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Reduction of Spatter Generation Using Atmospheric Gas in Laser Powder Bed
Fusion of Ti­6Al­4V
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Laser powder bed fusion (LPBF), a typical additive manufacturing (AM) process, is a promising approach that enables high-accuracy
manufacturing of arbitrary structures; therefore, it has been utilized in the aerospace and medical fields. However, several unexplained
phenomena significantly affect the quality of fabricated components. In particular, it has been reported that the generation of spatters adversely
affects the stability of fabrication process and degrades the performance of the fabricated components. To realize high-quality components, it
is essential to suppress the generation of spatters. Thus far, the suppression of spatter generation has been attempted based on the process
parameters; however, this has not been adequately discussed in terms of the fabrication atmosphere. Therefore, in this study, we focused on the
fabrication atmosphere and investigated spatter generation using gas with different physical properties rather than conventionally used argon. It
was observed that the spatter generation during the fabrication of the Ti­6Al­4V alloy could be significantly suppressed by changing the
atmospheric gas, even under constant LPBF process parameters. We proved that the fabrication atmosphere is an important factor to be
considered, apart from the process parameters, in AM technology. [doi:10.2320/matertrans.MT-M2021059]
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1. Introduction

Additive manufacturing (AM) is a metal processing
technology that enables the high-precision manufacturing
of structures with arbitrary shapes.1­4) Recently, the laser
powder bed fusion (LPBF) method, a type of AM technology,
has attracted attention as a process capable of controlling not
only the shape of metallic materials but also their crystallo-
graphic textures5­14) and related mechanical and chemical
functions.5,7,12)

However, defects can be formed during fabrication, which,
in turn, deteriorates the properties of the components, induces
uncertainty in the quality control of components, and
consequently, hinders the practical application of AM in
various industries.15) The generation of spatters is proven to
be one of the main causes of defect formation.16,17) Figure 1
shows spatter generation during LPBF fabrication. Spatter
generation has been reported to reduce the energy efficiency
of the laser owing to the spatter passing through the optical
path of the laser.18­20) Moreover, the material properties of
the fabricated components are affected by the incorporation
of spatter particles.21) The unmelted powder in LPBF is
typically reused; however, the spatter contained in the
unmelted powder may affect the subsequent fabrication
process. For example, there is a risk of unexpected elevation
in the oxygen concentration in the fabricated components.
Therefore, it is essential to reduce spatter generation to ensure
the quality control of the components fabricated using LPBF.
Recent studies have attempted to control spatter generation
using the process parameters in LPBF. It has been reported
that spatter generation is reduced by lowering the laser output
or increasing the laser scanning speed22) and using the pulse
oscillations of the laser rather than continuous oscillations.23)

However, an optimal range of process parameters to achieve

the desired microstructures and suppress spatter generation
do not necessarily match. Therefore, it is important to
suppress spatter generation by utilizing atmospheric gas,
rather than the process parameters, during fabrication.

In general, argon or nitrogen is used as the atmospheric gas
in LPBF. The Ti­6Al­4V alloy has high strength, corrosion
resistance, and high-temperature properties, such as creep
strength, and is used in a wide range of fields;24,25) however,
it is a highly reactive metal. As it reacts with nitrogen at high
temperatures, argon is generally chosen as the atmospheric
gas in the LPBF. There is no significant difference in the
thermal conductivities or densities between argon and
nitrogen; however, these gases show different reactivities
with metals. As an inert gas, helium can be considered as an
alternative to argon. As presented in Table 1, helium has
significantly different properties compared to argon, such as a
density of approximately 0.1 times and thermal conductivity
of approximately 10 times that of argon; it also exhibits
excellent cooling properties.26) In other words, the at-
mospheric gas is capable of cooling in addition to its
reactivity with metals. However, very few studies have
focused on the use of atmospheric gases in LPBF.

Fig. 1 Still image of spatter generation at the time of LPBF fabrication.
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Furthermore, there are several unexplained phenomena
regarding spatter generation and the atmosphere, a control
method for which is yet to be established.

In this study, we focused on the fabrication atmosphere of
LPBF and investigated its effect on spatter generation using
helium. This research is expected to improve the quality of
the fabricated components and promote the reuse of powder,
leading to an improvement in the applicability of LPBF.

2. Experimental Procedure

The LPBF process is typically conducted using an inert
atmospheric gas to prevent the contamination of the
fabricated components. In this study, we focused on helium
gas and investigated the effect of oxygen as an impurity in

the atmosphere. To analyze the spatter generation behavior
under atmospheric gas, we developed a basic evaluation
equipment for single-layer fabrication using the LPBF
method. We conducted a laser irradiation experiment on a
powder bed. Ti­6Al­4V ELI alloy powder (Al: 6.5, C: 0.01,
Fe: 0.2, H: 0.002, N: 0.02, O: 0.12, V: 4.1, and Ti: bal.
(mass%)) with a particle size of less than 53 µm was used in
this experiment.

