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Abstract: Defects occur in laser powder bed fusion (L-PBF) such as the keyholing, lack of fusion,
and the balling depending on the laser power (P) and the scan speed (V). The figure shows that the
occupied regions of each defect are the process window and are essentially important to fabricate a
high-quality part. This paper is a study of process window generation using single-track experiments
and finite-element method simulation of thermal conduction for Inconel738LC alloy. A series of
single-track experiments were conducted varying the range of P and V and the results were classified
into keyholing, lack of fusion, balling, and good track. A series of simulations were conducted and
validated by comparison with the experiments. To quantitively identify the balling, the isolines from
the contour map generated by the results of simulations and the balling criteria of the ratio of melt
pool length and the depth (L/D) of 7.69 were determined considering the past theoretical studies.
The lack of fusion criteria: the ratio of the overlap depth in fabrication using multi-scan (Dov) and
powder layer thickness (t) of 0.1 was obtained. Using the criteria obtained from the experiments and
simulation, the process window was generated.

Keywords: additive manufacturing; laser powder bed fusion; process window; finite-element
method; thermal conduction; single-track experiment; balling; lack of fusion; Inconel738LC;
materials integration

1. Introduction

Inconel738LC is a nickel-based alloy. Advantages of Inconel738LC are high heat
resistivity and high corrosion resistance, while a disadvantage is its hard workability using
conventional machining devices. An optimum design technology can provide a novel
design to achieve higher performance than the conventional design, e.g., [1]. Such novel
and unique design is often not manufacturable using the conventional machining devices.
Additive manufacturing, especially, the laser powder bed fusion (L-PBF) process enables
us to manufacture the novel design obtained from the optimum design. Hence, the L-
PBF process is one of the promising additive manufacturing processes and its technical
development is rapidly increasing all over the world. During the SLM process, the powder
layer is thinly spread on the substrate. The unit shaping process in the L-PBF is that the
moving laser melts the powder layer and then solidifies. An arbitrary-shaped part can be
fabricated by repeating the unit shaping process. An advantage of the L-PBF is to fabricate
a complex-shaped part.

The laser power and the scan speed strongly influence the melt pool geometry during
the L-PBF process. According to the past studies, Seede et al. quantitatively evaluated
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the melt pool geometry of AF9628 alloy by a series of single-track experiments varying
the laser power and the scan speed [2]. When the laser power and the scan speed are
relatively high, the melt pool forms an elongate shape; in such case, the melt pool is split
into spherical droplets due to Plateau–Rayleigh capillary instability [3,4]. Such defect is
known as balling [5–10]. With low laser power and/or high scan speed, the powder layer
melts insufficiently; hence, the pores in the powder particle assembly remain after passing
the laser. Such type of defect is known as lack of fusion [2,11]. When there is high laser
power and the low scan speed, the melt pool reaches a deep point of the substrate. In such
a case, the front end of the laser-excavated region breaks into pore droplet(s). Such defect
is called a keyhole pore or simply keyholing [12–14]. It is quite important to identify the
regions of the keyholing, lack of fusion, balling, and the good track region in the laser
power and the scan speed (P-V) space. Note that the good track is a region in the P-V space
when such defects do not occur. The figure which depicts the occupied regions of such
defects in the P-V space is known as the process window or process map. The process
window is essentially important to fabricate a part by the L-PBF process.

A series of single-track experiments and the image analysis of the cross-sectional
images are required to obtain the process window. The melt pool depth (D) and width (W)
are evaluated by the cross-sectional image analysis. The melt pool shape is characterized
using the D and W. Eager and Tsai developed a simple geometrical model for predicting
melt pool geometry [15]. We refer to the geometrical Eager–Tsai (E-T) model. Multiple
scans are applied in the L-PBF process; however, the original E-T model is for predicting
the melt pool geometry of a single scan in the welding process. Seede et al. extended the
E-T model to apply to the L-PBF process by incorporating the hatching distance (h) between
the two scans [2]. A schematic of the extended E-T model is shown in Figure 1.
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Figure 1. A schematic of the extended Eager–Tsai (E-T) model for the multi-scans in the L-PBF process.

The overlap depth (Dov) is the depth of overlap area between the first and the second
laser scans.

According to the past studies, D/W and D/t have been used to identify keyholing
and lack of fusion, respectively [2,11,16,17]. Note that t is the powder layer thickness. The
keyholing defect was observed when D/W > 0.5–0.83 [2]; however, the authors claimed that
the criterion was somewhat low because the range of laser powers was relatively low in their
experiments; hence, the authors used the criterion D/W > 2.2 for considering the simple
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geometrical melt pool model proposed by Eager and Tsai [15]. Roehling et al. conducted
experiments using Ti-Nb alloys and obtained the keyholing criterion of D/W > 1.5 [18].
Kitano et al. conducted single-track experiments using the Ni-based alloy of Hastelloy X
and used the keyholing identification by D/W > 1.0. The lack of fusion has been identified
using the criterion D < t [2,11,17]. The meaning of D/t < 1 is clear; the powder layer
insufficiently melts by the single-track experiment. However, the part is fabricated by
multiple scans; the melt pools of the first and the second scans overlap. In such case, the
depth of the overlap region is rather important for evaluating the lack of fusion criterion.
Seede et al. [2] proposed a geometrical relation of the overlap depth (Dov) using the hatching
distance (h), D, and W based on the Eager–Tsai melt pool model [15]. The Dov/t will be
preferable compared to D/t for the lack of fusion criterion.

