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Abstract 

This study investigates the influence of process gases on the laser material deposition process, with a particular focus on 
their effects on geometric characteristics of single tracks, process temperature and microhardness. The research aims to 
analyze the interactions between the selected process gases argon, helium, nitrogen, and carbon dioxide and the powder 
material 316L. A comparative evaluation with laser welding techniques highlights shared principles and distinct effects, 
providing a comprehensive understanding of process dynamics. Experimental investigations and literature analyses reveal 
the critical impact of gas flow rates, chemical reactivity, and thermal conductivity on the resulting layer quality and 
structural properties. The findings contribute to optimizing process parameters, ensuring enhanced material performance 
and reliability in industrial applications. This work serves as a foundation for future studies on tailored gas applications in 
laser-based manufacturing processes. 
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1. Introduction 

In additive manufacturing, the choice of process gas is crucial for determining the quality and properties of the final 
product (Ahn et al. 2017). Process gases, i.e. shielding and carrier gases, influence microstructure, mechanical performance, 
melt pool dynamics, and surface characteristics (Bliedtner et al. 2013). Additionally, they affect heat distribution, either by 
enhancing heat dissipation or promoting exothermic reactions (Ruiz et al. 2018; Wank et al. 2018). They also play a key role 
in terms of porosity (Wank et al. 2018; Elmer et al. 2014). From an economic standpoint, process gas is a major cost driver 
in laser metal deposition (LMD), alongside energy and material costs. Long processing times and low deposition rates 
increase gas consumption, often making gas more expensive than the metal powder itself (Witzel 2014; Härtl und Zäh 2002). 
Therefore, optimizing process gas selection can significantly reduce overall costs, as shown in Table 1.  

Table 1: Process gas operating costs in €/h (Linde Gas 2025) 

 argon helium nitrogen carbon dioxide 

[€/h] 17,20 67,71 12,70 21,61 
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Prior to this work, only a limited number of studies systematically investigated the influence of different process gases on 
the LMD process. In contrast, the use of argon as process gas is widespread for LMD (Dobbelstein et al. 2019; Candel-Ruiz et 
al. 2015; Zhao et al. 2024). To categorize the effects of various process gases, studies on LMD but also investigations of 
related processes – such as laser beam welding and laser cladding – are also considered due to their procedural similarities., 
(Bliedtner et al. 2013; Ruiz et al. 2018) 

 In LMD, a distinction must be made between the shielding gas flow rate, which primarily protects the laser optics and 
accounts for the majority of melt pool coverage, and the carrier gas flow rate, which mainly serves as a transport medium 
for powder particles into the process (Bliedtner et al. 2013). Several previous studies have analyzed process gases regarding 
their effectiveness in shielding the melt pool via the locally formed protective gas atmosphere and the resulting residual 
oxygen content  (Zhang et al. 2023; Kaljevic und Demir 2022). Zhang et al. investigated the effects of increased oxygen 
content on the processability of Ti6Al4V and demonstrated that changes in microstructural composition occur when the 
oxygen content exceeds 1000 ppm. An increase in residual oxygen content may result from insufficient melt pool coverage 
quality. Furthermore, the use of reactive oxidizing process gases such as carbon dioxide can influence both the surface 
tension of the molten material and the flow behavior within the melt pool due to the formation of oxide layers (Leimser 
2008; Härtl und Zäh 2002; Schulze G. 2010). For a nickel-based self-fluxing alloy, Wank et al. observed an increased emission 
intensity in the melt pool when employing carbon dioxide as process gas. The elevated temperature in the melt pool is 
associated with reduced hardness values using carbon dioxide as process gas. Simultaneously, dendritic grain structures 
were identified in the microstructure when using carbon dioxide. Ruiz et al. reported an increasing melt pool temperature 
for  Inconel 718 when helium was added to the process gas mixture. 

While the aforementioned studies have examined individual gases and their specific effects on the process, such as melt 
pool shielding, thermal conductivity, or resulting microstructure and hardness, this study aims to provide a comprehensive 
overview of different process gases for a single material, based on both single-track and volumetric builds. 

