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� Different methods for leak detection
are presented and used dependent on
defect density.

� Laser scan strategy for thin-walled
overhangs is developed.

� It is possible to print gas-tight 30�
overhangs below dWall < 300 lm,
despite the low fault tolerance of this
measure.

� Design and repeatability are critical.
� Case study shows the practical
application of the findings for a
distillation device.
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The industrial adoption of additive manufacturing (AM) technologies increased due to more applications
and use cases demonstrating significant functional benefits. Additive manufacturing of thin-walled gas-
tight structures with complex shapes can fulfil requirements for a wide range of applications, such as pro-
cess equipment for the chemical industry. The requirement to be gas-tight makes the manufacturing pro-
cess very fault-sensitive as even a single open pore in the submicron range can lead to an impermissible
leak of hazardous gases. Further, it has always been a challenge to make thin walls using Laser Powder
Bed Fusion of Metals (PBF-LB/M). We explore the key design limit of inclined overhanging gas-tight thin
walls made from 316l. A double pass scan strategy is presented to realize these structures along with
guidelines to be followed when attempting to print these structures. The paper reports the common fail-
ure modes where leaks occur and lessons learned to successful design and printing of gas-tight walls. The
results show that fabrication of gas-tight walls is feasible even for a 30� inclination angle to the horizontal
and wall thicknesses in the range of 200–300 lm. A case study shows the successful the application of the
findings to the production of modular distillation devices.
� 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Additive manufacturing (AM) technologies offer benefits such
as the ability to fabricate complex shapes without much additional
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effort, reduced lead times, enhanced functionalities, etc., that have
allowed their larger adoption and success by aerospace, automo-
tive, and many other industries [1–3]. One further field for success-
ful application of the advantages of AM already shown in these
industries could be the chemical industry. Especially the fabrica-
tion of compact, high-performance devices for modular chemical
plants could benefit from components being additively manufac-
tured [4–8]. These devices are often characterized by a multitude
of fine internal flow structures. As a result, heat transfer and mass
transfer transversal to the flow direction are greatly accelerated,
and this often enables step-change improvements in productivity
or increased selectivity, or both, and at the same time improved
control of the process in the device [9]. Conventionally, microflu-
idic devices are manufactured by rather costly methods such as
etching, milling, diffusion bonding, and laser welding [9,10]. AM
technologies complement or substitute these methods and can
reduce the production costs and the lead times.

A potential use case are highly efficient distillation units for the
refining of Power-to-X fuels likes synthetic kerosene or methanol
in container-based plants. A design based on early concepts of Pod-
bilinak seems a promising candidate [11]. Initially the apparatus
design was not implemented due to the prohibitive costs of con-
ventional manufacturing [12,13]. Its basic principle is a counter-
current flow of liquid condensate and evaporated steam in a spiral
channel with low inclination angles. The pitch of the helix is in the
range of a few millimeters to increase the flow path per height (as
shown in Fig. 1 (a)).

Thermal management is a challenge in the design of such small
distillation units [14,15]. The thermal dimensioning of the appara-
tus indicated that the manufacturing limits of the PBF-LB/M pro-
cess need to be extended. A wall thickness of the apparatus well
below 1 mm reduces the heat flow along the walls and maintains
a high temperature gradient. A high space utilization for the flow
channels is thereby also reached. The requirement for thin walls
is in contrast to the current design guidelines for engineers and
designers for PBF-LB/M additive manufacturing of stainless steel
316l (1.4404, X2CrNiMo17-12–2), a typical material for chemical
process equipment. A typical recommendation for stable defect-
Fig. 1. (a) Ideal shape of a spiral distillation column inspired by Podbilinak [11]. (b) To in
the application, this results also in a tilt of the apparatus. (d) First CAD-draft of the app
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free printing is a wall thicknesses of at least 1 mm [16]. There
are studies investigating PBF-LB/M single track printing of thin
walls on simple test geometries [17,18]. Clijsters et al. proposed
a scan strategy for different geometries [19]. Wu et al. recently
showed the limits of thin walls in the range of a few hundred
microns [20]. The repeatable feasible limit is often reported to be
approx. 0.3 mm [21–23] albeit with a potential risk of defects
[16]. These limits are further influenced by the limited repeatabil-
ity and stability of the PBF-LB/M process due to a variety of process
parameters impacting the quality [23–26]. Riese et al. recently con-
firmed this need when comparing conventionally to additive man-
ufactured packings for distillation [27].

The design of the distillation apparatus includes overhanging
surfaces. Metal AM processes are known for issues with surface
quality and mechanical properties of inclined surfaces even for
thick-walled structures [28]. First, the transfer of heat from the
part to the build platform is limited in overhanging situations. This
is because no solid material connects the overhanging region and
the build platform, causing overheating of the melt pool leading
to dross formation on the down-skin surface and other defects
[1,2,29,30]. In addition, thin walls are prone to distortions
[20,24,31,32].These issues of inclined surfaces are usually pre-
vented through either the usage of support structures [33] or
through reorientation and repositioning of the part in the build
chamber to avoid critically inclined surfaces [30,34]. The usage of
support structures on our distillation device is practically impossi-
ble, because removing support structures from such thin walls
would damage the part or at least deteriorate the quality of the
AM part. Therefore, a ‘‘good” AM design as of today is driven by this
restriction and not by the actual optimal flow shape [35]. The strat-
egy can also be used here, to enlarge the angle by tilting the helical
channel by e.g. 45� towards the horizontal build platform as shown
in Fig. 1 b). In order to keep the functionality, it is then necessary to
install the apparatus with a rotation of 45� in the final assembly of
the application (as shown in Fig. 1 (c)).

