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Devices in process engineering often include permeable components. As shown in our recent work for planar components,

laser-beam powder bed fusion offers the opportunity to integrate permeable sections into complex monolithic metal parts

in one go. This paper extends the approach to components with curved surfaces. Different scan strategies were investigated

for their effects on surface morphology and permeability of tubular samples. It was found that in order to ensure consis-

tent properties of a permeable tube, different starting points or rotation of the scan vectors have to be used.

Keywords: Additive manufacturing, 3D printed curved permeable material, Laser-beam powder-bed fusion,
Permeable-dense composites

Received: January 31, 2022; accepted: April 27, 2022

1 Introduction

Laser-beam powder bed fusion (LB-PBF) is an additive
manufacturing technology that directly manufactures parts
by local melting of metal powder using a focused laser beam
based on a sliced 3D model [1]. Porous materials produced
by LB-PBF have been widely used in many applications
ranging from orthopaedic implants [2] to filters [3] and gas
permeable structures for injection moulding [4]. According
to the fabrication principle, Stoffregen et al. classified 3D
printed porous materials into two categories, namely geo-
metrically defined lattice structure porosity (GDLSP), where
the pores are basically defined by non-overlapping laser
tracks, and geometrically undefined porosity (GUP), where
irregular pores are generated by variation of different laser
parameters [5]. Due to the smaller pore size achievable, i.e.,
below 100 mm, GUP-type materials have received a lot of at-
tention, also in process engineering. Abele et al. studied the
relation between laser energy density and porosity [6]. Li et
al. investigated the relation between scan speed and porosity
[7]. Moreover, due to the possibility of combining porous
and dense sections, permeable-dense composites based on
GUP materials have been envisaged, e.g., for gas turbine
combustion components [8]. Breathable mould steel is an-
other interesting application of GUP materials. By introduc-
ing a foaming agent during the LB-PBF process, Zeng et al.
were able to obtain porous materials with 2–30 mm pore size
and about 26 vol % porosity [9]. However, by laser param-
eter variation, GUP materials have also been made with
similar pore size and porosity without a foaming agent [10].
Connecting to our previous work, where we described the

creation of permeable and dense regions in one component
by LB-PBF [11], breathable moulds with integrated cooling
channels made up of dense structures could be printed by
LB-PBF in one go. Such moulds could reduce cooling time
significantly [12].

Many potential applications of GUP materials may re-
quire components with curved surface. Zheng et al. pre-
sented a novel 3D printed structured catalyst support for
use in a microreactor for methanol steam reforming [13].
In this case the GDLSP approach was used to establish well
defined face-centered and body-centered cubic structures
with nonporous bars. The materials enabled a high catalyst
loading during subsequent coating. Combining the GDLSP
and GUP approaches, hierarchical catalyst supports with
porous bars in a geometrically well defined lattice structure
could be made, which could offer advantages for fast reac-
tions with high specific release or consumption of heat. In
the field of membranes, Dittmar et al. presented high-per-
forming palladium composite membranes based on tubular
metallic supports. For gas-tight connection, dense tubular
adapters were joined with porous membrane support tubes
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on both ends by laser welding [14]. However, the weld seam
regions were found to be prone to form defects and cracks
both in the coating of the required permeable ceramic inter-
layer and of the palladium membrane similar to the planar
configuration reported in our previous publication [11].
Given this, a tubular membrane support made of a perme-
able-dense composite in one step by LB-PBF could be an
option to avoid this. However, most of the research about
GUP materials is based on flat surfaces [15], and the scan
strategy used for flat samples may not be suitable for curved
shapes. Therefore, to the best of our knowledge, we report
here for the first time the results of a systematic study into
the relations between scan strategy, surface roughness, mor-
phology, and permeability of tubular components made by
LB-PBF.

2 Materials and Methods

2.1 System and Material

316L stainless steel powder (Dv (50): 31.2 mm) provided by
Carpenter Technology Corporation (United States) and a
ReaLizer SLM125 (Germany) LB-PBF machine were used
in this study.

