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Abstract
Excellent weldability and high temperature stability make Inconel 718 (IN718) one of the most popular alloys to be produced 
by additive manufacturing. In this study, we investigated the effects of laser powder bed fusion (LPBF) parameters on the micro-
structure and relative density of IN718. The samples were fabricated with independently varied laser power (125–350 W), laser 
scan speed (200–2200 mm/s), and laser scan rotation (0°–90°). Archimedes’ method, optical microscopy, and scanning electron 
microscopy were employed to assess the influence of LPBF parameters on the relative density and microstructure. Optimal pro-
cessing windows were identified for a wide range of processing parameters, and relative density greater than 99.5% was achieved 
using volumetric energy density between 50 and 100 J/mm3. Microstructural features including melt pool geometry, lack of fusion 
defect, keyhole porosity, and sub-grain cellular microstructure were examined and quantified to correlate to LPBF parameters. A 
simple empirical model was postulated to relate relative sample density and LPBF volumetric energy density. Melt pool dimen-
sions were quantitatively measured and compared to estimations based on Rosenthal solution, which yielded a good agreement 
with the width, but underestimated the depth, particularly at high energy input, due to lack of consideration for keyhole mode. In 
addition, the sub-grain cellular-dendritic microstructure in the as-built samples was observed to decrease with increasing laser scan 
speed. Quantification of the sub-micron cellular-dendritic microstructure yielded estimated cooling rate in the order of  105–107 K/s.

Keywords Additive manufacturing · Microstructure · Quantitative metallography · Superalloys · Solidification

Introduction

Laser powder bed fusion (LPBF), also known as selec-
tive laser melting (SLM), utilizes laser to melt selective 
regions of a powder bed, layer-by-layer, corresponding to 

the sliced model of a computer-generated design. Since the 
rapid movement of the laser is accompanied by a very rapid 
solidification/cooling  (103–108 K/s) [1, 2], nearly unlimited 
geometrical complexity and customization can be adopted 
to produce near-net-shape components.

Traditional manufacturing techniques such as casting, 
forging, and powder metallurgy have been established for 
manufacturing of Inconel 718 (IN718) [3, 4]. However, 
recent advancements in metal additive manufacturing (AM) 
enabled rapid production of complex geometries while pro-
viding design freedom for customized components [5, 6]. 
Since it is impractical to work harden components produced 
via LPBF, precipitation strengthened alloys such as IN718 
received spotlights in AM technologies. While rapid solidi-
fication [7–9] and directional cooling [10–12] influence the 
as-built microstructure [13–16] and phase transformations 
[17–19], repeated thermal cycling adds another layer of 
complexity. Extreme cooling rates as high as  108 K/s can 
induce constitutional supercooling ahead of the solidifica-
tion front, which result in the instability of the solid–liquid 
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interface [20, 21]. Consequently, the non-planar solidifica-
tion will assume cellular or dendritic morphologies [22]. 
The as-printed microstructure of IN718 consists of a matrix 
of fine cellular dendrites [23–25]. Simulations mimicking 
solidification conditions of IN718 showed segregation of 
strengthening elements along the intercellular or interden-
dritic regions [26].

Based on transmission electron microscopy, Zhou et al. 
[27] demonstrated that the as-built microstructure was domi-
nated by segregation of niobium (Nb), molybdenum (Mo), 
and titanium (Ti) along the cellular boundaries and interden-
dritic regions. Moreover, nano-scaled Laves in the form of 
(Ni,Cr,Fe)2(Nb,Mo,Ti) and carbides including (Nb,Ti)(C,B) 
at 100–200 nm, and 50 nm, respectively, were observed in 
the as-built condition along the interdendritic regions with 
significant microsegregation. This is similar to that observed 
in a greater magnitude for wrought and cast material [28].

Over the past decade, researchers have focused on many 
aspects of microstructure and mechanical performance of 
IN718 [29–36]. Optimizing the processing parameters of 
LPBF can be quite arduous. Generally, the most influential 
processing parameters include laser power, laser scan speed, 
laser hatch spacing, and slice thickness. To understand the 
influence of these processing parameters on the relative 
density and microstructure, a normalized volumetric energy 
density can be adopted [1, 2] and is defined as:

Despite numerous studies on this nickel-base superalloy, 
limited efforts were made to comprehensively document the 
influence of processing parameters. The mechanical prop-
erties of AM’ed IN718 have been widely explored in the 
literature, and a previous publication [27] detailing the cor-
relation between microstructure and mechanical properties 
was completed. Thus, it is imperative to investigate how the 
variation in LPBF parameters can influence IN718 micro-
structure manufactured by LPBF. This work was carried out 
to correlate the LPBF parameters of IN718 with the relative 
density and microstructure. Estimation of cooling rates was 
also carried out using simple models available for solidifica-
tion microstructure, and traditional welding to establish the 
trend between cooling rates and LPBF parameters.