The requirement for leak-tightness independent from the incli-
nation angle is health and safety critical. The target application
uses highly flammable and even toxic process media at the boiling
crease the inclination angle of the overhangs, a tilt of the spiral could be used. (c) In
aratus with connectors.
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point. This effectively requires the absence of any open porosity. To
date, there are no investigations of AM technologies reported in lit-
erature which focus on freedom from leaks for thin-walled parts.
As our application shows, there is a clear need for further research
on the prevalence of leaks in thin walls. This study expands the ‘‘ef-
fects of defects” -research to effects other than mechanical ones
[36,37]. If the minimum inclination angle and wall thickness could
be lowered with still a reasonable process stability, the advantages
of AM over conventional manufacturing could be exploited much
more broadly. Consequently, we focus in this study on the combi-
nation of both critical features – reproducible manufacturing of
thin-walled overhangs fulfilling the requirement of gas-tightness.
We have developed a systematic approach to identify the limits
and, afterwards, optimize the laser scanning strategy to print
thin-walled gas-tight inclined overhangs. One of the main goals
was to show a lower limit for the wall thickness with the conflict-
ing priorities of thin-walls and low defect density. A Helium leak
detector was used to find leaks, indicating pores with a diameter
below 1 lm.

The AM literature describes various challenges on PBF-LB/M
parts and recommends techniques to optimize the PBF-LB/M pro-
cess [38–44]. This study follows a Design of Experiments (DoE)
methodology with a two-step DoE approach consisting of a screen-
ing step to identify a suitable process window, followed by step of
experimental trials to systematically quantify the effect of process
parameters and their interactions on the process responses. The
part properties of interest for the application in (internally) struc-
tured devices for modular chemical plants are the resulting wall
thickness and chance of a defect.
2. Materials and methods

Fig. 2 illustrates the principal workflow of the parameter iden-
tification. First, small samples described in section 2.1 with a sur-
Fig. 2. Principal flow scheme of the investigation.
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face inclination of 30� to the horizontal were printed and a fast
screening test of the water leaking rate (section 2.2) was conducted
to identify the process range. With the process range, a second
experimental plan identified promising parameter sets. These were
then tested for repeatability with a Helium leak detector. The incli-
nation and apparent wall thickness were varied to come to design
recommendations. A full device was printed with the identified
optimal set of parameters to demonstrate the applicability of the
results for complex parts.

2.1. Specimens

Inspired by the draft of the design for the later device (Fig. 1),
hollow cylinders with a nominal external diameter of 10.2 mm,
with inclined top surfaces were designed as test specimens (see
Fig. 3). The nominal wall thickness was chosen so that the distance
between the inner and outer contour was 180 lm everywhere.
Thereby the nominal wall thickness perpendicular to the surface
is dependent on the inclination angle, which is intended for the
scan strategy (section 2.3). The CAD model was created using
Inventor 2021 (Autodesk, USA) and exported using the internal
STL converter. Metallic tube fittings (Swagelok, USA) connect the
specimens to the leak detector. A circular base with a wall thick-
ness of 1 mm and a height of 10 mm was added to provide enough
stiffness for the ferrules. The circular base (black shaded in Fig. 3
(a)) was printed with standard build parameters recommend by
the manufacturer for stainless steel 316l. The leak tests showed
no leaks there, thereby the evaluation of the leak rate of thin-
walled structures is not influenced by the circular base. Before
attaching the ferrule, the circular tube connection was machined
to 10.0 mm. The parameters for the thin-walls (green shaded in
Fig. 3 (a)) are given in section 2.3 and 2.5.

2.2. Characterization

The leak rate was tested with different methods depending on
the expected number of leaks per unit area. To assess the general
print quality, the surface roughness of the up-skin surface of the
samples was measured. Furthermore, on selected samples the wall
thickness was determined by cross cuts.