As shown in Fig. 1, tubes (diameter 30.2 mm, wall thick-
ness 2 mm, height 20 mm) were printed for investigating
the effects of the scanning strategy on the properties of the
resulting components. The relevant parameters including
hatch distance, layer thickness, and scanning direction can
be controlled by the ReaLizer SLM125 operating system. In
this study, all samples were printed with the same parame-
ters: laser power was 80 W, hatch distance was 0.1 mm, layer
thickness was 50 mm, laser spot size was 50mm, and scan
speed was 1000 mm s–1. Four surfaces (front, back, left,
right) relative to the scanning direction were marked for the
isotropy study. Samples with 0.14 mm hatch distance were
prepared for permeability measurements. In order to avoid
the influence of boundary tracks on the porous surface, all
samples were printed without outer and inner boundary
scanning.

2.2 Determination of Porosity

The porosity was calculated following Eq. (1).

e ¼ 1�mtr�1
met

Vt

� �
� 100% (1)

with Vt ¼ p r2
o � r2

i

� �
ht. mt is the mass of the permeable

tube, and each individual sample was weighed by a preci-
sion balance (±1 mg), rmet is the bulk density of the metal
(316L stainless steel, 8 g cm–3 [16], ro, ri, ht denote the outer
radius, inner radius, and height of the tube, respectively.
The dimensions of the tube were given in a CAD model
(ro = 15.1 mm, ri = 13.1 mm, ht = 20 mm).

2.3 Determination of Roughness and Morphology

The surface roughness (arithmetic mean height of the sur-
face: Sa) and surface 3D profile were studied by a 3D optical
profiler (S-neox, Sensofar with ISO 25178). Micrographs
were taken by a scanning electron microscope (SEM, JSM
6300, Jeol with a 10 kV beam).

2.4 Permeability Measurements

As shown in Fig. 2, a standard pressure nutsch according to
VDI Guideline 2762 [17], typically used for filter character-
ization, was used to determine the permeability of tubular
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Figure 1. Overview of scanning parameters for tubular sam-
ples.

Figure 2. Permeability testing. a) Pressure nutsch for measuring
the permeation flux, b) permeable sample, c) schematics of a
permeable sample.
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components made with unidirectional scan vectors (USV)
of different direction as wells as with rotated scan vectors
(RSV). As the unit does not accept tubular samples, flat
disk-shaped samples with a circular permeable area of
50 mm in diameter were printed with the same parameters
and in the same orientation in the build volume like the
permeable tubes.

The definition of permeability is based on the D’Arcy
equation given in Eq. (2). Tests were done by gravimetrically
measuring the permeate accumulation rate _m of a laminar
flow of deionized water through a permeable tube, and by
neglecting friction.

K ¼ _m
A

h
rFluid

hFluid

Dp
(2)

3 Results and Discussion

3.1 Permeable Tubes Printed with
Unidirectional Scan Vectors

Fig. 3 shows the schematics of a permeable tube
printed by USV. In our previous research we found
that flat permeable samples printed by USV showed
smaller surface roughness than for other scanning
strategies [11]. However, samples with curved sur-
face printed by USV had not been studied.

As shown in Fig. 4a, a staircase structure appeared
on the left surface of the sample. From the magni-
fied image, the appearance of the staircase structure
in x- and y-direction is highly related to the orienta-
tion of the surface of the sample. When the sample
surface is parallel to the scan direction, the staircase
structures are more visible. As shown in Fig. 4b,
there were no staircase structures on the front sur-
face of the sample. Since the front surface of the
sample is composed of the starting point of the vec-
tors, and the left surface of the sample is composed
of the sides of the vectors, the permeable tube shows
different surface morphology at different positions.

Figs. 5a and 5b show the front and back surface of
permeable tubes printed by USV. The front surface
is composed of the initial points of the scan vectors
and the back surface is composed of the terminal
points. Since the positions of the scan vectors in
every layer are always the same, stripes formed by
the initial points of the vectors in the same position
can be seen in Fig. 5a. During the printing process,
the powder shrinks with laser scanning. Therefore,
there is less powder at the terminal points compared
to the initial points of the vectors. As visible from
Figs. 5a and 5b, the back surface exhibits more
defects than the front surface, resulting from a lack
of powder.
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Figure 3. Schematic of a
scan strategy with unidirec-
tional scan vectors (USV) to
produce a permeable tube.

