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This study investigates the effect of four major process variables viz. laser power, scanning speed, hatch
distance and powder bed thickness on the densification behavior of Inconel 718 (IN718), with a view to
obtain defect free builds during laser powder bed fusion (L-PBF) process. In order to determine the causes
of defect generation, samples with different process variables were printed and examined microstructurally.
Samples printed as per Taguchi�s L9 orthogonal array have exhibited different types of microscopic defects
such as porosity, lack of fusion (LOF) and cracks. Based on detailed study, the optimized process
parameters for obtaining defect free IN718 builds were found to be with a laser power of 320 W at a
scanning speed of 850 mm/s and a hatch distance of 0.11 mm. LOF and un-melted tracks have formed at
low volume energy density (VED) while porosity was found at high VED values. Cracks are most evident in
XZ plane, and the formation of such cracks is high at high laser power and scanning speed. Although VED
represents the energy input to the process, it should no longer be considered a process parameter, as
multiple combinations of input process variables with different performance characteristics can result in
the same value. This aspect has been demonstrated in this paper with experimental data. A Modified
Taguchi�s approach has been followed in this study to develop empirical relationships to the performance
characteristics (density), in terms of process variables and demonstrated their validity through comparison
of test data. The method suggests few tests as per the orthogonal array and provides complete information
for all combinations of levels and process variables. This method also provides the estimated range of
output responses so that the scatter in the repeated tests can be assessed prior to the tests.

Keywords Additive manufacturing, inconel alloy IN718, laser
powder bed fusion, Taguchi method

1. Introduction

The ability to maintain mechanical properties up to 650 �C
coupled with good weldability makes nickel-based super alloy
IN718, a candidate for high-temperature applications. The
technology of additive manufacturing (AM) has great promise
for 3D printing of parts with intricate, net or near net shapes, in
short lead times, at a competitive cost, compared to conven-
tional manufacturing.

Laser Powder bed fusion (L-PBF, a standard term defined in
ASTM) is anAMprocess that uses a bed of powderwith a source of

heat to create metal parts and offers high design flexibility without
the need for tooling. Near-net shaped engineering components can
be built layer by layer usingAM,which has distinct advantages of a
low buy-to-fly ratio of close to about one, low lead time to
manufacture the parts, at a competitive cost. This process is
especially suitable for high cost materials like superalloys (IN718/
IN625), titanium alloys (Ti-6Al-4V) and refractory alloys (C103),
where the final parts are made by extensive and complicated
machining necessitating high end computer numerical controlled
machines, which involve both cost and time (Ref 1-3). Further
improvements in redesignof theparts or assemblies through �design
for additive manufacturing� will facilitate weight reduction in
printed parts, reduce or avoid weld joints, if any, making it more
attractive from cost, time for realization, reduced inspection and
reliability.AMis appealing tomanymodernmanufacturing sectors,
including aerospace, defense, energy, and automotive, where
materials like nickel-based superalloys are difficult to fabricate
using traditional subtractive methods (Ref 4). In order to enable
their wider use, manufacturing of nickel-based superalloys using
PBF has gained considerable attention. Being a process involving
�bottom-up� approach using metal powders through laser melting
layer by layer, the builds inevitably contain microscopic defects
such as porosity, LOF and cracks. Such defects can be controlled by
maximizing density closer to 100% (Ref 5, 6). Therefore, the
process variables affecting the build quality of part need to be
carefully optimized to obtain defect free parts that could be
successfully used for static, dynamic and shock loading conditions
at both ambient and/or high/low temperatures. Therefore, it is
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essential to understand the effect of process variables on the
evolution of defects and effect of defects on the properties of
materials (Ref 7-10).

During L-PBF process, a laser beam is used to selectively
melt a thin layer of metal powder in the shape of the cross
section of the desired final part (Ref 11, 12). After each layer is
fused, the build platform is lowered, and a new layer of powder
is spread, and the process is continued till the complete part is
printed. Caiazzo et al. (Ref 13) recently studied the relevance of
VED during the investigation of IN718 in LPBF. They
explained technological and mechanical properties of AM parts
such as roughness, hardness, size and number of pores as well
as fractional density in terms of VED useful to the designers as
a function of process parameters.

In L-PBF systems, there are many process variables, the most
commonly considered being laser power, P(W), scanning speed,
SS (mm/s), layer thickness, LT (mm), distance between consec-
utive laser passes and hatch distance, HD (mm). Optimized
process parameters are empirically derived to produce dense
builds,minimize defects, reduce surface roughness, increase build
speed, and produce parts with acceptable material properties (Ref
14). As there are infinite options for a given part design, it is
impossible to have one set of parameters that will be fully
optimized for all part features (such as thin walls, thick sections,
overlaps, or others), material performance, and process produc-
tivity. In view of this, generic parameter sets are developed to
accommodate asmany priorities as possible and build geometries.
However, significant opportunities remain for further optimiza-
tion of specific parts, geometries and applications. In addition,
optimized parameters are constantly changing even for the same
material, as manufacturers introduce new machine models and
technologies, and processes continue to evolve. An excellent
review by Deb Roy et al. (Ref 15) is available which provides
details of the mechanisms of most build-related issues (porosity,
residual stress, preferential evaporation, among others), grain
morphology and texture developed during the L-PBF process.