2.2.1. Leak rate
For a quick screening of the samples, 1 ml of water was filled

into the samples (turned by 180�), and the time it took for
Fig. 3. (a) Drawing of the test specimen including the circular base for connection
with a tube fitting. The areas in which the laser parameters were varied are marked
in green. As show in the detail view, regardless of the angle a the distance between
the inner and outer contour line is kept at 0.18 mm. (b) side view of the samples (c)
image of a 30�-samples with machined circular base.
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0.80 ml to drip through the samples was measured using a stop
watch and a precision scale (compare also Fig. 4(a)). This test is
especially suitable for test samples with many defects and a high
permeability and allows a fast and simple first screening of the
samples. Here the parameter sets that did not show any noticeable
liquid penetration in the test over 18 min were classified as nearly
tight (nearly defect-free). However, this test is not capable of test-
ing samples for small leaks, since the leak rate is smaller than the
evaporation rate. With the shortlisted parameters, further test
specimens were printed for further investigations. Helium leak
tests with the spray technique were conducted with a Helium-
Leak detector (PhoeniXL, Leybold, Germany). The samples were
connected to the detector and evacuated. Then the samples were
sprayed with Helium gas from the outside as shown in Fig. 4 (b).
If there is a leak, then the flow of Helium into the samples is
detected with a highly sensitive mass spectrometer. With this
technology, pores in the range of 100 lm down to a few nanome-
ters can be detected [45]. Due to the small size of the defects the
leak rate generally is an integral measurement value, meaning that
the leak rate cannot be attributed to one specific defect or position.
Hence, to check if the leak rate is from one or more defects, the
samples were tested with nitrogen under water as shown in
Fig. 10. Parts with a leak rate below 10-4 l mbar s�1 are denoted
as liquid-tight and below 10-8 l mbar s�1 as gas-tight[45].

The water and Helium leak rates can be converted into each
other - at least the order of magnitude - with equation (Eq. (1)).

qHe;H2O � lH2O

lHe
� DpH2O

p2
1 � p2

2

� �
He

� qH2O ð1Þ

where qHe;H2O denotes the converted leak rate for Helium, qH2O, the
leak rate of water, lH2O

the viscosity of water, lHe the viscosity of
Helium, DpH2O the pressure difference of water, p1 the pressure in
Fig. 4. Setup for determining the leak rate of the samples. (a) Leak rate determi-
nation with water for samples with a high defect density. (2) Leak rate determi-
nation with a Helium leak detector in the spray technique. From the leak rate an
equivalent leak hole diameter dELD can be estimated. [45].

4

the front and p2 the pressure behind the leak for the Helium mea-
surement, respectively. [45,46] The values used for the conversion
are given in Table 1.

From the standard Helium leak rate, a characteristic equivalent
leak hole diameter dELD can be estimated by Eq. (2) assuming that
the Helium flow is determined by the speed of sound in the small-
est diameter [45]. The Helium flow of all defects in the sample is
thereby attributed to the flow through one fictitious pore of the
calculated diameter.

dELD � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qL; measured

p � 10�4 m ð2Þ
2.2.2. Surface texture
To characterize the surface topography, surface scans were

done with a 3D optical microscope (S neox, Sensofar, Spain) in con-
focal fusion mode. Every surface was characterized with measure-
ments taken on five different locations (top, bottom, left, right,
center) on the inclined top surface with an area of 3.0 � 2.3 mm2

each. The metrology software MountainsMap (Ver 8, Digital Surf,
France) was used for filtering the captured data in order to retrieve
the surface roughness parameters according to ISO standard 25178
[48]. An S filter of 2.5 lmwas used in order to filter the small-scale
components of the surface textures, followed by an L filter of
0.25 mm which removes the large-scale components. An F opera-
tor was also used in order to remove the form and leveling the sur-
face by subtracting the least-squares mean plane.

The surface and cross sections of selected samples were also
analyzed by SEM micrographs (JSM-6300 with a 10-kV beam JEOL
GmbH, Germany). The cross cuts were prepared by mounting in
resins, cutting and polishing. The wall thickness was determined
from the SEM images using Matlab 2020a (Mathworks, USA).

2.3. Laser beam powder bed fusion system and material

In this study the PBF-LB/M printer Realizer 125 (DMG Mori,
Germany) was used. The system is equipped with an 400 W
Yttrium fiber-laser and an F-ɵ-lens system as well as an internal
powder recycling system including an ultrasonic sieve. For this
study rubber-recoated blades were used for powder spreading
and recoating. The rectangular building platform has a size of
125 � 125 mm2. Stainless steel 316l powder with a particle size
of 10 – 45 lm was used (Carpenter Additive, UK). No heat treat-
ment was performed before removing the samples from the build
plate.

2.4. Scan strategy

Here it was intended to apply a scanning pattern that can be
easily adapted using the generic software of the printer without
the need to adopt further specific software for generating the laser
paths, as has been done previously for our thin-walled parts
[49,50]. Therefore, a scanning strategy only using the beam com-
pensation function and standard laser parameters was adopted.
The exact parameters are provided in the following section. Slicing
Table 1
Assumed values for the conversion of the water leak rates into a standard Helium leak
rate by Eq. (1). Values from [47].

Parameter Value

lH2O (Pa s-1) 1 � 10–3
lHe (Pa s-1) 1.8 � 10–6
DpH2O (mbar) 0.5 (�5 mm hydrostatic water pressure)
p1;He (mbar) 1013
p2;He (mbar) 0



Table 2
Parameters kept constant for the
screening test and the final DoE.

Fixed Parameters Value

Point distance dP (lm) 10
Focal position (mm) 0.2
Preheating None
Layer height (lm) 50
Laser spot size (lm) 34
Inclination angle a 30
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and calculation of the paths was done with the RDesigner Software
(DMG Mori, Germany).