Balling is difficult to identify by the D and the W. Balling has been identified by the
distinctive features obtained from cross-sectional images [2,17] and top-view pictures [2].
According to past studies, Plateau–Rayleigh capillary instability is the phenomenon that
the cylindrical fluid stream breaks up small droplets, and causes balling [3,16]. When there
is high laser power and high scan speed, the melt pool forms an elongated shape, which im-
plies that the melt pool length (L) is essential. This implies that Plateau–Rayleigh instability
arises when there is a large L and small radius if the melt pool is a cylindrical shape. Gusarov
and Smurov determined the necessary and sufficient condition for Plateau–Rayleigh insta-
bility to arise assuming that the melt pool was an infinitely cylindrical shape [3]. Following
the study of [3], DebRoy et al. proposed the criterion L/D > π [16]. Except for these studies,
authors have hardly found the criterion value of L/D in the literature.

To obtain melt pool geometry parameters such as D, W, and L, computational fluid
dynamics (CFD) analysis incorporating thermal conduction, phase change between solid,
liquid, and gas, and the moving laser heat source model have been extensively conducted
in the last decade, e.g., the studies of [19–21]. An advantage of the CFD analysis is to
quantitatively evaluate the melt pool geometric parameters, while a disadvantage is the
huge computational load, i.e., the long computation time. For example, the laser drilling
(i.e., the laser does not move) simulation of Ti-6Al-4V alloy requires about 24 h [22].
The powder bed was not incorporated in the study of [22]. The computational load
becomes high when the simulation incorporates powder particle assembly. To shorten the
computation time, the finite-element method simulation was applied with two assumptions:
(1) the powder bed is modeled as continuum media and (2) substituting Beer–Lambert
absorption law for the ray-tracing method [23,24]. Note that the ray-tracing method can
precisely model the laser–material interaction and has been used in the past for CFD
simulation of L-PBF [25]. The computation time using the simulation in the study of [23,24]
is approximately 3.5 times less than that of the other simulation models [24]. However,
the computational load of the CFD simulation is still high because many simulations are
required to generate the process window.

The purpose of this study is to determine the balling and the lack of fusion criteria
using the single-track experiments and the finite-element method simulation of thermal
conduction for Inconel738LC alloy. The single-track experiments and the FEM analysis
procedures are detailed in Section 2. In Section 3, the results of the experiments and the
FEM simulations are discussed with the criteria for identifying balling and lack of fusion.
As a result, the balling criterion of L/D > 7.69 and the lack of fusion criterion of Dov/t < 0.1
were obtained. Moreover, as shown in Figure 2, the framework to generate the process
window using the FEM simulations and the criteria for keyholing, lack of fusion, and
balling are developed in Section 3. Finally, the conclusion of this study and the future
investigation are described in Section 4.
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Figure 2. A workflow to generate the process window using the results from FEM simulation and
single-track experiment.

2. Materials and Methods
2.1. Single-Track Experiment

The material used in this study was Inconel738LC. The L-PBF system of SLM280HL
(SLM Solutions, Lübeck, Germany) was employed for the single-track experiments. The
Inconel738LC powders (Amerprint®0151.074, Höganäs AB, Höganäs, Sweden) made by
the gas atomized method were used. Note that the substrate under the powder layer was
also Inconel738LC. The mean particles diameter of Inconel738LC was about 28.9 µm. The
powder was thinly coated at the surface of substrate. The powder layer thickness (t) was
about 50 µm. A series of the single-track experiments was conducted under the various
laser powers and scan speeds (translation velocity of moving laser) listed in Table 1. In this
study, just the laser power and the scan speed were varied in the single-track experiment.
Note that the melt pool geometry depends on the other factors such as the laser beam
profile (Gaussian, flat-top, and so on) [26] and initial temperature [21]. The Gaussian laser
beam whose spot diameter was 80 µm was implemented in SLM280HL.

Table 1. The laser power and the scan speed (the translation velocity of the moving laser) in the
single-track experiments.

Laser Power: W Scan Speed: mm/s

50 250, 500, 900, 1100, 1500, 2500, 3500
100 250, 500, 900, 1100, 1500, 2500, 3500
200 250, 500, 900, 1000, 1100, 1500, 2000, 2500, 3500
300 250, 500, 700, 900, 1000, 1100, 1500, 2000, 2500, 3000, 3500
400 1000, 1500, 2000, 2500, 3000, 3500
500 250, 500, 900, 1000, 1100, 1500, 2000, 2500, 3000 3500 4000
600 1000, 1500, 2000, 2500, 3000, 3500, 4000
700 250, 500, 900, 1100, 1500, 2000, 2500, 3000, 3500, 4000

The track line was formed by the laser irradiation and was cut at the center of the
track line using a high precision cut-off machine (RCA-234, Refinetech Co., Ltd., Kanagawa,
Japan). Note that the melt pool geometry was evaluated using the one cross-sectional image.
Resin was embedded into the cross-sectional surface using a press machine (CitoPress-10,
Struers Inc., Cleveland, OH, USA). The specimen was polished using a polishing machine
(AutoMet 2000, Buehler Inc., Tokyo, Japan). A colloidal silica solution was added during
the final polishing process. After the final polishing, the cross-sectional surface was washed
with water, and was sufficiently dried.
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An example of the cross-sectional image is shown in Figure 1. The melt pool width
(W) and depth (D) are measured from the image. The keyholing, good track, and balling
examples are shown in Figure 3a–c, respectively.
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To identify the lack of fusion, the criterion D < t has been used in past studies [2,11,16].
This means that the melt pool depth does not reach the bottom of the powder layer; thus,
porosity must be formed even in the single scan. Following past studies, the lack of fusion
criterion of D < t was used in this study. Note that the criterion Dov/t can be the better
criterion for the multi scans. Hence, we discuss a comparison between D/t and Dov/t in a
later section.

