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A B S T R A C T   

The almost unlimited design freedom of the laser-based powder bed fusion of metals (PBF-LB/M) makes this 
technology very attractive for industry. However, as a developing technology, it still faces some challenges when 
it comes to productivity and robustness, to name some. Whereas numerous studies covered the impact of laser- 
based parameters on material properties and robustness, the effect of the processing gas received limited 
attention. The objective of this study was to evaluate the effect of processing gas composition, containing helium 
(He) and hydrogen (H2), compared to conventionally used argon (Ar), during PBF-LB/M processing of virgin 
alloy 718 powder, on printing behavior and part properties. The four gases studied were Ar, Ar +30%He, Ar 
+30%He +2%H2, and Ar +70%He. Optical Tomography (OT) was used to monitor process stability, which 
unveiled a significant decrease in process-by products (spatters) between 51 % and 89 % using He and H2- 
containing gases. It was also found that the process gas decreased the bulk porosity from an average value of 
0.08 % when processed with Ar to 0.04 % when using Ar + 70%He. The oxygen pickup by the spatter particles 
was reduced from 630 ppm (Ar) to 331 ppm (Ar +70%He). EBSD analysis revealed that there were no evident 
changes in microstructure with the processing gas. The samples processed also had similar tensile properties with 
yield and ultimate tensile strength of 1180 MPa and 1395 MPa, respectively. However, there was a slight increase 
in ductility from 16.5 % to 17.2 %, when processed with pure Ar and Ar + 70%He, respectively. This study shows 
that utilizing standard Ar processing atmosphere with He addition leads to a more stable process with reduced 
spatter, porosity and a marginal increase in ductility for Alloy 718.   

1. Introduction 

Laser-based powder bed fusion of metals (PBF-LB/M) is considered 
one of the most widespread manufacturing technologies within additive 
manufacturing (AM) [1]. A part is created layer-by-layer with a laser by 
melting and consolidating metal powder without molds or tools. Thus, 
geometries of almost any complexity can be built, which is different 
from most manufacturing processes [2]. Until now, the processing of 
selected alloys has been optimized primarily through extensive process 
parameter optimization [3]. Thus, new parameter sets were defined, 
focusing on geometric accuracy or productivity rather than on a com
bination of both. Recent studies addressed the process atmosphere as a 
relevant and adjustable parameter [4–7]. This offers additional benefits 

beyond solely configuring the laser parameters. Various studies have 
identified the influences of novel process gases that deviate from argon 
and nitrogen. Pauzon et al. [6] increased the productivity of Ti-6Al-4 V 
by adding He to the process gas. In addition to reducing printing time, 
Deckers et al. [4] observed a reduction in the surface roughness of alloy 
718 samples. H2 and He differ from conventionally used nitrogen and 
argon in several aspects. Both novel PBF-LB/M process gases exhibit a 
much lower density, which enables higher flow speeds [8]. Bidare et al. 
[5] investigated the correlation between process gases and chamber 
pressures to influence the melt pool geometries. Furthermore, the 
different thermal conductivity and heat capacity of novel gas mixtures in 
contrast to argon and nitrogen can affect the microstructure based on 
part design and selected process parameters [8–10]. 
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Nickel-based superalloys are used due to their superior corrosion and 
high-temperature resistance up to 1000 ◦C [11]. Applications range 
from power, chemical, and petrochemical industries to aerospace. 
Typical components from these superalloys can be found in, e.g., jet 
engines and gas turbines [11,12]. One of these superalloys is commonly 
known as alloy 718. It is well established material within PBF-LB/M, so 
there is room for optimizing the process parameters by conventional 
means [13–15]. Optimization lies primarily in increasing productivity 
and process robustness. The most straightforward productivity increase 
can be achieved by adjusting the layer thickness with increased energy 
input. Productivity is essential for end users in order to increase cost- 
competitiveness of the process. However, the increase in layer thick
ness or the number of lasers will increase the formation of process by- 
products i.e. spatters, which has an extensive influence on the process 
stability, the laser-powder interaction [16]. 

