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A B S T R A C T

This study investigates the relationships among the high-cycle fatigue life, surface roughness, and additive
manufacturing processing parameters in laser powder bed fusion Inconel 718 in the as-built condition.
Standardized fatigue specimens were manufactured using 25 different sets of processing parameters by varying
laser power, scan speed, layer thickness, and build orientation, with three repeat specimens per parameter set.
Surface roughness measurements were conducted using white light interferometry; high-cycle fatigue life was
measured; and fractography analysis was performed using scanning electron microscopy. Two processing-
parameter metrics were observed to dominate high-cycle fatigue life: build orientation and laser-energy density.
Build orientation affected fatigue life due to the relationship between build orientation and surface roughness.
Increasing surface roughness decreased the fatigue life due to increasing number of surface-crack initiation sites.
For a fixed build orientation, the laser-energy density, outside of the optimal range, decreased the fatigue life due
to sub-surface defects. Specifically, fractography analysis showed that sub-surface defects consisted of lack-of-
fusion pores at low laser-energy densities and secondary cracking and pores (possibly related to keyholing) at
high laser-energy densities. While variability in residual stresses among the specimens could also play a role, this
work focuses on geometrical surface and sub-surface defects caused by different processing parameters and their
corresponding impact on total fatigue life. Based on these findings, guidelines are offered to improve fatigue life
of additively manufactured Inconel 718 in the as-built, non-heat-treated condition.

1. Introduction

While additive manufacturing (AM) has become a popular tool in a
variety of different industries [1,2], there remain many unknowns re-
garding the relationships between the build or process parameters and
the corresponding quality, reliability, and the performance of the parts
[3]. There are many different AM techniques used to manufacture metal
parts. These techniques are typically categorized as powder bed fusion
(PBF) and direct energy deposition (DED) [4]. Powder bed fusion can
be separated further into laser powder bed fusion (L-PBF) [5] and
electron beam melting (EBM) [6]. In L-PBF, metal powder is spread or
rolled onto a build plate. A scanning laser is then used to locally melt/
fuse a thin layer of metal powder to create the first layer. This is re-
peated layer-by-layer, until the full three-dimensional part is com-
pleted. L-PBF has many benefits over traditional manufacturing and
other metal AM techniques, including high accuracy in fine details, near
net-shape production of complex geometries, and the ability to use a
variety of metals and their alloys [7], including Inconel.

Inconel is a nickel-based superalloy that has become increasingly
popular in the aerospace, nuclear, and marine industries, due in part to
its ability to retain its strength over a wide temperature range.
Particularly, Inconel shows excellent mechanical properties especially
at high temperatures and in corrosive environments [8], whereas me-
chanical properties of aluminum and steels may degrade in such con-
ditions [9–12]. Inconel creates a passivating oxide layer during heating,
which prevents the surface from further heating and corrosion [13].
Additionally, Inconel shows an increase in strength due to solid solution
and precipitation hardening [14]. One of the most commonly used In-
conel alloys is 718 [15]. Inconel 718 (IN 718) shows many improved
mechanical properties over other Inconel alloys. However, due to its
high hardness and low thermal conductivity, it is significantly more
difficult and costly to machine [16–19]. AM techniques have shown the
ability to create near-net shaped parts, which could solve many of the
concerns with IN 718 [20]. IN 718 manufactured by L-PBF methods has
been shown to have similar mechanical properties to wrought 718 [21].
Wang et al. [21] showed that the tensile strength and ductility of
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selective laser melted (SLM1) IN 718, which was solution treated and
double aged, were comparable to those of wrought 718. Specifically,
they observed an ultimate tensile strength range of 1137–1358MPa for
SLM IN 718 compared to 1200–1400MPa for wrought 718 and ob-
served an almost identical elastic modulus of 201 GPa versus 208 GPa.
However, Hilaire et al. [22] showed the influence of varying processing
parameters on the microstructure, yield strength, and ultimate strength
of L-PBF IN 718 and concluded that the optimization of processing
parameters should be performed to maximize the mechanical proper-
ties. Although L-PBF IN 718 has similar mechanical properties to those
of wrought 718, the fatigue life of L-PBF IN 718 has been shown to be
significantly lower than that of wrought 718 [23]. Specifically, Gribbin
et al. [24] showed that the decrease in low-cycle fatigue life of heat-
treated (solution treated and doubled aged), direct metal laser sintered
(DMLS2) IN 718 was due to the presence of porosity. Additionally,
others have shown that porosity in heat-treated L-PBF IN 718 parts can
be induced by varying processing parameters [25]. Thus, a thorough
understanding and control of the processing parameters are required for
optimizing the fatigue life in L-PBF IN 718.