A double pass scanning strategy was used. As the focus is on
thin-walled structures, only the inner and outer contour lines were
scanned with no hatch or fill lines. The outer contour line was
scanned first, then the inner contour line was scanned. These steps
were then repeated in a second scan pass for each layer. The dis-
tance between two scanning lines is defined by the beam compen-
sation and the distance in the CAD model/STL-File as shown in Eq.
(3) and Fig. 5 with the definition of the wall thickness in Fig. 3.

dss ¼ dwall; STL � 2 � dBC

2
ð3Þ

Where dSS denotes the scan spacing, dwall; STL the diameter of the
wall in the STL-file (green dotted lines in Fig. 5) and dBC the
assumed beam diameter used for the beam compensation (yellow
circle in Fig. 5).

With this approach it is possible to directly influence the scan
spacing of the laser paths in the CAD model by increasing or reduc-
ing the apparent wall thickness and therefore influencing the scan
strategy (red lines in Fig. 5). The wall thickness in the CAD model
can then be viewed rather as a scan parameter, than the actual wall
thickness respectively melting width (grey dotted line in Fig. 5).
This is because the actual width of a thin wall is defined by the
laser parameters rather than the CAD model. The aim of this study
was to find suitable parameters and specify the correct scan spac-
ing for various inclination angles.
2.5. Experiments

It is expected to be much more difficult to achieve gas-tight,
thin walls for lower inclination angles, therefore a DoE approach
was chosen to first find suitable process parameters for a = 30�
(see also Fig. 3) overhangs. The central composite method (see
Table 5) was followed to conduct the experiments. This allows to
examine the effect of the parameters sufficiently with a limited
number of trials. The starting values were set based on experience
[49,50] and apply a lower energy density compared to the standard
parameters of the machine manufacturer.

Two phases of experimental trials with different energy density
ranges were conducted, with some parameters being kept constant
over all trials (see Table 2). The first trials conducted as a screening
test to determine a nominal working range of the process parame-
ters (see Table 3). This led to the processing window which was
then further analyzed through a systematic Design of Experiments
as shown in Table 4.

Scan speed, laser power, and scan spacing were chosen as var-
ied parameters. The analysis was done with the DoE app in Origin
2021b (OriginLab, USA). The positions of the trials on the building
platform were randomized. The whole combination of parameters
of the central composite design was repeated three times, and
average values were determined to compensate for experimental
uncertainty. Finally, samples with smaller inclination angles were
Fig. 5. Schematic representation of the scan strategy.
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printed three times with the scan spacing and parameters given
in Table 6.

2.6. Line energy

The specific energy input is characterized by the line energy (El)
in J m�1 following Eq. (4).

El ¼ PLaser

vs
ð4Þ

where PLaser denotes the power of the laser and vs the speed of the
laser calculated according to Eq. (5).

vs ¼ dP

ts
ð5Þ

with dP as point distance and ts exposure time.

2.7. Repeatability

In order to provide a probability-based measure of repeatabil-
ity, the best performing process parameter combinations were
used for printing numerous times in various locations within the
build platform and as part of other build jobs during the daily
usage of the printer. To remove the influence of the position, 5,
respectively 10 samples were also built on one building platform
in one job without any other parts.

3. Results and discussion

In this section the results of the leak rate, surface roughness
measurements and the repeatability of well performing parameter
sets are discussed for samples with a 30� inclination angle. The rea-
sons for defects are analyzed then with the help of SEM images of
cross cuts. Finally, the results for the parameters with higher incli-
nation angles and a case study are reported.

3.1. Leak rate

Looking at the combined process parameter line energy for the
leak rate of both the screening and the final DoE samples in Fig. 6,
the correlation between leak rate and line energy is visible. With
increasing line energy, the logarithmic leak rate is nearly linearly
decreasing, which can be observed especially for low line energy
values of the screening tests. This is the reason why the range of
the systematic DoE was extended to higher line energies. Already
with this second iteration, we could generate gas tight samples.
In general, gas-tight samples were obtained with a line energy
above approximately 320 Jm�1. However, the logarithmic leak rate
is quite scattered for higher energies but still within a better range
of tightness as for lower energies. The scattering is expected and
has intrinsic reasons based on the method of characterization of
the nearly gas-tight samples. The influence of the first defect on
the leak rate is quite high. Assuming a sample with one hole of,
e.g., 10 lm in diameter, this hole increases the leak rate from < 10�8



Table 3
Process parameters and levels for the first screening tests. (*) Due to geometric derivatives trough the discretized STL-file a scan spacing of 5 lm is the lower limit of the scan
spacing in the software.

Process Parameters Level

�1 �0.59 0 0.59 1

Laser power (W) 60.0 63.1 67.5 71.9 75.0
Scan speed (mm s�1) 250 350 500 640 750
Scan spacing (lm) 5 (*) 12 30 48 60
Beam compensation (lm) 175 168 150 132 120

Table 4
Process parameters for the final Design of Experiments plan. (*) Due to geometric derivatives trough the discretized STL-file a scan spacing of 5 lm is the lower limit of the scan
spacing in the software.

