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Kurzfassung 
 
In dieser Arbeit soll der Einfluss verschiedener Prozessgase auf die Bildung von 
Prozessnebenprodukten beim Pulverbettbasierten Schmelzen von Metallen 
mittels Laserstrahl (PBF-LB/M) einer Nickel-Chrom-Legierung beleuchtet 
werden. Der Schwerpunkt der Untersuchungen umfasst die Analyse von Argon 
(Ar), Helium (He) und verschiedenen Argon-Helium (Ar-He)-Gemischen als 
Prozessgas. Die Versuche sind auf einer EOS M290 durchgeführt worden, 
welche mit einem optischen Tomographie-Überwachungssystem (OT) 
ausgestattet ist. Im ersten Teil der Studie wurde eine Methodik zur Hervorhebung 
und qualitativen Bewertung von Prozessnebenprodukten mittels OT-Monitoring 
erstellt, angepasst und angewendet. Diese analysiert die Verteilung, die 
Einflusszonen von Prozessnebenprodukten und bietet Erkenntnisse über deren 
Menge. Anschließend wurden quaderförmigen Probekörper unter Verwendung 
einer Parameterstudie von zwei Schichtdicken aufgebaut und ausgewertet. Erste 
Ergebnisse des OT-Monitoring-Systems zeigen eine Reduktion der Menge an 
Prozessnebenprodukten sowie deren Wärmestrahlung bei Verwendung von Ar-
He-Gasgemischen im Vergleich zu reinem Argon. Darüber hinaus waren die 
typischen Bauteileigenschaften, wie beispielsweise die Bauteildichte mindestens 
gleichwertig mit Argon oder konnten durch die Verwendung von Heliumgehalten 
im Prozessgas verbessert werden. 
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Short Abstract 
 
The present work investigates the influence of different process gases on the 
formation of by-products during Powder Bed Fusion of Metals using a Laser 
Beam (PBF-LB/M) for a Nickel-Chromium alloy. 
Primarily the study was placed on argon (Ar), helium (He) and various argon-
helium (Ar-He) mixtures as process gases. The trials were performed on an EOS 
M290, which was equipped with an optical tomography (OT) monitoring system. 
In the first part of the study, a methodology for a qualitative evaluation of process 
by-products through OT monitoring was adapted and applied to enable particle 
tracking. 
The algorithm was designed primarily to show the distribution and interaction 
zones of process-by-products. Afterwards, PBF-LB/M trials with cuboid test 
specimens were performed and evaluated. First results using the OT monitoring 
system showed a reduction of the amount of process by-products and their 
thermal radiation when using Ar-He gas mixtures compared to pure argon. 
Furthermore, a typical part property (e.g., density) were at least equal to argon or 
could be improved with the use of helium contents. 

1 Introduction 
 
Additive Manufacturing (AM) processes enable the production of almost 
arbitrarily complex geometries by building up components layer-wise from a 
powder feedstock. The process used within this paper is called Powder Bed 
Fusion of Metals Using a Laser Beam (PBF-LB/M). 
PBF-LB/M of Alloy 718, is nowadays commonly used in the industry [1, 2]. 
However, the conflict between an increase in productivity while maintaining a high 
part quality is still unsolved. Particularly in the aerospace or medical industry, 
strict quality requirements, must be adhered to [3]. It is proven that by using 
various monitoring systems these requirements can be achieved e.g. by an in-
situ detection of process anomalies and part defects [4]. Within these systems, a 
distinction is made between on-axis and off-axis solutions. On-axis process 
monitoring systems are integrated into the laser beam path. Those include for 
example pyrometers, high-speed cameras or melt pool monitoring solutions. Off-
axis monitoring systems are independent of the laser beam path and can 
therefore also be used for multilaser systems. They are usually directed at the 
build plate with a certain angular offset. One of these systems, an optical 
tomography system for the PBF-LB/M process, has been developed by MTU 
Aero Engines. This off-axis process monitoring solution ended up in a 
collaboration with EOS and is commonly known as the “EOSTATE Exposure OT” 
[4-6]. The OT monitoring system allows the in-situ detection of possible defects, 
such as pores. Thus, an improved quality assurance and a possible reduction of 
subsequent process costs, such as Micro-CT, can be achieved. The EOSTATE 
Exposure OT system is equipped with a sCMOS (scientific Complementary Metal 
Oxide Semiconductor) camera. The emitted light from the laser influenced zone 
and its surroundings is recorded and precisely assigned to each pixel [6]. 
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Up to now, this tool has been used primarily for the detection of defects of a part. 
However, recent studies extended the use of OT analysis to control the entire 
build plate not only the parts [4, 6, 7]. Fischer et al. (2021) used the OT monitoring 
system to increase process understanding of the generation and impact of 
process by-products during PBF-LB/M of Ti-6Al-4V in healthcare [7]. This 
approach was adapted and extended within this study. 
So far, various studies focused on the influence of different process gases on the 
part properties or the process itself [8, 9]. Amano et al. were able to create 
specific microstructures using helium to achieve improved mechanical properties 
of Ti-6Al-4V [8]. Pauzon et al. were able to highlight a reduction of process by-
products, which led to less laser interaction and defects [9]. In addition, the use 
of a helium mixture can increase Ti-6Al-4V productivity with a "fast" parameter, 
which under argon contains too many defects [10]. 
In contrast, this study highlights the influences of the process gas on the process 
by-products and their distribution over the build plate. Therefore, this study aims 
to identify those by varying the layer thicknesses as well as the resulting 
volumetric energy density (VED). Furthermore, a typical part property is included 
in the analysis. 

