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Abstract 

Selective laser melting (SLM), also called laser-based powder bed fusion (L-PBF), is an additive 

manufacturing technology that consolidates powder material in layers into three-dimensional parts by 

the local application of high-intensity laser radiation. This technology has evolved from a prototyping 

to a production technology within just two decades. Major applications in the aerospace, energy, 

tooling, and medical sector have now been explored and have demonstrated both the great economic 

potential and freedom of design. For now, additive manufacturing allows a profitable production of 

highly complex and low to medium volume parts.  

Most of the research on this process is focused on material and application development as well as 

process simulation. However, there is a distinct gap between the high-detail numerical simulation work 

and the trial-and-error based application or process development. In particular, the link between 

major processing parameters, powder properties, and resulting part density is missing, which would 

allow a significant decrease of trials during process development. Hence, the focus of the present work 

is to establish a foundation for the prediction of resulting part density in relation to main process 

parameters, material, and powder properties.  

As a starting point, a thorough investigation of the influence of the primary processing parameters 

(laser power, focus diameter, scanning speed) and secondary parameters (e.g. hatch distance, layer 

thickness, scan vector length) is conducted. Furthermore, a correlation between deviation of weld pool 

dimensions and particle size distribution of powder as well as spatter particles is established. It is 

shown that both are not only a practical limit for the recoating process, but also for the resolution and 

stability of the process. Additionally, it was observed that the size of spatter particles can be 

approximated by the surface tension of the used material within the investigated process parameters.  

As a result, three process parameter zones are established whose main influencing factors are the basis 

for the process model development. The derived models are able to estimate the resulting part density 

based on the processing parameters, material, and powder properties. A matrix-based, a 

semiempirical, and an empirical model for the estimation of relative density are introduced; all three 

share the same approach but allow different levels of complexity in terms of their inputs and outputs. 

The method is composed of analytical weld pool width, depth and cross-section approximation, 

estimation of the number of melts, and molten powder fraction, from which the relative density can 

be calculated. Estimation of the analytical weld pool size is supported by a model for calculation of the 

local preheat temperature. Approximation of the resulting relative density is achieved by combining 

the number of melts with the molten powder fraction. Depending on the model and processing zone, 

these factors are weighted against each other. The proposed models are verified with selected nickel, 

iron, aluminum, titanium, and copper-based materials. Accuracy of the proposed models is mainly 

driven by the precision of the estimation of the weld pool dimensions, but an overall good fit of 

experimental and calculated density is achieved. Additionally, factors such as humidity as well as 

particle shape for very irregular powders are discussed. Moreover, the impact of shielding gas 

crossflow on part density and mechanical properties is demonstrated for Inconel 625. 
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In conclusion, the present work provides a basis for increased process understanding and the link 

between process parameters, powder properties, and resulting part density, thus enabling prediction 

of process results.  
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Kurzfassung 

Selektives Laserschmelzen (SLM) ist eine additive Fertigungstechnologie, die mit Hilfe einer 

konzentrierten Laserquelle schichtweise Pulvermaterial zu einem dreidimensionalen Körper 

verschweißt. Innerhalb von zwei Jahrzehnten vollzog dieses Fertigungsverfahren den Wechsel von 

einer Prototypen- hin zu einer Produktionstechnologie. Aktuell sind die wesentlichen Anwendungen 

im Bereich Luft- und Raumfahrt, Turbomaschinen und Energieerzeugung, Medizintechnik sowie im 

Werkzeug- und Formenbau zu finden. Bei diesen Anwendungen zeigte sich das hohe Potential für die 

Produktion komplexer Bauteile in kleinen und mittleren Stückzahlen. Weiterhin konnten die Grenzen 

bestehender Fertigungstechnologien in Bezug auf Komplexität verschoben werden.  

Die Forschung und Entwicklung für das selektive Laserschmelzen konzentriert sich im Wesentlichen 

auf die Prozesssimulation sowie die Material- und Applikationsentwicklung. Dennoch besteht eine 

deutliche Lücke zwischen den detaillierten numerischen Simulationen und der erfahrungsbetonten 

Applikations- und Prozessentwicklung, so dass es aktuell nicht möglich ist von den Prozessparametern 

und simulativ oder analytisch ermittelten Schweißbaddimensionen Rückschlüsse auf die resultierende 

Bauteildichte zu erhalten. Wäre die Lücke geschlossen, könnte dies die Parameterentwicklung für neue 

Materialien oder spezielle Anforderungen wesentlich beschleunigen. 

Als Ausgangspunkt für die vorliegende Arbeit dient eine Studie der grundlegenden Einflüsse der 

primären Prozessparameter wie Laserleistung, Fokusdurchmesser und Scangeschwindigkeit sowie der 

sekundären Prozessparameter wie z.B. Hatchabstand, Schichtstärke und Scanvektorlänge auf die 

Dichte und Schweißbaddimensionen. Weiterhin wird der grundlegende Einfluss der Pulverpartikel- 

und Schweißspritzergrößenverteilung auf die Schweißbaddimensionen und die Prozessstabilität 

dargestellt. Zusätzlich konnte aus diesen Beobachtungen ein Zusammenhang zwischen der 

Schweißspritzergröße und der Oberflächenspannung des prozessierten Materials herausgestellt 

werden. 

Als Resultat der grundlegenden Prozesseinflüsse wurden drei Prozessparameterbereiche und ihre 

wichtigsten Einflussgrößen als Basis für ein Prozessmodell abgeleitet. Die maßgebende Annahme 

hinter der Abschätzung der resultierenden Bauteildichte ist, dass diese nicht nur von den 

Schweißbaddimensionen abhängt, sondern gleichermaßen von den Pulvereigenschaften mitbestimmt 

wird. Um diesen Zusammenhang darzustellen, werden drei Modelle (Matrix basiert, semi-empirisch, 

empirisch) vorgestellt, die sich in der Komplexität der Berechnung und Eingabegrößen unterscheiden. 

Der Berechnungsablauf für die Bauteildichte gliedert sich zum einen in die Bestimmung der lokalen 

Vorheiztemperatur und die analytische Schweißbadgrößenberechnung. Zum anderen kann daraus auf 

die Wiederaufschmelzrate und den Anteil des geschmolzenen Pulvers geschlossen werden, aus denen 

dann die relative Bauteildichte angenähert wird. Die vorgestellten Methoden werden mit Hilfe 

ausgewählter Nickel-, Eisen-, Aluminium-, Titan- und Kupferbasiswerkstoffe verifiziert. Es stellt sich 

dabei heraus, dass die Genauigkeit der Dichteberechnung wesentlich von der Präzision der 

Schweißbadgrößenberechnung abhängig ist. Mit den untersuchten analytischen Methoden kann 

bereits eine zufriedenstellende Übereinstimmung mit den experimentellen Ergebnissen erreicht 

werden. Weiterhin zeigen sich zusätzliche Einflüsse auf die Prozessresultate in Form von 

Pulverfeuchtigkeit, Partikelform sowie Schutzgasstrom. Die Bedeutung des Schutzgasstroms für die 
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Parameterentwicklung und den Einfluss auf die mechanischen Eigenschaften wird anhand des 

Beispiels von Inconel 625 dargestellt.  

Zusammenfassend kann gesagt werden, dass die hier vorliegende Arbeit eine Basis für ein breiteres 

Prozessverständnis legt und eine Verbindung zwischen den Prozessparametern, Pulvereigenschaften 

und der resultieren Bauteildichte herstellt. Daraus leitet sich die Möglichkeit zu einer beschleunigten 

Prozessentwicklung für neue Materialien oder Anwendungen ab. 
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1 

1 Introduction of additive manufacturing of metals 

Since the introduction of additive manufacturing in the 1980s, where stereolithography was presented 

as the first of many so-called � r̂apid prototyping�_ technologies, a countless number of patents and 

innovations formed the path of �š�}�����Ç�[�• success stories. This group of technologies developed during 

the �o���•�š���ï�ì���Ç�����Œ�•���(�Œ�}�u���^�����š�}�Ç���(�}�Œ���š�����Z�v�]���]���v�•���š�}�������l���Ç���(�}�Œ���Œ���‰�]�����‰�Œ�}���µ���š�������À���o�}�‰�u���v�š�_��(Gebhardt [65]) 

to technologies that not only accelerate the early stages of product development, but also shift the 

boundaries of increased complexity and profitability of many products. Additive manufacturing refers 

to a group of technologies considered master forming technologies, which enable by material addition 

the generation of three-dimensional objects that are typically rather complex for conventional 

subtractive machining and casting or e.g. require initial tooling such as MIM. Despite being named 

� r̂���‰�]���� �‰�Œ�}�š�}�š�Ç�‰�]�v�P�_�� �]�v�� �����Œ�o�Ç�� �•�š���P���•, rapid is not directly related to the speed of the manufacturing 

process itself but to the shortened manufacturing chain compared to traditional technologies. Hence, 

�š�Z���� �š�Œ���v�•�]�š�]�}�v�� �(�Œ�}�u�� �š�Z���� �š���Œ�u�� �^�Œ���‰�]���� �‰�Œ�}�š�}�š�Ç�‰�]�v�P�_�� �š�}�Á���Œ���•�� �������]�š�]�À���� �u���v�µ�(�����š�µ�Œ�]�v�P�� �����v�� ������ �•�����v�� ���•�� ����

natural consequence and was manifested in recent publications of standards such as ISO 52900 [87], 

which provides the general classifications of additive manufacturing processes displayed in Figure 1.1 

and Figure 1.2. 

 

Additive Manufacturing
ISO 52900 

Single-step AM processes Multi -step AM processes

Fusion of similar material(s)

Secondary processing 
Debinding/ Sintering/ Infiltration

CompositeCeramicMetallicMetallicPolymer

Composite

Ceramic

Adhesion of dissimilar materials

 

Figure 1.1: General classification of additive manufacturing processes according to ISO 52900 [87] 



2 

2 

Additive Manufacturing of Metals

Melted state
Solid + 

melted state
Solid + 

melted state

Sheet 
material

Sheet stack

Fusion of 
stacked sheets

Ultrasound

Sheet
Lamination

Filament / wire
material

Powder Material

Laser

Deposition nozzle

Selective deposition of 
material to a substrate

Directed Energy 
Deposition

Powder bed

Selective fusion of 
material in a powder bed

Electron 
Beam

Electron 
Beam

Laser

Powder Bed Fusion

Type of 
material

State of 
fusion

Material
feedstock

Material 
distribution

Basic AM 
principle

Source of 
fusion

Process 
category  

Figure 1.2: Classification of additive manufacturing of metals according to ISO 52900 [87] 

The focus of the present work is laser powder bed fusion (L-PBF) or selective laser melting (SLM), but 

there are other technologies emerging for the production of metal parts as well: electron beam 

powder bed fusion (E-PBF), direct metal deposition (DMD), and binder jetting (BJ). These fabrication 

methods have evolved due to the demands of increased productivity (binder jetting) and increased 

build volume (direct metal deposition) compared to SLM or material requirements (E-PBF); and hence 

add significant benefits to additive manufacturing of metals in general. Therefore, the next paragraph 

briefly discusses the unique properties of the following processes: 

- Selective laser melting (SLM, L-PBF) 

- Direct metal deposition (DMD, DED) 

- Binder jetting (BJ) 

Based on the general differentiation of processes according to ISO 52900, two kinds of methods are 

discussed: Single-step processes (SLM, DMD) and one two-step process (binder jetting). A brief 

comparison of the three mentioned technologies is provided in Table 1.1 and shows the different 

magnitudes of build envelopes, build rates, accuracy, and surface roughness. Despite the different 

working principles of the technologies, they share the basic process chain for additive manufacturing, 

which is described in the following section. 
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Table 1.1: Brief comparison of direct metal deposition (DMD), selective laser melting (SLM), and 
binder jetting (BJ) 

 
Direct metal deposition 

(DMD) 
Selective laser melting 

(SLM) 
Binder jetting 

(BJ) 
Naming 

IS0 52900 [87] 
Directed-energy 
deposition (DED) 

Laser-based powder 
bed fusion (L-PBF) 

Binder jetting (BJ) 

Equivalent 
names 

Laser metal deposition 
(LMD) 

Direct metal laser 
sintering (DMLS), Laser 

cusing 
- 

Typical build 
envelopes 

1000 mm3 250 mm3 75 mm3 

Part complexity Limited High Very high 
Typical  

build rates 
(printing process) 

Powder: ~250 cm3/h 
Wire: ~1500 cm3/h 

Up to 100 cm3/h Up to 12000 cm3/h [46] 

Typical surface 
roughness 

Rz 60�t100 µm Rz 30�t70 µm Rz 25�t40 µm 

Typical accuracy >0.3�t0.5/100 mm >0.1/100 mm 0.1/100 mm 
Support 

structures 
Not typical Yes No 

 

Process chain 

The process chain for metal additive manufacturing consists of four main steps, which are displayed in 

Figure 1.3. All processes start with 3D data, which is prepared for the build job according to process-

specific requirements. Build preparation is followed by the generative process, whereby the layer or 

vector information is converted into a three-dimensional object. Depending on the process, the near 

net-shaped part must undergo post-processing steps or could be used in the as-built condition already.  

 

 

 

   

 

Figure 1.3: Simplified process chain for metal additive manufacturing 

The following sections will discuss the differences along the process chain between the three 

mentioned metal additive manufacturing technologies. 

3D (CAD) data 

Acquiring 3D data is not a significant problem �]�v���š�}�����Ç�[�•���Á�}�Œ�o�����}�(���v�����Œ�o�Ç�����}�u�‰�o���š���o�Ç�����}�u�‰�µ�š���Œ-based 

design (CAD) processes. Nonetheless, state-of-the-art is the conversion from the mostly parameter-

based CAD modelling towards a simplified surface representation using the STL format. According to 
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Post-processing

and machining



4 

4 

Fastermann [60] STL is the file format that was developed for stereolithography (the first AM 

technology. A pitfall of the STL format is the approximation of the original geometry by the application 

of triangles (triangulation), as displayed in Figure 1.4.  
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Figure 1.4: Effect of layer thickness and STL approximation on geometric 
representation 

Hence, the more precisely a geometry is approximated, the finer the mesh of triangles must be and 

the greater the amount of data. Scaling of STL files is another difficulty as the number of triangles 

remains, but the length of its sides increases, effectively reducing resolution. To counteract a few of 

the aforementioned pitfalls, ISO and ASTM are trying to implement the AMF (additive manufacturing 

file) format, which is an open and machine-independent file format based on the XML script language 

(described in detail in ISO 52915 [91]). The main concerns of implementation are technology 

independence, simplicity, scalability, performance, downwards compatibility to STL format, and future 

orientation. A detailed comparison of data formats can be found in the work of Grässler et al. [71] or 

Bodkin et al. [30].  

Build preparation and consolidation 

As described above, most AM technologies are based on the same file format, but final build job 

preparation differs from process to process due to variances in the consolidation mechanism. Direct 

metal deposition as well as selective laser melting convert a feed stock (powder/wire) by high energy 

input into a melt, which forms the part after solidification. The basic principle of both direct metal 

additive manufacturing processes is displayed in Figure 1.5.  

Powder
Carrier gas (Ar, He)Deposit

Substrate

Laser
Nozzle

Shielding gas

Recoating device

Scan head

Laser source

Powder 
supply

Build 
platform

Powder
Part
Support structure

 

Figure 1.5: Consolidation principle for direct metal deposition (DMD/DED) (left) and selective laser 
melting (right) 
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The concentrated energy input and resulting phenomena such as large thermal gradients or keyhole 

welding require that the parts be built on a substrate for thermal and physical support. Even if SLM 

and DMD share the step of localized melting, both processes require significantly different pre-

processing steps. To maintain stable process conditions in direct metal deposition, it is of advantage 

to tilt the nozzle roughly perpendicular to the growth direction of the part. This manufacturing 

constraint results in complex tool path planning similar to conventional three to five-axis CNC 

machining. In contrast, selective laser melting relies on 2D-layer information for scanning vectors 

which control the movement of the �o���•���Œ�[�•��focal point within the powder bed. To maintain stable 

process conditions in SLM, so-called support structures, which function as heat sinks and physical 

supports, are needed at overhanging surfaces. 

Similar to SLM, binder jetting uses a powder bed where a printer nozzle locally applies binder to glue 

metal particles together in order to form a green part, which is shown in Figure 1.6. Therefore, no 

substrate or support structures are needed, and parts can be nested within the entire build volume. 

However, the required post-process sintering leads to partially anisotropic shrinkage, necessitating 

compensation in the pre-process step. It is known, e.g. from similar MIM processes, that the volume 

fraction of binder requires precise adjustment to guarantee a stable green or brown part. 

Powder supply
Build 

platform

Green part
Binder
Print head
Recoating device

Powder

 

Figure 1.6: Basic principle of geometry creation in binder jetting  

Pre-processing or build job preparation is key to achieving the best possible results for all 

aforementioned processes. Shrinkage or deformation compensation, surface quality optimization, or 

specific scan strategies are just a few bullet points that demonstrate the growing complexity of modern 

build-preparation software. However, when it comes to the slicing process, the common ground 

between SLM and BJ is that the geometry is approximated layerwise and the 2D geometry information 

is stored within the file �(�}�Œ�u���š�X���d�Z�]�•���^���µ�š�š�]�v�P�_���‰�Œ�}�����•�•���]�v���o���Ç���Œ���š�Z�]���l�v���•�•���•���}�(���š�Ç�‰�]�����o�o�Ç���î�ì�t120 µm is a 

possible source of error for the exact representation of the geometry, as can be seen in Figure 1.4. 