Figure 2 demonstrates a schematic ((a) system diagram
and (b) structure diagram) of the basic evaluation equipment
for the single-layer fabrication used in this experiment. This
equipment includes a laser oscillator (red POWER; SPI
Lasers, UK), galvanometer mirror (Canon) and mass flow
controller (MQV series; Azbil). Dew point meter (DM70;
Vaisala, Finland) and oxygen analyzer (3300TA; Teledyne,
Japan) were used to monitor the atmosphere in the
experimental chamber.

As shown in Fig. 3(a), a 30 µm thick metal foil with a
cut-out in the center was placed on a pure Ti base plate, and
the metal powder was placed in the cut-out area. Then, by
moving the recoater in one direction, a Ti­6Al­4V powder
bed with a layer thickness of 30 µm was formed and placed in
the basic evaluation equipment for single-layer fabrication.
The atmosphere inside the chamber comprised helium gas
with a controlled oxygen concentration at a constant flow
rate, achieved using the mass flow controller. After the
atmosphere was stabilized, the laser was irradiated over the
powder bed on the base plate. The laser irradiation conditions
were as follows: a laser power of 200W, scanning speed of
800mm/s, laser spot diameter of 50 µm, scan pitch of 50 µm,
and laser irradiation region of 15mm © 15mm (Fig. 3(b)).
In addition, the experiment was conducted in an argon
atmosphere under the same laser irradiation conditions for
comparison. The spatter generation behaviors during laser
irradiation of the two gases were recorded using a video
recorder.

Table 1 Gas properties of argon and helium (standard ambient temperature
and pressure).26)

Fig. 2 Schematic of the basic evaluation equipment for single-layer fabrication ((a) system diagram and (b) structure diagram).

Fig. 3 Schematic of (a) 30 µm powder bed formation, (b) laser irradiation pattern, and (c) spatter collection wall.

H. Amano, Y. Yamaguchi, T. Ishimoto and T. Nakano1226



To evaluate the spatters generated during laser irradiation,
a wall was placed on the base plate such that all the spatters
remained on the base plate (Fig. 3(c)). All powders on the
base plate were recovered; they comprised unmelted powder
and spatters. To remove the unmelted powder, the collected
powder was sieved through an open mesh of 53 µm; thus,
powders with a particle diameter of 53 µm or more were
recovered and treated as spatters. The recovered spatters
were then subjected to morphological observations using
field-emission scanning electron microscopy (FE-SEM).

3. Results and Discussion

The spatter generation behaviors during laser irradiation
were evaluated to determine the difference in the amount of
spatter generated under the two atmospheric gas species.
Figures 4(a) and (d) depict still images representing spatter
generation under argon and helium gases. Figure 5 presents
the weights of generated spatter. The amount of spatter
generated under helium was less than that generated under
argon. Note that the effect of oxygen concentration will be
discussed later. There was no difference in the appearance
of the spatter particles depending on the atmospheric gas
species, as shown in Fig. 6.

The decreased spatter generation when helium was used
might be attributed to the thermal conductivity and density of
helium. As presented in Table 1, helium shows approx-
imately 10 times higher thermal conductivity and density of
approximately 1/10 times compared to that of argon. The
thermal conductivity affected the cooling rate during

solidification. Here, the heat transfer coefficient between the
fabricated component and the gas phase (argon or helium) in
the laser irradiation region was calculated. The heat transfer
coefficient can be expressed using the following equation:27)

Re ¼ μVl=®; ð1Þ
Pr ¼ ®Cp=­ ; ð2Þ
Nu ¼ 0:664Re1=2Pr1=3; ð3Þ
Nu ¼ hl=­ ; ð4Þ

where Re denotes the Reynolds number, μ denotes the fluid
density, V denotes the fluid velocity, l denotes the
representative length, ® denotes the absolute viscosity, Pr

Fig. 4 Still images at the time of spatter generation in (a)­(c) argon and (d)­(f ) helium atmospheres ((a) and (d) <50 vol. ppm O2, (b) and
(e) 1.0 vol% O2, and (c) and (f ) 5.0 vol% O2).

