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Build time is a critical contributor to overall part cost in the Laser Powder Bed Fusion (L-PBF) process,
which in turn plays an important role in whether a part is made with this process or not. While there are
many ways to improve productivity in the L-PBF process, this work focuses on one specific approach in the
context of L-PBF of Inconel 718: increasing layer thickness, which reduces the number of slices for a given
part, but is accompanied with the potential for a degradation in mechanical properties. The study is
separated into two parts: the first establishes an optimal process at each of three different layer thicknesses
(30, 60 and 80 um). Having developed an optimum process, the study then obtains density, surface
roughness and mechanical property data on specimens fabricated with the selected processes, along with
SEM micrographs. Half the specimens are characterized and tested in the as-built condition, the other half
go through a heat treatment process that includes Hot Isostatic Pressing (HIP). This study of a total of 600
specimens across six builds confirms that an increase in layer thickness has no significant effect on elastic
modulus, but does show reductions in density and strength, along with slight increases in surface roughness.
Microstructural studies show no significant differences in grain size and orientation, with a slight increase
in carbides and delta precipitates with increasing thickness. Post-heat treatment mechanical strength for all
thicknesses is comparable to forged values for Inconel 718, and limited data suggest improvements in excess
of forged values can be obtained if specimens are machined prior to testing, with a narrowing of the
differences attributable to layer thickness. This study also showed correlations between strength and

density and revealed build location dependence for UTS.

Keywords as-printed, build rate, HIP, Inconel 718, laser powder
bed fusion, layer thickness, mechanical properties,

productivity, throughput

1. Introduction

The ability to manufacture complex geometries with metal
Additive Manufacturing (AM) processes such as Laser Powder
Bed Fusion (L-PBF) has opened new opportunities for
designers, manufacturers and engineers, particularly in the
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biomedical and aerospace industries (Ref 1). A key challenge to
the wider adoption of L-PBF, however, is the cost of producing
parts, in particular when they are intended for volume
production. While there are different cost drivers for an AM
made production part, a key factor is the cost of the machine
itself, often captured in product costs as a depreciation factor,
and the associated operation costs of running the machine (Ref
2). Each of these in turn is a function of build time, with faster
build rates typically resulting in lower per-part cost. Several
build time reduction approaches in the L-PBF process have
been proposed and developed, such as printing with multiple
lasers and optimizing process parameters for higher productiv-
ity. Other approaches like increasing the number of parts per
build can decrease the print time per part, as can be a reduction
in total part height (Ref 3).

The specific approach in this work is to examine the role of
layer thickness, one of the key process parameters in the L-PBF
process, along with power, velocity and hatch distance (Ref 4).
Increasing layer thickness has a very direct effect on reducing
build times since it reduces the number of slices one needs for a
given part and orientation. This in turn means fewer layers for
the laser to scan, as well as fewer layers for the coater blade to
have to deposit fresh powder for, which are the two main
components of build time in the L-PBF process. However, it
has been shown that increasing the layer thickness can
negatively affect properties of the manufactured parts, with
reductions in density, Ultimate Tensile Strength (UTS) and
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hardness documented (Ref 5). This is in part attributable to
variations in the Volumetric Energy Density (VED) that is
incident on the powder bed, which has been shown to influence
microstructure (Ref 6, 7).

Several studies across a wide range of alloys have evaluated
the effect of changing layer thickness on the properties of the
resulting structures. Design of Experiment (DOE) studies using
a pulsed laser on iron powder demonstrated that layer thickness
is a critical variable influencing density of as-built parts;
however, this was evaluated over a relatively large thickness
range of 200-400 um, with the authors concluding that the
200 um thickness was optimum for minimizing porosity (Ref
8). A similar conclusion was obtained on a study using 18Ni-
300 steel over a range of 30-60 um, concluding that density
reduced with increasing layer thickness, and that it also
negatively impacted macro-hardness but had no effect on
micro-hardness, with no results reported for layer thickness
effects on other mechanical properties (Ref 9). Other iron-based
materials were studied with a total of 20 specimens each on two
different L-PBF equipment sets, one with and one without, a
heated bed, at a thickness range of 20-60 um using a DOE
approach, concluding that increase in layer thickness reduced
tensile strength and elongation (Ref 10). Effects of heat
treatment were not studied, nor attempts to correlate behavior to
microstructure. A DOE approach was also applied to studying
effects of several parameters including layer thickness (20-35
um) on Ti6Al4V, also finding reductions in density with
thickness (Ref 11).