Hence, the lower the layer thickness, the higher the vertical resolution of the process. As a result of 

decreasing layer thickness, a significant increase in build time (e.g. due to recoating) is observed. 

Post-processing 

As mentioned previously, post-process heat treatment is mandatory for binder-jet-processed parts as 

the green part possesses only the strength of the binder. Nonetheless, after debinding and high 

temperature sintering, the microstructure of the parts is very homogeneous with acceptable relative 

densities up to 98%, as demonstrated by Mostafei et al. [135] for Inconel 625, which can be increased 
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up to nearly 100% e.g. by additional hot isostatic pressing (HIP). In contrast, selective laser melting and 

direct metal deposition can result in densities near the theoretical 100%. Hence, the parts could 

already be used in the as-built condition. Nonetheless, laser welding processes sometimes lead to 

undesired microstructural features or high residual stresses requiring post-process heat treatment 

such as stress relief or solution annealing. 

Applications of metal additive manufacturing 

As mentioned previously, metal additive manufacturing is in transition from a prototyping into a 

production technology and constantly broadening the range of applications. First applications and 

sustainable business cases were demonstrated in the dental as well as the tooling industry. The benefit 

in the dental industry is clear: Usually, dental implants are one-off patient-specific products of high 

complexity. Additionally, most dental implants have small dimensions allowing for compact 

arrangement on small form-factor SLM machines as demonstrated in Figure 1.7. The medical sector in 

general provides plenty of use cases from specialized surgery equipment to implants as well as 

research topics such as shape memory alloys shown by various researchers (e.g. Bormann et al. [33]). 

Mold repairs and modifications in terms of wear-resistant coatings or conformal cooling channels for 

reduced cycle times have also become state of the art for high performance injection molding or sheet 

metal forming processes. Examples of a DMD mold repair and an insert with cooling channels are also 

illustrated in Figure 1.7. 

   

Figure 1.7: SLM manufactured dental implant on a EOS machine (left) [55], DMD mold repair (middle) 
[137], conformal cooling of SLM manufactured injection molding tool (right) [130] 

Another large sector of application is the turbine and aerospace industry, which is driven by high 

quality requirements, hard-to-machine materials such as nickel-based super alloys or titanium alloys, 

complex shapes, and low- to medium-volume production lots.  
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Figure 1.8: GE fuel nozzle (left)[64], Liebherr hydraulic manifold (middle) [34], DMD hybrid 
manufactured turbine housing produced on a DMG Mori Lasertec [49] 

Besides use cases in non-critical parts, as demonstrated by the Airbus borescope access, Liebherr 

Aerospace in cooperation with the Technical University of Chemnitz premiered the first flying 

component in the primary flight controls for an Airbus A380, a hydraulic manifold (Figure 1.8), in 

2017 [34]. Klocke et al. [104] and Uriondo et al. [189] discuss many applications in the turbomachinery 

sector and point especially at the role of additive manufacturing in the aftermarket and repair sector. 

The possibility of the technology to significantly shorten supply chains, decrease stock, and increase 

flexibility in terms of geometry are expected to alter this industry in the near future. Besides 

aftermarket products, new parts or products are also meant to profit from additive manufacturing as 

demonstrated by the well-known business case in which General Electric announced the production 

of over 30,000 fuel nozzles (Figure 1.8, left) by end of 2018 [64]. This nozzle demonstrates one of the 

key advantages of SLM: By the integration of functions in a single part, it was possible to reduce weight 

(by 25%), the total number of parts from approx. 20 to one, and the amount of quality assurance as 

well as to increase efficiency of fuel injection.  

Larger-scale products beyond today�[s typical build envelope of 250 mm edge length for SLM are also 

gaining traction, as DMD becomes more widespread and allows the combination of high productivity 

and increased complexity. However, CAM programming and build job preparation for DMD is an 

ongoing challenge. The DMD part examples shown in Figure 1.9 demonstrate the spread of complexity 

of modern-day additive manufacturing parts with widely varying efforts in build preparation and 

machining. 

  

Figure 1.9: Hybrid-manufactured impeller by Sulzer [155], aerospace flange of PFW aerospace [145], 
HP metal jet (binder jetting) example part for automotive applications [7] 

Besides the aforementioned high-performance applications, consumer goods such as customized golf 

clubs [70], car parts [201], eyeglasses [125], or titanium lugs for bike frames as demonstrated by 

Renishaw and Atherton-Bikes [147] are also possible. Binder jetting technologies will further increase 
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the use of customized goods especially in the automotive industry as smaller parts can be efficiently 

produced in larger quantities using existing MIM-based workflows. An example of a simple gear with 

a mesh core is displayed in Figure 1.9. 

Nonetheless, selective laser melting remains the most established metal additive manufacturing 

technology, but topics such as training of engineers and machine operators, design for additive 

manufacturing, quality assurance, and material availability must be addressed to establish additive 

manufacturing to the same degree as conventional manufacturing techniques. Further literature, e.g. 

on quality management systems, process classification, and applications, can be found in the work of 

Spierings [171], Gibson [67], or Lachmayer [112]. 
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2 Fundamentals of selective laser melting 

2.1  Process 

2.1.1 Introduction 

Selective laser melting is known under many terms: Direct metal laser sintering (DMLS), direct metal 

printing (DMP), laser cusing, and standardized by ISO 52900 as laser powder bed fusion (L-PBF). 

Despite the basic principle of SLM having already been introduced, this section will discuss as concisely 

as possible the fundamentals and influencing factors of the SLM process.  

Pre-processing and build job preparation 

Build job preparation for the SLM process starts with 3D data. The de facto standard for SLM build job 

preparation is the commercial software Magics by Materialise [124], which provides a powerful 

platform for support generation, integration of lattice structures, and basic simulation features in the 

latest releases (Version 23 upwards). Nonetheless, other software vendors, especially established CAD 

systems providers such as Autodesk (Netfabb), Siemens (NX) [167], Dassault Systemes (Solidworks, 

Catia), or PTC (Creo) [148] are integrating additive manufacturing specific modules in their workflow 

to maintain for as long as possible a parametric environment. Build job preparation often consists of 

four steps: Geometry import, aligning and orientating within the build envelope, support generation, 

and finishing with slicing in accordance with machine-specific requirements. Geometry import and 

format-specific challenges have been discussed in the previous section, but orientation of the part 

within the build chamber is a critical aspect for the following support generation process as most 

surfaces with an angle less than 45° from the horizontal plane have to be supported to allow stable 

processing conditions. The example and principal sketch in Figure 2.1 provide the basic idea of the 

support generation process.  

30°
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Build platform

Support structure
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overhanging 

structure
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overhanging 
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©T.Bauer/inspire AG

 

Figure 2.1: Supported part [grey = part; red = support] (left), principle of support generation during 
the build-job preparation (right) 

During the SLM process, a concentrated laser source, typically a Nd:YAG fiber laser, provides enough 

energy to melt and even vaporize parts of the material. The heat input creates thermal gradients and 

stresses in the generated parts, impacting process stability as well as geometrical accuracy. That task 

is performed by the so-�����o�o������ �^�•�µ�‰�‰�}�Œ�š�� �•�š�Œ�µ���š�µ�Œ���•�_, which may vary greatly by shape and general 

layout. For this reason, today�[s build preparation systems have integrated tools for automated or 

assisted support generation, but it remains state of the art to treat support generation as an expert 
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system�v meaning it relies primarily on the experience of the user. Nonetheless, the general goal of 

build preparation is to minimize the use of support structures by optimizing the part geometry for 

additive manufacturing during the design process. Design for additive manufacturing is becoming part 

of engineering education and will enable, in combination with process improvements, the reduction 

of support structures significantly. After principal alignment of the part is fixed and support structures 

have been added, OEM-specific build data preparation is initiated. Depending on the philosophy of a 

given OEM, various strategies for data preparations are present. Either all required process data, such 

as geometry, laser scanning parameters, scan strategy, and each scanning vector/point, are stored in 

a single file (e.g. SLM Solutions); or only main geometry data including parts of the scan strategy (e.g. 

Concept Laser) are stored in the sliced file and the process parameters are provided by the machine�[s 

controls. However, the data is transferred into a machine-readable format and can be sent to the 

machine to start the build process.  

Generative process 

SLM can be characterized as a multilayer, repetitive micro-welding process that creates characteristic 

process conditions such as extremely fast heating and cooling rates and continuous remelting of 

previously consolidated material. Usually, the generative process displayed in Figure 1.5 is highly 

automated and does not require user input throughout the build time. After the build job is loaded to 

the equipment, machine preparation is initiated, starting with actions such as levelling of the substrate 

plate or aligning of the recoating device. Starting with deposition of the powder on the substrate plate, 

the laser scans the areas where material will be consolidated according to predefined scan strategy 

and build parameters. After finishing scanning the layer, the build plate is lowered, new powder is 

deposited by the recoating device in the build area, and the scanning process is repeated with new 

layer information.  
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2.1.2 Overview of influences of the SLM process 

Selective laser melting is a multi-physics challenge, where principles of classic laser welding are 

coupled with an inhomogeneous processing medium, shielding gas streams, and constantly varying 

geometrical constraints. Those interactions remain a topic of vigorous study even more than 20 years 

after the �š�����Z�v�}�o�}�P�Ç�[�• introduction. As a starting point, researchers such as Meiners [131], Yadroitsev, 

Betrand and Smurov [203], Rehme [154], or Spierings et al. [174] provided early guidelines and trials 

showing the influences of certain critical aspects of the SLM process. Figure 2.2 provides an overview 

of the major influencing factors on the SLM process, which will be discussed in the following 

paragraphs.  

Build duration
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In-process behavior
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Support Generation

Powder

Rheological properties
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Figure 2.2: Simplified Ishikawa diagram of basic influencing factors in SLM technology, adapted from 
Rehme [154] and Spierings [174] 

The focus of the present work is the interaction of material, process, and machine as the core of the 

process. Nonetheless, the influence of the geometry will be considered, due to its impact on scanning 

strategy.  

2.1.3 Laser and laser welding introduction 

Selective laser melting is a repetitive laser welding process and therefore it is important to draw on 

similarities from already established knowledge won from laser welding processes. In the following 

sections, the major influencing factors, shown in Figure 2.2, of the laser on the SLM process are 

discussed, while a brief introduction to laser material processing is provided. A general and more in-

depth discussion on lasers, laser sources, laser modes, or laser applications can be found in the 

literature of Eichler [52], Bäuerle [21], and Hügel [85] for example. 

Laser basics 

Laser is an acronym for �^�oight amplification by stimulated emission r�����]���š�]�}�v�_, meaning that a laser-

active medium can emit spatial and temporal coherent electromagnetic radiation through energetic 

excitation of a laser-active medium. That can be achieved either continuously in continuous wave (cw) 

mode or in different pulsed modes. Pulsing is the emitting of the laser radiation in short but defined 

bursts of radiation, down to a few femtoseconds, allowing high peak intensities or different kinds of 
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modulation. Pulsing is a result of the temporal coherence of laser radiation, which furthermore allows 

emitting radiation of a narrowly defined wavelength. State of the art for laser welding and cutting 

applications are high-powered CO2 lasers with a wavelength of 10.6 µm as well as Nd:YAG-laser 

sources with a wavelength of 1064 nm.  

Another important property of laser radiation is its spatial coherence, which provides the opportunity 

to collimate the radiation and transport it nearly lossless over a certain distance to the processing zone, 

where it can be focused into a fine point and deflected e.g. by a scan head. A schematic of a typical 

configuration of an SLM system with an f-Theta lens is provided in Figure 2.3. The setup contains a 

laser-active medium (1) and the collimator (2), which are often integrated in the laser source itself. 

After collimation, the radiation travels mostly through a light fiber towards the scan head (3), where 

the beam is deflected in directions x and y. To focus the beam and maintain the beam profile (e.g. 

Gaussian profile) even on the edges of the work area, an f-Theta lens (4) is used. With advances in the 

material of the f-Theta lens, this setup is regarded as robust, but new advanced (3D) scanning optics 

allow the substitution of the f-Theta lens e.g. by actively compensating the focus shift. 

1 2

Build plane

z R

�} 

3

4

�O2 w0 

w0  

Figure 2.3: Schematic of an optical layout of an SLM machine with f-Theta lens (left) and important 
beam parameters (right), (1) laser active medium, (2) collimator, (3) scan head, (4) f-Theta lens 

A�(�š���Œ�����}�o�o�]�u���š�]�}�v���(�}�Œ���š�Z�����^�š�Œ���v�•�‰�}�Œ�š�_���}�(���š�Z�����Œ�����]���š�]�}�v�U���š�Z�����o���•���Œ���������u���]�•���}�(�š���v�����]�À���Œ�P�������]�v�š�}�������(�]�v����point 

with the diameter D respectively beam radius or waist w0. For a Gaussian beam the divergence �} is 

defined by the wavelength �„L and the focus radius w0 of the collimated beam as: 

�à
L��
�I�Å

�è�����S�4
 ( 2-1 ) 

Another important beam parameter is the Rayleigh length zR, which is described for a Gaussian beam 

by the wavelength �„L and the focus radius w0:  

�V�Ë 
L��
�è���S�4

�6

�I�Å
 ( 2-2 ) 

The Rayleigh length describes the distance from the beam waist along the propagation direction of the 

beam where the area of the cross section is doubled compared to its focus diameter.  
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Intensity, intensity distribution 

Typically in SLM, laser radiation is focused to a spot diameter between 50 µm and 120 µm. The beam 

profile respective to its intensity distribution can be modulated by a waveguide, which creates 

different boundary conditions that result in so-�����o�o������ �^�š�Œ���v�•�À���Œ�•���_�� �u�}�����•�X��TEM 00, a Gaussian-

distributed intensity profile, is the most common mode for SLM, while some rare implementations of 

TEM 01 (�š�Z�����^donut�_ profile as well as the so-�����o�o�������^�š�}�‰ �Z���š�_ profile) exist, which is derived from a 

Gaussian profile with diffractive element. The top hat profile is a nearly uniform energy distribution 

over the cross section of the beam, e.g. as demonstrated by Schleifenbaum et al. [160]. The maximum 

intensity of a Gaussian and top hat beam profile are calculated by  

Gaussian peak intensity  �+�4�4�À�Ô�è�æ�æ
L
�2

�è
�t �®�S�4

�6
 ( 2-3 ) 

Top hat peak intensity  �+�4�4�Í�â�ã 
L
�2

�è�®�S�4
�6 ( 2-4 ) 

in dependence of the laser power P and the beam radius w0 implying a radius definition of 1/e2. By the 

equations it is apparent that the maximum intensity of a top hat-beam is half the maximum of a 

Gaussian beam, which explains the motivation behind the application of different beam profiles. It has 

been established for example by Zhang et al. [211] that the high maximum intensity of the Gaussian 

beam leads to undesired phenomena such as vaporization of low melting alloy components. In relation 

to the peak intensity I0, the coordinate r describing the distance from the center of the beam as well 

as w(z), which is the beam diameter at a point in propagation direction z of the beam, the intensity 

distribution for different beam profiles is given as 

Gaussian distribution �+�:�N�á�V�; 
L���+�4 �®�A
�?

�6�å�.

�ê�:�í�;�.  ( 2-5 ) 

Donut distribution �+�:�N�á�V�; 
L���+�4 �®
�t�N�6

�S�:�V�;�6
�®�A

�?
�6�å�.

�ê�:�í�;�.  ( 2-6 ) 

Uniform (top hat) distribution �+�:�N�á�V�; 
N���+�4�:�V�; ( 2-7 ) 
 

The resulting distributions can be seen in Figure 2.4. 
 

 

Figure 2.4: Comparison of TEM 00 (Gaussian), TEM 01 (donut) and top hat beam profile for beams 
with identical focus diameter 
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However, state-of-the-art in SLM remains the Gaussian-distributed profile as the beam does not need 

to be manipulated by optical beam shaping elements, which would add to the complexity of the SLM 

machine and increase probability of failure. Therefore, the following paragraphs will concentrate on 

Gaussian beams. 