This paper studies the effect of He and H2 additions to the standard 
Ar process gas for alloy 718 manufactured using PBF-LB/M. Four 
different gases namely Ar, Ar +30%He, Ar +30%He +2%H2, and Ar 
+70%He were used. Previous research has shown He and H2 addition to 
reduce spatter generation. In this work, the main focus is to study the 
effect of these additions on porosity, microstructure and tensile prop
erties for alloy 718. The findings indicate that He and H2 addition re
duces the amount of spatter by 51 % to 89 %. There were no significant 
differences in the microstructure from the EBSD analysis and the tensile 
properties were similar. The yield strength and ultimate tensile strength 
were 1180 MPa and 1395 MPa, respectively. Although the ductility 
increased from 16.5 % to 17.2 % when processed with pure Ar and Ar +
70%He, respectively. The study shows that there were no significant 
differences observed, however such processing gases with He and H2 
additions can be increasingly used for higher productivity or novel al
loys as it leads to a much more stable process. 

2. Material and methods 

2.1. PBF-LB/M process 

The trials were performed on an EOS M290 (Electro Optical Systems 
GmbH, Germany) with off-axis optical tomography process monitoring. 
The schematic of the PBF-LB/M system can be seen in Fig. 1. 

Within the PBF-LB/M process, the chamber has to be inertized by the 
process gas. It limits oxidation of the powder, the melt pool, as well as 
assures the removal of process by-products. Hence, to compare several 
gases and isolate their specific properties, the process conditions must be 
kept equal. This study employed high-quality technical gases such as Ar, 
He, and their mixtures, also with addition of H2. Table 1 lists the process 
gases and an excerpt of their physical properties. 

The standard process conditions using argon are set to a differential 
pressure of 0.56 mbar, equal to a laminar flow of 1.5–2 l/min [17,18]. 

The flow rate was analyzed before the trials using a Testo 416 vane 
anemometer to ensure gas comparability. A custom setting was applied 
for the velocity measurements, followed by a Matlab-based analysis. The 
experimental velocity setup is presented in Fig. 2. The build plate was 
partitioned into nine locations where velocities were measured using 
various differential pressures of 0.1 mbar (EOS machine minimum) to 1 
mbar. For all tested gases whose He content was below 70 %, adjusting 
the differential pressure and, thus, the confining velocity was unnec
essary. Using Ar with 70%He, the differential pressure had to be 
changed. 

An off-axis monitoring solution provided by EOS was employed to 
assess process stability. The EOSTATE Exposure Optical Tomography 
(OT) monitoring tool uses an sCMOS-based camera. The camera collects 
light emission per layer in the near-infrared spectrum (900 nm ± 12.5 
nm). The dynamic data can provide detailed information about process 
stability and quality by highlighting indications of insufficient fusion or 
pronounced heat accumulations. Hence, the maximum data of each 
layer was exported. Data evaluation and post-processing were con
ducted using developed scripts based on the freeware ImageJ and Gimp 
[19]. Through this post-process analysis, process stability by means of 
the melt pool, by-product amount, and intensity could be investigated. 
Since the effect on process by-products was favored, the parts were 
colored white in the OT analysis. Stacking the layer data, interaction 
zones, and different temperature profiles of process by-products can be 
made visible. 

For each experiment virgin gas-atomized alloy 718 powder with a 
particle size distribution ranging from 20 μm to 44 μm was used. The 
powder was provided by Praxair Surface Technologies (PST). The main 
elemental content is listed in Table 2. All experiments were conducted 
with the same 40 μm EOS standard parameter (IN718_Performan
ceM291 2.11) for alloy 718. Prior to each printing, the process chamber 
underwent a three-step flushing and purging procedure. To ensure a 
complete exchange of the atmosphere, purging was stopped at a 
consistent concentration of 1000 ppm of oxygen, followed by the 

Fig. 1. Core components of a PBF-LB/M machine.  

Table 1 
Physical properties of used gas mixtures at p = 1.013 bar, T = 0 ◦C.  

Name Density ρ in 
kg/m3 

Thermal conductivity λ 
in W/(m*K) 

Specific heat capacity 
cp in J(kg*K) 

Ar  1.78  0.02  0.52 
He  0.18  0.15  5.19 
Ar + 30%He  1.30  0.04  0.71 
Ar + 70%He  0.66  0.08  1.41 
Ar + 30%He 
+2%H2  

1.27  0.04  0.74  

Fig. 2. Setup to measure the gas flow speed on the build plate.  