Many researchers adopted Taguchi method utilizing the
Minitab software without validation of the complete generated
test data. They compare only the optimal solution with the
average of the repeated test data. Modified Taguchi approach
provides optimal solution and recommends the development of
an empirical relation for the output response in terms of input
process variables (in non-dimensional form) using the additive
law and ANOVA results. In this case, there is no need to use
Minitab software. It provides the range of estimates for the
output response (useful in case of repeated tests) for all level
combinations of the input process variables.

In the present work, using the L-PBF method, experiments
have been carried out to produce builds by monitoring a
performance indicator (such as density) and defining a set of
processing parameters (such as P, SS and HD) to obtain a small
number of test data and provide the information/data needed for
an experiment with a full factorial design, using the modified
Taguchi approach. Empirical relationships have been estab-
lished for the process parameters based performance indicator.

2. Experimental

Gas atomized Inconel 718 powder supplied by EOS GmbH
(Krailling, Germany) was used to print the samples. The
chemical composition of the material is (all in wt.%): 53.35 Ni,

19.15 Cr, 4.99 Nb, 3.19 Mo, 1.1 Ti, 0.48 Al and Balance Fe.
Measurements were made by inductively coupled plasma
atomic emission spectroscopy (ICP-AES). The L-PBF machine
(EOSINT M280_400 W) equipped with a single continuous
wave fiber laser, was employed to print cubic samples of IN718
with dimensions of 10 mm 9 10 mm 9 5 mm. All samples
were printed on an IN718 substrate pre-heated to 100 �C. The
most influential processing parameters including P, SS were
varied independently to examine the formation of defects and
microstructures. Table 1 gives the AM process parameters used
in the present experimentation. Using Taguchi�s L9 orthogonal
array, 9 samples were printed with 3 levels of P (W) (240, 320,
400) and SS (mm/s) (300, 850, 400) at constant HD of
0.11 mm and LT of 0.04 mm and an empirical relationship has
been established. In order to validate the developed empirical
relation, more samples were printed at varying laser power
(levels-240, 320, 400,all in W), SS (levels-300, 410, 520, 630,
740, 850, 960, 1070, 1180, 1290, 1400 (all in mm/s) at constant
HD of 0.11 mm and LT of 0.04 mm.

The builds were prepared in a chamber purged with argon
gas, and oxygen content was maintained below 0.1 % to control
gas pickup. To minimize the thermal stresses during the
building process, a meander scanning pattern was adopted for
each layer deposition. The scanning direction was rotated by
67� between the adjacent deposition layers. The scan strategy is
the tool path that the lasers take during part making.

In order to examine the effect of VED on the density, more
test samples were printed at a VED of 67.5 J/mm3, by varying
P and SS with hatch distance of 0.11 mm and layer thickness of
0.04 mm. In addition, a few more samples were printed at a
VED of 67.5 J/mm3 varying P and HD with SS of 960 mm/s.

After fabrication, the samples were removed from the
substrate without performing any stress relieving operation.
Density measurements of the printed samples were conducted
via Archimedes� method, pursuant to ASTM B962-17. The
microstructures were examined using an optical microscope
(OLYMPUS GX71) and scanning electron microscope (SEM)
(Carl Zeiss EVO 50) to study the nature of defects and
microstructures. The 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. For metallo-
graphic examination, the samples were polished using conven-
tional metallography practices, using a series of emery papers
and final polishing was performed using diamond paste of one
micron size. The freshly polished specimens were etched using
an etchant consisting of hydrochloric acid (HCl), copper
chloride (CuCl2), ethanol and nitric acid (HNO3) for 20-30 s.

The freshly polished and etched samples were subjected to
hardness measurements. The process for determining Vickers
hardness in XYand XZ planes is as follows. In XZ plane a total
of 20 and in XYplane a total 16 Hardness values were obtained

Table 1 3D print process parameters used in the present
study

Process parameter Units Range

Laser power (P) W 240-400
Scanning speed (SS) mm/s 300-1400
Hatch distance (HD) mm 0.11
Layer thickness (LT) mm 0.04
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from four equidistant lines along the X direction, with each line
contributing 5 and 4 values, respectively. A load of 300 gf was
applied for 13 s dwell time and measurements were obtained.

3. Theoretical Considerations

3.1 Energy Density

In additive manufacturing, energy density (ED) establishes
how much energy can be imparted to a given volume of
material, in a given period of time. Utilizing this energy,
materials are fused, sintered, or layered to form solid objects.
Faster production times and stronger finished parts are often
associated with higher ED. Variables must be chosen for the
intended AM process, in such a way that the material is
completely melted and fused resulting in defect-free part
geometries. Overall, the ED in additive manufacturing is a tool
that aids in ensuring the properties of the printed object.

