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Abstract: Recent years have witnessed increasing demand for selective laser melting (SLM) in practi-
cal applications; however, determining the appropriate process parameter range remains challenging.
In this study, a framework was developed to determine the appropriate process parameter range
considering the occurrence of defects and cracks by conducting a single-track test and thermal
elastoplastic analysis. Keyholing, balling, and the residual unmelted regions were considered defects.
The occurrence of solidification cracking, which is predominant in the SLM of solution-strengthened
Ni-based alloys, was considered. Using the proposed framework, we could fabricate a part with
largely no defects or cracks, except for the edges, under the determined optimal process parameters.

Keywords: selective laser melting; solidification cracking; defect; Hastelloy X; thermal elastoplastic
analysis; process optimization

1. Introduction

In recent years, research and development into the selective laser melting (SLM)
process has been actively pursued to improve the degree of freedom of part design, reduce
the number of parts, and lower the cost via integrated fabrication. Several studies have been
carried out on the application of the SLM process to materials such as titanium alloys [1,2],
Ni-based superalloys [3–6], aluminum alloys [7,8], and steel materials [9,10]. These studies
have revealed that it is important to set the process parameters (layer thickness, hatch
spacing, laser power, and scan speed) within an appropriate range to fabricate parts with
largely no defects or cracks. Typically, when applying the SLM process to a material whose
appropriate parameter range is unknown, it is necessary to fabricate a part of a few tens of
square millimeters under various process parameters and evaluate the presence of defects
and cracks by cross-sectional observation to determine the process parameters. However,
this method requires considerable time and cost.

To this end, Seede et al. proposed a framework to determine the appropriate process
parameters that do not cause keyholing, balling, or residual unmelted areas by combining
single-track tests and analytical model evaluations [11]. The single-track test is a method
used to obtain a melt pool on a line by scanning a laser only on a single line under various
fabrication conditions; this test can be performed in a shorter duration compared with
fabricating parts of several tens of square millimeters. Keyholing is a phenomenon in which
the porosity remains at the bottom of the melt pool when the melt pool has an extremely
large depth relative to its width [12,13]. Keyholing occurs under high laser power and low
scan speed conditions. Balling is a phenomenon in which the melt pool solidifies into a
spherical shape owing to the unstable flow of the melt pool [14,15], and a notch-like groove
is formed at the outer edge of the melt pool. Balling occurs under high laser power and
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high scan speed conditions. A residual unmelted area is observed when the powder layer
cannot be completely melted. This is due to the low laser power, high scan speed, and
large hatch spacing.

Using Seede’s framework, it is possible to quickly and inexpensively determine the
appropriate process parameter range where no defects occur, i.e., no keyholing, balling,
or residual unmelted area. However, there is one problem: the occurrence of cracks is
not considered. Because various characteristics are affected when cracks occur in a part,
it is important to exclude the process parameter range in which cracks occur from the
appropriate process parameter range.

Recently, the authors proposed a method for predicting solidification cracking, which
is the dominant type of cracking in the SLM of solution-strengthened Ni-based superalloys,
using the plastic strain behavior in the high-temperature region obtained from a thermal
elastoplastic analysis [16]. Solidification cracking occurs when the residual liquid film at
the columnar interface cannot fully resist shrinkage strain during the solidification process
of the material and the cracks are not healed by residual liquid in the surrounding area. It
has also been reported that carbide precipitation may affect the occurrence of solidification
cracking [17]. Previous studies on welding technology have shown that various Ni-based
superalloys, including solution-strengthened Ni-based superalloys, are highly susceptible
to solidification cracking because of γ single-phase solidification [18–20]. By incorporating
the authors’ method for predicting solidification cracking into Seede’s framework, we can
establish a method for determining an appropriate process parameter range that does not
cause defects or cracking in solid-solution-strengthened Ni-based superalloys.