More relevant to this paper, a few recent studies have
examined the role of layer thickness on L-PBF of Inconel 718
specifically. The first of these examined effect of changing layer
thickness from 20-50 um, but reported microstructure and
mechanical properties only on as-built specimens without heat
treatment of any kind and did not report on sample sizes used to
establish mechanical properties (Ref 12). In addition to these
publications, several authors have conducted studies on L-PBF
of Inconel 718 with a wide range of process parameters,
compiled in Table 1. Most choices of layer thickness values lie
in the 20-50 um range, with only two references exceeding
50 pm.

To a first approximation, the total print time in an L-PBF
process can be said to be composed of scanning time (the time
it takes to melt each layer with the laser) and the coating time
(the time it takes for the coater blade to deposit a layer of
powder and for the scanning to begin). Simplifying this
approach by assuming a rectangular prism of a certain length,
width and height being melted, and neglecting nuances of scan
strategies, we can estimate these two time terms as:

. length width
Scanning time = — -
scan velocity hatch distance
height
_— Eq 1
* layer thickness (Fq 1)
height
Coating time = g * time for one coat (Eq 2)

layer thickness

Adding these two times gives us the total time for printing a
rectangular prism. For a velocity of 1400 mm/s and a hatch
distance of 0.08mm, and a coating time of 7.5s, the
relationship of total time to print ten 10mm cubes as a function
of layer thickness can be plotted and is shown in Fig. 1. This
demonstrates that increasing layer thicknesses can have a
significant impact on the total print time, especially when
starting from low layer thickness values. Beyond a certain point
however, increasing layer thickness does not provide propor-
tional benefits to print time reduction. This is true for the
geometry under consideration in this example, which does not
occupy a significant portion of the build volume. As total build
volume increases, laser scan velocity is expected to be a more
significant role in overall print time.

This work first establishes optimum processes at each of
three different layer thickness values: 30, 60 and 80 um, prior
to establishing the effects of these thicknesses on structure and
properties. This work differs from prior studies in two ways:
first, in its approach of separating the process optimization at
each layer thickness, from the study of relating layer thickness
to mechanical properties. In so doing, this work places
emphasis on developing a methodology for increasing layer
thickness in an industrial setting. Secondly, this study provides

Table 1. Process parameters in literature developed for L-PBF of Inconel 718, arranged in order of increasing layer
thickness

References Equipment Power, W Velocity, mm/s Hatch distance, mm Layer thickness, mm
Caiazzo et al. 2017 (Ref 27) EOSINT M270 195 1200 0.09 0.02

Wang et al., 2012 (Ref 28) Self-developed 170 417 NA 0.02
Sochalski-K. et al., 2015 (Ref29)  NA 185 1200 0.1 0.02

Choi et al., 2017 (Ref 30) Concept Laser MLab 90 800 0.08 0.025

Xia et al. 2016 (Ref 31) SLM-150 Guangzhou 110 400 0.06 0.03

Tillmann et al., 2017 (Ref 32) SLM250HL 175 620 0.12 0.03

Alafaghani et al., 2018 (Ref 33) EOSINT M 280 400 NA NA 0.04

Kelley, 2016 (Ref 34) EOSINT M 280 285 960 0.1 0.04

Popovich et al. 2017 (Ref 35) SLM 280HL 250 700 0.12 0.05

Sufiiarov et al, 2014 (Ref 36) SLM 280HL 245 755 0.09 0.05

Amato et al., 2012 (Ref 37) EOS M270 200 1200 NA 0.05

Jia and Gu, 2014 (Ref 38) NA 130 400 0.05 0.05

Nguyen et al., 2018 (Ref 12) 3D Sys. ProX-300 285 2500 0.05 0.02-0.05
Sadowski et al., 2016 (Ref 39) EOSINT M 280 285 960 NA 0.075

