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ABSTRACT

Additive manufacturing has become a popular tool in a variety of different industries.
However, there remain many unknowns regarding the processing-structure-property re-
lationships and the corresponding quality, reliability, and performance of the parts. Laser
powder bed fusion, which is one of the most common metal additive manufacturing tech-
niques, has many benefits over traditional manufacturing and other metal additive manu-
facturing techniques. Inconel, which is a nickel-based superalloy, is a commonly used alloy
for nuclear, aerospace, and marine industries due to its excellent mechanical properties at
high temperatures. Although there is a significant amount of previous literature investi-
gating processing-structure-property relationships of laser powder bed fused Inconel 718,
few studies exist in the open literature that have investigated the variability of the pore
structure, microstructure, tensile properties, and fatigue life in the as-built condition (i.e.,
no heat treatments or stress relieving). However, there are potential applications, such as
deployment of additive manufacturing machines in the field, where it may not be possible
to perform heat treatments. There is a need to better understand the relationships among
laser-energy density, build orientation, pore structures, microstructures, and mechanical
properties for the as-built condition.

In this dissertation, a multiscale experimental approach is implemented, wherein each
chapter leverages progressively smaller specimens (all derived from the same initial build)
intended to investigate different aspects of property-process-structure relationships in as-
built laser powder bed fused Inconel 718. The research addresses three main objectives:
(1) to investigate the mechanisms driving high-cycle fatigue life with respect to different
processing conditions; (2) to investigate the effects of laser-energy density and build orien-
tation on the pore structure, microstructure, and tensile properties; and (3) to modify and
validate a void descriptor function to uniquely characterize pore networks and predict
fracture location in mesoscale tensile specimens. The primary findings from each study

are described in subsequent chapters.
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CHAPTER 1

INTRODUCTION

Additive manufacturing (AM), commonly referred to as 3D printing, has become a
popular and vital tool in a variety of different industries, especially in the aerospace,
nuclear, marine, defense, and energy industries [2]. The annual Wohlers report forecasts
the sales of AM products and services to exceed US$23.9 billion by the end of 2022 [3].
Metal AM techniques are currently revolutionizing, and will continue to revolutionize,
the manufacturing of metals in large part due to the ability to reduce the manufactur-
ing time, reduce the overall weight, enable geometric flexibility, and support the use of
a wide variety of metals and their alloys [4]. Although AM techniques are becoming
widely adopted for use in non-critical applications, there are many unknowns concern-
ing the processing-structure-property relationships for AM metals, thereby hampering
their widespread adoption in critical applications. Complicating the processing-structure-
property relationships for AM metals even further, there are many different AM techniques
used to manufacture metal parts, making it difficult to establish universal relationships. In
general, industry and academia have typically classified these techniques into two main
categories: powder bed fusion (PBF) and direct energy deposition (DED) [5]. One of the
most commonly used PBF methods, and AM methods in general, is laser powder bed
fusion (L-PBF), which will be the main focus of this dissertation [6]. In L-PBF (seen in
Figure 1.1), a metal powder is spread or rolled (depending on the manufacturer) 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. The build plate is then lowered and another layer of
powder is spread on top of the lowered build plate. The scanning laser then melts the
next layer of metal powder. This is repeated layer-by-layer until the full three-dimensional
part is completed. L-PBF methods have many benefits over traditional manufacturing.

Additionally, L-PBF methods allow for near net-shape production of complex geometries
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that allow for the reduction in manufacturing time, reduction in post-processing time,
reduction in weight, and geometric flexibility, which are some of the most touted benefits
of AM [4].

To expand adoption of metal AM, especially in critical applications, a better under-
standing of the processing-structure-property relationships is needed. Modern L-PBF sys-
tems can have an overwhelming number of processing parameters to control. L-PBF
manufacturers tend to limit the number of processing parameters a user can control and
attempt to provide optimized processing parameters. However, due to the geometric flex-
ibility, it is difficult to achieve a standard parameter set that will be universally optimized
for every geometry and application. This has motivated significant research efforts into op-
timizing the AM processing parameters for specific structures or mechanical performance
[7-9]. The most commonly investigated processing parameters include the laser power,
laser scan speed, layer thickness, hatch distance, and scan pattern due to their direct impact
on the microstructure and defects in AM metals [8]. Although these are some of the more
commonly investigated parameters, as the AM field has grown, investigations into other
processing parameters have rapidly expanded. Much of this research has focused on un-
derstanding the evolution of the material structure due to changing processing parameters,
which is a vital link in understanding the processing-structure-property relationships.