In this study, we developed and validated a framework for determining the appro-
priate SLM process parameter range for solution-strengthened Ni-based superalloys by
combining a defect-free condition search based on Seede’s method and a solidification crack
prediction method. Specifically, the range of process parameters that does not cause key-
holing, balling, or residual unmelted area in Hastelloy X, which is a solution-strengthened
Ni-based superalloy, was determined by referring to the results of single-track tests. Subse-
quently, within this range, the process parameters that do not cause solidification cracks
were determined. Two methods were considered to determine the parameters that do not
cause solidification cracks: grid-based sampling and Bayesian optimization. In addition,
the effectiveness of the proposed framework was verified by fabricating parts using the
process parameters near the optimal conditions obtained by the above procedure and by
evaluating the defects and cracks through cross-sectional observation.

2. Materials and Methods

This paper proposes a framework for determining the appropriate process param-
eters considering defects and crack occurrence, by combining the search for defect-free
conditions using single-track test results and the prediction of solidification cracking using
plastic strain behavior obtained through thermal elastoplastic analysis. Figure 1 shows
the outline of the proposed framework. The details of the framework are presented in the
following sections.

2.1. Search Method for Defect-Free Process Parameter Range

By referring to Seede’s method, the process parameter range that does not cause
defects, such as keyholing, balling, and residual unmelted area, is determined. Seede
conducted a single-track test using the same powder layer thickness as that used in actual
fabrication and used the obtained melt pool width and depth as well as an analytical model
of heat conduction phenomena adjusted using the melt pool dimensions to determine the
process parameter range under which defects do not occur [11]. In this study, a single-track
test using only a substrate without powder was conducted as a simpler method, and only
the obtained melt pool width and depth were used to determine the process parameter
range for a defect-free fabrication.
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Figure 1. Outline of the proposed framework for determining appropriate selective laser melting (SLM) process parameter
range considering defects and crack occurrence.

2.1.1. Single-Track Tests

Single-track tests were performed using SLM280HL (SLM SOLUTIONS) with a maxi-
mum power of 700 W (fiber laser, spot diameter: 80 µm, Gaussian distribution). In the test,
the laser power was set to six levels (50, 100, 180, 300, 500, and 700 W), and the scan speed
was set to five levels (250, 500, 900, 1500, and 2500 mm/s). However, when the laser power
was 50 or 100 W and the scan speed was 1500 mm/s or more, the substrate hardly melted;
hence, it was excluded from the following study. The scanning length of the laser was set
to 10 mm, and the distance between adjacent scans was set to 10 mm. A Hastelloy X plate
with dimensions of 100 mm × 100 mm × 3 mm was used as the substrate. Table 1 presents
the composition of the Hastelloy X plate.

Table 1. Chemical composition of Hastelloy X base plate, wt%.

Ni Fe Cr Co Mo W C Si Mn P S

Bal. 18.4 21.6 1.0 8.9 0.6 0.08 0.46 0.48 0.008 <0.002

Single-track test samples fabricated under each condition were cut at the center cross
section, polished, and observed by scanning electron microscopy (SEM) to evaluate the
melt pool dimensions (width W and depth D). Because the melt pool shape near the surface
was found to be unstable, the melt pool width WD/2 measured at half the melt pool depth
was used for the melt pool width, and we assumed that the melt pool shape follows a
parabolic shape.

W =
√

2 WD/2. (1)

Figure 2 shows the definitions of W, D, and WD/2.
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Figure 2. Definitions of W, D and WD/2

2.1.2. Criteria for Determining Defect Occurrence

The occurrence of keyholing was determined by the ratio of the melt pool width to the
depth. Roehling et al. [13] stated that keyholing occurs when the melt pool depth D/melt
pool width W > 1.5, and the same value was used in this study.

The occurrence of balling was determined from the top and cross-sectional views of
the single-track test samples. The occurrence of balling can be easily determined because
the melt pool has a spherical shape and notch-like grooves appear at its outer edge.