Karimi et al., 2018 (Ref 40) Renishaw AM 250 200 NA 0.1 0.075

Kuo et al., 2017 (Ref 41) EOSINT M280 400 7000 NA NA

Jia and Gu, 2014 (Ref 42) NA 130 400 NA NA
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Fig. 1. Predictions made by a simple time model for print time
showing relationship of time to layer thickness, and percentage
reductions specific to the two layer thicknesses in this study relative
to the 30 um baseline

data from the largest sample size published yet (100 per
condition), included as supplementary material. This large
dataset enables a robust analysis of statistically significant
differences between these layer thicknesses and correlations
between surface roughness, density and mechanical properties
of modulus, strength (yield and UTS) and elongation. Further,
this is done for both as-printed (without specimen machining or
heat treatment) and heat-treated parts to assess what improve-
ments, if any, the heat treatment can provide to mitigate the
negative effects of increasing layer thickness. Comparisons are
also made to machined specimens obtained from a subsequent
build on the same equipment as well as properties published for
forged Inconel 718. The objective of this work is twofold: to
assess if it is feasible to develop working processes at
thicknesses as high as 80 um for IN 718 on the L-PBF process
and secondly to compare properties across this thickness range
and develop insights into any observed differences. While the
focus of the work is limited to L-PBF of this one alloy, the
findings are expected to be more generally applicable.

2. Methods

2.1 Process Selection

An optimal process was first developed independently for
the 30, 60 and 80 um layer thickness values. This was done in a
two-step approach: the first step involved a cliff-finding study,
wherein a range of power, velocity and hatch spacing
parameters were explored with 10 mm cubes to identify those
that yielded specimens with sufficiently good print quality, as
determined visually. This information was used in the second
step to define the upper and lower bounds for each of these
three parameters, which along with a mid-point, was used to
define a full factorial 3 x 3 Design of Experiments (DOE), one
for each layer thickness setting, as shown in Table 2. A single
contour and a continuous hatching strategy were employed,
with a 90 degree offset between layers.

Journal of Materials Engineering and Performance

Table 2. Process DOE parameter and values for 30, 60
and 80 yum thicknesses

Low Medium High
Layer thickness: 30 um
Power (W) 100 200 300
Velocity (mm/s) 300 800 1300
Hatch spacing (mm) 0.09 0.115 0.14
Layer thickness: 60 ym
Power (W) 150 250 350
Velocity (mm/s) 220 720 1220
Hatch spacing (mm) 0.07 0.09 0.11
Layer thickness: 80 ym
Power (W) 150 220 290
Velocity (mm/s) 350 725 1100
Hatch spacing (mm) 0.08 0.09 0.10

A total of 108 10 mm cubes were printed, 27 in each of four
quadrants of a Concept Laser M2 400W single-laser powder
bed fusion system, as shown in Fig. 2, yielding four replicates
per DOE condition. The variation in the colors of the tops of the
cubes is on account of the varying surface textures obtained at
different combinations of parameters in Table 2. All 108 cubes
for each of the three layer thicknesses were removed from the
build plate using wire Electrical Discharge Machining (EDM)
without any heat treatment. Density was calculated using the
Archimedes method (Ref 13, 14), with each cube measured
three times and an average obtained. Obtained values were
converted to a relative density value comparing it to a baseline
density for Inconel 718 derived from averaging different values
obtained in industry datasheets as 8.196 g/cm® (Ref 15, 16).
Plots of relative density versus Volumetric Energy Density
(VED) were created and are shown in Fig. 3, with VED
computed using the formulation (Ref 17):

Volumetric Energy Density
Power (Eq 3)