According to past studies, keyholing was identified using D/W > 2.2 [2], D/W > 1.5 [18],
and D/W > 1.0 [17,18]. Considering the past studies, the keyholing criterion of D/W > 2.0
was used in this study.

As described in the introduction section, the melt pool length (L) is required to identify
balling. The melt pool length is hardly measured from the image obtained from the
experiment. The track line of the balling forms a distinctive shape; e.g., approximately
circular shape in the cross-sectional image, and wave-form from the top views. Hence,
balling was identified when such distinctive shapes were observed from the images. The
good track was identified when the single-track experiment result did not correspond to
keyholing, lack of fusion, or balling.

2.2. Finite-Element Analysis

The two-dimensional thermal conduction analysis with moving heat source model
was conducted using a muti-purpose finite element method software: Abaqus 2020. The
three-dimensional simulation is of course preferable for simulating the L-PBF process;
however, it requires a long computation time. Moreover, many simulations are required to
generate the process window; hence, two-dimensional simulation was employed in this
study. The computation time of the typical case is approximately 5 min. Figure 4 shows a
simulation setting of the FEM analysis. The four-node quadrilateral element was employed
in this study. The element was second-order. The total number of elements were 2406.
As shown in Figure 4, the mesh size was varied: 5 µm, 25 µm, and 200 µm; 5 µm meshes
were placed near a heat source region (brown in Figure 4). Following the default setting in
Abaqus software, two convergence criteria were used in this study: (1) the residual of heat
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flux is less than 0.005 and (2) the temperature correction is less than 0.01. The convergence
of FEM simulation using Abaqus is detailed in the software document.
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The powder layer was set at the top 30 µm of the calculation domain. The heat
dissipation by radiation condition was adopted to the top surface. The adiabatic bound-
ary condition was applied to the other three boundaries. Under these boundary condi-
tions and 1.0 × 10−5 s of the time increment, thermal conduction simulation for 0.005 s
was conducted.

The specific heat and thermal conductivity (λ) used are shown in Figure 5. The
thermal conductivity of powder layer was λ/20. The density of the solid materials and the
powder layer were 8220 kg/m3 and 4110 kg/m3, respectively. The solidus and liquidus
temperatures were 1098 ◦C and 1347 ◦C, respectively. The latent heat used was 250,000 J/kg.
These properties are based on the calculation using the CALPHAD software: JMatPro
(https://www.sentesoftware.co.uk/jmatpro (accessed on 7 January 2023)).
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The P varied between 300 W and 700 W every 100 W, while the V varied between
300 mm/s and 4000 mm/s every 100 mm/s; a total of 190 cases was simulated.

Kusano et al. developed a circular truncated cone shaped heat flux model based on
their single-track experiments using Inconel738LC [27]. According to Kusano et al., the
simple cylindrical shape can be used instead of the truncated cone. Using the cylinder
radius (r) and the cylinder height (hc), the cylindrical model is expressed by the following
equations based on [27]:

r = 38.2− 44.5
(

P
V

)
, (1)

hc = −3.3 + 474.2
(

P
V

)
, (2)

where P and V are the laser power and the scan speed, respectively. Due to the two-
dimensional analysis in this study, the heat flux was applied to the rectangular region
(brown color in Figure 4). The laser heat source moves from the back to the front side of the
paper surface in Figure 4. The heat flux (q) and the duration time applying the heat flux (tq)
is calculated by the following equations [27]:

q =
Pα

4arh
, (3)

tq =
2a
V

, (4)

where a and α are the laser spot radius (40 µm) and the laser absorptivity (0.4 in this
study), respectively. Note that the model parameters in Equations (1) and (2) are slightly
different from that in [21]. The model in [27] and that in this study are the cylindrical heat
source model; however, the α in this study is constant, while that in [27] is expressed as the
function of P and V. It should be noted that Equations (1) and (2) can reasonably simulate
the melt pool geometry obtained from the single-track experiments though the α is constant
in this study.

The calculation procedure for the melt pool depth, width, and length is as follows.
When a temperature of a calculation node exceeds the liquidus temperature (Tl), the
position of the node (xe, ye) is stored. Its maximum values (xe

max, ye
max) are selected from

the nodes whose temperature exceed the liquidus temperature. Using the xe
max and the

ye
max, the melt pool width (W) and depth (D) are calculated by the following equations:

W = 2xe
max, (5)

D = ye
max. (6)

The double track simulation was required to determine Dov in Figure 2. In this study,
the Dov was estimated using two assumptions: (1) the hatching distance (h) between the
first and second tracks was fixed to 100 µm, and (2) the same melt pools aligned keeping a
distance of h. Following the study in [2], the Dov was calculated by:

DOV = D
(

1− h2

W2

)
. (7)

The melt pool length (L) was estimated using the time when a calculation node first
exceeded the liquidus temperature (tmin) and that when a calculation node last exceeded
the liquidus temperature (tmax):

L = V(tmax − tmin). (8)

The W, D, Dov, and L were calculated using Equations (5)–(8); as a result, the values of
D/W, L/D, D/t, Dov/t were obtained.
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Note that a series of the FEM simulations were conducted using a workflow on the
Materials Integration System by networking technology (MInt) [28–30]. As described above,
the FEM simulation requires various simulation parameters including the physical and
the laser properties. In the MInt system, the simulation parameters in the input file and
the user-defined subroutines for the FEM simulation can be varied through the intuitive
GUI interface on the web browser. Moreover, the simulation workflow is designed to
input multiple values of the laser properties; as a result of conducting the simulation
workflow, the necessary information to generate the process window, i.e., the values of
D/W, L/D, D/t, Dov/t under various laser properties, are obtained. A Python application
programming interface (API) is implemented in the MInt system; users can conduct the
workflow though the Python script. A unique access token is provided to each user, which
means that the user can securely access the MInt system.

