Version of Record: https://www.sciencedirect.com/science/article/pii/S0921509322010838
Manuscript_8e15fbf9¢3¢4b80932059a194472a419

Volumetric energy density impact on mechanical properties of additively manufactured
718 Ni alloy

Benjamin Stegman?, Anyu Shang?, Luke Hoppenrath?, Anant Raj®, Hany Abdel-Khalik®, John
Sutherland®, David Schick?, and Victor Morgand, Kirti JacksonY, Xinghang Zhang® *,

* School of Materials Engineering, Purdue University, West Lafayette, IN 47907, USA
® School of Nuclear Engineering, Purdue University, West Lafayette, IN 47907, USA
¢ School of Environmental and Ecological Engineering, Purdue University, West Lafayette, IN 47907,

4 Proto Precision Additive LLC, 4113 Leap Rd, Hilliard, OH 43026
*Corresponding author: X. Zhang, xzhang98 @purdue.edu

Abstract

The 718 Ni-based superalloy has gained enormous attention in the additive
manufacturing community for its great weldability, allowing for complex geometries to be
formed, and its superb mechanical strength. Here we explore the influence of a wide range of
major build parameters on microstructures and mechanical properties of 718 Ni alloys.
Volumetric energy density appears to be one of the major parameters that capture the
relationship between energy input and measured mechanical properties and microstructures of
the alloys. A threshold energy density was identified below which the properties of the additively
manufactured specimen degrade substantially. The influence of energy density on the quality of
the built specimen simulated using Flow3D AM correlates well with the experimental results.
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1. Introduction

718 Ni-based superalloy fabricated by laser powder bed fusion (LPBF) has been
extensively studied, partly because of its wide applicability to the aerospace and nuclear fields
[1-3]. 718 Ni-based superalloy has a face centered cubic (FCC) y matrix strengthened by y” and
v” and has a maximum operating temperature of 650 °C [4,5]. In the as-printed (AP) state, the
718 Ni-based superalloy contains a columnar grain microstructure along the build (Z) direction
and a more equiaxed morphology in the XY plane. Due to the high solidification speeds and
thermal gradients, cells form with dislocations decorated around cell boundaries, unlike the
typical dendritic casted equivalents [6,7]. This phenomenon leads to local solute rejection of
heavy elements manifested by Nb and Mo microsegregation along the cell walls [8§—11]. The
dislocation cell walls act as diffusion pipelines for microsegregation [12]. During the LPBF
process, residual heat leads to the precipitation of small scale laves and delta phase at the
junctions of the cellular walls in the AP state [8,10,13]. The laves and delta phases are
undesirable because they have limited slip systems, and lead to embrittlement [14—17].

With LPBF technology currently receiving such great attention, there is an industry-wide
need for a parameter normalization technique to determine proper printing parameters that
produce specific mechanical properties. The current best practice uses an empirical value called
the volumetric energy density (VED) that is believed to be closely tied to process performance.

The VED is defined as

P
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Where P is the amount of input energy, and v, & and d are the scanning speed, hatch spacing and

layer thickness, respectively. Many researchers explored the effects of VED on the



microstructure or mechanical properties of various alloys, and have noted that VED is a valuable
evaluation tool [18,19,28-33,20-27].

Previous VED studies on alloy 718 and different materials have led the LPBF community
to coin three printing regimes: lack of fusion (LOF), conduction, and keyholing regime
[22,23,25-27,32-34]. LOF occurs when the chosen printing parameters input insufficient energy
to overlap melt pools, thereby leaving pockets of partially sintered or unsintered powders.
Porosity arising from LOF or trapped gases may drastically degrade mechanical properties,
especially the fatigue life, of the material [35-39]. The conduction regime describes the
parameter range where typical thermal conduction of the melt pool occurs and forms a typical
semi-circular shape melt pool that is large enough to overlap with previous laser tracks to create
a near fully dense material [22]. This regime is where the majority of parameter refinement
occurs to optimize cell size, grain size, dislocation density and crystallographic orientation. The
keyholing regime occurs at elevated VEDs, which causes the melt pool to become deep enough
to trap many reflections of the laser beam [22,26], and a highly elongated melt pool generally
forms. Subsequently porosity is trapped at the bottom of the pool because the melt pool folds
back onto itself from extreme pressures of metal vaporization [29].