2 Materials & Methods 
 
2.1 PBF-LB/M and Sample Preparation 
The experiments were performed on an EOS M290 (EOS GmbH, Germany), 
which was equipped with the additional process monitoring system EOSTATE 
Exposure OT (EOS GmbH, Germany). The processed nickel-based Alloy 718 
(Praxair Surface Technologies Inc, USA) had a particle size distribution (PSD) 
ranging from 20 – 44 µm. To ensure comparability between the gases the 
differential pressure was adjusted to ensure the same gas speed. In order to be 
able to guarantee this, velocity measurements were carried out by means of an 
anemometer in advance of the actual investigations. 
In this study, a comparison was made between of a 40 µm and an 80 µm layer 
thickness with the same build job layout being used. The layout consists of 9x4 
cuboid test specimen (10 x 10 x13 mm3) and four powder sampling cylinders 
(Ø 30 mm, h=13 mm). The process parameters for the cubes were varied around 
the standard parameters for Alloy 718 provided by EOS (see Table 1). The 
powder sampling cylinders were built with the EOS standard parameter. The 
VED, which can be calculated with equation 1, ranged between 
25.61 – 114.27 J/mm3. The experiments were performed with an active buildup 
platform heating of 80 °C. 
 

Table 1: Process parameters used within this study 

Parameter 
Laser Power 

P in W 
Scan Speed 
v in mm/s 

Hatch distance 
h in mm 

Layer thickness 
d in mm 

Value 250 - 320 700 - 1220  0.1 0.04/0.08 
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𝑉𝐸𝐷 =
𝑃

𝑣 ∗ ℎ ∗ 𝑑
 

(1) 

 
For sample preparation, the specimens were hot embedded and 
metallographically treated. This included grinding and polishing steps performed 
on a Tegramin-25 grinding machine (Struers, Denmark). The relative density was 
determined by three cross-section analyses of each cuboid test specimen with a 
VHX 6000 digital microscope using a threshold value-based pore count method. 

2.2 OT-Evaluation 
To draw conclusions about spatter within PBF-LB/M, EOSTATE Exposure OT 
was used as monitoring system. It can create two types of data: INT- and MAX-
data. INT-data calculates an integral of all the intensities per pixel and per layer. 
MAX-data is being used and indicates the highest possible intensity per pixel and 
per layer on the build plate (Figure 1 (a)) without smoothing. For the evaluation 
the raw MAX-data extracted from OT had to be processed. Two different image 
processing programs were used for this purpose. The stepwise procedure of the 
analysis is shown in Figure 1. All the following images are attached in a top view 
perspective. The process gas is directed over the build platform in negative x- 
coordinate direction (-x). The y-coordinate represents the direction of the recoater 
movement. The z-coordinate represents the build direction. 

 
Figure 1: Analysis sequence of the Helium 80 µm raw data of the OT (a): ImageJ 

evaluation (b) and Matlab evaluation (c) 