3. Results and Discussion
3.1. Validation of the FEM Analysis

Figure 6 shows the comparison of the melt pool depth and width between the single-
track experiment and the FEM analysis. As shown in Figure 6a, the D values obtained from
the FEM analysis were almost identical to those of the single-track experiments. The W
values are in good agreement with that of the single-track experiments under V > 500 mm/s
(Figure 6b). This is because the model parameters in Equations (1) and (2) are based on the
single-track experiments for the range of V between 750 mm/s and 3500 mm/s.

Materials 2023, 16, x FOR PEER REVIEW 8 of 16 
 

 

Note that a series of the FEM simulations were conducted using a workflow on the 
Materials Integration System by networking technology (MInt) [28–30]. As described 
above, the FEM simulation requires various simulation parameters including the physical 
and the laser properties. In the MInt system, the simulation parameters in the input file 
and the user-defined subroutines for the FEM simulation can be varied through the intu-
itive GUI interface on the web browser. Moreover, the simulation workflow is designed 
to input multiple values of the laser properties; as a result of conducting the simulation 
workflow, the necessary information to generate the process window, i.e., the values of 
D/W, L/D, D/t, Dov/t under various laser properties, are obtained. A Python application 
programming interface (API) is implemented in the MInt system; users can conduct the 
workflow though the Python script. A unique access token is provided to each user, which 
means that the user can securely access the MInt system.  

3. Results and Discussion 
3.1. Validation of the FEM Analysis 

Figure 6 shows the comparison of the melt pool depth and width between the single-
track experiment and the FEM analysis. As shown in Figure 6a, the D values obtained 
from the FEM analysis were almost identical to those of the single-track experiments. The 
W values are in good agreement with that of the single-track experiments under V > 500 
mm/s (Figure 6b). This is because the model parameters in Equations (1) and (2) are based 
on the single-track experiments for the range of V between 750 mm/s and 3500 mm/s.  

  
(a) (b) 

  
(c) (d) 

Figure 6. Comparison of melt pool depth: D (a), width: W (b), D/W (c), and D/t (d) between the 
single-track experiments and FEM simulations. 

Figure 6. Comparison of melt pool depth: D (a), width: W (b), D/W (c), and D/t (d) between the
single-track experiments and FEM simulations.



Materials 2023, 16, 1729 9 of 16

As shown in Figure 6c, the D/W of the experiments and that of the FEM are slightly
different mainly because of the difference of W for V < 500 mm/s. The case of D/W > 2
arises for V < 1000 mm/s. For most cases in V < 1000 mm/s, the D/W of the FEM exceeds
2.0 when that of the experiment also exceeds 2.0, which means that keyholing in the single-
track experiments can be identified by the FEM analysis using the criterion of D/W > 2.
The same applies with the discussion in the D/W, the cases of D/t < 1 in the FEM when
D/t < 1 in the experiments, as shown in Figure 6d. As the discussions above, the melt
pool depth and width in the single-track experiments are approximately modeled by the
FEM analysis.

3.2. Balling Criterion

Figure 7 shows the contour diagram for L/D obtained from the FEM analysis and the
classification of the balling and the good track in the single-track experiments.
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Figure 7. The contour diagram of L/D obtained by the FEM analysis and the classification of the
balling and the good track of the single-track experiments. The boundary between the good track
and the balling is between about L/D = 4 and 9; hence, the L/D is a good predictor for the balling.

It should be noted that the balling (blue circle in Figure 7) may plot together with the good
track because the balling was identified by the distinctive feature in the cross-sectional image.

As shown in Figure 7, the boundary between the balling and the good track is in
between about L/D = 4.0 and L/D = 9.0. The balling arises from the complex, multi-
physical process during the L-PBF; hence its influencing factors are not fully clear [3].
Plateau–Rayleigh instability is that the cylindrical fluid stream splits into small droplets
and is a potential influencing factor of the balling [2,3,16]. DebRoy et al. suggested that
balling can be averted depending on the melt pool length and depth, and proposed the
criterion L/D > π [16]. This criterion is derived from the theoretical analysis in the study
of [4]. Let us consider the capillary instability of an infinitely long cylindrical fluid stream
whose diameter is Dcyl. The cylinder has axial harmonic disturbances of its diameter
with a wavelength of λcyl. The cylindrical stream is stable when the λcyl is less than the
circumference of the cylinder. The necessary and sufficient condition for Plateau–Rayleigh
instability to arise is denoted by πDcyl/λcyl > 1; this may be the basis of the balling criterion
of L/D > π.

Gusarov and Smurov derived the necessary and sufficient condition for Plateau–
Rayleigh instability to arise assuming that the melt pool formed a cylinder partly fixed
with the substrate [3]. A schematic of such a segmented cylinder is shown in Figure 8.
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Based on Figure 8, the necessary and sufficient condition for Plateau–Rayleigh insta-
bility to arise was derived in [3]. The condition is as follows:

πDcyl

λcyl
=
√

2

√√√√√ φcyl

(
1 + cos 2φcyl

)
− sin 2φcyl

2]φcyl

(
2 + cos 2φcyl

)
− 3 sin 2φcyl

. (9)

According to Gusarov and Smurov [3], Equation (9) is applicable when φcyl > π/2.
The calculated values of λcyl/Dcyl for φcyl = π/2, 2π/3, 5π/6 are listed in Table 2.