The primary goal of this research is to improve understanding of the processing-structure-
property relationships in as-built L-PBF Inconel 718 (IN718) using materials characteriza-
tion and mechanical testing across multiple length scales. This dissertation consists of
three main studies. The first study focuses on the high-cycle fatigue life of as-built IN718
manufactured by laser powder bed fusion and tests the hypothesis that high-cycle fatigue
life is driven by two competing mechanisms: surface roughness and porosity. A com-
prehensive set of processing parameters was investigated, and the mechanisms driving
high-cycle fatigue life in as-built L-PBF IN718 were determined [10]. The second study
focuses on down selecting parameter sets from the first study to quantify the differences
of pore structure, microstructure, and quasi-static tensile properties due to changes in the
processing parameters using miniature tensile specimens [1]. The final study focuses on
testing the hypothesis that incorporating pore-pore interactions and pore ellipticity into a

void descriptor function (VDF) reported previously in the literature can serve to improve
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characterization of pore structures and provide an indication of fracture location. The
modified VDF is assessed using mesoscale tensile specimens machined from a subset of

the L-PBF IN718 fatigue specimens tested in the first study.

1.1 Overview of processing-structure-property relationships
in AM metals

One of the most vital aspects of the processing-structure-property relationships for AM
metals is the porosity. In ductile metals especially, one of the most important failure mech-
anisms is pore coalescence and growth [11]. Recent works have begun to acknowledge the
significance that porosity plays in the mechanical response in metal AM [10, 12-14]. With
this recent acknowledgement, there has been a significant amount of work investigating
the evolution of porosity due to AM processing parameters. Researchers have suggested
there are three main types of pores that can evolve in AM metals: gas pores, keyhole
pores, and lack-of-fusion pores [15]. Gas pores are commonly found in AM metals and
are typically spherical. Two different mechanisms can cause the formation of gas pores:
hollow powder particles and gas entrapment. With typical processes to manufacture metal
powders, gases can become entrapped inside of the powder particles [16]. When the
melting of the powder occurs, these entrapped gases remain in the molten pool unless
they can escape. Similarly, entrapment of the shielding gases or vapors from the material
can cause gas pores [17]. Keyhole pores are another type of pores commonly found in
AM metals. Keyhole pores typically evolve at high levels of laser energy density, where
keyholes become unstable and collapse [18-20]. Keyhole pores are typically spherical,
similar to gas pores, but can have variable sizes depending on the size and shape of the
keyhole prior to collapse. The third type of pore (or void) that can evolve in AM metals
is caused by lack-of-fusion. Lack-of-fusion pores are irregularly shaped voids that are
caused by an insufficient melting of the powder and occur in the low levels of laser energy
density [21,22]. Primarily, the lack-of-fusion pores and keyhole pores are the most sensi-
tive to changes in the processing parameters, which leads to large variations in porosity.
Additionally, the different types of pores have been shown to have different impacts on
the mechanical response [20,23-29]. For example, Hilaire et al. [30] showed that lack-of-

fusion pores (irregularly shaped) created localized stress concentrations and promoted the
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initiation of sharp cracks more so than spherical pores (gas pores). Additionally, Gribbin
et al. [31] showed that the fatigue life of L-PBF Inconel was directly attributed to the
presence of pores. Both of these works, along with many others, highlights the importance
of understanding the unique evolution of porosity and its corresponding impact on the
mechanical behavior in AM metals.