Jiang et al. (Ref 16) have followed the concept of equivalent
energy density (E0) which is a function of several parameters.
Among them, three important input process variables, viz., P,
SS and HD were selected and represented as Eq 1. Specifying
these three input process variables, the performance indicators
were evaluated and plotted with E0. Plots showed large scatter
and it was not possible to correlate the performance indicator
explicitly with E0. This is due to the fact that E0 can have a
value for multiple combinations of input process variables with
different values of the performance indicator. Several research-
ers have extensively employed the concept of ED (Ref 17-20),
while some have specifically referred to it as VED (Eq 1) (Ref
21-25).

ED ¼ VED ¼ P

SS� HD� LT
ðEq 1Þ

Factors that can affect the VED include P, SS, HD and LT.
Generally, IN718 requires efficient melting and solidification
during the manufacturing process, which results in strong and
dense parts with good mechanical properties. Following the
Taguchi�s L9 orthogonal array (OA), the samples were printed
at 0.11 mm HD and 0.04 mm LT with P varying from 240 to
400 W and SS varying from 300 to 1400 mm/s. From the
measured density of L-PBF processed IN718 samples, the
relative density (Eq 2) was calculated using the following
relation (Ref 26).

Relative Density ¼ Density calculated Archimedes Principleð Þ
Theoritical Density of material

� �

� 100

ðEq 2Þ

The theoretical density of IN718 is taken as 8.2 g/cc.

3.2 Modified Taguchi Approach

For 4 process parameters with 3 assigned levels to each
parameter, the minimum test runs (NTaguchi) required is (Ref 27)

NTaguchi ¼ 1þ np � nl � 1ð Þ ¼ 1þ 4� 3� 1ð Þ ¼ 9 ðEq 3Þ

Here, np is the number of process parameters. nl, is the
number of levels assigned to each process parameter. Equation 3
indicates the selection of L9 OA as more appropriate. For L9

OA, substitution of the number of test runs, NTaguchi ¼ 9 and

the levels, nl = 3 in Eq 3, one can find np=4. That means 4
factors can be accommodated in 9 test runs. As in (Ref 28-31)
Table 2 provides the levels of L-PBF process parameters (viz.,
P, SS) and the fictitious parameters (f 1 and f 2). Table 3 gives
the test data of the performance indicator (viz., density) of the 9
samples as per the Taguchi�s L9 OA. Analysis of variance
(ANOVA) results and the significance of L-PBF process
parameters are presented in Table 4. It is seen that percentage
of contribution of P, SS, and the fictitious parameters f 1 and f 2
on the density are 2.56%, 94.07%, 2.31%, and 1.06%
respectively. The percentage contribution of f 1 and f 2 on the
density (2.31% and 1.06%) is nothing but the error (%).

4. Results and Discussion

4.1 Development of an Empirical Relation

Additive law provides the estimates of the performance
indicator (viz., density) from the mean values of ANOVA
(Table 4). The evaluation procedure for the estimates of the
performance indicator is explained below. Let q be the density
(performance indicator) and bq is its estimate for the L-PBF
process parameters (Pi; SSj) varying the subscripts i; j from 1 to
3. q Pið Þ and q SSj

� �
are designated as the mean values of q to

the ith level of P and the jth level of SS. The grand mean of q is
designated by qmean for the 9 test runs. Following the additive
law, estimate bq for the specified (Pi; SSj) is:

q̂ ¼ q Pi; SSj
� �

¼ q Pið Þ þ q SSj
� �

� qmean ðEq 4Þ

Table 5 provides estimates of the density, bq(g/cc) from the
mean values in ANOVA Table 4 using additive law (Eq 4).
Grand mean, qmean ¼ 7:9773g=cc. The discrepancy between
estimates and the test data is within 1%.

Deviations in density (q) from the mean values of the
fictitious parameters f1 and f2 over the grand mean (qmean) were
obtained from:

Dqij ¼ q fij
� �

� qmean 8i; j ¼ 1 to 3 ðEq 5Þ

For example, Dq11 ¼ q f 11ð Þ � qmean ¼ 7:9363� 7:9773 ¼
�0:0410: Similarly, other deviations in density can be found
from the ANOVA Table 4.

Corrections Dq� and Dqþ to the estimates from the additive
law (Eq 4) were made for obtaining lower and upper bounds as:

Dq� ¼min Dq11;Dq12;Dq13f g þmin Dq21;Dq22;Dq23f g
¼min �0:0410; 0:0190; 0:0220f g

þ min �0:0193; 0:0270; �0:0077f g
¼ � 0:0410� 0:0193 ¼ �0:0603

ðEq 6Þ

Dqþ ¼max Dq11;Dq12;Dq13f g þmax Dq21;Dq22;Dq23f g
¼max �0:0410; 0:0190; 0:0220f g
þ max �0:0193; 0:0270; �0:0077f g

ðEq 7Þ

Applying the corrections Dq� ¼ �0:0603 and Dqþ ¼
0:049 to the density obtained from the additive law (Eq 4),
one can find the expected range of the density. Table 6 gives the
expected range of density for the 9 test runs. The test data is
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found to be within/close to the lower bound value bqþ Dq�ð Þ
and the upper bound value bqþ Dqþ

� �
. In fact, additive law (Eq

4) estimates the density for all combinations of the L-PBF

process parameters. Empirical relation for the density in terms
of L-PBF process parameters is required for estimating the
density throughout the range of the parameters.