Table 2. The φcyl, λcyl/Dcyl, melt pool depth, and λcyl/D of a segmented cylindrical melt pool model
shown in Figure 8.

φcyl: deg. (Rad) λcyl/Dcyl Melt Pool Depth D: µm λcyl/D

90 (π/2) 3.847 0.5Dcyl 7.694
120 (π/3) 4.786 0.25Dcyl 19.14
150 (π/6) 4.113 0.067Dcyl 61.64

180 (π) 3.847 0 No overlap

The D value used in the contour map in Figure 7 is the melt pool depth and is different
from Dcyl. This means that λcyl/D is more appropriate than λcyl/Dcyl for comparing with
L/D in Figure 7. The D value in the segmented cylinder in Figure 8 is easily calculated
by the geometrical consideration. The relationship between D and Dcyl in the segmented
cylinder in Figure 8 is expressed by following equation:

D =
1
2

Dcyl

(
1− cos

[
π − φcyl

])
. (10)

The λcyl/D values are also listed in Table 2. Assuming that λcyl is equivalent to
the melt pool length, L, λcyl/D corresponds to L/D. Both the good track and the balling
are placed in the range between 4 and 9 for L/D in Figure 7, which implies that the
criterion for separating the good track and the balling should be in this range. As shown
in Figure 7, the potential criterion is in between 6 and 9 for L/D. This range is similar to
λcyl/D = 7.694 when φcyl = π/2 rad: the melt pool forms a semi-circle. For the laser power
of 500 W, the cross-sectional images of the single-track experiments for V = 500 mm/s,
900 mm/s, 1000 mm/s, 1100 mm/s, 1500 mm/s, and 2000 mm/s are shown in Figure 8.
The classifications are also displayed in Figure 9. The keyholing defect was observed in
V = 500 mm/s. The good track and balling defect were found at 900 mm/s to 1100 mm/s
and 1500 mm/s to 2000 mm/s, respectively. Note that the other cases were the balling
when V > 2000 mm/s. Figure 9 implies that the boundary between the good track and the
balling should be placed between 1100 mm/s and 1500 mm/s. As shown in Figure 9e,f,
the upper part of the melt pool shape (the shape of the melt pool above the substrate)
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were almost semi-circular shaped, which justifies the use of the segmented cylinder of
φcyl = π/2 in Table 2. In the typical case of the balling, the melt pool forms a semi-circle or a
segmented-circle whose area is larger than that of the semi-circle. Following the discussion
above, the criterion L/D > 7.69 was used for determining the boundary between the good
track and the balling.
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3.3. Lack of Fusion Criterion

Figure 10 shows the comparison of D/t and Dov/t of the single-track experiments.
Note that the values of Dov were estimated using Equation (7) assuming that h = 100 µm.
The Dov is the depth of the overlap area between the first and the second scans; hence,
Dov < D if h > 0. As shown in Figure 10, the Dov/t values are all smaller than D/t. This
means that the Dov/t criterion is required to identify the lack of fusion. Since the single-
track experiments were conducted, the true lack of fusion in the muti-scan process could
not be observed in this study. In other words, the lack of fusion was identified by the use of
D/t < 1 in the single-track experiments. Therefore, a Dov/t criterion identical to D/t < 1
was determined in this study.
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Figure 11 shows the comparison of Dov/t assuming that h = 100 µm obtained from
the single-track experiments and the FEM analysis. When V > 1000 mm/s, Dov/t obtained
from the single-track experiments were almost identical to those from the FEM analysis,
while the difference of the single-track experiments and the FEM analysis increased with
the decrease of V when V < 1000 mm/s. When using the criterion D/t < 1, the Dov/t
criterion should be smaller than 1 because Dov < D. As shown in Figure 11, the Dov/t
obtained from the single-track experiments hardly differs from that from the FEM analysis
when Dov/t < 1; hence, the Dov/t criterion was estimated from the contour map generated
from the FEM analysis.
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and the FEM analysis.

Figure 12 shows the contour map of Dov/t using h = 100 µm (black lines), and the
isolines of Dov/t = 0.1 using h = 100 µm (black), 80 µm (red), 60 µm (green), and 40 µm
(blue) obtained from the FEM analysis. The lack of fusion in Figure 12 was classified using
D/t < 1. As can be seen in the contour map in Figure 12, the boundary between the balling
and the lack of fusion is classified by Dov/t = 0.1 using h = 100 µm. Although the isolines of
Dov/t = 0.1 cross a minimal region of the balling, the criterion Dov/t = 0.1 can reasonably



Materials 2023, 16, 1729 13 of 16

identify the lack of fusion. Moreover, the isolines of Dov/t = 0.1 hardly differ irrespective
of the h. The plots of the lack of fusion in Figure 12 were identified using D/t < 1, i.e.,
Dov/t < 0.1, the criterion identical to D/t < 1.
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Figure 12. The contour lines of Dov/t using h = 100 µm (black) and the isolines of Dov/t = 0.1 using
h = 100 µm (black, bold), 80 µm (red), 60 µm (green), and 40 µm (blue) obtained by the FEM analysis
and the classification of the lack of fusion of the single-track experiments.