The microstructure of AM metals also presents a challenge in deciphering processing-
structure-property relationships due to the intrinsic anisotropy and heterogeneity in the
material [13]. The complex thermal history in the AM process produces unique microstruc-
tures that are generally not found in traditional metals. The microstructure in AM metals,
specifically in the as-built condition, consist of columnar grains elongated in the build
direction [32-35]. Additionally, common metrics characterizing the microstructure in met-
als may be insufficient for describing the microstructure in AM metals. A strong crystal-
lographic texture is also typically observed in most AM metals [36-38]. Although both
the grain morphology and crystallographic structure can contribute to the anisotropy in
mechanical properties, the morphology likely has a larger influence on the anisotropy
[39,40]. Despite general observations regarding the microstructure in AM metals, the
specific variations in microstructure are strongly dependent on the alloy and the type of
AM technique used. The remaining literature review focuses specifically on IN718, and
additional background is provided in Chapters 2 through 4.

Inconel is a nickel-based superalloy that has become increasingly popular specifically
in the aerospace, nuclear, and marine industries due in part to its ability to retain its
strength over a wide range of temperatures [41-43]. IN718, one of the most commonly
used Inconel alloys, is a Ni-Cr-Fe austenitic superalloy, which has excellent mechanical
properties especially at high temperatures and in corrosive environments [44]. A passivat-
ing oxide layer is created during the heating of Inconel, which provides thermal insulation
and corrosion resistance, leading to maintained strength at high temperatures [45]. IN718
consists of a g-fcc (face-centered cubic) phase, which is known as the g-matrix, that is
rich in nickel (Ni), chromium (Cr), and iron (Fe) [46]. It is a precipitation-strengthened
superalloy with the main strengthening phases being the g’-fcc and g”-bct (body-centered
tetragonal) phases, which consist of Ni3(Al Ti,Nb) and NizNb, respectively. The g”-bct

phase exhibits a higher degree of strengthening than the g’-fcc phase; however, the g”-bct
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phase metastability, which is a material’s ability to transform into another state, can lead
to additional phases such as carbides, d precipitates, and Laves phases. These additional
phases and precipitates typically have a negative impact on the mechanical properties [47].

Traditionally, IN718 has been used in wrought, cast, and powder metallurgy appli-
cations with great success. However, the high hardness and low thermal conductivity
of IN718 make it difficult and costly to machine [48-50], which can lead to tool over-
wear and poor surface integrity of the finished part [51]. AM techniques have shown
the ability to create near-net-shaped parts, which could solve many of the machining
concerns with IN718 [12]. IN718 manufactured by L-PBF methods has been shown to
have similar mechanical properties to wrought IN718 [52]. Wang et al. [52] showed that
the tensile strength and ductility of L-PBF IN718, which was solution treated and double
aged, were comparable to those of wrought IN718. Specifically, they observed an ultimate
tensile strength range of 1137-1358 MPa for L-PBF IN718 compared to 1200-1400 MPa for
wrought IN718 and observed an almost identical elastic modulus of 201 GPa versus 208
GPa. However, Hilaire et al. [53] reported the influence of varying processing parameters
on the microstructure, yield strength, and ultimate strength of L-PBF IN718 and concluded
that the optimization of processing parameters should be performed to maximize the
mechanical properties. Although L-PBF IN718 has shown similar tensile properties to
those of wrought IN718, the fatigue life of L-PBF IN718 has remained a concern and has
been shown to be significantly lower than that of wrought IN718 [54]. Specifically, Gribbin
et al. [31] showed that the decrease in low-cycle fatigue life of heat-treated (solution
treated and doubled aged) L-PBF IN718 was due to the presence of internal defects such
as porosity.

Based on the above review, there is a need to better understand the relationships among
laser-energy density, build orientation, pore structures, microstructures, and mechanical
properties for IN718, namely in the as-built condition. The studies described in the fol-
lowing chapters detail the impact of processing conditions on intrinsic material structures
and, in turn, their impact on bulk-scale fatigue properties (Chapter 2), microscale tensile
properties (Chapter 3), and mesoscale fracture behavior (Chapter 4) for as-built L-PBF
IN718.
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CHAPTER 2

MECHANISMS DRIVING HIGH-CYCLE
FATIGUE LIFE OF AS-BUILT IN718
PROCESSED BY L-PBF

The contents of this chapter are adapted from the following journal article: D.S. Wa-
tring, K.C. Carter, D. Crouse, B. Raeymaekers, and A.D. Spear, “Mechanisms driving high-
cycle fatigue life of as-built Inconel 718 processed by laser powder bed fusion,” Materials
Science and Engineering: A, vol. 761, p. 137993, 2019.