The microstructure, including grain size, cell size and crystallographic orientation is
important in controlling mechanical properties. Watring et al. and Keshavarzkermani et al. show
that a lower VED can decrease the matrix cell size as the thermal gradient increases and helps to
further decrease the formation of laves phase by limiting the degree of solute rejection [23,30].
Cell size has been used as a microstructure parameter to describe Hall-Petch strengthening effect
with some success [6,40,41]. The work by Voisin et al. and Riabov et al. supports this idea by

identifying plastic deformation accumulation along the cellular walls using the Kernel average



misorientation (KAM) maps generated from the electron beam scattering diffraction (EBSD)
technique [7,42].

Grain structure in LPBF alloys is often characterized by the columnar grains in the ZY
plane and smaller grains decorate the melt pool boundary while larger grains span across the
melt pool width, in the XY plane [23,24]. Similar to cell size, grain size often increases with
increasing VED [23,43,44]. The melt pool depth and width increase with the VED as the thermal
gradient decreases, permitting greater degrees of continuous crystal growth. This enhanced
crystal growth promotes specific crystallographic orientation. While depending on the
underlying seed layer, the preferred crystallographic orientation should align with the direction
of thermal gradient, which macroscopically is the build direction (BD), but locally is normal to
the melt pool boundary [23,34]. For FCC metals, like the y matrix, and body centered cubic
(BCC) metals, the <100> crystallographic orientation typically solidifies along the orientation of
the thermal gradient [45—47]. For various FCC systems such as 718 Ni-based superalloy,
Hastelloy-X, 316 stainless steel and BCC systems such as pure chromium, once a high enough
VED is reached, a preferred <100> texture aligns with the BD [19,20,24,33,48-50]. In contrast, a
significant number of the LPBF studies reports a preferential <110> solidification direction
aligned with the BD, once the VED has passed a certain threshold level [20,42,43,49,50]. More
work is needed to unravel these discrepancies and identify the underlying causes. Nope et al.
used the VED as a primary screening tool for porosity and microstructural optimization in 718
Ni-based superalloy [21]. The printing of three variants of a successful VED led to both
successful and undesirable microstructures, suggesting the potential flaws behind this key

parameter. In addition to VED, parameters such as laser spot size, build plate temperature and



build strategy (i.e., layer rotation angle and/or island scanning) should be considered as they
interplay into the outcoming microstructure and mechanical properties.

In the current study, we explore a wide range of printing parameters (including laser
energy, scanning speed, hatching space, and laser spot size, and location within the build) on the
evolution of microstructures and tensile properties of laser powder bed fused (LPBF) 718 Ni
alloys. Our study suggests that VED can still be used a guiding parameter to tune the mechanical
properties of the 718 alloys. Furthermore, a threshold VED has been identified below which the

mechanical properties degrade substantially due to the defects induced by LOF.

2. Experimental Methods
718 Ni-based superalloy powders were purchased from Carpenter Inc. The powder lot

was certified -16/+45um and the respective chemistry can be found in Table 1.

Ni Cr Fe Nb+Ta Mo Ti Al Mn Si Co C Ta (0] N

IN718
(wt.%)

Bal. 1923 18.79 4.99 300 098 045 0.02 0.04 0.06 0.03 0.05 0.02 0.01

<0.001

Table 1. Nominal measured powder chemistry of the IN 718 alloy.