2. Experimental Setup and Procedure 

The experimental setup includes a Trumpf TruDisk 4006 laser source. It delivers up to 4000 W of laser power at a 
wavelength of λ = 1030 nm and is coupled to the system via fiber optics. The laser forms a Gaussian intensity profile with a 
beam diameter of 1.5 mm. The focusing optics (Trumpf BEO70) and powder nozzle (HighNo 4.0, HD Sonderoptiken GmbH & 
Co. KG) are mounted on a CNC-controlled 3-axis system (Bosch Rexroth AG). Powder material is delivered by a powder feeder 
(GTV Verschleißschutz GmbH) via a rotating disk and carrier gas into the nozzle, where it is focused to a 9 mm stand-off 
through an annular gap. Shielding gas is supplied separately through the central nozzle channel, co-axially with the laser 
beam. Gas flow rates of shielding and carrier gas are monitored by two flow meters (Kobold Messring GmbH) and controlled 
via float-type flow regulators. In the experimental series, the process gases argon, helium, nitrogen, and carbon dioxide were 
systematically varied. For each test series, both the shielding gas and the carrier gas were simultaneously adjusted to the 
same gas type. 

For the experimental series, the austenitic stainless- steel powder 316L (F-316LX-BR2, LSN Diffusion Ltd.) was used. The 
powder was produced by gas atomization and had a particle size range of 20–53 µm. S235 steel plates (100 × 100 × 10 mm) 
served as substrates. Prior to processing, their surfaces were milled and sandblasted. For the experiments, a previously 
developed LMD parameter set was used, which is presented in Table 2, to achieve a suitable aspect ratio for subsequent 
volume build-up. 

Table 2. Parameter set for a laser spot diameter of 1.5 mm 

laser power feed rate powder mass 
flow 

shielding gas 
flow 

carrier gas 
flow 

1200 W 1000 mm/min 3.4 g/min 10 l /min 3 l/min 

 
For single track analysis, a 30 mm long track is deposited twice to reduce measurement uncertainty and increase the 

statistical significance with a 10 mm spacing and evaluated using three cross-sections each. To study the influence of process 
gases on volumetric build-up, two cubic volumes (15 mm edge length) are produced per process gas. A total of 20 layers are 
deposited, with a 3-minute cooling break after 10 layers. Since the geometry of single tracks varies with the process gas, the 
track offset is adjusted to maintain a constant relative overlap of ~50 % of the track width. Similarly, the layer height offset 
in z-direction is adapted to achieve a relative overlap of ~120 % of the track height. 
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3. Evaluation Methodology 

To comprehensively evaluate the geometrical, thermal, and microstructural characteristics resulting from the deposition 
process, a series of analytical and imaging techniques were applied. The following section outlines the preparation steps and 
measurement procedures used to assess single tracks and built-up volumes. Optical profilometry (Keyence VR5000) was 
used to determine track width and height of the single tracks, with 50 transverse profiles extracted per track to compute 
average geometry. The samples were sectioned and hot-embedded in phenolic resin, then ground and polished using 
diamond suspension up to 1 µm. Statistical significance was ensured by preparing three cross-sections from different 
positions along each single track and two from each of the built volumes. To visualize the heat-affected zone (HAZ) and 
distinguish the substrate from the deposited tracks, the cross-sections were etched using a 3% nitric acid solution, which 
selectively attacks the substrate material. To reveal the microstructure, the samples were additionally electrolytically etched 
in 10% oxalic acid for the single tracks, and a nitric hydrofluoric acid-based V2A etching solution for the built volumes. Light 
microscopic images of all cross-sections were acquired at 300× magnification using a Keyence VHX-6000 digital microscope. 
Using the images, dilution depth and HAZ depth were measured. Microhardness testing was performed using a QATM Qness 
(ATM Qness GmbH Qness 30 A+) hardness tester and the Vickers indentation method with a load of HV0.1 for the built 
volumes with approx. 300 indents distributed across a 15 × 10 mm area with a 1 mm horizontal and a one-layer height 
vertical spacing. The thermal process signature was captured using infrared thermography (InfraTec ImageIR 7350). 
Maximum temperatures were recorded using a filtered range of 700–2100 °C and averaged along a 127-pixel line. An 
emissivity of 0.45 was assumed for all analyses (Auer 2005). The maximum temperatures are accumulated along a fixed line 
spanning 127 pixels across the center of the single tracks for all sequences. The resulting mean value and standard deviation 
of the accumulated temperature data are then calculated and reported. 