The occurrence of the remaining unmelted area was determined using two methods.
The first method is by comparing the melt pool depth in the single-track test and the
powder layer thickness in the actual fabrication. If the melt depth is less than the powder
layer thickness, the part will not be integrated, and defects will occur. In this study, the
powder layer thickness was kept constant at 30 µm. The other method is based on the
relationship between the melt pool dimensions and the hatch spacing. Seede derived the
relationship between the maximum hatch spacing hmax and the melt pool dimensions (melt
pool width Ws and depth Ds) to avoid the remaining unmelted area as:

hmax = Ws

√
1− t

(t + Ds)
, (2)

by geometrical considerations [11], where t is the powder layer thickness. Equation (2) is
based on the assumption that the results of single-track tests, including the powder layer,
are used, and the results of single-track tests without powder in this study cannot be used
without modification. This is because the melt pool depth of the single-track parts with
the powder layer Ds is obtained by subtracting the thickness of the powder layer from the
thickness of the total melt area, and the melt pool depth of the single-track parts without
the powder layer D is the length of the total molten area in the thickness direction. As
shown in Figure 3, we first assumed the melt pool width of the single-track parts without
powder W and the melt pool width of the single-track parts with the powder layer Ws
were equal. Then, we also assumed the melt pool depth of the single-track parts without
the powder layer D was the sum of the melt pool depth of the single-track parts with the
powder layer Ds and the powder layer thickness. In other words, we assumed that,

W = Ws, (3)

D = Ds + t. (4)

Under this assumption, we can write Equation (2) as:

hmax = W

√
1− t

D
, (5)

and the maximum hatch spacing hmax can be evaluated from the single-track melt pool
dimensions without a powder layer to avoid the remaining unmelted part. The hatch
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spacing in the actual fabrication was kept constant at 100 µm, and the region where
hmax < 100 µm was determined to be the region where unmelted parts remained due to
excess hatch spacing.

Figure 3. Relationship between melt pool dimensions with and without the powder layer.

2.2. Method for Determining Solidification Crack-Free Process Parameters
2.2.1. Prediction Method for Solidification Cracking by Thermal Elastoplastic Analysis

In a previous study, the authors investigated the correlation between the strain be-
havior in the high-temperature region, which can be obtained via a thermal elastoplastic
analysis, and the occurrence of solidification cracking in the actual parts of single-track
melt components within the process parameter range assuming the SLM process [16]. As a
result, it was clarified that solidification cracking occurs when the maximum value of the
incremental plastic strain in the solid–liquid coexistence temperature range during the cool-
ing process ∆εmax

p , obtained through the thermal elastoplastic analysis, exceeds a threshold
value. This threshold value is useful for predicting the occurrence of solidification cracks
caused by the fracture of the residual liquid film. In the thermal elastoplastic analysis,
the occurrence of solidification cracking in single-track parts with a powder layer can be
predicted without considering the effect of the powder layer. In the present study, solidifi-
cation crack occurrence was predicted using the same method. The thermal elastoplastic
finite element analysis was performed by conducting a one-way coupled analysis, in which
a transient heat conduction analysis was carried out without considering the deformation,
and then, an elastoplastic analysis was performed with reference to the temperature history
of each node. The same mesh was used for the heat conduction finite element analysis
and the elastoplastic finite element analysis. A fine element division (5 µm square) was
performed near the region where melting was expected.

The heat input area dimensions (HW , HD in Figure 4) were determined by referring
to the melt region shape of each sample, and the region was heated at a constant heat flux,
Q (J/m3s) for t (s). Here, the relationships between Q, t, laser power LP (W), and scan
speed v (m/s) were determined as t = 2a

v and Q = ηLP
2aDW (η: laser absorption efficiency;

a: laser radius), assuming that t is equal to the time taken for the laser to pass through
the 2D section. η was set to 0.7, which is the same value in the previous study. The
initial temperature of the model was set to 25 ◦C, and the model boundary was set to an
adiabatic condition. As in the previous study, HW was assumed to be equal to WD/2/2,
and HD was assumed to be equal to D. To determine the heat input area other than the
single-track test condition, a neural network model was constructed using the melt pool
dimensions obtained from the single-track tests. The specific method for constructing the
neural network model is described in the following section. In the elastoplastic analysis,
the model was assumed to be in a plane-stress state, and the bottom edge of the model was
fixed in the x and y directions. ∆εmax

p is the maximum value of incremental plastic strain in
the region, where the maximum temperature larger than the liquidus temperature.
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Figure 4. Finite-element model employed for analysis.