Vertically aligned tensile bars with the dimensions of 50 x 10 x 1.5 mm were printed with Smm
tall supports with a 45°-degree layer rotation build strategy in a Concept Laser M2 by Proto
Precision Additive LLC. A combinatorial design of experiments, which combined laser powers of
300, 325 and 350W, scanning speeds of 750, 1000 and 1250 mm/s, and hatch spacings of 100,
130 and 160 um, a layer thickness of 50um and laser spot size of 150 um were used to print 27

different parameter sets with 4 dogbones per set. These parameters, seen in Figure 1, were



chosen to both create a systematic DOE as well as a widespread range of volumetric energy

densities. The

—

ZV:Planer =

Scanning Speed (mm/s)
750 1000 1250

100(80), | 100(60), | 100(48),
130(62), | 130(46), | 130(37),
160(50) | 160(38) | 160(30)

300

100(87), | 100(65), | 100(52),
130(67), | 130(50), | 130(40),
160(54) | 160(41) | 160(33)

325

Laser Power (W)

100(93), | 100(70), | 100(56),
130(72), | 130(54), | 130(43),
160(58) | 160(44) | 160(35)

350

*100, 130, 160 pm-> three variations of hatch spacing

**(xx) denotes energy density of sample set in J/mm3
***Layer thickness=50 um

Figure 1. Macroscopic image of the build plate containing all vertical tension samples printed on
support structures with each sample randomly distributed onto the build plate. Expeimental
matrix showing three laser powers, 300-350 W, three scanning speeds, 750-1250 mm/s, and
three different hatch spacings, 100-160 um, with the volumetric energy densty bolded next to
each hatch spacing. A 50 um build layer thickness was used for the entire experiments. For
reference the red, green and blue color coding of the VED represent the high, medium and low
VEDs for each combination of laser power and scanning speed.
316 stainless steel build-plate was kept at 150 °C and the oxygen concentration was maintained
at or below 1500 ppm during the build process.

AP samples were prepared by standard mechanical grinding and polishing procedures to
a sub-micron colloidal silica final step. X-ray diffraction (XRD) 2-theta peak analysis and
residual stress measurements were conducted on a PANalytical Empyrean X'pert PRO MRD
diffractometer with a 2 x Ge (220) hybrid monochromator to select Cu Ka1, using a step size of

0.3° and 0.005° and a time-per-step of 0.2 and 0.6 seconds, respectively. Due to sample

geometry restrictions, XRD experiments were only conducted on the ZY plane to show texture



and measure residual stress. The residual stress measurements followed the ASTM E112
standard, which focuses on a single planar XRD peak and measures it as chi (angle around x-
axis) changes from 0°, 18.44°, 26.57°, 33.21°, 39.23° to 45°. The slight shift in peak 20 results
in a change in interplanar spacing (D), which can be plotted versus the sin?(y) producing a linear

relationship. Then using equation 2, the residual stress can be calculated

Oresiavar = (77) (533),.., (52) @
restdual = \ gsin2y) \1+v hkl \Do

by measuring the slope of the change in interplanar spacing versus the change in sin?) and using
the elastic modulus (E) of that planar direction, the Poisson’s ratio (v) and the measured

interplanar spacing at X = 0 (D,) [51,52]. The chosen plane of interest was (111) and an average
value of the Exz0 of 276 GPa and a Poisson’s ratio of 0.29 were used for the calculation [53-56].

Scanning electron microscopy (SEM) micrographs were collected on a Thermo Fisher
Quanta Field Emission Gun (FEG) 650 SEM. Secondary Electron (SE), Backscattered (BSE) and
electron dispersive spectroscopy (EDS) SEM experiments were performed for fractography and
microstructural analysis on a Quanta 650 SEM microscope equipped with an Ametek Hikari
detector. An Ametek EDAX Hikari EBSD detector was utilized to quantify grain orientation,
grain boundary characteristics and grain size distribution, using a step size of 0.8um. Energy
dispersive X-ray spectroscopy (EDS) experiments were used to characterize elemental
segregation on a Quanta 3D FEG SEM.