4. Results and Discussions 

4.1. Influence of the process gases on the geometric characteristics of single tracks 

Figure 1 shows the track width and track height of the single tracks for the different process gases argon, helium, nitrogen, 
and carbon dioxide for the powder material 316L. The single track width is not significantly varying when using argon, helium, 
or nitrogen as process gas. In contrast, the use of carbon dioxide gas leads to an increase in track width of approximately 
200 μm. Notably, the track width under argon, helium, and nitrogen remains below the laser beam diameter of 1.5mm, 
while under carbon dioxide gas, a wider melt pool is formed. Regarding track height, an increase of approximately 30 μm is 
observed under nitrogen and about 40 μm under carbon dioxide, compared to the track heights achieved using argon and 
helium. This indicates a greater material accumulation when employing these reactive gases. 
 

  

Fig. 1. (a) Width and (b) Height of single tracks deposited with different process gases 

using an identical process parameter set 
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4.2. Analysis of cross-sections of single t racks and built-up volumes 

A comparison of the cross-sections of the single tracks, as displayed in Figure 2, reveals that the geometry of the material 
deposited using carbon dioxide gas deviates significantly from that produced with the other process gases. Using carbon 
dioxide gas, the dilution zone is reduced and the wetting angle decreases, while the track width increases and the height 
decreases, as previously shown by the optical profilometry results. The microstructure of the deposited material is similar 
for argon and helium, exhibiting relatively fine grain structures. In contrast, nitrogen results in greater variation in grain 
orientation and size, with some grains oriented perpendicular to the solidification direction. In the case of carbon dioxide 
gas, even larger grains are observed, predominantly oriented toward the center of the deposited contour.  

 

Figure 3 presents the depth of the dilution zone and the HAZ for single tracks produced with different process gases using 
the investigated powder material. A significant reduction in the dilution depth of approximately 250 µm is observed when 
using carbon dioxide, compared to argon and helium. In contrast, nitrogen results in a slight reduction of about 30 µm. With 
respect to the HAZ, the shielding gases argon, helium, and nitrogen show negligible influence on its depth, whereas carbon 
dioxide leads to a reduction of approximately 100 µm. The results suggest that carbon dioxide as a process gas influences 
the surface tension of the melt pool, leading to generally wider single tracks with a reduced dilution zone. While no clear 
conclusions regarding melt pool flow can be drawn from the cross-sections, a reduction or suppression of melt pool dynamics 
is assumed, consistent with findings reported in (Leimser 2008; Czerner 2005).  

 

Fig. 3. (a) Depth of dilution zone and (b) depth of HAZ for the single tracks for different process gases 

Fig. 2 Etched cross-sections of single tracks deposited using different process 

gases 



LiM 2025 - 5 

 

Figure 4 shows cross-sections of the built-up volumes of the investigated powder material processed with different 
process gases. A slight contour bulge at the edges is observed when using argon, which becomes more pronounced with 
helium and nitrogen, and is most prominent with carbon dioxide. When using carbon dioxide, the lateral layer build-up 
occurs nearly perpendicular to the substrate surface. Furthermore, the number of adhering powder particles on the sides of 
the volumes is significantly reduced with carbon dioxide. Cross-sections of the volumes built under argon, helium, and 
nitrogen reveal a uniform geometric arrangement of the offset single tracks. Under nitrogen, coarser grain structures 
spanning several layers are observed, whereas finer grains dominate with argon and helium. Using carbon dioxide gas, the 
individual layers and tracks exhibit increased width, resulting in greater overlap. In the center of the volume processed with 
carbon dioxide, large grain structures are observed that extend across multiple layers. Toward the edges, the microstructure 
becomes finer. Additionally, defects are found in the upper region of the carbon dioxide-processed volumes. 
 

