hand, the V LB-PBF spec-
imens, due to their substantially higher strength, experienced limited
cyclic plasticity, and failed in mid-high cycle regime (~80,000 re-
versals). The influence of strength attenuated at lower stress levels, as
the macroscopic plastic deformation in wrought specimens gradually
transitioned to localized slip.

At low stress levels, the crack initiation and propagation of micro-
structurally small cracks, which can be strongly inhibited by smaller
grains, dominates the fatigue life [37]. The wrought specimens have
noticeably smaller grains than the LB-PBF ones. Therefore their disad-
vantage in fatigue performance due to lower strengths and second phase

13

particle induced crack initiation is compensated. Indeed, the fatigue life
of the wrought specimens is similar to that of the D LB-PBF specimens at
lower stress amplitudes, such as 500 MPa.

The difference in the stress-life behaviors of V and D LB-PBF speci-
mens can be ascribed to the columnar shape of the grains as well as the
difference in their orientations. As shown in Figs. 9, 10, and 11 and
described in Section 3.3, the initiation sites of fatigue cracks in the LB-
PBF and some wrought specimens are identified as facets oriented
approximately 45° off the loading axis. These facets are due to planar or
near-planar slip bands confined within individual grains. In D LB-PBF
specimens, due to its unique orientation of the grains (compare Fig. 4
(a) and 4 (b) for V and D specimens), slip planes of grains elongated at
45° angle with respect to the loading axis can be significantly greater
than the ones in V LB-PBF specimens, in which grains are elongated
parallel to the loading axis.

CISs and microstructure of wrought, V, and D LB-PBF specimens are
visually compared in Fig. 15. The corresponding statistics of CIS size
(projected in the loading plane) in different specimens have been pro-
vided in Table 4. Note that the facet marked by blue dashed line in
Fig. 10 (d) does not form ~45° angle with the loading axis. Instead, it is
nearly perpendicular to the loading axis, and therefore, is not included
(this is the only specimen excluded in the calculation of CISs) in Table 4.

Indeed, as shown in Figs. 10, 11, and 15 and as summarized in
Table 4, the average size of the projected CISs in the D LB-PBF specimens
is significantly larger than in the one calculated for the V LB-PBF spec-
imens, which explains the significantly shorter fatigue lives of D LB-PBF
specimens at lower stress amplitudes (e.g., at 500 MPa), where the
initiation stage dominates the fatigue life. At higher stress levels (such as
700 MPa stress amplitude), the fatigue life is dominated by the growth of
the fatigue cracks, which has been shown to be quite insensitive to the
build orientation [58]; thus, the benefit of the V LB-PBF specimens due
to the orientations of the grains vanishes.

The results presented in this study highlight the strong influence of
microstructure on the initiation as well as the early propagation of fa-
tigue cracks. As shown in Fig. 15, the regions near the CISs appears to be
faceted, with clear striations on the surfaces of the wrought specimens,
whose size and morphology correlate well with the grains in the
respective material. Finally, the same trend persists in both sets of
specimens tested under conventional and ultrasonic frequencies, as
evident in Fig. 15.

4.3. Effects of defects in the initiation of fatigue cracks

Although the fatigue cracks in wrought specimens initiated from an
assortment of sources, including manufacturing defects, including car-
bides and Laves phases, as well as the PSBs in grains, almost all the fa-
tigue failure of LB-PBF specimens initiated from PSBs within grains
under both frequency conditions (see Figs. 10 and 11); only two CISs
were near pores (see Figs. 10 (d) and 11 (d)), although the evidence of
these pores serving as the crack initiating defects is not strong. This
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Fig. 13. Fatigue behavior after stress correction of ultrasonic specimens for (a)
wrought IN718 specimens, (b) vertical LB-PBF, and (c) diagonal LB-PBF IN718
specimens; tested using both conventional and ultrasonic fatigue test methods.
In (a), wrought data from this study was also compared with stress-life data of
wrought IN718 data obtained from MMPDS [36].

contrasts with the observations in the literature that the volumetric
defects are typically responsible for the crack initiating in machined
laser beam-directed energy deposition (LB-DED) and LB-PBF Ni-base
superalloys under conventional [59] and ultrasonic [19] fatigue tests,
respectively. The discrepancy between the literature and this study in
this regard can be attributed to 1) the hour-glass geometry of the spec-
imens, 2) the lower defect content, and 3) the relatively large columnar
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Fig. 14. Comparison of hysteresis loops of wrought and vertical LB-PBF IN718
specimens, tested at 800 MPa stress amplitude.

grains observed in the LB-PBF specimens in the present work.

The conventional fatigue tests on round IN718 specimens with
straight gage section fabricated using LB-DED AM system by Johnson
et al. [59] revealed the initiation of fatigue cracks from intermetallic
particles and pores. Due to the use of specimens with straight gage
sections, a much larger material volume, and therefore, a much larger
population of defects, was subjected to a uniformly applied maximum
stress, which significantly increases the likelihood of crack initiation
from these defects due to the associated stress concentrations. The ul-
trasonic fatigue tests by Yang et al. [19] used a specimen geometry
similar to the one used in this study (see Fig. 1 (d)), which limits the
maximum stress to the thinnest cross-section at the gage. The defect-
initiated cracks reported by Yang et al. [19] may indicate a signifi-
cantly higher population of large defects in their specimens than the
IN718 specimens fabricated in the present study. For instance, they re-
ported crack initiation from lack-of-fusion defects [19], which were
absent from the specimens fabricated in the present work (see Fig. 2).