Table 2 Levels of L-PBF process parameters at 0.11 mm hatch distance and 0.04 mm layer thickness

L-PBF process parameters Designation Level-1 Level-2 Level-3

Laser power, P, W P 240 320 400
Scanning speed, SS, mm/s SS 300 850 1400
Fictitious parameter f 1 f 11 f 12 f 13
Fictitious parameter f 2 f 21 f 22 f 23

Table 3 Test data of the performance indicator (viz., density) of 9 samples as per the Taguchi�s L9 OA

Test
run

Levels of L-PBF process parameters L-PBF process parameters
Fictitious
parameters

Density, q, g/
cc

Laser power, P,
W

Scanning speed, SS
(mm/s) f 1 f 2

Laser
power,
P, W

Scanning Speed,
SS, mm/s f 1 f 2

1 1 1 1 1 240 300 f 11 f 21 7.618
2 1 2 2 2 240 850 f 12 f 22 8.145
3 1 3 3 3 240 1400 f 13 f 23 8.050
4 2 1 2 3 320 300 f 12 f 23 7.764
5 2 2 3 1 320 850 f 13 f 21 8.176
6 2 3 1 2 320 1400 f 11 f 22 8.096
7 3 1 3 2 400 300 f 13 f 22 7.772
8 3 2 1 3 400 850 f 11 f 23 8.095
9 3 3 2 1 400 1400 f 12 f 21 8.080

Table 4 ANOVA and the significance of L-PBF process parameters on the density

L-PBF parameters 1-mean 2-mean 3-mean Sum of squares (SOS) %Contribution

Density, q (g/cc); grand mean = 7.9773
Laser power, P, W 7.9377 8.0120 7.9823 8.40E�03 2.56
Scanning speed, SS, mm/s 7.7180 8.1387 8.0753 3.09E�01 94.07
f 1 7.9363 7.9963 7.9993 7.58E�03 2.31
f 2 7.9580 8.0043 7.9697 3.48E�03 1.06

Table 5 Estimates of the density from the mean values in ANOVA (Table 4) using additive law (4)

Test
run

L-PBF process parameters
Mean values of density, q
from ANOVA Table 4 Density (g/cc)

Relative error, R.E.
(%)

Laser power, P
(W)

Scanning speed, SS (mm/
s) ith; jthÞ

� �
q Pið Þ q SSj

� �
Additive law (4) Test

1 240 300 (1, 1) 7.9377 7.7180 7.678 7.618 � 0.79
2 240 850 (1, 2) 7.9377 8.1387 8.099 8.145 0.56
3 240 1400 (1, 3) 7.9377 8.0753 8.036 8.050 0.18
4 320 300 (2, 1) 8.0120 7.7180 7.753 7.764 0.15
5 320 850 (2, 2) 8.0120 8.1387 8.195 8.176 � 0.24
6 320 1400 (2. 3) 8.0120 8.0753 8.110 8.096 � 0.17
7 400 300 (3, 1) 7.9823 7.7180 7.745 7.772 0.35
8 400 850 (3, 2) 7.9823 8.1387 8.144 8.095 � 0.60
9 400 1400 (3, 3) 7.9823 8.0753 8.080 8.080 0.00
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Empirical relation is developed for the density (q) in terms
of P and SS using the additive law from the mean values of
ANOVA.

q ¼ 8:1733þ 0:0223n1 � 0:052n21 þ 0:1787n2 � 0:242n22
ðEq 8Þ

Here, n1 ¼ 1
80 P � 320ð Þ and n2 ¼ 1

550 SS � 850ð Þ:
Estimations in Table 7, 8, 9 are from the developed

empirical relation (Eq 8) by varying P from 240 to 400 W; SS
from 300 to 1400 mm/s at constant HD of 0.11 mm and LT of
0.04 mm. The test data is found to be within the estimated
range.

Figure 1(a) compares the density using additive law and test
data. Figure 1(b) shows test data of density in between the
estimated range (upper bound and lower bound), which clearly
indicates the adequacy of the developed empirical relation (Eq
8). From the ANOVA Table 4, the maximum density is
expected for the set of L-PBF processing parameters P2; SS2ð Þ
in which the subscripts denote the level of the process
parameters.

In the present study, the optimal L-PBF process parameters
to achieve maximum density are the laser power, P2 ¼ 320W
and the scanning speed, SS2 ¼ 850mm=s which correspond to
the test run-5 in Table 3 of the Taguchi�s L9 OA, and the
achieved density, qmax ¼ 8:176 g=cc. The additive law (Eq 4)
estimates the maximum density, qmax ¼ 8:195 g=cc, and the
expected range is from 8.135 to 8.244 g/cc. The test data is
within the expected range. Since, percentage contribution of SS
is high, the variation of density with scanning speed is shown in
Fig. 1(c) at a constant laser power (320 W). The variation of
density with laser power in Fig. 1(d) is for 850 mm/s scanning
speed. All estimates of the density including test data were
made for all possible combinations of L-PBF process param-
eters. Variation of measured density with VED considering
complete test data is presented in Fig. 2. The large scatter in
density with VED (seen in Fig. 2(a)) is mainly attributed to
different sets of L-PBF process parameters which yield a given
VED value. This should not be treated as an experimental
scatter. The dispersion in density for VED of 67.5 J/mm3 is
clearly visible in Fig. 2(b).