All tension tests were carried out on an MTS machine, using a 30 kN load cell, an
approximate 30 N preload to mitigate any slipping effects and a constant strain rate of 7.5 x 10
s’l. Each tension sample was laser engraved from the tensile bars to a dogbone with the
dimensions seen in Figure 4 and then mechanically ground and polished prior to testing. Work

hardening rates were measured based on the modified power law work hardening,
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where g, 0y, K, € and n are the plastic flow stress, yield stress (YS) value, strength coefficient,
strain and the work hardening exponent, respectively [57]. Other work hardening models like
ones proposed by Ludwigson and Tian-Zhang were assessed but the modified power law work
hardening model was determined to be most applicable to the microstructures typical in LPBF
alloy 718 and the observed work hardening behavior [58,59]. A modeled work hardening plot
was then generated and the derivative of that was taken to model the work hardening rate. An
instantaneous work hardening rate was also plotted and matched well with the modeled version.
The intersection between the true stress-strain curve and either of these work hardening rates is
the standard method for measuring the uniform elongation, or the onset of necking. This
intersection point represents the onset of necking is also known as the Considere Criterion
[60,61]. This method of determining the uniform elongation and ultimate tensile strength (UTS)
was compared with simply taking the maximum stress value of the plastic region as the UTS and
point of uniform elongation. This assumption matched well with the modeled values and
therefore was used throughout this study due to its simplicity.

Flow3D AM is a commercial software package that contains a discrete element modeling
(DEM) program to simulate powder settling simulations which then relies on a computational
fluid dynamics (CFD) simulation that mimics a heat source (laser) and simulates the meso-scale
melt pool thermal and internal velocity components. The settling simulations used a spring
constant, coefficient of restitution (normal and tangential), particle & wall static friction
coefficient, particle & wall dynamic static friction and cell size of 90, 0.3, 0.2, 0.15 and 56 um,
respectively. The powder size distribution (PSD) came from Microtrac data of a different lot of

additive alloy 718 powder produced and measured by Praxair Surface Technologies Inc.. 10



different powder sizes were selected by averaging values of the upper and lower bins for each
section and using their respective weight percentages. The settled layer was designed to be
slightly thicker than the 50 um layer used so that the layer thickness could be manually trimmed
down to ~50um. In the laser welding simulations, a 4-track simulation, each track length being
~600 pum in length, was run for all cases in the DOE matrix to evaluate the accuracy of the model
and any insight it can provide for the experimental findings. The laser was given a circular shape
with a gaussian powder distribution with a spot radius of 75 pum. The truncated 50 pm thick
powder bed was placed onto a flat, fully dense 150 pm layer that was used to mimic a build
plate. Both the powder bed and previous layer were preheated to 150 °C to match the
experimental settings. The multiple reflections mode was activated which assumed a Fresnel
reflection mode and a maximum of 5 reflections to make the simulations more realistic.
3. Results
3.1 Mechanical properties, fracture surfaces and residual stress

Density, tensile strengths, and ductility results show clear and significant trends with
respect to VED. Figure 2a-c show that the relative density, YS, and UTS increase prominently
with increasing VED, until the VED reaches ~ 46 J/mm?, beyond which the density slightly
decreases, while the YS and UTS decrease moderately at a steady rate. As shown in Fig. 2d, the

n value increases rapidly with VED up to ~ 46 J/mm?, and then increases slightly afterwards.
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Figure 2. The variation of (a) relative density, (b) yield strength, (c) tensile strength, (d) work
hardening exponent with volume energy density (VED).

Figure 3 (a) and (b) demonstrate how the uniform elongation and elongation to fracture behave

similarly with an initial large increase with VED and then gradually increase beyond the VED of

46 J/mm?>. A prominent change in slope of all these plots occurs at the threshold value of ~46

J/mm?. The YS/elongation-to-fracture ratio decays exponentially with respect to VED (Fig. 3(c)),

meaning the point closest to origin would be the optimal parameters to have a well-balanced

strength and formability. The parameters can be further tuned to an application’s need of the

material. Energy absorbed during plastic deformation (integration underneath the stress-strain

curve) increases rapidly with VED, and reaches a plateau beyond 46 J/mm?.
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superimposed with a logarithmic fitting line.