The objective of this study was to examine the relationships among
the AM process parameters (laser power, laser scan speed, layer
thickness, and build orientation), surface roughness parameters, and
high-cycle fatigue life of as-built L-PBF IN 718. Few studies exist in the
open literature that have investigated this particular material in the as-
built condition, without applying heat treatments or stress relieving.
However, there are potential applications, such as deployment of AM
machines in the field, where it may not be possible to perform heat
treatments. Thus, to optimize AM parts for use in such applications,
there is a need to better understand the process-property relationships
for the as-built condition. Therefore, the L-PBF specimens in this work
had no heat treatments applied (e.g., stress relief, solution treatment,
double aging, etc.). A total of 11 different laser powers, 13 different
laser scan speeds, two different layer thicknesses, and three different
build orientations were investigated. The high-cycle fatigue life for
different combinations of AM processing parameters was determined,
and the competing mechanisms driving the fatigue life of L-PBF IN 718
were investigated.

2. Methods and materials

2.1. Materials and processing parameters

The test specimens used in this study were fabricated from 3D
Systems IN 718 powder, which was recycled powder within 3D Systems
useable standards. Analysis of the particle-size and aspect-ratio dis-
tributions of the IN 718 powder was performed in accordance with the
ASTM F1877 standard [26]. Standardized fatigue test specimens were
manufactured with a target gauge width of 6.36mm and target gauge
thickness of 3.10mm, in accordance with the ASTM E466-15 standard
[27]. Fig. 1a shows the target dimensions of the specimens. The spe-
cimens were built using 3D Systems ProX DMP 320 machine. In total,
25 different parameter sets were defined, each having a unique com-
bination of laser power, laser scan speed, layer thickness and build
orientation. The upper and lower values for the laser power and laser
scan speed were selected based on the manufacturer's specified limits.
The laser power ranged from 115W to 465W, with 11 different values
selected within that range, and the laser scan speed ranged from
620mm/s to 1770mm/s, with 13 incremental values selected. The
values for the layer thickness were set to the ProX DMP 320 standard
thicknesses: 30 μm and 60 μm. Each specimen was manufactured such
that the loading axis was aligned 0∘, 60∘, or 90∘ relative to the recoater

direction in the build plate, as shown in Fig. 1b. For the purpose of this
study, the hatch spacing and spot size were held constant at standard
values: 100 μm and 50 μm, respectively. The entire parameter matrix
can be seen in Table 1. Additionally, all of the 30 μm thickness speci-
mens were built using contouring parameters of 115W and 625mm/s
for the laser power and scan speed; whereas, the 60 μm thickness spe-
cimens were built using 165W and 625mm/s contouring parameters.
The parameter ranges were chosen such that volumetric laser-energy
density (Eρ) ranged from approximately 30 to 90 J/mm3, based on
optimal values specified by 3D Systems. The volumetric laser-energy
density is =Eρ

P
vht , where P is the laser power, v is the scan speed, h is

the hatch spacing, and t is the layer thickness [28]. For each parameter
set, there were three fatigue specimens manufactured, for a total of 75
specimens. All of the specimens were tested in the as-built condition
(i.e., no post-processing or secondary heat-treatments were performed).

2.2. Surface roughness measurements

Surface roughness was measured in the gauge region for all 75
specimens. The surface roughness measurements were obtained using a
Zeta 3D optical profilometer with a 10× objective lens. Three scans per
side on all four sides of the gauge region were measured covering an
area of 948 μm by 711 μm. Ten different surface roughness metrics were
quantified for each specimen, namely Ra, Rms, Rt, Rsk, Rku, RzDIN,
RzJIS, η, ρ, and σs. A description of all of the surface roughness para-
meters is provided in Appendix A.

