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Additively manufacturing high performance metals by laser processing represents an exciting opportunity to
exploit localized properties by varying input parameters throughout the process. This work explores the solid
ification and microstructural properties of selectively laser melted (SLM) Inconel 718 (IN718) using unique
processing parameters. By employing traditional pulsed laser physics techniques, samples were manufactured
with a continuous wave laser to study a potential ubiquitous approach. While the overall power density was
controlled, the power, speed, and hatch spacing were varied. The porosity and grain sizes of the samples were
characterized by optical and scanning electron microscopes. The influence of processing parameters showed
physical differences in the final samples. Sample degradation was observed in higher power processes with
porosity up 10%, likely due to increased temperatures and more intense thermal gradients.

1. Introduction
The emerging field of additive manufacturing (AM) is driven by
growing interest in lightweight [1,2], high strength [3], functional de
vices [4]. A common approach to fabricate metal additive parts is known
as selective laser melting (SLM). This process starts with a fine layer of
metal powder and uses a laser to locally melt the powder and produce
3D structures [5]. SLM can create high-resolution structures with min
imum feature sizes on the micrometer scale. For example, this design
process allows for fine lattice features that are controlled by the input
file to the printer. It is possible to tailor the microstructure within the
part to meet design objectives by altering the machine processing pa
rameters including the laser power, speed, and hatch spacing. Further
more, tailoring the microstructure can improve a structure’s efficiency
by implementing site-specific properties [6] or fail-safe structures for
operational safety [7]. However, these structures cannot be properly
implemented unless the influence of the machine process parameters on
their microstructure is understood.
The nickel-based superalloy Inconel 718 (IN718) is an ideal material
for SLM due to its high weldability and high temperature resistance.
Numerous researchers have produced SLM IN718 parts that are highly

dense with tensile properties that meet or exceed conventional IN718
after being subjected to a heat treatment [8–10]. Multiple studies have
also been performed to determine the fatigue [11,12] and creep [13,14]
behavior of SLM IN718. However, these material properties may not be
consistent between similar parts printed in different machines, since
there are approximately 130 parameters that can affect a part’s overall
quality [15]. Therefore, it is important to fully understand the rela
tionship between these parameters on a part’s overall quality to ensure
that SLM repeatedly produces consistent high-quality parts that can be
replicated on multiple machines.
The selected process parameters will affect a component’s micro
structure by controlling its grain formation and growth. The grain shape,
size and crystal structure are dependent on its elemental composition.
For example, the grains of IN718 are face-centered cubic (FCC) in crystal
structure, since the primary element in IN718, nickel, has an FCC unit
cell. Non-primary constituents are incorporated into the primary con
stituent’s matrix in order to modify the alloy’s material properties, and
these non-primary constituents also influence the size and shape of the
grains. One example is niobium, which is added to IN718 as the primary
strengthening element and forms multiple phases. The tetragonal γ”
phase (Ni3Nb, D022) is responsible for precipitation hardening during
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aging [16], while the orthorhombic δ phase (Ni3Nb, D0a) inhibits grain
growth [17]. The process parameters selected may affect these second
ary phases since, in contrast to traditional manufacturing, laser-based
manufacturing is a localized, time-dependent process [18]. Repeated
solid and liquid-solid state phase transformations occur during SLM that
create localized thermal cycles [19] which are known to produce mi
crostructures
that
are
finer
than
those
found
in
conventionally-manufactured materials [20,21]. These cycles also pro
duce secondary phases that are smaller than the phases found in
conventionally-manufactured IN718. Its γ’ and γ” phases can easily be
measured using optical or scanning electron microscopy (SEM) [22];
however, these phases cannot be detected in SLM IN718 without the use
of transmission electron microscopy [23]. Therefore, the effects of the
process parameters on the microstructure must be fully researched since
the grain size, grain shape, and amount of secondary phases affect the
tensile properties of IN718.
In addition to the microstructure, the selected process parameters
will also affect the formation of defects in a component. Typical defects
observed in the additive process are microporosity and lack of fusion
[24]. Microporosity can be detrimental to parts because the pores could
act as crack initiation locations. Microporosity forms by overexposing or
underexposing metal particles with energy [25]. Overexposure causes
the input energy to exceed the threshold that the material can maintain,
which leads to ablation of lighter elements in the alloy. The type of
exposure also determines what shape the pores will have. Overexposure
produces round spherical pores, since the lighter elements become
spherical prior to ablation. This phenomenon happens because surface
tension causes the liquid pool of metal produced during SLM to reach its
lowest energy state, which is spherical in nature. Underexposure leads to
sharper, less-rounded shapes due to the partial melting of metal parti
cles. Microporosity can also be formed by entrapped gases that are
released during printing [26]. The location of the pores can also be
influenced by the amount of energy exposure. For example, Gong et al.
noted that pores are common inside melt pools with keyhole geometry
due to high input energy density [27]. In order to reduce the size and
amount of pores in SLM parts, the relationship between the process
parameters and the formation of defects must be properly characterized.
The effects of the process parameters on the material properties of
SLM parts are typically studied by focusing on the volumetric energy
density (VED) [28–30]. However, Scipioni Bertoli et al. have argued that
comparing the VED alone is not sufficient to compare structures built
using different process parameters using different machines [31]. Some
researchers have proposed using a local laser fluence (LLF) as an alter
native metric for comparison [32,33]. LLF is the measure of the average
interaction time of applied energy per volume of material. Unlike the
VED, LLF describes a localized phenomenon that is dependent on the
laser spot size instead of the hatch spacing. Both the LLF and VED will be
analyzed and compared in this study in order to determine how they
influence the final quality of SLM parts.
This research presents a study of the melting dynamics of SLM that
evaluates the predictive capability of the fluence equation on the impact
of laser power, scan speed, and hatch spacing. Samples were additively
manufactured using SLM and the grain and microstructure of the sam
ples were characterized using SEM. Specifically, this method combines
SLM with parameter development to attain insight into melting
mechanics.