T. Deckers et al.                                                                                                                                                                                                                                 



Journal of Manufacturing Processes 120 (2024) 712–718

714

opening and subsequent closing of the process chamber. This is moni
tored on the machine system and by the ADDvance 02 precision. The 
ADDvance 02 precision, developed by Linde, utilizes a chemical cell to 
accurately analyze oxygen levels, even in the presence of hydrogen- 
containing gases. The print job was started when reaching process 
conditions utilizing an oxygen value below 1000 ppm. 

The job layout was provided by Siemens Energy and consists of 
different test specimens to analyze the print quality using tensile prop
erties and microstructure. After printing, all samples were cut using a 
Klaeger bandsaw bitron 300 without prior stress-relieving heat treat
ment. After the part removal, the specimen underwent a heat treatment 
following AMS 5662 [20]. For the chemical analysis of the powder and 
of the process by-products, a LECO ONH 836 (LECO, US) was used. 
Before the measurement, three blanks and three standards for nickel- 
containing material were performed. The mixture of powder and by- 
products was sampled inside and at the top of the gas outlets of the 
build chamber. 

2.2. Microstructural characterization 

For every processing gas, sample cross-sections parallel and 
perpendicular to the build direction were used for metallographic 
investigation. The samples were mounted in conductive bakelite resin 
and ground using SiC papers (#220, #320, #500, #800, #1200) fol
lowed by successive diamond suspension polishing (3 μm and 1 μm). The 
final step of polishing was done using colloidal silica. The cross-section 
parallel to the build direction was used for porosity measurements using 
the light optical microscope Zeiss Axioscope 7 with a motorized stage 
(Zeiss GmbH, Germany). Stitched micrographs at 50× magnification 
were acquired to obtain the samples’ total areal porosity and analyzed 
using a threshold value-based pore count method using the software 
ImageJ. To elucidate the changes in porosity in the bulk and subsurface, 
five micrographs at 100× magnifications were captured in the center 
and edge of the samples to calculate the bulk and sub-surface porosity, 
respectively. Then the porosity was measured using the same method as 
total areal porosity in ImageJ. Electron Backscatter Diffraction (EBSD) 
was performed using Leo Gemini 1550 SEM equipped with a Nordlys II 
detector (Oxford Instruments, England). The EBSD acquisition was done 
on cross-sections parallel and perpendicular to the building direction at 
an accelerating voltage of 20 kV using a 60 μm aperture and with a step 
size of 3 μm over an acquisition area of 800 μm × 800 μm. Data clean-up 
was done using Aztec Crystal software, removing wild spikes and per
forming noise reduction (seven nearest neighbors required). The EBSD 
analysis was performed using the open-source MATLAB toolbox MTEX 
(version 5.9.0) [21]. The indexed EBSD data were used to reconstruct 
the grain structure and smoothen the grain boundaries, as described in 
[22]. The grain boundaries considered are high-angle grain boundaries 
(HAGB) with misorientation >10 degrees. The EBSD orientation maps in 
inverse pole figure representation were plotted with respect to the build 
direction. The pole figures were calculated from orientation distribution 
functions (ODF) which in turn were obtained from the EBSD data. In all 
the pole figures plotted, the build direction is in the center of the pole 
figure. 

2.3. Tensile testing 

All test bars are machined and drawn according to [23,24]. Five 
tensile specimens were investigated at 20 ◦C. Subsequently, the results 
of yield strength (Rp0.2), ultimate tensile strength (Rm), and elongation 
at fracture (A5) are compared. A Z200 tensile testing machine from 

Zwick is used to perform the the tensile tests. The traverse speed starts at 
0.0007 1/s up to the E-modulus, switches to 0.003 1/s up to Rm, and 
remains constant at 0.007 1/s. 

3. Results and discussion 

3.1. Chemical analysis 

A visual comparison of the process by-products (also known as 
spatters) sampled from the gas outlet is depicted in Fig. 3. Fig. 4 exhibits 
the results of the chemical analysis of the powder-by-product mixture, 
which was captured inside and on top of the gas outlet. It revealed an 
increase in oxygen content after printing compared to the virgin powder. 
The oxygen pickup occurs due to the residual oxygen in the build 
chamber. This residual oxygen enters the melt pool due to increased 
absorption affinity and the process-by-products that are emitted from 
the melt pool have higher oxygen content. 