2.3. Fatigue testing

Following surface roughness measurements, all 75 specimens were
cyclically loaded (tension-tension) to failure with a maximum stress of
600MPa, stress ratio of 0.1, and a frequency of 20 Hz. The fatigue
testing parameters were chosen such that the total fatigue-life testing
was in the high-cycle range (i.e. within the elastic regime) at a fixed

Fig. 1. a) Specimen dimensions in accordance with ASTM E466-15. b) All as-
built IN 718 specimens on the build plate prior to removal with support
structures shown.

1 Selective laser melting (SLM) is a commonly used L-PBF technique.
2 Direct metal laser sintering (DMLS) is another commonly used L-PBF tech-

nique.
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stress amplitude, which would result in fatigue failure within a tract-
able number of cycles (nominally 100,000). To that end, the stress
amplitude was identified using S–N curves (at R=0.1) from the lit-
erature for AM IN 718 [23]. Note that the reported yield strength of L-
PBF IN 718 is between 800MPa and 1100MPa [29,30], which is well
above the applied peak stress. The fatigue testing was performed in
force control at a frequency of 20 Hz on an MTS 810 servo-hydraulic
testing machine using a 25 kN load cell. Hydraulic grips were used to
hold the specimens at 20MPa, which is approximately 3.3% of the
maximum applied stress. The cross-sectional area of each specimen was
measured using a Keyence VHX-5000 optical microscope, which was
then used to accurately determine the load required to reach a max-
imum applied stress of 600MPa.

2.4. Fractography

Fractography analysis was performed on each specimen after fa-
tigue failure using a Hitachi S–2600 N scanning electron microscope
(SEM). Representative images for specimens with the same laser-energy
density but different build orientations were analyzed to quantify the
amount of fracture initiation beginning on the surfaces of the speci-
mens. Additionally, representative images for specimens with different
laser-energy densities but the same build orientation were analyzed to
investigate the sub-surface defects.

3. Results

3.1. Powder characterization

Fig. 2 shows SEM images of the IN 718 powder at low and high
magnification. The majority of the powder particles are spherical or
near spherical (similar to Fig. 2b). However, some particles appeared to
be partially fused (Fig. 2c) and display an oblong morphology (Fig. 2d).
SEM images similar to that shown in Fig. 2a were used to determine the
powder particle-size distribution for a population of 534 particles,
shown in Fig. 3, which is similar to those seen in the literature [21]. The

mean particle size was found to be 39.98 μm, compared to 43.8 μm
reported by 3D Systems.

3.2. Surface roughness

A correlation study was performed to determine the roughness
parameters exhibiting the strongest correlation to the high-cycle fatigue
life. The methodology and results from the correlation study are pre-
sented in Appendix B. The average of three scans was taken for each
side, and the maximum of the averaged values among the four sides was
used to represent the overall roughness for a given specimen. Based on
results from the correlation analysis, it was found that no one para-
meter correlated with high-cycle fatigue life significantly more than the
other parameters. Therefore, to simplify the presentation of results,

Table 1
Test matrix for L-PBF IN 718 processing parameter sets. For each parameter set,
three specimens were manufactured and tested.

Parameter Power Scan
speed

Layer
thickness

Build
orientation

Laser-energy
density

set (W) (mm/s) (μm) (∘) (J/mm3)

1 220 1180 30 60 62.15
2 330 1770 30 0 62.15
3 115 620 30 90 61.83
4 168 1475 30 0 37.97
5 275 1200 30 0 76.39
6 115 915 30 60 41.89
7 330 1475 30 60 74.58
8 168 1180 30 90 47.46
9 200 800 30 90 83.33
10 275 1770 30 60 51.79
11 315 1050 60 60 50.00
12 465 1450 60 0 53.45
13 240 850 60 90 47.06
14 165 850 60 0 32.35
15 390 1050 60 60 61.90
16 465 1400 60 90 55.36
17 165 650 60 0 42.31
18 240 1250 60 60 32.00
19 315 1250 60 60 42.00
20 390 1450 60 90 44.83
21 220 1180 30 0 62.15
22 220 1180 30 90 62.15
23 315 1050 60 0 50.00
24 315 1050 60 90 50.00
25 200 1000 60 90 33.33

Fig. 2. Representative SEM images of IN 718 powder particles showing a) an
overview, b) perfectly spherical particles, c) partially fused particles, and d)
oblong shaped particles.