4.2 Effect of L-PBF Process Parameters

The effect of L-PBF process parameters on the microstruc-
ture and densification of IN718 were examined here in detail.
Above 99% densification was achieved for 360 W of P and the
range of SS.

For a SS of 960 mm/s, the melt pool depth has increased,
whereas width has decreased with laser power. For a P of
360 W, as the melt pool depth decreased, and width increased
relatively with scanning speed. Conduction mode, transition
mode and keyhole conduction modes are possible in case of
additive manufacturing. Table 10 shows the densification of the
printed builds and the estimated range with actual test data.

The process parameters, such as P and SS, play a crucial role
in determining the quality and properties of the printed parts.
The variation in density observed in this study is attributed to
the changes in the L-PBF process parameters. By increasing the
P, more energy is delivered to the powder bed, resulting in a
deeper melt pool. Conversely, by increasing the SS, the width
of the melt pool decreases. Therefore, the combination of
higher laser power and lower SS leads to an increased melt pool
depth-to-width ratio. Figure 3 showcases a montage of optical
microstructures of specimens that were printed using different
combinations of P and SS under the experimental conditions
studied. These microstructures provide visual evidence of the
effect of process parameters on the resulting material density.

To further understand the relationship between process
parameters and build quality, Table 12 presents the densifica-
tion results of specimens at a constant VED, while varying the
laser power and hatch distance. Table 12 highlights how the
process parameters impact the achieved density of the 3D
printed parts. It emphasizes the dependency of build quality on
these specific process parameters, indicating that adjusting laser
power and hatch distance can lead to variations in densification.
It emphasizes the significance of optimizing laser power,
scanning speed, and hatch distance to ensure consistent and
controlled fabrication of defect-free parts.

The VED in Eq 1 consists of the L-PBF process parameters
(P, SS, HD and LT). For any specific VED value, it is possible
to create many sets of the L-PBF process parameters. An
attempt is made to obtain the densification for the created sets
of the L-PBF process parameters to examine the influence of
VED. Table 11 and 12 give the achieved densification for the
created sets of L-PBF process parameters for which VED =
67.5 J/mm3. It is clearly visible that for a constant value of
VED = 67.5 J/mm3, appreciable variation in the densification
is observed. This variation is not due to the experimental
scatter. It is mainly due to the variation in the sets of the L-PBF
process parameters. Hence the densification cannot be repre-
sented explicitly in terms of VED. Since, there are 4 L-PBF
process parameters, two case studies were made. In the first
case, two parameters (P and SS) are varied by keeping HD and

Table 6 Expected range of density for the test runs in Taguchi�s L9 OA

Test run

L-PBF process parameters

Testdensity, q (g/cc)

Estimated density, g/cc

Laser power, P (W) Scanning speed, SS (mm/s) Additivelaw (4) Lower bound Upper bound

1 240 300 7.618 7.678 7.618 7.727
2 240 850 8.145 8.099 8.039 8.148
3 240 1400 8.050 8.036 7.975 8.085
4 320 300 7.764 7.753 7.692 7.802
5 320 850 8.176 8.195 8.135 8.244
6 320 1400 8.096 8.110 8.050 8.159
7 400 300 7.772 7.745 7.685 7.794
8 400 850 8.095 8.144 8.083 8.193
9 400 1400 8.080 8.080 8.020 8.129
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LT at constant. In the second case, two parameters (P and HD)
are varied by keeping SS and LT constant.

Although energy density represents the energy input to the
process, it should no longer be considered a process parameter.
It can have a value for multiple combinations of input process
variables with different performance characteristics. This aspect
is demonstrated in this paper with test data. Modified Taguchi�s
method has been followed to develop empirical relationships to
the performance characteristics in terms of process variables
and demonstrated their validity through comparison of test data.

The method suggests few tests as per the orthogonal array and
provides complete information for all combinations of levels
and process variables. The method also provides the estimated
range of output responses so that the scatter in the repeated tests
can be assessed prior to the tests.