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 fa-
tigue 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. Increas-
ing surface roughness decreased the fatigue life due to increasing 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 analy-
sis 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
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on these findings, guidelines are offered to improve fatigue life of additively manufactured

Inconel 718 in the as-built, non-heat-treated condition.

2.1 Introduction

While additive manufacturing (AM) has become a popular tool in a variety of different
industries [2,56], there remain many unknowns regarding the relationships between the
build or process parameters and the corresponding quality, reliability, and the performance
of the parts [57]. 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) [5]. Powder bed fusion can be separated further into laser powder bed
fusion (L-PBF) [6] and electron beam melting (EBM) [58]. 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 repeated layer-by-layer, until the full three-
dimensional part is completed. 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 [4], including Inconel.

Inconel is a nickel-based superalloy that has become increasingly popular in the aerospace,
nuclear, and marine industries in part to its ability to retain its strength over a wide tem-
perature range. Particularly, Inconel shows excellent mechanical properties especially at
high temperatures and in corrosive environments [44], whereas mechanical properties of
aluminum and steels may degrade in such conditions [59-62]. Inconel creates a passi-
vating oxide layer during heating, which prevents the surface from further heating and
corrosion [45]. Additionally, Inconel shows an increase in strength due to solid solution
and precipitation hardening [63]. One of the most commonly used Inconel alloys is 718
[43]. 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 [48-50,64]. AM techniques have shown the ability
to create near-net shaped parts, which could solve many of the concerns with IN 718
[12]. IN 718 manufactured by L-PBF methods has been shown to have similar mechanical

properties to wrought 718 [52]. Wang et al. [52] showed that the tensile strength and



9

ductility of selective laser melted (SLM!) 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 1137-1358 MPa for SLM IN 718 compared to 1200-1400 MPa for
wrought 718 and observed an almost identical elastic modulus of 201 GPa versus 208 GPa.
However, Hilaire et al. [53] 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 properties. 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 [54]. Specifically, Gribbin et al. [31] showed that the decrease
in low-cycle fatigue life of heat-treated (solution treated and doubled aged), direct metal
laser sintered (DMLS?) 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 [26]. 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 scan power, laser scan speed, layer thickness, and build orientation) for
alaser powder bed fusion technique, 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
the 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
tield, where it may not be possible to perform heat treatments. To better 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

ISelective laser melting (SLM) is a commonly used L-PBF technique.

Direct metal laser sintering (DMLS) is another commonly used L-PBF technique.
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physical mechanisms driving the fatigue life of L-PBF IN 718 were investigated.

2.2 Methods and materials
2.2.1 Materials and processing parameters

The test specimens used in this study were fabricated from 3D Systems Inconel 718
powder, which was recycled powder within 3D Systems usable standards. Analysis of the
particle-size and aspect-ratio distributions of the Inconel 718 powder was performed in
accordance with the ASTM F1877 standard [65]. Standardized fatigue test specimens were
manufactured with a target gauge width of 6.36 mm and target gauge thickness of 3.10
mm, in accordance with the ASTM E466-15 standard [66]. Figure 2.1a shows the target
dimensions of the specimens. The specimens were built using 3D Systems ProX DMP
320 machine. In total, 25 different parameter sets were defined, each having a unique
combination 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 115 W to 465 W, with 11
different values selected within that range, and the laser scan speed ranged from 620 mm/s
to 1770 mm/s, with 13 incremental values selected. The values for the layer thickness
were set to the ProX DMP 320 standard thicknesses: 30 mm and 60 mm. 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 Figure 2.1b. For the purpose of this study,
the hatch spacing and spot size were held constant at standard values: 100 mm and 50
mm, respectively. The entire parameter matrix can be seen in Table 2.1. Additionally, all
of the 30 mm thickness specimens were built using contouring parameters of 115 W and
625 mm/s for the laser power and scan speed, whereas the 60 mm thickness specimens
were built using 165 W and 625 mm/s contouring parameters. The parameter ranges were
chosen such that volumetric laser-energy density (Er) ranged from approximately 30 to 90