- Velocity * Hatch Distance * Layer Thickness

VED, while a useful metric, does have challenges when
used as the sole process selection metric (Ref 17). However, the
data in the graphs on the left in Fig. 3 for each of the three
thicknesses show an increase in relative density with increasing
VED up to a certain threshold, after which the relative density
saturates close to the maximum value, and beyond a second
threshold starts to drop again. These data corresponded well to
observations of lack of fusion at low VED values and over-
sintering at high VEDs. As a result, upper and lower VED
thresholds were established for each of the three thicknesses, as
shown with the dotted lines on the left graphs in Fig. 3. To
select a process for this study, relative density values across the
four quadrants were averaged and the average values within the
VED thresholds were re-plotted—the VED thresholds thus
bounded a working process window with as-printed relative
densities in excess of 98.5%. A specific VED that yielded a
result right in the middle of this window was selected on the
basis of the argument that this process would in principle have
the widest process margin and better tolerate variations in local
heat conduction resulting from variations in geometry. This
approach was thus used to select a process at each of the three
layer thicknesses in this study, with finalized parameter sets
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Fig. 2. Build preparation setup and final build for each of the three layer thicknesses evaluated in this study, showing four replicates of a 27

cube DOE. Each cube has a 10mm side

provided in Table 3. All specimens involved in subsequent
discussion were fabricated with these parameters.

Cubes with the selected process parameters for each of the
three thicknesses were sectioned, polished, etched and imaged
per established methods for Inconel 718 (Ref 18). The objective
of obtaining these metallographic images was to qualitatively
verify the density values being obtained and also ensure the
melt pools conformed to expectation. Figure 4 indeed shows
evidence of both these points, with micrographs along the build
direction demonstrating negligible porosity and melt pools
corresponding to the different layer thicknesses, showing
adequate inter-layer melting even for the 80 um layer thickness.

2.2 Specimen Design and Manufacturing

A tensile test specimen geometry was selected based on the
ASTM ES8 standard (Ref 19). In this study, a plate type
specimen was selected and designed as shown in Fig. 5(a), with
2 mm selected for the thickness. Finite Element Analysis was
conducted on this specimen design to ensure stress concentra-
tion factors was under 1.1, which was obtained for a corner
radius of 18 mm between gauge and grip sections of the
specimen. All specimens were manufactured in the vertical
orientation only, as shown in Fig. 5(b). A single contour scan
strategy was employed with a 90 degree hatching offset from
one layer to the next, matched to the scan strategy used in the
previous study with 10 mm cubes. Laser parameters specified
in Table 3 were used for the three different layer thicknesses.
Since the primary goal of this study is to assess the feasibility of
increasing layer thickness in the powder bed fusion of Inconel
718 and assess its effects on mechanical properties, the vertical
orientation is expected to enable a direct assessment of this
since the loading direction experienced by the specimens is
along the build direction. A 10 x 10 matrix of specimens was
successfully built as shown in Fig. 5(b)—one build of 100
specimens was manufactured at 30, 60 and 80 um layer
thickness each. A second set of three such builds was then
fabricated again. All six builds were fabricated on the same
Concept Laser M2 400 W single laser machine, with Argon
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used as the inert gas. Powder used in all these builds had been
recycled at least three and no more than ten times. Specimens in
the first three builds were removed from the build plate using
the wire EDM process right after printing, with no heat
treatment (“as-printed”). Builds 4 through 6 went through
standard stress relief preceding specimen removal, followed by
Hot Isostatic Pressing (HIP) and final aging and solutionizing
heat treatments, following recommendations in ASTM F3055-
14a and AMS2774E. The stress relief step had an initial ramp
to 1400°F for 2 h, followed by a ramp to 1950°F for 90 min.
An examination of the thermal profiles after heat treatment
showed that the specimens also went through an additional,
unintentional solutionizing step at 1750°F for 1 h due to a
programming error, though this was assessed to be of low
impact due to the higher temperatures in the subsequent HIP
step. HIP was conducted at 100 MPa and 2048°F for four
hours. Final heat treatment consisted of a solution set
temperature of 1750°F for 1 hour, followed by a precipitation
set temperature of 1325°F for 8 hours with a cooling rate as
specified in AMS 2774E.

In summary, a total of 600 specimens were manufactured
across six builds, 200 at each of the three build layers. Half of
these were characterized and tested in an as-printed state, the
other half received heat treatment prior to data collection. As a
result, all subsequent data are presented with these two
distinguishing variables: layer thickness (30, 60 or 80 pm)
and post-processing (as-printed or heat-treated).