4.3 Microstructural Observations

The L-PBF process has a significant advantage in terms of
producing complex parts with high material utilization. How-
ever, it is influenced by several factors, including laser power,

Table 7 Estimates of the density, by varying SS (300 to 630 mm/s)

Laser power, P
(W)

Scanning speed, SS
(mm/s)

VED (J/mm3)
Eq 1

Density, q
(g/cc)

Relative density
(%)Eq 2

Estimates of density, q (g/cc)

Empirical relation
Eq 8

Lower
bound

Upper
bound

240 300 181.82 7.618 92.90 7.678 7.618 7.727
280 300 212.12 7.613 92.84 7.728 7.668 7.777
320 300 242.42 7.764 94.68 7.753 7.692 7.802
360 300 272.73 7.797 95.09 7.751 7.690 7.800
400 300 303.03 7.772 94.78 7.723 7.663 7.772
240 410 133.04 7.880 96.10 7.801 7.741 7.850
280 410 155.21 7.798 95.10 7.851 7.791 7.900
320 410 177.38 7.848 95.71 7.875 7.815 7.924
360 410 199.56 7.872 96.00 7.874 7.813 7.923
400 410 221.73 7.827 95.45 7.846 7.785 7.895
240 520 104.90 8.107 98.87 7.905 7.844 7.954
280 520 122.38 8.096 98.73 7.955 7.895 8.004
320 520 139.86 8.004 97.61 7.979 7.919 8.028
360 520 157.34 7.983 97.35 7.977 7.917 8.026
400 520 174.83 8.024 97.85 7.949 7.889 7.998
240 630 86.58 8.041 98.06 7.989 7.929 8.038
280 630 101.01 8.122 99.05 8.039 7.979 8.088
320 630 115.44 8.180 99.76 8.063 8.003 8.112
360 630 129.87 8.118 99.00 8.061 8.001 8.110
400 630 144.30 8.111 98.91 8.033 7.973 8.082

Table 8 Estimates of the density, by varying SS (740 to 960 mm/s)

Laser power, P
(W)

Scanning speed, SS
(mm/s)

VED (J/mm3)
Eq 1

Density, q
(g/cc)

Relative density
(%) Eq 2

Estimates of density, q (g/cc)

Empirical relation
Eq 8

Lower
bound

Upper
bound

240 740 73.71 7.995 97.50 8.054 7.993 8.103
280 740 86.00 7.993 97.48 8.104 8.043 8.153
320 740 98.28 8.207 100.09 8.128 8.068 8.177
360 740 110.57 8.193 99.91 8.126 8.066 8.175
400 740 122.85 8.138 99.24 8.098 8.038 8.147
240 850 64.17 8.145 99.33 8.099 8.039 8.148
280 850 74.87 8.069 98.40 8.149 8.089 8.198
320 850 85.56 8.176 99.71 8.173 8.113 8.222
360 850 96.26 8.253 100.65 8.171 8.111 8.220
400 850 106.95 8.095 98.72 8.144 8.083 8.193
240 960 56.82 8.035 97.99 8.125 8.065 8.174
280 960 66.29 8.096 98.73 8.175 8.115 8.224
320 960 75.76 8.105 98.84 8.199 8.139 8.248
360 960 85.23 8.141 99.28 8.198 8.137 8.247
400 960 94.70 8.165 99.57 8.170 8.109 8.219
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scanning speed, hatch distance, scan strategy, powder material,
powder size, and morphology (Ref 32), absorption and
transmission of laser energy, rapid melting and solidification
of material, microstructure evolution, and materials evaporation
(Ref 33), which are all part of the L-PBF process. The presence
of microscopic defects can affect the mechanical properties of
the fabricated part (Ref 34-36).

Lack-of-fusion (LOF) refers to a defect where there is
incomplete fusion between the base layer and new layer. This
can result in compromising the structural integrity of the
component. As shown in optical photomicrographs, the quality
of printed parts can be assessed from various types of defects,
including LOF. In Fig. 4(a), the optical micrograph shows a
horizontal lack of fusion (H-LOF). This indicates that there is
incomplete fusion along the horizontal plane between the
adjacent areas. The image displays a visible region where
fusion is not adequately achieved. The H-LOF defect can be
problematic in applications where the part is subjected to
significant loads. In Fig. 4(b), the optical micrograph shows a
vertical lack of fusion (V-LOF). This suggests that there is
incomplete fusion along the built plane between the base layer
and new layer. Similar to H-LOF, V-LOF can result in
compromised structural integrity. The image reveals a lack of
bonding/gap in the fusion region along the vertical axis.

By visualizing these optical micrographs, quality of builds
can be assessed from the types of defects present. This
information is valuable for ensuring the reliability and perfor-
mance of the printed parts. Corrective actions can then be taken
to rectify the LOF issues, by adjusting process parameters.

The LOF defects form because the metal powders are not
fully melted enough to deposit a new layer on top of the
previous one. Figure 5(a) shows the LOF, and Fig. 5(b) shows
LOF scanning track in XY Plane. LOF may be considered as (i)
poor bonding defects caused by a lack of molten metal during
the solidification process, as shown in Fig. 6(a) and (ii) defects

caused by un-melted metal powders, as shown in Fig. 6(b).
When the laser energy is insufficient to cause sufficient molten
pool penetration, interlayer bonding defects form. As a result,
LOF defects are commonly found in the scan tracks and
deposited layers. In a continuous deposition process, interlayer
defects may gradually extend and propagate upwards to form
large multi-layer defects.