2. Materials and methodology
2.1. Material
The material used for this study was gas atomized IN718 alloy
powder purchased from Powder Alloy Company. It had a distribution of
particles between 5 and 50 μm with the elemental composition seen in
Table 1. Test specimens were printed with a Concept Laser M2 cusing 3D
printer equipped with a 1064 nm YAG laser and automated lens. Strong
adhesion at the substrate-part interface for dimensional stability was
achieved by texturing the substrate pre-build with abrasive silica [34].
Twelve cubic specimens were printed in a grid pattern on a single build
plate. A CAD model of the build plate with the printed specimens is
presented in Fig. 1(a). The specimens were printed with a 4 mm offset,
which allowed them to be removed from the build plate with wire
electrical discharge machining. The final dimensions of the specimens
were 10 mm × 10 mm x 10 mm. Fig. 1 (b) shows an individual specimen
after removal from the substrate. The markings on the two side faces
were added as reference points.
2.2. Process parameter selection
The scan strategy selected for the specimens was a bi-directional
serpentine pattern (Fig. 2(a)) that globally formed islands. Different
combinations of laser powers, hatch spacings, and scan speeds were
selected in order to vary the fluence. These combinations are presented
in Table 2. Each specimen is identified using the laser power followed by
the hatch spacing. Two fluences, the global laser fluence (GLF) and the
LLF, were calculated for each specimen, as presented in Fig. 2(b) and (c).
The GLF and LLF describe the energy exposure of the entire print surface
for one print layer and the energy exposure when the laser travels one
spot size distance on a single print layer, respectively. GLF is identical to
the VED described in the introduction of this manuscript, but will be
referred to as GLF to highlight how both GLF and LLF are measurements
of applied energy per unit volume. Mathematically, GLF is defined by
the equation presented by Thijs et al. [25], among others, as
GLF =

P
,
v⋅t⋅y

(1)

where GLF is a function of the laser power (P), scan speed (v), layer
thickness (t), and hatch spacing (y). LLF is defined mathematically using
the equation presented by Shelton et al. [33]:
LLF =

4P

π⋅v⋅t⋅s

(2)

.

As seen in Eq. (2), LLF is related to GLF but is dependent on the spot size
(s) and shape instead of the hatch spacing. Since fluence is a timedependent measure, the importance of this study in conjunction with
the continuous-wave laser used is important when looked at in respect
with its irradiation time. For LLF, the irradiation time is provided as the
indirect relationship of the laser scan speed. A direct relationship be
tween GLF and LLF is expected based on Eqs. (1) and (2).
2.3. Surface analysis
Both optical microscopy and SEM were used to analyze the speci
mens’ surfaces to determine their relative density and microstructure,
respectively. The specimens were prepared for microscopic analysis by

Table 1
Chemical composition of powderized metal alloy.
Element

Ni

Cr

Fe

Nb + Ta

Mo

Ti

Al

Co

C

(wt %)