Process Parameters Level

�1 �0.59 0 0.59 1

Laser power (W) 60.0 68.2 80.0 91.8 100
Scan speed (mm s-1) 100 160 250 340 400
Scan spacing (lm) 5(*) 12 30 48 60
Beam compensation (lm) 175 168 150 132 120

Table 5
Used central composite design with 10 repetitions of the centre point (CP). Levels are
given in Table 3 and Table 4.

Level

Trial Laser power Scan Speed Scan spacing

1 �1 0 0
2 �0.59 �0.59 �0.59
3 �0.59 �0.59 0.59
4 �0.59 0.59 �0.59
5 �0.59 0.59 0.59
6 0 �1 0
7 0 1 0
8 0 0 �1
9 0 0 1
10–19 (CP) 0 0 0
20 0.59 �0.59 �0.59
21 0.59 �0.59 0.59
22 0.59 0.59 �0.59
23 0.59 0.59 0.59
24 1 0 0

Table 6
Experimental plan for the analysis of the influence
of the angle and scan spacing.

Parameter Value

Power (W) 80
Scan speed (mm s-1) 250
Angle (�) 30, 45, 60
Scan spacing (lm) 5, 12, 30, 48, 60, 72

Fig. 6. The effect of line energy on the leak rate and the equivalent pore diameter
according to Eq. (2) for the screening test and the DoE. qHe,H2O denotes leak rates
determined with water. For the parameters resulting in nearly gas-tight samples,
Helium leak tests were conducted with adapted samples as well (qHe,He).
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l mbar s�1 (lower limit) to about 10�2 l mbar s�1. Therefore, if the
number of pores is close to zero, the value of the leak rate is dis-
cretized between the leak rate of one hole and the lower detection
limit of 10�8 l mbar/s. In this range, the leak rate should be rather
interpreted as the probability of a defect. It was consequently
decided to focus the evaluation with the found parameter sets of
(nearly) gas-tight walls on the reproducibility of the results.

A detailed evaluation of the DoE results illustrated in Fig. 7,
leads to the following conclusions: An increase in the laser power
or reduction in the scan speed applied in the PBF-LB/M process
results in a decrease of the leaking rate within the inclined thin
wall surface. This finding is in good agreement with previous work
on integral factors like density or porosity [51]. The overall energy
input on the powder is increased and enables the complete melting
6

of the powder particles, which, due to lowerviscosity of higher
energy melt, have a better wettability and form smoother surfaces
as a result [17]. The samples with the highest line energies showed
signs of overheating indicating the upper limit of the process win-
dow. We therefore assume that we are close to the optimum and a
further search in these directions was not promising. The main
effects plot is indicating that lower scan spacing would be prefer-
ably. However, interacting effects are apparent in the interaction
plot since the lines are crossing. For higher powers or lower scan
speeds, the effect of scan spacing is inversely proportional to the
scan speed and the power, and a higher scan spacing is preferable
(Fig. 8 (b), (c), (e) and (f)). This finding is coherent since a higher
energy input causes a broader melt pool, and therefore a larger dis-
tance between scan vectors is preferable [17,18].

3.2. Surface roughness

Fig. 9 depicts the dependence of the surface roughness on the
line energy as a power input. It can be clearly seen that the mea-



Fig. 7. Main effects plot of the process parameters (a) power, (b) scan speed and (c) scan spacing on the water leak rate evaluated as a full quadradic DoE model.

Fig. 8. Interaction plot of the scan spacing and the scan speed, respectively the laser power for the leak rate of the DoE plan from Table 4.
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sured surface roughness is strongly scattered between the print
jobs. Between the three repetitions of the DoE, an absolute differ-
ence in the range of the surface roughness is obvious, so is the
roughness in Rep. 1 much higher than in Rep. 2 and 3. Whereas
in the third repetition, marked by green downfacing triangles in
Fig. 9, all Sa values are below 30 lm. This was only the case for a
few high energy samples of the first repetition. The average surface
7

roughness over all samples was much higher for this run. This
highlights the problem of the repeatability of such thin walls with
the PBF-LB/M process (compare also section 3.4). There are factors
influencing the print in general which are not included in the study
like the influence of the (rubber) recoater or the gas flow (for an
extensive review see [52]), and the surface roughness is an overall
factor to judge the print job quality [18]. The same general trends



Fig. 9. The effect of line energy on the measured surface roughness Sa for the first
screening test and DoE. It can be seen, that the values are quite scattered especially
between repetitions, showing influences on the whole print job.

Table 8
Summarized results of the repetition measurements of parameter sets 3 and 9
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seen for the leaking rate are also seen in the evaluation of the DoE
for the surface roughness (the results are given in the appendix in
Fig. 19).

