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Kurzfassung 

Die additive Fertigung (auch als 3D-Druck bekannt) ist eine neuartige 

Fertigungstechnologie, mit der Objekte gemäß einem 3D-Modell aus formlosem 

Material schichtweise aufgebaut werden können. Das Laserstrahl-

Pulverbettschmelzen (Laser Beam Powder Bed Fusion, LB-PBF) ist ein wichtiges 

Verfahren der additiven Fertigung für metallische Werkstoffe, das mittlerweile in 

zahlreichen Branchen weit verbreitet ist. Biomedizinische Implantate mit 

komplexen Porenstrukturen werden häufig mittels LB-PBF hergestellt. Diese 

Porenstrukturen werden normalerweise in einem CAD-Modell entworfen, so dass 

man von geometrisch definierter Gitterstrukturporosität (GDLSP) spricht. Die 

Porengröße von durch GDLSP hergestellten porösen Materialien ist jedoch häufig 

größer als 100 µm. Eine andere Art von 3D-gedrucktem porösem Material wird als 

Material mit geometrisch undefinierter Porosität (GUP) bezeichnet. Die 

Porenstrukturen von GUP-Materialien werden durch Variation der Parameter des 

LB-PBF-Verfahrens gesteuert und die Porengröße liegt im Bereich von 1 µm bis 

100 µm. Aufgrund der im Vergleich zu GDLSP-Materialien geringeren Porengröße 

und der Möglichkeit in einem Arbeitsgang poröse Bereiche mit unporösen 

Bereichen in einem Bauteil zu verbinden besteht ein zunehmendes Interesse an 

GUP-Materialien. 

In dieser Dissertation wurde die Beziehung zwischen den Parametern des LB-PBF-

Verfahrens wie Schraffurabstand, Laserfokusdurchmesser und Scanstrategie und 

den resultierenden porösen Struktureigenschaften systematisch untersucht. Die 

experimentellen Ergebnisse zeigen, dass das GUP-Material zwei Arten von Poren 

enthält. Die Poren innerhalb der Laserspuren sind größer und instabil. Die Poren 

zwischen den Laserspuren können leicht durch die Laserparameter gesteuert werden. 

Wenn der Schraffurabstand zunimmt, nehmen Porosität, Porengröße, Permeabilität 

und Oberflächenrauigkeit zu. Wenn der Laserfokusdurchmesser zunimmt, ändert 

sich die Porosität nicht wesentlich, die Rauigkeit nimmt zu, Porengröße und 

Permeabilität nehmen ab. Der entscheidende Punkt ist das Balling-Phänomen. Eine 

größerer Laserfokusdurchmesser führt zu mehr Pulver, das auf der porösen 

Oberfläche versintert wird. Die Wirkung verschiedener Scanstrategien, 

einschließlich unidirektionaler Scanvektoren (USV), Rotations-Scanvektoren (RSV) 
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und Vier-Richtungs-Scanvektoren (FDSV) auf die Oberflächenmorphologie wurde 

auf rohrförmigen Proben untersucht. 

Basierend auf dem 3D-gedruckten porösen Material wurden porös-dichte 

Verbundbauteile gedruckt. Ein Testmodul auf dieser Basis wurde für die 

nachfolgende Beschichtung mit einer permeablen keramischen Zwischenschicht 

vorbereitet. Ein 2 mm dickes Testmodul wurde dazu mit einer Fräsmaschine 

geglättet. Die Rauigkeit des geglätteten Testmoduls beträgt 1,36 µm, was das 

Potenzial als neuartiges Membransubstrat zeigt. Ferner wurden poröse 

Membransubstratplatten (PMS-Platten) und poröse Membransubstratrohre (PMS-

Rohre) für Mikroreaktoren hergestellt. 

In der Forschung lässt sich ein zunehmendes Interesse an 3D-gedruckten 

mikrostrukturierten Apparaten für verfahrenstechnische Anwendungen beobachten. 

Für die Herstellung von 3D-gedruckten Mikroreaktoren wurde eine 90 ° - 

Designstrategie und eine 45 ° - Druckstrategie vorgeschlagen. Mikroreaktoren mit 

Temperatursperrmodul und internen Kanälen wurden als beispielhafte Anwendung 

konzipiert und gedruckt. 
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Parts of this dissertation have already been published in Xie, D., & Dittmeyer, R. 

(2021). Correlations of laser scanning parameters and porous structure properties of 

permeable materials made by laser-beam powder-bed fusion. Additive 

Manufacturing, 102261 (DOI: 10.1016/j.addma.2021.102261).  
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Abstract 

Additive manufacturing (also known as 3D printing) is a novel manufacturing 

technology to make objects from a shapeless material according to a 3D model by a 

layer-by-layer manufacturing method. Laser-beam powder bed fusion (LB-PBF) is 

an important metal additive manufacturing method which is widely used in 

numerous industries. Biomedical implants with complex pore structures are often 

made by LB-PBF. Their pore structure is usually defined by a computer-aided 

design (CAD) model; the resulting materials are therefore named geometrically 

defined lattice structure porosity (GDLSP) materials. However, the pore size of 

GDLSP-materials is often larger than 100 µm. Another kind of additively 

manufactured porous material are geometrically undefined porosity (GUP) materials. 

The pore structure of GUP-materials is controlled by the LB-PBF scanning 

parameters, and their pore size ranges from 1 µm to 100 µm. Due to the smaller pore 

size compared to GDLSP and the opportunity to create permeable-dense composites, 

there has been an increasing interest in GUP materials, recently.  

In this dissertation, the relation between the scanning parameters including hatch 

distance, laser spot size and scan strategy and the resulting properties of the 

permeable structure was systematically studied. The experimental results show that 

there are two kinds of pores in GUP materials. The pores within the laser tracks 

have a larger size and are unstable. The pores between the laser tracks are easily 

controlled by the laser parameters. When the hatch distance is increased, the 

porosity, pore size, permeability and surface roughness all increase. When the laser 

spot size is increased, the porosity has no significant changes, the roughness is 

increasing and pore size and permeability are both decreasing. The key point is the 

balling phenomenon. A larger laser spot size leads to more powder sintered on the 

permeable surface. The effect of different scan strategies including unidirectional 

scan vectors (USV), rotation scan vectors (RSV) and four direction scan vectors 

(FDSV) on the surface morphology was studied on tubular samples.  

Based on the additively manufactured porous material, permeable-dense composites 

were printed. A test module made on that basis was prepared for coating with a 

permeable ceramic interlayer. A 2 mm thick test module was smoothed by high 

precision milling. The roughness of the smoothed test module is 1.36 µm which 

shows the potential as novel membrane substrate. Further, permeable membrane 
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substrate plates (PMS plates) and permeable membrane substrate pipes (PMS pipes) 

were prepared for use in microreactors.  

Recently, researchers have shown increasing interest in additively manufactured 

devices for process engineering applications. A 90° design strategy and a 45° 

printing strategy were proposed for additively manufactured microreactors. 

Microreactors with temperature barrier module and internal channels were designed 

and printed as an exemplary application.   
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1. Introduction 

1.1 Motivation 

Porous metallic materials have the characteristics of large specific surface area, low 

density and good permeability [1]. Due to the features of porous metallic materials, 

porous metallic materials are widely used as wear-resistant tools [2], biomedical 

implants [3], vibration reduction components [4]. In process engineering 

applications, porous metals often need to be welded to a dense body. E.g., Bai et al. 

presented heat sinks with microchannels, and the copper particles were coated by 

solid-state sintering on the microchannels [5]. Oak Ridge National Laboratory 

presented a metallic filter for particulates and water purification. Both ends of a 

porous tube were composed of solid material by laser welding [6]. The high 

temperature during the welding process leads to residual stress and may cause weld 

distortion [7]. Moreover, the weld seam may influence the function of the porous 

material. Boeltken et al. presented a new method of palladium membrane coating on 

planar porous substrates. Their palladium membrane module was composed of a 

metallic porous substrate, a ceramic diffusion barrier layer and a palladium 

membrane [8]. The porous substrate was welded to a dense frame for reliable 

sealing and easy assembly. However, the weld seam between the porous substrate 

and the dense frame is prone to the formation of defects in the ceramic layer and the 

palladium membrane and to low adhesion of coatings [9]. In view of this, 

permeable-dense composites made by LB-PBF could be a feasible solution. With 

the layer by layer working principle of LB-PBF, permeable-dense composites could 

be printed in one step without additional welding steps [10]. A smooth transition 

from porous regions to dense regions can be expected. However, the properties of 

additively manufactured porous materials determine the application of permeable-

dense composites. 

Additively manufactured porous materials with CAD-designed porous structures are 

named geometrically defined lattice structure porosity (GDLSP) materials. The pore 

size of GDLSP materials is generally larger than 100 µm [11]; GDLSP materials are 

widely used as orthopaedic implants [12][13]. Another type of additively 

manufactured porous material is called geometrically undefined porosity (GUP) 

materials. The porosity and pore size of GUP materials are determined by the LB-



1. Introduction 

2 

 

PBF laser parameters and scan strategies [14]. The pore size range of GUP materials 

is generally from 1 µm to 100 µm [11]. Recently, GUP has been attracting 

increasing attention because of the smaller pore size. Cherry et al. studied the 

relation between laser energy density and porosity [15]. Li et al. studied the relation 

between scan speed and porosity [16]. Yet, most studies in the field of GUP have 

only focused on laser energy density and porosity. GUP materials have not yet been 

extensively studied, in particular not regarding the possibility of fabricating 

permeable-dense composites. Therefore, in this study the relation between pore 

structure and surface properties and the LB-PBF laser parameters and scan strategy 

were studied in detail and systematically.    
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1.2 State of the art 

1.2.1 Fabrication and applications of macro porous metals 

The International Union of Pure and Applied Chemistry (IUPAC) classifies porous 

materials into microporous, mesoporous and macro porous materials by the pore 

diameter. The pore diameter of a microporous material is smaller than 2 nm, the 

pore diameter of a mesoporous material is between 2 nm and 50 nm, and the pore 

diameter of a macro porous material is larger than 50 nm [17]. The pore diameter of 

additively manufactured porous materials is highly related to the resolution of the 

LB-PBF machine used which depends on the particle size of the powder, the layer 

thickness and the laser beam diameter [18]. For most of the commercial LB-PBF 

systems, the resolution is of similar level as the laser beam diameter [19]. A 

ReaLizer SLM 125 LB-PBF machine was used in this study, and the diameter of the 

laser beam here is between 30 µm and 60 µm, which is obviously much larger than 

50 nm. Therefore, this study focuses on macro porous materials rather than 

microporous or mesoporous materials. In order to evaluate the prospects of 3D 

printing of porous materials, it is important to understand the characteristics of 

different processes of porous metal preparation.  

As shown in Fig. 1.1, Banhart classified porous metal preparation methods into four 

categories according to the state of the metal process in [20]. Some typical 

fabrication technologies and applications of macro porous metals are discussed in 

this section. 

 

Figure. 1.1. Fabrication technologies of macro porous metals [20]. 

 

1.2.1.1 Direct foaming of metals 

The liquid processing route introduces porosity to the molten metal by foaming. The 

methods of foaming molten metal can be classified into several groups.  
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The first one is direct foaming of porous metal. Usually, there are two methods to 

foam the porous metal directly. One is the molten metal is foamed by gas injection 

from an external source. The other method is that metal is foamed by admixing a 

blowing agent into the liquid metal.  

Foaming by gas injection is widely used in porous aluminum and aluminum alloys 

[21]. The schematic of foaming by gas injection is shown in fig. 1.2. Specially 

designed rotating impellers or vibrating nozzles are used to inject gas (gas, nitrogen, 

argon) into the molten metal. Due to the high buoyancy force in high density molten 

metals, the gas bubbles tend to rise quickly to the surface. To hamper the rise of 

bubbles, fine ceramic powders or alloying elements like SiC, Al2O3, MgO are added 

to the molten metal to increase the viscosity of the liquid [22]. To keep the high 

viscosity, the temperature of the foaming process is chosen close to the melting 

point of the metal. With cooling down by the injected gas, the bubbles are trapped in 

the molten metal which solidifies to yield a porous metal [23].  

 

Figure. 1.2. Schematic of foaming by gas injection [24]. 

 

Foaming with blowing agents is another direct foaming method. Metal powder and 

blowing agent are mixed and densified to a precursor [25]. During the heating 

process of the precursor, the blowing agent builds an internal pressure for the porous 

structure formation [26]. In the foaming process, the melting point of the metal 

should match the decomposition temperature range of the blowing agent [27]. If the 

decomposition temperature range is lower than the melting point of the metal, the 

solid metal will yield cracks. If the decomposition temperature range is higher than 

melting point, the viscosity of the molten metal is too low to generate stable porous 
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structures [27]. Due to the low melting point, aluminum and zinc alloys are suitable 

for foaming with blowing agents and TiH2, ZrH2, Mg were used as blowing agents 

for these alloys [28].  

1.2.1.2 Solid–gas eutectic solidification 

Solid-gas eutectic solidification is another method to introduce porosity to the 

molten metal. These materials are also called “gasars” which means “gas-reinforced” 

[29]. Generally, the molten phase of a metal has a higher gas solubility than the 

solid phase. During the solidification of the metal, the solubility decreases and 

shrinkage phenomena cause pore formation. High porosity causes a decrease in the 

mechanical properties. One of the most effective ways to reduce the pore content is 

to remove as much gas as possible from the molten metal. However, gas 

supersaturation in the molten metal is a precondition of solid-gas eutectic 

solidification [29]. The metals are molten in hydrogen atmosphere under high 

pressure (up to 50 atm) to obtain a homogenous hydrogen-metal mixture. After 

lowering the temperature, the melt will eventually undergo an eutectic 

transformation into a solid gas two-phase system [30]. A schematic of an apparatus 

for fabrication of gasars can be seen in Fig. 1.3. 

 
Figure. 1.3. Schematic of an apparatus for fabrication of gasars [31]. 

1.2.1.3 Sintering of metal powders and fibers 

Sintering of metal powders is a kind of solid state processing of porous metals. 

Liquid state processing requires a metal of relatively low melting point like 

aluminum and aluminum alloys while many high melting point metals like 

superalloys, stainless steel, or titanium can be sintered to porous metals [32]. The 

sintering process only requires heat to drive, and basic heat treatment equipment is 
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enough for sintering [33]. The bonding of particles can be improved by compacting 

the powder and increasing the sintering temperature [34]. However, compaction 

results in a loss of total porosity [35].  

1.2.1.4 Sacrificial (fugitive) template 

In the sintering of metal powders a sacrificial template is a way to increase porosity. 

As shown in fig. 1.4, metal powder can be added to the sacrificial template after or 

during the sacrificial template foaming process.  

 

Figure. 1.4 Porous sintered metals based on a sacrificial template [36].   

 

After the powders are placed on or around the scaffold template material e.g., 

polyurethane, the scaffold template material is removed by a liquid solvent [37,38] 

or during sintering [39,40]. To make the polymer surface become “tracky”, Kupp et 

al. immersed the polymer template in a mixture of approximately 2-5 wt % PVA or 

PEG in alcohol [41]. Then they covered the polymer template by adding the metal 

powder. Excess powder was shaken out, and the polymer scaffold template was 

removed by sintering.  