2.3 Characterization and Testing

2.3.1 Surface Roughness. Prior to mechanical testing,
specimens were scanned using a Keyence VR-3200 scanning
microscope which uses structured white light (Ref 20). A 5 mm
diameter circle was scanned on the flat section of the specimen,
5 mm from the top edge (in the build direction). An area
average, S,, was computed from each scan based on a
calculated reference plane, conducted at the high magnification
setting with 40x zoom. S, provides mean surface roughness by

Journal of Materials Engineering and Performance
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Table 3. Selected process parameters for each of three layer thicknesses in this study

Layer Thickness, yum Power, W Scan velocity, mm/s Hatch spacing, mm VED, J/mm®
30 200 800 0.09 92.59
60 220 725 0.09 56.19
80 300 950 0.08 49.34

Build Direction

Fig. 4. Micrographs for the three different layer thicknesses in this study, showing negligible porosity and clear melt pool formation in
correspondence to layer thickness, for as-printed cube specimens

’ 108.50 -
2,00
32,00

R18.00 —> A

30.00 — A A-A

) " N

(b)

Fig. 5. (a) Rectangular section specimen design developed for this study and (b) array of 100 tensile test specimens, all printed in the vertical
orientation. Six such builds were fabricated for this study, two at each of the three different layer thicknesses

calculating the difference of the height of a peak and valleys correction was applied to correct for any specimen warpage.
from the arithmetical mean plane of the surface, computed as a Surface roughness was measured for all 600 specimens in this
reference plane in the software. In-built reference plane study. The purpose of collecting surface roughness data is
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twofold: to examine the hypothesis that increasing layer
thickness increases surface roughness and to examine correla-
tions to mechanical property data.

2.3.2 Archimedes Method. The Archimedes method was
selected due to its ease of use and relative accuracy at high
density values (Ref 14). In addition to the more typical use of
the method for estimating density of additively manufactured
cubes, Archimedes density was also estimated in this study for
all 600 dog-bone specimens, prior to mechanical testing. A
specially designed density measurement kit with an analytical
balance with 0.0001 g precision was used with distilled water
as the liquid for immersion.

2.3.3 Mechanical Testing. Tensile tests were conducted
on all 600 specimens following guidelines documented in
ASTM ES8, using a tensile strain rate of 10> s™ (displacement
rate of 1.5 mm/min over a nominal gauge length of 25 mm)
and tested on an INSTRON 5985 (Ref 21). Specimen cross-
section thickness was measured using a standard micrometer
and width using calipers to obtain a section area, which was
used for computation of stress. Strain was reported using an in-
built non-contact video extensometer. Raw data from the
machine were extracted to a MATLAB code, a representative
set of which is shown in Fig. 6. ASTM E8 guidelines were then
used to further estimate elastic modulus, yield strength,
engineering Ultimate Tensile Strength (UTS) and percent
elongation using the automated code with manual verification
to ensure no spurious results.

2.3.4 Microstructure. Untested specimens were sec-
tioned within the gauge, polished to 0.05 um, etched with
Kalling’s reagent and imaged using a FEI Nova 200 SEM.

3. Results

For the 100 specimens built with the parameters in Table 2,
the actual build times for the 30, 60 and 80 um layer thickness
builds amounted to approximately 46.5, 24.5 and 17.5 h,
respectively. The higher 60 and 80 um layer thicknesses thus
represented a 48% and 63% reduction respectively, relative to
the 30 um build time, which is a substantial improvement in

build rate. These numbers also agree well with the simple
model proposed earlier (Fig. 1), which predicted a 50%
reduction when moving from a 30 to 60 um layer thickness and
a 62% reduction when moving from 30 to 80 um layer
thickness. The benefits of increasing layer thickness on
productivity are thus evident. This section examines how the
increase in layer thickness impacted properties.