The material properties used in the thermal elastoplastic analysis were the same as
those used in the previous study [16]. The maximum incremental plastic strain threshold
value for the occurrence of solidification cracking was set to 0.0041, as determined in the
previous study [16].

2.2.2. Process Parameters under Which Cracking Does Not Occur

The procedure described in Section 2.2.1 can be applied to determine whether solid-
ification cracking has occurred at each laser power and scan speed. Because a thermal
elastoplastic analysis is computationally expensive, the presence or absence of solidification
cracking in the entire range of laser power and scan speed employed in the single-track
test could not be evaluated; nevertheless, this could be done in the range of the defect-free
process parameters determined using the procedure explained in Section 2.1.

The process parameter range to avoid solidification cracks was determined using two
methods: grid-based sampling [21] and Bayesian optimization [22–24]. In the grid-based
sampling method, the range of defect-free conditions was plotted on the laser power–scan
speed map and then divided into grids, and the presence or absence of solidification
cracks at the grid intersections was evaluated. Grid-based sampling is a method for
comprehensively evaluating the presence or absence of solidification cracks within the
defect-free process parameter range and can help us understand the trend of solidification
crack occurrence conditions. However, because it requires a large number of evaluations
and calculation time, it is inefficient for obtaining only the optimum process parameters.
Therefore, assuming that only the optimal conditions are to be obtained, a search for
the optimal conditions by Bayesian optimization was also conducted. Here, the optimal
conditions were defined as the conditions with the highest fabrication efficiency, i.e., the
highest laser power, within the range of conditions where no defects or cracks occurred.

The statistics and machine learning toolbox of MATALB 2021a was used for the
Bayesian optimization, and the “expected-improvement-plus” option was used as an
acquisition function. The acquisition function under the “expected-improvement-plus”
option can be written as follows:

EI(x, Q) = max(0, µQ(xbest)− f (x), (6)

where xbest is the location of the lowest posterior mean, µQ (xbest) is the lowest value of the
posterior mean, and f (x) is the objective function [22–24]. To prevent falling into a local
solution, when σF(x) < 0.5σ, the kernel function of the acquisition function was modified
by multiplying the kernel parameter θ with the number of iterations, as suggested by
Bull [25]. Here, σF is the standard deviation of the posterior objective function at x, and σ
is the posterior standard deviation of the additive Gaussian noise. The ARD Matérn 5/2
kernel [26] was used for the kernel function.
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2.3. Fabrication and Evaluation of Parts for Validating the Effectiveness of the Proposed Framework

Hastelloy X powder (AMPERPRINT 0228; Höganäs AB, Höganäs) prepared by gas
atomization was used to fabricate the parts. Table 2 lists the composition of the Hastelloy-X
powder used. Figures 5 and 6 shows the SEM image of Hastelloy-X powder and particle size
distribution of the powder, evaluated using a particle size analyzer with laser diffraction
scattering. The SLM system and substrate were the same as those described in Section 2.1.1.
The laser power and scan speed were determined by referring to the results of the search
for the process parameter range that does not cause defects or cracks, obtained using the
procedure described in Sections 2.1 and 2.2.

Table 2. Chemical composition of Hastelloy X powder, wt%.

Ni Fe Cr Co Mo W C Si Mn P S

Bal. 18.1 22.1 1.6 9.0 0.7 0.06 0.10 - 0.005 0.003

Figure 5. Scanning electron microscope (SEM) image of Hastelloy-X powder.

Figure 6. Particle size distribution of Hastelloy-X powder.

The fabricated parts were cylindrical, 10 mm in diameter and 8 mm in height, with a
powder layer thickness of 30 µm and a hatch spacing of 100 µm. A bidirectional scanning
strategy with 90◦ interlayer rotation was employed as the scanning strategy. The fabricated
parts were cut at the center cross-section, polished, and evaluated for defects and cracks
by SEM.
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3. Results and Discussions
3.1. Search Result for Defect-Free Process Parameters
3.1.1. Single-Track Test Results

Figure 7 shows the relationship between the melt pool dimensions and the scanning
speed obtained from the single-track test at each laser power. Here, W is the value calcu-
lated using Equation (1). The conditions in which balling occurred were excluded because
it was difficult to define the melt pool dimensions.