3.3. Repeatability

Repeatability of PBF-LB/M systems is a known issue, especially
while operating at the limits of the technology, which is what this
study touches upon. This is due to the impact of many influencing
process parameters, their interactions, and the various processing
steps [23,25]. This can be inferred from Table 7, where, with the
same process parameters, some samples were not always gas-
tight (such as samples 3, 9, 21 or 24) and displayed slightly differ-
ent levels of tightness. It is clear from this table and also from Fig. 6
that there are influences on the whole build job which do not
depend on the process parameters studied. In the first print repe-
tition of the most promising DoE samples according to the Helium
leak test results, all tested parameters except the center point
showed gas-tight walls. This was not the case in the two further
repetitions. Among the repeated runs, the samples produced with
high line energy, in particular samples 6 and 20, produced leak-
free specimens in all three repetitions. This again indicates the sig-
nificant influence of the line energy on the tightness of the pro-
duced samples. The (microstructural) reasons for the low
repeatability are discussed in more detail in the following section.

To further gain insight into the repeatability, parameter sets 3
and 9 were used for printing several times on the same building
Table 7
Results of the He leak rate measurements in l mbar s�1 for three (I, II, III) builds with
selected parameter sets of the DoE plan (3, 6, 9, 3 � CP (central point), 20, 21, 24).

Parameter set I II III

3 < 10�8 4 � 10�2 3 � 10�1

6 < 10�8 < 10�8 < 10�8

9 < 10�8 > 100 6 � 10�5

CP 1. sample 2 � 10�1 > 100 3 � 10�1

CP 2. sample 3 � 10�1 > 100 > 100

CP 3. sample 2 � 10�1 > 100 > 100

20 < 10�8 < 10�8 < 10�8

21 < 10�8 2 � 10�4 < 10�8

24 < 10�8 > 100 1 � 10�1
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platform with different other parts as well as together within
one build job. Parameter sets 3 and 9 were chosen, because they
resulted in the thinnest walls with a reasonable probability for a
leak-free sample at the same time. Looking at the results in Table 8,
the probability for a leak-free wall with parameter set 9 seems bet-
ter than with parameter set 3. It is also interesting to take the 9
central point measurements from Table 7 into account. The influ-
ence of the scan spacing is shown, since the difference between
the central point and the parameter set 9 is only the increased scan
spacing from 30 lm to 60 lm. This underlines the influence of the
scan spacing which was already found in the DoE analysis (see sec-
tion 3.1).

It is worth stating that the highest leak rates of the leak samples
of PS 3 and 9 were in range of 10�1 to 10�4 l mbar s�1 representing
an equivalent pore diameter in the range of 10�5 to 10�7 m (Eq.
(1)). To further investigate the position and number of the holes,
a bubble test was performed in order to determine the location
of the leaks. With the exception of one of the central point parts
of Table 7, all leaks were found on the edge of the top surface.
The majority of the leaking samples had between one to three
defects on the top edge of the cut through the cylinder as shown
in Fig. 10 for of the specimens of parameter set 3. This also indi-
cates that the design of walls without sharp edges is essential here
even more than in standard additive manufacturing.

The following conclusion could be drawn so far: First, the
results highlight the extraordinary requirements gas/liquid-tight
thin walls place on fault tolerances and also on the design. Second,
it shows that it is possible to print gas-tight walls with an inclina-
tion angle of 30� without any defects in the inner region.
3.4. Cross cuts

The cross-sectional SEM images show various artifacts and
peculiarities that affect the quality of an inclined thin-walls, as
can be found in Fig. 11. These artefacts - though not uncommon
[52] especially on down-skin surfaces [53] - play a larger role
due to the sensitivity of thin walls for leaks and help to understand
reasons for the limited repeatability.

In Fig. 11 (a) the cross cut of a center point sample of the low
energy screening test is shown. It confirms that the high leaking
rate is caused by a lack of fusion of the inclined wall. In the straight
circular wall only a few partly melted powder particles are adhered
on the side, whereas the overhanging wall is irregular in shape
with a lot more dross formation and sagging. The reason for which
is the keyholing effect [53] of the melt, which can be explained by
the fact that distance d between the tracks of two consecutive lay-
ers increases with decreasing overhang angle as shown in Fig. 12
and Eq. (6) and thus reducing the overlap. From this simple geo-
including the result of Table 7.

Parameter set

3 9

Repetition on different
building plates including
Table 7

5 out of 8 were gas-
tight (62.5%)

7 out of 8 were gas-
tight (87.5%)

Repetition on different
positions with 5 (I) and
10 (II) samples each in
one print job

I: 3 out of 5 were gas-
tight (60%) II: 3 out of
10 were gas-tight
(30%)

I: 4 out of 5 were gas-
tight (80%) II: 8 out of
10 were gas-tight
(80%)

Overall occurrence 11 out of 23 were
gas-tight (48%)

18 out of 23 were
gas-tight (78%)

Overall probability pLeak for
at least one hole (95 %
confidence)

0.522 [0.306 – 0.696] 0.217 [0.0746 –
0.615]



Fig. 10. (a) Experimental procedure for determining the position of the leaks. (b)
Position of the leaks of all samples printed with parameter set 3. The green circles
indicate the bubble size (and not the probability of occurrence) and the position of
the leaks.