Another method of coating metal powder on a scaffold template is vapor or ion 

deposition. Paserin et al. heated Ni tetra carbonyl (Ni(CO)4) to a modest temperature 

in vacuum. Then the Ni carbonyl vaporizes and decomposes to yield a Ni coating on 

the scaffold template [42].  

1.2.1.5 Space holder 

As shown in fig. 1.5, the space holder technique introduces porosity by mixing the 

metal powder with a second phase, e.g., NaCl [43,44]. After compaction or sintering, 

the metal matrix has sufficient strength to maintain the shape. Then the second 

phase is removed by dissolution [45] or vaporization [46]. This technique is very 
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simple. But depending on the materials and removal conditions, the dissolution may 

take hours, days [44], or even weeks [45].  

 
Figure. 1.5. Illustration of the space holder process to fabricate porous metals [36]. 

1.2.1.6 Additive manufacturing 

Additive manufacturing, also called 3D printing, is a novel technology to 

manufacture components by allowing direct replication of the computer-aided 

design (CAD) model [47]. Different from other porous metal fabrication 

technologies, the geometry of components can be printed directly by additive 

manufacturing. However, the additive manufacturing metal equipment requires a lot 

of investment and the printing process is often time consuming compared to other 

porous metal fabrication technologies. This limits the application of additive 

manufacturing. Fig. 1.6 shows the categories of additive manufacturing. Porous 

materials manufactured by additive manufacturing will be discussed in detail in 

chapter 1.2.2. 

 

Figure. 1.6. Classification of additive manufacturing processes [48]. 

 

1.2.1.7 Potential applications of additively manufactured permeable-dense composite 

Table. 1.1 shows the fabrication technologies, properties, and applications of 
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different porous metal alloys. The applications of porous metals depend on many 

conditions. The most important properties are listed below [20]:  

Morphology: open porosity, closed porosity, pore size and pore size distribution, 

and specific surface area. 

Metallurgy: microstructure of porous metals or alloys. 

Processing: possibilities for shaping porous metals and for fabricating connection 

structures between the porous metal and conventional sheets or profiles. 

Economy: cost and ability for large volume production. 

Table 1.1 Properties and applications of porous metals [36] 

Metal 

Melting 

Point 

(°C) 

Yield 

Strength 

(MPa) 

Common 

Method(s) of 

Foaming 

Typical Foam 

Application(s) 
Examples 

Aluminum 660 34 Liquid State 
Lightweight 

Structural 
[49–52] 

Copper 1085 69 

Solid State 

−Electrodepos

ition, Powder 

Thermal, 

Electrical 
[53–56] 

Gold 1064 - 

Solid State − 

Dealloying, 

Electrodeposit

ion 

Catalysis, 

Actuators 
[57–60] 

Iron 1538 210 Solid State − 

Powder 

High-Strength 

Structural 
[61–65] 

316L SS 1375 205-310 

Magnesium 649 97-150 

Solid State – 

Powder 

Liquid State − 

Controlled 

Atmosphere 

Ultralight 

Structural, 

Bioactive 

[66–71] 

Nickel 1455 148 

Solid State − 

CVD, 

Electrodeposit

ion 

Electrodes, 

Biomedical, 

Superalloys 

[43,72–76] 

Titanium 1668 170 Solid State − 

Gas 

Entrapment, 

Powder, 

Additive 

Lightweight 

Structural, 

Biomedical 

[77–83] 
Ti-6Al-4V 1604 880 

Zinc 420 - 
Liquid State − 

Alporas 

Solid State − 

Electrodepositio

n 

[84–87] 

 



1.2 State of the art 
 

9 

 

In many claimed applications, porous metals have better properties than their 

competitors [20]. However, often the price of a component is the key point for 

successful industrialization [88]. For additively manufactured porous metals, the 

investment and low printing efficiency of metal 3D printers undoubtedly push up the 

cost. Therefore, the use of additively manufactured metallic porous materials often 

focuses on high-demanding applications such as orthopaedic implants [36]. The 

pore structure of additively manufactured orthopaedic implants is often of GDLSP-

type. Usually, the pore size of GDLSP is larger than 100 µm. The additively 

manufactured metallic porous material with a pore size lower 100 µm is often of 

GUP-type. Different with GDLSP, the porosity and pore size of GUP is determined 

by laser parameters rather than CAD model. Therefore, the pore structure of GUP is 

not a determined geometry like GDLSP. Compared with GDLSP, the pore structure 

of GUP is more like cellular metal. This feature of GUP must be considered for 

different applications. As shown in fig. 1.7, GDLSP-type materials are widely used 

for artificial bones manufacturing.  

 

Figure 1.7. (a) Implants printed by LB-PBF; (b) Micro CT assessment of the implant 

[89]. 

However, if the application requires the pore size of a material to be smaller than 

about 100 µm, GDLSP-type materials are not applicable anymore [90]. Moreover, 

by controlling the printing parameters, parts with GUP-type regions and dense 

regions can be printed in one step by LB-PBF. Such permeable-dense composite 

materials shows great potential in process engineering. Generally, the porosity of a 
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GUP-type material is controlled by the laser energy density. However, the 

dimensions of parts with GUP-type structure are limited. Abele et al. presented a 

porous thin wall by laser energy controlling. When the wall got thicker than 175 µm, 

it was no longer gas permeable [14]. Hence the relation between the laser 

parameters, i.e., hatch distance, laser spot size, and scan strategy and the resulting 

pore structure needs further study. 

Recently, researchers have shown an increased interest in additively manufactured 

molding tooling [91,92]. On the one hand, additive manufacturing can help to 

reduce the time-to-market. On the other hand additively manufactured injection 

molds with cooling channels parallel to the surface could increase the cooling 

performance [93]. As shown in fig. 1.8, Antonio et al. presented die-casting dies 

with conformal cooling channels for zinc alloy casting [94]. The upper part includes 

the cores, and the conformal cooling channels were printed by LB-PBF. The lower 

part includes the inlet and outlet of the coolant which was created after the printing 

by a Computerized Numerical Control (CNC) machine.   

 

 

Figure 1.8.Die-casting dies with conformal cooling channels manufactured by a 

LB-PBF printer and a CNC machine [94].  
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Moreover, injection molds made of breathable mold steel has benefits such as 

decreased injection pressure, reduced gloss levels, scrap and reject rates [95]. 

Breathable mould steel requires a pore size of the steel smaller than 80 µm diameter. 

However, the smallest pore size of GDLSP-type porous metals is 100 µm to 200 µm, 

which is not suitable for breathable mould steel [11]. Zeng et al. introduced the 

foaming agent CrNx (3% and 5%) to the AISI 420 steel powder to manufacture 

breathable molding tooling steel. The CrNx is composed of CrN and Cr2N. The 

chemical compositions of CrNx is 0.2% O, 14.6% N and 85.2% Cr (wt. %) [96]. Fig. 

1.9 shows the cross section and pore size distribution of breathable steel. However, 

dense materials cannot be printed by metal powder with a foaming agent. Therefore, 

conformal cooling channels in molds made from breathable mould steel are not 

possible with this method.  

Additively manufactured permeable-dense composites could offer a potential 

method for manufacturing of advanced tools for molding manufacturing. The 

benefits of additively manufactured permeable-dense composites are listed below:  

Morphology: the pore size range of permeable-dense composites is lower than 100 

µm which fits the requirement of breathable steel molding tooling.  

Processing: the geometry of additively manufactured porous materials can be 

designed directly by CAD model.  

Composite structure: the dense and porous structures of permeable-dense 

composites can be combined flexibly.  

Based on the advantages of permeable-dense composites, additively manufactured 

breathable steel molding tooling with conformal cooling channels could be expected 

in the future.  
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Figure 1.9. Optical microscopy graphs and pore size distribution of breathable steel [96].  

Bi-functional or even multifunctional applications are another way to increase the 

benefits at given costs of a porous material [20,97]. Today, renewable energy plays 

a more and more important role in our daily life. To reduce the emission of CO2 in 

transport, battery electric vehicles are attracting increasing interest [98]. For such 

vehicles, due to the high weight of the battery, lightweight structures become 

mandatory [99]. In addition, safety is another important factor. In case of reduced 

size, a lightweight but still effective collision protection system is required. Fig. 1.10 

shows three application fields of porous metals in the automotive industry. 

Multifunctional applications are ideal but difficult to establish. However, additively 

manufactured permeable-dense composites present novel properties, and 

multifunctional applications can be expected. E.g., Siemens presented a rotating 

component with porous structures to counteract vibrations, which is clearly a typical 

multifunctional application [100].  
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Figure 1.10. Application fields of porous metals in the automotive industry [20]. 

 

1.2.2 Metal additive manufacturing 

Additive manufacturing is an important and rapidly emerging manufacturing 

technology. With layer-by-layer deposition of metallic material, metallic 

components with complex geometry can be easily manufactured [101]. As shown in 

table. 1.2, according to the working principle, metal additive manufacturing includes 

binder jetting (BJ), powder bed fusion (PBF), laminated object manufacturing 

(LOM) and direct energy deposition (DED).  
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Table. 1.2 Classification of metal additive manufacturing methods [102]. 

Classification Terminologies Ref. Material 

Powder bed 

fusion 

Direct metal laser 

sintering (DMLS) 
[103] 

Metal 

powder 

Electron beam 

melting (EBM) 
[104] 

Selective laser 

sintering (SLS) 
[105] 

Selective laser 

melting (SLM) 
[106] 

Directed 

energy 

deposition 

Electron beam 

freeform fabrication 

(EBF3) 

[107] 

Metal 

powder, 

Metal 

wire 

Laser engineered net 

shaping (LENS) 
[108] 

Laser consolidation 

(LC) 
[109] 

Directed light 

fabrication (DLF) 
[110] 

Wire and arc additive 

manufacturing 

(WAAM) 

[111] 

Binder 

jetting 

Powder bed and inkjet 

3D printing (3DP) 
[112] 

Metal 

powder 

Sheet 

lamination 

Laminated object 

manufacturing (LOM) 
[113] Metal 

laminate, 

metal foil 
Ultrasonic 

consolidation (UC) 
[114] 
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1.2.2.1 Laminated object manufacturing (LOM) 

Different from other metal additive manufacturing technologies, in LOM the raw 

material is metal sheets rather than metal powder or wire [115]. According to the 

sliced CAD model data, metal sheets are cut by a laser beam or on a CNC machine 

[116]. Then the sheets are stacked and bonded orderly by alloys of low melting 

points [117,118], or bolting then arc welding [119], or diffusion bonding [120,121]. 

Solid-state diffusion bonding is used to produce integral parts with mechanical 

properties comparable to bulk materials. The diffusion process performed at 80-90% 

of the melting range of the material calculated in Kelvin, and is always accompanied 

by deformation [122,123]. Considering the strength and efficiency of the component, 

metal sheets of 0.2 to 0.5 mm thickness are often used in the LOM process. Fig. 

1.11 shows a reactor prepared by IMVT for methanation of CO/CO2 mixtures [124]. 

The reactor body is produced by the diffusion bonding of thin metal sheets. 

Although the walls between the different compartments are very thin, it still has 

high mechanical strength [125]. 

 

Figure 1.11. Reactor manufactured for methanation of CO/CO2 mixtures [124]. 

1.2.2.2 Binder jetting (BJ) 

Binder jetting is a powder bed–based fabrication process developed at the 

Massachusetts Institute of Technology (MIT) in the early 1990s [126]. Nowadays, 

BJ has successfully processed a variety of materials, including polymers, metals and 

ceramics [127]. Due to the advantages of high densities metallic components similar 

to LB-PBF and ability to produce components without support structure with a 

relatively high build speed than LB-PBF, BJ attaching more attention [128]. The 

print speed of a printer with a 100-nozzle print head is approximately 200 cm3 

/min.Fig. 1.12 shows the general principle binder jetting process. The CAD model is 
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sliced to sheets with a certain thickness. For each layer, a layer of powder is spread 

by parallel deposit/powder bed or hopper recoater [129], then the ink print head 

deposits liquid droplets on the powder bed to create 2D slices. When one layer is 

printed, the powder bed is lowered by a predefined height, and new powder is 

deposited by a roller or wiper for the printing of the next layer. After the printing 

process, the excess powder on the printed part is removed, e.g., by compressed air  

gas. Then the printed part is moved into heat treatment equipment for de-binding 

and sintering. According to the sintering temperature, totally dense or porous 316 

stainless steel components could be achieved [17]. However, permeable-dense 

composites are difficult to be made this way. Generally, due to the lack of 

compaction force during the printing process, the powder bulk density of the green 

part is low [130]. Therefore, obtaining high-density parts is challenging and means 

that the parts will shrink greatly during the post-sintering process. Therefore, 

developing printing and post-processing methods that maximize part performance 

remains a challenge [127]. The shrinkage during post-sintering must be considered 

in part design.   

    

 

Figure 1.12. Schematic of binder jetting process [17]. 

 

1.2.2.3 Selective laser sintering and melting (SLS/SLM)  

SLS/SLM and BJ are applicable to powder-based material systems. Typically, 

nozzles are used in BJ for binder spraying to bind the powder in a solid part. In SLS, 

a laser beam is used to heat and fuse the powder. The laser power ranges from 7 W 

(for plastic) to 200 W [131,132]. SLM is similar to SLS. In the SLM process, the 

powder is melted to form a part rather than sintered. Therefore, the laser beam 

power is usually higher than SLS (approximately 400 W) [133]. The high precision 
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and surface quality of SLS and SLM make them widely used in many areas e.g., 

dental implants. However the printing process is relatively slow (5-20 cm3/h) and 

the non-uniform thermal field distribution may cause the deformation and cracks on 

the components [134,135]. 

As shown in fig. 1.13, similar with binder jetting, the CAD model in the SLS/SLM 

process is sliced with predefined thickness. The 2D slices are created by local 

melting of powder particles with the laser beam rather than by fixing powder 

particles with liquid binder droplets. After each layer is printed, the powder bed 

controlled by an elevator is lowered by a certain height, then new powder is 

deposited by a roller or wiper for the printing of the next layer [48]. During the 

printing process, the chamber of the SLS/SLM machine is filled with inert gas 

(argon or nitrogen) to prevent oxidation. 

According to the raw material, SLS can be further classified into direct selective 

laser sintering and indirect laser sintering process. In indirect laser sintering process, 

the metal powder is immersed in a photopolymer resin to coat polymer binder on the 

surface of the metal particles. Then the laser beam sinters the polymer binder to 

create the component. After the printing process, a thermal treatment is required to 

reduce the porosity and increase the strength. In direct selective laser sintering, there 

is no polymer binder. The metal powder is sintered directly by a high-power laser 

beam [136,137]. In direct SLS, the porosity of a printed part is highly related to the 

hatch distance, local powder bed temperature, layer thickness and laser power. The 

laser energy density and porosity are inversely proportional [138]. The volumetric 

laser energy density is defined as:  

𝐸𝑣 =
𝑃

𝑉𝑠 ∙ ℎ𝑑 ∙ 𝑆
 

(1) 

Where 𝐸𝑣 is volumetric energy density, 𝑃 is the laser power, 𝑉𝑠 is the scan speed, 

ℎ𝑑 is the hatch distance, and 𝑆 is the layer thickness [12]. Low laser power, high 

scan speed, high hatching distance and layer thickness lead to partial melting of the 

metal powder and cause porosity of the printed part. The volumetric energy density 

is a combined value to predict the porosity in direct SLS/SLM [14].  
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Figure 1.13. Schematic of the SLS/SLM process [139]. 