J/mm?, based on optimal values specified by 3D Systems. The volumetric laser-energy

density is Ey = %, where P is the laser power, Vv is the scan speed, h is the hatch spacing,
and t is the layer thickness [67]. 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).
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2.2.2 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 mm by 711 mm. Ten different surface roughness metrics were
quantified for each specimen, namely Ra, Rms, Rt, Rsk, Rku, RzDIN, Rz]JIS, h, r, and s;. A

description of all of the surface roughness parameters is provided in Appendix A.

2.2.3 Fatigue testing

Following surface roughness measurements, all 75 specimens were cyclically loaded
(tension-tension) to failure with the maximum stress of 600 MPa, 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
stress amplitude, which would result in fatigue failure within a tractable number of cycles
(nominally 100,000). To that end, the stress amplitude was identified using S-N curves
(at R=0.1) from the literature for AM IN 718 [54]. Note that the reported yield strength
of L-PBF IN 718 is between 800 MPa and 1100 MPa [68,69], 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 20 MPa, 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 maximum applied stress of 600 MPa.

2.2.4 Fractography
Fractography analysis was performed on each specimen after fatigue failure using a
Hitachi S-2600N scanning electron microscope (SEM). Representative images for speci-
mens 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 specimens.
Additionally, representative images for specimens with different laser-energy densities but

the same build orientation were analyzed to investigate the sub-surface defects.
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2.3 Results
2.3.1 Powder characterization
Figure 2.2 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 Figure 2.2b).
However, some particles appeared to be partially fused (Figure 2.2c) and display an oblong
morphology (Figure 2.2d). SEM images similar to that shown in Figure 2.2a were used to
determine the powder particle-size distribution for a population of 534 particles, shown in
Figure 2.3, which is similar to those seen in the literature [52]. The mean particle size was

found to be 39.98 mm, compared to 43.8 mm reported by 3D Systems.

2.3.2 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 presented 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 correla-
tion analysis, it was found that no one parameter significantly correlated with high-cycle
fatigue life. Therefore, to simplify the presentation of results, only the average roughness
value (Ra) will be considered and discussed. Figure 2.4 shows representative surface
topography maps of each side of the specimens for each of the build orientations. For the 0
build orientation, 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 specimen is likely due to the supports that were needed during the
printing process (see Figure 2.1b). The 90 build orientation specimens showed the next
roughest surfaces with side three being the roughest (Figure 2.4c). 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 orientation 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.
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2.3.3 Fatigue life

Figure 2.5 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 Figure 2.5a exhibits a bell-shaped relationship with the laser-energy densities,
which tend to result in lower total fatigue life for lower and higher laser-energy densities.
Figure 2.5b shows a similar trend, although it is less pronounced. It is noted that one
specimen for the 60 mm, 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 manufacturing 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
ata 60 build orientation with a laser-energy density of 62.15 J/mm? and 30 mm thickness
resulted in the maximum total fatigue life among all parameter sets considered in this

study.

2.3.4 Fractography

Figure 2.6 shows the fracture surfaces of nine test specimens selected from 30 mm layer
thickness at three different laser-energy densities from each build orientation: 45 J/mm?,
62 J/mm3, and 77 J/mm3. The middle column corresponds to specimens displaying the
highest total fatigue life (62 ]/ mm? laser-energy density). In the first column (45 J/ mm?3),
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. Figure 2.7 shows
higher magnification images that revealed the majority of these defects consisted of lack-
of-fusion pores with powder particles present. Additionally, Figure 2.7 shows a significant
amount of secondary cracking and pores at high laser-energy densities. Figure 2.8 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 mm layer thickness specimens.