The optical micrograph in Fig. 7(a) shows LOF due to
deficiency in remelting of melt pools and Fig. 7(b) shows
deficiency in fusing of scanning tracks. Crack initiation and
propagation in fabricated parts are caused by a high temper-
ature gradient combined with large residual stresses (Ref 37,
38). Figure 8(a) and (b) shows the formation of inter-layer
cracks with delamination. Intra-layer cracks are formed in a
layer during solidification of the melt pool between the
solidified layer and the printed layer (Fig. 9(a)). Shrinkage
and residual stresses in the melt pool causes intra-layer cracks
(Fig. 9(b)). Intra-layer cracks have a shorter length because they
typically form within the melt pool�s dimensions. The density,
range and test data for the samples identified with significant
defects is presented in Table 13. The introduction of undesir-
able thermal residual stresses, LOF porosities during the
process are unavoidable. Some experimental trails were made
to correlate the porosity fraction with the melt pool geometry
and L-PBF process parameters (Ref 39-41). However, the
influence of porosities on density of the realized parts needs
special attention for quantification.

In this paper, the L-PBF process parameters (viz., P, SS and
HD) were identified for IN718 powder to achieve maximum
density (q). It may be noted that for each value of VED, it is
possible to have multiple combinations of input process
parameters. Hence different performance indicators can be
expected for each combination of input process parameters.
This implies that different values of the performance indicators
for each VED are not due to experimental scatter. Modified

Table 9 Estimates of the density, by varying SS (1070 to 1400 mm/s)

Laser power, P
(W)

Scanning speed, SS
(mm/s)

VED, J/mm3

Eq 1
Density, q
(g/cc)

Relative density (%)
Eq 2

Estimates of density, q (g/cc)

Empirical relation
Eq 8

Lower
bound

Upper
bound

240 1070 50.98 8.073 98.45 8.132 8.071 8.181
280 1070 59.47 8.054 98.22 8.182 8.122 8.231
320 1070 67.97 8.139 99.26 8.206 8.146 8.255
360 1070 76.47 8.153 99.43 8.204 8.144 8.253
400 1070 84.96 8.098 98.76 8.176 8.116 8.225
240 1180 46.22 8.109 98.89 8.119 8.059 8.168
280 1180 53.93 8.115 98.96 8.169 8.109 8.218
320 1180 61.63 8.109 98.89 8.193 8.133 8.242
360 1180 69.34 8.108 98.88 8.192 8.131 8.241
400 1180 77.04 8.118 99.00 8.164 8.103 8.213
240 1290 42.28 8.087 98.62 8.087 8.027 8.136
280 1290 49.33 8.046 98.12 8.137 8.077 8.186
320 1290 56.38 8.133 99.18 8.161 8.101 8.210
360 1290 63.42 8.133 99.18 8.160 8.099 8.209
400 1290 70.47 8.117 98.99 8.132 8.071 8.181
240 1400 38.96 8.050 98.17 8.036 7.975 8.085
280 1400 45.45 8.153 99.43 8.086 8.026 8.135
320 1400 51.95 8.096 98.73 8.110 8.050 8.159
360 1400 58.44 8.128 99.12 8.108 8.048 8.157
400 1400 64.94 8.080 98.54 8.080 8.020 8.129
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Fig. 1 (a) comparison of density estimates with the test data; (b) comparison of density test data with estimates; (c) variation of density with
SS of 320W P at HD of 0.11 mm and LT of 0.04 mm and (d) variation of density with P of 850 mm/s SS at HD of 0.11 mm and LT of
0.04 mm

Fig. 2 (a) Variation of density with VED for all test data and (b) variation of density with VED from the data of L9 orthogonal array
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Taguchi approach has been adopted by considering the data of
few tests and data has been generated for the full factorial
design of experiments. ANOVA has been performed to assess

the significance of the L-PBF process parameters on density.
Test results are found to be close to the expected range of
density. The developed empirical relations can be used for

Table 11 Density for a constant VED, HD of 0.11 mm and LT of 0.04 mm

L-PBF process parameters Density, g/cc

Laser power, P (W) Scanning speed, SS (mm/s) VED, J/mm3 Test Estimated range

240 808 67.5 8.103 8.024-8.133
260 876 67.5 8.12 8.075-8.184
280 943 67.5 8.16 8.112-8.221
300 1011 67.5 8.108 8.136-8.245
320 1078 67.5 8.101 8.145-8.255
340 1145 67.5 7.763 8.142-8.251
360 1213 67.5 8.062 8.124-8.233
380 1280 67.5 8.097 8.092-8.202
400 1347 67.5 8.136 8.047-8.156

Fig. 3 Montage of optical microstructures of specimens printed using various scan power and scanning speed at all experimental conditions
studied

Table 10 Densification of the printed builds and the estimated range with test data of IN718 for the specified P (W) and
SS (mm/s)

SSP 300 520 740 960 1180 1400

240 7.618-7.727 (7.618)* 7.844-7.954 (8.107) 7.993-8.103 (7.995) 8.065-8.174 (8.035) 8.059-8.168 (8.109) 7.975-8.085 (8.05)
280 7.668-7.777 (7.613) 7.895-8.004 (8.096) 8.043-8.153 (7.993) 8.115-8.224 (8.096) 8.109-8.218 (8.115) 8.026-8.135 (8.153)
360 7.690-7.800 (7.797) 7.917-8.026 (7.983) 8.066-8.175 (8.193) 8.137-8.247 (8.141) 8.131-8.241 (8.108) 8.048-8.157 (8.128)
400 7.663-7.772 (7.772) 7.889-7.998 (8.024) 8.038-8.147 (8.138) 8.109-8.219 (8.165) 8.103-8.213 (8.118) 8.020-8.129 (8.08)
*Figure 3 test data.
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Table 12 Density for a constant VED and LT of 0.04 mm