Fig. 3. Inconel 718 powder particle size distribution determined using SEM
particle mapping.
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only the average roughness value (Ra) will be considered and discussed.
Fig. 4 shows representative surface topography maps of each side of the
specimens for each of the build orientations. For the 0∘ build orienta-
tion, the surface topography maps for sides three and four have been
plotted using a different scale than that for sides one and two due to the
significant difference in surface-roughness magnitude. The significantly
higher surface roughness for side four in the 0∘ build orientation spe-
cimen is likely due to the supports that were needed during the printing
process (see Fig. 1b). The 90∘ build orientation specimens showed the
next roughest surfaces, with side three being the roughest (Fig. 4c). It
can be postulated that this difference in surface roughness (between
sides three and four) could be caused by some mechanism attributed to
the gas flow direction. The surface roughness of the 60∘ build orienta-
tion specimens was slightly less than the 90∘ specimens, with the
roughest side being side two, which can be attributed to the downskin
of the specimen.

3.3. Fatigue life

Fig. 5 shows the fatigue life as a function of the different sets of
process parameters, by comparing the total fatigue life to the

volumetric laser-energy density for different layer thickness and build
orientation. For a fixed build orientation, the total fatigue life presented
in Fig. 5a exhibits a bell-shaped relationship with respect to the laser-
energy densities, which tend to result in lower total fatigue life for
lower and higher laser-energy densities. Fig. 5b shows a similar trend,
although it is less pronounced. It is noted that one specimen for the
60 μm, 90∘ build orientation, and lowest energy density showed visual
signs of damage prior to loading. Namely, it showed significant
warping, which could be due to residual stresses from the manu-
facturing process, and notches on the edges, which could be due to
removing the support structures. Therefore, it was considered an outlier
and was not included in the trend line shown for that data set. Overall,
the specimens built at a 60∘ build orientation with a laser-energy den-
sity of 62.15 J/mm3 and 30 μm thickness resulted in the maximum total
fatigue life among all parameter sets considered in this study.

3.4. Fractography

Fig. 6 shows the fracture surfaces of nine test specimens selected
from 30 μm layer thickness at three different laser-energy densities
from each build orientation: 45 J/mm3, 62 J/mm3, and 77 J/mm3. The

Fig. 4. Representative surface topography maps and Ra values for a) 0∘ build orientation, b) 60∘ build orientation, and c) 90∘ build orientation. Note, contour limits
for the maps are scaled differently to enable visual contrast for each surface.
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middle column corresponds to specimens displaying the highest total
fatigue life (62 J/mm3 laser-energy density). In the first column (45 J/
mm3), there is consistently a very tortuous fracture surface compared to
the other laser-energy densities, which is indicative of a high amount of
porosity or defects. Fig. 7 shows higher magnification images that re-
vealed the majority of these defects consisted of lack-of-fusion pores
with powder particles present. Additionally, Fig. 7 shows a significant
amount of secondary cracking and pores at high laser-energy densities.
Fig. 8 shows lower magnification images displaying the transition from
stable crack growth to final fracture. The relative portion of stable
crack-growth area per cross section is approximately 49.25% for the 0∘

specimen, 76.71% for the 60∘ specimens, and 52.58% of the 90∘

specimens. Similar trends were observed in the 60 μm layer thickness
specimens.

The main difference among the three build orientations was the
number of crack initiation sites observed on the specimen surfaces.
Surface-crack initiation sites were observed in all three specimens;
however, there were significantly more surface-crack initiation sites
observed in the 0∘ build orientation specimens, fewer in the 90∘ speci-
mens, and the fewest in the 60∘ specimens. Fig. 9 shows representative
images of surface-crack initiation sites. Surface-crack initiation pre-
dominantly occurred on sides three and four, which corresponded to
the roughest surfaces. There were approximately 63% more occur-
rences of surface-crack initiation sites for the 0∘ specimens compared to

Fig. 5. High-cycle fatigue life versus volumetric laser-energy density for a) 30 μm layer thickness specimens and b) 60 μm layer thickness specimens.