Materials and Methods

Powder Characterization

Commercial IN718 powder feedstock for the LPBF was pro-
cured from SLM Solutions Group AG (Lubeck, Germany) 

(1)Energy Density(ED)=
Laser Power

Laser Scan Speed × Hatch Spacing × Slice Thickness

with the average particle diameter of 45 μm. The particle 
size distribution was further examined using laser diffraction 
particle size analyzer (Beckman Coulter  LSTM 13 320). Pow-
der morphology and microstructure were observed using 
a field emission scanning electron microscope (FE-SEM, 
Zeiss Ultra-55TM). As-received powders were mounted in 
epoxy resin and metallographically polished down to 0.25 
µm diamond paste and etched using a mixed acid etchant 
for cross-sectional analysis. The etchant consisted of hydro-
chloric acid (HCl), acetic acid ( CH3COOH) , and nitric acids 
(HN O3 ) at a volumetric ratio of 3:2:1, respectively. Powder 
circularity and cross section microstructure were exam-
ined using optical microscope (Nikon Metaphot) and SEM, 
respectively. Chemical composition analysis of the powders 
was conducted using x-ray energy-dispersive spectroscopy 
(EDS) equipped on FE-SEM and compared to the chemistry 
standard ASTM F3055-14 reported in Table 1. Quantifica-
tion of individual/overall powder density was carried out 
using image processing and analysis software  (ImageJTM, 
NIH) from ten randomly selected areas.

Laser Powder Bed Fusion and Specimen Preparation

An SLM  125HL (SLM Solutions Group AG Lubeck, Ger-
many) LPBF system, equipped with a single continuous-
wave (1070 nm) IPG fiber laser, was employed to print cubic 

samples with dimensions of 10 x 10 x 10 mm. All samples 
were fabricated on an IN718 substrate pre-heated to 100 °C 
and within an argon atmosphere containing an oxygen con-
tent below 0.1 %. The most influential processing parameters 
including laser power, laser scan speed, and laser scan rota-
tion were varied independently to examine the formation of 
defects and microstructure. The processing parameters were 
varied systematically around the optimized parameter set 
obtained from SLM Solutions specifications in which the 
laser power, scan speed, slice thickness, hatch spacing, and 
scan rotation angle are 200 W, 900 mm/s, 0.03 mm, 0.12 
mm, and 16°, respectively.

In order to observe the melt pool characteristics in LPBF, 
initial layer rotation was adjusted to ensure that the last melt 
pool is perpendicular to the XZ plane. After fabrication, the 
samples were removed from the substrate without stand-
ard stress relieving (ASTM F3055). Lateral and bottom 
surfaces of the samples were ground using silicon carbide 
(SiC) paper to minimize surface bubbles during density 
measurements via immersion technique. Relative density 
measurements of the printed samples were conducted via 
Archimedes’ method, pursuant of ASTM B962 - 17. The 
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Table 1  Composition (wt.%) of IN718 powder feedstock from EDS and ASTM F3055 - 14

Ni Cr Fe Nb Mo Co Ti Al Si Mn

EDS 51.3 (± 0.59) 20.4 (± 0.18) 18.9 (± 0.59) 4.6 (± 0.59) 2.5 (± 0.21) 0.1 (± 0.17) 1.0 (± 0.16) 1.0 (± 0.20) 0.2 (± 0.09) 0.1 (± 0.09)
ASTM 50.0–55.0 17.0–21.0 17.0 4.75–5.5 2.8–3.3 1.00 0.65–1.15 0.20–0.80 0.35 0.35

samples were cross sectioned parallel to the build direction 
(XZ) and perpendicular to the build direction (XY), with the 
z-axis along the build direction. All sample surfaces were 
metallographically polished down to 0.25 µm diamond paste 
using standard metallographic procedures and etched using 
the above-mentioned etchant for 30–60 sec.

Microstructural Characterization

Microstructures before and after chemical etching were 
examined using optical microscopy and SEM, respectively. 
Prior to etching, the porosity in each sample was quanti-
fied via image analysis, and the average relative density 
was estimated by assuming the area fraction of defects was 
equal to the volume fraction. To ensure statistical confi-
dence, relative density was determined using 10 optical 
micrographs at 50X magnification. After chemical etch-
ing, the melt pool depth and width of the last melted layer 
(e.g., top of the sample) for each sample were obtained via 
image analysis. Melt pool dimensions were acquired using 
the measurement technique illustrated in Fig. 1. Assum-
ing parabolic symmetry, the actual melt pool widths were 
approximated to be twice the measured width. Statistical 
variation in the melt pool dimensions was estimated using 5 
random optical micrographs at 50X magnification. Quanti-
fication of the cellular microstructure using the linear inter-
cept method, pursuant of ASTM E112-13, was conducted 
via image analysis. Chemical composition of the segre-
gated microstructure was obtained using EDS on FE-SEM.