Fig. 12. Influence of overhang angle on distance between melt tracks between two
layers resulting in a lack of fusion.
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metric consideration, the distance d is 87 lm with a layer height of
L = 50 lm and an inclination angle a of 60�.
d ¼ L
tanðaÞ ð6Þ

The low line energies of the screening tests result in smaller
melt pools that do not overlap sufficiently to connect to the mate-
rial underneath. The highly flowable melt rather flows in the pow-
der bed, where it is partially melting powder particles and forming
dross [53].

With increased line energy of the DoE center point samples the
cross-cut images show a better fusion and less dross due to the
broader melt pool as seen in Fig. 11 (b). However, there was a sin-
gle artefact found, which shows also lack of fusion with clear open
porosity. Potential reasons for such a defect are minor a-priori
powder quality issues such as agglomeration and impurities due
to recycling, or minor defects on the recoater. For example, the
used Realizer machine has as an internal powder recycling system,
which is why the powder quality may be affected by previous print
Fig. 11. Exemplary cross cuts of different defects and form deviations on different locat
with lack of fusion printed with parameter set 3 (c) form deviation on top (parameter s
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jobs. Earlier studies with a similar machine and 316l powder
showed only a small influence on the powder quality through
the recycling [54]. However, other studies showed an influence
of the powder depending on the number of recycling cycles
[52,55,56]. Mentioning especially that powder quality is influenced
in many ways, therefore making it difficult to identify the reasons
[52,55,56]. Since the current study focusses on inclined thin walls,
the effect of small powder quality issues like single small agglom-
erates or irregular shaped particles may be larger and could be a
reason for the lack of fusion in Fig. 11 (b).

Further, these defects occur mainly on the top edges of the sam-
ples, so they can also be explained by the fact that the walls are
closer together there. This could cause the powder to be dis-
tributed unevenly by the recoater and also spatters of the nearby
melt track could negatively affect the powder bed [52].

Fig. 11 (c) depicts the joining of the inclined surface and the ver-
tical wall for a PS 3 sample. Here an edge effect can be seen that is
ions of the samples. In (a) lack of fusion (printed with parameter set 3), (b) artefact
et 3) (d) deformation with parameter set 21.



Fig. 14. Figure depicting the scan spacing and melting width as seen in Table 9.
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caused by a sudden increase in thermal conductivity upon contact
with the circular wall. The heat from the melt as well as the mass
itself is transferred to the base plate through the circular wall
rather than the melt flowing down into the powder bed. This
results in the phenomenon where the inclined surface flows
slightly downward and into the circular wall. This may lead also
to cracking or lack of fusion in this area as shown in more detail
in Fig. 13 (b) and also on a DoE center point sample (Fig. 13 (a)).
These explanations given for Fig. 11 (b) and (c) are in line with
the results of the bubble tests, presented in Fig. 10, where most
of the leaks where on the top edge.

Fig. 11 (d) shows typical dross formation on the downfacing
surface and in addition, a sagging phenomenon is also visible.
The printed layers clearly deviate from the design dimensions. This
is due to higher laser power from the parameter set 21 which
results in a flowable melt pool [57]. Thin walls tend to have higher
deviations due to thermal stresses and mechanical forces
[20,24,31,32]. This effect is increased due to the higher tempera-
ture of the melt flow over the regions that are not supported by
solid material. This causes a relative shift of the printed layer in
comparison to the CAD design. This phenomenon starts within
the first few overhanging layers, and as subsequent layers are
melted over the previous layer, there is an aggregate shift of the
whole inclined surface as can be seen in Fig. 11 (d).

Furthermore, the investigated samples tended to deform in the
process of removal from the building plate. This was, however,
mainly due to the low wall thickness and the low strength and
not to the PBF-LB/M process itself. This underlines that for the
printing of thin-walled structures stiffening through the shape is
important and sharp edges should be avoided. In particular since
other geometries, especially straight walls, may tend to deform
by thermal stress [24].
Fig. 13. Lack of fusion at th

Table 9
Measured wall thickness as shown in Fig. 14 for different parameter sets of DoE of the 30

Parameter set El (J m�1) Scan spacing (lm) Wall thickness (lm)

3 426 48 201
6 800 30 283
9 320 60 216
20 574 12 280
21 574 48 303
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3.5. Wall thickness

In Table 9 and Fig. 15, the results of the wall thickness/melting
width measurements from the cross sections are given. As
expected, the melting width and the corrected track width accord-
ing to Fig. 14 is increasing with higher energy input. The scan spac-
ing for parameter sets 3 and 9 is in the range of 30 % of the track
width. Compared to the distance d (compare Fig. 12 and section
3.4) the melting width is roughly three times larger for these
parameters resulting of a horizontal overlap of around 60 – 70 %
between the layers. The results show that a lower defect density
comes at the price of a higher wall thickness due to the need of a
significant overlap. Sample 3 and 9 have a wall thickness in the
range of 2 � 10�4 m whereas the gas-tight samples in all trials (pa-
rameter sets 6, 20, 21 compare also Table 7) have wall thicknesses
in the range of 3 � 10�4 m. These findings explain also the positive
e top edge of samples.

� inclined walls from the SEM cross cuts.

Melting width (lm) Track width = melting width – scan spacing (lm)

232 184
327 297
249 189
323 311
350 302



Fig. 15. SEM images of the inclined walls for the parameter sets 3, 6, 9.