 

1.2.2.4 Direct energy deposition (DED) 

Direct energy deposition (DED) is also known as laser metal deposition (LMD), 

laser engineered net shaping (LENS) or laser cladding [140–145]. Different from BJ, 

SLS and SLM, there is no powder bed in the DED processes. According to the 

material fed, DED could be classified into powder feeding and wire feeding types 

[146,147]. Fig. 1.14 shows the schematic of laser metal deposition. The powder 

supplied by a powder feeding nozzle is fully melted by the laser beam. The 

completely dense printed part is printed without any post treatment. Based on this 

working principle, LMD can build a material layer directly on the surface of a 3D 

component along an arbitrary trajectory [148]. Therefore, LMD can be used for 

applications of repair and wear/corrosion protection [149].  

The melting process of wire type DED systems is contributed either by a laser beam, 

an arc, or an electron beam [150,151]. The building speed of wire type DED 

machines is significantly higher than for powder type DED systems. The maximum 

building speed of a powder type DED process is around 70 cm3/h, while the 

maximum building speed of a wire type DED process is around 2500 cm3/h 

[135,152]. More information on the comparison of metal additive manufacturing 

methods are provided in table. 1.3. 

 

Figure 1.14. Schematic of powder-based laser metal deposition [153]. 
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Table. 1.3 Comparisons of different metal additive manufacturing methods [102] 

Process SLM SLS DED 

(powder) 
DED (wire) 

Additive 

materials Powder Wire 

Layer 

thickness 

(µm) 
20–100 75 200 N/A 

Deposition 

rate (g/min) N/A ∼0.1 10 Up to 330 

Dimensional 

accuracy 

(mm) 
±0.04 ±0.05 ±0.13 Low 

Surface 

roughness 

(µm) 
9–10 14–16 ∼20 High 

Ref. [154,155] [156] [157] [158] 

1.2.3 Microstructured reactors and other process units 

Micro process engineering is one of many micro techniques that apply the 

fundamentals and knowledge of physics/reaction engineering to the implementation 

of processes/chemical reactions in structures with a lateral size of 50 to 2000 µm. 

Micro reactors are structured in the micrometer range inside while the external 

dimensions can reach meters [159,160]. This characteristic setup generally leads to 

large specific wall area and short distance for transport from the bulk fluid to the 

wall and therefore good heat and mass transfer. As a new tool for process 

engineering, micro process engineering increases process reliability, reduces 

environmental impact, and lowers raw material and energy requirements [161–165]. 

From an industrial perspective, micro process engineering allows more flexible 

production and can reduce the time-to-market [166,167].  

According to the fabrication methods of components/products for micro process 

engineering shown in table 1.4, the manufacturing process can be divided into steps 

including subtractive or additive forming, joining, and hybrid processes. Compared 

to the manufacturing of conventional size devices, micro-manufacturing faces the 

following challenges [168,169].   

Factors negligible in conventional machining: factors such as vibration, tool-offset, 

temperature control, rigidity of the tools and chip removal that are negligible in 
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conventional machining become important in micro-manufacturing due to the 

requirements for high precision [170]. 

Table. 1.4 Typical methods/processes in micro-manufacturing [168] 

Subtractive 

processes 

Micro-Mechanical Cutting (milling, 

turning, grinding, polishing, etc.); 

Micro-EDM; Micro-ECM; Laser Beam 

Machining; Electro Beam Machining; 

Photo-chemical-machining; etc. 

Additive 

processes 

Surface coating (CVD, PVD); Direct 

writing (inkjet, laser-guided); Micro-

casting; Micro-injection molding; 

Sintering; Photo-electro-forming; 

Chemical deposition; Polymer 

deposition; Stereolithography; etc. 

Deforming 

processes 

Micro-forming (stamping, extrusion, 

forging, bending, deep drawing, 

incremental forming, superplastic 

forming, hydro-forming, etc.); Hot 

embossing; Micro/Nano-imprinting; 

etc. 

Joining 

processes 

Micro-Mechanical-Assembly; Laser-

welding; Resistance, Laser, Vacuum 

Soldering; Bonding; Gluing; etc. 

Hybrid 

processes 

Micro-Laser-ECM; LIGA and LIGA 

combined with Laser-machining; 

Micro-EDM and Laser assembly; 

Shape Deposition and Laser machining; 

Laser-assisted-micro-forming; Micro 

assembly injection molding; Combined 

micro-machining and casting; etc. 

Volume production and automation: Another problem in micro-manufacturing is 

process automation. Many time-consuming processes such as material loading and 

unloading, tool positioning and aligning are manually configured [170].  
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Tooling dimension: milling and drilling tools down to 25-50 µm are commercially 

available today. However, for such small dimensions the aspect ratio is limited to 5-

10 as deeper plunging and drilling usually will destroy the tool. This feature limits 

the application of such structures in aerospace and automotive industries [171–173].  

Nowadays, additive manufacturing is attracting increasing interest also in micro-

manufacturing. Compared to conventional methods, additive manufacturing enables 

high aspect ratios and is suitable for volume production. Moreover, due to the layer-

by-layer working principle, components with complex structures could be fabricated 

easily [174–176]. As shown in fig. 1.15, Arenas et al. presented an additively 

manufactured porous electrode. The electrode was printed by a LB-PBF equipment, 

then a nickel layer was coated on the electrode surface by electrodeposition. 

Compared toh planar electrodes, the additively manufactured porous electrode has a 

larger surface area [177]. This electrode was printed following the GDLSP concept. 

However, electrodes printed according to the GUP approach may have even larger 

surface area [178].   

 

Figure 1.15. (a) additively manufactured stainless steel porous electrode after nickel 

coating; (b) Side view of the electrode; (c) micrograph of the pore structure; (d) 

nickel EDS mapping of the electrode [177].  

 

Wei et al. presented a novel additively manufactured reactor named self-catalytic 

reactor (SCR). As shown in fig. 1.16, three kinds of SCRs (Fe-SCR, Co-SCR, and 

Ni-SCR) were designed and manufactured for Fischer-Tropsch synthesis, CO2 



1. Introduction  

22 

 

hydrogenation and CO2 reforming of CH4 [179]. To increase the surface area of the 

SCR, internal channels and semispherical bulges were designed. The Fe-SCR 

successfully catalyzed the synthesis of liquid fuels according to the Fischer-Tropsch 

route. Note that an SCR fabricated from the same material by conventional 

(subtractive) manufacturing did not show any catalytic activity for Fischer-Tropsch 

synthesis. One possible reason is the low active surface area. This would imply that 

an SCR fabricated according to the GUP approach may be more efficient due to the 

higher surface area. However, it should be noted that in conventional catalysts for 

Fischer-Tropsch synthesis, the active metal, i.e., Fe, Co or Ru, is present in the form 

of nanoparticles usually smaller than 20 nm on a porous support with sufficiently 

large surface area, e.g., alumina or carbon. This particle size range is not accessible 

with current methods for additive manufacturing. Therefore, the SCR is still a lab 

concept. But it is still a potential 3D printing reactor development direction to print 

catalyst and reactor at same time. Especially, a dual-metal LB-PBF printer has been 

published in 2020.     

 

Figure 1.16. 3D printed self catalytic reactors (SCR) for Fischer–Tropsch (FT) 

synthesis, CO2 hydrogenation, and dry reforming of CH4 (DRM) [179].
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1.3 Objectives of this dissertation 

Nowadays, additive manufacturing is getting more and more attention. However, 

different applications may have different requirements on the technique. In last 

decades, many research focus on producing material with high density. However, a 

defined porosity, pore size and permeability are desired in some applications e.g., 

membrane substrate, filter components.  

The objectives of this dissertation are to investigate the relation between scanning 

parameters and pore structure properties of porous materials made by LB-PBF, and 

to use this knowledge for additive manufacturing of permeable-dense composites. 

Further, exemplary applications of such composites should be developed.   

To characterize the pore structure properties, the pore size distribution of permeable 

material is measured by a bubble point test. The surface roughness is measured by a 

3D optical profilometer. The surface morphology is characterized by scanning 

electron microscopy (SEM). The permeability is measured by a flow cell system. 

Samples with different scanning parameters are prepared for the property 

characterization. The hatch distance of samples ranges from 0.1 mm to 0.15 mm, the 

laser spot size ranges from 30 µm to 60 µm, the scan strategies of permeable 

samples include scan vectors oriented in parallel and vertical to the surface. 

Considering that some applications may have a complex 3D shaped geometry, 

permeable samples with curved surface should be prepared by different scan 

strategies, including unidirectional scan vectors (USV), rotation scan vectors (RSV), 

and four direction scan vectors (FDSV). 

To investigate exemplary applications of permeable-dense composites, additively 

manufactured test modules and conventional test modules had to be prepared for 

ceramic coating. The samples surfaces before and after ceramic coating had to be 

characterized by SEM. For further applications, e.g., palladium membrane coating, 

palladium membrane substrate plates (PMS plate) and palladium membrane 

substrate tubes (PMS tubes) should be prepared for microreactors with different 

geometry.  

To investigate the additively manufactured microreactor prototype, a plate with 

microchannels had to be prepared for microstructure characterization. A 90° design 

strategy and a 45° printing strategy was proposed for microreactor design and 

printing. Microreactors with internal channels and temperature barrier modules were 
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designed and printed.  

In this dissertation: chapter 2 investigates the relation between pore structures 

properties and scanning parameters; chapter 3 studies the scan strategies of 

permeable samples with curved surface; chapter 4 investigates the exemplary 

applications of permeable-dense composites and reports the designs and printing of 

the microreactor prototype.  
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2. Additively manufactured permeable metal 

The results presented in this chapter have already been published in Xie, D., & 

Dittmeyer, R. (2021). Correlations of laser scanning parameters and porous structure 

properties of permeable materials made by laser-beam powder-bed fusion. Additive 

Manufacturing, 102261. 

 

2.1 Materials and methods 

2.1.1 System and material 

316L stainless steel powder with a size of 10-45 µm provided by LPW Technology 

Ltd (United Kingdom) and a ReaLizer SLM125 (Germany) LB-PBF machine were 

used in this study. As shown in figure 2.1, parameters including hatch distance ℎ𝑑, 

laser spot size 𝑑LS , scanning direction, etc., can be controlled in the ReaLizer 

SLM125 operating system. For all samples, the laser power was 80 W, the layer 

thickness 50 µm, the scan speed 1000 mm/s (laser point distance: 40 µm, exposure 

time: 40 µs). In the conventional approach, the laser will first scan the outer line of 

each layer, which is the external boundary shown in figure 2.1. In this study, in 

order to prepare permeable materials and to investigate the influence of different 

parameters on the material properties, all samples were made without external 

boundary scanning. To make it easier for discussion, as shown in Fig. 2.1, all 

micrographs were taken from the front surface of the respective specimen. 

 

Figure 2.1. Basic scanning parameters. Coordinates refer to the printer’s coordinate 

system. Figure reproduced from Ref. [180]. 
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2.1.2 Determination of porosity and pore size distribution 

The porosity was calculated following Eqs. (1). 

𝜀 = (1 −
𝑚s,por ∙ 𝜌met

−1

𝐴por ∙ 𝑠s,por
) × 100% 

with 

 

(1a) 

 

𝑚s,por = 𝑚s,tot − 𝑚s,den (1b) 

Where 𝑚s,por is the mass of the permeable part only, as calculated by Eq. (1b) with  

𝑚s,tot being the total mass measured for each individual test sample (via precision 

balance, ±1 mg) and 𝑚s,den = 2.565 g  is the mass of the dense part only, 

determined from a reference sample printed without the permeable part. The dense 

part of the test samples was smoothened by laser treatment (TruCell 3010 Trumpf) 

for better sealing (see Fig. 2.2). In order to avoid the influence of laser smoothing on 

weight, all test samples were weighed before laser smoothing. The thickness of the 

permeable part 𝑠s,por = 890 µm  was measured via a 3D optical profilometer 

(Sensofar S-neox, resolution: 0.31 µm). Its area 𝐴s,por  was defined by the 

dimensions given in the CAD model (𝑙por,𝑦 × 𝑙por,𝑧: 22 mm × 10 mm). The density 

𝜌met is the bulk density of the metal (316L stainless steel, 8 g cm-3 [181]). 

The pore size distribution of the permeable samples was measured by capillary flow 

porometry with a Porometer 3G. Disk-shaped samples of 25 mm diameter and 1 

mm thickness fabricated with different parameters were investigated. In this method, 

the sample is first immersed in a dedicated measuring liquid characterized by good 

wetting ability, low surface tension, and low vapour pressure (i.e. POROFIL 

Quantachrome for the 316L samples investigated in this study) for 10 minutes to fill 

all pores of the sample completely. Then the sample is placed in the porometer, and 

the air is gradually pressurized to displace the liquid from the pores starting from the 

largest to the smallest pores present in the sample. This results in a gas pressure vs. 

flow curve (wet curve). Subsequently, the gas pressure is gradually decreased to 

determine the corresponding gas pressure vs. flow curve of the dry sample (dry 

curve).  Per sample 256 data points of pressure ∆𝑝𝑛  and corresponding gas flow 

�̇�𝑛 were acquired for both, wet and dry curve. According to the Washburn formula, 

different pressures correspond to different pore sizes as shown in Eq. (2) [182]: 
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∆𝑝 ∙ 𝑟pore = 2𝛾f cos 𝜃f (2) 

Where ∆𝑝 is the pressure difference over the sample, 𝑟pore is the radius of the pore, 

𝛾f is surface tension of the fluid, 𝜃f is the contact angle between the fluid and the 

solid surface (for gases penetrating a pore (𝜃f = 0°), Eq. (2) reduces to Δ𝑝 ∙ 𝑟pore =

2𝛾f). From the measured data �̇�𝑛,wet(∆𝑝𝑛) resp. �̇�𝑛,dry(∆𝑝𝑛) for the 256 data points, 

a flow-based pore size distribution 𝑣diff(𝑟pore = 𝑓(∆𝑝)) can be deduced from the 

cumulative flow values at distinct (n) pressure values according to Eqs. (2), (3), and 

(4) [183]. 

𝑣cum,𝑛 =
�̇�𝑛,wet(∆𝑝𝑛)

�̇�𝑛,dry(∆𝑝𝑛)
;      𝑛

= 1 … 256 

(3) 

𝑣diff,𝑛 =
(𝑣cum)𝑛+1 − (𝑣cum)𝑛−1

2
;       𝑛 = 1 … 255 (4) 

Note that n refers to a distinct pressure difference at which all pores of the size 

defined by Eq. (2) (or larger) will be opened for the gas flow when starting from a 

liquid-filled state. Note also that this method always detects the narrowest cross-

section of a through pore and reflects a flow-based pore size distribution rather than 

a volume or number-based pore size distribution. 

For determination of the porosity and for permeation tests (chapter 2.2.2 and 2.2.3) 

permeable-dense composite test samples with a dense frame surrounding the 

permeable part were printed. For measurement of the pore size distribution, disk-

shaped completely permeable test samples were used – exemplary photographs and 

dimensions are shown in Fig. 2.2.  
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Figure 2.2. (a) Dense frame for porosity measurements; (b) Permeable-dense 

composite sample for permeability and porosity measurements; (c) Disk-shaped 

permeable sample for pore size distribution measurements; (d) Schematic of 

Permeable-dense composite sample; (e) Schematic of disk-shaped permeable sample 

for pore size distribution. Figure reproduced from Ref. [180]. 