The process window using the criteria of D/W > 2.0, L/D > 7.69, and Dov/t < 0.1
(D/t < 1) is shown in Figure 13. The regions of D/W > 2 (gray) and Dov/t < 0.1 (green)
were generated from the contour maps of the results of the single-track experiments. More-
over, the Dov was calculated assuming that h = 100 µm. The region of the lack of fusion
in Figure 13 was different from that of Dov/t < 0.1 in Figure 12 because the isoline of
Dov/t = 0.1 in Figure 12 was based on the results of the FEM simulations. The region of
L/D > 7.69 (blue) was based on the results of the FEM simulations. The keyholing and
the balling were well classified using D/W > 2.0 and L/D > 7.69, respectively. On the
other hand, Dov/t < 0.1 strictly agreed with the experimental classification. The reason
for the disagreement should be the small amount of the lack of fusion data. The number
of instances of lack of fusion was just 6 out of a total of 68 experiments. The criterion of
Dov/t should be verified when the number of lack of fusion data is increased. Grange et al.
conducted single-track experiments using Inconel738LC and classified the keyholing and
a low wettability using the boundaries of P/V = 0.5 J/mm and P/V = 0.22 J/mm, respec-
tively [23]. The keyholing area in this study was smaller than that in [23] because of the
difference of criterion between this study: D/W > 2 and [23]: D/Happ > 3. Happ is the
height of the upper part of the melt pool and is similar to the powder layer thickness: t
in Figure 1. The low wetting boundary crossed the balling region in Figure 13. The low
wettability is the area of P/V < 0.22 J/mm and its feature is small D and high wetting
angle (θ > 90◦). As shown in Figure 1, the wetting angle tends to be high in the balling in
this study, which means that the low wettability has features of the lack of fusion and the
balling. The proposed method can quantitatively classify the lack of fusion and the balling:
this is an advantage of this study.
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Here, the whole procedure to generate the process window of Inconel738LC was
demonstrated. The simulation workflow is easily applied to other alloys; this is an advan-
tage of the simulation workflow on the Mint system. It should be noted that the criteria of
D/W, L/D, and Dov/t used in this study may not be appropriate for the other materials;
hence, such criteria are preliminary determined before applying the simulation workflow.

4. Conclusions

In this study, the criteria for identifying the balling and the lack of fusion of In-
conel738LC were investigated using single-track experiments and FEM analysis of thermal
conduction. The following results were obtained.

• Using the melt pool depth (D), width (W), the powder layer thickness (t), and the
overlap depth between the first and the second scans (Dov) assuming the hatching
distance (h) of 100 µm, the experimental results were classified into three defect types:
keyholing, lack of fusion, and balling by D/W > 2.0, D/t > 1, and the distinctive
feature of the cross-sectional image and top view, respectively.

• The FEM analysis was validated by comparing the D and W between the single-track
experiments and the FEM analysis. As a result, the melt pool geometry obtained from
FEM analysis reasonably agreed with that from the single-track experiments.

• A series of FEM analyses was conducted varying the laser power and the scan speed.
The contour map of the ratio of melt pool length and depth (L/D) was generated
from the FEM analysis. Considering the necessary and sufficient condition arising
Plateau–Rayleigh capillary instability which is the main cause of the balling, the balling
criterion of L/D > 7.69 was obtained from the comparison with the contour map and
the classification of the single-track experiments.

• The Dov/t assuming h = 100 µm was calculated. As a result, the lack of fusion criterion
of Dov/t < 0.1 which was equivalent to the well-known criterion: D/t < 1 was obtained.

• Finally, the process window of Inconel738LC was generated using the criteria of
D/W > 2.0, L/D > 7.69, and Dov/t < 0.1.

An important outcome of the procedure to generate the process window is that the
balling defect can be quantitatively determined by L/D > 7.69. As a result, keyholing,
lack of fusion, and balling can be identified by a series of FEM simulations if the criteria
determined can be applied to a target material. However, the material used is Inconel738LC
only, which means that the criteria determined are valid for Inconel738LC. According to
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past studies [17], the thermal properties of Hastelloy X are similar to those of Inconel738LC.
Assuming that the melt pool geometry mainly depends on the thermal properties, there
is a possibility of using the criteria determined in this study for the other materials. The
validity of the criteria determined against the other materials will be investigated in our
future study. Moreover, the criterion Dov/t < 0.1 is identical to D/t < 1, which seems to
be the minimum requirement of the lack of fusion for the single scan. In order to evaluate
the lack of fusion in the multi scans, the Dov/t values will be evaluated by multi-track
experiments and CFD simulations in our future work.

Author Contributions: Conceptualization, J.K. and M.W.; methodology, M.K., H.K., S.M. and K.D.;
software, M.K., H.K., S.M. and K.D.; validation, J.K. and M.W.; formal analysis, J.K., M.K., H.K. and
M.W.; investigation, J.K., M.K., H.K. and M.W.; resources, M.K., H.K., M.T. and M.W.; data curation,
J.K. and M.T.; writing—original draft preparation, J.K. and M.W.; writing—review and editing, J.K.,
M.W., M.K., H.K. and S.M.; visualization, J.K.; supervision, M.W.; project administration, M.W. and
S.M.; funding acquisition, M.W. and S.M. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the Council for Science, Technology, and Innovation (CSTI),
Cross-ministerial Strategic Innovation Promotion Program (SIP), “Materials Integration for revolu-
tionary design system of structural materials” (Funding agency: Japan Science and Technology (JST)).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data in this manuscript are not available.