First the 16-bit MAX-data is extracted from the OT monitoring system. The MAX-
data was processed using ImageJ (LOCI, University of Wisconsin, US), an open-
source image processing software. Within the first part of the algorithm the first 
layer, a double-exposed layer, and the pixel-exact part information were deleted. 
This is done to eliminate the potential influence of the parts. Deleting the part data 
is equivalent to zero thermal radiation and thus an intensity-level of zero. In the 
following, a threshold analysis with a range of 1 to maximum on each layer is 
performed so that every possible radiation during the process is visualized and 
considered (see Figure 1 (b)). The layer-data was therefore transferred from an 
initial 16 - bit to a binary image. 
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The second part of the analysis involves processing the binary process data using 
the software Matlab (The MathWorks, Inc., US). The designed algorithm 
accesses the information of the binary layer data and creates a matrix. Its size, 
2000x2000, is equivalent to the dimensions of the build plate in pixel. Each entry 
refers to a specific pixel and its intensity level (0 – 1). A value of zero corresponds 
to no detected intensity, a value of 1 corresponds to a detected intensity. This 
analysis operates layer-wise. The values for each pixel of the matrix are added 
layer by layer, so if an intensity change between two successive layers of one 
specific pixel has been detected, the value within the matrix increases by one. 
This is done for the entire build height. The new created matrix is then plotted 
and can thus display thermal radiation information depending on the number of 
the build layers. In the present study, a build job with a layer thickness of 80 µm 
was differentiated into four pixel value ranges: Low (0 – 15 layer), low-medium 
(16 – 55 layer), medium (56 – 115 layer) and high (116 – 161 layer) (see Figure 
1 (c)). For example, if an intensity was detected 120 times during an 80 µm build 
job at a specific area, this pixel or the location around that would be classified as 
high. In addition, the percentage of each rage in relation to the building platform 
size was calculated to enhance the comparability between different build jobs. To 
avoid possible scattering, process by-products/radiation that occurred in 15 or 
less layers were not considered. This corresponds to zero radiation or a white 
color. The classification of the four pixel value ranges within the 40 µm build job 
is shown below: Low (0 – 15 layer), low-medium (16 – 100 layer), medium 
(101 – 200 layer) and high (201 – 324 layer). The reduction of the layer thickness 
from 80 µm to 40 µm leads to increased pixel value ranges. 

3 Results 
 
3.1 Part Properties 
Figure 2 shows the results of the density measurements. Therefore, the average, 
relative part density is plotted against the VED. Within the first trials the layer 
thickness was set to 40 µm (Figure 2 (a)). Using increasing amounts of helium as 
a process gas, the cumulated area of pores relative to the cross-sectional area 
of the samples decreased or was approximately equal to the reference value 
obtained with an argon atmosphere. Pure helium ensures constant high relative 
densities in the process gas compared to argon. This effect is particularly visible 
in low VED. Pore shapes were entirely spherical even when using low VED. The 
results of the 80 µm study coincide to the before mentioned statements (see 
Figure 2 (b)). 
The only outliner was detected when using argon and a layer thickness of 80 µm 
with the lowest VED. In areas with a low energy input, differences in density or 
an effect of the process gas can be highlighted. For improved visibility, the scatter 
band within the diagram have been omitted. The standard deviations of the 
determined component densities are in a range of 0.003 - 0.13%. 
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Figure 2: Relative part density depending on the volumetric energy density (VED) and on 

the process gas: (a) layer thickness: 40 µm, (b) layer thickness: 80 µm 

3.2 OT Density 
As with the part properties, a distinction is made between both layer thicknesses 
in the OT analysis. Figure 2 represents the different OT spatter data for the layer 
thickness of 80 µm. It highlights a comparison between Argon (a), 
Ar + 30 % He (b), Ar + 70 % He (c) and Helium (d). 
It is noticeable that the potential interaction area of emerging process by-products 
is significantly lower, with increasing Helium contents in the process gas. 
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Figure 3: Comparison of OT-data with 80 µm build jobs using Ar (a), Ar+30% He (b), 

Ar+70% He(c) and Helium (d) as process gasses 

Within Figure 3 the results are analyzed by area, it can be interpreted that an 
overall reduction has been achieved compared to the argon reference job (see 
Table 2). Table 2 contains the information of the previously created matrix, 
which was shown in Figure 3. Besides the listing of all detected intensity pixels, 
a comparison of four different pixel ranges in relation to argon was set. By using 
helium instead of argon, the interference area could be reduced by more than 
50 %, regardless of the layer thickness. 
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Table 2: Comparison of influenced area by process by-products in relation to Argon 