Figure 4. Permeable tube produced by a unidirectional scan vector (USV)
strategy. a) Left surface, b) front surface.

Figure 5. Curved surfaces emerging from a unidirectional scan vector (USV)
strategy. a) Front surface, b) back surface, c) left surface, d) right surface.
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Figs. 5c and 5d show the left and right surfaces of a per-
meable tube printed by USV. Both surfaces are composed of
the sides of the scan vectors. During laser scanning, not
fully melted powder in the laser tracks causes defects on the
left and right surface, while porous structures in the front
surface are formed by gaps between individual tracks. The
morphology of these two kinds of pores in the curved sur-
face here is similar to the one found in flat samples in pre-
vious research [11]. As visible from Fig. 5, with USV, the po-
rous structures on the permeable tube are anisotropic.
Moreover, the precision of the left and right surface is lim-
ited by the laser track thickness as there are step structures
on the left and right surface.

The porosity of the permeable tube shown in Figs. 4 and
5 is 25.3 %. As to be seen from Tab. 1, the roughness of the
tube is anisotropic as well. It is lowest at the front surface
compared to the other surfaces. Owing to defects and stair-
case structures on the surface, the roughness of the left and
right surface is higher compared to that of the front surface.
Lack of powder at the terminal points of the scan vectors
causes the roughness of the back surface to be higher than
that of the front surface.

3.2 Permeable Tubes Printed with Rotated Scan
Vectors

To obtain a permeable tube with an isotropic porous struc-
ture on the surface, a permeable tube with rotated scan vec-
tors was printed. Fig. 6 shows the schematic of this scan
strategy. Different rotation angles between adjacent layers
can be set in the ReaLizer SLM125 operating system.

Fig. 7a shows a permeable tube made with rotated scan
vectors using an angle of rotation of 10�. Clearly, the tube
surface is composed of two spirals. As shown in Fig. 7b, the
thicknesses of both spirals is around 900 mm. Since the layer
thickness during printing was set to 50mm, every 1800 mm
the scan vector will come back to the initial scanning direc-
tion. This distance is equal to the combined thickness of the
two superimposed spirals. The thickness of the spirals is
highly related to the angle of rotation. The reason of the
spiral structure on the surface is that one spiral is composed
of the initial points of the scan vectors whereas the other
one is composed of the terminal points of the scan vectors.
Therefore, the thicknesses of the two spirals are the same.

Fig. 8 provides SEM pictures of the front, back, left and
right surfaces, respectively, of the permeable tube shown in
Fig. 7. The morphology of permeable tubes printed with the
RSV scan strategy is apparently isotropic. No significant dif-
ferences can be identified in the SEM pictures from the
front, back, left, and right surface. Melting pools can be seen
on the boundary of the two spirals. As shown in Figs. 5c
and 5d, when the scan vectors are parallel to the surface,
melting pools appear on the surface. Therefore, the bound-
ary of the two spirals is also the boundary of the initial
points and the terminal points of the scan vectors. This is
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Table 1. Roughness of different surfaces of permeable tubes
printed with a scan strategy based on unidirectional scan vec-
tors (USV).

Surface Roughness [mm]

Front 27.3 ± 4.2

Back 35.4 ± 1.6

Left 33.4 ± 2.5

Right 33.8 ± 2.1

Figure 6. Schematic of a
scan strategy based on ro-
tated scan vectors (RSV) to
produce a permeable tube.

Figure 7. a) Permeable tube printed with a scan strategy based
on rotated scan vectors (RSV) and an angle of rotation of 10�, b)
surface roughness profile of this tube.
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consistent with the explanation of the spirals given in the
context of Fig. 7.

The porosity of the permeable tube printed with 10� RSV
is 22.8 %. With the same laser power, the permeable tube
printed with RSV has a lower porosity compared to the per-
meable tube printed by USV. Tab. 2 lists the measured
roughness of the different surfaces of the tube shown in
Fig. 7. Due to the spiral structures on the surface, the rough-
ness is higher than for printing with USV, but similar values
are obtained for all four surfaces.