Intensity, wavelength, and absorptivity represent crucial process parameters that have significant 

influence on energy transfer to the workpiece and resulting welding modes or phenomena. The main 

modes are conduction and keyhole welding, which determine the shape of the heat-affected zone and 

the effectivity of the welding process. It is established in conventional laser welding that absorptivity 

of the laser radiation is dependent on the welding mode, which itself is a function of the welding 

parameters (e.g. laser power, scanning speed, preheating), material, and beam intensity. An overview 

of how intensity influences the heat-affected zone for steels is provided in Figure 2.5. Low intensities 

of ~103 W/cm2 are applied for heating applications of steels such as laser hardening. Increasing 

intensity levels of ~104 �t 106 W/cm2 typically result in conduction mode, which is followed by 

intensities above 106 W/cm2, where a capillary, roughly with the diameter of the beam, is formed. This 

high-intensity range is called keyhole mode and can be accompanied with the formation of a plasma 

plume.  
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Figure 2.5: Different welding modes according to Beyer [72], Hügel [84], and Radaj [151] 

Another implication of keyhole mode is that the laser beam does not interact with a flat surface, as in 

heating or conduction mode, but is subject to multiple scattering within the capillary, which increases 

absorptivity and process efficiency significantly, as shown in Figure 2.6. Hügel [83] also displays the 

influence of thermal conductivity on absorptivity with increasing intensity. 
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Figure 2.6: Absorptivity for materials with different conductivity with rising intensity according to 
Hügel [84,85] 

The rising efficiency of the welding process rapidly increases the welding depth, which is demonstrated 

for example in Figure 2.7 by Beyer [25] for a CO2 laser. Furthermore, this sudden increase in welding 

depth is less pronounced with increasing scan speed; hence it can be assumed that a nearly continuous 

transition between conduction and keyhole welding will appear at SLM typical scan speeds of 

500 mm/s to 3000 mm/s  
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Figure 2.7: Relationship between welding depth and laser intensity with different welding speeds 
using a CO2 laser source according to Beyer [25] 

Laser and material interaction  

Bäuerle [21] provides an overview of the key points to be considered for the interaction between laser 

radiation and material: Laser power, spot size, scanning speed, wavelength, and material properties 

such as absorptivity and thermophysical properties (e.g. thermal conductivity). Especially the 

transition between conduction and keyhole welding influences the interaction between the incident 

laser radiation and the energy available for the welding process. As presented in Figure 2.8, keyhole 

welding features a multitude of phenomena, compared to the conduction-dominated mode. Keyhole 

welding leads to vaporization of material or even plasma generation. The increase in absorbed energy 

by multiple scattering in keyhole mode is limited by the shielding effects of the metal vapor and the 
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plasma plume. Furthermore, it must be stated that, typically, the laser interacts with the melt and not 

the powder during the SLM process, despite earlier publications, e.g. by Boley et al. [32] or Tolochko 

et al. [182], investigating the absorptivity of the powder. 

Conduction welding Keyhole welding 
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Pre Pre
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PL Incident laser power Pplasma Power shielded by plasma 
Pre Reflected laser power Pvap Power loss due to metal vapour 
Pabs Absorbed laser power   

Figure 2.8: Power input in conduction (left) and keyhole mode (right) according to Beyer [25]  

However, conduction welding is closer to the absorptivity of a flat surface, which typical values for 

different wavelengths of are displayed in Figure 2.9. It is shown that the most common used 

wavelength in additive manufacturing, 1064 nm (Nd:YAG), is well suited for iron- and nickel-based 

materials with an absorptivity of more than 30%. However, other materials such as aluminum (5�t6%) 

or copper (2�t3%) have significantly lower values, leading to rather inefficient processing conditions in 

combination with the high thermal conductivity of these materials. Furthermore, it is advantageous to 

adjust the wavelength of the laser in order to achieve the best possible process efficiency, which is for 

���Æ���u�‰�o�����‰�Œ�}�‰�}�•���������Ç���d�Œ�µ�u�‰�(�����v�����/�>�d���������Z���v�����Ç���µ�•�]�v�P�������^�P�Œ�����v�_ laser with a wavelength of 515 nm for 

processing copper [144]. 



17 

17 

 

0

5

10

20
A

bs
or

pt
iv

ity
 [%

]

Wavelength �„L [µm]

0.1

Fe

Steel15

25

Mo

Al

Cu

0.2 0.4 0.8 1 2 4 6 8 10 20

    

Nd:YAG

 

Figure 2.9: Absorptivity as a function of wavelength for various metals according to Beyer [25] 

Increased absorptivity due to the keyhole effect is well described by empirical data as well as numerical 

simulation where ray tracing is often applied to understand these effects, as demonstrated by Boley 

et al. [32], Trapp et al. [185], or lately by Ye et al. [209]. Table 2.1 compares the laser absorptivity of a 

flat polished surface with keyhole absorptivity. Under keyhole conditions, absorptivity varies by power 

input, focus diameter, and scan speed, which has been shown e.g. by Trapp et al. [185] or Ye et al. 

[209], and on average at least doubles after exceeding the keyhole threshold. This laser scanning 

parameter dependency is explained by the different shapes and dynamics of the keyhole itself and is 

described in detail by Fabbro [57]. Keyhole welding not only increases absorptivity, but also the 

creation of spatter, which is deposited within the build chamber and is a major source of processing 

errors. 

Table 2.1: Absorptivity at 1064 nm laser radiation for different pure and commercial alloys on flat 
surfaces and in keyhole welding mode 

Absorptivity at 1064 nm 

Material 
Condition 

Sources 
Flat surface Keyhole 

Pure aluminum >99 �ì�X�ì�ò�Y�ì�X�í�ñ �ì�X�î�Y�ì�X�ò�ñ [21,185] 
Copper �ì�X�ì�î�Y�ì�X�ì�î�õ 0.075 (807 nm) [21], [188] 

Pure iron 0.36 - [21] 
Stainless steel 0.3 �ì�X�ò�Y�ì�X�ô [21,185] 

Pure nickel 0.33 - [21] 
Titanium 0.3 - [61] 

2.1.4 Main SLM process parameters 

The main processing parameters of the SLM process are comparable to other welding processes or 

even classic machining inputs: An energy source (spindle motor) is required to drive a tool with a given 

geometry through a material to manipulate the shape of a workpiece. In contrast to conventional 

machining with a tool of defined shape, laser welding in general or selective laser melting in particular, 
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have a primary as well as a secondary tool: The primary tool is the laser itself with defined propagation 

parameters such as focal length, Rayleigh length, or focus diameter as well as the laser power and scan 

speed. The secondary tool is the weld pool, which is defined by the interaction of the laser with the 

processed material and general boundary conditions. Hence, the weld pool is in theory a tool with a 

defined geometry, but, in practice of the SLM process, a tool rendered rather sensitive due to the 

constantly changing boundary conditions. These variations are caused for example by interaction with 

�‰�}�Á�����Œ���‰���Œ�š�]���o���•���~�^�(�]�o�o���Œ���u���š���Œ�]���o�_�•���}�Œ���À���Œ�]���š�]�}�v�•���]�v���•�����v���À�����š�}�Œ���o���v�P�š�Z�•���]�u�‰�}�•���������Ç���š�Z�����•�����v���•�š�Œ���š���P�Ç���}�Œ��

the geometry of the part. Therefore, it is useful to classify the main process parameters of the SLM 

process into two categories: General laser welding (primary) parameters, which clearly indicate 

parallels to existing (laser) welding; and SLM specific (secondary) parameters highlighting peculiarities 

of the SLM process. An overview of the main process parameters is provided in Table 2.2. 

Table 2.2: Overview of main primary and secondary processing parameters for the SLM process 

Primary process parameters Secondary process parameters 
Similar to laser welding Specific to SLM 

Laser power 
Focus diameter 

Scan speed 
Material 

(Chemical/physical properties) 

Hatch distance 
Layer thickness 

Powder characteristics 
Scan strategy 

Scan vector length 

 

Layer thickness

Scan vector length

Hatch distance
Powder

Laser power, focus diameter, scan speed

 

Figure 2.10: Illustration of main SLM parameters 

 

Laser power, beam diameter, and scan speed �t Line energy and irradiance 

It has been established already in the early applications of conventional arc welding technologies, for 

example by Ryaklin [157], that laser power, beam diameter, and the resulting intensity (or its 

distribution) have a significant impact on the welding process and absorptivity. The high intensities 

and translation speed achieved with �š�}�����Ç�[�• laser scanning systems emphasize that importance. 

However, derived from arc welding is one of the main measures to compare the energy input in a 

�•�]�v�P�o�����o�]�v�����Œ���Á���o���W���^�>�]�v�������v���Œ�P�Ç�_����line [J/mm] is provided as  



19 

19 

Line energy �' �ß�Ü�á�Ø
L��
�2
�R

���>�,���I�I �? ( 2-8 ) 

and being the ratio between the power input P and the scan speed v. 

This simple indicator is a very powerful tool for arc welding because of the relatively equal dimensions 

and processing conditions created by the applied tungsten tips or standardized burner geometries, 

which allowed establishing of extensive databases of welding parameters and material combinations. 

Nonetheless, this does not consider other inputs of the selective laser melting process such as focus 

diameter, hatch distance, or layer thickness. Hence, knowledge of these boundary conditions is crucial 

to draw correct conclusions when comparing results.  

With technical advances that lead to a decrease of focus diameter and an increase in peak powers, and 

therefore rising intensities, it became apparent that an additional measure for comparison processing 

parameters was required. As long as beams with similar intensity distributions are compared, the 

energy input from different focus diameters can be evaluated by 

Area energy density �' �º�4�½
L��
�2

�R�®�&
���>�,���I�I �6�? ( 2-9 ) 

which is calculated by dividing the input power P by the scan speed v and the focus diameter D. An 

application for additive manufacturing is shown by Kumar [111]. 

Hatch distance and scan vector length 

The hatch distance h [mm] displays the distance between the centers of two laser tracks and indicates 

their overlap as indicated in Figure 2.11. A relation of 0.7�Y�í���u�µ�o�š�]�‰�o�]������by the beam diameter is often 

regarded as an initial value for parameter studies of iron-, nickel-, or titanium-based alloys and is 

mentioned for example in the work of Meiners [131]. Often, this indicative value is increased for 

materials with higher thermal conductivity e.g. Al-based alloys to account for the different weld pool 

shapes.  

Increasing hatch distance
 

Figure 2.11: Resulting overlap between adjacent scan tracks with increasing hatch distance 

A change in hatch distance leads mainly to two effects: Firstly, the hatch distance changes the overlap 

between adjacent scan tracks, which in return results in a change in boundary conditions. The weld 

pool interacts with more or less consolidated material and surrounding powder. Secondly, if the hatch 

distance is smaller than the beam diameter, the laser beam irradiates a previously irradiated area, 

depositing more energy per area or volume within that section. To consider this effect, the area energy 

density is calculated by 

Area energy density 
�' �º 
L��

�2
�R�®�D

���>�,���I�I �6�? ( 2-10 ) 

considering the laser power P, the scan speed v, and the hatch distance h. However, the beam 

diameter as input is missing. 
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The most discussed effect of the hatch distance is its effect on relative density, which is already 

indicated in Figure 2.11. If the hatch distance is increased to an extent where the weld pools of adjacent 

tracks do not overlap, powder or pores are potentially trapped between lines of consolidated material. 

This effect, purposely applied, can create open porosity for lubrication for example as demonstrated 

by Stoll et al. [177].  
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Figure 2.12: Illustration of the change in boundary conditions for different hatch distances with a 
constant weld pool 

Besides the above-described effect, there is a less documented result of the overlap change. A change 

in hatch distance drastically alters the boundary conditions for the weld pool and solidifying material, 

which is reflected in Figure 2.12 for cases with hatch distances smaller, equal to, and much larger than 

the laser focus diameter. With increasing hatch distance, the powder-exposed surface of the weld pool 

increases. On one hand, the powder acts as a filler material and provides additional material potentially 

increasing the volume of the melt. On the other hand, and in contrast to solid materials, powder 

exhibits neglectable tensile strength and can be considered an isolating medium. Hence, with 

increasing powder-exposed area, the direction of the heat flow as well as the weld pool dynamics and 

solidification behavior can be altered. Meiners [131] for example describes an effect of porosity 

patterns created by surface tension and heat flow in the case of large overlaps between scan tracks. 

In case of no overlap between scan tracks, the melt pool can contract nearly undisturbed (surface 

tension dominated) and triggers, compared to larger overlaps, a weld pool shape change. That effect 

is qualitatively documented by Yadroitsev and Smurov [206], but a quantitative effect on weld pool 

dimensions, shape, and cross section is not thoroughly documented.  

Layer thickness t 

The most common measure to compare process parameters in the field of selective laser melting is 

the volume energy density Evol [J/mm3] as given as  

Volume energy density �' �é�â�ß
L��
�2

�R�®�D�®�P
���>�,���I�I �7�? ( 2-11 ) 
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incorporating the laser power P, the scan speed v, the hatch distance h, and the layer thickness. 

Nonetheless, similar to the previously mentioned area energy density, this measure does not include 

any beam characteristics and therefore is only partially usable for the comparison of process 

parameters of machines with varying laser setups. Despite the lack of comparability of volume energy 

density, inclusion of layer thickness is very significant as it can be considered a productivity measure 

not only for the scanned area but for the whole volume of a part.  

Layer thickness is a critical influencing factor for the process in general, but especially for melt track 

stability as Yadtroitsev et al. [205] pointed out, showing that with increasing powder layer thickness, 

the tendency for melt instability increases and the so-�����o�o�������^�����o�o�]�v�P�_�����(�(�����š���}�����µ�Œ�•�X Other factors also 

contribute to weld track instabilities such as high-energy input creating irregularities due to sudden 

keyhole collapse. Both observations are in agreement with a publication of Kruth et al. [110], where 

three to four processing zones are defined. Both studies differentiate between the following 

processing zones: 

- Insufficient substrate attachment 

- Balling, a regime occurring at higher scan speeds or increased layer thickness leading to a 

discontinuous weld track 

- A continuous and stable weld track 

- A continuous weld track with varying dimensions due to keyholing  

Furthermore, it must be considered that the nominal powder layer thickness tnom used in the volume 

energy density calculation is only a theoretical value. The effective layer thickness teff is provided as  

�P�Ø�Ù�Ù
L
�P�á�â�à

�é�ã�â�ê
 ( 2-12 ) 

and a function �}�(���š�Z���� �‰�����l�]�v�P�������v�•�]�š�Ç���Œpow [%] of the powder on top of the area of interest and the 

nominal layer thickness tnom. Figure 2.13 displays that relation: For example, a random powder 

achieves a relative packing density of 50% and the SLM processing parameter allows reaching nearly 

full density of 100% at a layer thickness of 30 µm. As a result, the volume of the consolidated material 

shrinks by 50% as the material is consolidated to a thickness of 15 µm. Hence, as a new nominal layer 

is applied, the difference between nominal layer thickness and the consolidated thickness is added, 

which results in an effective layer thickness of 45 µm in the first consecutive layer. 

Substrate SubstrateSubstrate

tnom
tcon

tnom

tnom teff

 

Figure 2.13: Principle of effective layer thickness 

This effect has been described by Meiners [131] and is continued until a stable effective layer thickness 

has been reached. Figure 2.14 provides an impression of that phenomenon, with an example of 30 µm 

and 60 µm nominal layer thickness and a packing density of 50%. 
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Figure 2.14: Number of layers vs. effective layer thickness for different nominal layer thicknesses 

In the discussed example, the effective layer thickness will therefore result in 60 µm and 120 µm 

respectively. By increasing or decreasing the packing density, the effective layer thickness can be 

altered. Therefore, this interaction is of great importance in preventing lack-of-fusion defects to the 

substrate as well as improving the stability of the weld pool as pointed out by Yadroitsev [204], Kruth 

[109], and Meiners [131]. The challenge in equation ( 2-12 ) is within the determination of the effective 

powder layer density within the area of interest. So far, no measurement method has been established 

that is capable of providing a representative value, but methods such as closed boxes or other 

gravimetric approaches are taken by Spierings et al. [176] or Seyda [165] for example. However, this 

highlights the importance of powder properties as critical process input. 

Scan strategy and geometry 

The scan strategy, describing the position and pattern of scan vector placement, can be divided into 

global and local definitions. The global definitions describe the main patterns of scan vector placement. 

The most common types are presented in Figure 2.15: Firstly, the scan vectors are projected on the 

entire area. Secondly, the area is divided into � ŝtripes�_ that possess a defined width such as 10 mm, 

which also determines the major scan vector length. Lastly, the cross section of the part is portioned 

into small squares, which are randomly scanned and have a typical size of 5 by 5 mm, that reassemble 

a chessboard-like pattern.  

Often, the main orientation of the scan vectors is rotated between the layers to influence process 

stability and microstructure. The most common rotation angle is either 90° or a prime number such as 

37°. Rotation using prime numbers has the advantage of breaking up epitaxial grain growth in the build 
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Figure 2.15: Global definitions of the scan strategy, vector projection, stripe and chessboard 

pattern (left to right) 
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direction. Additionally, it has been demonstrated that rotation of global scan patterns as well as scan 

mode has an impact on the density of the part. 

The local definition of the scan strategy is influenced by the geometry and the process parameters. 

First of all, the geometry defines the vectors of the contour scan as well as the length of the scan 

vectors, if the wall thickness is smaller than the global definition of the chessboard or stripe pattern 

dictate, which is shown in Figure 2.16. 
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Figure 2.16: Resulting scan vector length as a function of geometry and general scan strategy; colors 
indicate the length of scan vectors, vectors of equal colors have similar length 

Secondly, the scanning parameters define the weld pool size, which influence hatch distance, as well 

as placement of the contour scans to achieve best possible dimensional accuracy.  

It can be differentiated between uni- and bidirectional scanning modes as well as meander-like 

scanning, which is the continuous variant of bidirectional scanning. Figure 2.17 provides an illustration 

of the different scan modes and demonstrates the placement of the vector end and start points, 

already indicating implications on the thermals of the process. Publications, e.g. by Thijs et al. [180], 

have shown how the scan mode impacts grain size and growth direction e.g. for Ti6Al4V. 

Scan vector start
Scan vector end

 

Figure 2.17: Principles of uni-, bidirectional, and meander-like scanning (left to right) 

Besides single scans of each layer, scan strategies applying multiple scans and its influence on the 

microstructure and increase in the part density have been documented. The effect is based on a 

flattening or polishing effect by the rescan that provides an improved foundation for the following 

powder layer. However, even though feasibility has been demonstrated for example by Kruth et al. 