The results show that oxygen pickup was limited by using He or H2- 
containing mixtures. The minimal oxygen increase was detected when 
employing high He fractions in Ar (Ar +70%He), resulting in 331 ± 7 
ppm. The maximum oxygen increase of 630 ± 20 ppm has been detected 
using pure Ar. This might be due to the thermal conductivity and ther
mal capacity of He and H2. Hence, they can decrease the intensity and 
the correlated temperature of process by-products and increase the 
cooling rate, hence limiting time for oxidation. Pauzon et al. and Deckers 
et al. indicated similar results using Ti-6Al-4 V and alloy 718 in previous 
studies [9,19]. 

A minor difference was observed in analyzing the nitrogen amount. 
No significant rise in H2 content was detected, via the carrier gas hot 
extraction method after each printing process, when material samples 
were exposed to atmospheres enriched with, He or H2 during printing. 

3.2. Optical tomography 

The results of the process by-product analysis are shown in Fig. 5. 
The process atmosphere has a significant effect on the PBF-LB/M pro
cess. The blue area around the parts represents the intensity of process 
by-products (spatters). Moreover, the intensity and the correlating 
temperature of process by-products could be significantly reduced using 
He and H2-containing mixtures, corresponding to lighter shades of blue 
around the parts. If the intensity is high, particles can be redeposited and 
sintered on the surrounding region. This can possibly create a geomet
rical and/or chemical defect on the next layer. In a comparison of Ar 
(Fig. 5a) towards the other process gases, a reduction of the “affected” 
colored area can be seen. Subsequently, adding He or H2 fractions in 
argon decreases generation of process by-products. The mixture of Ar 
+30 %He decreased the total amount of the detected by-products by 40 
% and reduced the high critical intensity by 59 % compared to Ar. The 
highest tested He concentrations of 70 % led to a decrease in the overall 
generation of by-products by 51 % and 89 % less high-intensity spatter 
compared to Ar. 

As previously reported by Deckers et al. [4], lowering the intensity 
can reduce surface roughness. Additionally, by reducing the process by- 
products and laser interaction, bulk density increases due to increased 
energy coupling [25]. Furthermore, reducing the intensity and amount 
of redeposited spatter dramatically improves the quality of the recycled 
powder feedstock [26]. The deleterious effect of process by-products on 
the part, powder quality, and print stability is already well-known in 
research [25]. Further investigations are necessary to make a statement 
regarding an altered cooling behavior. Those could involve simulations 
and be confirmed by employing melt pool monitoring and penetration 
depth analysis. 

3.3. Porosity analysis 

The total bulk porosity of the samples was calculated from cross- 

Table 2 
Alloy 718 main composition in wt%.  

Element Ni Cr Fe Nb Mo Ti Al Co 

Measured Bal.  19.27  17.73  4.99  2.94  1.00  0.48  0.33  

T. Deckers et al.                                                                                                                                                                                                                                 



Journal of Manufacturing Processes 120 (2024) 712–718

715

sections parallel and perpendicular to the build direction for five sam
ples for each process gas as explained in Section 2.2. The results can be 
found in Fig. 6(a). The pores found were spherical gas pores and a 
representative micrograph of microstructure processed with Ar is shown 
in Fig. 6(b). The Ar samples had the highest porosity of 0.08 % on 
average and the highest standard deviation of 0.04 %. Adding H2 or He 

to the process gas resulted in a reduction in porosity. The lowest porosity 
of 0.04 % with a standard deviation of 0.02 % was detected under an Ar 
+70%He atmosphere. The maximum defect size in the bulk material 
ranges from 11.98 to 15.18 μm. 

However, comparing bulk and sub-surface porosity revealed that the 
sub-surface porosity was marginally higher than the bulk porosity. 
Within the subsurface analysis, the maximum defect size varies between 
31.80 and 55.14 μm. Although the focus of this study was not to find 
optimized surface porosity, the results should not affect tensile perfor
mance due to the machined surface of the tensile specimen. The sub- 
surface analysis also indicates a porosity reduction using He and H2- 
containing process gases. 