Results and Discussion

Powder Feedstock Morphology and Microstructure

Typical composition of IN718 powders is reported in 
Table 1. Figure 2 presents that the mean particle size of 
the powder feedstock was 32.90 µm, and 90 percent of the 
distribution lied below 44.26 µm. Cross-sectional optical 
micrograph of IN718 powders, presented in Fig. 3(a), dem-
onstrates that the powders were highly circular with negligi-
ble internal porosity. Quantification of the powder circularity 
and powder density yielded 0.88 ± 0.01 and 99.98 ± 0.02 %,  

respectively. Figure 3(b) illustrates the overall spherical 
nature of the powders with limited satellite formation around 
the powder surface. The backscatter electron (BSE) images 
in Fig. 3(c) and (d) indicates elemental contrast of the den-
dritic microstructure. Compositional analysis reported in 
Table 2 suggested that the cellular boundaries (point 2) to 
be enriched in Nb, Ti, and Mo as compared to the primary 
γ matrix (point 1).

Effect of Laser Power and Scan Speed on Defect 
Formation

To explore the effects of laser power and laser scan speed on 
the relative density of IN718 samples, optical micrographs 
were utilized for image analysis to estimate the sample den-
sity over a wide range combinations of laser powers and laser 
scan speeds. As shown in Fig. 4, samples with slow laser scan 
speeds had mostly circular porosity induced by keyhole melt-
ing. As the laser scan speed increased, a clear departure from 
circular pores was observed. At a constant laser power, an 
increase in laser scan speed was accompanied with a transition 
from low-density to high-density samples. When the laser scan 
speed exceeded the high-density threshold, a lower density 
microstructure appeared with irregularly shaped lack of fusion 
flaws. While the transition of defect formation characteristic 
remained similar across all investigated laser powers, samples 
fabricated with higher laser powers had more gradual transi-
tions from low-density to high-density regions. In other words, 
the LPBF processing window that produced higher relative 
density for IN718 was observed to be larger when fabricated 
with 275 W and 350 W. The overall trend in sample density (or 
pores/flaws) is presented in Fig. 5 as functions of laser power 
and scan speed.

Optical micrographs in Figs. 4 and 5 clearly display the 
transition from circular pores to high part density, and finally 
to irregularly shaped flaws. The normalized volumetric energy 
density input ultimately affects the melting, fluid flow, and 
solidification process during laser–material interaction. As the 
energy density increases, the powder bed becomes excessively 
molten and subsequent vaporization of the material results in 
a cavity filled with vapor or plasma [37]. Upon solidification, 
collapse of the keyhole melt pools proceeds when the aggres-
sive vapor pressure is lower than ambient pressures [38]. 
Consequently, at very high energy density, rapidly solidifying 
walls prevent the vapor-filled cavity from escaping the deep 
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fluctuating keyholes during mechanical collapse [39]. When 
the laser absorption is insufficient in maintaining the required 
recoil pressure, the more dominant surface tension driven by 
the Marangoni effect would keep the liquid surface as small 
as possible and prevent the occurrence of a keyhole [40]. In 
direct contrast, a very low energy density resulted in a clear 
engagement of conduction mode. The powder bed is melted 
by heat conduction effects at higher laser scan speeds, and the 
shape of conduction mode melt pools is controlled by thermal 
conduction [41], which explains the appearance of irregular 
or lack of fusion defects.

Effect of Laser Power and Scan Speed on Relative 
Density

All metallurgical flaws were quantified on both XY and XZ 
cross sections, as presented in Fig. 6. While the average 
relative density obtained using Archimedes’ method was, 

in general, lower than that obtained via image analysis, the 
overall trend as functions of LPBF parameters remained con-
sistent for both methods of measurements. Samples with the 
highest relative density were found at moderate scan speeds 
within their respective laser power and scan speed ranges. 
For all laser powers examined, the relative density gradually 
increased to a maximum and then gradually decreased as a 
function of scan speed.

The relative density is also plotted in Fig. 7 as a func-
tion of energy density, as determined by Eq 1. When fused 
with a laser power of 125 W, the relative density was high-
est at 57.9 J/mm3 and gradually decreased as energy den-
sity increased. This pattern of changing relative density 
was more clearly observed when fabricated at higher laser 
powers, e.g., 200 W, 275 W, and 350 W. As illustrated in 
Fig. 7(b)–(d), the relative density increased sharply before 
reaching the maximum. The decrease in relative density over 
an increasing range of energy density appeared to be more 
gradual at higher laser powers compared to lower laser pow-
ers. For all investigated laser powers, the relative density was 
the highest when energy density employed was between 50 
and 100 J/mm3, and this observation is consistent with the 
literature [42, 43].