[109], it is clear that multiple scans significantly reduce the build rate of the process, resulting in no 

practical application today.  

Powder 

The importance of powder as a raw material for the SLM process has been widely recognized, as shown 

by the increasing number of publications as well as sieving or recycling devices available on the market. 
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Firstly, the importance of powder is obvious as the focused laser beam creates a melt, which interacts 

with the substrate as well as the surrounding powder. Secondly, powder is subject to constant changes 

during the process, post-processing, and recycling. As powder properties are altered during the course 

of processing, it is important to know the basic characteristics of the stock material as a starting point. 

Inspire icams has developed broad knowledge regarding powder and flowability characterization, 

which is shown in numerous publications such as Spierings et al. [172,176] for metals and Amado et 

al. [4] as well as Vetterli et al. [197] for polymers.  

The following metrics are known to be of the highest importance: 

- Chemical composition 

- Particle size distribution 

- Particle shape factors (e.g. roundness, elliptical smoothness) 

- Humidity in the powder 

From those basic properties, further measures can be derived: 

- Bulk and tap density, Hausner ratio 

- Flowability measures 

The influence of the chemical composition is clear, but impurities and surface oxidation in particular 

that occur during repeated processing and handling are often regarded as critical as the extent of this 

effect cannot be estimated effectively. Therefore, in industrial applications such as the aerospace 

industry, powder is often scrapped after a defined number of processing cycles to mitigate the risk of 

out-of-specification powder. 

Besides chemical composition, particle size distribution and shape factors are valuable parameters to 

describe the general characteristics of powder as well as to indicate its flowability. Schulze [161] for 

example highlights the importance of particle diameter as interparticular forces, liquid bridges, and 

van der Waals forces are proportional to that measure. Furthermore, it is emphasized that all powders 

are composed of a distribution of varying particle diameters and shapes, which leads to varying 

correlations. Nonetheless, Schulze [161] mentions the following quantitative rules on how to improve 

the flowability of a powder: 

- Increase the median particle diameter D50 

- Decrease the width of particle size distribution with identical D50 

To understand the meaning of particle size distribution, it is necessary to understand the basics of 

particle diameter determination and how particle size distributions are displayed. Relevant standards 

in this topic are: ISO 9276 [88] �t Representation of results of particle size analysis, ASTM E2651 �t 

Standard Guide for Particle Size Analysis [11], ASTM E1617 �t Practice for Reporting Particle Size 

Characterization Data [10]. Furthermore, extensive literature resources are present such as the 

aforementioned work of Schulze [161], Allen [2] or the thesis work of Amado [3], Vetterli [196] and 

Seyda [165]. 

Particle size analysis is mostly conducted using optical (microscopy) or diffraction-based methods as 

well as sieve analysis, where the powder passes meshes of defined size. Microscopy methods have the 

advantage of providing shape factors of the particles in contrast to laser diffraction and sieve analysis. 
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Nevertheless, a detailed discussion of the advantages and disadvantages of the different measurement 

methods is provided by Seville and Wu [164]. The particle diameter definition for optical 

measurements can vary, which is illustrated in Figure 2.18 in accordance with the publication of 

Allen [2] and the respective ISO or ASTM standards, but the most common method is based on the 

equivalent/projected area diameter . 

Project area 
diameter

Martin 
diameter

Feret 
diameter

252 µm 246 µm 312 µm

dA dM dF

  

Figure 2.18: Illustration of different particle diameters according to Allen [2] 

Usually, powders do not consist of a single size of particles but are composed of a distribution of 

various particle sizes. Often, particle size is described by its number distribution, but most commonly 

by an area or volume-weighted-distribution. The difference between number, area, and volume 

distribution is displayed in Figure 2.19 and Figure 2.20 for a bimodal powder. Powder can be mono- or 

multimodal, meaning that multiple distributions are superpositioned to accurately describe 

distribution. Furthermore, some powders do not follow an ideal Gaussian distribution and are skewed 

for example, which leads to different values for the median and mean value of distribution. 

 

Figure 2.19: Bimodal number distribution of 1.4542 
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Figure 2.20: Bimodal volume weighted distribution of 1.4542 

The actual distribution can be mathematically described by multiple models, but the most common 

types are the normal (Gaussian) or log-normal distribution, which are mathematically described by  

Normal distribution �U
L��
�@�Ô
�@�T
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Not only the diameter but also the shape of particles can have an impact on the flowability and the 

reactive surface of the powder. Vetterli [196,197] provided in his recent work an in depth discussion 

of these shape factors, namely elliptic smoothness (Es), aspect ratio (AR), and solidity (S). An illustration 

of the meaning of the different shape factors is given in Figure 2.21.  

  

Figure 2.21: Presentation of the shape factors elliptic smoothness, aspect ratio (AR), and solidity (S) 
as well as the definition of the ellipse according to Vetterli [197] 

All the above presented values have an impact on the packing density and the flowability of the 

powder. The main values for the representation of packing density are the so-called apparent density 

�ŒA and tap density �ŒT, which are either provided as absolute or relative values in comparison to the 

solid density �Œs of the material. Derived from the ratio between tap and bulk density, the Hausner ratio 

was established as a measure of compactability as well as flowability. The aforementioned measures 

are defined as: 
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Hausner ratio �*�Ë 
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R�s ( 2-17 ) 

However, the use of the Hausner ratio as a measure for flowability remains a qualitative indicator, 

which is also highlighted in the flowability rating in Table 2.3 according to Attia et al. [15], and therefore 

other measures were established to represent the boundary conditions of various applications. Vetterli 

[196] mentions the revolution powder analyzer or powder rheology equipment using sheer cells for 

example. 

Table 2.3: Overview of the Hausner ratio vs. qualitative flowability ratings according to 
Attia et al. [15] 

Hausner ratio Flowability 
<1.11 Excellent 

1.12�t1.18 Good 
1.19�t1.25 Fair 
1.26�t1.34 Passable 
1.35�t1.45 Poor/cohesive 
1.46�t1.59 Very poor /  cohesive 

>1.6 Practically non-flowing 

There are different principles for the recoating process used at the moment, but two types are the 

most common: Firstly, a second (or sometimes a third) chamber for powder feeding provides the 

material for the layer, which is spread with a ruling device (e.g. Concept Laser, EOS, Trumpf); secondly, 

gravimetric feeding systems where powder drops from a central reservoir into a recoating mechanism. 

Both principles require a certain flowability of the powder to provide reliable feeding and coating. 

However, gravity-assisted mechanisms are particularly susceptible to issues caused by poor flowability. 

Figure 2.22 provides exemplary pictures of the two main recoating mechanisms applied. 

  
Figure 2.22: Two of the most common types of recoating devices, 2 chamber system with ruler 

(left) and a gravity-fed system with recoater for two-sided coating (right) [80] 

The recoating process and resulting layer quality have a significant impact on the process stability and 

final surface quality of the part. Therefore, determination of coating errors or general layer quality is 

a constant topic of research and already partially implemented machines. �K���D�[�• such as Trumpf [187], 
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Concept Laser [42], or EOS [54] for example have already implemented monitoring tools to evaluate 

layer quality and trigger an additional coating process if an error occurs during the first run or even 

interrupt the process if necessary.  

Shielding gas and spatter 

Shielding gasses and spatter development have become a focus of research as they are known to have 

a detrimental impact on the process. The key function of shielding gas in the process chamber is 

reduction of oxygen in the build chamber atmosphere to mitigate the risk of in-process material 

oxidation and powder explosions. Hence, the purity of the processing gas as well a residual oxygen 

content in the build chamber are key inputs of the process chain. Furthermore, the shielding gas is not 

only purged into the build chamber but is supposed to pass the powder bed in a laminar flow to extract 

the welding vapors the process originates. Additionally, the deposition direction of the spatter is 

affected by the volume flow rate and direction of the gas flow.  

 

Figure 2.23: Schematic side view of a melt pool during the SLM process according to Wang et al. [199] 

However, spattering is a summation of phenomena that lead to ejection of particles out of the 

processing zone, which is schematically displayed in Figure 2.23. Bidare et al. [28] provided in-depth 

discussion of the vapor plume created by the welding process under different processing conditions 

by the investigation of high-speed camera material as well as Schlieren images. Depending on laser 

intensity and scan speed, different ejection directions of particles were observed as well as blowing of 

powder out of the processing zone. In addition to those observations, Anwar and Pham [5] investigated 

the direction and particle size distribution of the ejected particles, which confirmed the observations 

of Bidare et al. and have shown that the largest spatter in terms of size and mass is deposited closest 

to the scanned part in direction of the shielding gas flow. Hence, spatter is deposited in areas of nearby 

parts and in virgin powder, which increases the importance of this process-inherent phenomenon. The 

researchers also pointed out that surface oxidation is a critical factor in connection with spatter 

generation and gas flow across the build chamber. Oxidation of powder during processing has been 

deeply investigated for example by Ardila et al. [6] or recently by Gasper et al. [63]. The data of Gasper 

suggest that size distribution of spatter is connected to the intensity of incident laser radiation. 

Furthermore, spatter up to 273 µm in size increases the risk of process errors and potentially has a 

different chemical composition, which is especially critical to applications in the aerospace and medical 

industry, as pointed out by Klocke et al. [104]. Another study by Bauer et al. [20] has shown that 

insufficient gas flow across the build platform causes density reduction as well as an increase in surface 
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roughness due to increased absorption of the laser in the welding fumes and deposition of spatter in 

the powder bed. 

2.2 Material 

2.2.1 Physical properties 

The basis of the material properties is the chemical composition as it determines e.g. the crystal 

structure and phases, which in return influence the thermal physical properties. The effect of the 

chemical composition on the process will be discussed in relation to weldability in section 2.2.2. The 

following section focuses on the physical properties melt temperature, density, thermal conductivity 

and diffusivity, specific heat, enthalpy, and properties of the melt. The main elements of interest within 

this study are nickel-, iron-, titanium-, and aluminum-based alloys. Hence, the following tables 

concentrate on providing information on the pure elements as well as one main representative alloy. 

The chosen examples are well documented at least up to the melting temperature. Data at higher 

temperatures is available mostly for pure elements and at least allow estimation of some properties 

for commercial alloys. 

Material properties of solid materials 

Melting, boiling, and vaporization temperature 

Knowledge about transition temperatures between the physical states solid, fluid, and gaseous is 

important for many physical phenomena of the SLM process. Data of the solidus, liquidus, and boiling 

temperature are displayed in Table 2.4. Elements of high purity usually possess a distinct transition 

temperature between the solid and liquid states, defined as the solidus temperature or melting 

temperature. Also so-called eutectic alloys show an instant transition between the solid and liquid 

states. Nonetheless, most alloy compositions have a state where solid and liquid exist simultaneously 

and therefore a second temperature is introduced: the liquidus temperature. Above this temperature 

the material is completely in its liquid state. The range between solid and liquidus temperature can be 

of importance for phenomena such as hot cracking. The transition temperature between the fluid and 

gaseous states (boiling temperature) is mostly characterized for pure metals. However, studies have 

shown that the boiling temperature is locally reached during SLM processing and leads to vaporization 

of the material or single elements of the alloy. The latter is critical as the concentration of some 

elements will be reduced in the consolidated material, which can create a non-compliant material. A 

typical example for that phenomena is Ti6Al4V, where aluminum exhibits a significantly lower boiling 

temperature than titanium and vanadium, which in practice leads to a lack of aluminum especially for 

processing using electron beam melting. 
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Table 2.4: Solidus, liquidus and boiling temperature for various pure and commercial alloys 

Material 
Solidus 

temperature 
Liquidus 

temperature 
Boiling 

temperature Source 
°C 

Ti - 1668 3287 [29] 
Ti6Al4V - 1650 - [134] 

Fe - 1540 2750 [29] 
1.4404 1360 1450 - [134] 

Ni - 1455 2800 [29] 
Inconel 718 1260 1336 - [44] 

Al - 659 2447 [29] 
AlSi12 532 (eutectic) 571 - [45] 

Cu - 1083 2592 [29] 

Density 

The d���v�•�]�š�Ç���Œs of a solid is defined by  

Solid density  �é�æ
L
�I
�8

��������������
d
�G�C
�I �7
h ( 2-18 ) 

as the relation of the mass and the occupied volume. Density is a fundamental physical property and 

thoroughly documented for many elements and alloys. Density data for the chosen elements and alloys 

is presented in Table 2.5. It becomes apparent that the density change of the individual elements or 

alloys even near the solid-liquid-phase transition does not drastically change (less than 10%). However, 

the range between the investigated elements and alloys is roughly 330%. Therefore, it can be assumed 

that knowledge of the density at room temperature already provides the most critical information 

needed for calculation of many phenomena. Nonetheless, it is clear that a full data set up to the 

liquidus or boiling temperature will increase the precision of many calculations. 

Table 2.5: Solid density at room temperature (25 °C) and melting temperature in the solid state for 
various pure and commercial alloys 

Solid density [g/cm3] 

Material 
Temperature 

Source 
Room temperature 

Melt temperature 
(solid) 

Ti 4.540 4.294 [134] 
Ti6Al4V 4.42 4.189 [134] 

Fe 7.874 7.350 [134] 
1.4404 7.950 7.236 [134] 

Ni 8.900 8.238 [134] 
Inconel 718 8.19 (8.22) 7.727 [134] 

Al 2.702 2.558 [134] 
AlSi12 2.690 2.592 [134] 

Cu 8.930 8.295 [134] 

Thermal conductivity 

�d�Z�����š�Z���Œ�u���o�����}�v���µ���š�]�À�]�š�Ç���„ of a material can be described as its ability to transfer heat within the solid, 

according to Hahn [75]. Similar to electric conductivity, thermal conductivity is based on molecular 
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motion as a result of an electrical or temperature gradient, which is displayed by the reciprocal relation 

of each other. Hence, if the thermal conductivity of a material is not known, it is feasible to calculate 

it from its electric conductivity. Selected values for some pure elements and commercial alloys of the 

thermal conductivity are shown in Table 2.6. The difference between room to melting temperature 

conductivity ranges between 4% (Ni) and 306% (Ti6Al4V) difference, which is significantly greater than 

the relative range of the density. However, the full range between the lowest conductive material 

Ti6Al4V (7 W m-1K-1) and pure copper (400 W m-1K-1) is 56 times or 5600% of the thermal conductivity 

of Ti6Al4V. Hence, in a comparison of dissimilar materials such as Ti6Al4V and AlSi12, general 

statements about the change in process window will be qualitatively right without incorporation of 

temperature-dependent thermal conductivity. If a more detailed calculation of weld pool dimensions, 

especially with the inclusion of fluid flows, is required, it is essential to have knowledge of the change 

in conductivity up to the maximum temperature observed. 

Table 2.6: Thermal conductivity at room temperature (25 °C) and melting temperature in the solid 
state for various pure and commercial alloys 

Thermal conductivity [W m-1K-1] 

Material 
Temperature 

Source 
Room temperature 

Melt temperature 
(solid) 

Ti 20.5 31 [134] 
Ti6Al4V 7 28.4 [134] 

Fe 72.7 39.7 [134] 
1.4404 13.4 28.5 [134] 

Ni 90 86.5 [134] 
Inconel 718 8.9 29.6 [134] 

Al 237 211 [134] 
AlSi12 139 147 [134] 

Cu 400 330 [134] 

 

Specific heat capacity 

In reference to Hannoschoeck [78], the specific heat capacity determines how much heat (energy) has 

to be applied/removed to raise/lower the temperature of a kilogram of material to 1 K. It is defined as 

Specific heat capacity �?�ã 
L
�%
�I


L
�%

�é���8
��������������
d

�,
�G�C���-


h ( 2-19 ) 

and includes the heat capacity C, the mass m or the d���v�•�]�š�Ç���Œ, and the volume V. The specific heat is 

influenced by temperature but as well by crystallographic processes inside the material, meaning that 

all phase transitions such as transformation of martensite to austenite will have an impact on the 

specific heat capacity of the material. A great example is provided by comparison of the specific heat 

capacity of pure Fe, a multiphase pure element, and 1.4404, a single-phase austenitic stainless steel. 

Figure 2.24 shows the different characteristics of the materials as well as the fact that more energy 

(area beneath the graph) is needed to melt the same mass of iron than the iron-based stainless steel.  
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Figure 2.24: Comparison of the temperature dependent specific heat capacity of pure Fe against 
1.4404 

Table 2.7 provides information on the other chosen materials at room as well as melting temperature. 

However, as mentioned earlier, these data points do not represent the full characteristic of the 

materials, because any phase changes of the solid material are not considered. Therefore, it must be 

concluded that a full data set for the specific heat capacity is preferable if a calculation allows the use 

of temperature-dependent material properties.  

Table 2.7: Specific heat capacity at room temperature (25 °C) and melting temperature in the solid 
state for various pure elements and commercial alloys 

Specific heat capacity (J kg-1 K-1) 

Material 
Temperature 

Source 
Room temperature 

Melt temperature 
(solid) 

Ti 522 783 [134] 
Ti6Al4V 546 759 [134] 

Fe 449 762 [134] 
1.4404 470 730 [134] 

Ni 444 617 [134] 
Inconel 718 435 720 [134] 

Al 905 1180 [134] 
AlSi12 860 1100 [134] 

Cu 385 469 [134] 

 

Thermal diffusivity 

As reported by Lienhard [119], thermal diffusivity �r��expresses how fast a material is able to respond 

to temperature changes, and thus expresses the relation between heat flow and energy storage. This 

relationship shows that thermal diffusivity is provided as  
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Thermal diffusivity      �Ù
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and a function of the �š�Z���Œ�u���o�� ���}�v���µ���š�]�À�]�š�Ç�� �„, the �����v�•�]�š�Ç�� �Œ, and the specific heat capacity cp, and 

therefore connects multiple important material properties. Because thermal diffusivity is a 

combination of multiple material properties, phenomena such as phase changes are reflected, which 

is displayed in Figure 2.25 for comparison of pure iron (�r-, �v-�U�w-iron, multiphase), and 1.4404 

(austenitic, single-phase). 