Fig. 6. SEM images of fracture surfaces of high-cycle
fatigue-tested L-PBF IN 718 for 30 μmbuild-layer
thickness at a) 45 J/mm3 and 60∘ build orientation,
b) 62 J/mm3 and 60∘ build orientation, c) 77 J/mm3

and 60∘ build orientation, d) 45 J/mm3 and 90∘ build
orientation, e) 62 J/mm3 and 90∘ build orientation, f)
77 J/mm3 and 90∘ build orientation, g) 45 J/mm3

and 0∘ build orientation, h) 62 J/mm3 and 0∘ build
orientation, i) 72 J/mm3 and 0∘ build orientation.
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the 60∘ specimens and approximately 29% more in the 90∘ specimens
compared to the 60∘ specimens (all for the 30 μm layer thickness).
Table 2 shows the number of surface-crack initiation sites observed on
the surface of each specimen.

4. Discussion

To facilitate the use of L-PBF IN 718 in fatigue critical applications,
it is paramount to understand the mechanisms that determine the fa-
tigue life of L-PBF IN 718. In this work, two different relationships were
observed: the relationship between surface roughness and high-cycle
fatigue life, and the relationship between laser-energy density and high-
cycle fatigue life.

4.1. Relationship between build orientation, surface roughness, and high-
cycle fatigue life

The results from sections 3.2 and 3.3 are synthesized in Fig. 10,
which shows the maximum surface roughness, the high-cycle fatigue
life, and build orientation for each specimen. It is evident that fatigue
life is dependent upon surface roughness, which is dependent upon the
build orientation. The 0∘ build orientation exhibits rougher surfaces and
generally results in lower fatigue life. On the other hand, the 60∘ build
orientation, which Fig. 5 shows to provide the highest values of fatigue
life, exhibits low surface roughness. While increasing surface roughness
is generally regarded to decrease fatigue life, a question of interest is
whether stress concentrations associated with AM-induced surface
roughness increases the number of crack initiation sites, or whether the
number of crack initiation sites is approximately the same but have
earlier onsets. To investigate this, the fracture surfaces were carefully
analyzed. The 0∘ build orientation specimens showed significantly more
surface-crack initiation sites; whereas, for the surfaces with lower
roughness values, fewer surface-crack initiation sites existed. Fig. 8
shows overviews of representative surfaces of the three different build
orientations at identical laser-energy densities. There were

Fig. 7. High-cycle fatigue life dependence on sub-surface defects.

Fig. 8. Representative SEM images of fracture sur-
faces showing stable crack growth (left of the
boundary line) and final fracture region (right of the
boundary line) for 30 μm layer thickness: a) 0∘ spe-
cimen with Nf= 70523 cycles, b) 60∘ specimen with
Nf=194329 cycles, and c) 90∘ specimen with
Nf=120255 cycles.

Fig. 9. Representative SEM images of surface cracks for a) 60∘ specimens, b) 90∘

specimens, c) 0∘ specimens, and d) a representative sub-surface initiation site.

Table 2
Number of observed surface-crack initiation sites from one re-
presentative sample at each build orientation.

Build orientation Medium laser-energy density

0∘ 57
60∘ 35
90∘ 45
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approximately 60% more crack initiation sites on the surfaces for the 0∘

build orientation compared to the 60∘ build orientation for the 30 μm
layer thickness. Others have demonstrated that multiple initiation sites
lead to higher crack driving forces [31–34], which can lead to increased
crack growth rates. The 0∘ build orientation had the lowest high-cycle
fatigue life and the highest number of surface cracks. Therefore, it can
be inferred that the number of crack initiation sites impacts the crack
growth rates, reducing the number of cycles to reach fracture (propa-
gation cycles). Additionally, it can be postulated that some of the re-
duction in fatigue life could be due to early onset of crack initiation.
Spear et al. [35] have shown that early initiation of fatigue cracks can
be caused by local, pit-induced, stress concentrations. The reduction of
fatigue life in the specimens with higher surface roughness can hence be
attributed to a reduction in the propagation cycles due to a larger
number of crack initiation sites and a reduction in the cycles to initia-
tion due to local stress concentrations on the surface.

