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Abstract

A sensor platform for experimental in-situ characterization of metal laser powder bed fusion (L-
PBF) is developed and used to analyze the gas flow across the powder bed. The gas flow in metal
L-PBF is crucial to attaining transient and spatially consistent results. The gas flow removes spatter
from the welding process as well as the plume consisting of metal condensate. Defects like porosity
will result from these process byproducts not being removed. A CNC gantry with a flow sensor
mounted measured the gas velocity across the process area. The automated measurements were
analyzed and used to improve the gas flow by changing the inlet geometry. The method can be used
as a supplement to computational fluid dynamics, as well as a calibration tool for simulations, to
improve the efforts toward better models of the metal L-PBF process.

Introduction

The work relates to the gas flow of laser powder bed fusion (L-PBF). L-PBF is a powder-based
additive manufacturing process, in which a thin layer of powder is selectively fused by a high-
power laser. A three-dimensional object can thus be built by subsequent additions of layers and
laser fusion. A L-PBF system can be decomposed into several sub-systems, one of which is the gas
flow sub-system - a sub-system which is generally under-appreciated in literature.

This paper proposes an experimental platform for characterizing gas flow in metal L-PBF -
enabling detailed spatial mapping of the gas flow conditions. The inert gas cross-flow in metal
L-PBF is an often overlooked yet crucial sub-system, which is vital in regards to process stabil-
ity[1]. Computational Fluid Dynamics (CFD) simulations in the context of metal L-PBF are often
described without direct experimental verification. As such, measuring the flow velocity across
the powder bed is needed to understand the local flow conditions, and can be used to calibrate and
validate said CFD simulations towards better approximations of the process. If done in an auto-
mated manner, a dense collection of measurements can form the entire field[2]. Installing such an
automated system requires machine access - and more specifically machine freedom, freedom to
alter the machine physically as well as in software. The experimental approach can also be done
to quickly iterate the gas flow geometry without the need for updating and solving a complex CFD
model. The experimental method also takes the entire system into account - that being e.g. actual
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blower characteristics, filter, piping, etc.

The byproducts from the welding process must be removed from the processing area for several
reasons. For one, the plume from the melt pool will block the incident laser power. This will cause
a decrease in power, and cause instability of the melt pool as this cloud-like effect fluctuates[3].
Secondly, the larger particles which constitute the spatter must be blown away to avoid landing
upon non-welded powder. A balance must be found between sufficient flow to maintain a stable
process while not disturbing the powder bed[4]. Furthermore, the gas flow performs a supportive
function as the flow mitigates the buildup of condensate on the optical and mechanical components.

The major effect is typically seen through component density, either due to lack of fusion or
balling defects [1, 4–8]. The level of porosity has been shown to correlate with regions across
the powder bed with sub-optimal flow conditions [9], meaning the spatial distribution of the gas
flow velocity across the powder bed is crucial. Even mechanical properties have been linked to
gas flow variations[10]. However, many investigations are limited to measuring the overall gas
input into the processing area[7] or the inlet of the process chamber[5], sometimes due to outside
factors like machine access, warranty concerns, etc. The open-architecture nature of the self-build
system enable such alterations and additions - compared to conventional commercial systems - like
a custom sensor CNC gantry. This allows for a full and proper mapping of the gas velocity.

Gas flow subsystem

The system that is subject to the experiments is an open-architecture metal L-PBF machine engi-
neered at the Technical University of Denmark (DTU). The cross-flow subsystem is a closed system
and is driven by a side-channel blower1, capable of a flow rate of 180m3

h
and a compression pres-

sure of 29kPa. The speed of the blower motor is governed by a variable frequency drive (VFD).
The frequency on the VFD is in turn controlled by a unified systems controller also engineered at
DTU[11].

A bottom inlet duct begins to widen the flow. A top inlet duct bends the flow, where specific
geometry shapes the flow and minimizes the turbulence of the open jet stream as in e.g. a wind
tunnel[12]. After exiting through the outlet duct, the gas is filtered to ensure a clean process. While
the beneficial effects of a structure consisting of small tubes - like a honeycomb pattern - are well-
founded, the actual measured impact on the flow behavior was pursued using the above-mentioned
method.

