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Abstract: Laser Powder Bed Fusion (L-PBF) is one of the most widespread, versatile, and promising
metal Additive Manufacturing (AM) techniques. L-PBF allows for the manufacturing of geometrically
complex parts with good surface characteristics. In this process, in order to minimize the heat loss in
the first layers of printing, the building platform is preheated to a temperature ranging between 80
and 250 ◦C. This aspect turns out to be very critical, and further investigation is needed for situations
where the part to be printed is only a few layers high, as is the case in sensor printing. This work
aims to investigate the melt pool stability under a variation in the preheating temperatures. We
investigate the distance from the building platform, considering the number of layers printed. This is
where the melt pool reaches its stability in terms of depth and width. This aspect turns out to be of
remarkable importance for ensuring the structural integrity of parts with a few layers of height that
are processed through L-PBF, such as sensors, which are proliferating in different industries. Thus,
two case studies were carried out on IN718 superalloys at 40 and 60 microns of layer thickness and a
preheating temperature of 170 ◦C on the machine. The results obtained show that after 1.2 mm of
distance from the building platform, the melt pool reached its stability in terms of width and depth
dimensions and consequently for the melting regime.

Keywords: Inconel 718; laser powder bed fusion; nickel-based superalloys; design for additive
manufacturing; preheating temperature; melt pool morphology; powder bed fusion–laser melting; PBF–LM

1. Introduction

Additive Manufacturing (AM) is a technology that uses layer-by-layer deposition to
fabricate parts with highly complex geometries and near-net-shape parts [1–10]. Compared
with conventional and subtractive machining methods, AM results in almost no waste of
material, does not require the use of expensive tooling or dies (significantly reducing the
lead time for manufactured components), and intricate parts can be made in one step [11].

Laser Powder Bed Fusion (L-PBF) is considered the most widespread, versatile, and
promising of the AM techniques [12]. As defined in the standard ISO/ASTM 52900, L-PBF
(referred as Powder Bed Fusion–Laser Melting, PBF-LM) is an AM process in which thermal
energy, provided by a laser source, selectively melts regions of a powder bed. Moreover,
several advantages have been identified for this technique [13–15], such as its low heat
generation, which results in lower distortion and higher dimensional precision for the final
component [12]; the printability of a lot of engineering metal superalloys using this method;
and the possibility of reaching very high scanning speeds with lower material costs.

The L-PBF process can be used to rapidly produce near-net-shape components with
good surface integrity and complex geometry [16,17]. These aspects are very important
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for nickel-based superalloys, such as Hastelloy X or Inconel 718, which are difficult to
be fabricated and machined using conventional machining techniques due to their low
thermal conductivity and high hardness [1,18,19].

In recent years, due to the technological advancements in metal superalloy printing,
the L-PBF AM technique has been implemented in many industrial sectors such as energy,
oil and gas, aviation, aerospace, and medical.

In the aerospace and aviation industry [20], the use of L-PBF is becoming increas-
ingly widespread, as this AM technique allows for the fabrication of lightweight metal
components while maintaining mechanical and performance requirements.

Moreover, L-PBF allows for the fabrication of turbomachinery components, such as
blades, burners, and nozzles, using metal superalloys resistant to high temperatures that
are difficult to manufacture and machine with conventional subtractive techniques [21].

This AM technique allows for the possibility of producing very complex lattice struc-
tures and customizing implants for patient-specific anatomies, making it vital to develop
and implement L-PBF parts in the biomedical industry [22].

In addition, the possibility of manufacturing micrometer-sized components with high
resolution and precision with L-PBF has enabled the proliferation of this technique to
produce sensors for components used in robotics, biomedical, and aerospace applications.
Despite these advantages, the fabrication of components that are only a few layers high
could be critical, as the first few layers of consolidated material may not be as high as
the desired layer thickness due to the difference in density between deposited powder
and consolidated material. This could be affected by the preheating temperature of the
building platform.

The number of layers required to have a consolidated layer of material equal to the
layer of deposited powder is easily calculated based on the layer thickness value and
density of powder and melted material. In contrast, the calculation of the number of layers
at which the material is no longer affected by the preheating temperature of the building
platform is not yet well known; it remains unclear whether it depends on layer thickness,
the material investigated, or on the distance from building platform [23,24].