A simplistic model was devised to quantitatively correlate 
the relative density and volumetric energy density. Assum-
ing thermally activated processes of melting and evapora-
tion, exponential functions were defined by:

where A, b, C, d, and f are constants, and Ev
�
 is the volumetric 

energy density. Constants A and b approximate the density 
curve at low energy density where fusion is dependent on 
the melting behavior of the material. C, d, and f approximate 

(2)
Relative Density = 100 − A exp

(

−b ∗ Ev
�

)

− C exp
(

d ∗ Ev
�
− f

)

Fig. 1  A schematic and representative optical micrograph of melt pools showing lateral symmetry. Note that the actual melt pool width is twice 
that of measured width indicated

Fig. 2  Particle size distribution of as-received IN718 powder feed-
stock
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the density curve at high energy density, where keyhole for-
mation related to evaporation would take place. Figure 8(a) 
plots the sample relative density with respect to the Ev

�
 . At 

first glance, Fig. 8(a) demonstrates a good fit. However, 
Table 3 outlines the calculated constants as defined by Eq 
(2), and the corresponding residuals for 5 prediction itera-
tions with nearly constant root-mean-square error (RMSE) 
at 7.2. While constants A, b, d, and f have relatively low 
standard deviations, the pre-exponential constant C has a 
high standard deviation. This indicates some inconsistency 
between the model and the experimental data. Notice that 
there are no experimental data below 30.86 J/mm3, and this 
is strictly due to insufficient energy to melt/fuse the powder 
bed. As such, the model attempted the fit without any experi-
mental data below 30.86 J/mm3, or a boundary condition 
corresponding to zero energy density.

While the perfectly closest packing density of mono-
sized spheres or powders cannot be more than π/(3√2) ≈ 
0.74 [44], a narrow Gaussian distribution of powders should 
have lower packing density. For a narrow particle radii range 
between 0.67 and 1.5 of the mean, the packing density and 
coordination number are ~ 0.58 and ~ 5.9, respectively 
[45]. Since the IN718 powder feedstock particle radii range 
between ~ 0.33 and ~ 1.76 of the mean, the theoretical 

packing density should be no higher than 70%. As such, 
an assumed relative density value of 70 % was added at an 
energy density of zero J/mm3. Figure 8(b) shows the curve 
fit obtained from the model and the experimental data as a 
function of energy density. Although similar to Fig. 8(a), 
the additional data point at zero J/mm3 reduced the standard 
deviation reported in Table 4, including that for the constant 
C. A consistent RMSE was approximately 7.3.

Effect of Laser Power and Scan Speed 
on Microstructure

Figure 9 depicts the typical layer-by-layer microstructure 
and the melt pool characteristics of IN718 samples pro-
duced at constant laser power of 125 W, and varying laser 
scan speeds. Both the melt pool width and depth decreased 
with increasing laser scan speed. Figure 9(a) and (b) pre-
sents the microstructure of samples produced with high 
energy density, in which deep keyhole melt pools solidi-
fied producing spherical keyhole pores. By increasing 
laser scan speed to 600 mm/s and 800 mm/s, as presented 
in Figure 7(c) and (d), respectively, a clear decrease in 
porosity was observed. A decrease in melt pool dimen-
sions is reflective of the engagement in conduction mode 

Fig. 3  (a) Optical micrograph 
of unetched IN718 powder cross 
section, (b) secondary electron 
(SE) micrograph of IN718 
powder, (c) backscatter electron 
(BSE) micrograph of IN718 
powder, (d) cellular-dendritic 
microstructural details in BSE 
micrograph

Table 2  EDS composition (wt.%) from regions of interests identified in Fig. 3(d) from IN718 powder feedstock

Ni Cr Fe Nb Mo Co Ti Al Si Mn

Point 1 51.7 (± 0.5) 19.5 (± 0.2) 18.7 (± 0.2) 7.5 (± 0.3) 1.3 (± 0.2) … 0.7 (± 0.1) 0.4 (± 0.1) 0.3 (± 0.1) …
Point 2 48.3 (± 0.5) 18.0 (± 0.2) 15.8 (± 0.2) 14.2 (± 0.3) 1.9 (± 0.3) 0.1 (± 0.1) 1.1 (± 0.1) 0.2 (± 0.1) 0.3 (± 0.1) …
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during laser–material interaction. This trend in decreasing 
melt pool dimensions as a function of laser scan speed 
was consistent for all laser powers examined in this study.

Rosenthal’s equation [46] can be employed as a simple 
analytical expression to estimate the melt pool develop-
ment over a wide range of laser powers and scan speeds 
as described below:

 where T is the final temperature, To is the build plate tem-
perature, P is the laser power, k is thermal conductivity [47], 
v is laser scan speed, R = (ξ2 + y2 +  z2)1/2 is the radial dis-
tance from the center of the laser beam, α is the thermal dif-
fusivity, ξ is the distance along the beam travel direction, y is 
the distance parallel to the build plate, and z is the distance 
parallel to the build direction.