Layer  
Thickness 

Gas 
Intensity Pixel 

 Count # 
Ratio 

to Argon 
16 - max 56 - max 116 - max 

80 µm 

Argon 1936586 reference 100 % 61.19 % 46.64 % 

Argon+ 
30 % He 

1352465 -30.16 % 100 % 67.59 % 52.63 % 

Argon+ 
70 % He 

1037831 -46.41 % 100 % 72.83 % 48.65 % 

Helium 829315 -57.18 % 100 % 68.93 % 42.93 % 

Layer  
Thickness 

Gas 
Intensity Pixel 

 Count # 
Ratio 

to Argon 
16 - max 101 - max 201 - max 

40 µm 

Argon 1595966 reference 100 % 76.57 % 57.81 % 

Argon+ 
30 % He 

1079051 -32.39 % 100 % 82..66 % 65.04 % 

Argon+ 
70 % He 

872334 -45.34 % 100 % 85.02 % 60.25 % 

Helium 765104 -52.06 % 100 % 81.19 % 48.45 % 

4 Discussion 

 
The influence of various process gases on the PBF-LB/M is gaining increasing 
attention [10, 11]. 
The relative porosities of the as-built cuboid test specimens build using raising 
helium contents were comparable to using argon. All relative densities, at a layer 
thickness of 40 µm, were above 99.76 % within this parameter study. The highest 
average value (99,982 %) was reached using Argon+30%He and a VED of 
100 J/mm3. Even with the use of an 80 µm layer thickness, a high relative part 
density (≥ 96,97 %), depending on the gas and parameter could be achieved. 
The maximum average rel. density (99,961 %) at 80 µm was reached using 
Helium and a VED of 41 J/mm3. Overall, the VED has a greater influence on the 
part density than the process gas. However, at low VEDs, an advantage of 
helium-containing process gas become visible. Using parameter sets with higher 
laser powers compared to the EOS standard parameter let to an increasing 
relative part density. Recent studies also dealt with an increase in the layer 
thickness and thus in its resulting influence on part properties of Alloy 718. [2, 12] 
The influence of the process gas on the reduction of process by-products, its 
intensity thus leading to less interactions with the laser, is of particular interest 
with regard to increasing quality requirements. In this study, a reduction of the 
thermal radiation inside the build chamber was observed, when using increasing 
helium contents. Pauzon et al. (2021) were also able to prove this for Ti-6Al-4V. 
Their investigations focused on gas influences on possible changes in spatter 
speed, their amount and their ejection angles across the build platform. In 
addition, they could highlight a reduction of incandescent spatter. 
Further investigations by use of different on- and off-axis process monitoring e.g., 
schlieren imaging are required for a statement in relation to this and the effect on 
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Alloy 718. The developed methodology of this paper can only be applied on off-
axis monitoring system such as an optical tomography. 
Besides the influences of the process gases on process by-products, Amano et 
al. (2021) were also able to explicitly demonstrate influences on the mechanical 
properties of the built parts. Within their study an increase for Vickers hardness, 
0.2% proof stress, and ultimate tensile strength was observed, but those effects 
are not yet fully understood and need further research. [8] 
 
Helium has a thermal conductivity about ten times higher than argon. According 
to the research within this study, this leads to a reduction in thermal radiation. A 
reduction of thermal radiation corresponds to decreased temperatures of process 
by-products, detected by OT (see Figure 3 (c)). Consequently, there is a reduced 
risk of hot spatters adhering to parts, which could lead to an increase in surface 
quality. 
Due to the 900 nm bandpass filter of the photodiode used in the OT monitoring 
system influences of the build platform and the surrounding powder have an 
impact on the detected intensity. The thermal radiation, which is generated by the 
preheating of the powder bed and the build plate, is so small that it can be 
neglected. Comparing the thermal radiation at 80°C (353.15 K) of an ideal 
blackbody with Alloy 718 related to the wavelength of the OT, only a minimal 
increase in intensity occurs, which was included within all build processes. This 
can be calculated based on Wien's Displacement Law. 
Conclusively, the reduction of spatter shown in Figure 3 could originate from 
various influences. Further studies are focused on the characterization, amount 
and distribution of process by-products by means of melt pool monitoring and 
schlieren technology to deepen and validate the knowledge towards higher 
productivity and less part defects. 

5 Conclusion and outlook 

 
Using EOSTATE Exposure OT and an adapted spatter detection algorithm, it was 
possible to visualize the influence of the process gas on the amount and 
distribution of process by-products in the PBF-LB/M process. The study was 
performed using layer thicknesses of 40 µm and 80 µm while varying the EOS 
standard parameters. Furthermore, the effect of the process gas influence on part 
properties of cuboid test specimen was shown. The main findings are 
summarized in the following: 
 

• EOSTATE Exposure OT can be used to visualize process by-products. 

• Using increasing helium concentrations in the process gas, the thermal 
radiation and thus the temperature of process by-products can be 
reduced. This led to smaller interaction zones and less hot spatter. 

• The relative densities of Alloy 718 cuboid test specimen were at least 
equal or better with increasing helium fractions in the process gas.  
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• Further investigations with other monitoring techniques, such as 
schlieren imaging, are necessary to proof a reduced amount of process 
by-products when using helium-containing process gases. 
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