During the L-PBF process, it is necessary to preheat the building platform, usually to
a temperature range of 80 to 250 ◦C, to avoid heat loss in the first few layers due to the
high thermal conductivity of the building platform itself. However, to minimize the high
thermal gradients characteristic of this type of melting process, the preheating temperature
would have to be kept at higher values; however, this would result in a very long machine
cooling time that is difficult to sustain from an industrial perspective.

Moreover, it has been observed [23] that a preheating temperature in the range of
150–250 ◦C significantly reduces distortion for aluminum components. Also, for compo-
nents fabricated in Ti-6Al-4V with a preheated building platform, a reduction in residual
stress, and, subsequently, a reduction in cracking and delamination has been reported. On
the other hand, previous studies [25] highlight how the preheating process can affect the
microstructure and phase composition of the alloys. In fact, with a preheating temperature
over 600 ◦C, it is possible to obtain an in situ heating temperature that promotes the for-
mation of some intermetallic phase that results in the improvement of some mechanical
properties, such as microhardness or tensile strength. However, this topic is outside of the
scope of this work.

This work is focused on determining how many layers are necessary to create a consoli-
dated substrate that is unaffected by preheating temperature for the nickel-based superalloy
Inconel 718. This aspect has not been extensively studied in the literature, but it is crucial
for the design of components with a few layers, like sensors, that are increasingly being
fabricated using the L-PBF process. Two case studies have been carried out, considering
two different levels of layer thickness (40 and 60 µm). All the results are evaluated through
the melt pool analysis [10,18,26,27] of several single and multi-tracks [28–32]. In particular,
we will evaluate whether the preheating temperature influences the shape of the melt pool
and the powder melting regime depending on the specimen’s substrate height. A variation
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of the melting regime could promote the formation of some peculiar defects, such as the
keyhole [33–40] and lack of fusion [35–38] porosity that could affect the microstructural
and mechanical properties of the material.

The structure of the paper is as follows. Section 2 describes the procedure used for
the experimentation, specifying the levels tested for each case study. Section 3 presents
the results of melt pool analysis of the test made on Inconel 718 alloy specimens in terms
of single and multi-tracks. Section 4 determines the critical distance from the building
platform from which the effect of preheating temperature is negligible. Finally, Section 5
presents the conclusions as a summary of the results and suggests possible further research.

2. Materials and Methods

Inconel 718, one of the most commonly utilized nickel-based superalloys for the L-
PBF process, was utilized in the case study. Inconel 718’s main chemical, mechanical and
thermal characteristics are summarized in Table 1 (chemical composition) and Table 2
(mechanical and thermal characteristics) [39,41].

Table 1. Inconel 718 chemical composition, data from [38,40].

Element % Weight

Ni 55.37
Cr 18.37
Ni 55.37
Mn 0.08
Si 0.08
P <0.015
S 0.002
C 0.040

Nb 5.33
Co 0.23
Mo 3.04

Nb + Ta 5.34
Ti 0.98
Al 0.5
B 0.004
Fe 17.80
Ta 0.005
Cu 0.04
Ca <0.01
Mg <0.01
Pb 0.0001
Bi 0.0001
Se <0.001

Table 2. Main properties of Inconel 718 considering both mechanical and thermal behaviors, data
from [38,40].

Yield
Strength

(Mpa)

Tensile
Stress
(Mpa)

Elastic
Modulus

(Gpa)

Strain
(%)

Thermal
Conductivity

(W/mK)

Density
(kg/m3)

1100 1310 206 23.3 11.2 8470

The specimens are built using two different levels of layer thickness (40 and 60 µm),
with 20 to 63 µm particle size of the powder obtained through a gas atomization process.
The L-PBF machine used is a Renishaw AM500Q, which is provided with four ytterbium
fiber lasers characterized by a minimum spot size for the laser beam of 82 µm and a
beam wavelength of 1070 nm. The maximum power available for each laser is 500 W. The
building platform used for the case study is made of C40 steel, and it is characterized by
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the following dimensions: 250 mm × 250 mm × 15 mm (thickness). An argon gas flow
was used to maintain oxygen content inside the building chamber under 100 ppm. The
temperature of the building platform is kept constant at 170 ◦C during the entire printing
process. A current-crossed resistor located below the platform provides the heat required to
preheat the printing platform. All lasers provided in the machine are utilized to accurately
reproduce the printing conditions of components.

Table 3 shows the process parameters used to print all the tested specimens; these
printing conditions have been widely investigated in previous literary studies as a function
of the layer thickness to be melted [42,43].

Table 3. Process parameters set used to print the specimens, data from [41,42].