(3)T = To +
Q

2�Rk
exp

(

−v(� + R)

2�

)

The predicted melt pool dimensions and experimentally 
measured dimensions are presented in Fig. 10. The calcu-
lated melt pool width corroborates well to the experimen-
tal measurement and clearly depicts a gradual decrease 
over an increasing range of laser scan speeds at a constant 
laser power. However, melt pool depths calculated using 
Rosenthal’s equation underestimated the experimental ones, 
especially for those fabricated with high energy input, up 
to 350 %. As the laser scan speed increased, the predicted 
melt pool depths were more comparable to the experimental 
results.

At slow scan speeds, i.e., high energy densities, the mag-
nitude of the measured melt pool depth was much higher 
than the measured melt pool width. This trend was more 
prevalent for higher laser powers—indicative of keyhole 
mode. An engagement in conduction mode at higher laser 
scan speeds beyond the high energy density threshold 

Fig. 4  Optical micrographs 
from IN718 exhibiting (a, b) 
keyhole pores, (c, d) full density 
and (e, f) lack of fusion flaws 
from the (a, c, e) XZ and (b, 
d, f) XY cross sections. These 
samples fabricated with varying 
laser scan speed, while power 
(275 W) hatch spacing (120 
µm) and slice thickness (30 µm) 
were kept constant
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Fig. 5  Optical micrographs of XZ and XY cross sections of IN718 samples produced with varying laser power and laser scan speed, while hatch 
spacing (120 µm) and slice thickness (30 µm) were kept constant

Fig. 6  Relative sample density 
as a function of laser scan 
speeds at constant hatch spac-
ing and slice thickness of 120 
µm and 30 µm, respectively, 
for laser power of (a) 125 W; 
(b) 200 W; (c) 275 W; and (d) 
350 W
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produced shallower melt pools. Samples fabricated at 125 
W exhibited a more gradual decrease in melt pool depth 
compared to the steep decrease observed with higher laser 
powers. Since the Rosenthal equation yields the predicted 
temperature both at and below the interacting surface, com-
binations of ξ, y, and z, in which the temperature reaches 
the liquidus temperature will provide estimates of the melt 

pool size and shape. Thus, unstable keyholes with significant 
internal temperature variation and dynamic fluid flow [48] 
need to be incorporated into the model in order to correctly 
predict the formation of melt pool depth at high energy den-
sity [49–54].

Figure 11 presents typical microstructure of IN718 sam-
ple produced by LPBF with overlapping consecutive melt 

Fig. 7  Relative sample density 
as a function of energy density 
at hatch spacing, slice thickness, 
and scan rotation angle of 120 
µm, 30 µm, and 16°, respec-
tively, for laser power of (a) 125 
W; (b) 200 W; (c) 275 W; and 
(d) 350 W

Fig. 8  Predicted and experimental relative densities as a function of energy density (a) without and (b) with density (e.g., powder packing) of 70 
% corresponding to zero energy density
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pools generated by the layer-by-layer fusion process. This is 
common when viewing parallel to the build direction, i.e., 
XZ cross section as shown in Fig. 11(a). Figure 11(b) pre-
sents overlapping melt pools as a network of discontinuous 
and multidirectional laser tracks in the XY cross section 
based on scan rotation angle. BSE micrograph in Fig. 11(c) 
depicts melt pool boundaries, equiaxed cells and elongated 

dendritic microstructure in the XZ cross section. The XY 
cross section shown by the high magnification BSE micro-
graph, presented in Fig. 11(d), revealed a more equiaxed 
cellular network.

Due to the invariability and equiaxed cellular network 
found in the XY cross sections, quantification of the cell size 
was conducted only using micrographs taken from the XY 

Table 3  Calculated constants without artificial relative density point

Iteration A b  (mm3/J) C d  (mm3/J) f RMSE

1 58.24468 0.10136 10.20256 0.00999 3.29402 7.20753
2 54.37903 0.10059 11.27128 0.01003 3.40288 7.21968
3 52.08941 0.09667 19.76539 0.01028 4.02188 7.21910
4 52.36739 0.09656 18.45234 0.01025 3.94879 7.22158
5 58.94424 0.10135 21.88401 0.01025 4.11260 7.18741
Average (SD) 55.20495 (3.22733) 0.09931 (0.00248) 16.31511 (5.25092) 0.01016 (0.00014) 3.75603 (0.03785) 7.21106 (0.01433)

Table 4  Calculated constants with artificial relative density point

Iteration A b  (mm3/J) C d  (mm3/J) f RMSE

1 29.75860 0.08421 2.22715 0.01099 1.98692 7.32819
2 29.75435 0.08434 1.56237 0.01095 1.61892 7.32851
3 29.76189 0.08409 2.40009 0.01105 2.07363 7.32804
4 29.75306 0.08442 1.71224 0.01091 1.70366 7.32879
5 29.75328 0.08429 2.05710 0.01097 1.90092 7.32832
Average (SD) 29.75622 (0.00384) 0.08427 (0.00013) 1.99179 (0.34961) 0.01097 (0.00005) 1.85679 (0.19098) 7.32837 (0.00029)