Figure 7. Relationship between melt pool dimensions and laser scan condition: (a) Melt pool width,
W; (b) Melt pool depth, D.

This figure shows that the melt pool width tends to decrease as the scan speed increases
at low laser powers (laser power: 50, 100, and 180 W). This is because the amount of heat
inputted per unit length decreases as the scan speed increases. On the other hand, when
the laser power was high (laser power: 300, 500, and 700 W), the melt pool width did not
change significantly even when the scan speed increased. This is because the heat input
width corresponds to the laser diameter, and there is a limit to the melt pool width. In
other words, under conditions of high laser power, the melt width is saturated, and the
effect of changes in the heat input is small. The melt pool depth decreases with increasing
scan speed and decreasing heat input per unit length under all laser powers.

3.1.2. Defect-Free Process Parameter Range

Figure 8a shows the defect-free process parameter range determined based on the
results reported in Section 3.1.1. The process parameter range in which the keyholing
phenomenon and the remaining unmelted area occur were evaluated from the melt pool
dimensions of the single-track test samples, and the range in which balling occurred was
evaluated from the top and cross-sectional views of the single-track melt pool. In Figure 8a,
the good region is defined as the area where the single-track test results show no defect
generation, and the other areas are defined as areas where either keyholing, balling, or
unmelted areas remain. Figure 8b shows a typical cross-sectional view of the region in
which each phenomenon occurs. Figure 8b also shows the laser power, scan speed, and
type of defect judgment corresponding to each cross-sectional view.

Figure 8a shows that, similar to the results obtained by Seede, keyholing occurs under
high laser power and low scan speeds, balling occurs under high laser power and high
scan speeds, and residual unmelted area occurs under low laser power and high scan
speeds. This indicates that the results are reasonable. The white area indicated by “good”,
which was not judged to be a defective area, is the defect-free process parameter range in
this study.
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Figure 8. Defect-free process parameter map and cross-sectional image examples: (a) defect-free
process parameter map; (b) cross-sectional image examples.

From Figure 8b, it is possible to understand the typical cross-sectional characteristics
where various types of defects are judged to occur. When keyholing is judged to occur, the
melt pool depth is larger than the melt pool width, as defined. In the case where balling is
judged to occur, a notch-like defect occurs at the edge of the melt pool. When the remaining
unmelted area is judged to occur, the melt pool depth is lower than the thickness of the
powder layer (30 µm) used in the actual fabrication in this study.

3.2. Search Result for Solidification Crack-Free Process Parameters
3.2.1. Construction of Neural Network Model for Predicting Heat Input Area

To determine the heat input area dimensions HW and HD under the process parameters
in and near the defect-free area, a neural network was constructed to predict WD/2/2 and
D from the laser power and scan speed. The neural network used was a three-layer feed-
forward fully coupled neural network comprising an input layer, a hidden layer, and an
output layer, as shown in Figure 9, with 10 neurons in the hidden layer. For training the
neural network, that is, optimization of the weight and bias values in Figure 9, WD/2/2
and D under the condition that balling does not occur, as obtained from the single-track
test, were used as training data.

Figure 9. Neural network for predicting melt pool dimensions used in this study.
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Seventy percent of the training data were used to update the weight and bias values,
and the remaining 30% were used to determine the number of training iterations. The
optimal weight and bias values were determined using the Bayesian regulation backpropa-
gation algorithm [27,28].

Figure 10 shows the results of the comparison between the predicted values of WD/2/2
and D using the trained neural network and the experimental values obtained from the
single-track test under the condition where balling does not occur. The neural network
was used to determine the heat input area dimensions HW and HD in the heat conduction
finite element analysis in the following study. The predicted values of the melt pool depth
D by the neural network were negative in some cases; nevertheless, the predicted values of
the melt pool depth D remained positive within the range of the analysis conditions in the
following study.

Figure 10. Comparison between experimental melt pool dimensions and results predicted by the
neural network: (a) melt pool width at half melt pool depth WD/2; (b) melt pool depth D.