Layer Thickness
(µm)

Laser Power
(W)

Scanning Speed
(mm/s)

Hatch Distance
(mm)

40 270 960 0.11
60 355 960 0.11

The presented analysis investigates the effect of the preheating temperature of the
building platform on melt pool stability, evaluating through the analysis of the shape
of several single and multi-tracks (40 and 60 microns of layer thickness) printed on a
consolidated substrate material. More specifically, a consolidated material substrate with
height range between 20 and 160 layers, with 20 layers increments for each configuration,
is being investigated. An additional auxiliary level was added in the area between 0.8
and 1.6 mm of substrate height in the first case study (i.e., 30 layers with 40 microns of
layer thickness). The level was added because some preliminary tests showed that this
configuration is of great interest for the characterization of the phenomenon being studied.

The specimens are modeled as parallelepipeds with a square base (dimension 15 mm
× 15 mm) of varying substrate heights of consolidated material to be investigated. Thus,
17 specimens are made to test all the configurations listed in Table 4.

Table 4. Substrate height expressed in terms of number of layers for the printed specimens.

Configuration Substrate Height (Layers) Layer Thickness (µm)

1 20 40
2 30 40
3 40 40
4 60 40
5 80 40
6 100 40
7 120 40
8 140 40
9 160 40
10 20 60
11 40 60
12 60 60
13 80 60
14 100 60
15 120 60
16 140 60
17 160 60

Moreover, ten single tracks and twenty multi-tracks were made on each specimen’s top
surface (Figure 1). The purpose of these features is to investigate the effect of the Preheating
Temperature’s on the melt pool morphology and evaluate the melting regime of powder
for different substrate heights.
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Figure 1. Specimen geometry and features.

Additional thermal effects related to the heat induced by the preheating temperature
due to the presence of a support structure or a change in cross-section during component
printing that can result in weakening and imbalance of thermal conduction are not in-
vestigated in this work. In fact, the specimens used for both case studies have constant
cross-sectional area and consequently no variation in the thermal history of the part during
the printing process.

A Renishaw Quantam Software (Version 5.3.0.7105, Wotton-under-Edge, UK) is used
to create the build file considering the process parameters and the laser assignment.

A wire EDM machine (ECUT EU MS Genesi, Desio, Italy) is used to detach the
specimens from the building platform. Each specimen is prepared for micrographic analysis
through the following steps according to ASTM E407-07 and ASTM E3-11 [44,45]: each
specimen is cut along face A (Figure 1) at a distance from the edge (A) of 4 mm using a
Struers Secotom-20 machine (Struers, Ballerup, Denmark) to obtain a proper section to be
analyzed. This operation turns out to be necessary in order to avoid edge effects and to
analyze a melt pool in its steady-state condition. The specimen section is then embedded
in a conductive resin using a Struers CitoPress-30 machine. In the next step the specimen’s
surface is polished using a Struers Tegramin-30 machine. Finally, in order to highlight the
melt pool boundaries, the specimens were etched with oxalic acid.

The following melt pool shape analysis is carried out using a Leica Leitz DMRME op-
tical microscope (Leica Microsystems GmbH, Wetzlar, Germany) following the indications
and procedure defined in [38]:

- The single tracks analysis is performed through the measurement in five random
tracks of the melt pool width and depth;

- The multi-tracks analysis is performed by measuring the overlap depth and width of
five random tracks.

3. Results
3.1. Study of Preheating Temperature Effect on 40 Microns Layered Specimens

Figure 2 shows the specimens after the printing before the detachment from the
building platform.
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3.1.1. Single Tracks Analysis

Table 5 and Figures 3 and 4 show the results of the melt pool analysis of the single
tracks in terms of depth, width, and of the ratios width/depth and depth/thickness.

Table 5. Melt pool analysis tracking table.

Configurations
Depth (µm) Width (µm) Width/Depth Depth/Thickness

Avg. SD Avg. SD Avg. SD Avg. SD.