Fig. 9  Melt pools observed 
parallel to the build direction at 
scan speeds of: (a) 200 mm/s, 
(b) 400 mm/s, (c) 600 mm/s, 
(d) 800 mm/s. Laser power, 
hatch spacing, slice thickness, 
and scan rotation angle were 
constant at 125W, 120 µm, 30 
µm, and 16°, respectively
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plane. Figure 12 illustrates the change in the average cell size 
as a function of laser scan speeds at different laser powers. 
As scan speed increased, the average cell size decreased. In 
other words, reduction in energy density corresponds to the 
reduction in average cell size, and this trend was consistent 
for all laser powers investigated in this study.

The cooling rate can be correlated with the measured cell 
size. A phenomenological method that relates the second-
ary dendrite arm spacing (SDAS) to the cooling rate was 
employed, in which the measured cellular spacing was used 
in leu of the SDAS. The cooling rate was approximated 
using the following expression [55]:

where λ is the cellular spacing, Ṫ   is the cooling rate, and m 
and n are materials constants, equal to 50 and 0.33, respec-
tively, for IN718 [56].

In addition, Rosenthal’s equation describes the change 
in temperature of a moving point heat source, which can be 
employed to estimate the change in temperature of a mov-
ing laser at a specified laser scan speed. Thus, the cooling 
rate Ṫ  of each sample was also estimated using Rosenthal’s 

(4)𝜆 = mṪ− n

equation to illustrate the trend of cooling rates as a function 
of laser scan speeds. A simplified Rosenthal solution [57] 
used to determine the cooling rates is expressed by:

where k is the thermal conductivity, Ts is the solidus tem-
perature, To is the build plate temperature, TL is the liqui-
dus temperature, v is the laser scan speed, P is the laser 
power, and A is the laser absorption coefficient. Equation 
(4) assumes constant average thermal properties such as 
thermal conductivity and laser absorptivity; however, this 
is not the case in LPBF. Based on highspeed imaging [11], 
the powder bed melts within a few microseconds; therefore, 
calculations were carried out using materials constants at 
both the room temperature and the liquidus temperature to 
distinguish the difference in the trend of the cooling rates. 
The thermal conductivity of IN718 used in Eq (4) at room 
temperature and liquidus temperature is 11.4 W/m⋅K and 
26.7 W/m⋅K, respectively [47, 58]. The laser absorptivity of 
IN718 at room temperature and liquidus temperature is 0.62 
and 0.07, respectively [49].

(5)Ṫ = 2𝜋k(Ts − To)(TL − To)
v

PA

Fig. 10  Melt pool dimensions 
experimentally measured and 
predicted by Rosenthal’s equa-
tion as a function of laser scan 
speed at constant hatch spacing, 
slice thickness, and scan rota-
tion angle of 120 µm, 30 µm, 
and 16°, respectively, for laser 
power of (a) 125 W; (b) 200 W; 
(c) 275 W; and (d) 350 W
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Fig. 11  Optical micrographs of 
SLMed IN718 obtained (a) par-
allel to the build direction and 
(b) perpendicular to the build 
direction. Backscatter electron 
micrographs of SLMed IN718 
(c) parallel to the build direction 
and (d) perpendicular to the 
build direction. Laser power, 
laser scan speed, hatch spacing, 
slice thickness, and scan rota-
tion angle were constant at 125 
W, 800 mm/s, 120 µm, 30 µm, 
and 16°, respectively

Fig. 12  Variation in average cell 
size as a function of laser scan 
speed. Laser power, hatch spac-
ing, slice thickness, and scan 
rotation angle were held con-
stant at 125 W, 120 µm, 30 µm, 
and 16°, respectively, for laser 
power of (a) 125 W; (b) 200 W; 
(c) 275 W; and (d) 350 W
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Figure 12 presents cooling rates estimated by using ther-
mal properties of IN718 at the liquidus temperature, i.e., 
Rosenthal (liquid) and at room temperature, i.e., Rosenthal 
(solid). The measured cellular spacing assumed as SDAS 
yielded cooling rates in the range of  106 K/s for all process-
ing parameters examined. Cooling rates estimated based 
on Rosenthal’s equation using room temperature thermal 
properties were in the order of  105 K/s to  106 K/s. The 
cooling rates calculated using Rosenthal’s equation with 
thermal conductivity and laser absorptivity of the liquid 
phase yielded cooling rates in the order of  106 to  107 K/s. 
In general, the estimated cooling rates increased as the 
laser scan speed increased, which corroborated well to the 
decreasing cell size observed with faster laser scan speeds 
as shown in Fig. 11. Moreover, the cooling rate determined 
from the measured cell size lied between the estimate by 
Rosenthal’s equation with liquidus and solid (room tempera-
ture) properties.