Fig. 16. Samples with different inclination angles and scan spacings as printed. All
samples printed with constant laser power PLaser = 80 W and a scan speed of
0.25 ms�1.
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influence of the scan spacing, as an increased scan spacing is
increasing the melt width.

It is therefore important to find a suitable compromise between
the required wall thickness (and performance), the expected defect
density, and the probability of leaks. In some cases, e.g. Air-Air-
Fig. 17. SEM images of the cross cuts
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heat exchangers, a minor leak rate is acceptable, and the higher
performance through the lower heat resistance overcompensates
the leak. In other cases, such as the distillation apparatus, this is
not acceptable and would cause a failure of the system.
3.6. Influence of inclination angles

The next step was the identification of a suitable scan spacing
for different inclination angles. Parameter set 9 (laser power of
80 W and scan speed of 0.25 ms�1) was chosen for the printing
of the test samples due to the low wall thickness and the accept-
able risk for a leak. The scan spacing was varied to confirm an
assumed influence of the scan spacing and the inclination angle.
This parameter could also be influenced easily with most CAD sys-
tems depending on the angle.

As expected, the surfaces are much better with higher inclina-
tion angles such as 60� (see Fig. 16). Leak rate tests showed that
all trails with higher inclination angles could be considered gas-
tight regardless of the scan spacing. However, the trials for 30�
reinforced the assumption that through the wider melt pool with
a wider scan spacing a better overlap is reached. Since the samples
with low scan spacing < 48 lm were leaking in all three print rep-
etitions, whereas above that scan spacing two out of the three
printed samples were gas-tight.
for different inclination angles.



Fig. 18. Printed distillation apparatus with a laser power of PLaser = 80 W, a scan
speed of vs = 0,25 ms�1, and a scan spacing of dss = 72 lm, resulting in gas-tight thin
walls.
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In Fig. 17 cross cutes of the samples with a scan spacing of
72 lm are shown. The morphology emphasizes the explanations
given in section 3.4. With increased inclination the dross formation
is reduced. Nevertheless, even though the 45�- and 60� samples
showed no leak, the structure is irregular in the top corner on
the down facing side. Highlighting again the fact, that sharp edges
should be avoided by design. Furthermore, this parameter set
showed also a number of closed circular pores especially in the
straight walls. The closed pores are tolerated because our applica-
tion does not impose mechanical stress on the part. Angular
depended parameters could help to prevent this effect.

3.7. Case study

With the results of section 3.6 a promising parameter set for the
print of the distillation devices were found. As the surface area in
the device is much higher than of the test samples, the tilt angle
was set to 45� to reduce the risk of defects. With laser power of
PLaser = 80 W, a scan speed of vs = 0.25 ms�1, and a scan spacing
of dss = 72 lm it was possible to print the thin-walls of the device
shown in Fig. 18. They showed a leak rate below 10-8 l mbar s�1

and were used directly without any sealing or post processing
steps.

4. Conclusions

We have emphasized the need for gas-tight thin walls in pro-
cess engineering applications. Hence, in this study a double scan
strategy and method for finding the optimal printing parameters
is proposed to fabricate leak-free thin-walled overhangs with incli-
nation angles down to 30� for 316l stainless steel. Starting with a
DoE approach the printing process window of scan spacing, scan
speed, and laser power was identified and a correlation between
leaking rate and line energy was discovered within the processing
window.

The specific conclusions are the following:

� It is possible to additively manufacture gas-tight walls below
dWall < 300 lm, despite the low fault tolerance of this measure.

� Roughness and leak rate measurements highlight the fact, that
repeatability of additive manufacturing is a critical factor.

� For the scan spacing, an overlap of 30 % showed a higher prob-
ability of defect-free samples.
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� Overlap between melt tracks of two layers must be sufficient (>
60 – 70 %) to avoid lack of fusion.

� A further look on the samples shows that the design is critical
since the leaks were mostly at the edges. This leads us to con-
clude that design for thin inclined overhangs is even more crit-
ical than in ‘‘standard” AM and therefore sharp edges should be
avoided already in the design. Further area of inclined walls
below 45� should be as small as possible.

� The inclination angle of 30� was the threshold above which leak
free samples were found with higher probability.

� Generally, lower defect density is seen with higher wall thick-
ness. Therefore, the relationship between desired wall thickness
and the defect density needs to be considered based on the
required application.

These findings open new avenues for the design and efficient
manufacturing of process devices as shown in our case study.
Besides increased design freedom, the reduced fabrication time
and cost as well as lower material consumption might give a com-
petitive advantage for the production of devices. This may guide
further research into the scalability of such parts and lead to new
industrial applications.
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Appendix

See Fig. 19.



Fig. 19. Main effects plot of the process parameters. (a) power, (b) scan speed, (c) scan spacing on the surface roughness Sa with a full quadratic model.
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Appendix A. Supplementary material

Supplementary data (CAD files of 45� test specimen) to this arti-
cle can be found online at https://doi.org/10.1016/j.matdes.2022.
111174.
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