54.05

18.08

17.69

5.32

2.93

0.97

0.45

0.20

0.03

Less than 0.1 wt% of B, Ca, Cu, Mg, Mn, N, O, P, S, Si.
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Fig. 1. (a) A rendering of the samples printed in a grid pattern on a single substrate. (b) The actual printed sample. Markings on two of the side faces were added to
each cube as a reference.

in Fig. 3. First, images of each specimen’s surface were acquired using a
Zeiss Stereo microscope (Carl Zeiss, AG, Oberkochen, Germany) in order
to calculate the specimen’s relative density. An example optical image is
presented in Fig. 3(b). The relative density was calculated with a Matlab
(Mathworks, Natick, MA, USA) script by using pixel counting to deter
mine the area fraction of the voids to the total measured surface area. A
black and white threshold was selected and applied to each image to
separate the pores from the specimen surface. As seen in Fig. 3(c), the
pores were assigned white pixels, while the surface was assigned black
pixels. The script was also able to determine the number of pores on each
surface by assigning an ellipsoidal shape to clusters of white pixels. The
Matlab script allowed the density to be estimated without using the
Archimedes approach. Calculations based on the Archimedes method
can lead to artificially high density, since unmelted powder trapped
within pores will contribute to the part’s overall mass, but not its
structure.
The specimens’ microstructures were characterized with a MAIA-3
Field Emission SEM (FE-SEM)(TESCAN, Brno, Czech Republic) equip
ped with an EDAX electron backscatter diffraction (EBSD) analyzer.

Fig. 2. (a) A representation of the interaction of the laser with the sample,
showing the difference between the (b) global and (c) local fluence.
Table 2
Process parameters used to create each specimen. The layer thickness was 25 μm
and the laser spot size was 50 μm.
Specimen
ID

P
(W)

V
(mm/s)

y
(μm)

LLF
(kJ/mm3)

GLF
(kJ/mm3)

75–40
75–80
90–40
90–80
105–40
105–80
135–40
135–80
150–40
150–80
165–40
165–80

75
75
90
90
105
105
135
135
150
150
165
165

175
175
210
210
245
245
315
315
350
350
385
385

40
80
40
80
40
80
40
80
40
80
40
80

0.437
0.437
0.437
0.437
0.437
0.437
0.437
0.437
0.437
0.437
0.437
0.437

0.429
0.214
0.429
0.214
0.429
0.214
0.429
0.214
0.429
0.214
0.429
0.214

cutting the specimens into halves using a precision diamond blade saw.
One half was then mounted perpendicular to the build plane in a
conductive resin. Each mounted specimen was then ground using SiC
paper up to 800 grit, polished using a polycrystalline diamond suspen
sion up to 1 μm, and vibratory polished using a 0.02 μm colloidal silica
to produce a smooth surface. This process also revealed the specimens’
microstructures for SEM analysis.
The specimens were analyzed as presented in the process flowchart

Fig. 3. Flowchart of the experimental process. (a) After the specimens were
created and processed, (b) optical images of their surfaces were acquired to (c)
analyze the surfaces’ porosity. (d) EBSD maps were then acquired to study the
specimens’ microstructure.
3
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EBSD maps were collected using a 20 kV electron beam. The maps were
collected on the surfaces perpendicular to the print direction to observe
changes in the grain structure resulting from changes in the hatch
spacing. An example EBSD map is presented in Fig. 3(d). Three EBSD
maps were collected for each specimen in order to perform statistical
analysis on the grain sizes. Each grain map contained 1000–3000 grains.
The collected EBSD maps were analyzed using EDAX’s orientation im
aging microscopy (OIM) software to determine the average grain di
ameters and crystal orientations.