3.1 Surface Roughness

Surface roughness S, values obtained from this study are
shown in Fig. 7(a) and (b), for each of the three layer
thicknesses and for both post-processing conditions. It is clear
that surface roughness increases as layer thickness increa-
ses—this trend is maintained both in the as-printed specimens
as well as the heat-treated specimens. A height map scan with a
Keyence 3D scanning microscope (Fig. 8a) shows how the
presence of the layers becomes increasingly evident as the layer
thickness increases. This is also visible in the SEM images
shown in Fig. 8(b) and (c), the latter at higher magnification.
The layering of melt pools is most evident on the edges, with
the feature becoming more prominent as layer thickness
increases. While the laser parameters (power, velocity and
hatch spacing) at each layer thickness vary, the profile shows
that layer thickness is the dominant factor driving the
differences in surface morphology. These height map and
SEM images validate the hypothesis that surface roughness
increases with increase in layer thickness, with statistically
significant differences observed from 30 um to the larger
thicknesses.

3.2 Archimedes Density

Obtained density values from all 600 specimens are plotted
in Fig. 9(a) and (b), for as-built and heat-treated specimens,
respectively. The HIP process within the heat treatment steps
clearly increased density for each of the three layer thicknesses,
but also increased the standard deviations associated with these
measurements. The as-printed density values do not show a
trend in relation to layer thickness, but a trend emerges after
HIP and heat treatment, with mean density reducing with

1000 T T
900
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300
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100

Engineering Stress (MPa)

80 um

0 5 10 15

20 25 30 35 40

Engineering Strain (%)

Fig. 6. Representative stress-strain curves obtained in this study for each of the three layer thickness specimens (30 specimens per condition

shown here, in the as-built condition)
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Fig. 8. Comparison of surface texture for the 30, 60 and 80 um layer thicknesses after heat treatment, all taken at the edge of the specimen: (a)
height map generated from a scanning microscope, (b) and (¢) SEM images at two different magnifications (see scale bar)
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Fig. 9. Archimedes density data for all three layer thicknesses: (a) as-built and (b) after heat treatment

increase in layer thickness while standard deviations associated
with them increases.

3.3 Mechanical Properties

A selection of stress—strain graphs obtained from mechan-
ical testing is shown in Fig. 6, for three layer thickness
conditions in the as-built condition and show a fairly well
behaved response in line with expectations. These data were
used to extract four of the most important metrics which are
plotted in Fig. 10(a), (b), (c) and (d), with comparisons to AMS
5663 published values for forged Inconel 718 included for
each. It is to be noted that forged properties are A-basis design
values, whereas the obtained results in this paper derive from
the specific study conducted here. Heat treatment (including
HIP) has the expected effect of increasing modulus and strength
while decreasing elongation. Yield strength and UTS show
reduction with increase in layer thickness, a fact that is evident
even after heat treatment. Modulus does not show significant
dependence on layer thickness. Elongation shows no depen-
dence in an as-printed state, but differences are evident after
heat treatment. Post-heat treatment values for strengths are
comparable to forged Inconel 718 with significantly higher
elongation and lower modulus observed. Of importance to note
is that these are all specimens that received no mechanical
finishing or machining after manufacturing and thus retain their
post-print surface morphologies at the time of testing.

3.4 Microstructure

SEM images were taken for untested, heat-treated speci-
mens, from sections made that revealed the X-Y (viewed along
the build direction) and X-Z (viewed perpendicular to the build
direction) planes, shown in Fig. 11(a) and (b), respectively. For
each layer thickness and plane, SEM images were obtained at
three different zoom levels. Prior literature of microstructural
studies in L-PBF generated Inconel 718 (Ref 22-26) were
consulted in an effort to identify phases and compare against.
The collection of SEM images in Fig. 11(a) and (b) shows no
significant difference in microstructure across the three layer
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thicknesses for both planes. As expected, melt pool boundaries
seen in the as-built condition (Fig. 4), can no longer be seen in
the heat-treated parts.

For the X-Y plane images in Fig. 11(a), the amount of laves
phase in the final heat-treated parts is diminished when
compared to the as-built condition (Ref 22, 23, 25). The large
precipitates (delta phase and carbides) can primarily be seen
along the grain boundaries, consistent with prior research (Ref
26). Annealing twins can be found for all three layer
thicknesses, and the twin boundaries are devoid of precipitates.
Grain sizes and distributions are relatively unchanged across
the 3 different layer thicknesses. A variety of grain sizes can be
seen ranging from 100 microns across to 10 microns (not
including the annealing twins).