1 120.2 6.27 175.6 3.58 1.35 0.09 3.0 0.16
2 107.6 4.45 157.8 3.11 1.46 0.07 2.7 0.11
3 104.2 6.18 153.0 5.24 1.52 0.13 2.6 0.15
4 104.8 4.65 155.2 3.27 1.53 0.07 2.6 0.12
5 102.0 7.38 154.4 4.28 1.50 0.10 2.6 0.18
6 102.2 6.14 157.0 2.55 1.50 0.10 2.6 0.15
7 101.0 5.00 161.2 3.63 1.60 0.10 2.5 0.13
8 102.0 6.04 157.4 5.03 1.50 0.06 2.6 0.15
9 103.0 5.00 160.0 2.45 1.60 0.09 2.6 0.13
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Figure 4. Width/depth ratio as a function of the number of layers. The red dotted line identifies the
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Figure 5 shows the change in the melt pool as a function of the distance of single tracks
from the building platform.
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Figure 5. Melt pool shape variation as a function of the number of layers. Specimen (1) is characterized
by an elongated melt pool shape peculiar of the keyhole melting regime, while the melt pool of
specimens (3) and (8) has a semi-elliptical shape indicating that the melt pool formation is governed
by conduction.

3.1.2. Multi-Tracks Analysis

Table 6 shows the results of measuring the overlap area and of the analyzed multi-tracks.

Table 6. Multi-tracks analysis tracking table of 40 Microns Layered Specimens.

Configurations
Overlap Depth (µm) Overlap Width (µm) Tracks Width (µm)

Avg. SD Avg. SD. Avg. SD

1 1.35 0.09 3.0 0.16 206.8 1.30
2 1.46 0.07 2.7 0.11 193.2 3.49
3 1.52 0.13 2.6 0.15 192.4 3.05
4 1.53 0.07 2.6 0.12 192.8 1.30
5 1.50 0.10 2.6 0.18 191.8 2.86
6 1.50 0.10 2.6 0.15 191.8 3.03
7 1.60 0.10 2.5 0.13 192.0 2.55
8 1.50 0.06 2.6 0.15 189.2 3.89
9 1.60 0.09 2.6 0.13 192.0 4.90



Metals 2023, 13, 1792 8 of 14

Figures 6 and 7 plot the results of the melt pool analysis of multi-tracks in terms of
overlap depth, width and width tracks average.
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specimen (8), it is possible to rule out that this melting regime contributes to these configurations.
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3.2. Study of Preheating Temperature Effect on 60 Microns Layered Specimens

Table 7 and Figures 9 and 10 show the melt pool analysis results referred to single
tracks.

Table 7. Melt pool depth, width, width/depth and depth/thickness tracking table.

Configurations
Depth (µm) Width (µm) Width/Depth Depth/Thickness

Avg. SD Avg. SD Avg. SD Avg. SD.

10 123.2 2.59 150.4 1.67 1.22 0.03 2.05 0.04
11 124.8 4.15 151.6 2.97 1.22 0.05 2.08 0.07
12 126.6 8.11 154.4 5.18 1.22 0.08 2.11 0.13
13 123.8 3.49 162.0 3.67 1.31 0.06 2.06 0.06
14 121.2 3.70 155.8 4.87 1.29 0.06 2.02 0.06
15 120.0 3.08 155.6 7.16 1.30 0.07 2.00 0.05
16 122.0 5.61 159.2 5.26 1.31 0.06 2.03 0.09
17 121.2 4.97 157.6 2.88 1.30 0.04 2.02 0.08
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Figure 11 shows the melt pool shape variation as a function of the distance of single
tracks from the building platform.
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Figure 12. Overlap depth (a) and width (b) as a function of the number of layers. 

Figure 11. Melt pool shape as a function of the number of layers. The melt pool shape analyzed for
each specimen is similar in shape for all the configurations; no remarkable differences are observed
between specimens 10, 12 and 17.

Table 8 presents the results of the measurement of the overlap region and widths of
the analyzed multi-tracks.

Table 8. Multi-tracks analysis tracking table of 60 Microns Layered Specimens.

Configurations
Overlap Depth (µm) Overlap Width (µm) Tracks Width (µm)

Avg. SD Avg. SD. Avg. SD

10 249.2 5.80 126.0 13.58 219.4 8.91
11 237.6 8.96 120.6 4.33 218.0 5.70
12 236.6 6.69 120.6 1.52 213.8 8.29
13 235.2 5.59 119.4 2.07 217.4 7.70
14 235.4 8.62 119.6 4.77 220.2 6.87
15 235.2 9.88 118.0 4.58 216.6 6.02
16 233.8 8.35 115.6 5.81 216.2 5.68
17 233.2 7.69 117.9 5.40 214.8 6.68

Figures 12 and 13 plot the results of the melt pool analysis of multi-tracks.
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Figure 14. Multi-tracks shape as a function of the number of layers. No remarkable differences are
appreciated in melt pools shape as a function of the analyzed specimen except for the overlap width
that in the specimen (10) turns out to be quite larger compared to the other configurations (12 and 17).