as white pixels. The pores appear to be randomly located and most
appear circular in geometry, which indicates that the selected power and
speed combinations overexposed the specimens in those regions. The
specimens’ quantitative porous regions are tabulated in Table 3. The 80
μm samples have a much higher density on average, which shows how
global fluence plays a direct role in porosity. Within the 80 μm hatch
spacing specimen set, the specimens produced with the lowest power
and speed combinations (75 W and 90 W) have the highest densities.
Fig. 6 presents the total density of each specimen grouped by laser
power. The greatest influence on the specimens’ porosity appears to be
caused by the hatch spacing. In almost all cases, the 80 μm hatch spacing
specimens were denser than the corresponding 40 μm hatch spacing
specimens. Four out of the six 80 μm hatch spacing specimens had
densities that were greater than 99%, while four out of the six 40 μm
hatch spacing specimens were less than 90% dense. The decreased
density of the 40 μm hatch spacing specimens is probably caused by the
significant overlap of the melt pools during printing. Xia et al. noted that
using small hatch spacings relative to the laser spot size resulted in
increased thermal gradients across the melt pool, which in turn resulted
in increased energy input into the print layer [35]. As a result, the 40 μm
specimens were more prone to overexposure than the 80 μm specimens.
Fig. 7 presents the total area and number of pores on each specimen’s
surface grouped by the laser power. There is some evidence that
increasing the laser power increases the size of the pores generated in
the specimens. For example, the pore area remains consistent within 4%
for the 135-40, 150-40, and 165-40 specimens, but the number of pores
decreases by approximately 22% as the laser power increases over that
range. A similar trend is observed with the 105-40 and 135-40 speci
mens. It is unclear why the 105-80 and 135-80 specimens have total pore
areas that are more than 10x greater than the other 80 μm hatch spacing
specimens. Other factors such as the build location may need to be
studied to determine the cause of this phenomena.

2.4. Computational analysis
The physics of the laser interaction with a representative sample was
studied using a transient thermal model in ANSYS (Canonsburg, PA,
USA). A rectangular block (1 mm × 1 mm x 0.5 mm) was designed and
meshed within the software package. The sample was assigned con
ventional IN718 material properties included in the ANSYS software
package. The model was created assuming 3-dimensional (3D) con
duction could occur anywhere within the sample, while convective heat
transfer could only occur in the direction normal to the top plane, as well
as at the bottom of the substrate to represent the large heat sink prop
erties of the build plate that the substrate is built upon. It was also
assumed that radiation could take place anywhere on the top surface to
the ambient environment. The laser was modeled using a script incor
porating a Gaussian heat source equation (Eq. (3)):
Q(x, y, t) = P⋅exp

B⋅((X − Xo)2 + (Y − v⋅t − Yo)2 )
r2

(3)

where P is the laser power, B is a constant, v is scan speed, X, Xo, Y, and
Yo are spatial coordinates at time t and r is the radius of the beam. The
time was resolved into substeps that integrate through the total time for
a scan path across the designated geometry.

3.2. Grain analysis

3. Results and discussion

Following the optical density characterization, microstructural
characterization was performed by collecting EBSD maps from each
specimen. The EBSD maps for the 40 μm and 80 μm specimens are
presented in Figs. 8 and 9, respectively. The process parameters appear
to have an effect on the grain orientation. The grain maps presented in
Figs. 8 and 9(c) and 9(d) do not exhibit any orientation preference, while

3.1. Porosity analysis
Images of the 12 specimens’ surfaces are presented in Figs. 4 and 5.
The images have been binarized to highlight the amount of porosity on
their surfaces. As previously stated, the porous regions are represented

Fig. 4. Optical micrographs of the specimens’ prepared surfaces (hatch spacing = 40 μm).
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Fig. 5. Optical micrographs of the specimens’ prepared surfaces (hatch spacing = 80 μm).
Table 3
Average porosity area, density, and porous regions grouped by hatch spacing.
The measured surfaces are perpendicular to the print direction.
Power (W)
40 μm
specimens

80 μm
specimens

Porosity
(mm2)
Density
(%)
Regions
(Qty.)
Porosity
(mm2)
Density
(%)
Regions
(Qty.)

75

90

105

135

150

165

0.423

2.74

1.73

2.62

2.60

2.51

98.2

88.5

92.8

89.0

89.1

89.5

515

1595

1530

989

840

777

0.024

0.011

2.25

2.41

0.083

0.041

99.9

99.96

90.7

90.1

99.7

99.8

70

38

1232

1103

76

37

Fig. 7. Total pore area (bars) and number of pores (lines) measured for
each specimen.

the grain maps presented in Fig. 9(a), (b), 9(e) and 9(f) exhibit a strong
<001 > preference. This suggests that the process parameters used in
Fig. 9(a), (b), 9(e) and 9(f) caused the previous layer to partially remelt
which resulted in epitaxial growth into the top layer [36], while the
other parameters did not. This phenomenon also explains why the
75–80, 90-80, 150-80, and 165-80 specimens were significantly denser
than the other specimens.
The specimens’ average grain sizes are tabulated in Table 4. The
hatch spacing appears to have the greatest influence on the average
grain diameter. The evolution of the microstructure from the melt pools
is observed through the presence of discrete scan lines as seen in Fig. 8.
The smaller hatch spacing appears to create nucleation barriers to the
grains. As the specimen cools after re-crystallization, the grains show a
preference for growth rather than coalescing. The average grain size
ranges from 5.1 to 8.8 μm for the 40 μm hatch spacing samples, while the
80 μm hatch spacing samples have average grain sizes ranging from 9.6
to 14.0 μm.