Among all specimens, sample sets with VED of 30, 46, and 93 J/mm? were chosen for

comparisons because these VED parameters produced the specimens with quite different (lower

and upper bound) mechanical properties. Figure 4 (a) shows that mechanical properties of each

set of specimens are in general reproducible. For VED of 93 J/mm?, the specimens had the best

ductility (~ 30%). In contrast, samples with VED of 30 J/mm? had the lowest ductility (< 10%),

and those printed at 46 J/mm? had the optimal strength and ductility. Furthermore, the YS of 46

J/mm? specimens is 580 + 21 MPa, greater than the 93 J/mm? specimens, 483 + 16 MPa. Figure

11
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the work hardening rate of the 30 J/mm? is much less and does not intersect with the stress-strain
plot.

Figure 4. (a) Comparison of engineering stress-strain curves for specimens manufactured using
the three VEDs (30, 46, 93 J/mm?). (b) Characteristic true stress-strain curves plotted with their
respective work hardening rate.

Post deformation fractography revealed three different surface morphologies, faceted
surface, inter-cellular fracture and ductile dimple fracture. Figure 5 (a), (d) and (g) show clear
signs of residual powders due to lack of fusion (LOF) in the 30 J/mm? sample set. Figure 5 (b),
(), and (h) of the 46 J/mm? samples show small micro-cracks and cellular fracture surfaces.

When VED = 93 J/mm?3, Figure 5 (¢), (f) and (i) show the most ductile fracture surface

manifested by high-density small dimples.
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Figure 5. (a-c) Low magnification SEM micrographs of the fracture surfaces of the 30 J/mm?, 46
J/mm? and 93 J/mm? samples, respectively. (d-f) Medium magnification SEM micrographs
showing key differing features, such as unsintered powder in the 30 J/mm? specimen, cracks in
46 J/mm?®, and dimples in 93 J/mm® sample. (g-i) High magnification SEM micrographs
revealing key features, the lack of fusion, inter-cellular and highly dimpled surface in each
sample.

XRD experiments were conducted on all tested specimens on the ZY plane prior to
tension testing. The 2-theta scans revealed that almost all parameter sets had a specific relative
peak intensities. Figure 6 (a) shows that the (111) / (200) peak intensity ratio of 93 J/mm?
specimens is similar to the alloy 718 powder. Whereas the (111) / (220) peak intensity ratio
decreases rapidly with for VED of 30 J/mm?, 46 J/mm?>. Residual stress measurements using the

sin?y method in Figure 6 (b) also revealed that 46 J/mm? specimen has the largest residual

stress, followed by 93 J/mm? and then 30 J/mm? specimens.
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Figure 6. (a) Characteristic XRD spectra of the samples on ZY plane printed with different
energy density and alloy 718 powder. (b) XRD (111)/(200) peak intensity ratio plotted vs. VED.
(c) Sin%X method used to determine the residual stress samples printed with various VED.
3.2 Microstructural Analysis

BSE SEM experiments were conducted to evaluate the microstructure of the as-printed
specimens. The 30 J/mm? samples contained irregular shaped pores due to LOF. BSE SEM
micrographs in Figure 7 (a) and (d) shows some examples of the pores near unsintered powder in
both the XY and ZY planes. Dislocation cellular walls were decorated with precipitates and the
average cell size is 1.94 pm. The 46 and 93 J/mm? samples have an average cell size of 1.39 and

2.95 pm (Fig. 7b-c). Precipitates were observed along cellular walls in both specimens.

Columnar grain growth along cellular walls were also observed (Fig. 7e-f).