4. Discussion
4.1. Study of Preheating Temperature Effect on 40 Microns Layered Specimens

After evaluating the results of the melt pool analysis for single tracks shown in Table 5
and Figures 4 and 5, it is possible to observe that Sample 1 has a deeper melt pool than the
other configurations. In particular, the melt pool depth of configuration 1 is 15% larger than
the average of the other configurations. In addition, the analysis of the width/depth ratio
shows that the formation of the melt pool in this configuration is not entirely governed
by conduction, but there is also a contribution of the keyhole melting regime. Moreover,
this theory is confirmed by the images of the melt pool shape shown in Figure 6, where it
can be seen that the melt pool shape of Sample 1 is quite far from the semi-elliptical shape
associated with the conductive melting regime.

Furthermore, it can be observed from the multi-tracks analysis results, which are
tracked in Table 6 and shown in Figures 6–8, that configuration 1 has a significantly larger
overlap region in terms of depth and width than the other configurations. In fact, in terms
of overlap depth, width and multi-tracks width, this configuration results are greater by
12%, 20% and 7%, respectively, compared to the average of the other configurations.

These findings lead to the printing of a specimen with a substrate height of 30 layers
in order to investigate the range of 20 to 40 layers. This configuration, in terms of melt pool
depth and width, is aligned with the configurations with a substrate height over 40 layers,
as shown in Table 5. This trend is also confirmed by melt pool analysis of multi-tracks.
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Consequently, it is feasible to conclude that the preheating temperature of the building
platform has an impact on the melt pool formation in configuration 1 based on a thorough
review of the single and multi-tracks analysis results.

As a result of the existence of keyhole porosity defects in the layers before those
evaluated for configuration 1—that is, at a distance of 30 layers from the building platform—
is possible because the melt pool formation is not completely governed by conduction.
Therefore, with the studied material and layer thickness, it is recommended to avoid
making components with fewer than 30 layers of powder.

4.2. Study of Preheating Temperature Effect on 60 Microns Layered Specimens

The evaluation of the results of the melt pool analysis for single tracks, shown in
Table 7 and Figures 9–11, indicates that there are no significant differences in melt depth
and width between the tested configurations. Even if the conduction does not entirely
govern the melt pool formation, this is probably due to the high-energy process parameters
used for this case study (Table 3).

In addition, considering the results of the analysis of multi-tracks, as shown in Table 8
and Figures 12–14, no appreciable variation in terms of overlap depth and width and in
terms of melt pool width are observed.

Thus, based on these results, it can be concluded that the melt pool in the range
of layers investigated in this case study is not affected by the effects of the preheating
temperature, and the results are stable.

This outcome is very interesting for a proper Design for Additive Manufacturing
because it highlights how the minimal distance from the building platform necessary to
avoid any effect of preheating temperature is independent on the layers’ thickness used to
build the component.

In particular, by evaluating the results of the 40- and 60-micron case studies discussed
previously, it is possible to determine that the instability of the melt pool is not found at
a substrate height greater than 1.2 mm. Consequently, it is recommended to print a few
layers of height parts with a sacrificial substrate of at least 1.2 mm height.

5. Conclusions

This paper investigates the effect of the preheating temperature on the stability of the
melt pool. The results show how the number of layers has an important role in obtaining
the melt pool’s stability in both depth and width. The overall analysis of the results of the
two case studies carried out in this paper shows and highlights, in particular, that the first
layers of the printing material are affected by the effects of the preheating temperature of
the building platform. The effect of preheating temperature on the material microstructure
is evaluated by the analysis of the melt pool, which shows that the melt pool in both case
studies reaches its stability after a distance of 1.2 mm from the building platform. The
results obtained also show that this effect is independent of the layer thickness used during
the printing process, but it depends only on the distance from the building platform.

These results are of great importance, as they allow the identification of an internal
process criticality, the knowledge of which enables the correct design of components with a
size of a few hundred microns, which is becoming increasingly important for industries
working in the micrometer-sized components market.

Based on the findings presented in this paper, it is possible to summarize that the use
of a thin sacrificial substrate (at least 1.2 mm height in our case study) will help ensure
a stable powder melting regime and, as a result, an adequate material microstructure on
IN718 components manufactured through the L-PBF process.
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