Fig. 6. Density of the specimens grouped by the laser power and hatch spacing.
The 80 μm hatch spacing specimens are typically denser than the 40 μm hatch
spacing specimens.
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Fig. 8. Micrographs of the FCC grain structure for specimens printed using different power settings while maintaining a constant LFF (hatch spacing = 40 μm).

Fig. 9. Micrographs of the FCC grain structure for specimens with 80 μm hatch spacings printed using different power settings and a constant LLF.

3.3. Computational study

Table 4
Average grain diameters grouped by hatch spacing. The measured surfaces are
perpendicular to the print direction. Edge grains were included in the
calculations.
Power (W)

75

90

105

135

150

165

40 μm
specimens
(μm)
80 μm
specimens
(μm)

6.6 ±
1.0

6.2 ±
0.6

5.1 ±
1.0

8.8 ±
2.4

8.5 ±
0.9

8.4 ±
0.7

12.2 ±
1.8

12.7 ±
2.1

9.8 ±
1.6

9.6 ±
2.0

12.6 ±
1.3

14.0 ±
1.6

The variation in physical results is primarily due to the meltpool
physics of cyclic melting and re-solidification of the powder and un
derlying substrate surface. Once the laser is coupled with the powder
during the melting process, a thermal field is primarily governed by
conduction through the material. To better understand the relationship
between laser interaction and substrate heating, thermal simulations
were carried out with Ansys at different operating powers and velocities.
A Gaussian heat energy source was input at the surface of an IN718
substrate for evaluation. The resultant 3D simulated temperature dis
tribution models are depicted in Fig. 10(a–f). As previously mentioned,
the heat energy source was able to penetrate and distribute onto the
6
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Fig. 10. Thermal profile of the laser interaction with an IN718 substrate using laser power and speed combinations of a) 75 W, 175 mm/s, b) 90 W, 210 mm/s, c)
105 W 245 mm/s, d) 135 W, 315 mm/s, e) 150 W, 350 mm/s, and f) 165 W, 385 mm/s. A constant LLF was maintained for all thermal models.

Credit

deposited surface in all directions. The LLF was kept constant by varying
the power and speed, and unique thermal profiles were observed for
each combination. Thermal profiles generated using higher laser powers
produced larger high temperature regions. Combining higher laser
powers with faster scan speeds resulted in more elongated thermal
gradients (Fig. 10(d–f)), while lower laser powers with slower scan
speeds produce a more circular thermal profile (Fig. 10(a–c)). This
observation may explain the less defined grain structures in the lower
power specimens seen in Figs. 8 and 9. Their grains are undercooled,
which causes them to become equiaxed [37]. Conversely, the specimens
formed using higher power and speed combinations experienced
intensive thermal gradients, so their microstructures contained
columnar grains with higher aspect ratios.
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Analysis, Writing. Carl Hartsfield: Conceptualization, Resources, Su
pervision, Project Administration. Benjamin Doane: Validation,
Writing. Cayla Eckley: Investigation, Visualization. Ryan Kemnitz:
Validation, Resources, Project Administration.
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The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
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4. Conclusion
With increasing demand for AM metal structures, it is necessary to
realize processing strategies that enable ubiquitous outcomes. However,
this outcome cannot be realized until the effects of the processing pa
rameters on AM specimens is fully understood. These effects were
researched by manipulating the processing parameters of an SLM printer
in order to determine their effects on the degree of porosity and
microstructure of Inconel 718. The manipulated laser power and speed
combinations were selected to maintain a constant LLF. Two hatch
spacings were selected for each specimen to compare the effects of the
GLF on the specimens’ densities and microstructures. Porosity analysis
revealed that the lowest laser power setting provided the least porous
samples at the same GLF. The hatch spacing appears to be the greatest
factor that influences the specimens’ densities and grain sizes.
Increasing the laser power while maintaining a constant LLF seems to
increase both the grain and pore sizes. Thermal modeling showed how
the selected processing parameters influence the laser’s thermal profile
and revealed limitations for specific combinations. One significant
limitation to a high power density approach with faster scan speeds is an
insufficient rate of heat removal from the transient regions of the laser
interaction with the sample. This approach produced grains that were
columnar with higher aspect ratios than the equiaxed grains found in
low power density specimens.
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