For the X-Z plane images in Fig. 11(b), the grains
demonstrate some of the tall aspect ratio expected from the
directional diffusion of heat from the L-PBF process. Grain
annealing can be found, but it is evident that the carbides inhibit
grain growth. Annealing twins can be found for all 3 layer
thicknesses, similar to those visible in the XY plane. It appears
that the number of carbides and delta phase precipitates
increases slightly with increasing layer thickness, but delta
phase sizes are relatively consistent. Grain sizes and distribu-
tions are relatively unchanged across the 3 different layer
thicknesses. Given these similarities, one can conclude that,
with the exception of a slight increase in precipitates with layer
thickness, a similar microstructure was obtained for all three
layer thicknesses and their respective processes in this work.

4, Discussion

This work was motivated by a need to assess the feasibility
of developing a manufacturable process at increasing layer
thicknesses and additionally assess the debits associated with it.
Of most interest is the mechanical behavior after industry-
standard stress relief, HIP and heat treatment, which showed
that while elastic modulus of all three layer thicknesses were
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fairly similar, a statistically significant drop was noticed in yield
strength, UTS and elongation as layer thickness increased. The
total reduction on the mean values for both strengths from 30 to
80 um layer thickness is 3.7% for yield and 4.6% for UTS, with
the 60 um layer results in between. In this section, these results
are placed in context by providing comparisons to forged and
machined properties, performing correlation studies and exam-
ining variances. While these discussions are based on data
collected on the Concept Laser M2 system, the underlying
arguments are expected to be valid for other L-PBF systems as
well, with some variation in the mean values of material
properties to be expected.

4.1 Comparison to Forged and Machined Data

One way of contextualizing the above datasets is to compare
the mean values obtained for each of the three layer thicknesses
against data available for forged Inconel 718. Another way to
assess this is to evaluate it against specimens that were

30pm X-Y Plane

60pm X-Y Plane

80pm X-Y Plane

(a)

machined, instead of tested in their as-printed morphology, but
using the same process parameters and equipment used to
fabricate the specimens in this study. A parallel study of high
temperature behavior of the higher thickness layers was
conducted by an industry partner. Fourteen specimens were
fabricated using the same process parameters developed for the
60 and 80 um layer thicknesses each—30 um layer thickness
was not studied since the partner company already had
sufficient internal data at this thickness. Instead of the plate-
like specimens used before, 0.5 inch (12.7 mm) cylinders were
manufactured which were then machined down to a 0.25 inch
(6.35 mm) gauge diameter with a 1 inch (25.4 mm) gauge
length and tested under uniaxial tension at a strain rate of
5% 1072 s " at seven different temperatures from room to
1600 F (871 C), following ASTM standards E8 and E21. This
strain rate was chosen by the industry partner in keeping with
internal practice—while different from the one used in this
study (1 x 1072 s, it is still within the same order of

Fig. 11. Scanning electron microscopy (SEM) images showing microstructure of specimens after heat treatment for each of the three layers for
(a) X-Y plane (looking along build direction) and (b) X-Z plane (looking perpendicular to build direction. Arrows indicate features of interest:
A—Annealing twins, C—Carbides, D—Delta precipitates, and L—Laves phase
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thicknesses

magnitude to permit a valid comparison. While the cylinders
were additively manufactured on the same machine used in the
above work, heat treatment and HIP, as well as the mechanical

6216—Volume 31(8) August 2022

testing, was carried out at the industry site, but following the
same specifications used in this work. The obtained yield
strength and UTS for these specimens are shown in Fig. 12 for
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Fig. 14. Correlation plots for yield strength and UTS versus surface roughness and density. Density values above 8.25 g/cc were removed prior

to analysis and are not shown here

both layer thicknesses studied, at the seven different temper-
atures tested, with two specimens tested for each condition.
This dataset shows that machined specimens have little
differences in strength between the two layer thicknesses,
across the temperature range studied. The machined specimens
also have higher strength than that obtained for the specimens
in this study without machining and also outperform reported
forged Inconel 718 data, as shown in Fig. 13. This dataset
suggests that the 60 and 80 um layer thickness processes for
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machined specimens are both robust processes. It also suggests
that strength is reduced for specimens that are not machined,
and further that this reduction increases with increasing layer
thickness.