3.2.2. Grid-Based Sampling Results

For grid-based sampling, as shown in Figure 11a, the good track region and its
neighborhood in the laser power-scan speed map were divided into grids at laser power
increments of 50 W and scan speed increments of 50 mm/s. The maximum incremental
plastic strain ∆εmax

p in the melt pool was obtained by thermal elastoplastic analysis, as
described in Section 2.2.1.

Figure 11. Laser irradiation conditions for grid-based sampling and maximum incremental plastic
strain distribution in the good track region: (a) laser irradiation conditions for grid-based sampling;
(b) maximum incremental plastic strain in the good track region.
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Figure 11b shows the distribution of the maximum incremental plastic strain in
the good track region in the laser power-scan speed map obtained by interpolating the
maximum incremental plastic strain under each condition in the grid-based sampling.
The region above the solidification crack occurrence threshold (=0.0041) is indicated by a
single color. This result indicates that solidification cracks may occur even within the good
track region, which was obtained from the viewpoint of no defect generation. The process
parameters that do not cause defects and solidification cracks should be selected within the
good track region and within the region where the maximum incremental plastic strain in
the melt pool is <0.0041. The maximum incremental plastic strain tends to increase at a high
laser power or low scan speed, which is the same trend as reported in the previous study.
From the results, it can be estimated that the most efficient condition, i.e., the condition with
the highest laser power, is the optimal condition: a laser power of 440 W and a scanning
speed of 900 mm/s.

3.2.3. Optimal Process Parameter Search Result by Bayesian Optimization

Figure 12 shows the results of the optimal process parameter search using Bayesian
optimization. The starting point of the search was set at a laser power of 180 W and scan
speed of 500 mm/s, and the optimal value was determined after 30 iterations. The white
plots in the figure indicate points where no solidification cracks were predicted to occur,
and the black plots indicate points where solidification cracks were predicted to occur.
The optimal conditions (laser power: 447 W, scan speed: 900 mm/s) obtained during the
iterations are also shown. This optimal condition was found in the 23rd iteration.

Figure 12. Results of optimal laser irradiation condition search by Bayesian optimization. (Optimal
laser power: 447 W, Optimal scan speed: 900 mm/s).

This shows that the optimal process parameters obtained are largely the same as those
obtained using grid-based sampling and could be determined in approximately half the
number of calculations compared with grid-based sampling. This is because the search
could be carried out by focusing on the area with a high laser power in the good track
region, as shown in Figure 12. Therefore, it is more efficient to use Bayesian optimization
than grid-based sampling to obtain only the optimal process parameters.

3.3. Validation of the Effectiveness of the Proposed Framework

To verify the effectiveness of the framework for determining the optimal process
parameters considering the occurrence of defects and solidification cracks, cylindrical parts
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were fabricated and their cross-section was observed using the procedure described in
Section 2.3.

The parts were fabricated under three conditions. The first condition was the optimal
condition, where 450 W laser power and 900 mm/s scanning speed were adopted as
approximations of the optimal process parameters obtained in Sections 3.2.2 and 3.2.3. In
the second condition, the laser power was not changed from the optimal condition, and
only the scanning speed was changed to 700 mm/s. This condition is located near the
outer edge of the keyholing region, and defects or cracks are expected to occur. In the
third condition, the laser power was increased to 500 W, which was larger than the optimal
condition. The optimal condition in this study is the result of the search for the maximum
laser power at which defects and cracks do not occur. Therefore, defects and cracks are
very likely to occur under this condition. The scan speed was set to 833 mm/s to avoid
balling. In the third condition, it was difficult to fabricate an 8 mm-height object due to the
instability of the melt pool. Therefore, fabrication was stopped at a height of about 2 mm.
The second and third conditions are for comparison, and the effectiveness of the proposed
framework is examined by comparing the cross-sectional states of parts fabricated under
these conditions with those of the part fabricated under the optimal condition.

As shown in Figure 13a, cross-sectional observations were made in three regions: the
center of the plane (circular center), the middle of the edge and the center of the plane, and
the region including the edge. Figure 13b to j show the results of cross-sectional observation
in each regions of the parts made by both conditions. Each image also shows the porosity
ratio calculated by using the black area as porosity. When cracks were observed, the typical
crack positions were indicated by arrows.