Fig. 9 shows permeable tubes printed with the RSV scan
strategy and different angle of rotation. All samples have
spiral structures on the surface. When the angle of rotation
is 12�, 20�, 30�, 60�, every 1500 mm, 900 mm, 600 mm, and
300 mm the scan vectors will come back to the initial posi-
tion, respectively. Therefore, as shown in Fig. 8, with in-
creasing rotation angle, the slope of the spirals is decreas-
ing.

Fig. 10 shows the SEM pictures of the tubes printed with
12� RSV, 20� RSV, 30� RSV, and 60� RSV, respectively. The

slope of the spiral meets the previous expecta-
tions, which indicates that the spiral structure
can be controlled by the angle of rotation. More-
over, melting pools were found on the surface of
all samples. This reinforces the explanation that
the two spiral structures on the tube surface are
composed of the initial points and terminal
points of the individual scan vectors.

As shown in Tab. 3, the permeable tube
printed with 60� RSV shows the lowest porosity
compared to all other samples. All samples
printed with RSV have lower porosity compared
to permeable tubes printed with USV. The
roughness of permeable tubes printed with RSV
is higher than the roughness of the front surface
of permeable tubes printed with USV. The main
reason is that the spiral structures typical of RSV
increase the roughness of the permeable tube.
Another reason is that the spirals are composed
of the initial and terminal points of the vectors.
As shown in Table 1, the surface composed of
the terminal points of the vectors has a higher
roughness compared to the surface composed of

Chem. Ing. Tech. 2022, 94, No. 7, 983–992 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 8. Curved surfaces on a permeable tube produced with rotated scan vec-
tors (RSV) and an angle of rotation of 10�. a) Front surface, b) back surface,
c) left surface, d) right surface.

Table 2. Roughness of the different surfaces of a permeable
tube produced by rotated scan vectors (RSV) with an angle of
rotation of 10�.

Surface Roughness [mm]

Front 47.6 ± 0.9

Back 44.7 ± 0.8

Left 44.0 ± 1.6

Right 45.2 ± 1.7

Figure 9. Permeable tubes produced with rotated scan vectors
(RSV) and different angle of rotation. a) 12� RSV, b) 20� RSV,
c) 30� RSV, d) 60� RSV.
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the initial points of the vectors. The roughness of RSV-
printed permeable tubes decreases with an increase of the
angle of rotation. The reason is that the slope of the spirals
decreases with higher angle of rotation. As shown in Fig. 10
(d), the reduced slope of the spirals makes the surface of the
permeable tube printed with 60� RSV smoother than those
of the other ones printed with lower angle of rotation.

3.3 Permeable Tubes Printed by Four
Direction Scan Vectors

Another scan strategy is to use four direction
scan vectors (FDSV). Fig. 11a shows the sche-
matic of this approach. The four directions are
at right angles to each other, namely 45�, 135�,
225� and 315�. Two variants of this strategy have
been pursued as well. Fig. 11b shows the sche-
matic of an FDSV approach combined with con-
nection scan vectors (FDCSV). This scanning
strategy uses four direction vectors and the scan
vectors in different directions are connected by

1 mm long connection vectors. Fig. 11c shows a
different way of connecting the four direction
scan vectors. This is called four direction overlap
scan vectors (FDOSV), and 0.5 mm overlap is
realized between the scan vectors in different di-
rections.

Fig. 12a shows the permeable tube printed
with the FDSV strategy. There is an obvious gap
between the scan vectors in different directions.
As shown in Fig. 12a, the area near the gap is
composed of the terminal points of the scan vec-
tors. The lack of powder at the terminal points
of the vectors is one reason for gap formation.
In addition, the position of the terminal points
of the vectors in different directions may not
have matched perfectly. As shown in Fig. 12b,
the parts printed with different scan vector di-
rections are not combined to one piece. In turn,
the permeable tube printed with this scanning
strategy cannot be separated from the support-
ing structures or other fixed structures and exist
on its own.

For comparison, Fig. 13a shows the permeable
tube printed with the FDCSV strategy. A groove created by
the connection vectors can be observed between the perme-
able parts printed by the scan vectors in different directions.
As shown in Fig. 13b, the thickness of this groove is around
100 mm. There is a 200 mm gap at the right side of the
groove. This may be due to the fact that the direction of ad-
jacent connection vectors was altered by 180�, respectively.
The first vector on the surface is printed from left to right.
Since the terminal point lacks powder and the position may
not match perfectly, a gap emerged on the right of the
groove. While the second vector was printed from right to
left and the hatch distance was 100 mm. Therefore, the
thickness of the gap is 200 mm.