 

Figure 2.25: Comparison of temperature-dependent thermal diffusivity of pure iron and 1.4404 

The range of thermal diffusivity within a single material up to the melting point is between 6% to nearly 

200% compared to the original value at room temperature. However, the largest difference between 

the displayed materials (Inconel 718: pure copper) is 45 times the thermal diffusivity of Inconel 718. 

Again, it can be concluded that for a qualitative comparison of the processing behavior the data at 

room temperature is sufficient, but a detailed evaluation requires a complete dataset up to the melting 

temperature and beyond. Table 2.8 provides the data for the other examples at room and melting 

temperature.  

Table 2.8: Thermal diffusivity at room temperature (25 °C) and melting temperature in the solid state 
for various pure elements and commercial alloys 

 Thermal diffusivity (10-6 m2s-1)  

Material Room temperature 
Melt temperature 

(solid) 
Source 

Ti 8.65 9.2 [134] 
Ti6Al4V 2.9 8.6 [134] 

Fe 24.4 7 [134] 
1.4404 3.25 6 [184] [134] 

Ni 22.9 17 [134] 
Inconel 718 2.5 5.6 [134] 

Al 96.8 68 [184] 
AlSi12 60 50 [134] 

Cu 116 83 [134] 
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Enthalpy of fusion and vaporization 

In general, enthalpy defined by  

Enthalpy  �* 
L �7 
E�L�Û�8���������������>�,�? ( 2-21 ) 

is a measure for the inner energy U of the system plus the product of pressure p and volume V. 

However, under constant pressure, the enthalpy can be regarded as the energy required to heat a 

defined quantity of material. During phase changes from solid to liquid and liquid to gas, additional 

energy is required to overcome the bonding forces of the material, which translates to an increase in 

volume without the rise of the temperature, known as latent heat. These values are characteristic for 

each material and are called (specific) enthalpy of fusion �4hfus and enthalpy of vaporization �4hvap, if 

divided by the mass. These measures are defined as: 

Specific enthalpy 

at fusion/vaporization 
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Selected values of the enthalpy of fusion and vaporization are displayed in Table 2.9. 

Table 2.9: Overview of selected values of enthalpy of fusion and vaporization 

Material 
�4hfus �4hvap Source 

J g-1 
Pure aluminum 400 10750 [21] 

AlSi12 468 - [146] 
Copper 200 4700 [21] 

Pure iron 270 6300 [21] 
1.4307 300 6500 [21] 
1.4404 260 - [190] 

Pure nickel 310 6400 [21] 
Inconel 718 210 - [190] 
Titanium 295 -  
Ti6Al4V 286 - [190] 

Derived from �Z�]���Z���Œ���•�[�•�����v�����d�Œ�}�µ�š�}�v�[�•���Œ�µ�o����[186], which states that the ratios for example of entropy 

of fusion and vaporization are nearly material independent, it is possible to determine the ratios for 

enthalpy, which has been shown for example by Hann et al. [77]. These ratios are of significant practical 

importance for calculation of the required (laser) energy input, therefore process parameters, based 

on the principle of energy balance. 

Thermal properties of powder materials 

The thermal properties of the single powder particles, within the size range of interest (micron sized), 

is similar to the solid material. Nonetheless, the bulk material in the powder feed contains the particles 

and porosity, which is mainly filled with process gas or residual oxygen and vaporized water adhering 

to the surface of the particles. The adhering hydrogen and oxygen is a challenge especially in material 

systems that react with embrittlement (titanium) or porosity (aluminum) to the presence of increased 

amounts of those elements in the process atmosphere. However, those effects can be minimized using 

dry processing atmospheres or additional measures such as low vacuum to extract the oxygen. In 
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general, bulk powder material is regarded as isolating. Shiomi [166] and German [66] provide an 

analytical equation for the determination of the thermal conductivity �„p of powder given as 

Thermal conductivity 

of powder 
�ã�ã 
L �ã�æ

�Ú
�s
E�J�:�s
F�Ú�;�à

 ( 2-23 ) 

and is composed of �š�Z�����š�Z���Œ�u���o�����}�v���µ���š�]�À�]�š�Ç���}�(���š�Z�����•�}�o�]�����„s�U���š�Z�����Œ���o���š�]�À���������v�•�]�š�Ç���}�(���š�Z�����‰�}�Á�����Œ���t����s well 

as the coefficients n and m. The coefficients n and m are different for both cited sources, but their 

practical difference is negligible as shown in Table 2.10. More important is the general statement that 

even at rather high packing densities of 60%, thermal conductivity of the powder bulk material is only 

approximately 10% of the solid thermal conductivity, which can be regarded as isolator for many 

materials. Nonetheless, at a packing density of 50%, the values for more highly conductive materials 

such as AlSi12 or copper can become relevant for the thermals within the process chamber.  

Table 2.10: Comparison of Shiomi [166] and German [66] coefficients for the thermal conductivity of 
powders 

 Shiomi [166] R. M. German [66] 

Coefficient 
m n m n 

0.75 11 1 11 
Packing density Relative thermal conductivity 

40% 4.7% 5.3% 
50% 6.6% 7.7% 
60% 9.2% 11.1% 

Material Thermal conductivity at 50% packing density 
1.4404 0.9 W/m*K 1 W/m*K 
AlSi12 8.6 W/m*K 10.7 W/m*K 

Cu 26.4 W/m*K 30.8 W/m*K 
 

As thermal diffusivity can be determined using thermal conductivity and density, it is indicated that 
this value is changed as well. These differences are discussed for example in the work of Van Gestel 
[193]. As mentioned earlier, the laser interacts primarily with the weld pool, hence fluid material, 
rather than with the powder itself. Therefore, the thermal properties of the powder are more 
important for the overall thermal balance of the entire machine system (e.g. preheated build plates, 
thermal conduction from part to powder to machine).  

Properties of molten metals 

Especially numerical models of the SLM process that include fluid flows rely on knowledge of the 

properties of molten (liquid) metal to better understand phenomena such as heat transfer within the 

melt pool, spatter creation, and weld pool dimensions. The properties of highest importance are 

dynamic viscosity µ [Nsm-2], which describes the resistance of a fluid against sheer forces; surface 

tension �•s [Nm-1]; and the temperature coefficient of the surface tension gradient �w�•�l�w�d�� �€�E�u-1K-1]. 

Some of these values are collected in Table 2.11. Comparison of commercial alloys and their pure base 

shows small differences in surface tension. However, the differences for dynamic viscosity as well as 

the coefficient of the surface tension gradient display increasing variations between pure elements 

and commercial alloys. Dynamic viscosity of the shown materials is of the same magnitude, but the 
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viscosity of 1.4404 is nearly eight times the value of pure aluminum. The range of surface tension and 

the temperature coefficient of the surface tension gradient possess roughly a factor of two. 

Table 2.11: Values for dynamic viscosity, surface tension, and temperature coefficient of the surface 
tension �P�Œ�����]���v�š���w�•�l�w�d 

Material 
Dynamic viscosity 

µ [Nsm-2] 
�^�µ�Œ�(���������š���v�•�]�}�v���•s at Tm 

[N m-1] 
�w�•�l�w�d�� 

[10-3 N m-1K-1] 
  Source  Source 

Pure aluminum 1.11 0.871 [134] -0.182 [97] 
AlSi12 (Tliq = 842K) 0.919 [8] 0.824 [105] -0.031 [105] 

Copper 4.37 1.304 [134] -0.32 [97] 
Pure iron 5.6 1.870 [134] -0.39 [97] 
1.4404 8 [134] 1.800 [117] -0.4 [136] 

Pure nickel 4.7 1.781 [134] -0.35 [97] 
Inconel 718 7.2 1.882 [134,190] -0.26 [136] 

Pure titanium 2.2 1.525 [134] - - 

Ti6Al4V 5 1.400 [139] 
-0.37 [136] 
-0.26 [139] 

 

2.2.2 Weldability of materials 

As previously described, SLM is a laser micro-welding process, which is characterized by fast heating 

and cooling rates as well as continuous remelting or heating of already consolidated material. 

Therefore, it is logical to leverage the existing knowledge from arc- and laser-based welding 

technologies to determine whether a material can be processed by selective laser melting.  

In conventional welding technology, the weldability of a component is defined by ISO 581 [89] as a 

combination of metallurgical weldability (material properties), constructional weldability (design and 

dimensioning), and operative weldability (manufacturing constraints), and is adapted for example by 

Schulze [162] or Matthes [128]. Figure 2.26 provides a comparison of the standard definition and an 

adaptation by Matthes [128] with the interactions of the different factors, showing that, similar to 

most production technologies, an optimum of all contributing factors must be met for the best possible 

results. 

Material
Metallurgical 
weldability

Production
Operative 
weldability

Design
Constructional 

weldability

Weldability of a 
component

 

Figure 2.26: Definition of weldability according to ISO 581 [89] and Matthes [128] 
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Figure 2.27 shows the adaptation to the SLM process. It is clear that all pillars of the SLM process are 

connected: A part designed for conventional machining (design), with the wrong orientation and 

insufficient supports (production) in combination with a cold-cracking susceptible material (material) 

could already lead to an interruption during the process. However, some interactions might be defined 

differently: There is no classic type and shape of the joint found in SLM, which could be replaced by 

scan strategy, overlap between adjacent scan tracks, or previously consolidated material. 

Processability for the SLM process
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Physical properties
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Build preparation

Processing

Post processing

Material Design Production
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weldability
Metallurgical 
weldability

 

Figure 2.27: Adaptation of the processability for selective laser melting 

In SLM, design constraints are partially derived from the process and processing parameters, which 

influence the capabilities in terms of geometry representation or surface quality. Vice versa, the 

geometry dictates constraints in terms of limitations of scan strategy e.g. scan vector length at parts 

with small wall thicknesses. However, the core of the present work is the interaction of metallurgical 

and operative weldability as both measures have a direct impact on the processed material and are 

the fundamental basis for a stable process. A detailed overview of the influencing factors of 

metallurgical and operative weldability can be found in Table 2.12. 
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Table 2.12: Detailed overview of metallurgical and operative weldability according to ISO 581 [89] 

Metallurgical weldability Operative weldability 
 

Chemical composition 
- Tendency of brittle fracture 
- Tendency of ageing 
- Tendency of hardening 
- Tendency of hot cracking 
- Behavior of the molten pool 
- Vaporization temperature 
- Melting range 

 
From productions methods 

- Segregations 
- Inclusions 
- Anisotropy 

 
Physical properties e.g. 

- Expansion behavior 
- Thermal conductivity 
- Melting point 
- Mechanical strength and toughness 

Preparation 
- Type of joint  
- Shape of joint 

 
Processing 

- Welding process 
- Type of filler materials 
- Welding parameters 
- Welding sequence 
- Preheating 
- Welding positions  
- Precautions to process atmosphere 

 
Pre-and post-treatment 

- Post weld treatment 
- Mechanical treatment (e.g. peening) 
- Chemical treatment (e.g. pickling) 

 

Nonetheless, the �u���]�v�� ���}�v�����Œ�v�� �}�(�� �š�}�����Ç�[�•�� �µ�•���Œ�•�� �]�•�� ���� �•�š�����o���� ���v���� �Œ���‰�Œ�}���µ���]���o���� �‰�Œ�}�����•�•�� ���•�� �Á���o�o�� ���•��

understanding of the �‰�Œ�}�����•�•�[�•��main influencing factors. The focus on the process and metallurgical 

aspects of the SLM process originates from industry-side demand to maintain established materials for 

existing applications. The range of restrictions for weldability is challenging and mostly specific for the 

different alloy groups and will not be discussed in detail in this introduction. However, in practice, the 

weldability of a material can be qualitatively assessed using the categories displayed in Table 2.13. 

Table 2.13: Qualitative weldability rating as proposed by Totten [183] 

Qualitative 
weldability rating 

Rating 
Meaning 

Excellent A Within typical conditions no restrictions known 
Good 

B 

Welding might be partially restricted e.g. in terms of applicable 
welding processes, process atmospheres, welding position, or 
preheating; Special techniques and trials for qualification might 
be required 

Fair 

C 

Strong restrictions e.g. for applicable welding processes, process 
atmosphere, welding positions, filler materials, or preheating; 
Material is prone to cracking or loss of mechanical or corrosion 
resistant properties 

Poor D Not weldable within typical industrial environments 
 

A very good example for the complex interactions taking place during determination of weldability are 

titanium aluminides (TiAl), widely considered to be non-weldable by conventional methods as they are 

susceptible to both hot and cold cracking. However, turbine vanes made of TiAl were successfully 

manufactured employing electron beam additive manufacturing or even direct metal deposition. In 
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both cases, process conditions were created that are not common in industrial environments: 

preheating of the substrate and process area above 1100 °C either under vacuum (EBM), as 

demonstrated by Biamino et al. [26,27]; or using DMD, which was applied e.g. by Kenel et al. [99,100]. 

This illustrates that additive manufacturing allows creating unique processing conditions that enable 

shifting the boundaries of conventional weldability. 

The connection between operative and metallurgical weldability is especially apparent in the 

relationship between the thermal conductivity of a material and the process parameters required to 

create a sufficiently large and stable weld pool. The higher the thermal conductivity, the faster the 

heat is transferred out of the processing zone, which must be compensated by additional heat sources 

(preheating) or more energy input from the primary heat source. Furthermore, this effects the cooling 

rates, temperature gradients, and the resulting residual stresses within the material.  

As additively manufactured parts are fully created by weld tracks, cracking phenomena�v such as hot, 

cold, or grain boundary cracking�v are considered very critical for SLM-processed parts. Hot cracking 

causes systematically distributed crack patterns within the whole cross section of a part, whereas cold 

crack-susceptible materials often detach from the build plate, cracking at sharp cross section 

transitions or, if the residual stresses are above the tensile strength, causing cracking of larger cross 

sections. Examples for the aforementioned phenomena are shown in Figure 2.28. 

  

Figure 2.28: Hot cracking of an NiFe14Cu5Mo4 showing the alternating xy-scan strategy (left), cold 
cracking occurring with increasing wall thickness of a high alloyed steel (center), detached part 

from the build plate of 42CrMo4 (right) 

It is generally established that materials with the following characteristics show reduced weldability: 

- Low ductility or high brittleness (e.g. low elongation at break) 

- Materials that react to fast cooling conditions with increased hardness 

- Materials forming segregations during welding/cooling 

- Materials subject to embrittlement due to the uptake of residual elements 

However, it must be considered that the guidelines for weldability in general were developed for 

typical conditions in different arc welding technologies, meaning that the fast cooling (hence far-from-

equilibrium) conditions of the SLM process were not taken into account. Far-from-equilibrium 

conditions mean that time and temperature-controlled processes such as diffusion are extremely 

limited. Therefore, mechanisms that create supersaturated solid solutions for example are favored by 

the process conditions typically encountered during the SLM process. The following paragraphs will 

offer brief insight into the general classification of iron-, aluminum-, and nickel-based alloys. 
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One of the largest groups of industrially used materials is iron based, starting with simple casting alloys 

and ranging up to complex high temperature alloys with oxide particle strengthening like PM1000. The 

weldability of steels and casting alloys is well investigated, and the effect of many elements on the 

weldability of steels is widely established. For example, the solubility of carbon within the iron matrix 

is limited to 0.02 wt.-%. Hence, exceeding carbon content is likely to result in solid solution or 

precipitation hardening and can create increased residual stresses as well as lower ductility, leading to 

brittle fractures as shown in the middle and right picture of Figure 2.28. Another example can be 

presented for high-alloyed chrome- and nickel steels, the weldability of which is thoroughly 

documented by Schaeffler [47] and expanded by De-Long [47] as well as in the WRC diagram 1992 by 

Kotecki [107]. Schaeffler and the following improvements by De-Long and Kotecki allow estimation of 

the resulting microstructure and its tendency for different cracking mechanisms in relation to the 

nickel and chromium contents of an alloy. 

Processing of aluminum alloys for SLM is focused on the casting alloys AlSi12 and AlSi10Mg, which is 

mostly related to hot cracking issues of many high-strength aluminum alloys such Al6061 or Al7075. A 

general guideline for hot crack sensitivity was investigated in the 1960s by Dudas [51] and is regularly 

adapted in more recent publications such as Dausinger et al. [38], which is displayed in Figure 2.29. 