The gas flow must be 1) of sufficient speed, at least 2.5-3m/s; 2) be uniform across the powder
in order to achieve spatially consistent parts [9]; 3) and be sufficiently low in velocity at the powder
bed (z=0), thus leaving the powder undisturbed[5].

Experimental method and setup

To analyze the quantity and quality of the gas flow, a 3-axis CNC gantry was engineered in order to
move the flow probe in-situ, Figure 2a. An AVR ATmega 8-bit 16 MHz microcontroller was used
to control the CNC.

1Also known as a ’ring blower’ or ’vortex pump’
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Figure 1: Gas flow subsystem

In Figure 2b, the modular inlet design is shown. The geometry was able to be changed in order
to rapidly compare the effect of the front attachments. The prototypes were printed using FDM
printers.

An EE671 Miniature Air Flow Probe was used to measure the flow velocity with a range of
0-15m

s
and analog output of 0-10V. The flow probe has a stated response time of ts = 4 seconds.

3 seconds of data were analyzed at 100Hz after waiting 4 seconds, i.e. a total dwell time at each
position of 7 seconds.

While the EE671 is an inexpensive sensor, it was found to be accurate in calibration. The sensor
was positioned in the opening of a wind tunnel after a flow restriction of known areas A1 and A2.
The air velocity was calculated bymeasuring the static pressure drop, p1 and p2, across the restriction
using a micromanometer. The velocity was found using The Bernoulli Equation,

p1 +
1

2
ρv21 = p2 +

1

2
ρv22 (1)

and the Equation of Continuity (assuming an incompressible fluid),

v1A1 = v2A2 (2)

v1 is the velocity upstream, and v2 the velocity downstream at the probe. ρ is the density of the
fluid.

A National Instruments 9215 data acquisition module was used to collect the 0-10V analog sig-
nal. The frequency of the blower motor was kept constant at 35Hz throughout the experiments.

Generating the measurement locations was done using a Python script. The sampling locations
were placed on a series of concentric circles as the Ø250mm powder bed of the L-PBF system is
round. This was done for each z-plane to be measured. Each point in Figure 3 has a corresponding
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a) Sketch of gantry b) Exploded view of modular inlet

Figure 2

set of (x,y,z) coordinates, each plane having 60 measurement positions per plane, entailing an ap-
proximate spacing of 25mm in the x-y-planes. A total of 9 planes with a z-spacing of 10mm were
used. The center of the powder bed top surface was designated as the origin po(0, 0, 0) of the flow
probe.

Figure 3: Sampling pattern of the gas flow characterization in relation to the build plate coordinate
system.
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Experimental procedure

Firstly, the experiment was made without flow geometry attachments to form a baseline for the
geometrical investigation. A straight extension geometry was installed with thin walls for structural
stability, and thereafter the same straight duct but with an internal honeycomb structure. The aspect
ratio was 7:1, measuring 35mm long and 5mm wide.

The different geometries were inter-compared, and the effect of the various geometries on the
gas flow were analyzed. Figure 4 shows the honeycomb inlet guiding the gas across the powder
bed, interacting with the flow probe, before exiting through the gas outlet port.

Figure 4: Photo of inside the L-PBF machine with the honeycomb prototype and gas outlet along
with flow probe.

Results

The baseline geometry results show a wide cone-shaped flow with unacceptably high flow speeds
at the powder bed (z=0), seen in Figure 5a, causing the powder to be blown away. The flow was
also asymmetrical and unstable, indicating turbulence. Comparing the three geometries is helped
by looking at the data from the XZ-plane in Figure 6. In this plane, the baseline is clearly resulting
in a wide flow, reaching 2m

s
nearly the entire powder bed, at z=0.

The straight duct without honeycomb showed similar results to the baseline, seen in Figure 5b.
The maximum velocities increased by nearly 1m/s, which in this case is unproductive. The inlet
is now closer to the powder bed - meaning the start of the free jet is nearer the powder bed. The
inadequate laminarity and increased velocity results in excessively high velocities at the powder
bed level (z=0). The flow is now slightly more centered, but still biased to one side. The straight
duct was found to barely be an improvement when compared to nothing. Also from the XZ-plane in
Figure 6, the straight duct without honeycomb is not performing better, except the flow is increasing
in velocity.