L-PBF process parameters

VED, J/mm3

Density, g/cc

Laser power, P (W) Scanning speed, SS (mm/s) Hatch distance, HD (mm) Test Range

240 960 0.0926 67.5 8.15 8.053-8.163
260 960 0.1 67.5 8.103 8.052-8.162
280 960 0.1081 67.5 8.1 8.049-8.158
300 960 0.1158 67.5 8.012 8.042-8.151
320 960 0.1235 67.5 8.161 8.032-8.141
340 960 0.1312 67.5 8.116 8.019-8.128
360 960 0.139 67.5 8.145 8.003-8.112
380 960 0.1467 67.5 8.041 7.984-8.093
400 960 0.1544 67.5 8.123 7.962-8.071

Fig. 4 Optical photomicrographs of samples showing (a) H-LOF in XY Plane and (b) V-LOF in XZ Plane. Circles in both (a) and (b) show
lack of bonding between powder particles

Fig. 5 Optical photomicrographs of samples showing (a) LOF in XY Plane and (b) LOF in scanning track
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estimating the performance responses to the specific L-PBF
process parameters.

A data-driven model has been proposed to predict the
densification behavior of L-PBF IN718 alloy for process
parameters, P, SS and HD. The SS is the most influential
process parameter, whereas hatch distance is ranked lowest in
terms of percentage contribution. Detailed analysis of defects
noticed in metallographically polished and etched specimens
has helped in identifying the formation mechanisms of
commonly seen defects in L-PBF IN718. This study has
brought out a complete understanding on the densification and
the effect of L-PBF process parameters on the generation of
microscopic defects. Defects being a major disadvantage of
AM processed parts, studies on their formation have brought
significant clarity in selecting process parameters.

Figure 10(a) and (b) shows the hardness contour plots with
laser power and scan speed. The maximum hardness is at

280 W laser power and 960 mm/s scan speed. In XZ and XY
planes (Fig. 10) at 320 W laser power (P), the hardness
increases with scanning speed (SS) up to 960 mm/s and then
after decreases.

Hardness can be defined as the resistance of a material to
localized plastic deformation. In order to ensure reliability and
repeatability of mechanical properties the 3D printed parts,
process parameters must be optimized. According to Babu
et al., (Ref 42, 43) directional cooling results in anisotropic
mechanical properties in AM products. The hardness of sample
in as printed condition need not be uniform due to the effect of
multiple process parameters involved in additive manufacturing
such as laser scan power, scan speed and hatch distance.
However, on solution treatment followed by artificial aging (as
per AMS 5662 specification for IN718), uniformity can be
improved in mechanical properties.

Fig. 6 Scanning electron micrographs of LOF defects (a) due to poor bonding and (b) un-melted metal powders

Fig. 7 Optical photomicrographs showing LOF defects formed by deficiency in (a) remelting of melt pools and (b) fusing of scanning tracks
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Fig. 8 Optical photomicrographs of inter-layer cracks (a) between two fusion layers and (b) lack of bonding

Fig. 9 Scanning electron micrographs of intralayer cracks (a) between solidified layer and the layer being printed and (b) un-melted metal
powder

Table 13 Defects identified in samples at different L-PBF process parameters (constant hatch distance, HD = 0.11 mm
and layer thickness, LT = 0.04 mm)

L-PBF process parameters Density, g/cc

DefectsLaser power, P (W) Scanning speed, SS (mm/s) VED, J/mm3 Test Range

400 300 303.03 7.772 7.663-7.772 Porosity
240 1400 38.96 8.050 7.975-8.085 Lack of fusion
400 1400 64.93 8.080 8.020-8.129 Cracks
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5. Conclusions

In modern L-PBF systems, various processing parameters
play a crucial role. The key parameters commonly considered
include laser power, scanning speed, layer thickness and hatch
distance. These parameters are optimized through empirical
methods to achieve several objectives such as producing dense
materials, minimizing defects, enhancing build speed, reducing
surface roughness, and obtaining parts with satisfactory mate-
rial properties.

Based on extensive experimental trials and analysis of the
IN718 data using modified Taguchi approach, the following
conclusions are drawn:

1. The optimized L-PBF process parameters for IN718 are
P = 320 W, SS = 850 mm/s and HD = 0.11 mm, for
which the hardness is 334 Hv.

2. Defects such as LOF and un-melted tracks were noticed
at low VED values whereas porosity was associated with
high VED. Cracks are most evident in XZ plane, and the
formation of such cracks is high at high P and SS.

3. Even though, energy density represents the energy input
to the process, the findings of this paper conclude that
energy density should no longer be considered as a
dependent process parameter, as it provides multiple re-
sults for the specified energy density.
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