Other work has been performed investigating the surface roughness
and fatigue life of L-PBF IN 718. In work by Gockel et al. [36], the build
orientation was held constant while varying contour power and scan
speed of the fatigue specimens. They showed limited correlation be-
tween surface roughness (Ra) and fatigue life, which they attributed to
powder particles on the surface that essentially obfuscate the under-
lying, more important, surface features. While Gockel et al. show that
parameters like Ra might not adequately characterize fatigue-critical
surface features, the results from this work suggest that Ra, nonetheless,
exhibits meaningful correlation with fatigue life for the ranges of spe-
cimens studied here. One reason for this could be the variability of
surface roughness that is introduced by varying build orientation,
which has a clear impact on fatigue life. That is, due to significant
variation of Ra values across all 75 specimens, the correlation coeffi-
cients with fatigue life are relatively high. Based on work by Gockel
et al., it appears that using a more accurate description of relevant
surface structure would lead to even stronger correlation coefficients.
Testing this would require the use of X-ray computed tomography,
which is beyond the scope of the current study; additionally, the overall
trends presented in this work are not expected to vary by doing so.

Despite the clear trends among build orientation, surface roughness,
and fatigue life, there does not appear to be a clear trend between
surface roughness and fatigue life for a fixed build orientation (Fig. 10).
This suggests that another mechanism must also play a role in the high-
cycle fatigue life of L-PBF IN 718. To investigate the mechanism behind
this variation, an analysis of the sub-surface defects was performed.

4.2. Relationship between laser-energy density and high-cycle fatigue life

From sections 3.3 and 3.4, it is evident that for a fixed build or-
ientation, fatigue life is strongly dependent on sub-surface defect
structure, which is, in turn, dependent upon volumetric laser-energy
density. Sheridan et al. [25] have shown that for machined L-PBF IN
718 parts, the porosity can be induced by varying the processing
parameters, which ultimately determines the fatigue life. The para-
meters that Sheridan et al. investigated were the power, velocity, hatch
spacing, and layer thickness, which directly relate to the laser-energy
density, for two different machines (Concept laser M2 cusing and EOS
M290); however, a large range of laser-energy density was not in-
vestigated (only one value for the M2 and three values for the EOS
M290). Furthermore, the relationship between the volumetric laser-
energy density and the high-cycle fatigue life is more complicated than
the relationship between the surface roughness and fatigue life. A bell-
shaped curve relates the fatigue life to laser-energy density. A similar
curve was observed in previous work when comparing porosity and
laser-energy density [37,38]. Kantzos et al. [39] have shown that the
introduction of porosity due to varying processing parameters reduces
the fatigue life. For this specific AM process, an optimal range of vo-
lumetric laser-energy density exists, where the sub-surface defects
(secondary cracking, porosity) are minimized, and the high-cycle fa-
tigue life is maximized. The optimal range was around 60–70 J/mm3

and 40–45 J/mm3 for the 30 μm and 60 μm layer thickness specimens,
respectively. At lower values of laser-energy density, the high-cycle
fatigue life is significantly reduced. Similarly, the high-cycle fatigue life
is significantly reduced at higher laser-energy densities.

The fractography analysis shows that in the low laser-energy density
ranges, there was a very tortuous fracture surface indicative of a high
amount of porosity. The porosity and sub-surface defects in the low
energy density ranges are predominantly due to lack-of-fusion pores
(Fig. 7). Typically, three to five Inconel particles were present in these
lack-of-fusion pores, but fracture initiation was observed to begin at
larger clusters of particles. However, the fractography analysis for the
high laser-energy density specimens showed different sub-surface de-
fects than the low laser-energy density specimens. There was a sig-
nificant amount of secondary cracking observed (seen in Fig. 7) along
with fracture initiating at sub-surface porosity. This could be due to
keyhole (or other metallurgical) pores [40]. The secondary cracking
observed could be due to a mechanism similar to hot cracking [41], hot
tearing [42], or liquation cracking [43]. Hot cracking is caused by a
high grain misorientation and hot tearing is caused by high residual
stresses due to high temperature gradients. Chen et al. [43] concluded

Fig. 10. a) Relationship among high-cycle fatigue life, roughness average parameter (Ra), and the build orientation for all three build orientations (n= 75 samples).
Magnified views are shown for 60∘ and 90∘ build orientations. b) Relationship between the high-cycle fatigue life and Ra for all 75 samples.
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that liquation cracking in AM IN 718 is due to the liquation of Laves/
particles during manufacturing. They also observed that an increase in
the heat input, due to processing parameters, resulted in an increase in
susceptibility to liquation cracking, which can be compared to the in-
crease in cracking observed in this work caused by an increase in the
laser-energy density.