Acknowledgments: Financial support from the Council for Science, Technology, and Innovation
(CSTI), Cross-ministerial Strategic Innovation Promotion Program (SIP), “Materials Integration for rev-
olutionary design system of structural materials” (Funding agency: JST) is gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Patil, A.Y.; Hegde, C.; Savanur, G.; Kanakmood, S.M.; Contractor, A.M.; Shirashyad, V.B.; Chivate, R.M.; Kotturshettar, B.B.;

Mathad, S.N.; Patil, M.B.; et al. Biomimicking Nature-Inspired Design Structures—An Experimental and Simulation Approach
Using Additive Manufacturing. Biomimetics 2022, 7, 186. [CrossRef] [PubMed]

2. Seede, R.; Shoukr, D.; Zhang, B.; Whitt, A.; Gibbons, S.; Flater, P.; Elwany, A.; Arroyave, R.; Karaman, I. An Ultra-High
Strength Martensitic Steel Fabricated Using Selective Laser Melting Additive Manufacturing: Densification, Microstructure, and
Mechanical Properties. Acta Mater. 2020, 186, 199–214. [CrossRef]

3. Gusarov, A.V.; Smurov, I. Modeling the Interaction of Laser Radiation with Powder Bed at Selective Laser Melting. Phys. Procedia.
2010, 5, 381–394. [CrossRef]

4. Howard, L.N. Hydrodynamic and Hydromagnetic Stability. By S. CHANDRASEKHAR. Clarendon Press: Oxford University
Press, 1961. 652 Pp. £5. 5s. J. Fluid. Mech. 1962, 13, 158–160. [CrossRef]

5. Morgan, R.; Sutcliffe, C.J.; O’Neill, W. Experimental Investigation of Nanosecond Pulsed Nd:YAG Laser Re-Melted Pre-Placed
Powder Beds. Rapid. Prototyp. J. 2001, 7, 159. [CrossRef]

6. Tolochko, N.K.; Mozzharov, S.E.; Yadroitsev, I.A.; Laoui, T.; Froyen, L.; Titov, V.I.; Ignatiev, M.B. Balling Processes during Selective
Laser Treatment of Powders. Rapid. Prototyp. J. 2004, 10, 78–87. [CrossRef]

7. Yadroitsev, I.; Yadroitsava, I.; Bertrand, P.; Smurov, I. Factor Analysis of Selective Laser Melting Process Parameters and
Geometrical Characteristics of Synthesized Single Tracks. Rapid. Prototyp. J. 2012, 18, 201–208. [CrossRef]

8. Kruth, J.P.; Froyen, L.; van Vaerenbergh, J.; Mercelis, P.; Rombouts, M.; Lauwers, B. Selective Laser Melting of Iron-Based Powder.
J. Mater. Process. Technol. 2004, 149, 616–622. [CrossRef]

9. Yadroitsev, I.; Bertrand, P.; Smurov, I. Parametric Analysis of the Selective Laser Melting Process. Appl. Surf. Sci. 2007,
253, 8064–8069. [CrossRef]

10. Gusarov, A.V.; Yadroitsev, I.; Bertrand, P.; Smurov, I. Heat Transfer Modelling and Stability Analysis of Selective Laser Melting.
Appl. Surf. Sci. 2007, 254, 975–979. [CrossRef]

11. Letenneur, M.; Kreitcberg, A.; Brailovski, V. Optimization of Laser Powder Bed Fusion Processing Using a Combination of Melt
Pool Modeling and Design of Experiment Approaches: Density Control. J. Manuf. Mater. Process. 2019, 3, 21. [CrossRef]

http://doi.org/10.3390/biomimetics7040186
http://www.ncbi.nlm.nih.gov/pubmed/36412714
http://doi.org/10.1016/j.actamat.2019.12.037
http://doi.org/10.1016/j.phpro.2010.08.065
http://doi.org/10.1017/S0022112062210592
http://doi.org/10.1108/13552540110395565
http://doi.org/10.1108/13552540410526953
http://doi.org/10.1108/13552541211218117
http://doi.org/10.1016/j.jmatprotec.2003.11.051
http://doi.org/10.1016/j.apsusc.2007.02.088
http://doi.org/10.1016/j.apsusc.2007.08.074
http://doi.org/10.3390/jmmp3010021


Materials 2023, 16, 1729 16 of 16

12. Zhao, C.; Parab, N.D.; Li, X.; Fezzaa, K.; Tan, W.; Rollett, A.D.; Sun, T. Critical Instability at Moving Keyhole Tip Generates
Porosity in Laser Melting. Science (1979) 2020, 370, 1080–1086. [CrossRef] [PubMed]

13. Cunningham, R.; Zhao, C.; Parab, N.; Kantzos, C.; Pauza, J.; Fezzaa, K.; Sun, T.; Rollett, A.D. Keyhole Threshold and Morphology
in Laser Melting Revealed by Ultrahigh-Speed x-Ray Imaging. Science (1979) 2019, 363, 849–852. [CrossRef] [PubMed]

14. Huang, Y.; Fleming, T.G.; Clark, S.J.; Marussi, S.; Fezzaa, K.; Thiyagalingam, J.; Leung, C.L.A.; Lee, P.D. Keyhole Fluctuation and
Pore Formation Mechanisms during Laser Powder Bed Fusion Additive Manufacturing. Nat. Commun. 2022, 13, 1170. [CrossRef]

15. Eagar, T.W.; Tsai, N.-S. Temperature Fields Produced by Traveling Distributed Heat Sources. Weld. J. 1983, 62, 346–355.
16. DebRoy, T.; Wei, H.L.; Zuback, J.S.; Mukherjee, T.; Elmer, J.W.; Milewski, J.O.; Beese, A.M.; Wilson-Heid, A.; De, A.; Zhang,