14



i Y3
3 W DI=12195 -+
> N ‘ R A
. g ’. Tadd,
Oxide 7 3 * %4

B Contaminants

Epitaxial
Growt

N . 1

Melt Pool Chemical h

Boundary. ' Microsegregation
= I Gradient

i)

BD. BD .BD AT A

Figure 7. (a-c) Backscattered SEM micrographs of the XY plane, showing the polygonal cellular
features of the 30 J/mm?, 46 J/mm? and 93 J/mm?® samples, respectively. Cell size (D) has been
labeled in the figures. (d-f) Backscattered SEM micrographs of the ZY plane, highlighting the
aligned columnar shape of the cells.

EDS experiments characterized the specific elements that segregate to the cell walls, Nb
and Mo, with no other clear elemental segregation. Figure 8 shows the chemical segregation of
Nb and Mo along the cellular walls in both the 46 and 93 J/mm? samples. Higher degrees of

microsegregation were observed in the 46 J/mm? sample.

15



46 J/mm?3

93 J/mm?3

igure 8. BSE and EDS micographs of the 46 J/mm? samples (a-c) and the 93 J/mm?® (d-f)
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samples, highlighting the Nb and Mo microsegregation along the cellular walls.

EBSD experiments were performed to examine the grain structure, grain boundary
characteristics and crystallographic orientation in the undeformed state. The XY plane of the 30
J/mm? sample (Fig. 9a) shows an average respective grain width (W) and length (L) of 35 and 22
Mm; and the ZY plan (Fig. 9d) shows columnar grains with W and L of 26 and 115 pm
respectively. The 46 J/mm? specimen has an average W and L of 52 and 31 pum along XY plane

(Fig. 9b), and an average columnar grain W and L of 29 and 175 pm on ZY plane (Fig. 9e).

16
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Flgure 9. (a-c) IPFs of the XY plane of the 30 J/mm?, 46 J/mm?’ and 93 J/mm?’ samples with
respective grain width and length, and LAGB/HAGB ratios. (d-f) IPFs of the ZY plane for the
corresponding specimens.

The 93 J/mm? sample sets have an average W and L of 38 and 39 pm on XY plane, and
27 and 89 pm on ZY plane. The ratio of low angle/high angle grain boundaries (LAGB/HAGB)
is 14-17% for the 46 J/mm? specimen and 30-35% for the 93 J/mm? specimen. Also, there is no
apparent preferred crystallographic orientation in the 30 and 46 J/mm? sample sets. But in the 93
J/mm? sample set, the XY plane shows a preference for <100> and <113> crystal orientation,

while in the ZY plane, the preferred orientations appear to be <111> and <113>.

17



3.3 Flow3D Simulations

Figure 10 shows the XZ and YZ (side view) and XY (top-down view) perspectives of the
three AM parameters sets of interest: 30 J/mm?, 46 J/mm?, 93 J/mm? used for Flow3D
simulations (See supplementary video 1-3 for details). These simulations can be used to model
the evolution of the melt pool depth, width and length for a given set of parameters.
Additionally, the Computational fluid dynamics (CFD) modeling allows for the examination of
LOF and porosity from keyholing. In this work, only LOF was observed in the 30 J/mm? sample

set (Fig. 10 a,d,g) and the chosen VED ranges did not produce any form of keyholing defects,

YZ Plane | XZ Plane

Figure 10. Flow3D snapshots of the 4 laser track simulations showing the (a-c) second track on
the XZ plane of the 30 J/mm?, 46 J/mm? and 93 J/mm? samples, (d-f) second track on the YZ
plane of the corresponding samples, and (g-i) the full four track simulation on the XY planes of

the 30 J/mm?, 46 J/mm? and 93 J/mm? samples, respectively.
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4. Discussion
4.1 Influence of VED on mechanical behavior

Fig. 2 and 3 reveal a threshold VED value, ~ 46 J/mm?, where the density, YS and UTS
reach a maximum. A similar trend has been observed by Wu et al. in AM AlSi10Mg [62]. They
recorded an initial increase in mechanical strength until a threshold VED value where the typical
trade-off between strength and ductility begins to take over, although their trends were less
pronounced [25,62]. The AlSi10Mg showed signs of the keyholing regime as early as 50-70
J/mm?, which was not seen in our 718 Ni-based superalloy. These difference can most likely be
attributed to the large differences in melting temperature and powder-laser interaction due to
aluminum’s high reflectivity [63].