Fig. 5 Variation in generated spatter weight under argon and helium
atmospheres.
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denotes the Prandtl number, ­ denotes the thermal
conductivity, Cp denotes the specific heat, Nu denotes the
Nusselt number, and h denotes the heat transfer coefficient.
When the flow velocity on the base plate was the same for
both argon and helium, the heat transfer coefficient using
helium was approximately 2.7 times large as that using argon.
The higher the heat transfer coefficient, the higher is the
cooling rate of the laser irradiation region.28) Spatter was
generated when metal powder was wound up by the
expansion of atmospheric gas that was instantaneously
heated to a high temperature in the laser irradiation region
and the subsequent generation of an updraft.29) In addition,
the reaction pressure owing to the extreme expansion of gas
phase generated a spatter of the metal jet.20) Therefore, the
cooling rate increased and the expansion of atmosphere
decreased when using helium as compared to that when using
argon. Furthermore, as the force acting from the fluid to the
material is proportional to the density of the fluid and the
density of helium is considerably lower than that of argon,
the use of helium could reduce the force acting on the metal
powder compared to the use of argon, thereby reducing the
amount of spatter generation. The temperature difference at
the base plate was observed via thermal imaging (Fig. 7).
According to Fig. 7, the region showing high temperature
in the base plate is reduced under the use of helium compared
to that of argon. In addition, spatter generation in the laser
irradiation region was suppressed when helium was used,
as represented by the high-speed camera image shown in
Fig. 8. This could be attributed to the aforementioned large
cooling effect of helium. Such a high cooling rate is also
beneficial for the improvement of metallic material function.
For example, a high cooling rate significantly enhances the

Fig. 6 FE-SEM images of spatters generated during fabrication in (a) argon and (b) helium atmospheres (<50 vol. ppm O2).

Fig. 7 Thermal images of spatter generation in (a) argon and (b) helium atmospheres (<50 vol. ppm O2).

Fig. 8 Still images taken at intervals of 0.25ms using high-speed camera in
(a) argon and (b) helium atmospheres (<50 vol. ppm O2). The red circle
shows the position of the spatters, and the yellow line shows the position
of the melt pool and the bead after fabrication.
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localized corrosion resistance of stainless steel and the
mechanical properties of high-entropy alloy by inhibiting
the formation and growth of inclusions and achieving super-
solid solution formation, respectively.30,31)

Next, the effect of oxygen, which is an impurity in
atmospheric gas, on spatter generation was investigated. As
indicated in Figs. 4 and 5, the amount of spatter increased
with the oxygen concentration under both helium and argon
atmospheres. For the same oxygen concentration in the
atmosphere, the amount of spatter generation was reduced
using helium. The increase in amount of spatter with the
oxygen concentration was attributed to convection in the melt
pool. During laser welding and plasma welding, the flow of
molten metal in the melt pool under an inert atmosphere is
different from that under an atmosphere containing oxygen.
In an inert atmosphere, the surface tension of molten metal
decreases with increasing temperature. The surface tension of
the molten metal at the melt pool edge becomes higher than
that at the melt pool center, which is directly under the laser
irradiation, and convection flow occurs from the center
toward the edge of the melt pool. Therefore, the molten metal
flows from the melt pool center to the rear part of the melt
pool, as depicted in Fig. 9(a). However, the surface tension
changes in the presence of oxygen. In an atmosphere
containing oxygen, the temperature coefficient of surface
tension became positive, and the surface tension of the

molten metal increased with increasing temperature. There-
fore, the direction of convection changed from outward to
inward, and the molten metal that was directly under the
laser irradiation approached the laser irradiation again, as
demonstrated in Fig. 9(b).32,33) Thus, the molten metal
maintained a high temperature with active flow, which was
a suitable condition for spatter generation.

Finally, the spatter generation behavior was evaluated
using an actual LPBF apparatus (EOS M 290, EOS,
Germany). The oxygen concentration in each atmosphere
was set as 0.1 vol%. The spatter generation behavior was
found similar (Fig. 10) to the results obtained using the basic
evaluation equipment for single-layer fabrication; the spatter
generation was suppressed when helium was used.

Based on the abovementioned results, it was evident that
atmospheric gas during laser irradiation affected the spatter
generation behavior. The use of helium, which enabled a
high cooling rate, suppressed spatter generation, unlike the
conventionally used argon. Thus, it was shown that during
fabrication, the atmospheric gas was another important
parameter, apart from the process parameters, which should
be considered for the control of spatter generation.

4. Conclusions

In this study, we analyzed spatter generation behaviors

Fig. 9 Schematic of the flow of molten metal in the melt pool during laser welding in (a) inert atmosphere and (b) oxygen containing
atmosphere.32)
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using a basic evaluation equipment for single-layer
fabrication using LPBF, to clarify the effect of the
atmospheric gas species used in LPBF on spatter generation.
The main conclusions of this study are summarized as
follows.
(1) The amount of spatter generated when helium was used

as the atmospheric gas was less than that when using
argon.

(2) With an increase in the oxygen concentration of the
atmospheric gas, the amount of spatter increased for
both argon and helium atmospheres.

(3) Although the amount of spatter increased with the
oxygen concentration in the atmospheric gas, the
amount of spatter when using helium was less than
that when using argon.

Therefore, it was evident that the atmospheric gas used in
LPBF significantly affected the amount of spatter, and the use
of helium considerably suppressed spatter generation.
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