Previous studies on different alloys have shown a slight reduction in 
porosity by adding He to the processing gas which is similar to this study 
[4,6,10]. Traoré et al. [7] highlighted that PBF-LB/M processed alloy 
625 possessed porosity that was slightly lower or similar for He pro
cessed samples compared with Ar for a wide range of volumetric energy 
densities (48–72 J/mm3). However, at high volumetric energy densities, 
the porosity for the He processed sample was <0.05 %, while the Ar 
samples had a porosity of 0.12 %. This finding agrees with Deckers et al. 
[19] and Pauzon et al. [6] where it was showed that samples processed 
under Ar gas mixtures with He addition and pure He consistently had 
lower porosity values than sample processed under Ar gas. The reduc
tion in porosity is attributed to the improved process stability and 
reduced process-by-products (spatter) generation, obtained when using 
the gas mixtures with He addition. The reduction in spatter results is 

Fig. 3. Visual comparison of process by-products.  

Fig. 4. Elemental analysis of process by-products in ppm.  

Fig. 5. OT analysis of the investigated gas mixtures highlighting the amount and intensity of process by-products.  
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outcome of the more stable melt pool from one side and lower spatter re- 
deposition on the printed sample, leading to the bulk porosity reduction 
[27]. Furthermore, the Ar-He mixture could also affect the melt pool 
cooling rates and flow [28]. It can be assumed that an improvement in 
part density can also be achieved irrespective of the alloy, as was already 
shown in case of Ti-6Al-4V. Therefore, using low-density and high 
thermal conductivity gases like mixtures of Ar with He or H2 is partic
ularly advantageous when developing new parameters, e.g., for novel 

alloys or improving present parameter sets. 

3.4. Microstructure 

The EBSD orientation maps in inverse pole figure (IPF) coloring are 
shown in Fig. 7. EBSD acquisitions were performed in cross-sections 
parallel and perpendicular to the build direction (BD) for the samples 
processed in four different gas atmospheres. The IPF coloring is with 

Fig. 6. (a) Bulk porosity for different gas mixtures, (b) optical micrograph showing the presence of bulk porosity (in a sample processed in Ar).  

Fig. 7. EBSD orientations maps with IPF coloring along with the pole figures for different process gases (a,e) Ar, (b,f) Ar +30%He, (c,g) Ar +70%He and (d,h) Ar 
+30%He +2%H2. 
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respect to the build direction. In the pole figures, the build direction is in 
the center. The black arrows in (a) and (e) indicate the melt pool overlap 
region. A striking similarity in all the samples is the memory of the PBF- 
LB/M printing, which is evident from the melt pool structures (parallel 
to the BD) and the scan tracks (perpendicular to the BD) even after heat 
treatment. The presence of finer grains with 〈100〉 orientation (marked 
in Fig. 7(a), (e) with black arrows) in the melt pool overlapping region is 
also observed from the orientation maps. Overall, the samples processed 
in different atmospheres seem similar. The only exception is the Ar 
processed samples (Fig. 7(a), (e)) which have a relatively higher in
tensity at <100>, but this is merely because a slightly higher fraction of 
grains that are oriented in <100> or nearly <100> direction. The grain 
size estimates from the orientation maps, parallel and perpendicular to 
the build direction, were similar for the samples processed with different 
gases. The area-weighted mean grain size was ~100 μm parallel to the 
build direction and ~40 μm perpendicular to the build direction. The 
estimates were based on the fitted ellipse primary length and equivalent 
circle diameter for the sample parallel and perpendicular to the build 
direction, respectively. This is due to the nature of the columnar grains 
parallel to the build direction and equiaxed-like perpendicular to the 
build direction. 

Hence, helium or hydrogen-containing gases influence grain 
morphology has yet to be clarified. Amano et al. [10] highlighted a 
microstructure refinement when Ti-6Al-4 V samples were processed 
using He. A finer presence of martensitic α′ was found in He samples 
which was caused due to the higher cooling rates. This is in contrary to 
the findings of Pauzon et al. [9]. Another study by Traoré et al. [7] re
ported also no change on alloy 625 microstructure when processed 
under Ar and He. Pauzon et al. [29] reported the presence of a random 
texture for alloy 718 processed under Ar and Ar-He mixture. Within this 
study, the microstructure was not affected by the different processing 
gases studied, which was also observed by Traoré et al. [7] and Pauzon 
et al. [29]. It is, however, possible that there are differences in the sub- 
microstructure when processing with the different processing atmo
spheres, that were not detected at the applied magnification of EBSD and 
were not observed by the authors in previous works during more 
detailed analysis of the microstructure on the micro-scale in case of Ar- 
He-containing atmospheres [30]. Based on the available literature, it 
also seems that the differences are material- and process-specific, as 
impact of processing gas on microstructure was observed in the Ti-6Al-4 
V microstructure by Amano et al. [10]. Hence, it can be said that 
although there could be differences in cooling rates, there were no 
changes in the microstructure with the different processing atmospheres 
for Alloy 718. 