Fig. 14a shows the permeable tube printed with the
FDOSV strategy. There is an overlap area between the scan
vectors in different directions. Since the overlap area forms
from more initial points of the individual scan vectors, there
is no stripe structure to be seen in the overlap area in Fig. 14
b. It can be observed from the roughness profile that there
is neither a convex nor a concave structure in the overlap
area and the transition is rather smooth.
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Figure 10. Curved surfaces of permeable tubes printed with rotated scan vec-
tors (RSV) and different angle of rotation. No more distinction between front,
back, left and right surface. a) 12� RSV, b) 20� RSV, c) 30� RSV, d) 60� RSV.

Table 3. Porosity and surface roughness of permeable tubes
printed with rotated scan vectors (RSV) and different angle of
rotation.

Rotation angle Porosity [%] Roughness [mm]

12� 21.9 45.4 ± 4.2

20� 22.0 44.9 ± 2.8

30� 22.0 44.7 ± 1.1

60� 20.6 38.7 ± 2.2

Figure 11. Schematics of three different four direction scan strategies, a) FDSV,
b) FDCSV, c) FDOSV.
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The roughness of the permeable tube printed
with the FDOSV strategy was measured from
four directions. As shown in Tab. 4, with around
28 mm in all four directions, the surface rough-
ness is substantially lower than for the RSV scan
strategy. Moreover, compared to permeable
tubes printed by USV, the roughness of the per-
meable tube printed by FDOSV is isotropic.

Fig. 15a shows permeable-dense tubes with
30 mm, 20 mm, and 10 mm outer diameters
printed with the FDOSV scan strategy. The
height of the permeable part is 2 mm, and the
wall thickness of all tubes is 2 mm. On the bot-
tom and top of the permeable tube, 5 mm dense
structures were printed. In addition, Fig. 15b
shows a permeable-dense tube with 0.5 mm,
1 mm, 1.5 mm, and 2 mm wall thickness, as well
printed with the FDOSV scan strategy. Here, the
outer diameter of the permeable part is 30 mm,
and the height of the permeable part is 20 mm.
On the bottom and top of the permeable tube,
5 mm dense structures were printed. As visible
from Figs. 15a and 15b, with the FDOSV scan
strategy permeable parts with curved surfaces
can be printed in different diameters and thick-

nesses. Moreover, permeable parts and dense parts can be
freely combined.
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Figure 12. a) Permeable tube printed by a scan strategy based on four (orthog-
onal) direction scan vectors (FDSV), b) gap between scan vectors in different di-
rections.

Figure 13. a) Permeable tube printed by a scan strategy based
on four direction scan vectors and additional connection vectors
(FDCSV), b) surface roughness profile of the tube surface show-
ing a groove in the connection area.

Figure 14. a) Permeable tube printed by FDOSV, b) 3D profile
of permeable tube printed by FDOSV.
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3.4 Permeability Results

For an application of 3D printed permeable tubes in, e.g.,
filtration, it is important that the tube’s properties are con-
sistent. The permeability according to Eq. (2) is an impor-
tant parameter from a process engineering point of view
and it allows verification of the effects of the fabrication
process on the performance of the components. Fig. 16 pro-
vides the permeability of tubes in different directions, i.e.,
front, back, left and right, for 0.10 mm and 0.14 mm hatch
distance. The tubes were made with the USV scan strategy.
For a small hatch distance of 0.1 mm, the permeability is
small so that differences in the morphology among the four
different sides of the tube do not result in different values of
the measured permeability. A larger hatch distance of
0.14 mm leads to a different behavior. Here the permeability
in the front and on the back side is about three times as
high as on the left and right side, where the permeability is
in the same range as for 0.10 mm hatch distance.