From Figure 13b,e, it can be seen that almost no defects can be produced in the center
and middle regions under the optimal condition. The average porosity ratio in the center
and middle regions of the parts is about 0.1%. In addition, no cracks were observed.
However, in the edge region (Figure 13h), a slight increase in the porosity ratio and cracks
can be observed. This is because the edge region had a different temperature and strain
state from the single-track test due to the effect of the laser turnover.

From Figure 13c,f,i, no cracks can be observed except at the edge region as in the
optimal condition when only the scan speed was changed from the optimum condition.
However, the porosity ratio increase compared to that of the part fabricated under the
optimal condition. The average porosity ratio at the center and middle of the part is about
0.6%, which is six times higher than that of the part fabricated under the optimal condition.
This indicates that the optimal condition explored in this study are effective for suppressing
defect occurrence.

From Figure 13d,g,j, many cracks can be observed even in the center and middle
region, where no cracks can be observed in the other conditions although the porosity ratio
is at the same level as that of the part fabricated under the optimal condition. This indicates
that the optimal condition explored in this study is effective in preventing cracks at least in
the center and middle regions.

From the above, it was found that the framework proposed in this study is effective in
searching for the conditions for fabricating parts with almost no defects and without cracks
in the center and middle regions of the parts. In order to achieve the parts fabrication
without defects and cracking over the entire cross section, it is considered effective to reduce
the deviation of temperature and strain state from the single-track test in the edge region
by optimizing the scan strategy. In addition, a large change in part size can also cause a
large deviation from the states under single-track test, and the scan strategy needs to be
optimized in this case as well. Such a scanning strategy will be the subject of future study.
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Figure 13. Results of the cross-sectional observation of cylindrical parts: (a) cross-sectional observation region. (b) Laser
power: 450 W, Scan speed: 900 mm/s, center region; (c) Laser power: 450 W, Scan speed: 700 mm/s, center region; (d) Laser
power: 500 W, Scan speed: 833 mm/s, center region; (e) Laser power: 450 W, Scan speed: 900 mm/s, middle region; (f) Laser
power: 450 W, Scan speed: 700 mm/s, middle region; (g) Laser power: 500 W, Scan speed: 833 mm/s, middle region;
(h) Laser power: 450 W, Scan speed: 900 mm/s, edge region; (i) Laser power: 450 W, Scan speed: 700 mm/s, edge region;
(j) Laser power: 500 W, Scan speed: 833 mm/s, edge region.

4. Conclusions

In this study, we developed a framework for determining the appropriate process
parameter range for the SLM of solution-strengthened Ni-based alloys by combining the
evaluation of defect-free regions based on the melt pool shape information obtained from
a single-track test and the prediction of solidification cracking by thermal elastoplastic
analysis. The conclusions drawn from the results are as follows:
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(1) Using the melt pool shape information obtained from the single-track test, the defect-
free area was evaluated. As a result, it was determined that keyholing occurred under
high laser power and low scan speed, balling occurred under high laser power and
high scan speed, and residual unmelted areas occurred under low laser power and
high scan speed. This trend was found to be consistent with previous findings.

(2) As a result of predicting the occurrence of solidification cracks under laser irradiation
conditions in and near the defect-free area in the laser power-scan speed map, it
was found that solidification cracks may occur even in the defect-free area. This
result indicates the need for determining an appropriate process parameter range that
considers the occurrence of cracks.

(3) As a result of using Bayesian optimization to determine the optimal process param-
eter to avoid defects and cracks, the optimal molding conditions could be found in
approximately half the number of calculations compared with grid-based sampling.

(4) As a result of fabricating a cylindrical sample under the obtained optimal process
parameter, the optimal process parameter could help fabricate a part with almost no
defects or cracks, except for the edges, confirming the effectiveness of the proposed
framework.

(5) The cracking near the edge was considered to be caused by the change in temperature
and strain state due to the laser turnover. In order to achieve the parts fabrication
without defects and cracking over the entire cross section, optimizing the scan strategy
will be needed.
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