4.2 Correlation with Surface Roughness and Density

Characterization data for heat-treated 30, 60 and 80 um
specimens show that as layer thickness was increased, surface
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(a) Contour plot of Ultimate Tensile Strength for all six builds (600 specimens) for each layer thickness heat treatment condition.

Green indicates lowest UTS, black is intermediate, and red is highest UTS. Inset shows X and Y direction relative to the build platform. (b)
Post-heat-treated UTS across the build platform for all three layer thicknesses as a function of x and y position on the build platform

roughness increased and density reduced. It may thus be
expected that one or both of these two variables may bear some
correlation to the measured strength. After excluding 11 outlier
density measurements in excess of 8.25 g/cc (corresponding to
the upper 95% mean), the resulting data (284 data points) were
plotted with linear fits to assess strength of the correlation. As
shown in Fig. 14, strengths have no correlation to surface
roughness, but do have weak correlation to density, with p-
values for the latter below 0.001, suggesting that this relation-
ship is a statistically significant one. Based on this data, it may
be argued that the reason for the reduction in mean strength
(yield and UTS) is partly attributable to the increase in porosity.
The fact that this reduction is not observed for machined
specimens suggests that this porosity is primarily surface-
connected, and that it increases at the margins for higher layer
thicknesses.
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4.3 Within-Build Variation

The large dataset in this work enables a study of process
variation within a build, with each build having 100 identically
manufactured specimens. Since each of the 6 builds had a
different layer thickness or specimen design, build-to-build
variation data cannot be established. As a result, within-build
data were examined to establish any trends with respect to
location. None of the metrics showed a strong relationship to
location, except for Ultimate Tensile Strength. As shown in
Fig. 15(a), for as-printed and heat-treated specimens, across all
three layer thicknesses, the highest UTS values within a build
tend to occur in the middle of the build along the X-direction.
In other words, the edges closest to the dose and the overflow
chambers tend to have the lowest UTS. This is also evident
when plotted quantitatively, as shown in Fig. 15(b), in
particular for the 80 um layer thickness specimens. No other
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metric showed significant location dependence, suggesting that
this behavior is uniquely attributable to UTS’s dependence on
stress-localizing defects such as introduced by surface mor-
phology, for initiation of final failure in specimens when tested
under tension, and further that there is a higher defect density in
the L-PBF process at the edges of the build platform, and that
the impact of this on UTS grows with increasing layer
thicknesses.

5. Conclusions

This work examined the feasibility and resulting effects of
increasing layer thickness in the laser powder bed fusion
process, as specifically applied to Inconel 718 for vertically
built tensile test specimens on a 400W single laser Concept
Laser M2 machine. The following conclusions can be drawn
from this study:

e As-printed relative densities in excess of 99% were ob-
tained for layer thicknesses up to 80 um

e As-printed properties show statistically significant reduc-
tions in yield strength, UTS and elongation and increases
in surface roughness measured on vertical walls, with
increasing layer thicknesses. No significant change in den-
sity or modulus is observed across the layer thickness
range 30-80 um.

e Stress relief, HIP and heat treatment show improvement in
modulus and strength properties for all layer thicknesses,
with density also showing significant reductions at higher
layer thicknesses.

¢ Post-heat treatment UTS shows weak, but statistically sig-
nificant correlation with density, and dependence with
build location, especially for higher layer thicknesses.

¢ Post-heat treatment mechanical properties in general are
comparable to forged properties. Machined specimens
show significant improvement.

This work recommends a path for increasing layer thickness in
the L-PBF process for Inconel 718. While there is a reduction
in strength with increasing layer thickness, this reduction may
be acceptable if within allowable values for the application of
interest. The present study only focused on vertically manu-
factured specimens, and some of the findings in this study, such
as surface roughness effects, could be exacerbated for 3D parts
with downfacing, supported and angular, unsupported surfaces.
However, this work suggests that components like functional
prototypes, tooling and non-critical load bearing structures,
where higher surface roughness may be tolerated, can be
manufactured with the higher layer thickness process with no
significant impact to part performance, and significant benefits
to productivity and cost.
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