The main determining elements of the weldability of aluminum alloys were identified as silicon as well 

as magnesium. The general difficulty is the large range between the solidus and liquidus temperatures 

of these alloys, which allows the growth of a partially melted zone that acts as a weak link during 

solidification. Dausinger also mentions that the weldability of these alloys is increased by adaptation 

of the laser welding parameters , especially the laser scan speed. With decreasing scan speed below a 

threshold of 3 to 4 m/min (50�t67 mm/s) a crack-free weld was achieved. Further information about 

the weldability of aluminum alloys can be found in the work of Rapp [96] or in ASM Handbooks Volume 

6 [138] and 6a.  
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Figure 2.29: Hot crack-related sensitivity of aluminum alloys in terms of their silicon and magnesium 
content according to Dudas [51] and adapted by Dausinger et al. [38] 

Similar investigations for the main driving forces behind the different cracking mechanisms have been 

carried out for nickel-based superalloys, which are widely spread within high temperature applications 

such as the turbine industry. The content of aluminum and titanium has been identified as one of the 

main causes of solidification cracking of these highly corrosion-resistant alloys. An overview of various 
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alloys and their tendency to cause welding difficulties is shown in Figure 2.30 according to 

Thompson [138].  

 

Figure 2.30: Weldability of nickel-based super alloys according to their aluminum and titanium 
content, adapted according to Thompson et al. [138] 

However, trace elements such as silicon or boron can also have significant influence on crack formation 

in these high-temperature alloys, as has been demonstrated by Engeli et al. [53] or Cloots [40]. Both 

researchers have demonstrated that besides chemical composition, the processing parameters are key 

to successful processing of a difficult-to-weld alloy such as Inconel 738LC. 
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3 State of the art �t Modelling of the SLM process 

The descriptions of the SLM process in the previous sections make clear that full modelling of this 

manufacturing method is a distinct multi-physics problem including conduction, convection, and all 

known physical states of a material. Therefore, this section explores the modelling approaches in terms 

of conventional empirical, analytical, and numerical methods.  

3.1 Principal physics of the SLM process 

Heat flow and temperature field 

Knowledge of the local temperature field in the processing area as well as cooling rate and 

temperature gradients possesses significant importance for the determination of phase transitions, 

microstructure, or the stress condition of the material. However, due to the rather small interaction 

zone of laser, melt pool, and surrounding area, the temperature difference within 1 mm can easily 

range from room to vaporization temperature, causing a number of transient and non-linear 

phenomena such as Marangoni convection or metal vapor plumes. Therefore, a basic understanding 

of the key points for calculation of heat propagation laws must be established. Three modes of heat 

transfer can be of importance for the SLM process: Conduction, convection, and radiation. Figure 3.1 

provides a simplified scheme of the SLM process, indicating the different modes of heat transfer. 

Spatter
Vapor
Melt
Radiative heat transfer
Conduction
Convective flow

Laser radiation

 

Figure 3.1: Simplified heat transfer in selective laser melting; basic phenomena inside a keyhole-
dominated weld pool according to Lampa [115] or Beyer [25] 

The main energy source for laser welding is provided by laser radiation, which is absorbed mainly by 

the weld pool or, at very high scan speeds, also partially in the powder bed. The radiative heat flux���3�6�å  

is characterized by the Stefan-Boltzmann law provided as 

Radiative heat flux   �3�6�å 
L ���Ý���ê�»�6�æ�8�� ( 3-1 ) 

It is composed of the surface temperature Ts, the radiation coefficient �•B (Stefan-Boltzmann constant), 

and the emissivity �1 of a grey body. However, radiation is also a source of heat loss during the welding 

process as the heat-affected zone and the melt pool for example emit radiation themselves, visible as 

�^�P�o�}�Á�_���}�(���š�Z�����u���o�š���‰�}�}�o for example. 
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According to Radaj [151]�U�� ���}�v���µ���š�]�}�v�� �]�•�� �����•���Œ�]�������� �����•������ �}�v�� �&�}�µ�Œ�]���Œ�[�•��law and states that heat flow 

�3�6�Ö�â�á�× of an isothermal is defined as 

�&�}�µ�Œ�]���Œ�[�•���o���Á���}�(��

heat conduction 
�3�6�Ö�â�á�×
L��
F�ã

�ò�6
�ò�J

�� ( 3-2 ) 

���v���������(�µ�v���š�]�}�v���}�(���š�Z�����š�Z���Œ�u���o�����}�v���µ���š�]�À�]�š�Ç���„�����•���Á���o�o�����•���š�Z�����À�����š�}�Œ���ò�J of the temperature gradient �ò�6. 

Convection takes place within the melt pool, the process gas stream, and partially within the powder 

bed, ���v�����]�•�������•���Œ�]�����������Ç���E���Á�š�}�v�[�•���o���Á�U���Á�Z�]���Z���]�•����efined as:  

Convective heat flow   �3�6�Ö�â�á�é
L��
F�Ù�Ö���:�6�æ
F �6�4�; ( 3-3 ) 

The heat flow density �3�6�Ö�â�á�é��between a solid and fluid is equal to the product of the difference between 

the surface Ts and the fluid temperature T0 as well as the coefficient of the convective heat transfer �rc. 

The coefficient is influenced by the interface, flow conditions, medium, and the temperature 

difference itself.  

3.2 Numerical modelling 

The fundamental equations for numerical modelling of the SLM process are the general heat equation 

as well as the Navier-Stokes equation for convective flow, which are briefly discussed in the following 

paragraphs. The general heat equation for a Cartesian coordinate system, according to Radaj [151], is 

provided as  

�ò�6
�ò�P


L
�ã

�?���é
�F

�ò�6�6
�ò�T�6 
E

�ò�6�6
�ò�U�6 
E

�ò�6�6
�ò�V�6

�G
E
�s

�?���é
��
�ò�3�é

�ò�P
 ( 3-4 ) 

and establishes the basis for comparison of the heat conduction rate and the internally generated 

energy per differential volume, which must be equal to the stored energy per volume. Each term 

carries the unit [W/m3]. Description of the convective flows is based in the principle of mass 

conservation and force balances in terms of the resulting momentum equations according to 

Bejan [24]. The Navier-Stokes equation for incompressible fluids is derived from those relations and 

displayed as 

�é
l
�ò�Q
�ò�P


E�Q�®�Ï�Q
p
L��
F�Ï�L
E�Ï �®�ä�Ï�Q
E
�>
�8

 ( 3-5 ) 

and is composed of the velocity vector �Q, the pressure p, µ as the dynamic viscosity, and �>��as the body 

force vector. Heeling [79] split the modelling of the SLM process into a heat and a fluid flow problem 

for creation of a numerical finite differences model. It was demonstrated that the implementation of 

absorptivity, conduction, convection, radiation, and consideration of the latent heat of fusion as well 

as the volume change for the heat flow provided sufficient results for the thermal field. Modelling of 

the fluid flows is based on the Navier-Stokes equation and includes determination of the free surface. 

This approach is supported by other work focused on numerical simulation including thermo-fluid 

modelling such as by Dai and Gu [43] or Khairallah et al. [101,102]. However, the small time increments 
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and large number of volume elements required for fluid flow modelling lead overall to high 

computational costs. Nonetheless, results of the aforementioned research groups as well as the work 

by Yan et al. [207] have shown improved accuracy over numerical thermal field calculations or 

empirical methods. Extensive reviews on numerical simulation of AM processes can be found in 

publications of Wessels et al. [202], Galati and Luliano [62], Lou and Zhao [121], Zhaprui et al. [208], or 

Michopoulos et al. [133] for example.  

3.3 Empirical studies and dimensionless numbers 

The goal of an empirical study is to determine the major driving forces of a process using factor and 

regression analysis, which can contribute to increased process understanding. This can be used to 

derive dimensionless numbers or physics-based analytical and numerical calculations. An early 

example of this approach for selective laser melting is shown by Meiners [131], Simchi [168] mainly for 

iron-based alloys or in the later extensive work of van Elsen [191] for titanium. By statistical methods 

e.g. descriptive statistics, regression models, or ANOVA, qualitative and quantitative models are 

developed, which are valid within the scope of the conducted DOE. Therefore, an extrapolation for 

other materials or machine setups must be validated. Furthermore, t�}�����Ç�[�•�����À���]�o�����]�o�]�š�Ç���}�(�����}�u�‰�µ�š�]�v�P��

power as well as storage capacity enable systematic learning from a large number of studies in order 

to predict the outcomes of machine learning approaches.  

Dimensionless numbers, originating from similarity analysis, are a well-known approach especially in 

fluid mechanics and thermodynamics, allowing conclusion of complex physical relationships into single 

dimensionless numbers�v to compare the state of different models for example. To do so, the 

underlying physical principles need to be identified and mathematically described. According to 

Herwig [81] and Zohuri [212], the mathematical description is the basis for the most common theorem 

in dimensional analysis: the Buckingham �‹ theorem. It states how many dimensionless numbers are to 

be expected and how many equations are required to define them. A dimensional analysis of the SLM 

process has been conducted for example by van Elsen et al. [192], Meurig et al. [181], and 

Cardaropoli [36], whereby van Elsen focuses on a general investigation of the present dimensionless 

numbers and Cardaropoli in particular on the processing of Ti6Al4V.  

Melting efficiency 

�d�Z���������(�]�v�]�š�]�}�v���}�(���š�Z�����u���o�š�]�v�P�����(�(�]���]���v���Ç���•��varies but relies on the basic relation between the applied 

and required energy to melt a material. Meiners [131] discusses melting efficiency in the context of 

selective laser melting and defines it as  

Melting efficiency  Meiners [131] �ß
L
�é���?���¿�6���D���P���R

�2�Å
 ( 3-6 ) 

incorporating material properties (�Œ, c, melting temperature via �4T) and scanning parameters 

(h, t, v, PL). 

Péclet number and Fourier number 

Two dimensionless numbers�v the Péclet number and its inverse the Fourier number�v have been 

introduced to welding technologies to evaluate the nature of the processing regime and its main 
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driving forces. For example, the Péclet number is considered by van Elsen [192] as the ratio of 

convection to conduction and is composed of the scan speed v, the �š�Z���Œ�u���o�� ���]�(�(�µ�•�]�À�]�š�Ç�� �r, and a 

characteristic length, which can be critical process parameters such as beam diameter, layer thickness, 

or melt pool dimensions. The definition of the Péclet number in the literature varies depending on the 

application. For the present work, the definition of the Péclet number is defined similar to the work of 

Gref [72], where the Pe is defined as  

Péclet number �2�A
L��
�R�®�S�4

�Ù

L��

�R�®�&
�t �®�Ù

 ( 3-7 ) 

and function of the scan speed v , the beam radius w0  or diameter D, and the thermal diffusivity �r. 

Hence, the Péclet number already employs important processing parameters of the SLM process: scan 

speed, beam diameter, and thermal diffusivity as material influence. With increasing Péclet number, 

the weld pool becomes narrower and longer.  

The Fourier number, also regarded as dimensionless time, features a characteristic length, the 

interaction time defined as the ration between spot diameter and scan speed as well as thermal 

diffusivity. According to van Elsen [192], it is defined as: 

Fourier number �(�â 
L��
�s

�2�A

L��

�t �®�Ù
�R�®�&

��
L��
�Ù

�R�®�S�4
�� ( 3-8 ) 

If the Fourier number is Fo < 1, empirical data suggests that the welding process can be split in a distinct 

heating and cooling phase, which allows for simplifications of the analytical solution. Furthermore, the 

Fourier number can be taken as a measure to evaluate heat loss due to conduction in the heating 

phase of the SLM process.  

Capillary number 

The capillary number displays the relation of viscous forces to the surface tension and shows if a 

process is dominated by either surface tension (low Ca, Ca < 1) or viscous forces (high Ca, Ca > 1). 

According to van Elsen [191,192] it is represented by 

Capillary number �%�=
L��
�ä���R�æ
�ê�æ

 ( 3-9 ) 

incorporating dynamic viscosity µ, scan speed vs, and surface tension �1s. 

Marangoni number 

The Marangoni number is a measure for the strength of the encountered thermo-capillary flow. So-

called Marangoni flow is caused by differences in the surface tension of a material as a result of a 

temperature gradient, which will create flow from the hot to the cold surface. According to 

Limmaneevichitr and Kou [120] or Mukherjee [136], the definition of the Marangoni number for 

welding applications is given as 
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Marangoni number �/�= 
L��
l
F
�ò�ê
�ò�6


p��
�¿�6���S�4

�ä���Ù
 ( 3-10 ) 

and includes the temperature-sensitive surface tension gradient �w�•�l�w�d, the dynamic viscosity µ, the 

�š���u�‰���Œ���š�µ�Œ�����P�Œ�����]���v�š���4�d�U��the �š�Z���Œ�u���o�����]�(�(�µ�•�]�À�]�š�Ç���r, and a characteristic length. This length is defined 

as the weld pool radius by Limmaneevichitr. Limmaneevichitr and Kou [120] mention that with 

increasing Ma number, the outwards fluid velocity increases, leading to a wider weld pool. 

3.4 Analytical process models 

Often, analytical process models for selective laser melting are based on existing models for laser 

welding. A main focus of the presented analytical equations and methods is determination of the weld 

pool dimensions. A very commonly used model is based on the analytical solution of the thermal field 

of a fast-moving, concentrated heat source during arc welding, which was introduced by Rosenthal in 

the 1930s to 1940s and is still one of the most used models for representation of this type of heat 

source even in numerical models. Later on especially Ryaklin et al. [157] expanded the work focused 

on different analytical solutions for various heat sources and boundary conditions. However, to 

achieve a practical analytical solution, Rosenthal used a fast-moving point energy source, for 

simplification, to represent the energy input�v thus ignoring the effective dimensions and intensity 

distribution of the actual source. The description of the coordinate system for calculation of the 

thermal field equation for a fast-moving heat source in a semi-infinite body is provided in Figure 3.2.  
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Figure 3.2: Cartesian coordinate system for a fast-moving heat source according to Ryaklin [157] 

 
The equation of the thermal field is defined as 

�6
L��
�2���#

�t���è���ã���R���P
�A


l�?
�ì �. �>�í�.

�8���Ô���ç 
p
 ( 3-11 ) 

and is composed of the incident power P, the absorptivity A, the �š�Z���Œ�u���o�����}�v���µ���š�]�À�]�š�Ç���„�U��the scan speed 

v, the time t as the x coordinate, ���v���� �š�Z���� �š�Z���Œ�u���o�����]�(�(�µ�•�]�À�]�š�Ç���r�X���,�}�Á���À���Œ�U���š�Z�]�•�� �•�}�o�µ�š�]�}�v�������Œ�Œ�]���•���•�}�u����

restrictions: No phase transitions or temperature dependency of the physical properties are 

considered. Due to the point-like character of the heat source, a singularity near the center of the weld 

pool, where no reliable data can be extracted, is observed. Furthermore, no influences of viscosity of 

the melt nor fluid flows in general are represented. Nonetheless, it was found that conduction-

dominated welding processes of many materials exhibit good agreement of calculated and 

experimental results.  
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To determine the impact of keyhole welding effects, such as increased absorptivity and weld pool 

dimensions, it is important to estimate the threshold conditions for transition between conduction and 

keyhole welding. Such estimations assume that enough energy is supplied to vaporize the processed 

material, which can be assessed using the maximum temperature or enthalpy of the weld pool for 

example. A temperature based approach is provided by Gref [72] as  

Keyhole threshold intensity �2
�&
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E�s�ä�s ( 3-12 ) 

This equation combines the critical values for conventional (single-run) laser welding: The laser power 

P, the focus diameter D, the vaporization temperature Tboil, the �š�Z���Œ�u���o�� ���}�v���µ���š�]�À�]�š�Ç�� �„�U�� �š�Z���� �W� ���o���š 

number, and the absorptivity A. Another approach to estimate the surface temperature of a given 

material and process parameter combination for a moving Gaussian heat source in a semi-infinite 

space is provided by Hügel [84], which requires the diffusion length defined as  

Diffusion length  �Ü
L �t�¾�=���P ( 3-13 ) 

where t is the time necessary to pass the beam diameter to calculate the surface temperature given 

as 

Surface temperature �6�æ�è�å
L �#���+�4
�S�4

�ã���¾�t�è
�=�N�?�P�=�J

�Ü�¾�t
�S�4

 ( 3-14 ) 

To compare processing results from different laser setups and machines, enthalpy-based equations 

have become increasingly popular. Enthalpy and specific enthalpy have been defined in equations ( 2-

21 ) as well as ( 2-22 ) and can be used to describe the energetic condition of a system. Typically, metals 

are regarded as incompressible and as a result the term of the enthalpy equation for pressure and 

volume (changes) is usually neglected. To melt material, the enthalpy of the investigated system must 

cross at least the enthalpy of fusion. This assumption also applies for transition to boiling and 

vaporization. As a result, one can use simplified approaches such as the energy balance of the 

processing system. Recent developments mainly by Hann et al. for laser welding [76,77], King et al. 

[103], and Rubenchik et al. [156] for selective laser melting have introduced the principle of normalized 

���v�š�Z���o�‰�Ç�����•�����v���µ�v�]�À���Œ�•���o�����‰�‰�Œ�}�����Z���(�}�Œ���•�����o�]�v�P���š�Z�����^�>�D���‰�Œ�}�����•�•�X���,���v�v�[�•���Á�}�Œ�l��[76,77] is supported by 

previous work of Rai et al. [152,153], which for example employed a turbulence model to estimate 

effective thermal conductivity and viscosity of the melt. Hann combines dimensional analysis with an 

enthalpy approach, showing that the normalized weld pool depth d* is defined as  

weld pool depth d divided by the beam diameter, which can be displayed in relation to the normalized 

���v�š�Z���o�‰�Ç���4�,�l�Zs and a non-dimensional constant C:  

Normalized depth �@�Û
L
�@
�&

 ( 3-15 ) 
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This relation provides a universal representation for stainless steel, vanadium, titanium, and tantalum. 