The fatigue behavior of L-PBF IN 718 presented in this study is
consistent with literature showing that fatigue life in metals is typically
driven by surface and sub-surface defects [44–47]. The main con-
tribution of this work is the establishment of links among L-PBF build
parameters and high-cycle fatigue life driving mechanisms, considering
a broad space of build parameters. The mechanism of fracture initiation
at surface defects is dominated by the surface roughness, which is
predominantly governed by build orientation. For a given build or-
ientation, the fatigue life is driven by the sub-surface defects in AM
metals due to a high amount of lack-of-fusion pores at low laser-energy
densities and metallurgical porosity at high laser-energy densities. The
sub-surface defects are predominantly associated with the laser process
parameters: laser power, scan speed, hatch spacing, and layer thickness.
Although the results from the correlation analysis showed that no one
parameter correlated with high-cycle fatigue life significantly more
than the other parameters, it is expected that a non-line-of-sight mea-
surement would result in even stronger correlation [36]. Additionally,
there are other factors that could be affecting the overall correlation
values in this work. Outside of the optimal range of laser-energy den-
sity, there is significant sub-surface porosity that may be reducing the
surface-roughness correlation coefficients. A separate Pearson correla-
tion analysis was performed among the fatigue life, Ra values, and Rms
values using only the specimens in the optimal laser-energy density
range. The results showed approximately a 33% increase in the mag-
nitude of correlation coefficient for Ra (−0.571 to −0.763) and a 29%
increase in the magnitude of correlation coefficient for Rms (−0.565 to
−0.730). Additionally, the residual stresses due to the different laser-
energy densities and build orientations may have influenced the fatigue
results, thereby further impacting the correlation coefficients. While it
is noted that variability in residual stresses induced by the L-PBF pro-
cess also likely contributes to variability in fatigue life, the work pre-
sented here focuses on geometrical surface and sub-surface defects in-
duced by the L-PBF process and their corresponding impact on total
fatigue life.

5. Conclusions

In this study, a systematic design of experiment was performed to
investigate the relationships among process parameters, surface
roughness, and the high-cycle fatigue life of L-PBF IN 718. Based on the
experimental test results and subsequent fractography analysis, the
following conclusions are made:

1. In the high-cycle fatigue life of L-PBF IN 718, there are two com-
peting mechanisms that influence the fatigue life. The first me-
chanism is associated with the build orientation and its relationship
to surface roughness. Non-optimal build orientations lead to in-
creased surface roughness, causing an increase in the number of
surface-crack initiation sites and corresponding reduction in the
fatigue life. The second mechanism is associated with the volumetric
laser-energy density, which, outside of an optimal range, causes an
increase in sub-surface defects and corresponding reduction in

fatigue life.
2. Among the build orientations considered, the worst total fatigue life

was observed for the 0∘ build orientation specimens, while the 60∘

build orientation specimens showed the highest total fatigue life.
The fractography analysis showed significantly more surface-crack
initiation sites on the 0∘ build orientation specimens than on the 90∘

and 60∘ build orientation specimens. Hence, the fatigue life is largely
driven by the surface roughness. The surface roughness contributes
to the number of fracture initiation locations on the surface of the
specimen and is predominantly associated with the build orienta-
tion. The reduction in fatigue life is likely caused by early onset of
crack initiation and faster crack propagation rates due to higher
driving forces stemming from the increased number of surface
cracks.

3. The total fatigue life within a specific build orientation follows a
bell-shaped curve. There is an optimal laser-energy density, de-
pending on the layer thickness, for the total fatigue life. For the
30 μm layer thickness, this value is around 60–70 J/mm3. For the
60 μm layer thickness, it is around 40–45 J/mm3. This is consistent
with previous work showing that at low and high values of energy
densities, there is an increased amount of sub-surface porosity and
defects. The laser-energy density drives the amount of sub-surface
pores and defects, which ultimately drives the total fatigue life
within a given build orientation. At low volumetric laser-energy
density ranges, the sub-surface defects consist of lack-of-fusion
pores. At high volumetric laser-energy density ranges, the sub-sur-
face defects consist of keyhole (or other metallurgical) pores and
secondary cracking possibly caused by a hot-tearing-like me-
chanism.