The main difference among the three build orientations was the number of crack initi-
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ation 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 specimens, and the fewest
in the 60 specimens. Figure 2.9 shows representative images of surface-crack initiation
sites. Surface-crack initiation predominantly occurred on sides three and four, which
corresponded to the roughest surfaces. There were approximately 63% more occurrences
of surface-crack initiation sites for the 0 specimens compared to the 60 specimens and
approximately 29% more in the 90 specimens compared to the 60 specimens (all for
the 30 mm layer thickness). Table 2.2 shows the number of surface-crack initiation sites

observed on the surface of each specimen.

2.4 Discussion
To facilitate the use of L-PBF IN 718 in fatigue critical applications, it is paramount to
understand the mechanisms that determine the fatigue 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.

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

The results from sections 3.2 and 3.3 are synthesized in Figure 2.10, 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 Figure 2.5 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
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lower roughness values, fewer surface-crack initiation sites existed. Figure 2.8 shows
overviews of representative surfaces of the three different build orientations at identical
laser-energy densities. There were approximately 60% more crack initiation sites on the
surfaces for the 0 build orientation compared to the 60 build orientation for the 30 mm
layer thickness. Others have demonstrated that multiple initiation sites lead to higher
crack driving forces [70-73], 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 (propagation cycles). Addi-
tionally, it can be postulated that some of the reduction in fatigue life could be due to early
onset of crack initiation. Spear et al. [74] 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 higher amount of crack initiation sites and a reduction in the
cycles to initiation 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 that work, Gockel et al. [9] held the build orientation constant while
varying contour power and scan speed of the fatigue specimens. They showed limited
correlation between surface roughness (Ra) and fatigue life, which they attributed to pow-
der particles on the surface that essentially obfuscate the underlying, 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 specimens
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 coefficients
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.



16

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
tixed build orientation (Figure 2.10). 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.

2.4.2 Relationship between the laser-energy density and the
high-cycle fatigue life

From sections 3.3 and 3.4, it is evident that for a fixed build orientation, fatigue life
is strongly dependent on sub-surface defect structure, which is, in turn, dependent upon
volumetric laser-energy density. Sheridan et al. [26] 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 parameters 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 investigated (only one value for the
M2 and three values for the EOS M290). Furthermore, the relationship between the vol-
umetric 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 [75,76]. Kantzos et al. [77] have shown
that the introduction of porosity due to varying processing parameters reduce the fatigue
life. For this specific AM process, an optimal range of volumetric laser-energy density
exists where the sub-surface defects (secondary cracking, porosity) are minimum, and the
high-cycle fatigue life is maximum. The optimal range was around 60 to 70 ]/ mm?> and
40 to 45 J/mm? for the 30 mm and 60 mm 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 (Figure 2.7). Typically, three to five Inconel particles were present in these
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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 defects than the low laser-energy densities. There was a
significant amount of secondary cracking observed (seen in Figure 2.7) along with fracture
initiating at sub-surface porosity. This could be due to keyhole (or other metallurgical)
pores [21]. The secondary cracking observed could be due to a similar mechanism to hot
cracking [78], hot tearing [79], or liquation cracking [80]. 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. [80] concluded that liquation cracking in additive IN
718 is due to the liquation of Laves/g particles during manufacturing. They also observed
that an increase in the heat input, due to processing parameters, showed an increase in
susceptibility to liquation cracking, which can be compared to the increase in cracking
observed in this work with an increase in the laser-energy density.

The fatigue behavior of L-PBF IN 718 presented in this study is consistent with litera-
ture showing that fatigue life in metals is typically driven by surface and sub-surface de-
fects [81-84]. The main contribution of this work is the establishment of links among L-PBF
build parameters and high-cycle fatigue-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 orientation, 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 metallur-
gical 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 significantly correlated with high-cycle fatigue life, there could be factors
leading to this perceived weak correlation. Outside of the optimal range of laser-energy
density, there is significant near-surface porosity that may be contributing to the weak
correlation. A separate Pearson correlation 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 magnitude of

correlation coefficient for Ra (-0.571 to -0.763) and a 29% increase in the magnitude of



18

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 process also likely contributes
to variability in fatigue life, the work presented here focuses on geometrical surface and
sub-surface defects induced by the L-PBF process and their corresponding impact on total

fatigue life.