Normalized enthalpy is defined as 

the ratio between the maximum surface enthalpy or �š�Z���� �]�v�‰�µ�š�� ���v���Œ�P�Ç�� �4�,�� ���v���� �š�Z���� �u���o�š�� �Zs or 

vaporization enthalpy hv�X�����•���š�Z���� �(�µ�v�����u���v�š���o���Œ���o���š�]�}�v�•���}�(���Z�]���Z���Œ���[�•�����v���� �d�Œ�}�µ�š�}�v�[�•�� �Œ�µ�o���� ���‰�‰�o�Ç�U���Á�Z�]���Z��

state that the entropy of fusion or vaporization is a constant for most metals, this approach can be 

assumed valid for further materials. Additionally, it is explained that the non-dimensional constant C 

stands in relation with the Fourier number, meaning that smaller Fourier numbers are preferred to 

reach large penetrations depths as with increasing Fo an increasing amount of energy is conducted 

away from the processing zone.  

This approach was applied to selective laser melting by King et al. [103] in 2014 and was expanded in 

the work of Rubenchik et al. [156] in 2018. King states that the transition threshold from conduction 

�š�}���l���Ç�Z�}�o�����u�}�������]�•�����š�������Œ���š�]�}���}�(���4�,�l�Zs �C���~�ï�ì���F���ð�•�����š�������o���Ç���Œ���š�Z�]���l�v���•�•���}�(���ñ�ì µm, but also mentions that 

this value might be related to layer thickness and particle size distribution. Furthermore, it is stated 

that the surface enthalpy approach does not include the physics necessary to represent phenomena 

above the vaporization threshold. Nonetheless, this method allows comparison of a wide range of 

process parameters and material combinations. Rubenchik et al. [156] suggest that the melt pool 

dimensions d (depth), w (width), l (length) are only dependent on the parameters B and p,  

�@�á�S�á�H
L �B�J�:�L�á�$�;  ( 3-18 ) 

where the parameter p  
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  ( 3-19 ) 

can be interpreted as the Fourier number according to the definition in equation ( 3-8 ) and B  
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as the normalized enthalpy. To accommodate the varying beam diameter/radius definitions of Hann 

and King, Rubenchik includes a scaling factor 2¾�‹���]�v�����‹�µ���š�]�}�v ( 3-20 ). In the end, Rubenchik provides 

equations for each weld pool dimension in relation to w0 [mm], p, and B, which are both dimensionless. 

The weld pool depth is defined as 
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weld pool width is given by 

Normalized enthalpy  
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and weld pool length by  
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which allows calculation of the weld pool dimensions on spreadsheet level. 

Additionally, it is stated that inclusion of the material properties�[��temperature dependency alters the 

result quantitatively but not qualitatively; still it is recommended to use the material properties near 

melting temperature. Ye et al. [209] published work on the scaling of absorptivity and weld pool depth 

based on the normalized enthalpy Bye shown as 
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and normalized diffusion length Lth.  
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The analytical expression is determined employing numerical ray-tracing models and empirical 

absorptivity measurements of trials with Inconel 625, Ti6Al4V, and 1.4404. Absorptivity according to 

Ye et al. is given as 

Absorptivity  �#�ì�Ø 
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o ( 3-26 ) 

and the normalized depth as the product of the proportional factor K (= 0.6 for the tested materials), 

the normalized enthalpy, and the diffusion length. 

Normalized depth (K=0.6) �@�Û
L
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�ê�,

L �- ���$�ì�Ø���.�ç�Û

�Û   ( 3-27 ) 

The definition of absorptivity in equation ( 3-26 ) makes apparent that the maximum absorptivity is 

limited to 0.7, which is justified by the author through experimental results as well as assumption of 

the possible presence of plasma at higher energy densities. To obtain the best fit of the proposed 

equations ( 3-25 ) to ( 3-27 ), material data near melting temperature should be used according to the 

author. Estimation for materials with higher thermal conductivity such as al- or cu-based alloys is not 

provided. However, the authors also highlight that absorptivity is mainly influenced by power, beam 

diameter, and the resulting keyhole geometry rather than powder layer thickness. 

Many analytical methods in laser welding over the last decades concern keyhole welding as it has 

proven to be more thermally efficient than conduction welding, which is of increased importance for 

high-productivity laser welding applications. The work of Fabbro [56-58] provides simplified analytical 
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expressions for full penetration welding. A proportional factor k (1.4307 = 3*10 -11 m3J-1 at powers 

between 2�t4 kW, 2-10 m/min = 33�t167 mm/s) is applied, specific to the processing parameters and 

material used. This proportional factor is determined through recordings made with a coaxial-mounted 

high-speed camera that allows observation of the keyhole opening and weld pool dimensions from 

above to calculate the mathematical relationships between drilling velocity and intensity. Hence, 

without extensive experimental validation to determine a large series of values for k, the equations 

should only be used for materials with similar thermal properties to 1.4307 (SS304) and processing 

parameters. If thermal diffusivity is considered as a measure for comparability, materials such as 

1.4404, IN718, Ni, Fe, or even Ti64 could be regarded as relatively equal. Additionally, absorptivity is 

set to A = 0.7 justified by multiple reflections inside the melt pool. According to Fabbro, penetration 

depth dfab is provided as 
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Gladush and Smurov [68] propose an estimation of the weld pool depth according to 
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and relate melt pool depth to the main process inputs laser power, scan speed, and beam radius. The 

���µ�š�Z�}�Œ�•�[��approach aims to provide estimations of keyhole depth for typical laser welding conditions 

and is based on similarities to a heated filament of length equal to the keyhole depth. However, 

effective absorptivity is not considered in this case. 

The work of Patschger [140-142], Beck [22], and Beyer [25] focuses mainly on deep- and full-

penetration welding or laser micro-welding, through which they mostly consider in-plane 2D heat flow. 

However, their methods deliver starting points for rough estimations of the weld pool dimensions in 

relation to the Péclet number and the keyhole opening radius. The keyhole opening radius rc is 

obtained experimentally using a high-speed camera setup. However, by assumption that the keyhole 

radius does not exceed the local beam radius, hence rc <= rf, a practical first solution of equations can 

be obtained. The validity of the proposed equations has been demonstrated in the range of Pe < 10. 

According to Beyer [25], the weld pool depth is defined as 
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( 3-30 ) 

and the width as 
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For steel, Beyer provides additional equations where weld pool width is approximated with 
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and weld pool area with 
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for a cylindrical heat source without consideration of losses due to vaporization. Furthermore, 

approximations for weld pool depth and width that include vaporization losses within 0.1 < Pe < 10 

and assumption that the full incident power is absorbed in the capillary are given as: 
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Another approach to keyhole modelling has been shown in the work of Lampa [114,115], where the 

keyhole geometry is approximated with a pair of line sources with differing conduction properties for 

the top and bottom of the weld to explain the different phenomena occurring in these zones. It is 

stated that the weld pool geometry is dominated by thermal conduction as well as thermocapillary 

flow (Marangoni convection), which predominantly defines the dimensions on the top of the weld.  

Geometry and graphical based approaches to process mapping 

However, calculation of weld pool dimensions is not sufficient for description of other phenomena in 

selective laser melting such as porosity formation and effects of scan strategy. During finalization of 

this work, Tang et al. [178] as well as Bajaj et al. [17] published geometry- and graphic-based 

���‰�‰�Œ�}�����Z���•���š�Z���š�������o���µ�o���š�����š�Z�����Á���o�����‰�}�}�o�����]�u���v�•�]�}�v�•���(�}�Œ�����Æ���u�‰�o�����������}�Œ���]�v�P���š�}���Z�}�•���v�š�Z���o�[�•���•�}�o�µ�š�]�}�v���}�(��

the thermal field. Afterwards, the overlap between laser tracks (Tang et al. [178]) or welding spots 

(Bajaj et al. [17]) is determined using geometric relations between the assumed weld pool cross 

section. The overlap or geometric relations are used to determine the not-molten fraction and 

therefore porosity. Nonetheless, neither approach considers the influence of the powder as it relates 

to particle size distribution, effective layer thickness, or scan vector length. Tang et al. assumed a fixed 

porosity of the powder bed as well as a relative density of 99% as the boundary for lack-of-fusion 

defects. The lack-of-fusion criteria for a half-elliptical melt pool cross section is defined as  
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based on the squared ratios of hatch distance by weld pool width and layer thickness by weld pool 

depth. The number of remelts is estimated by  

Number of remelts   �J�ç�Ô�á
L
�è
�v

��
�S
�D

��
�@
�P
 ( 3-37 ) 



52 

52 

and shares the inputs with the lack-of-fusion criteria. A basic schematic of the assumed weld pool 

geometry and overlap calculations is provided in Figure 3.3.  
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Figure 3.3: Schematic of the graphical weld pool model of Tang et al. [178] 
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4 Research gap and outline 

4.1 Research gap 

There is a distinct gap in modelling approaches for selective laser melting with regards to usability and 

scope. 

On one hand, sophisticated numerical methods are mainly used in fundamental research to improve 

basic understanding of underlying physical principles, requiring experienced personnel and costly 

hardware to solve complex mathematical problems. Most numerical simulations focus on correct 

determination of the thermal field, associated stress-strain fields, or fluid flows for example. This is 

illustrated in the work of Heeling [79] or the numerous reviews on numerical methods such as Galati 

and Luliano [62] or Yan et al. [208]. The trade-off between detailed, physically correct modelling and 

computational speed is omnipresent. 

Analytical methods are typically based on determination of the weld pool dimensions. To address 

related challenges, dimensionless numbers are excellent tools for characterization of general weld 

pool behavior by differentiation between conduction or convection dominance during welding as 

shown in the work of Gref [72]. Empirical studies, for example by van Elsen [191], can be of high 

importance but often lack universal applicability due to the typical restrictions of regression-based 

methods. In that regard, the increasingly popular enthalpy-based approaches for determination of 

weld pool dimensions, mainly driven by Hann et al. [76,77], King et al. [103], and Rubenchik et al. [156], 

lend a tremendous contribution to analytical estimations of the weld pool dimensions. However, the 

existing analytical, empirical, or dimensionless methods are focused on single-weld pools and do not 

link other essential processing inputs of the SLM process (such as the layer thickness, hatch distance, 

or particle size distribution) with the resulting part density. Hence, without prior experience of the 

process, it is not possible for the user to estimate the outcome of processing trials or to determine the 

origin of processing errors. The only approach to link processing inputs, weld pool dimensions, and 

scanning strategy can be found in the work of Tang et al. [178], which was developed in parallel to this 

thesis. It employs a graphical approach to estimate the not-molten fraction within the part that can be 

solved on spreadsheet level or low-level programming depending on the degree of detail. The 

presented data shows a decent fit with experimental results, but the model must be adjusted to 

preexisting experimental studies. These restrictions apply for example to the maximum achievable 

density or fixed powder bed density. Overall, the work of Tang provides a first step towards mainly 

analytical process parameter development, but the impact of particle size distribution or spatter 

particles for example is not discussed further. Additionally, simple and effective methods as well as 

criteria to estimate the effect on the part density of additively manufactured parts are missing. 

To the author�[s knowledge, no numerical and analytical method is present to determine the resulting 

part density of a given process parameter in combination with powder properties for instance. 

Hence, there is a clear need for easy-to-use analytical methods for  

- fast determination of processing windows (such as laser power, scan speed, hatch distance, 

and layer thickness) to predict porosity formation during selective laser melting; and 
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- consideration of additional factors such as powder characteristics including spatter properties, 

which are typically neglected during parameter development but can be a significant source 

of error within the process. 

Such analytical methods will serve the need for fast and efficient prediction of processing results in an 

industrial environment. Furthermore, analytical approaches can be more easily included in closed-loop 

structures and therefore improve process control. It is assumed that the aforementioned factors, 

specifically particle size distribution and spatter particles, have important influence beyond 

recyclability of powder, as discussed in the work of Spierings [171] and Seyda [165]. The effect of 

powder or spatter particles on the weld pool and general stability of the SLM process has not yet been 

investigated.  

Therefore, the present work links the main processing parameters, resulting weld pool dimensions, 

and additional factors such as particle size distribution with the resulting part density, which is not 

�‰�}�•�•�]���o���� �Á�]�š�Z�� �š�}�����Ç�[�•�� �v�µ�u���Œ�]�����o�� �}�Œ�����v���o�Ç�š�]�����o���u���š�Z�}���•�X�� �&�µ�Œ�š�Z���Œ�u�}�Œ���U�� �š�Z���� �]�u�‰�����š�� �}�(�� �š�Z���� �‰���Œ�š�]���o���� �•�]�Ì����

distribution of powder and spatter on SLM process stability is investigated. The result is a universally 

applicable method primarily based on analytical equations or simple-to-program algorithms that 

provides an estimation of relative density on one side, but also allows the user to understand possible 

sources of process deviations.  

4.2 Outline  

The structure of the present thesis is illustrated in the graphical outline in Figure 4.1 and shows the 

step-by-step approach, from the role of the major process parameters on the weld pool dimensions to 

the actual process model for density calculation. 

Chapter 6 �t Basic process understanding  

In Chapter 6, a number of empirical studies are carried out to establish the effect of the primary and 

secondary process parameters on the weld pool dimensions. Furthermore, sources for process 

deviations are evaluated with an emphasis on welding spatter and its effect on relative density. To this 

end, welding spatter is characterized by its size and shape for selected Al, Ni, and Fe-base materials. 

Chapter 7 �t Process regimes and zones 

Empirical observations from the previous section are used to categorize different parameter windows 

and describe the underlying consolidation mechanisms. The three-zone model for process parameters 

will serve as the foundation for modelling the SLM process. 
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Chapter 10 �t��Impact of crossflow on porosity and mechanical properties of IN 625

Chapter 11 �t��Practical guide for process parameter development

  

Figure 4.1: Graphical outline 

Chapter 8 �t Modelling of the SLM process and estimation of relative density 

The fundamentals of the introduced process models are the weld pool size and particle size influence, 

which are explained in sections 8.1 to 8.3. These sections cover analytical methods for determination 

of the weld pool size considering the local preheat temperature, allowing a rough estimate of the effect 

of scan vector length or increased heat input at the �•�����v���À�����š�}�Œ�•�[��turn-around points. Additionally, the 

definition of the molten powder fraction is provided that relates powder and spatter size distribution 
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with the weld pool dimension and related relative density. The molten powder fraction is important 

for increasing accuracy above the previously introduced analytical solutions or the regression-based 

empirical methods for density estimation presented in section 3.  

Three main kinds of structural defects are known in selective laser melting: Lack-of-fusion defects, 

keyhole porosity, and cracking. While cracking is mainly driven by the alloy-inherent properties and 

thermal history of a material, lack-of-fusion and keyhole porosity are dominantly affected by the 

process parameters chosen. The general phenomena in the formation of keyhole and lack-of-fusion 

porosity are well established for selective laser melting. It is expected that the number of melts per 

area element and its distribution within the part will deliver meaningful insights about the location of 

porosity or hot spots likely influenced by the keyhole effect. This assumption is the basis for three 

models for estimating the relative density of a given process parameter and material. The matrix-based 

model derived in section 8.4 is the most complex, allowing evaluation of the influence of primary and 

secondary process parameters as well as the global scan strategy. Section 8.5 introduces a 

semiempirical model for relative density estimation that can be solved fully analytically by further 

simplification of the weld pool cross section, while neglecting the influence of the scanning strategy. 

Finally, an empirical model is covered in section 8.6 that directly connects weld pool dimensions, hatch 

distance, and layer thickness with an estimation of the number of melts to relative density using two 

regression-based equations. 

Chapter 9, 10, and 11 �t Validation and practical examples 

The aforementioned models are tested and verified in section 9 for selected Al-, Fe-, Ni-, Ti-, and Cu-

based materials. In this context, sources of deviations between computed and experimental values are 

discussed. Additionally, the influence of build chamber crossflow on porosity and mechanical 

properties is explained in section 10 using the example of Inconel 625, emphasizing the importance of 

machine and process boundary conditions. Chapter 11 concludes these experimental observations 

with a practical guide for process parameter development. 

In the end, the reader of the present work will have a basic understanding of the major phenomena 

occurring during the SLM process, will be able to differentiate between the sources of processing 

errors as well as to predetermine the necessary processing windows for a given combination of 

material, powder, and machine.  
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5 Methods and materials 

5.1 Software 

Besides established office suites, MathWorks�[ MATLAB R2017b and R2019a are used as the major 

modelling tools unless otherwise stated. However, for increased universal applicability only functions 

that are available in other programming languages such as C++ or Python are applied. As a result, most 

of the proposed calculation methods can be carried out on spreadsheet level, using a calculator, or 

with low programming effort. The image analysis for porosity and particle size measurement is based 

on the open-source software ImageJ, more specifically the distribution FIJI [159]. 

5.2 Microscopy 

Both optical and electron microscopy have been applied in investigation of the samples. For optical 

microscopy, the upright metallography microscope Leica DM6-M displayed in Figure 5.1 was employed 

with motorized axes and different contrasting methods: bright-field (BF), dark-field (DF), differential 

interference contrast (DIC), and polarization (POL).  

 

Figure 5.1: Optical microscope Leica DM6-M (left) [116] and scanning electron microscope FEI 
Quanta 200F (right) 

The most frequent magnifications varied depending on the performed task, but the list displayed in 

Table 5.1 provides a rough guideline showing when which magnification was applied. 