 

2.1.3 Determination of permeability 

The permeability was tested using a flow cell system by measuring the pressure loss 

at variable flow rates of water permeating through the test sample (see Fig. 2.3). The 

dense part was first smoothed by laser treatment (see Fig. 2.2), then sealing via the 

dense part of the test sample was achieved using polymer O-rings. The pressure was 

measured using a Baumer PBSN pressure sensor (range from 0 to 2.5 bar absolute, 

standard error of measurement: ± 0.03% FSP). The water flow rate was controlled 

by a Verdergear VG 1000 basic gear pump. The flow rate was varied from 30 % to 

80 % of the maximum rating of 4000 rpm with 10 % intervals and precisely 

determined for each setting by measuring the amount of water (balance) permeating 

over 2 minutes. At the beginning of each permeation test, the flow cell system was 

run for 30 minutes to guarantee stable conditions (sample completely wetted, 

constant flow rate and pressure loss). During the measurement procedure, the 

system was allowed to equilibrate for at least 5 minutes after setting a higher flux 

before measuring the corresponding pressure loss. Based on the amount of water 

permeating within 120 seconds, the superficial velocity was calculated based on Eq. 

(5) with 𝜌H2O = 998 kg m−3 and 𝐴s,por = 2.2 cm2 (see also section 2.2.2). 
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𝑢sf =  
𝑚H2O

∆𝑡
∙ 𝜌H2O

−1 ∙ 𝐴s,por
−1  

(5) 

A linear dependency of the pressure drop on the superficial velocity of a fluid 

permeating a porous medium can be described by Darcy's law:  

∆𝑝 = 𝑢sf ∙  
𝜇 ∙ 𝑠

𝐾
 (6) 

Where 𝐾 is the permeability of the porous medium (in m²), ∆𝑝 is the pressure loss 

from inlet to outlet (in Pa, absolute numbers), 𝜇 is the dynamic viscosity of the fluid 

(here: water 20 °C, 1.01 mPa ∙ s) and s is the thickness of the porous medium (here: 

s equals the thickness of the porous part ss,por = 890 µm). 

 

Figure 2.3. Flow cell system for permeability measurements. Figure reproduced 

from Ref. [180]. 

 

2.1.4 Sand blasting  

Sand blasting was used to remove the powder sintered on the samples’ surface to see 

the pore structure below. The system pressure during sand blasting was 2.5 bar, and 

a F150 corundum grit was used. 

 

2.1.5 Morphology 

The surface roughness (arithmetic mean height of the surface: Sa) was investigated 

by a 3D optical profiler (S-neox, Sensofar with ISO 25178), and the surface 
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morphology was studied by scanning electron microscopy (SEM, JSM 6300, Jeol 

with a 10 kV beam). 3D structure characterization was done by µ-CT measurements 

(ZEISS, Xradia 520 Versa) at the Institute of Mechanical Process Engineering and 

Mechanics (MVM) of the Karlsruhe Institute of Technology (KIT). 

 

2.2 Scan strategy 

The relation between different scan strategies and the resulting surface morphology 

is discussed in this section. Fig. 2.4 shows the schematic of rotation scan vectors. 

The direction of the scan vectors rotates layer by layer.  

2.2.1 Scan vector rotation 

 

Figure 2.4. Schematic of rotation scan vectors. Coordinates refer to the printer’s 

coordinate system. 

 

Fig. 2.5 shows micrographs of samples produced by different rotation scan vectors 

(12°, 20°, 30°). There, many porous lines can be seen on the surface of the samples. 

With increasing rotation angle, the distance between the porous lines is decreasing. 

Note that for 12° rotation of the scan vectors per layer, they will return to the initial 

orientation after 30 layers. This means every 15 layers the scan vectors will be 

parallel or vertical to the surface. Due to the layer thickness of 50 µm, every 700 µm 

the scan vectors will be parallel or vertical to the surface. Many melting pools can 

be seen near the porous lines. As shown in fig. 2.9, these melting pools often appear 

when the scan vectors are parallel to the surface. Therefore, the porous lines are 

caused by the direction of the scan vectors. The area above the porous line is 

composed of the initial points of the scan vectors, the area below is composed of the 

terminal points. The position of the initial and terminal points do not match perfectly, 

which leads to the formation of a porous line. For 20° rotation per layer, every 450 
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µm the scan vectors will be parallel to the surface. As shown in fig. 2.5 (b), the 

distance between two porous lines is 450 µm in this case. 

 
  

 

Figure 2.5. SEM micrographs of the front surface for different rotation of the scan 

vectors per layer: (a) Scan vectors rotate 12° each layer; (b) Scan vectors rotate 20° 

each layer; (c) Scan vectors rotate 30° each layer. 

2.2.2 Scan vectors shift position between individual layers 

Fig. 2.6 (a) shows the schematic of scan vectors shifting position between individual 

layers. Every two layers the scan vectors will come back to the initial position. As 

opposed to this, Fig. 2.6 (b) shows the case where the scan vectors in different layers 

always keep the same position.  

 

Figure 2.6. (a) Schematic of scan vectors shifting position between individual layers; 

(b) schematic of scan vectors always keeping the same position between individual 

layers.  

 

Fig. 2.7. (a) shows micrographs of samples produced by scan vectors shifting 

position among alternating layers. Since the aim of this thesis is to produce 
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permeable materials with pore sizes well below 100 µm, pores larger than 100 µm 

are defined as defects.  Many defects can be seen on the surface shown in Fig. 2.7 

(a). One possible reason is that continuous printing is interrupted by the position 

shift. Compared to Fig. 2.7 (a), the sample produced by maintaining the position of 

the scan vectors in each layer shows better surface quality as can be seen in Fig. 2.7. 

(b). “Step structures” are visible on the surface. As shown in Fig. 2.6. (b), the front 

surface is composed of initial and terminal points of the individual tracks. There are 

two reasons which may cause these step structures. First, lack of powder may cause 

the position of a terminal point to differ from that of the corresponding initial point. 

Second, the printing program also may be responsible for the position of an initial 

point not perfectly matching the terminal point position.     

 

Figure 2.7. SEM micrographs of the front surface with and without shifting of the 

scan vectors in alternating layers: (a) Scan vectors shifting position between 

alternating layers; (b) Scan vectors keep the same position for all layers.    

 

2.2.3 Unidirectional scan vectors in different direction 

Fig. 2.8 shows the schematic of unidirectional scan vectors. As shown in Fig. 2.8 (a), 

the front surface of a sample printed with unidirectional scan vectors in X direction 

is composed of the initial points of the scan vectors. As shown in Fig. 2.8 (b), the 

front surface of a sample printed with unidirectional scan vectors in Y direction is 

composed of the side faces of the scan vectors.  

 

Figure 2.8. (a) Schematic of unidirectional scan vectors in X direction; (b) 
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Schematic of unidirectional scan vectors in Y direction. 

 

When the scan vectors are parallel to the surface, as shown in Fig. 2.9 (a), melting 

pools can be seen on the surface. There are two kinds of pores in the additively 

manufactured permeable material. The first one, as shown in Fig. 2.9 (a), is pores 

within laser tracks. The second one, as shown in Fig. 2.9 (b), is pores between laser 

tracks. Comparing Figs. 2.9 (a) and (b), the pores within laser tracks have a larger 

size, and the formation of pores within laser tracks is random.    

 

Figure 2.9. (a) Front surface of a sample produced by unidirectional scan vectors in 

Y direction with 50 µm laser spot diameter; (b) The front surface of a sample 

produced by unidirectional scan vectors in X direction with 50 µm laser spot 

diameter. 

 

Fig. 2.10. shows the µ-CT scan results of the sample printed with unidirectional 

scan vectors with 50 µm laser spot diameter. The through-pores visible in outlines in 

the top and front views have a small pore size and a direction parallel to the laser 

tracks. The porosity is mainly contributed by voids in the material which are 

randomly distributed along these through pores. The cross-sectional images indicate 

that parts of the laser tracks sintered with each other. Defects on the side face of the 

scan vectors can be seen in the left view which look similar to defects in Fig. 2.11. 

(a). In fact, defects found at the faces formed by the terminal points of the laser 

tracks and defects found on the side faces of the samples originate from the same 

process. Basically, the reason is lack of powder locally when placing two parallel 

laser tracks close to each other [184]. 
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Figure 2.10. µ-CT scan model of a sample printed with unidirectional scan vectors 

with 50 µm laser spot diameter. Note that the front of the sample produced by 

unidirectional scan vectors in X direction shown in Fig. 2.9 (b) is the same face as 

the left (or right) side of sample produced by unidirectional scan vectors in Y 

direction shown in Fig. 2.9 (a). 

 

Fig. 2.11 shows again samples printed by unidirectional scan vectors, but this time 

with 30 µm laser spot size instead of 50 µm as in Fig. 2.11. Although the laser 

power was the same, the surfaces of the two types of samples are different. Fig. 2.11 

(a) shows a surface with less powder sintered on, Fig. 2.11 (b) shows a surface 

without pores. In fact, the pores in Fig. 2.11 (a) are defects caused by not fully 

melted powder in single tracks. Therefore, the pore size and pore distribution of the 

permeable material made by unidirectional scan vectors in Y direction are quite 

random. Note that the laser power of the samples in Fig. 2.11 is the same as for the 

samples in Fig. 2.11. Better single track quality with smaller laser spot size 

apparently caused the pores to disappear. 

 

Figure 11(a) Front surface of a sample produced by unidirectional scan vectors in X 

direction with 30 µm laser spot diameter; (b) Front surface of a sample produced by 
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unidirectional scan vectors in Y direction with 30 µm laser spot diameter. 

 

Fig. 2.12 shows front and back surfaces of samples produced again by unidirectional 

scan vectors. With the same hatch distance, the back surface often has more defects 

than the front surface. As shown in Fig. 2.10. (a), the front surfaces are composed of 

the initial points of the scan vectors, and the back surfaces are composed of the 

terminal points of the scan vectors. During printing, the powder will shrink with 

laser scanning. Therefore, at the end of a track, there is less powder compared to the 

onset of the track. The lack of powder makes the back surface have larger size pore 

structures. With increasing hatch distance, e.g., 0.2 mm instead of 0.1 mm, the 

terminal points have more powder left around. Therefore, as shown in Fig. 2.12 

(b)(d)(f), with increasing hatch distance there are fewer defects on the back surface.  

 

Figure 12 (a) Front surface of hatch distance 0.1 mm specimen; (b) Back surface of 

hatch distance 0.1 mm specimen; (c) Front surface of hatch distance 0.15 mm 

specimen; (d) Back surface of hatch distance 0.15 mm specimen; (e) Front surface 

of hatch distance 0.2 mm specimen; (f) Back surface of hatch distance 0.2 mm 

specimen.
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2.3 Laser parameter 

2.3.1 Laser spot size 

As discussed in section 2.3, the front surface of a sample printed by unidirectional 

scan vectors shows best surface quality. If not otherwise stated all samples in section 

2.4 were printed by unidirectional scan vectors. Moreover, the hatch distance of all 

samples described in section 2.4.1 was 0.1 mm.  

The laser spot size of the sample shown in Fig. 2.13 is 50 µm. As shown in Fig. 2.8, 

the front surface of the sample is composed of the initial points of the individual 

tracks. Fig. 2.13 (b) shows the front surface of the sample after sand blasting 

treatment. Pores distribute between tracks, and sand from sand blasting can also be 

seen on the surface. Comparing Fig. 2.13 (a) and Fig. 2.13 (b), many pores in Fig. 

2.13 (a) were covered by surface balling particles. 

 

Figure 2.13. (a) T-50 before sand blasting; (b) T-50 after sand blasting  

 

Fig. 2.14 shows the surface structure of samples produced with different laser spot 

size (30 µm, 40 µm, 50 µm, 60 µm). The corresponding samples are named T-30, T-

40, T-50, and T-60, respectively. Fig. 2.14 (a) shows that there are many defects and 

gaps present on the front surface of T-30. Fig. 2.14 (b) shows that the powder 

attached on the surface covers the defects and gaps between the tracks on the front 

surface of T-40. Figs. 2.14 (c) and (d) show that powder attached on the surface is 

more obvious on the front surfaces of T-50 and T-60. 

When the laser spot size is 30 µm, laser energy is more concentrated. Powder 

consolidation causes a lot of defects on the surface of the sample, and gaps between 

adjacent tracks are more obvious [184]. As the laser spot size increases, laser energy 

gets increasingly dispersed, and so the powder attached on the surface causes 

defects to be covered and to disappear [185]. 
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Figure 2.14. (a) Front surface of sample printed by laser spot size 30 µm; (b) Front 

surface of sample printed by laser spot size 40 µm; (c) Front surface of sample 

printed by laser spot size 50 µm; (d) Front surface of sample printed by laser spot 

size 60 µm. 

 

Fig. 2.15 (a) shows the pressure drop during permeation tests on samples obtained 

with different laser spot size. The linear relation between pressure drop and 

superficial velocity again confirms the applicability of Darcy’s law. The 

permeability of T-30 is 7.52 times higher than that of T-60. Fig. 2.15 (b) displays 

the pore size distribution of samples with different laser spot size. The pore size 

range of T-30 is from 7.2 to 120.3 µm whereas the pore size of T-60 ranges from 2.8 

to 17.1 µm.  

Fig. 2.15 illustrates that as the laser spot size increases, the permeability and pore 

size of the samples decrease. However, the data in Table 2.1 shows that the porosity 

of each sample is almost the same. One possible reason is powder attached on the 

surface covering the defects and impeding the liquid flow as discussed in the context 

of Fig. 2.13. The independence of pore size and permeability on porosity is a special 

feature of additively manufactured permeable materials.   
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Figure. 2.15. (a) Permeation testing of samples produced with different laser spot 

size; (b) Pore size distribution of samples with different laser spot size. 

 

When the laser spot size is 30 µm or 40 µm, the laser energy is more concentrated. 

There is less powder attached on the surface. Therefore, the roughness increases 

with increasing laser spot size. Usually, roughness will also increase with larger 

hatch distance but the principle is different.  

Table. 2.1. Roughness, porosity, permeability and calculated permeability of 

samples with different laser spot size 

Laser spot size 30 µm 40 µm 50 µm 60 µm 

Roughness (µm) 19.66±0.99 19.04±0.41 20.37±0.72 24.01±0.62 

Porosity 21 % 15 % 17 % 16 % 

Permeability (m2) 1.58±0.11E-12 8.4±0.23E-13 4.81±0.14E-13 2.1±0.07E-13 

 

A larger hatch distance will generate higher porosity which comes along with higher 
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roughness. Increasing the laser spot size will cause more powder attached on the 

surface and this way increase the roughness. With different laser spot size, there 

should be more or less particle sintering on the surface. 

Figure 2.16 shows a micrograph of the front surface of a sample produced by 

unidirectional scan vectors with alternately opposite direction, which is named T-A. 

As shown in Fig. 2.9, the front surface is combined by initial and terminal points of 

individual tracks. Step structures formed by combining initial and terminal points 

can be seen in the micrograph. There are two reasons which may cause these step 

structures. First, like discussed before, lack of powder may cause the position of a 

terminal point to differ from that of the corresponding initial point. Second, the 

printing program also may be responsible for the position of an initial point not 

perfectly matching the terminal point position. 