Figure 5 presents the depth of the dilution zone and HAZ for the built-up volumes of the investigated powder material 

processed with different shielding gases. Compared to argon, the dilution depth increases by approximately 50 µm when 

using helium and by about 30 µm with nitrogen. In contrast, carbon dioxide leads to a reduction in dilution depth of 

approximately 60 µm. The HAZ depth remains similar for argon and helium, while nitrogen increases it by around 50 µm. 

Using carbon dioxide, the HAZ depth decreases by approximately 40 µm.  

 

Fig. 4. Etched cross-sections of the built-up volumes for different process gases 

Fig. 5. (a) Depth of dilution zone and (b) depth of HAZ for the built-up volumes for different process gases  
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4.3. Influence of the investigated process gases on the microhardness of built-up volumes 

An overview of the average hardness values for the built-up volumes depending on the process gases for the used powder 
material is shown in Figure 7. 

 

Based on the averaged hardness values, no significant influence of the process gases on the microhardness of the 
deposited 316L volumes is initially observed. In general, higher hardness values are measured in the lower layers, which may 
be attributed to tempering effects and hardening mechanisms induced by energy input and heat conduction, or caused by 
higher cooling rate in the beginning of the process. 

 

4.4. Analysis of surface temperatures of single tracks 

Figure 8 shows the maximum process temperature for the single tracks depending on the employed process gases for the 
investigated powder material. 

 

 
When using argon as the process gas, the maximum process temperature reaches approximately 1956 °C. In comparison, 

it decreases by around 250 °C when using carbon dioxide, and by about 150 °C with helium. The causes of these differences 
in maximum temperatures between the various process gases could not be conclusively determined within the scope of this 
study and require further investigation. 
  

Fig. 7. Average hardness values for the built-up volumes for different process gases  

Fig. 8. Maximum process temperature for the single tracks for different process gases 
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5. Conclusion 

This study analyzes the influence of the process gases argon, helium, nitrogen, and carbon dioxide on geometric 
characteristics of single tracks, process temperature and microhardness in laser metal deposition (LMD) using the powder 
material 316L. The interactions between the selected process gases and the powder material were evaluated based on 
single tracks and built-up volumes. The experimental results allow for a comparative assessment of the deposited 
material, microhardness, and maximum process temperature as a function of the process gas used: 

 
1. For the examined powder material, no significant influence on the deposited material was observed when using 

argon, helium, or nitrogen as process gases. In contrast, when carbon dioxide was used, an increase in track width 
and a decrease in track height and wetting angle were detected. The surface characteristics of the single tracks 
remained largely unaffected by the choice of process gas. 
 

2. A reduction in the dilution zone depth was observed for single tracks produced under carbon dioxide gas. In the built-
up volumes, fewer powder adhesions and a smoother outer contour were identified under the same gas. 

 
3. Microhardness measurements revealed no significant differences in hardness values between the investigated 

process gases for the built-up volumes of the examined powder material. 
 
4. Compared to argon, the maximum process temperature is significantly reduced with carbon dioxide, moderately 

reduced with helium, and remains largely unchanged with nitrogen. 
 

Based on the experimental results, it can be concluded that helium and nitrogen do not show a significant influence on 
the evaluated parameters compared to argon for the powder material 316L, and can therefore be considered suitable 
with respect to the investigated properties, i.e. microhardness and process temperature. In contrast, carbon dioxide as a 
process gas leads to distinctly different outcomes for the same material. From an economic perspective, the use of more 
cost-effective gases such as nitrogen or carbon dioxide offers the potential to reduce overall process costs, provided that 
the required material properties are maintained. For future studies, the mechanical properties of the built-up volumes 
should be further characterized as a function of the process gas. In future studies, potential influences on chemical 
composition and oxidation behavior should also be taken into account to ensure a comprehensive assessment of 
alternative process gases. Additionally, high-speed imaging could enable a more detailed analysis of melt pool dynamics 
under different shielding gas atmospheres. To deepen the understanding of process gas effects, further experimental 
campaigns using alternative powder materials and varying gas mixtures are recommended. Moreover, a detailed 
microstructural analysis of the deposited material in relation to the applied process gases should be conducted. 
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