4. Similar to traditional materials, the total fatigue life in AM Inconel
718 is dominated by surface and sub-surface defects. Residual
stresses may also affect the high-cycle fatigue life but were not in-
vestigated in this work. From this work, however, the conclusion
can be made that to maximize the total fatigue life of as-built L-PBF
IN 718, the manufacturing process should minimize the sub-surface
defects through process parameter optimization (specifically the
laser power, scan speed, hatch spacing, and layer thickness) and also
minimize the surface roughness through build orientation or ma-
chining when possible.

Data availability

The processed surface-roughness data and corresponding build
parameters can be found on Citrination [https://citrination.com/
datasets/178858]. The fatigue-life data cannot be shared at time of
publication because the data are being used in an ongoing study.
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Appendix A. Surface Roughness Parameters

Topography parameters considered in this work include the asperity-peak density (η), the asperity-peak radius (ρ), and the standard deviation of
asperity-peak heights (σs). The spectral moment approach, developed by McCool et al. [48], was used to calculate the surface topography parameters.
In this method, the topography parameters are calculated from the spectral moments m0, m2, and m4. However, this method accounts for a single,
arbitrary cross section of the surface and can lead to significant variation of the calculated parameters depending on the cross section taken. A better
approach to calculating the topography parameters, suggested by Pawar et al. [49], is to average the spectral moments from all cross sections and
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then calculate the topography parameters from the averaged spectral moments. Additionally, the spectral moments can be affected by the finite
difference discretization technique used. To be consistent with literature [50], the central finite difference discretization was used. The equations for
calculating all of the surface roughness and topography parameters are presented in Table 3 below.

Table 3
Complete list of roughness and topography parameters investigated.

Description Parameter

Roughness Average Ra
Root Mean Squared Rms (Rq)
Max Height of Profile Rt
Skewness Rsk
Kurtosis Rku
Average Distance - Peak to Valley RzDIN
Average Distance - Peak to Valley (Japanese Standard) RzJIS
Asperity-Peak Density η

Asperity-Peak Radius ρ
Standard Deviation of Asperity-Peak Heights σs

Surface roughness parameters:
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Appendix B. - Correlation Coefficients

Once all of the surface roughness and topography parameters were calculated, a correlation study was performed to determine the roughness
parameters exhibiting the highest correlation to the high-cycle fatigue life. Three different correlation coefficients were investigated: the Pearson
correlation, the distance correlation, and the Spearman correlation. The Pearson correlation coefficient measures the linear correlation between two
variables [51]. The Spearman correlation measures the monotonic relationship between two variables, which can be linear or nonlinear [52].
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Finally, the distance correlation measures both the linear and nonlinear relationship between two variables with one coefficient [53].
Pearson correlation coefficients (Fig. 11
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Fig. 11. Pearson correlation coefficient among surface roughness values and high-cycle fatigue life. The first row corresponds to raw profilometry data; the second
row corresponds to profilometry data that have been smoothed using a standard mean filter; the third row corresponds to profilometry data where any height values
greater or less than two standard deviations from the mean were considered outliers and therefore removed (cut) from the data set.):
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Spearman correlation coefficients (Fig. 12
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Fig. 12. Spearman correlation coefficient among surface roughness values and high-cycle fatigue life. The first row corresponds to raw profilometry data; the second
row corresponds to profilometry data that have been smoothed using a standard mean filter; the third row corresponds to profilometry data where any height values
greater or less than two standard deviations from the mean were considered outliers and therefore removed (cut) from the data set.):
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Distance correlation coefficients (Fig. 13
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Fig. 13. Distance correlation coefficient among surface roughness values and high-cycle fatigue life. The first row corresponds to raw profilometry data; the second
row corresponds to profilometry data that have been smoothed using a standard mean filter; the third row corresponds to profilometry data where any height values
greater or less than two standard deviations from the mean were considered outliers and therefore removed (cut) from the data set.):

=dCor X Y dCov X Y
dVar X dVar Y

( , ) ( , )
( ) ( ) (17)
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