The SDAS is an important characteristic in solidifica-
tion microstructure because it is related to the diffusion dis-
tance in the solidification process and directly influences 

the microsegregation. The simple model proposed by Kat-
tamis et al. [55] was used to predict the final SDAS based on 
coarsening mechanism. Since the cell size was used in place 
of the secondary dendrite arm, the approximated cooling 
rate can only provide a semiempirical relationship between 
the cooling rate and the laser scan speed at constant power. 
Nonetheless, the estimated values obtained from Eq (3) are 
quite consistent with numerically simulated values for the 
SLM process [59]. Although the estimated cooling rates 
from the Rosenthal equation used constant thermophysical 
properties of IN718 at the liquidus or room temperature, the 
trend and magnitude were comparable to those estimated 
from the measurement of cell size. Since the use of Eq (4) 
relies on thermophysical constants, estimated values can 
only illustrate the trend of cooling rates over a range of laser 
scan speed (Fig. 13).

Effect of Laser Scan Rotation Angle

To examine the influence of laser scan rotation angle on the 
relative density: laser scan speed, hatch spacing, and slice 

Fig. 13  Comparison between 
SDAS and Rosenthal cooling 
rates at varying laser powers 
and scan speeds at constant 
hatch spacing, slice thickness, 
and scan rotation angle of 120 
µm, 30 µm, and 16°, respec-
tively, for laser power of (a) 125 
W; (b) 200 W; (c) 275 W; and 
(d) 350 W
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thickness were kept constant at 900 mm/s, 120 µm, 30 µm, 
respectively. As depicted in Fig. 14, when fused with 200 
W or higher, the variation in laser scan rotation angle had 
minimal influence on the overall part density. However, sam-
ples fused with 125 W had significant differences in defect 
formation. The unidirectional scanning (0 degrees) produced 
a semi-continuous pattern of flaws across the XZ and XY 
cross sections. At an angle rotation of 16 degrees, the semi-
continuous network of defects was replaced by sparsely 
distributed flaws. At scan rotation angles of 30, 45, and 60 

degrees, some amounts of networked flaws were observed. 
Increasing the scan rotation angle to 90 degrees produced 
a grid-like pattern of flaws from alternating layers of laser 
tracks.

Figure 15 plots the relative density of IN718 samples as a 
function of laser scan rotation angles for various laser pow-
ers. The relative density of specimens fabricated at 125 W 
using scan rotation strategies of 0° and 90° resulted in low 
relative densities of ~ 90% and ~ 96%, respectively. In con-
trast, the relative densities of samples fabricated at 16°, 30°, 

Fig. 14  Optical micrographs from IN718 samples produced as functions of laser power and scan rotation angle. The other parameters, laser scan 
speed, hatch spacing, and slice thickness were kept constant at 900 mm/s, 120 µm, 30 µm, respectively
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45°, and 60° using 125 W were nearly identical. In general, 
higher laser powers of 200 W, 275 W and 350 W produced 
dense samples regardless of scan rotation angle.

Quantification of melt pool dimensions was also obtained 
for the samples printed as a function of laser scan rotation 
angle as presented in Fig. 16. No discernable trend in melt 
pool width and depth was observed as a function of scan 
rotation angle regardless of laser power employed. Overall, 
the melt pool widths were larger than the depths, which cor-
responds to conduction melting mode.

Figure 17 presents the BSE micrographs of equiaxed cel-
lular structures observed perpendicular to the build direc-
tion. The equiaxed cellular microstructure in IN718 was 
produced regardless of laser scan rotation angle and laser 
power. Figure 18 presents the measured cell size as a func-
tion of laser scan rotation angle at each laser power. Using 
laser power of 125 W and 250 W, the variation in laser scan 

rotation angles had minimal effect on the average cell size; 
except at 125W, the average cell size of sample printed using 
laser scan rotation of 0 degrees was noticeably larger than 
those from other scan rotation angles. This phenomenon is 
most likely due to the poor heat dissipation within the sam-
ple during solidification.

To highlight the potential influence of melt pool develop-
ment and its influence on heat dissipation, i.e., conduction 
paths, Fig. 19 compares the difference in melt pool develop-
ment between samples fabricated at constant power, speed, 
scan rotation and slice thickness, but using different hatch 
spacings. Figure 19 (a) shows the XZ cross section of the 
sample without laser scan rotation strategy. Lack of fusion 
flaws was observed between each laser raster, separated by 
120 µm. The inherent voids and free space, such as those 
shown in Fig. 14 for the laser power of 125 W, would prevent 
effective conductive heat transfer during the LPBF.