Figure 5c shows the results after adding internal honeycombs to the flow geometry. Now, the
powder-bed-plane z=0 is acceptable halfway across the powder bed, solvable by minor changes
to the geometry or by decreasing the blower flow rate. The maximum flow is now centered, and
sufficient velocities are now presents across the entire z=40mm and z=50mm plane. The YZ-plane
(y=0) in particular (Figure 6) present how the Honeycomb geometry shapes the flow as intended
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and results in a profile that overshoots the powder bed. The clear distinguishable velocity lines
indicate a smooth and laminar flow. The laminar flow ensures, as stated above, that the powder
bed is left intact. In addition, the plume is moved in the preferred direction - that being toward the
outlet and to the filter.

Figure 5: Stacked XY planes of the geometries
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Figure 6: XZ vertical plane of the three geometries

The YZ-plane (x=0) in Figure 7 clearly visualize the asymmetrical properties in the flow in the
y-direction for the baseline and No Honeycomb geometries, respectively. Repeating the experi-
ments resulted in identical plots and bias towards the positive Y-direction. For baseline and No
Honeycomb, having 2-4m

s
is unusable. While the Honeycomb performs significantly better, there

is still room for improvement, including the high flow speeds in the z=0 plane for y=70mm and
above. The velocities of approximately 2m

s
at the powder bed are unacceptable.
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Figure 7: YZ vertical plane of the three geometries

Discussion and Conclusion

The main intention was to develop a spatial sensing platform fromwhich to study the L-PBF system
(and process) in situ. The sensing platform in combination with the goal of further optimizing the
gas flow in the machine led to an understanding of the importance of the geometries in the gas flow
subsystem. While further work is needed, the method was found to enable quick iterations and fast
implementations of new designs.

The honeycomb structure (or equivalent) was found to be crucial in not only making the flow
more laminar but also in evenly distributing the flow across the powder bed. While the importance
of honeycomb was expected[12], the degree to which it influences the flow is striking - it should be
noted that the same effect should be possible with a staggered hole pattern [10].

The measured decrease in velocity across the powder bed in the x-direction is expected and
seen repeatedly in the spatial mapping of gas flow in L-PBF[2, 9, 10], and is acceptable as long
as the velocities are sufficient. To figure out what is sufficient requires further work to couple the
detailed spatial mapping to printed components. Also, different alloys and energy densities result
in different spatter and plume formation behavior and therefore might mean a disparity in gas flow
requirements. This will increase the number of variables needed to be considered when discussing
a truly optimized gas flow.

The plots along the XZ-plane indicate that, using internal honeycombs, the inlet can be moved
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even closer to the powder bed with minor geometrical changes and possibly a change of flow rate.
The height of the flow relative to the powder bed is surely critical, and compared to commercial
systems the design presented in this paper is further away from the powder bed[10]. The plume,
while violent and fast[13], can and must be removed from the incoming laser as quickly as possi-
ble[8]. Lowering the gas flow is likely beneficial in that regard.

The sensing platform holds potential for other sensors than flow probes, e.g., oxygen, tempera-
ture, or various cameras could be utilized for a detailed in-situ mapping of the process, even while
manufacturing. A line camera has been shown to reveal details about the powder bed[14].

While the presented method was an effective method in which to iterate on the gas flow design,
the method is also intended for collecting data used for calibrating simulations, with the intention
of improving the models further.

References

1. Ladewig, A., Schlick, G., Fisser, M., Schulze, V. & Glatzel, U. Influence of the shielding gas
flow on the removal of process by-products in the selective laser melting process. Additive
Manufacturing 10, 1–9. ISSN: 22148604 (Apr. 2016).

2. Schniedenharn, M., Wiedemann, F. & Schleifenbaum, J. H. Visualization of the shielding gas
flow in SLM machines by space-resolved thermal anemometry. Rapid Prototyping Journal
24, 1296–1304. ISSN: 13552546 (Nov. 2018).