W. Additive Manufacturing of Metallic Components—Process, Structure and Properties. Prog. Mater. Sci. 2018, 92, 112–224.
[CrossRef]

17. Kitano, H.; Kusano, M.; Tsujii, M.; Yumoto, A.; Watanabe, M. Process Parameter Optimization Framework for the Selective Laser
Melting of Hastelloy X Alloy Considering Defects and Solidification Crack Occurrence. Crystals 2021, 11, 578. [CrossRef]

18. Roehling, J.D.; Perron, A.; Fattebert, J.-L.; Haxhimali, T.; Guss, G.; Li, T.T.; Bober, D.; Stokes, A.W.; Clarke, A.J.; Turchi, P.E.A.; et al.
Rapid Solidification in Bulk Ti-Nb Alloys by Single-Track Laser Melting. JOM 2018, 70, 1589–1597. [CrossRef]

19. Wang, L.; Zhang, Y.; Chia, H.Y.; Yan, W. Mechanism of Keyhole Pore Formation in Metal Additive Manufacturing. NPJ Comput.
Mater. 2022, 8, 22. [CrossRef]

20. Fürstenau, J.-P.; Wessels, H.; Weißenfels, C.; Wriggers, P. Generating Virtual Process Maps of SLM Using Powder-Scale SPH
Simulations. Comput. Part Mech. 2020, 7, 655–677. [CrossRef]

21. Wang, W.; Lin, W.; Yang, R.; Wu, Y.; Li, J.; Zhang, Z.; Zhai, Z. Mesoscopic Evolution of Molten Pool during Selective Laser Melting
of Superalloy Inconel 738 at Elevating Preheating Temperature. Mater. Des. 2022, 213, 110355. [CrossRef]

22. Wang, L.; Zhang, Y.; Yan, W. Evaporation Model for Keyhole Dynamics during Additive Manufacturing of Metal. Phys. Rev. Appl.
2020, 14, 064039. [CrossRef]

23. Grange, D.; Queva, A.; Guillemot, G.; Bellet, M.; Bartout, J.D.; Colin, C. Effect of Processing Parameters during the Laser Beam
Melting of Inconel 738: Comparison between Simulated and Experimental Melt Pool Shape. J. Mater. Process. Technol. 2021,
289, 116897. [CrossRef]

24. Queva, A.; Guillemot, G.; Moriconi, C.; Metton, C.; Bellet, M. Numerical Study of the Impact of Vaporisation on Melt Pool
Dynamics in Laser Powder Bed Fusion—Application to IN718 and Ti-6Al-4V. Addit. Manuf. 2020, 35, 101249. [CrossRef]

25. Bayat, M.; Mohanty, S.; Hattel, J.H. Multiphysics Modelling of Lack-of-Fusion Voids Formation and Evolution in IN718 Made by
Multi-Track/Multi-Layer L-PBF. Int. J. Heat Mass. Transf. 2019, 139, 95–114. [CrossRef]

26. Yuan, W.; Chen, H.; Li, S.; Heng, Y.; Yin, S.; Wei, Q. Understanding of Adopting Flat-Top Laser in Laser Powder Bed Fusion
Processed Inconel 718 Alloy: Simulation of Single-Track Scanning and Experiment. J. Mater. Res. Technol. 2022, 16, 1388–1401.
[CrossRef]

27. Kusano, M.; Watanabe, M. Development and Validation of a Heat Source Model for Finite Element Thermal Analysis of Laser
Powder Bed Fusion. Mater. Des. 2023, under review.

28. Minamoto, S.; Kadohira, T.; Ito, K.; Watanabe, M. Development of the Materials Integration System for Materials Design and
Manufacturing. Mater. Trans. 2020, 61, 2067–2071. [CrossRef]

29. Demura, M.; Koseki, T. SIP-Materials Integration Projects. Mater. Trans. 2020, 61, 2041–2046. [CrossRef]
30. Demura, M. Materials Integration for Accelerating Research and Development of Structural Materials. Mater. Trans. 2021,

62, 1669–1672. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1126/science.abd1587
http://www.ncbi.nlm.nih.gov/pubmed/33243887
http://doi.org/10.1126/science.aav4687
http://www.ncbi.nlm.nih.gov/pubmed/30792298
http://doi.org/10.1038/s41467-022-28694-x
http://doi.org/10.1016/j.pmatsci.2017.10.001
http://doi.org/10.3390/cryst11060578
http://doi.org/10.1007/s11837-018-2920-2
http://doi.org/10.1038/s41524-022-00699-6
http://doi.org/10.1007/s40571-019-00296-3
http://doi.org/10.1016/j.matdes.2021.110355
http://doi.org/10.1103/PhysRevApplied.14.064039
http://doi.org/10.1016/j.jmatprotec.2020.116897
http://doi.org/10.1016/j.addma.2020.101249
http://doi.org/10.1016/j.ijheatmasstransfer.2019.05.003
http://doi.org/10.1016/j.jmrt.2021.12.077
http://doi.org/10.2320/matertrans.MT-MA2020002
http://doi.org/10.2320/matertrans.MT-MA2020003
http://doi.org/10.2320/matertrans.MT-M2021135

	Introduction 
	Materials and Methods 
	Single-Track Experiment 
	Finite-Element Analysis 

	Results and Discussion 
	Validation of the FEM Analysis 
	Balling Criterion 
	Lack of Fusion Criterion 

	Conclusions 
	References