 

Figure. 2.16. SEM micrograph of the front surface of a sample produced by 

unidirectional scan vectors arranged alternately opposite. 

 

Fig. 2.17 (a) shows the pressure drop and superficial velocity of samples T-50 and 

T-A. The linear relation between pressure drop and superficial velocity confirms the 

applicability of Darcy’s law. The permeability of the sample produced with an 

alternately opposite laser path is 1.81 times higher than for the sample with one 

direction laser path. Fig. 2.17 (b) is the pore size distribution of T-50 and T-A. The 

pore sizes of T-50 range from 2.6 µm to 13.7 µm, while T-A shows a broader range 

from 4.2 µm to 75.2 µm. As discussed above, balling particles cover the pores on 

the surface of sample T-50. As shown in Fig. 2.16 the pores on the surface of 

sample T-A cannot be fully covered due to the “step structure”. Hence the pore 

narrowing effect is largely absent. This could be one reason why sample T-A shows 
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a higher permeability and a wider pore size range. 

 

 

 

Figure. 2.17. (a)Pressure drop during permeation testing of T-A and T-50; Fig. 2.17 

(b) Pore size distribution of T-A and T-50 

Table. 2.2 shows that different scanning paths didn’t cause a drastic change in 

porosity. However, the roughness of T-A is 1.52 times higher than that of T-50. As 

discussed, the reasons could be the effect of powder attached on the surface and the 

staircase structure.   
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Table. 2.2. Roughness and porosity of samples made by unidirectional scan vectors 

arranged alternately opposite and unidirectional scan vectors arranged in the same 

direction. 

Scanning strategy 
unidirectional scan 

vectors 

unidirectional scan 

vectors arranged 

alternately opposite 

Roughness (µm) 20.37±0.72 30.88±0.73 

Porosity 17 % 18 % 

Permeability (m2) 4.81±0.14E-13 8.32±0.16E-13 

 

2.3.2 Hatch distance 

In order to make it easier to discuss the effects of the hatch distance, the laser spot 

size of all samples in section 2.4.2 was fixed to 50 µm. Fig. 2.18 shows micrographs 

of samples with different hatch distance (0.1mm, 0.11mm, 0.12mm, 0.13mm, 

0.14mm, 0.15mm). The corresponding samples are named T-10, T-11, T-12, T-13, 

T-14, and T-15. With an increase of the hatch distance, the gaps between the tracks 

in Figs. 2.18 (d), (e), and (f) are more obvious than in Figs. 2.18 (a), (b), and (c). 

Powder attached on the surface is observed in all figures. However, due to the small 

gap width, powder attached on the surface is more effective in covering the gaps and 

generating smaller pores on the surface in case of Figs. 2.18 (a), (b), and (c). 

Whereas in Figs. 2.18 (e), (f) and (g), the effect of powder attached on the surface is 

not so obvious.   
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Figure 2.18. (a)(b)(c)(d)(e)(f) Front surface of sample printed by hatch distance 0.1 

mm, 0.11mm, 0.12mm, 0.13mm, 0.14mm, 0.15mm;  

Fig. 2.19 (a) shows the pressure drop during permeation testing on samples with 

different hatch distance. The linear relation between pressure drop and superficial 

velocity once more complies with Darcy’s law. The permeability of T-14 (hatch 

distance: 0.14 mm) is 10.4 times higher than that of T-10 (hatch distance: 0.1 mm). 

Sample T-15 is not included because the pressure drop was too low to be measured 

accurately with the present setup. Fig. 2.19 (b) shows the pore size distribution of 

samples with different laser spot size. The pore size range of T-14 is from 32.4 µm 

to 84 µm. The pore size range of T-10 is from 2.5 µm to 13.7 µm. With an increase 

of the hatch distance, permeability and pore size of the samples are gradually 

increased as shown in Figs. 2.19 (a) and (b). Comparison to the analysis reported in 

sections 2.4.1 and 2.4.2 yields that increasing the hatch distance is the most effective 

way to increase the permeability and the pore size. The factor by which the 

permeability is increased when increasing the hatch distance stepwise from 0.1 mm 

to 0.14 mm is: 1.23, 1.30, 2.63, 2.44. For a hatch distance higher than 0.13 mm, the 

rate of increase of the permeability accelerates significantly. According to the above 
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analysis, an increase of the hatch distance weakens the effect of powder attached on 

the surface. 

 

Figure. 2.19. (a) Permeability of samples printed by different hatch distance; (b) 

Pore size distribution of samples printed by different hatch distance. 

 

Table 2.3 shows the roughness, porosity, permeability and pore to throat size ratio of 

samples obtained with different hatch distance. From this table it is clear that with 

increasing hatch distance, roughness, porosity, and permeability all increase. The 

permeability and pore size distribution of samples with hatch distances of 0.1 mm, 

0.11 mm, and 0.12 mm are closer to each other than for the other samples. As 

discussed, balling covering the defects on the surface could be the reason. 
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Table 2.3. Roughness, porosity and permeability of samples with different hatch 

distance. 

Hatch distance 0.1 mm 0.11 mm 0.12 mm 0.13 mm 0.14 mm 

Roughness 

(µm) 
20.58 22.53 23.96 26.28 28.61 

Porosity 17 % 15 % 19 % 24 % 26 % 

Permeability 

(m2) 
4.63E-13 5.95E-13 7.88E-13 2.25E-12 5.29E-12 

2.4 Permeable-dense composite 

By controlling the hatch distance, the porosity and pore size of the material can be 

changed in a wider range. As shown in Figure 2.20 (a) a KIT logo was fabricated by 

controlling the scanning direction and the hatch distance. The triangle in the logo is 

made up by a large pore size material, while the other letters in the logo are formed 

by small pore size material. The remaining part of the logo is composed of dense 

material. Fig. 2.20 (b) shows a QR code of IMVT website. The QR code is printed 

by permeable material and the remaining part of QR code is composed of dense 

material.  

 

Figure 2.20. (a) additively manufactured KIT logo; (b) additively manufactured QR 

code  

 

Fig. 2.21 shows the schematic of permeable material with different pore size on 

different surfaces. The permeable material is printed by two kinds of scan vectors. 

The front surface is composed of scan vectors with larger hatch distance. The back 

surface is composed of scan vectors with smaller hatch distance.  
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Figure 2.21. Schematic of a permeable material with different pore size on different 

surfaces. 

The hatch distance of the scan vectors at the front surface is 0.13mm, and it is 

0.09mm on the back surface. As shown in Fig. 2.22 (a) and (b), the front surface has 

larger pores than the back surface. Both surfaces are composed of initial points of 

scan vectors. Therefore, there is no defects on these surfaces caused by a lack of 

powder. Fig. 2.22 (c) shows the cross section of permeable material with different 

pore size surface. The difference between the two surfaces can be seen clearly. 

There is a gap between the two surfaces. The lack of powder at the terminal points 

of the vectors is one reason of the formation of this gap. Another reason is that the 

position of the terminal points of the two surfaces did not match perfectly.  

 

Figure 2.22. Surfaces of a sample printed with different hatch distance. (a)  Front 

surface printed with 0.13 mm hatch distance; (b) Back surface printed with 0.09 mm 

hatch distance; (c) Cross section of the sample. 
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2.5 Summary and Conclusion 

The effect of scan strategies including rotation, position shifting, and unidirectional 

orientation of the scan vectors on the surface morphology of permeable materials are 

described and analysed in this chapter. Two kinds of pores in additively 

manufactured permeable materials are discussed. The pores within laser tracks are 

unstable and sensitive to the laser parameters. The pores between the tracks are 

easier to control, e.g., the direction of the pores can be controlled by altering the 

scanning direction of the laser. On this basis, the effect of different scanning 

strategies and parameters on the performance of the materials was systematically 

studied. The permeability of materials with similar porosity can be changed by using 

different scanning strategies or adjusting the laser spot. The key point of this method 

is the control of the balling effect. When balling particles cover defects and pores on 

the samples’ surface, the permeability and pore size will be decreased without 

changing the porosity. If the balling particles do not cover defects or pores, the 

permeability and pore size will increase while the porosity is the same. By 

controlling the hatch distance, the porosity and pore size of the material can be 

changed in a wider range. To provide illustrative examples, a KIT logo, a QR code 

and a permeable material with different pore size on adjacent surfaces were printed 

via dense-permeable structures in a flat plate. By accurately manipulating the 

parameters for permeable and dense structures, materials with various pore structure 

and dense structure can be printed in one go through LB-PBF. Based on this study, 

many interesting applications could be expected. Concrete systems under 

development at the Institute for Micro Process Engineering include engineered 

supports for palladium composite membranes as key parts of an ultracompact 

modular membrane reactor system, internals for catalytic reactors with built-in 

product condensation and phase separation as well as structured parts in compact 

systems for distillation. 
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3. Additively manufactured permeable metal parts 

with curved surfaces 

The correlations of laser scanning parameters and porous structure properties of 

permeable materials was systematically studied in chapter 2. However, all the 

research in chapter is developed on flat surface and many applications e.g., candle 

filter requires permeable material with a curved surface. Different with flat surface, 

curved surface requires the porous structure properties is isotropic. Therefore, a 

suitable scan strategy needs to be developed. Based on this scan strategy the 

correlations of laser scanning parameters and porous structure properties of 

permeable materials on curved surface need to be studied. From the former research, 

relatively high porosity and roughness can be easily get from the high hatch distance. 

The main challenge is produce permeable curved material with relatively low 

roughness.  

 

3.1 System and material 

316L stainless steel powder (Dv (50): 31.2 µm) provided by Carpenter Technology 

Corporation (United States) and a ReaLizer SLM125 (Germany) LB-PBF machine 

were used for this study. As shown in Figure 3.1, diameter 30.2 mm, wall thickness 

2mm, height 20mm tubes were printed for scanning strategies research. 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 

by the same parameters, i.e., laser power was 80W, hatch distance 0.1mm, layer 

thickness 50 µm, laser spot size 50 µm, and scan speed 1000mm/s. With front, back, 

left, and right, four directions were marked for the study of isotropy. In order to 

avoid the influence of boundary tracks on the surfaces of the permeable materials, 

all samples were printed without outer and inner boundary scanning. 
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Figure 3.1. Scanning parameters of tubular samples. 

 

3.2 Scan strategy 

3.2.1 Permeable tubes printed by unidirectional scan vectors (USV). 

Fig. 3.2 shows the schematic of permeable tubes printed by USV. In the former 

research, discussed in chapter 2, flat samples printed by USV show the smallest 

roughness compared to other scanning strategies. However, samples with curved 

surfaces printed by USV have not yet been studied. 

 

Figure. 3.2. Schematic of permeable tubes printed by USV.  

 

As shown in Fig. 3.3 (a), a staircase structure appeared on the left surface of the 

sample. From the magnified image, the appearance of a staircase structure is highly 

related to the position of the sample. When the scan direction is parallel to the 

sample surface, the staircase structures are more visible. As shown in Fig. 3.3 (b), 

there was no staircase structure on the front surface of the sample. As the front 

surface of the sample is composed of the starting points of the vectors, and the left 

surface is composed of the sides of the vectors, the permeable tube shows different 

surface morphology at different angular positions. 
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Figure 3.3. (a) Left surface of a permeable tube printed by USV; (b) Front surface of 

a permeable tube printed by USV. 

 

Fig. 3.4 (a) and (b) 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 position of the scan 

vectors in every layer is always the same, stripes created by initial points of same 

position vectors can be seen in Fig. 3.4 (a). During the printing process, powder 

shrinks with laser scanning. Therefore, there is less power at terminal points than at 

the initial points of the vectors. As shown in Figs. 3.4 (a) and (b), the back surface 

shows more defects than the front surface resulting from a lack of powder. Figs. 3.4 

(c) and (d) show the left and right surfaces, respectively, of the permeable tube 

printed by USV. Both left and right surface are composed of the sides of the scan 

vectors. During laser scanning, not fully melted powder in the laser tracks caused 

the defects on the left and right surfaces, while the porous structures in the front 

surface are composed of gaps between individual tracks. The morphology of the two 

kinds of porous structures in parts with curved surfaces are similar to those in parts 

with flat surfaces in chapter 2. As shown in Fig. 3.4, with USV, porous structures on 

a permeable tube are anisotropic. Moreover, the precision of the left and right 

surface is limited by laser track thickness, which means there are step structures on 

these surfaces.    
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Figure 3.4. Different surfaces of a tubular sample printed by USV. (a) Front surface; 

(b) Back surface; (c) Left surface ; (d) Right surface. 

The integral porosity of the permeable tube printed by USV is 25.3%. As shown in 

Table 3.1, the roughness of the tube is also anisotropic. The roughness of the front 

surface is lowest compared to the other surfaces. Owning to defects and staircase 

structures on the surface, the roughness of the left and right surfaces is higher 

compared to the other surfaces.    

Table. 3.1. Roughness of different surfaces of permeable tubes printed by USV. 

Surface Front Back Left Right 

Roughness 

(µm) 
27.3±4.2 35.4±1.6 33.4±2.5 33.8±2.1 

 

3.2.2 Permeable tubes printed by rotation scan vectors (RSV). 

To obtain a permeable tube with isotropic permeable structures, a permeable tube 

with 10° RSV was printed. Fig. 3.5 shows the schematic of a permeable tube printed 

by RSV. Different rotation angles between adjacent layers can be set in the ReaLizer 

SLM125 operating system. 
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Figure. 3.5. Schematic of permeable tube printed by RSV. 

 

Fig. 3.6 (a) shows a permeable tube printed by 10° RSV. The tube surface is 

combined of two spirals. As shown in Fig. 3.6 (b), the thicknesses of both spirals are 

around 900 µm. Since the layer thickness is 50 µm, every 1800 µm, the scan vector 

will come back to the initial scanning direction. This distance is equal to the 

thickness of two superimposed spirals. The thickness of the spirals is highly related 

to the rotation angle. One possible reason of spiral structures is that one spiral is 

composed of the initial points and the other one by the terminal points of the scan 

vectors. Therefore, the thicknesses of the two spirals are the same. 
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Figure 3.6. Permeable tube printed by 10° RSV; (b) 3D profile of a permeable tube 

printed by 10° RSV. 

Fig. 3.7 (a)(b)(c)(d) show the front, back, left and right surfaces of permeable tube, 

respectively. The morphology of a permeable tube printed by RSV is isotropic. 

Melting pools can be seen on the boundary of the two spirals. As shown in Fig. 3.4 

(c) and (d), when the scan vectors are parallel to the surface, melting pools can be 

seen on the surface. Therefore, the boundary of two spirals is also the boundary of 

the initial and terminal points of the vectors. This phenomenon is consistent with the 

explanation of the spirals discussed in the context of Fig. 3.6.    
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Figure 3.7. (a) Front, (b) back, (c) left, and (d) right surface of a tube printed by 10° 

RSV. 

The integral porosity of the permeable tube printed by 10° RSV is 22.8%. With the 

same laser power, a permeable tube printed by RSV has a lower porosity compared 

to a permeable tube printed by USV. Table 3.2 shows the roughness of the surfaces 

at different sides of a permeable tube printed by 10° RSV. Due to the spiral structure, 

the surface roughness of a permeable tube printed by 10° RSV is higher than that of 

a permeable tube printed by USV.  

 

Table 3.2. Surface roughness at different sides of a permeable tube printed by 10° 

RSV. 