Fig. 15  Relative density as a 
function of laser scan rotation 
angles at laser power of (a) 125 
W; (b) 200 W; (c) 275 W; and 
(d) 350 W. Scan speed, hatch 
spacing, and slice thickness 
were held constant at 900 mm/s, 
120 µm, and 30 µm, respectively
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Figure 18(c) and (d) plots the average cell size as a 
function of laser scan rotation angles at higher laser pow-
ers of 275 W and 350 W. The average cell size seemed to 
vary more as a function of laser scan rotation angles. The 
relationship between cell size and laser scan speed plot-
ted in Fig. 12 demonstrated that the average cell size can 
be related to the cooling rate of the melt pool as reported 
in Fig. 13. Through single laser track studies, Wang et al. 
[32] compared the solidification behavior between melt 
pools under conduction and keyhole mode. They observed 
that the thermal gradient, G, and solidification rate, R, 
varied within the melt pool. From the bottom to the top, G 
decreased, and R increased, regardless of melting modes. 
While the cooling rate, Ṫ  can be related to the cell size in 
Eq (3), Ṫ  can be further related to G and R in the follow-
ing relation [60]:

(6)Ṫ = GR

Since the scan speed, hatch spacing, and slice thickness 
were held constant, the energy density is much greater for 
the samples fabricated at higher laser powers. The higher 
energy density will produce deeper melt pools, and thus 
more variation in G and R. Figure 20(a) and (b) compares 
the melt pool depth of specimens fabricated at 200 W and 
350 W, respectively. With the same scan rotation strat-
egy, the sample with the higher energy density has deeper 
melt pools. High magnification BSE micrographs in 
Fig. 20(c)–(e) depict the top, middle, and bottom portions, 
respectively, of the keyhole melt pool shown in Fig. 20(b). 
These micrographs demonstrate that the cell size can vary 
at each location within each melt pool. The cell size will 
vary more, deeper the melt pools, and the variation in cell 
size at higher laser powers was influenced by the energy 
density rather than the scan rotation strategy.

Fig. 16  Melt pool dimensions 
as a function of laser scan 
rotation angles at laser power 
of (a) 125 W; (b) 200 W; (c) 
275 W; and (d) 350 W. Scan 
speed, hatch spacing, and slice 
thickness were held constant at 
900 mm/s, 120 µm, and 30 µm, 
respectively



103Metallography, Microstructure, and Analysis (2022) 11:88–107 

1 3

Concluding Remarks

Effect of LPBF parameters such as laser power, laser scan 
speed, and laser scan rotation angle was systematically 
investigated to examine the solidification microstructure 
development of IN718. Optimal processing windows were 
observed for all laser powers examined in this study. At low 
laser power, e.g., 125 W, the optimal processing window was 
small and a more abrupt transition from circular pores to 
irregular flaws was observed. At higher laser powers, optimal 
processing window was enlarged, and the transition from cir-
cular porosity to irregular flaws was more gradual. In general, 

the laser scan rotation strategy had minimal influence on the 
relative density and the cell size, except at 125 W.

Relative density higher than 99.5% was observed when 
samples were fabricated with energy density within the range 
of 50 and 100 J/mm3. The laser–material interaction at low 
laser scan speeds produced keyhole melt pools with depths 
much greater than the half width. At moderate laser scan 
speeds, the optimal processing zone, melt pools had a mixed 
combination of keyhole and conduction melting. At high 
laser scan speeds, development of conduction melt pools was 
observed. Estimated melt pool width by Rosenthal’s equation 
corroborated well to measured melt pool width, however, 

Fig. 17  BSE micrographs 
showing cellular microstructure 
observed perpendicular to the 
build direction as a function of 
laser scan rotation angle of (a) 
0°, (b) 16°, (c) 30°, (d) 45°, (e) 
60°, and (f) 90°. Laser power, 
scan speed, hatch spacing, and 
slice thickness were held con-
stant at 125 W, 900 mm/s, 120 
µm, and 30 µm, respectively
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the melt pool depth estimation underestimated the experi-
mental results, particularly when the energy density was 
high and keyhole mode was prevalent. A simple empirical 
model was employed to correlate relative sample density and 
LPBF volumetric energy density with an assumption of two 
thermally activated processes, i.e., melting and evaporation. 

Quantification of the cellular microstructure indicated 
that there is a decrease in the cellular spacing as the laser 
scan speed increased at constant power. The cooling rates 
increased with an increase in laser scan speed. Cooling rates 
estimated by both the cell size measurement and Rosenthal’s 
equation were in the order of  105 to  107 K/s.

Fig. 18  Average cell size as a 
function of laser scan rotation 
angles at laser power of (a) 125 
W; (b) 200 W; (c) 275 W; and 
(d) 350 W. Scan speed, hatch 
spacing, and slice thickness 
were held constant at 900 mm/s, 
120 µm, and 30 µm, respectively

Fig. 19  Optical micrographs 
of XZ cross section with laser 
power, scan speed, and slice 
thickness of 125 W, 900 mm/s, 
30 µm, respectively, at hatch 
spacing: (a) 120 µm, (b) 60 µm
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