Furthermore, permeability measurements were executed
on tubes printed with the RSV scan strategy and different
angle of rotation. Fig. 17 shows the results for an angle of
rotation between 10� and 60�. The permeability of the front
surface of the permeable tube printed with the USV scan
strategy is given at 0� as a reference. Like for the USV scan
strategy, the permeability of tubes made with the RSV strat-
egy decreases with lower hatch distance. The angle of rota-
tion shows a moderate influence on permeability. While it
seems to increase moderately with increasing angle of rota-

tion for small hatch distance, larger hatch distance leads to
a weak maximum at 20� angle of rotation.

Summarizing, it can be stated that with increasing hatch
distance, which is needed for highly permeable structures,
more advanced scan strategies than USV have to be consid-
ered to ensure that the permeability will be independent of
the perimeter direction.
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Table 4. Roughness of different surfaces of permeable tube
printed by four direction overlap vectors.

Surface Roughness [mm]

Front 27.6 ± 0.9

Back 28.9 ± 1.4

Left 27.4 ± 1.2

Right 27.9 ± 1.1

Figure 15. Demonstration of the suitability of the FDOSV scan
strategy for printing of permeable-dense components with
curved surfaces. a) Tubes with 30 mm, 20 mm, 10 mm height
and 2 mm wall thickness each. Height of the permeable part
20 mm, height of the dense parts 5 mm. b) 30 mm ·30 mm tube
with four different wall thicknesses staggered 90�-wise, i.e.,
0.5 mm, 1 mm, 1.5 mm, 2 mm.

Figure 16. Permeability of different sides of permeable tubes
printed with the USV scan strategy and hatch distances of
0.10 mm and 0.14 mm, respectively. Note that measurements
were performed with flat samples printed with the same pa-
rameters and in the same orientation in the build volume like
the tubular samples. 0� F stands for front side, 0� B for the back-
side, 0� L for the left side, and 0� R for the right side. Error bars
mark the standard deviation of the permeability measure-
ments.

Figure 17. Permeability of tubes made with the RSV scan strat-
egy and different angle of rotation for two different hatch dis-
tances, i.e., 0.10 mm and 0.14 mm. Values at 0� denote the front
surface of a tube made with the USV strategy. Error bars denote
the standard deviation of the permeability measurements.
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4 Conclusions

In this study, different scanning strategies have been ana-
lyzed for 3D printing of permeable components with curved
surfaces. Permeable tubes printed with unidirectional scan
vectors (USV) clearly show anisotropy of the surface mor-
phology. The front surface formed by the initial points of
the scan vectors has the lowest roughness compared to the
other surfaces. The back surface formed by the terminal
points of the scan vectors shows defects. The left and right
surfaces made up by the sides of the scan vectors have stair-
case structures. Permeable tubes printed by rotated scan
vectors (RSV) show isotropy of the surface morphology.
Two spiral structures composed of the initial and the termi-
nal points of the scan vectors can be observed on the sur-
face. The slope of the spirals is highly related to the angle of
rotation of the scan vectors. Permeable tubes printed with
60� RSV have shown the smallest slope and the lowest
roughness compared to all other permeable tubes printed
with the RSV scan strategy. Permeable tubes printed by four
direction scan vectors (FDSV) without connecting vectors
or overlap show gaps between the different parts corre-
sponding to the directions of the scan vectors. Adding con-
nection vectors (FDCSV) enables the fabrication of coher-
ent tubes but leads to grooves between the scan vectors in
different directions. Finally, permeable tubes printed by four
direction scan vectors with overlap (FDOSV) show iso-
tropic properties and lower surface roughness compared to
permeable tubes printed with the RSV scan strategy. Based
on this research, permeable-dense tubes with different outer
diameter and wall thickness can be fabricated reliably with
the FDOSV scan strategy. Furthermore, permeability mea-
surements have shown that rotated scan vectors or multiple
direction scan vectors should be used above a certain hatch
distance to ensure uniform tube properties.
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Abbreviations

LB-PBF Laser-beam powder bed fusion
GDLSP Geometrically defined lattice structure porosity
GUP Geometrically undefined porosity
SEM Scanning electron microscopy
USV Unidirectional scan vectors
RSV Rotated scan vectors
FDSV Four direction scan vectors
FDCSV Four direction vectors and connection scan vectors
FDOSV Four direction overlap scan vectors
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