In this study, the largest YS difference, which was between the 46 J/mm? and 87 J/mm?
sample sets, is ~100 MPa. The 30 J/mm? and 46 J/mm? sample sets exhibited the largest
difference in UTS, 200 MPa. Varying laser energy density from 30 to 93 J/mm? led to reduction
in work hardening exponent, uniform elongation and elongation to fracture by 33%, 16% and
24%, respectively. The large differences between the LOF and conduction regime is primarily
caused by the porosity from LOF seen in Figure 5 (a), (d) and (g) and Figure 7 (a) and (d). These
irregularly shaped pores have the most deleterious effects on the UTS, uniform elongation and
elongation to fracture as shown in Figure 2 and Figure 3. Their differences in mechanical
properties require a multifaceted explanation, including the grain boundary characteristics, cell
size and residual stress.

4.2 Grain size, grain boundary nature and texture effect on mechanical behavior
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The grain size marginally increases with increasing VED due to in-situ annealing and
dislocation annihilation in the 93 J/mm?® sample set during printing. But the overall strength
differences between the 46 J/mm? and 93 J/mm? sample sets due to grain size difference in the
XY or ZY plane is negligible. The morphology of the XY plane grains within the laser track
shows a significant change. The 30 J/mm? sample contained smaller grain sizes in both the XY
and ZY plane. The grains in the 46 J/mm? sample sets have the grains with typical higher aspect
ratios spanning across the melt pool, while the 93 J/mm? sample sets have a more equiaxed grain
structure within the laser tracks. The change in grain aspect ratio will likely affect the
deformation behavior of the material. This morphological change is due to the melt pool
becoming larger at higher VED, as modeled in Figure 10 (c) and 10 (f). The larger melt pools
provide less geometrical constraints by reducing the steep thermal gradients normal to the melt
pool.

Besides grain morphology changes, the nature of the GBs between these two sample sets
is significantly different. The ratio of LAGB/HAGB in the 93 J/mm? sample set is 2 times as
much as the 46 J/mm? sample. HAGBs are known to be stronger barriers than LAGBs to the
transmission of dislocations, and hence increases the mechanical strength of metallic
materials. Yalcinkaya et al. showed through a polycrystalline plasticity framework model that at
a higher degrees of grain misorientations (i.e. HAGB) leads to a greater number of stress
concentration points in a polycrystalline model [64]. This observation can partially explain the
increased n observed in the 93 J/mm? sample set as shown in Figure 2(d) due to the increased
ratio of LAGB/HAGB. Figure 9 also demonstrates a crystallographic shift in the XY and ZY
plane from a random oriented grain structure in the 46 J/mm? specimen to a predominant <100>

and <112> orientation. Prior studies show that for FCC metals, like the y matrix, the <100>
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crystallographic orientation typically solidifies along the orientation of the thermal gradient [45—
47], and can become a predominant texture direction.
4.3 Cell size effect on mechanical behavior