Indeed, the only volumetric defect type identified in the LB-PBF
specimens by the X-ray CT in this study has been gas-entrapped pores
with most of them within the size range of 5-15 pm. Although the largest
defect identified has a diameter > 40 pm, its population is extremely low
— only one in the 25.9 mm® volume scanned. Therefore, the probability
of it residing on the maximum-stress cross-section of the hour-glass
shaped specimens is very low. This is schematically illustrated in
Fig. 16 (a). This is an indication that the population of the large defects
in the present work is significantly lower than reported in [19].

A schematic illustration of potential positions of slip bands relative to
a pore are shown in Fig. 16. Although the smaller pores in the LB-PBF
specimens in this work may promote the formation of PSB in their vi-
cinity (see the red band illustrated in Fig. 16 (b)), the probability of such
pores potentially occurring on a long PSB is generally low, due to the
random nature of the pore distribution. As a result, short PSBs may be
arrested easily at grain boundaries, while longer PSBs elsewhere
(depicted as blue ones in Fig. 16 (b)) may propagate through grain
boundaries (indicated by blue dashed arrows) and/or develop into small
cracks easier. As the cyclic fatigue behavior of IN718 does not exhibit
apparent cyclic strain rate sensitivity, the competing roles of the volu-
metric defects and long slip distances within the columnar grains in LB-
PBF IN718 discussed here should equally apply to both conventional and
ultrasonic fatigue tests.

Although the existence of such a competition is intuitive, deter-
mining the exact conditions (e.g., defect size and type, grain size, and
texture) in which one dominates the other require a precise control of
the microscopic characteristics of the material that may be proven
infeasible experimentally. To this end, a parametric study of the syner-
gistic effects of volumetric defects and the surrounding microstructure
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Fig. 15. Comparison of microstructure and fracture surfaces among wrought, vertical LB-PBF, and diagonal LB-PBF IN718 specimens.

Table 4
Crack initiating size (length) comparisons between vertical LB-PBF and diagonal
LB-PBF IN718 specimens.

Frequency Vertical LB-PBF Diagonal LB-PBF
5 Hz 79 pm 110 ym
20 kHz 53 ym 94 um

on the fatigue resistance of LB-PBF IN718 using numerical simulations
(such as the crystal plasticity finite element method) may be needed and
will be presented in the following work.

5. Conclusions

In this study, the effects of test frequency and layer orientation on the
fatigue resistance in HCF and VHCF regimes of IN718 manufactured via
an LB-PBF process were investigated. LB-PBF specimens were fabricated
and subjected to post-process heat treatment identical to that of the as-
received wrought material. The effect of layer orientation on the fatigue
resistance of the LB-PBF IN718 was investigated by fabricating speci-
mens vertically and diagonally with respect to the build platform.
Comparing data obtained from both conventional and ultrasonic fatigue
tests on specimens with similar geometries, the effect of testing
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frequency (i.e., cyclic strain rate) was also evaluated. This study
demonstrated that the apparent effects of test frequencies obtained from
a direct comparison of conventional and ultrasonic fatigue tests may be
influenced by other factors. Equivalency between the test methods needs
to be carefully established before ultrasonic fatigue testing can be used
to expedite the generation of materials data. The following conclusions
were drawn from this study:

1. The LB-PBF processed IN718 in this study was found to contain a
relatively coarse columnar microstructure (column width > 70 pm)
with y grains perpendicular to the build platform. In addition, the as-
solidified dendritic microstructure still persisted after the SAE
AMS2774E heat treatment.

2. The volumetric defect type in the LB-PBF specimens was identified to
be gas-entrapped pores, mostly with a nominal size within 5-15 pm.
These pores were found to reside reasonably well within the coarse
columnar grains.

3. Fractography analysis revealed that specimens subjected to ultra-
sonic fatigue tests experienced stress amplitudes lower than the
prescribed nominal values. Correcting the stresses in the ultrasonic
fatigue tests, the stress-life behaviors observed in both testing
methods/frequencies appeared consistent. Accordingly, no signifi-
cant frequency effect was observed.
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(a) (b)

Fig. 16. Schematic illustrations of (a) the relative position of a large volumetric
defect and the maximum loading plane in hour-glass shaped specimens and (b)
a slip band (red band) initiated by a small defect (red circle) compared to other,
potentially longer slip bands (blue bands). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)

4. In general, the LB-PBF specimens happened to exhibit a better fatigue
resistance than wrought at higher stress amplitudes under both
loading frequencies, which attenuated at lower stress amplitudes.
The vertical LB-PBF specimens were found to be more fatigue resis-
tant than the diagonal LB-PBF ones, with the exception of cases at
higher stress amplitudes.

5. Fatigue cracks of the LB-PBF specimens were seen to almost always
initiate from PSBs instead of from volumetric defects. This is in part
due to the low probability of a large volumetric defect appearing on
the maximum stress planes of hour-glass specimens. In addition, this
could also be due to the vanishingly small likelihood of a defect
residing on a large PSB favorable for crack initiation.

One overall learning from this study is related to the use of hour-glass
specimens to generate mechanical properties for AM materials. Due to
the very small volume of the material experiencing the maximum stress
at the gage of these specimens, the full effect of volumetric defects may
not be accounted for. Therefore, the data generated from specimens with
straight gage section may be more appropriate as the effect of volumetric
defects on fatigue behavior can be captured more effectively.
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