3. Wirth, F., Frauchiger, A., Gutknecht, K. & Cloots, M. Influence of the Inert Gas Flow on the
Laser Powder Bed Fusion (LPBF) Process. Industrializing Additive Manufacturing, 192–204.
https://link-springer-com.proxy.findit.cvt.dk/chapter/10.1007/978-3-
030-54334-1_14 (Sept. 2020).

4. Shen, H., Rometsch, P., Wu, X. & Huang, A. Influence of Gas Flow Speed on Laser Plume
Attenuation and Powder Bed Particle Pickup in Laser Powder Bed Fusion. https://doi.
org/10.1007/s11837-020-04020-y (2019).

5. Ferrar, B., Mullen, L., Jones, E., Stamp, R. & Sutcliffe, C. J. Gas flow effects on selective laser
melting (SLM)manufacturing performance. Journal of Materials Processing Technology 212,
355–364. ISSN: 09240136 (Feb. 2012).

6. Wen, P. et al. Laser additive manufacturing of Zn porous scaffolds: Shielding gas flow, surface
quality and densification. Journal of Materials Science and Technology 35, 368–376. ISSN:
10050302 (Feb. 2019).

7. Klingaa, C. et al. Towards a digital twin of laser powder bed fusion with a focus on gas flow
variables. Journal of Manufacturing Processes 65, 312–327. ISSN: 15266125. https://
linkinghub.elsevier.com/retrieve/pii/S1526612521002012 (May 2021).

8. Tenbrock, C. et al. Effect of laser-plume interaction on part quality in multi-scanner Laser
Powder Bed Fusion.AdditiveManufacturing 38, 101810. ISSN: 22148604. https://linkinghub.
elsevier.com/retrieve/pii/S2214860420311829 (Feb. 2021).

1329

https://link-springer-com.proxy.findit.cvt.dk/chapter/10.1007/978-3-030-54334-1_14
https://link-springer-com.proxy.findit.cvt.dk/chapter/10.1007/978-3-030-54334-1_14
https://doi.org/10.1007/s11837-020-04020-y
https://doi.org/10.1007/s11837-020-04020-y
https://linkinghub.elsevier.com/retrieve/pii/S1526612521002012
https://linkinghub.elsevier.com/retrieve/pii/S1526612521002012
https://linkinghub.elsevier.com/retrieve/pii/S2214860420311829
https://linkinghub.elsevier.com/retrieve/pii/S2214860420311829


9. Reijonen, J., Revuelta, A., Riipinen, T., Ruusuvuori, K. & Puukko, P. On the effect of shielding
gas flow on porosity and melt pool geometry in laser powder bed fusion additive manufactur-
ing. Additive Manufacturing 32, 101030. ISSN: 2214-8604 (Mar. 2020).

10. Weaver, J. S., Schlenoff, A., Deisenroth, D. C.&Moylan, S. P. NISTAdvancedManufacturing
Series 100-43 Inert Gas Flow Speed Measurements in Laser Powder Bed Fusion Additive
Manufacturing. https://doi.org/10.6028/NIST.AMS.100-43.

11. Andersen, S. A.OpenArchitecture Laser Powder Bed AdditiveManufacturing ISBN: 9788774756217
(2020).

12. Cattafesta, L., Bahr, C. & Mathew, J. Fundamentals of Wind-Tunnel Design. Encyclopedia of
Aerospace Engineering (Dec. 2010).

13. Bitharas, I., Burton, A., Ross, A. J. & Moore, A. J. Visualisation and numerical analysis of
laser powder bed fusion under cross-flow. Additive Manufacturing 37, 101690. ISSN: 2214-
8604 (Jan. 2021).

14. Fischer, F. G., Birk, N., Rooney, L., Jauer, L. & Schleifenbaum, J. H. Optical process monitor-
ing in Laser Powder Bed Fusion using a recoater-based line camera. Additive Manufacturing
47, 102218. ISSN: 2214-8604 (Nov. 2021).

1330

https://doi.org/10.6028/NIST.AMS.100-43