Surface Front Back Left Right 

Roughness 

(µm) 
47.6±0.9 44.7±0.8 44.0±1.6 45.2±1.7 

 

Fig. 3.8 (a)(b)(c)(d) shows permeable tubes printed by different RSV. All samples 

have spiral structures on the surfaces. When the rotation angle is 12°, 20°, 30°, 60°, 

every 1500 µm, 900 µm, 600 µm, 300 µm the scan vectors will come back to the 

initial position, respectively. Therefore, as shown in Fig. 3.8 (a)(b)(c)(d), with 

increasing rotation angle, the pitch of the spirals is decreasing. 
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Figure 3.8. Permeable tubes printed by (a) 12° RSV, (b) 20° RSV, (c) 30° RSV, and 

(d) 60° RSV. 

Fig. 3.9 (a)(b)(c)(d) show the micrographs of permeable tubes printed by 12° RSV, 

20° RSV, 30° RSV, and 60° RSV respectively. The pitch of the spirals meets the 

previous expectations, which indicates that the spiral structure can be controlled by 

the rotation angle of the scan vectors. Moreover, melting pools were found on the 

outside of all samples. This demonstrates the morphology of these samples can be 

explained in the proposed way: The two spiral structures on the tube’s surface are 

composed of the initial and terminal points of the scan vectors. 
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Figure 3.9. (a) Micrographs of permeable tubes printed by 12° RSV, (b) 20° RSV, (c) 

30° RSV, and (d) 60° RSV. 

As shown in Table 3.3, the permeable tube printed by 60° RSV shows the lowest 

porosity compared to all other samples. In order to get a lower roughness, all 

samples printed by RSV have a lower integral porosity compared to the front 

surface of permeable tubes printed by USV (the lowest roughness we got). The 

roughness of the permeable tubes printed by RSV is higher than the roughness of the 

front surface of a permeable tube printed by USV. As shown in Table 3.1, the 

surface composed of terminal points of the scan vectors has a higher roughness than 

the surface composed of the initial points of the scan vectors.  

Table. 3.3. The porosity and roughness of permeable tubes printed by different angle 

of RSV. 

Rotation 

angle 
12° 20° 30° 60° 

Porosity 21.9% 22.0% 22.0% 20.6% 

Roughness 

(µm) 
45.4±4.2 44.9±2.8 44.7±1.1 38.7±2.2 

 

3.2.3 Permeable tubes printed by four direction scan vectors (FDSV). 

Fig. 3.10 (a) shows the schematic of a permeable tube printed by FDSV. The angles 

of FDSV are 45°, 135°, 225°, and 315°, respectively. Fig. 3.10 (b) shows the 

schematic of a permeable tube printed by four direction vectors and connection scan 

vectors (FDCSV). This scan strategy uses four direction vectors, and the scan 
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vectors in different direction are connected by 1mm long connection vectors. Fig. 

3.10 (c) shows the schematic of a permeable tube printed by four direction overlap 

scan vectors (FDOSV). This scan strategy is composed of FDSV, and there is 0.5 

mm overlap between the scan vectors in different direction. 

 

Figure 3.10. (a) Schematic of a permeable tube printed by FDSV; (b) Schematic of a 

permeable tube printed by FDCSV; (c) Schematic of a permeable tube printed by 

FDOSV. 

 

Fig. 3.11 (a) shows the permeable tube printed by FDSV. There is a gap between 

scan vectors in different direction. As shown in Fig. 3.11 (a), the area near the gap is 

composed of the terminal points of the scan vectors. The lack of powder at the 

terminal points is one reason for gap formation. Another reason is that the position 

of the terminal points of the scan vectors in different direction did not match 

perfectly. As shown in Fig. 3.11 (b), the parts printed by different scan vectors are 

not combined with each other. The permeable tube printed by this scan strategy 

cannot be exist on its own without supporting structures. 
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Figure 3.11. (a) Permeable tube printed by FDSV; (b) Gap between scan vectors in 

different direction. 

 

Fig. 3.12 (a) shows the permeable tube printed by FDCSV. A groove created by the 

connection vectors can be observed between the individual permeable parts printed 

by scan vectors in different directions. As shown in Fig. 3.12 (b), the width of this 

groove is around 100 µm. There is a 200 µm gap at the right side of the groove. One 

possible reason is that the connection vectors are alternating opposite vectors. The 

first vector on the surface is printed from left to right. Since the terminal point 

experiences a lack of powder and the positions may not match perfectly, a gap was 

created on the right side of the groove. While the second vector was printed from 

right to left and the hatch distance was 100 µm. Therefore, the thickness of the gap 

is 200 µm. 
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Figure 3.12. (a) Permeable tube printed by FDCSV; (b) 3D profile of the groove on 

the surface of the permeable tube. 

Fig. 3.13 (a) shows the permeable tube printed by FDOSV. There is an overlap area 

between the scan vectors in different directions. Since the overlap area is composed 

of more initial points of scan vectors, the stripe structures in the overlap area cannot 

be seen in Fig. 3.13 (b). It can be observed from the height of the 3D profile that 

there is no convex or concave structure in the overlap area. 
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Figure 3.13. (a) Permeable tube printed by FDOSV; (b) 3D profile of a permeable 

tube printed by FDOSV. 

 

The roughness of the permeable tube printed by FDOSV was measured from four 

directions. As shown in Table 3.4, the roughness from all four directions is lower 

than 18 µm. Compared to the permeable tubes printed by RSV, the roughness of a 

permeable tube printed by FDOSV is lower. Compared to a permeable tube printed 

by USV, the roughness of a permeable tube printed by FDOSV is isotropic.  

Table 3.4. Roughness of different surfaces of a permeable tube printed by four 

direction overlap vectors. 

Surface Front Back Left Right 

Roughness 

(µm) 
27.6±0.9 28.9±1.4 27.4±1.2 27.9±1.1 
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3.3 Laser parameters 

3.3.1 Hatch distance 

Fig. 3.14 shows the front surfaces of curved permeable samples printed by different 

hatch distance. Except the hatch distance, the other scan parameters were the same 

as for the samples discussed in chapter 3.1. With an increase of the hatch distance, 

the gaps between the laser tracks in Fig. 3.14 (d)(e)(f) are more obvious than those 

in Fig. 3.14 (a)(b)(c). The balling phenomenon is observed in all figures. However, 

due to the small gap width, balling promotes covering of the defects by particles and 

the formation of smaller pores as shown in Figs. 3.14 (a), (b), and (c). Whereas in 

Figs. 3.14 (e), (f) and (g), the effect of balling is not so obvious. This phenomenon is 

similar to the flat samples discussed in chapter 2.4.2. 

 

Figure 3.14. Front surface of curved permeable samples printed by different hatch 

distance; (a) 0.1 mm; (b) 0.11 mm; (c) 0.12 mm; (d) 0.13 mm; (e) 0.14 mm; (f) 0.15 

mm. 

 

Table 3.5 shows the porosity of samples obtained with different hatch distance. 
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From this table, it is clear that with increasing hatch distance  porosity are increasing. 

The porosity of samples with hatch distances of 0.1 mm, 0.11 mm, and 0.12 mm are 

closer to each other than for the other samples. As discussed, balling covering the 

defects on the surface could be the reason, which is same as for the flat samples 

discussed in chapter 2.4.2. 

 

Table 3.5. Porosity of permeable tubes printed by different hatch distance. 

Hatch 

distance 

(mm) 

0.1 0.11 0.12 0.13 0.14 0.15 

Porosity 25% 29% 30% 35% 42% - 

 

3.3.2 Laser spot size 
    

Fig. 3.15 shows the front surfaces of curved permeable samples printed by different 

laser spot size. Except the laser spot size, all other scan parameters were the same as 

for the samples discussed in chapter 3.1.  

 
  v  

Figure 3.15. Front surface of curved permeable samples printed by different laser 

spot size; (a) 30 µm; (b) 40 µm; (c) 50 µm; (d) 60 µm. 

 

As shown in Fig. 3.15 (a), when the laser spot size is 30 µm, the defects on the 

surface are covered by sintered powder. With an increase of the laser spot size, 
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balling effects in Fig. 3.15 become more and more similar. This is different from 

what was observed for flat samples in chapter 2.4.2. One possible reason is that the 

powder size for the curved samples was smaller than for the flat samples (see 

chapter 2.2 and 3.1). 

Table 3.6 shows the roughness and porosity of samples obtained with different laser 

spot size. With increasing laser spot size, compare with samples prepared by 

different hatch distance, the porosity do not show significant changes. The laser spot 

size has no influence on the laser energy density. This is one reason why the 

porosity does not show significant changes.  

 

Table. 3.6. Porosity of permeable tubes printed by different laser spot size.  

Laser spot size 

(µm) 
30 40 50 60 

Porosity 21% 25% 25% 23% 

 

3.4 Permeable-dense composite with bending surface 

Fig. 3.16 (a) shows permeable-dense tubes with 30 mm, 20 mm, 10 mm outer 

diameters were printed by FDOSV. The height of the permeable part is 2 mm and 

the wall thickness of all tubes is 2 mm. On the bottom and top of the permeable tube, 

5 mm dense structures were printed. A permeable-dense tube with 0.5 mm, 1 mm, 

1.5 mm, and 2 mm wall thickness in different angular position was printed by 

FDOSV and is shown in Fig. 3.16 (b). 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 shown in Fig. 3.16 (a) and 

(b), with FDOSV scanning strategy, permeable parts with curved surface can be 

printed with different diameter and thickness. Permeable parts and dense parts can 

be combined freely. 
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Figure 3.16. Different diameter permeable-dense tubular samples printed by 

FDOSV; (b) Different thickness permeable tube printed by FDOSV. 

 

3.5 Summary and Conclusion 

In this study, three types of scanning strategies were discussed for printing of 

permeable parts with tubular geometry. The permeable tube printed by USV shows 

anisotropy of the surface morphology. The front surface made up of the initial points 

of the scan vectors has the lowest roughness compared to the other surfaces. The 

back surface composed of the terminal points of the scan vectors shows defects. The 

left and right surfaces created by the sides of the scan vectors have staircase 

structures. Permeable tubes printed by rotation scan vectors show isotropy of the 

surface morphology. Two spiral structures composed of the initial and terminal 

points of the scan vectors can be observed on the tube surface. The pitch of the 

spirals is highly related to the scan vector rotation angle. Permeable tubes printed by 

60° RSV have the smallest pitch size and lowest surface roughness among all 

permeable tubes printed by RSV. Permeable tubes printed by FDSV show gaps 

between the scan vectors in different direction. Permeable tubes printed by FDCSV 

show grooves between the scan vectors in different directions. Permeable tubes 

printed by FDOSV show lower surface roughness compared to permeable tubes 

printed by RSV, and the surface roughness is isotropic.  

The relation between hatch distance, laser spot size and surface morphology, 

porosity, and roughness was studied. With increasing hatch distance, porosity and 

roughness are both increasing, and the gaps between the laser tracks become more 

obvious. This phenomenon is similar to flat samples discussed in chapter 2.3.2. 
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Compare with different hatch distance, with increasing laser spot size, porosity and 

roughness do not show significant changes. However, the roughness of permeable 

material with flat surface is increasing with increasing laser spot size. From the 

micrographs of flat and curved samples, the morphologies of two kinds of samples 

are similar with each other. One possible reason for the difference is that the powder 

size used for printing of samples with curved surface was smaller than for the flat 

samples. The powder attached on the surface is easier to fill into the space between 

the powders. 

Based on this research, permeable-dense tubes with different outer diameter and 

wall thickness can be printed by FDOSV. 
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4. Preliminary research on additively 

manufactured components for a 

microstructured membrane steam reformer 

4.1 Palladium membrane substrate 

4.1.1 Test module preparation 

The quality of the palladium membrane directly determines the effectiveness of the 

membrane reactor for delivering pure hydrogen [8]. Therefore, test specimen based 

on different concepts were prepared for palladium membrane coating tests. Fig. 4.1 

shows the geometry of the test specimen.   

 

Figure 4.1. Goemetry of the test specimen. Dimensions are given in mm.  

 

Fig. 4.2 (a) shows a conventional test specimen. A porous sintered metal plate 

(Crofer 22 APU) is combined with a dense frame (Crofer 22 APU) by laser welding 

(TruCell 3010 Trumpf). A welding seam between the porous substrate and the dense 

frame can be seen in Fig. 4.2 (a). Fig. 4.2 (b) shows an additively manufactured test 

specimen. In order to get a low surface roughness and small pore size, the scan 

strategy and laser parameters were chosen the same as for sample T-50 in chapter 

2.2.3. Since the additively manufactured test specimen can be printed in one step, an 

extra welding step is not necessary. Therefore, there is no welding seam on the 

additively manufactured test specimen.  
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Figure 4.2. (a) Conventional test specimen; (b) Additively manufactured test 

specimen.  

 

Fig. 4.3 shows the 3D profile of the connection area of the test specimens. The 

welding seam between the porous and dense parts can be seen in Fig. 4.3. The area 

left of the welding seam is the dense frame. The right area of the welding seam is 

the porous substrate. From the height measurement results, the thickness of the 

welding seam is around 50 µm. The porous substrate is not exactly parallel to the 

dense frame. The interior stress caused by the laser welding may be one reason for 

that. The roughness of the porous substrate is 2.72 µm. 

 

Figure 4.3. Connection area of porous substrate and dense frame in a conventional 

test specimen. 

 

Fig. 4.4 shows the connection area of permeable and dense structures for the 

additively manufactured test specimen. Again, the area left is the dense frame, and 

the area right is the permeable substrate. The roughness of the permeable substrate is 

20.10 µm. As seen in the height measurement, there is no extra weld seam between 
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permeable substrate and dense frame, and the two parts stands in the same height.  

 

Figure 4.4. Connection area of permeable and dense structures of an additively 

manufactured test specimen. 

 

4.1.2 Ceramic coating 

In order to avoid metal diffusion from the metallic substrate to the palladium 

membrane which would downgrade membrane performance, a diffusion barrier 

layer (DBL) made of Yttria Stabilized Zirconia (8YSZ) between the metallic 

substrate and the palladium membrane was fabricated [9]. The experiments for 

ceramic coating were carried out in the Institute for Energy and Climate Research 1 

at the Research Center Jülich (IEK-1 at FZJ) by Masoud Mahmoudizadeh and 

Dongxu Xie. The experimental procedures refer to the master thesis of Paul Kant 

[186]. Many coating parameters will influence the membrane quality, e.g., sintering 

time, surface roughness of the substrate, sintering temperature, etc. [187]. This work 

focused on the impact of different membrane substrates on the membrane quality 

rather than on the other parameters. Therefore, the coating procedure and the 

sintering parameters for both additively manufactured and conventional test 

specimen were the same. However, due to the roughness of additively manufactured 

test specimen has a higher roughness than conventional test specimen, a new coating 

procedure adapted additively manufactured test specimen need to be developed in 

future.  

The suspension for ceramic dip coating contains 8YSZ-nanoparticles (Tosoh), 
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dibasic ester (LEMRO GmbH & Co. KG), ethylcellulose (Sigma Aldrich), Nuosperse 

FX9086 (Elementis Specialties) and Tego Airex 931 (Evonik Industries). For the 

ceramic coating of the test specimen shown in Fig. 4.2, 100g of 8YSZ-nanoparticles 

was sufficient. The exact mass of the different components is listed in Table 4.1. 

After mixing in a tumble mixer, the suspension was ready for dip coating. 