Cellular morphology has been widely observed in LPBF materials. It has been argued
that this unique microstructure provides increasing mechanical strength over its conventionally
produced counterparts [6,65—72]. In this study, while the cell size and degree of
microsegregation vary depending on relative location within each melt pool due to changing
thermal gradients, certain trends can be identified. BSE studies show the area with the highest
thermal gradients has the smallest cells with the least amount of microsegregation because solute
rejection is suppressed. This phenomenon is apparent in Figure 7 (f), with the larger cells from
the previous melt pool directly beneath the center of the melt pool boundary and the much finer
cells growing upward from the melt pool boundary. The cell size is more irregular in the 30
J/mm? sample, likely due to enhanced nucleation around the LOF. Between the two fully dense
sample sets (the 46 and 93 J/mm?), an increase in cell size (D) by 100% from 1.39 to 2.95 um
was measured. The increase in cell size can be directly attributed to the decrease in thermal
gradient caused by the larger melt pool of the higher VED sample sets [73]. The Flow3D
simulations in Figure 10 prove that the 93 J/mm? sample displays the deepest and widest melt
pool. Furthermore this increase in cell size has also been shown to correlate inversely with a
decrease in Y'S, similar to the Hall-Petch relationship [68,69]. While using a similar Hall-Petch
relationship has shown some success to describe in the increasing YS, a more comprehensive
analysis is required in the future to accurately capture the cell size effect.

The variation in YS can be attributed partially to the solute segregation and density of

dislocations along cell walls. The BSE micrographs in Figure 7 (b) and (e) clearly show
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dislocation cell wall contrast in the 46 J/mm? samples, and solute segregations along cell walls
have been confirmed in EDS maps in Figure 8 (a-c). In contrast, in the 93 J/mm? samples, Figure
7 (c) show these enlarged cells have little to no cellular wall contrast. The lack of contrast
implies the degree of microsegregation has been significantly reduced, as confirmed in Figure 8
(d-f). The reduced solute segregation and diminishing cell wall contrast indicate that the
dislocation density along the cell walls in the 93 J/mm? samples is likely low and thus the
resistance of these cell walls to the propagation of mobile dislocations may be low, leading to a
reduced YS. Voisin et al. showed dislocation densities declined simultaneously with elemental
homogenization during heat treatment [7]. The high VED in the 93 J/mm? specimen may have
provided sufficient energy in the form of in-situ annealing for the previously solidified volumes
around the laser, leading to reduced solute segregations, less dislocations along cell walls and a
lower thermal gradient, which induces increased cell size.

Micropillar compressions presents an excellent technique to probe the effects of cells on
mechanical behavior of AM alloys. Liu et al. has demonstrated with micropillar compression,
that cell walls decorated with elemental segregation mainly provide strengthening without
diminishing ductility [73]. Li et al. also discovered an increasing YS for smaller cell size in AM
316 stainless steel, and contended that the increasing dislocation density contributed to the
increased Y'S [68]. This perspective agrees well with the increased strain accommodation along
the dislocation cell walls shown by Voisin et al. [7].

4.4 Residual stress effect on mechanical behavior

The tensile residual stress, measured via the sin’(y) method, in the 46 J/mm?® samples is

estimated to be 50 MPa greater than the 93 J/mm? samples. A greater tensile residual stress will

lead to reduction of the measured YS and UTS as shown previously [74]. Hence it is likely that
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the 46 J/mm? sample may be intrinsically stronger than what we have measured experimentally if
it does not have tensile residual stress. The influence of residual stress on mechanical behavior of
AM 718 Ni alloys can be investigated by performing a series of heat treatment, which will be
carried out in our future studies.
S. Conclusion

In this work, a detailed investigation of the relationship between VED and mechanical
properties was conducted. The high density of data points span over a broad range of VED, 30-
93 J/mm?, making this study unique in reliably capturing the variation of mechanical properties
with VED. The key finding is that VED can be used as a major parameter to describe the part
quality in terms of their mechanical properties even though it may lack some ability to capture
the full physics of the LPBF process. When decreasing VED from 93 to 46 J/mm?, the YS and
UTS increase accompanied by moderate reduction of work hardening exponent and uniform
elongation, due to increasing fraction of high-angle grain boundaries and decreasing cell size,
and the tensile residual stress slightly increases. Below 46 J/mm?, the mechanical behavior of the
alloy degrades substantially due to increasing LOF porosity. This study confirms the significance

of VED in tailoring the microstructures and mechanical properties of LPBF 718 Ni alloys.
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