3.5. Tensile properties 

The results of the tensile properties along the build direction can be 
found in Fig. 8. The tensile values for alloy 718 from the data sheet (DS) 
by technology provider EOS were taken as a reference [31]. The ach
ieved tensile performance for 20 ◦C is comparable to the literature [32]. 
The tensile properties were not significantly affected by the processing 

gas. The yield and ultimate tensile strength for different samples were 
approximately 1180 MPa and 1395 MPa, respectively. However, there 
was a slight increase in ductility from 16.5 % to 17.2 %, when processed 
with pure Ar and Ar + 70%He. The addition of H2 appears to cause some 
loss in ductility. A fracture surface analysis revealed no noticeable dif
ference between the tested samples that could explain this effect. Po
tential differences might be due to the heat treatment or the time 
between sample testings. The slight increase in properties were also 
reported by Pauzon et al. for Ti-6Al-4V [6]. This beneficial increase in 
properties can be attributed to the improved stability of the process, 
hence reduction in spatter formation and resulting porosity as the 
microstructure was not found to be affected by the processing atmo
sphere. This minimal difference observed with different processing gas 
can be highly beneficial in industrial applications when printing larger 
components, especially when using higher layer thickness. There is also 
clear impact on sustainability and cost effectiveness of the process 
through improvement of the powder reuse as a result of lower spatter 
formation and hence decreased powder degradation in case of He- 
containing atmospheres. 

4. Conclusion 

This study analyzed the influence of the different process atmo
spheres on alloy 718 manufactured by PBF-LB/M. The four gases studied 
were Ar, Ar +30%He, Ar +30%He +2%H2, and Ar +70%He. The find
ings indicate that the spatter generation was reduced by He addition to 
the standard Ar gas. This is attributed to the higher thermal conductivity 
of He and hence He-containing processing gases, resulting in faster 
spatter cooling and hence lower oxidation of the spatter. This was 
confirmed by lower oxygen pickup by spatter particles (around 300 
ppm) when processed using He and H2 containing process atmospheres 
when compared to Ar. The decrease in porosity by 0.04 % for Ar + 70% 
He when compared with Ar can be attributed to the reduction in spatter 
which probably led to improved process stability. The microstructure 
was not affected by the different processing gases and the EBSD revealed 
that there is a random texture with similar grain sizes (~100 μm parallel 
to the build direction and ~40 μm perpendicular to the build direction). 
There was also the presence of melt pools and scan tracks from the PBF- 
LB/M process. Similar tensile properties were obtained for the samples 
with different processing atmospheres. The yield and ultimate tensile 
strength were approximately 1180 MPa and 1395 MPa, respectively. 
However, there was a slight increase in ductility from 16.5 % to 17.2 %, 
when processed with pure Ar and Ar + 70%He, respectively. Tensile 
properties for sample processed under Ar +30%He +2%H2 were similar 
except for the decrease in ductility by 1 % when compared with sample 
processed under Ar +30%He. A stable process with reduced spatter and 
porosity with increasing He addition is attributed to the beneficial in
crease in ductility. 

This study shows the importance of the processing gas during the 
PBF-LB/M process. Utilizing Ar with He additions have proven to lead to 
a more stable process with reduction in spatters and porosity. This has 
found to have a benefit in the tensile properties where the yield strength, 

Fig. 8. Results of tensile specimen analyzed at 20 ◦C (a-c). Rp0.2 is the 0.2 % offset yield strength. Rm is the ultimate tensile strength. A5 is the elongation.  
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ultimate tensile strength and ductility were increased with increased He 
addition to the standard Ar process gas used in the PBF-LB/M process. 
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[7] Traoré S, Koutiri I, Schneider M, Lefebvre P, Rodrigues J, Dupuy C, et al. Influence 
of gaseous environment on the properties of Inconel 625 L-PBF parts. In: Journal of 
Manufacturing Processes; 2022. 
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