 

Table 4.1 Mass of components for the dip coating slurry  

Component Mass (g) 
Mass fraction 

(%) 

8YSZ-

nanoparticles 
100.0 38.2 

Dibasic ester 148.9 56.9 

Nuosperse 

FX9086 
5.0 1.9 

Ethylcellulose 5.1 1.9 

Tego Airex 931 2.6 1.0 

 

Before the coating process, the welding seam area of the conventional test module 

was smoothed by sand blasting (2.5 bar, F150 corundum grit). The additively 

manufactured test module did not undergo any smoothing process. Then the area of 

the test specimen not to be coated was masked by adhesive tape.  

A DX2S-500 dip coater (KSV NIMA) was used for the ceramic coating process. The 

coating process was carried out in a clean room. Fig. 4.5 shows the additively 

manufactured test specimen after dip coating.   

 

Figure 4.5. Additively manufactured test specimen after dip coating.  
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The parameters of the dip coating are listed in Table 4.2. 

 

Table. 4.2 Parameters of the dip coating. 

Parameter value 

Immersion speed 100 mm/min 

Hold time (down) 10 s 

Withdrawal speed 100 mm/min 

Immersion depth ~42 mm 

 

The test specimen were dried after dip coating drying at room temperature for 12 

hours, then they were placed at 40 ℃ in a drying oven for another 6 hours. After the 

drying process, the adhesive tapes were pealed off and the coated specimens were 

placed into a sinter oven under argon atmosphere (Thermal Technology GmbH) for 

heat treatment. The oven was heated up to 600 ℃ with 5 K/min and the temperature 

was held for 30 min. Then the oven was further heated up to 1100 ℃ with 5 K/min 

and held at that temperature for 180 min. Finally, the oven was cooled down to 

room temperature with 5 K/min.  

The conventional and additively manufactured test specimens before and after 

ceramic coating are shown in Fig. 4.6.  Fig. 4.6 (a) shows the welding seam of the 

conventional specimen. Here, the left area is the permeable substrate and the right 

area is the dense frame. The weld seam is around 1.17 mm wide and can be seen 

between the permeable substrate and the dense frame. Fig. 4.6 (b) shows the 

additively manufactured specimen before ceramic coating. Here, the left area is the 

permeable substrate and the right area is the dense frame. After the ceramic coating, 

a defect on the welding seam area can be seen in Fig. 4.6 (c). The main reason for 

such defects is the height gap between the welding seam and the other area. As 

shown in Fig. 4.6 (d), there are no such defects visible on the additively 

manufactured test specimen. However, the ceramic layer is not thick enough to 

cover the permeable surface. Parameters for thicker ceramic layers should be 

investigated for additively manufactured test specimen in the future. After ceramic 

coating, the roughness of the conventional test specimen got decreased from 1.36 

µm to 0.83 µm while the roughness of the additively manufactured test specimen 

got reduced from 11.53 µm to 9.96 µm. Hence, both test specimen were smoothed 
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by the ceramic layer, and this may influence the quality the of palladium membrane.   

 

Figure 4.6. (a) Conventional test specimen before ceramic coating; (b) Additively 

manufactured test specimen before ceramic coating; (c) Conventional test cpecimen 

after ceramic coating; (d) Additively manufactured test specimen after ceramic 

coating. 

 

From the above experimental results, high surface roughness leads to many small 

cracks on the surface after sintering. To obtain a better surface quality, a feasible 

way is to decrease the surface roughness. A Deckel Fp3a milling machine with 

Dialog11 System was used to smooth the surface of additively manufactured test 

specimen. An endmill with 16 mm diameter operated at 1400 rpm and a feed of 60 

mm/min was used in the milling procedure. For easy clamping, a test specimen with 

2 mm thickness was used in this smoothing treatment.  

 

Figure 4.7. (a) Additively manufactured test specimen before (a) and after (b) 

smoothing treatment.  
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Fig. 4.7 (a) shows the test specimen before the treatment. Permeable substrate and 

dense frame can be seen clearly in the figure. Fig. 4.7 (b) shows the specimen after 

smoothing treatment. The permeable substrate became blurry in the figure. 

Fig. 4.8 shows the 3D profile of the additively manufactured test specimen after the 

smoothing treatment. The left area is the dense frame, and the right area is the 

permeable substrate. Gaps between the laser tracks can be seen in the figure. The 

pores have not been closed by the milling procedure. From the height measurement, 

both dense frame and permeable substrate stand in the same height. The roughness 

of the additively manufactured test specimen after this smoothing treatment was 

1.36 µm, which is even lower than for the conventional test specimen. From this, a 

better ceramic layer on the additively manufactured test specimen could be expected 

after the smoothing treatment. Further research about the ceramic coating and the 

palladium coating on additively manufactured test specimen after smoothing 

treatment will be carried out in the future.  

 

Figure. 4.8. 3D profile of test module after smooth treatment. 

 

4.1.3 Palladium membrane substrate plate (PMS plate) 

The additively manufactured test specimens showed the potential of additively 

manufactured permeable-dense composites as a membrane substrate. Boeltken et al. 

in IMVT presented a compact modular microstructured membrane reactor for 
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methane steam reforming [9]. The development of an additively manufactured 

membrane substrate for this reactor design could be a good option for further 

application. On the one hand, an additively manufactured membrane substrate could 

improve the quality of the ceramic interlayer and the palladium membrane. On the 

other hand, an additively manufactured membrane substrate with internal channels 

could make the microreactor even more compact and improve its efficiency. 

However, the required size of the membrane substrate  is much bigger than for the 

former test specimen. The residual stresses in an additively manufactured 

permeable-dense composite may cause membrane substrate bending [188]. 

Therefore, the scan strategy of an additively manufactured PMS plate needed to be 

studied.   

Fig. 4.9 shows the schematic of the dense frame of the PMS plate. The centered 

empty area will be filled with permeable material. The steam reformer is composed 

of three modules: combustion module, reforming module and hydrogen separation 

module. Each module consists of several metal plates [189]. In a first step, the 

microstructured plates are fabricated by etching, micromachining and lamination 

[190]. Only the palladium membrane substrate is fabricated by 3D printing. This 

combination of different manufacturing techniques allows to utilise the advantages 

of different techniques to develop the next generation of the steam membrane 

reformer.  

 

Figure 4.9. Schematic of the PMS plate. 
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Fig. 4.10 shows the printing job of a PMS plate in the ReaLizer SLM125 operating 

system. Since the length of the build plate of the ReaLizer SLM 125 is 125 mm, as 

shown in Fig. 4.10, a PMS plate with 150 mm width must be placed diagonally on 

the build plate. There is a 5 mm distance between the PMS plate and the build plate 

for support structures. The green centered area is the permeable part acting as a 

membrane substrate, and the red boundary area is the dense part acting as a sealing 

structure of the hydrogen separation module.   

 

Figure 4.10. The printing job of a PMS plate in the ReaLizer SLM125 operating 

system. 

 

Fig. 4.11 shows an additively manufactured 2 mm thick PMS plate. The residual 

stress caused thermal warping of the PMS plate. Its left area is out of shape, and one 

possible reason is that the support structures are not strong enough. However, the 

test specimen with similar structures did not show warp. Liu et al. indicates that 

longer laser track create larger residual stress [191]. This is the reason why the same 
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laser parameters and scan strategy in case of the test specimen created no warp.    

 

Figure 4.11. Additively manufactured 2 mm thick PMS plate created with the same 

laser parameters and scan strategy like the test specimen in figure 4.2. 

 

In order to avoid the thermal warping of the PMS plate, a 5 mm thick PMS plate 

was printed. As shown in Fig. 4.12, the 5 mm thick PMS plate did not show obvious 

thermal warping. This result shows that increasing the thickness of the plate is an 

effective way to avoid thermal warping of planar samples in LB-PBF.  

 

Figure 4.12. Additively manufactured 5 mm thick PMS plate. 

 

Fig. 4.13 shows the 3D profile of additively manufactured 5 mm thick PMS plate. 

The left area is the dense frame, and the right area is the permeable substrate. The 

gaps between the laser tracks can be seen in the permeable area. From the height 

measurement, since the permeable scan strategy has no boundary scan vectors, the 

height of the permeable surface is lower than that of the dense surface. This step 

between permeable and dense structure may degrade the ceramic interlayer or 

palladium membrane quality. Therefore, the scan strategy for a permeable-dense 

composite needs to be optimized. The successful preparation of a 5 mm thick PMS 

plate shows that it is feasible to fabricate a PMS plate with LB-PBF. However, a 

thinner PMS plate is more suitable for the microreactor for reasons of material use, 

resistance against gas transport and compactness. With this in mind, a PMS plate 

with internal channels was developed where the wall between the external surface 
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and the internal channels would be minimised without compromising the bending 

strength of the structure.   

 

Figure 4.13. 3D profile of an additively manufactured 5 mm thick PMS plate. 

 

Fig. 4.14 shows the schematic of the dense frame for a 3 mm thick PMS plate after 

geometry optimization. The additively manufactured test specimen and the 5 mm 

thick PMS plate show two methods to avoid the influence of residual stress: 

decrease the sample size and increase the thickness. During the laser melting 

process, periodic thermal expansion and contraction that exceed the maximum 

elastic strain of the material will cause heterogeneous plastic strain and generate 

internal stress, which can reach the yield stress of the material and may cause 

bending due to internal stress [188]. Both methods avoid that the material reaches its 

maximum elastic strain. A 3 mm thick PMS plate based on this idea was designed 

and is shown in Fig. 4.14. Several 2 mm holes are included in the dense frame. 

Different from the 5 mm thick PMS plate, the permeable substrate is not fullly filled 

with permeable material. Instead a 1 mm thick dense base with 2 mm × 2 mm 

quadaratic channels was designed as the base of the permeable substrate. During the 

printing process, a 1 mm thick permeable wall will cover this area. There is 0.5 mm 

overlap between the permeable material and the internal channels. This overlap was 

designed for enhancing the connection between the permeable substrate and the 
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dense frame. However, this overlap may not be necessary for a permeable-dense 

composite. Therefore, a PMS plate with 0.5 mm thick permeable material could also 

be possible in the future.   
  

 

Figure 4.14. Schematic of a 3 mm thick PMS plate after geometry optimization. 

 

Fig. 4.15 shows the print job of the dense frame for the 3 mm thick PMS plate. The 

dense frame was sliced into many pieces. The yellow part in the printing job is the 

support structures designed by the ReaLizer SLM 125 operating system. Wang et al. 

indicated that the support structure can prevent the deformation of material by 

residual stress [192]. All the holes and channels of the dense frame are filled with 

these support structures. 
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Figure 4.15. The printing job of the dense frame for the 3 mm thick PMS plate after 

geometry optimization in the ReaLizer SLM125 operating system. 

 

Fig. 4.16 (a) shows the additively manufactured 3 mm thick PMS plate. After 

geometry optimization, the surface of the 3 mm thick PMS plate keeps flat. One 

possible reason is that the holes and channel structures reduce the residual stress. 

Another possible reason is that the support structures improve the resistance against 

deformation. The internal channels and the support structures in the internal 

channels can be seen in the Fig. 4.16 (b). With these internal channels, the 

membrane reformer could be more compact. The support structures in the internal 

channels on the one hand prevent the deformation of the PMS plate: On the other 

hand, these support structures may also hinder the flow of hydrogen and cause a 

larger pressure drop. Therefore, a PMS plate without support structures in the 

internal channels could be pursued in future research.  

Fig. 4.16 (c) shows the back side of the PMS plate. All the back surface is fabricated 

by dense material. The hydrogen flow won’t pass this wall and get to the other side 

of the PMS plate. After passing through the palladium membrane, the ceramic 

interlayer and the permeable wall underneath, the hydrogen flow will flow along the 
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internal channels and leave the module at the open side. With this design, fewer 

structured plates are needed to collect the produced hydrogen compared to the 

original design.  

 

Figure 4.16. (a) 3 mm thick PMS plate after geometry optimization; (b) Internal 

channels of the PMS plate; (c) Back side of the PMS plate. 

 

Fig. 4.17 shows the 3D profile of the 3 mm thick PMS plate. The left area is the 

dense frame, and the right area is the permeable substrate. As shown in the height 

measurement, the dense frame and the permeable substrate stand in same height. 

Compared to the 5 mm thick PMS plate, not only the structure of the PMS plate was 

optimized but also the hatch offset of the permeable material was optimized as 

discussed in chapter 2.5. With the flat surface between the dense frame and the 

permeable substrate, a better ceramic layer quality could be expected.  
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Figure 4.17. 3D profile of a 3 mm thick PMS plate after structure optimization. 

 

4.1.4 Tubular palladium membrane substrates (PMS pipe) 

In addition to planar systems, tubular designs are likewise often used in palladium 

membrane reactors. Straczewski et al. presented a palladium membrane based on 

large porous 310L tubes [193]. Tong et al. developed a thin Pd-Ag membrane on an 

asymmetric porous stainless steel tube for hydrogen production from methane steam 

reforming. 80.72% methane conversion were achieved at lower temperature of 773 

K and a pressure of 500 kPa [194]. 

Fig. 4.18 shows the cross section of different potential PMS pipes. The ends of all 

PMS pipes are composed of a 20 mm long dense sealing structure, and the middle 

parts is composed of a 100 mm long permeable structure acting as membrane 

substrate. The outer diameter of the PMS pipes is 10 mm, the inner diameter is 6 

mm. 4 kinds of PMS pipes with different cross section were prepared for coating 

with a ceramic interlayer and the palladium membrane. In order to increase the 

specific surface area, PMS pipes with gear shaped cross section were designed 

considering that the angle of the gear teeth may influence the quality of the 

interlayer and membrane coatings. Therefore, PMS pipes with 140°, 160°, and 180° 

gear teeth angle were designed.  
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Figure 4.18. Schematic of different tubular palladium membrane substrates. 

 

As discussed in chapter 3.1.3, permeable tubes printed by FDOSV show the best 

surface quality compared to other scan strategies. However, FDOSV cannot be 

designed in the ReaLizer SLM 125 operating system directly. The parts printed by 

FDOSV should be divided into four pieces in the CAD model, and each part has 0.5 

mm to 1 mm overlap with the adjacent parts. Then, these four parts will be filled by 

unidirectional scan vectors in the ReaLizer SLM 125 operating system. However, 

components with complex structures are difficult to divide. Feasible scan strategies 

are RSV and FDCSV. As discussed in section 3.1.2 60° RSV shows the lowest 

roughness compared to other rotation angles. Therefore, 60° RSV and FDCSV were 

used for PMS pipe printing.  

Fig. 4.19 shows the PMS pipes printed by 60° RSV. The dense sealing structures 

can be seen at the end of the PMS pipes. The permeable substrates have the same 

cross section geometry as the dense sealing structure. From left to right, the gear 

teeth angle is 140°, 160°, and 180°, respectively. The magnified figures show the 

connection areas of the dense sealing structures and the permeable substrates. From 

the magnified figures, the dense sealing structures show a smoother surface than the 

permeable substrates. The step structures can be seen on the permeable substrates.  
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Figure 4.19. PMS pipes printed by 60° RSV. 

 

Fig. 4.20 shows the 3D profile of the PMS pipes printed by 60° RSV. From the 

height measurement, the length of each step is around 300 µm which fits the 

prediction of chapter 3.1.2. This measurement results implies the previous 

conclusion is correct that the step structures are composed of the initial points and 

terminal points of the scan vectors.  