2.5 Conclusion
In this study, a systematic design of experiments was performed to investigate the
relationships among process parameters, surface roughness, and the high-cycle fatigue life
in L-PBF IN 718. Based on the experimental fatigue results and fractography, the following

conclusions are made:

1. In the high-cycle fatigue life of L-PBF IN 718, there are two competing mechanisms
that influence the fatigue life. The first mechanism is due to the relationship be-
tween the surface roughness and the high-cycle fatigue life. The surface roughness
causes an increase in the number of surface-crack initiation sites, which reduces the
fatigue life. The second mechanism is due to the relationship between the volumet-
ric laser-energy density and the high-cycle fatigue life, which causes an increase in

sub-surface defects.

2. 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 shows that fracture initiation sites occur predominantly on
the surfaces of specimens for the 0 build orientation specimens with significantly
fewer surface-crack initiation sites on the 90 and 60 build orientation specimens.
Hence, the fatigue life is driven by the surface roughness. The surface roughness
contributes to the possible number of fracture initiation locations on the surface of
the specimen, which is predominantly due to the build orientation. The reduction in
fatigue life is due to higher crack propagation rates caused by an increased number

of surface-crack initiation sites.
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3. The total fatigue life within a specific build orientation follows a bell-shaped curve.
There is an optimal laser-energy density, depending on the layer thickness, for the
total fatigue life. For the 30 mm layer thickness, this value is around 60 to 70 J/mm?3.
For the 60 mm layer thickness, it is around 40 to 45 J/mm?. 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 vol-
umetric laser-energy density ranges, the sub-surface defects consist of keyhole (or
other metallurgical) pores and secondary cracking possibly caused by a hot tearing

like mechanism.

4. Similar to traditional materials, the total fatigue life in AM Inconel is dominated
by surface and sub-surface defects. Residual stresses may also affect the high-cycle
fatigue life, but were not investigated in this work. From this work, however, the con-
clusion can be made that to maximize the total fatigue life in 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 machining when possible.
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Table 2.1. Test matrix for L-PBF IN 718 processing parameter sets. For each parameter set,
three specimens were manufactured and tested.

Parameter | Power Scanspeed Layer thickness Build orientation Laser-energy density
set (W)  (mm/s) (mm) O (J/mm?)
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

Table 2.2. Number of observed surface-crack initiation sites from one representative
sample at each build orientation.

Build orientation | Medium laser-energy density
0 57
60 35
90 45
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Figure 2.1. Manufactured specimens. 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.

Figure 2.2. 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.
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Figure 2.3. Inconel 718 powder particle size distribution determined using SEM particle
mapping.
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Figure 2.4. Representative surface topography maps and Ra values for a) 0 build orien-
tation, b) 60 build orientation, and ¢) 90 build orientation. Note, contour limits for the
maps are scaled differently to enable visual contrast for each surface.
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Figure 2.5. High-cycle fatigue life versus volumetric laser-energy density for a) 30 mm
layer thickness specimens and b) 60mm layer thickness specimens.
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Figure 2.6. SEM images of fracture surfaces of high-cycle fatigue tested L-PBF IN 718 for
30mm at a) 45 J/mm?2 and 60 build orientation, b) 62 J/mm 2 and 60 build orientation, c)
77 JImm?® and 60 build orientation, d) 45 J/mm 2 and 90 build orientation, ) 62 J/mm 3
and 90 build orientation, f) 77 J/mm 2and 90 build orientation, g) 45 J/mm 2and 0 build
orientation, h) 62 J/mm 3and 0 build orientation, i) 72 J/mm 2and 0 build orientation.
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Figure 2.7. High-cycle fatigue life dependence on sub-surface defects.

Figure 2.8. Representative SEM images of fracture surfaces showing stable crack growth
(left of the boundary line) and nal fracture region (right of the boundary line) for 30 nm
layer thickness: a) 0 specimen with N s = 70523 cycles, b) 60 specimen with N = 194329
cycles, and c) 90 specimen with N § = 120255 cycles.
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Figure 2.9. Representative SEM images of surface cracks for a) 60 specimens, b) 90
specimens, ¢) 0 specimens, and d) a representative sub-surface initiation site.