 

Figure 4.20. 3D profile of PMS pipe printed by 60° RSV. 

 

Fig. 4.21 shows the PMS pipes printed by PDCSV. The dimensions of these PMS 

pipes are the same as for the PMS pipes printed by RSV. Grooves on the permeable 
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substrate between the scan vectors in different directions can be seen in Fig. 4.21. 

From the magnified figures, both gear shaped PMS pipes and normal PMS pipes 

have these grooves structures.  

 

Figure 4.21. PMS pipes printed by FDCSV. 

 

Fig. 4.22 shows the 3D profile of the PMS pipes printed by FDCSV. The height 

measurement of the grooves shows the depth is around 100 µm. There is a 200 µm 

gap at the right side of the grooves. This measurement result agrees with the results 

in chapter 3.1.3. It shows that the previous conclusion is correct that the gap is 

composed of the terminal points of the scan vectors. Since the terminal point is 

affected by lack of powder and imprecise positioning, the gap composed of the 

terminal points of the scan vectors appears on the right hand side of the groove. The 

connection vectors are arranged alternately opposite, so that the direction of the 

second scan vector is always opposite to that of the first. Due to the hatch distance 

of 100 µm, the gap width is 200 µm.  
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Figure 4.22. 3D profile of a PMS pipe printed by FDCSV.  

 

4.2 Additively manufactured microstructured reactor 

4.2.1 Additively manufactured micro channels 

The term microchannels with a view to a microreactor refers to flow structures 

enabling the use of so called microeffects arising whenever the lateral dimensions of 

a channel are in the range or smaller than the boundary layer thickness of the fluid 

flow[195]. IMVT presented an ultra-compact microreactor where the microchannels 

were fabricated by wet chemical etching. The dimension of these channels were 500 

µm (width) × 300 µm (depth) × 50 mm (length) [9]. In principle, LB-PBF could also 

be used to manufacture in one step an entire microreactor body. For this it is 

important to know whether the resolution of LB-PBF is good enough to obtain 

sufficiently precise microchannels of the required size. A plate with microchannels 

was therefore prepared for dimension measurements. Fig. 4.23 shows the schematic 

of this microstructured plate. As shown, width and depth of the microchannels is the 

same as for the previous microreactor presented by IMVT. 
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Figure 4.23. Schematic of an additively manufactured microchannel plate. 

 

Fig. 4.24 shows the additively manufactured plate with microchannels. The 

thickness of the plate is 1.8 mm. The residual stress didn’t cause a deformation of 

the plate.  

 

Figure 4.24. Additively manufactured plate with microchannels. 

 

Fig. 4.25 shows the 3D profile of the microchannels. From the height measurement, 

the width of the microchannels is around 500 µm and the depth is around 300 µm. 

The obtained dimensions of the microchannels fit the CAD model well and satisfy 

the requirements of the microreactor design.  
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Figure 4.25. 3D profile of the additively manufactured microchannel plate. 

 

3D printing of microchannels with porous walls is a new research direction in 

microreactors. Zheng et al. developed a novel additive manufacturing method for a 

porous catalyst support for methanol steam reforming which reached a high catalyst 

loading [196]. Properly designed porous structures may enable even higher catalyst 

loadings. Fig. 4.26 shows an additively manufactured microstructured plate where 

bottom and side walls were made by dense material, the microchannel were made by 

porous material. The width of the microchannels is 1000 µm, the depth is 500 µm. 

The porous microchannels are covered by a dense body. The handle structures at the 

left and right were designed to clamp the additively manufactured reactor.  From Fig. 

4.26, the plate shows no deformation.  
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Figure 4.26. Additively manufactured plate with porous microchannels. 

 

Fig. 4.27 shows the 3D profile of the additively manufactured porous microchannels. 

As shown in the height measurement, the dimensions of the porous microchannel fit 

the design.   

 

Figure 4.27. 3D profile of the additively manufactured porous microchannel. 

 

4.2.2 Additively manufactured microstructured reactor design 

Additively manufactured reactors are receiving increasing attention in flow 

chemistry and chemical process engineering. Scotti presented a miniaturised 

polypropylene reactor by fused deposition modeling [197]. Kazenwadel et al. 

developed an additively manufactured modular reactor system in KIT. PH 

controlling modules and enzyme transformation modules were printed for enzyme 
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cascades testing [198]. However, most of reactors so far were prepared by 

Stereolithography (SLA) and Fused Deposition Modeling (FDM). The working 

temperature of a reactor is obviously limited by the material choice, e.g., the melting 

temperature of polypropylene, which is one of the suitable materials for FDM is 

208 ℃ [199]. Compared to FDM and SLA, reactors printed by LB-PBF enable 

larger working temperature ranges and also chemically more aggressive media. 

Former research developed the additively manufactured permeable material as 

palladium membrane substrate and microchannels made by porous-dense material. 

Based on these, an additively manufactured steam reformer can be developed in 

future. Due to the feature of additive manufacturing, many advantages can be 

expected from additively manufactured reactor e.g., reducing the investigate time of 

new reactor, high efficiency with optimization of reactor structure. However, up to 

now, far too little attention has been paid to additively manufactured metallic 

reactors. The feasibility of additively manufactured metallic reactors needs to be 

verified. Hence, the primary aim of this final section is develop a method of design 

and fabricate an additively manufactured reactor. 

Fig. 4.28 shows the schematic of an additively manufactured test reactor. Channels 

with different cross section shape and dimension were designed in the test reactor. A 

temperature barrier layer with temperature barrier structures and cooling water was 

designed to separate the temperature in different parts of the reactor. The 

temperature at different positions of the reactor can be detected by thermocouples. 

With temperature barrier structures, the temperature of the reactants will drop after 

flowing out of the reaction zone, which prevents the reaction from continuing, 

thereby improving safety performance [200]. 
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Figure 4.28. Schematic of an additively manufactured test reactor. 

 

There are a lot of internal microchannels in this temperature barrier test reactor. The 

support structures inside the microchannels may impede the flow through them. To 

avoid the influence of support structures, a 90° design strategy and a 45° printing 

strategy is proposed here. 90° design strategy means the structures are always 

parallel or vertical to the build plate. When the CAD model is transported into the 

ReaLizer operating system, the model is rotated by 45°. This is the 45° printing 

strategy. With this design and printing strategy, all the structures are inclined by 45° 

relative to the build plate. In that case there are no internal support structures 

necessary inside the reactor. Fig. 4.29 shows the cross section of the 90° designed 

temperature barrier test reactor printed by 45° printing strategy. The cooling water 

channels and temperature barrier layer without support structures can be seen in Fig. 

4.29. During the printing process, the laser energy was too high so that the wiper 

broke. The deformation caused by the broken wiper can be seen in Fig.4.29. The 

laser parameters for achieving dense material need further research.  
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Figure 4.29. Temperature barrier test reactor printed by 45° printing strategy.  

 

Fig. 4.30 shows the 3D profile of a thermocouple hole. When the angle between 

overhanging surface and build plate is too low, the surface roughness will increase 

massively [201]. With 45° printing strategy, the angle between the overhanging 

surface and the build plate is always 45°. Therefore, the thermocouple hole shows a 

well defined circular shape.  

.  

Figure 4.30. 3D profile of a thermocouple hole in the additively manufactured 

reactor. 

 

Fig. 4.31 shows the additively manufactured temperature barrier test reactor with a 

microchannel plate. The microchannel plate coated with combustion catalyst and the 

reactor can be easily assembled. Then, the boundary between plate and reactor 
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should be sealed by laser welding.  

 

Figure 4.31. Additively manufactured temperature barrier test reactor with 

microchannel plate. 

 

As shown in Fig. 4.32, based on the 90° design strategy, a reactor for methane steam 

reforming was designed. The combustion module, reaction module and hydrogen 

module can be printed in one step. There are internal channels between different 

modules. The exhaust gas of the combustion reaction could cross the reactor with 

these internal channels and the temperature distribution of the reactor may be more 

homogenous.  

 

Figure 4.32. Schematic of an additively manufactured reactor for methane steaming 

reforming. 

 

Fig. 4.33 shows the additively manufactured reactor for steam reforming. The 
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reactor was printed by 45° printing strategy. The microchannels for the combustion 

and methane steam reforming reactions can be seen. It can be seen from the 3D 

profile that the reaction module was formed well by the 45° printing strategy.   

 

Figure 4.33. Additively manufactured reactor for steam reforming.

 

4.3 Summary and Conclusion 

In this chapter, additively manufactured as well as conventionally made test 

specimens for use as membrane substrates were prepared. The surface morphology 

of two test specimens before and after coating with a ceramic interlayer was 

characterized. The morphology of the conventional test specimen has shown that 

defects can be found on the welding seam between the permeable part and the dense 

frame. Since there is no welding step for the additively manufactured test specimen, 

no defects on the boundary of permeable substrate and dense frame could be 

observed. However, the roughness of the additively manufactured test specimen is 

much bigger than that of the conventional one. Hence the ceramic layer could not 

cover the additively manufactured test specimen perfectly. To decrease the 

roughness of the additively manufactured test specimen, the surface was smoothed 

by a milling machine. After the smoothing process, the roughness of the additively 

manufactured test specimen got decreased to 1.36 µm which is similar to that of the 

conventional test specimen. The coating of smoothed additively manufactured test 

specimens should be studied in the future.  

Additively manufactured PMS plates and pipes for coating with a ceramic interlayer 

and then a palladium membrane were designed and printed. After structure 

optimization, a 3 mm thick PMS plate with internal channels was prepared. The 3D 

PMS plate may increase the performance of the membrane reformer and make it 

even more compact.  

Additively manufactured plates with microchannels were prepared. The dimension 

of the microchannels were 500 µm (width) × 300 µm (depth). This result shows that 
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LB-PBF is a potential method to manufacture microstructured devices.  

Based on PMS plates and pipes, a 3D printed steam reformer could be expected in 

future. In order to verify the feasibility of 3D printing microreactors, A 90° design 

strategy and a 45° printing strategy were proposed for additive manufacturing of an 

entire reactor body. Based on this strategy, a temperature barrier reactor was 

designed and printed. With the temperature barrier structure, the safety performance 

could be improved. A reactor for steam reforming was designed and printed. The 

exhaust gas crosses the reactor via internal channels, and the distribution of 

temperature may be more homogenous.  
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5. Summary and Outlook 

This dissertation focused on the development of additively manufactured 

permeable-dense material and its applications in microreactors. The PMS plates and 

pipes made by permeable-dense material shows potential as the palladium 

membrane substrate in steam reformer.  

The main achievement of the research on permeable material is the systematic study 

of the correlation between laser scanning parameters and the pore structure of 

porous material. Samples with different scanning parameters were prepared for pore 

size measurement, surface roughness measurement, permeability measurement, and 

morphology characterization. The hatch distance of permeable samples ranges from 

0.1 mm to 0.15 mm. With increasing hatch distance, the pore size, porosity, 

permeability, and surface roughness increase. The laser spot size used for producing 

permeable samples ranged from 30 µm to 60 µm. With increasing the laser spot size, 

more not fully molten powder sintered on the surface of the permeable material. 

There are no significant changes in porosity, the pore size and permeability are 

decreasing, and the surface roughness is increasing. Different scan strategies were 

evaluated including scan vectors parallel to the surface and scan vectors vertical to 

the surface. Two kinds of pores can be seen in the micrographs of samples printed 

by different scan strategies. The pores within scan tracks are unstable and sensitive 

to the scan parameters. The pores between tracks are highly related to the hatch 

distance and laser spot size. The key point of this method is the control of the 

balling effect. When the hatch distance is smaller than 0.13 mm, a larger laser spot 

size leads to more not fully molten powder sintering on the surface of the permeable 

material, and this powder covers the defects of the surface. Therefore, the 

permeability and pore size decrease as the laser spot size increases. With this 

method, materials with different pore size and porosity can be printed in one step.   

In this dissertation, besides the flat permeable material, the correlation between laser 

parameter and porous structure of curved permeable material is also studied. Some 

applications of additively manufactured porous materials may have complex 

geometry, e.g., injection molds. Therefore, porous samples with curved surface were 

prepared by different scan strategies. Permeable tubes printed by USV are 

anisotropic. The front surface has the lowest roughness. The left and right hand 
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sides show step structures on the surface. Due to the lack of powder, there are many 

defects on the back surface. There are two spirals on the surface of permeable tubes 

printed by RSV. One spiral is composed of the initial points of the scan vectors and 

the other one of the terminal points. There is a gap on permeable tubes printed by 

FDSV. One reason is the lack of powder at the terminal points of the scan vectors, 

and another reason is that the positions of the terminal points of the scan vectors are 

not matched perfectly. A groove created by connection scan vectors can be seen on 

the permeable tube printed by FDOSV. Compared to other scan strategies, 

permeable tubes printed by FDOSV have the lowest surface roughness and are 

isotropic.  

The applications of permeable-dense material in microreactor were investigated in 

this dissertation. An additively manufactured and conventionally made test 

specimens were produced and evaluated for coating with a permeable ceramic 

interlayer. The porous substrate of a conventional test specimen was combined with 

the dense frame by laser welding. The welding seam leads to defects in the ceramic 

layer. The permeable substrate and dense frame of additively manufactured test 

specimen are printed in one step. There is no extra welding step here. However, the 

thin ceramic layer could not cover the rough surface completely. To reduce the 

roughness, a 2 mm thick test module was printed and smoothed by a milling 

machine. The roughness after the smoothing treatment was 1.36 µm which is even 

lower than that of the conventional test specimen. Ceramic coating on the smoothed 

additively manufactured test specimen should be studied in the future. Further, PMS 

plates and PMS pipes were printed for different types of microreactors. Based on 

PMS plates and pipes and porous microchannels, the feasibility of additively 

manufactured microreactor was preliminarily investigated. A 90° design strategy 

and a 45° printing strategy were proposed for additive  manufacturing of entire 

microreactors. Based on this design and printing strategy, microreactors with 

microchannels and internal channels were designed and printed.  

Future extension of permeable-dense material will focus on the membrane reactor 

with PMS plates or pipes membrane substrate. Based on the previous research of 

IMVT, new ceramic membrane coating and palladium membrane coating on 

additively manufactured permeable material should be developed. A compact 

microreactor for steam reforming with additively permeable material as palladium 

membrane substrate could be expected in future.   
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Appendix 

 

Figure A.1 µ-CT of sample printed by unidirectional vectors. 

 

Figure A.2. Surface geometry of samples before hatch offset optimization 

 

Figure A.3. Surface geometry of samples after hatch offset optimization  



Appendix 
 

115 

 

 

Figure A. 4. Samples with internal channels printed by porous-dense composite.  

 

Figure A. 5. Schematic of flow cell fabricated in IMVT.  

Part Piece designation 
Standard 

abbreviation 

1 1 Adapterplatte 1  

2 1 Adapterplatte 2  

3 2 Zylinderstift Φ 4 m6 x 20 

4 2 O-Ring Φ 25 x 1.5 

5 1 Poröses Substrat  

6 2 Dichtring 
304L-2-RSNB-

2 

7 2 Einschraubverschraubung SS-6M0-1-2RS 

8 6 Zylinderkopfschraube 
DIN 912 - M6 

x 35 

9 12 Unterlegscheibe 
DIN 125-2 - B 

6.4 

10 6 Sechskantmutter DIN 934 - M6 
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