Table 5.1: Optical microscopy magnifications and their typical applications 

Magnification 
(Objective x ocular lens) 

Application 

50x Porosity measurement of large area and SLM typical error sizes 

100x 
Weld pool measurements and general microstructural 
characterization for Fe and Ni 

>200x 
Dedicated microstructure investigations such as grain size 
measurements, general investigations of Ti and Al 

Electron microscopy was carried out at the ETH Zurich ScopeM facility and involved a FEI Quanta 200F 

SEM equipped with EDX and EBSD detector as well as the EDAX-TEAM software to perform the 
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respective type of analysis. The most frequently used settings for analytical work are documented in 

Table 5.2. 

Table 5.2: Settings for analytical SEM work on FEI Quanta 200F  

 SE, BSE, and EDX EBSD 
Acceleration voltage 20 kV 

Aperture 4 
Spot size 6 

Working distance 10 mm 15 mm 
Tilt 0° 70° 

 

5.3 Metallographic preparation and etching 

This thesis covers a wide range of materials and analysis methods. Therefore, this paragraph explains 

the most frequently used metallographic sample preparation methods as well as the applied etching 

recipes. General cross section preparation was conducted with the precision cutting machine Metkon 

Miracut 201 (shown in Figure 5.2, right), which allowed cutting with minimal heat input and surface 

deformation. 

 

Figure 5.2: Semiautomatic polishing machine Buehler Phoenix 4000 (left) and precision cutting 
machine Metkon Miracut 201 (right) 

After embedding, mainly using quick hardening epoxy resins, the samples are polished according to 

the recipes stated in Table 5.3. It must be highlighted that analysis methods such as EBSD require more 

thorough sample preparation which can involve additional intermediate chemical or ion-beam etching 

techniques. Furthermore, for final polishing, colloidal silica suspension was favored against alumina 

suspensions of identical particle size in most cases. The common etchants for weld pool size 

investigations are concluded in Table 5.4. However, highly recommendable literature on 

metallographic methods can be found in the work of Petzow [143], Schumann [163], and Cloeren [39] 

as well as ASTM standard E407 [9] listing the most frequently used etchants. 
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Table 5.3: Overview of most often used preparation recipes for polishing for Ni-, Fe-,Ti-, and Al-based 
materials; methods based on Vander Voort et al. [194] 

 Grit/Suspension 
Force 
[N] 

Rotation speed 
[RPM] 

Duration 
[min] 

Iron-based 
Nickel-based 

SiC 320 25 250 Until plane 
9 µm 25 150 5:00 
3 µm 25 150 5:00 

0.05 µm 25 150 2:30 

Aluminum-based 

SiC 320 20 250 Until plane 
SiC 1200 20 250 2:00 

9 µm 20 150 5:00 
3 µm 20 150 5:00 

0.05 µm 20 150 2:00 

Titanium 
SiC 320 25 300 Until plane 
9 µm 25 150 10:00 

0.05 µm 20 150 10:00 

Copper 

SiC 320 20 250 Until plane 
SiC 1200 20 250 2:00 

9 µm 20 150   5:00 
3 µm 20 150 3:00 

0.05 µm 20 150 1:30 

 

Table 5.4: List of applied etchants for different alloys 

Material Etchant Application 
Pure aluminum 

AlSi12 
100 ml  Distilled water 
5�t20  g  NaOh  

Immerse 15�t30 s 

1.4404 
Inconel 718 

V2A etchant 
100 ml Distilled water 
100 ml HCl 32% 
10 ml HNO3 

Used at 50�t60 °C 
Immerse 30�t60 s 

Inconel 625 

�t���š���Œ�o���•�•���<���o�o�]�v�P���}�Œ���^Kalling-2�_ 
2 g CuCl2 

40 ml HCl 32% 
40�t80 ml Ethanol (95%) 

Immerse or swab 60�t120 s 

80 ml HCL (32%) 
20 ml HNO3 

Immerse 30�t60 s 

Titanium 

50 ml Distilled water 
50 ml HCl 32% 

Immerse 60�t240 s 

20 ml Distilled water 
5 ml H2O2 (30%) 
10 ml KaOH solution (40%) 

Swab 3�t20 s 

Copper 
50 ml Distilled water 
50 ml HNO3 

Immerse a few seconds 

5.4 Weld pool analysis 

Besides conventional metallographic sample preparation, the samples for weld pool analysis are cut 

perpendicular to the last main direction of the scanning vector. The cut is placed in the middle of the 



60 

60 

scan vector to reduce the influence of the increased heat input at the end of each scan vector and is 

considered to be in a quasi-steady state section. Mostly, Archimedes density samples with a size of 

10x10x10 mm3 were used as a basis; in selected cases, other samples as well. The principle is displayed 

in Figure 5.3. However, if possible, 20 weld pools per sample are analyzed for width (radius), depth, 

and area.  

5x10x25 mm3 cubic samples10x10x10 mm3 cubic samples

xz/yz-Plane cut

xy-Plane cut

B
ui

ld
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ct
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n

xz-Plane cut
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Figure 5.3: Sample geometry and sample preparation for weld pool analysis of Archimedes density 
samples (left) and dedicated weld pool analysis samples (right) 

To process a larger number of weld pool samples, the geometry displayed Figure 5.3 (right) has been 

applied. The geometry features a basis that functions as a support structure and allows generation of 

samples with unstable processing parameters. The total height of the samples was adjusted plus or 

minus a single layer thickness to have the correct orientation and scan vector length in the last scanned 

layer. 

The observed weld pool shapes vary widely by materials investigated and scan parameters. Some 

samples are displayed in Figure 5.4 , which are used to derive basic measurement guidelines for manual 

evaluation of the weld pool dimensions. 

   
Figure 5.4: Various weld pool shapes of stainless steel 1.4404: Lens shaped with top cap (left), 

nearly semicircular (middle), keyhole-dominated weld pool (right) 

The graphical model by Tang et al. [178] takes into consideration the so-called top cap height and area, 

but concludes that this section of the weld pool does not contribute to remelting and can be neglected 

in most cases. Additionally, it can be stated that within the present work, distinct top caps were mostly 

observed at parameters involving insufficient overlap between scan tracks, which indicates that 

greater top cap heights are a result of an increasing effect of surface tension during solidification.  
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However, within this framework the definitions of the weld pool dimensions are indicated in Figure 5.5. 

Naturally, due to the overlap between the adjacent scan tracks, parts of the previous weld pool are 

covered. Hence, symmetry of the weld pool is assumed for determination of the weld pool dimensions, 

weld pool width, and area. 
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Figure 5.5: Definition of weld pool depth, radius, and area for flat surfaces (left) and angled 
surfaces (right). Total depth and area are indicative for the inclusion of the top cap. 

5.5 Density measurement 

Density is one of the most relevant properties for quality management in additive manufacturing as it 

is easy to determine and critical to many physical�v above all, mechanical�v properties. Spierings et al. 

[173] and Bauer et al. [18] for example showed that for different material densities, the mechanical 

properties but especially elongation at break can vary. The most common measurement procedures 

are the gravimetric Archimedes method as well as optical analysis of micrographs of different cross 

sections. A comparison of the various density measurement methods is provided for example by 

Spierings et al. [175]. The following methods have in common that a relative density or porosity is 

determined, which needs multiplication with a reference bulk density to acquire an absolute value. 

However, this is a source of error as the density values provided in standards or material data sheets 

are expected values and do not account for batch-to-batch variation. Hence, it is necessary to obtain 

the proper bulk density for use as a reference or alternatively a cross-check with optical and 

Archimedes method for adjustment. 

5.5.1 Optical density measurement �t cross section analysis 

One of the most common methods to determine the density of test samples in additive manufacturing 

is preparing metallographic cross section of test cubes and recording single images or the whole cross 

section using the microscope. Image analysis is similar to optical analysis of particles and is therefore 

separated into the following steps: Image acquisition, image post-processing (e.g. threshold definition, 

binary conversion), and image analysis using ImageJ. The resulting binary image is analyzed for the 

fraction of black pixels in the image, which equals porosity �xopt given as 

Optical porosity   �Ý�â�ã�ç
L��
�#�Õ�ß�Ô�Ö�Þ

�#�ç�â�ç�Ô�ß
 ( 5-1 ) 

where the black area Ablack is compared against the total area Atotal of the micrograph. The (optical) 

�����v�•�]�š�Ç���Œopt is then defined as 
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Relative optical density �é�â�ã�ç
L ���s
F�Ý�â�ã�ç ( 5-2 ) 

The results of optical density measurement can be greatly affected by the camera settings chosen, 

illumination settings during optical microscope analysis, and the polishing methods applied. The effect 

of multiple polishing runs on a very porous sample is displayed in Figure 5.6, demonstrating that the 

aforementioned factors can later the result of optical density measurement. This increases the 

incentive to employ multiple means of measurement for the density for example with the Archimedes 

method or a pycnometer.  

        

Figure 5.6: Comparison of the same porous sample repeatedly polished, one time (left) and twice 
(right) using 3 µm diamond suspension 

In conclusion, the optical analysis allows determination of porosity, shape, and distribution of defects 

within a single cross section. Multiple cross sections in both the xy- and xz-plane are recommended for 

increased statistical safety. As a result, optical density analysis is primarily used as a tool to determine 

the characteristic of porosity rather than the density of a test cube in this work. 

5.5.2 Archimedes method 

In contrast to optical measurement, gravimetric density measurement using the Archimedes principle 

enables determination of the mean density of a given volume without the influence of the ���}���Ç�[�•��

shape. The method is standardized for example in ASTM B311 [14], DIN EN ISO 3 [92], or 

DIN EN ISO 3369 [90] and dedicated for additive manufacturing in VDI3405-2 [195]. The equipment 

used within this framework is a Mettler AE200 as well as a Mettler AX205DR equipped with a density 

measurement kit. Typically, water is applied as measurement fluid for gravimetric density 

measurements. Nonetheless, the increased surface tension compared to ethanol or acetone causes 

deviations for samples with a distinct surface roughness or cavities at the surface. As a result, other 

fluids, especially ethanol, is recommended in day-to-day applications. Internal studies, for example by 

Spierings et al. [173], have proven the usability of acetone for AM applications, as long as the 

temperature of the fluid is thoroughly recorded. The density functions of air and acetone in relation to 

the temperature at constant atmospheric pressure are provided in equation are given as 

Density air  �é�Ô�Ü�å�:�6�; 
L ���v�ä�z�®�s�r�?�: ���®�6�Ô�Ü�å
E�s�ä�u�®�s�r�?�7 ( 5-3 ) 

Density acetone  �é�Ô�Ö�Ø�:�6�; 
L �r�ä�r�r�s�s�x���®�6�Ô�Ö�Ø
E�r�ä�z�s�u�{�t ( 5-4 ) 

The equation required to calculate the relative density including the correction for the buoyancy in air 

is displayed as 
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Archimedes density �é�Ô�å�Ö
L 
k�é�Ù�ß
F �é�Ô�Ü�å
o�®
�I �Ô

�I �Ô
F �I �Ù�ß

E�é�Ù�ß ( 5-5 ) 

The sample size recommended by VDI-3405-2 is larger than 0.5 cm3. The typical size within the present 

work is 1 cm3 , equivalent to a cubic sample with the dimension of 10x10x10 mm3. In case of visible 

bubbles during immersion of the sample or if the mass of the body constantly increases, which serves 

as a sign of open porosity filling with fluid, the method is adapted. It is waited until the body is 

saturated (hence, all open porosity is filled) and repeatedly measured in air within a sealed bag (of 

known weight) to restrict evaporation of the measurement fluid. This allows subtraction of the mass 

of the fluid in the pores from the total mass. In case of very low densities or parameters that do not 

result in a solid body, the samples described in section 5.5.3 have been used. However, if not stated 

otherwise, all presented density values are obtained using the Archimedes method with acetone or 

ethanol as measurement liquid.  

5.5.3 Porous media (huts) 

Measurement of solid porous media is explained in section 5.5.3 using the bag method. Nonetheless, 

this procedure can only be used for samples stable enough to be handled manually or with pliers. A 

critical part of the present thesis is the investigation of early stage melting with regard to the complete 

documentation from zero to high energy inputs. Consequently, this leads to samples where the 

particles show no or practically no adhesion. Hence, density determination using micrograph analysis 

or the Archimedes method is nearly impossible for these samples. 

Therefore, a method commonly used in polymer additive manufacturing is placement of closed boxes, 

called powder containers, inside the powder bed to determine its density as well as to conserve 

powder from the process without altering it while unpacking the build. However, the geometry of such 

boxes for polymers and metals must vary as selective laser melting requires support structures for 

heavily overhanging surfaces. The following list provides an overview of design constraints for the 

samples:  

- Wall thickness must be >0.4 mm to be gas tight 

- Shell process parameter must produce dense parts and represent geometry 

- Total sample volume should be as small as possible to decrease build time 

- Ratio of shell to core volume should be large 

- Geometry should be universally applicable to polymers and metal 

- No surface angles from the horizontal plane below 45° to increase process stability 

The result of the design process is sketched in Figure 5.7, and the numerical values are presented in 

Table 5.5. In the end, the core consists of a cube with a side length of 12 mm topped off with a 

quadratic pyramid with the height of 6 mm. The wall thickness has been set to 0.5 mm as a 

compromise to keep the relation between core and shell favorable with a core-to-shell volume ratio 

of roughly 80% and 20% respectively.  



64 

64 

Core volume

Shell  volume

Support

 

Figure 5.7: Sample "hut" design for density measurements of porous samples 

Table 5.5: Volume of core and shell of the "hut" samples; core dimensions are 12x12x(18) 

 Unit Core Shell Total 
Thickness mm - 0.5 - 
Volume mm3 2016.0 497.7 2513.7 

Relative volume % 80.20 19.8 100 

Additionally, as demonstrated in Figure 5.7, support structures have been added to increase sample 

throughput by easy removal. These structures were removed by grinding. Additionally, empty shells 

were built to determine the effective wall thickness and total height to compensate the effects of 

process deviations with regard to post-processing by grinding for example. 

5.6 SLM machines 

An overview of the machine setups applied during the present work is displayed in Table 5.6 and briefly 

explained in the following paragraphs. 

Table 5.6: Comparison of Concept Laser M2 setups used in the study 

 
Concept Laser M1 

Concept Laser M2 
Generation 1 Generation 4 

Laser wavelength 1064 nm Nd:YAG 
Maximum power 100 W 200 W 400 W 

M2 >5 ~1.6 <1.1 
�&�}���µ�•�����]���u���š���Œ���~���ð�•�• 120 µm 100 µm Min 50 µm 

Optics F-Theta, galvo scanner 
Build envelope 125x125x200 mm 245x245x285 mm (x,y,z) 

 

Concept Laser M1 & M2 

�/�v�•�‰�]�Œ���[�• Concept Laser M2 is shown in Figure 5.8. However, both the M1 and M2 are based on a two-

chamber design with a separate build and powder chamber from where a recoating device spreads the 

powder. All trials were conducted using a proprietary silicon-infiltrated brush that reduces the backlash 

effect often associated with brush-like rulers.  
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Figure 5.8: Inspire's Concept Laser M2 

The M1 is only used for the low laser intensity work of this thesis as the laser setup does not reflect 

the state of the art due to its high M2 value and low maximum intensity. During the writing of the 

present work, the M2 was significantly updated to include an improved process gas filtration system 

as well as a new machine control. Nonetheless, the main and therefore process-relevant differences 

between the machines are an increased maximum laser power from 200 W to 400 W, improved beam 

quality M2, decreased minimal focus diameter, and a new generation of build chamber for improved 

shielding gas flow. The beam characteristic of the post-2017 machine is provided in Figure 5.9 and 

Table 5.7, whereas the pre-2017 machine properties are discussed in-depth by Cloots [40]. 

 

Figure 5.9: Beam profile of the Concept Laser M2 after 
2017; the minimum diameter is approx. 0.2 mm below 

the machine�[s zero level 

 

 

Table 5.7: Focus shift and associated 
focus diameters 

Focus shift D4�•���À���o�µ�� 
[mm] [µm] 

0 49.39 
-1 59.38 
-2 85.81 
-3 109.24 

 

The �u�����Z�]�v���[�• laser on/off-switching behavior is controlled by two measures: On one hand by the first 

pulse suppression of the laser itself, to counteract overshooting after ignition of the source, and on 

the other by so-called laser timings. At Concept Laser, these timings determine the interaction 

between the laser and the scanner�[�• movement, which must be carefully adjusted for the parameter 

combination used. However, due to the wide range of parameters used within the present work, 

���}�v�����‰�š���>���•���Œ�[�• standard timing sets were used. 
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5.7 Powder characterization 

Analysis of particle size distribution and particle shape factors is conducted using mainly optical 

methods. The particles are suspended in paraffin oil and transferred in a petri dish to the Leica DM6 M. 

The typical microscopy settings and an example of a micrograph are displayed in Table 5.8. 

Table 5.8: Typical setting for optical particle characterization using a Leica DM6 M, example shown 
on the right 

Settings Example 
Magnification 10x/20x 

 

Mode Transmitted light 
Contrast Bright-field 
Intensity 224 
Aperture 3 

Field 15 
Number of particles >10000 

The obtained images were analyzed using an in-house image analysis solution based on ImageJ for 

image analysis and MATLAB for statistical analysis. Further basics of optical particle analysis have been 

explained under section 2.1.4. 

Apparent or bulk density were measured according to ASTM B212-17 [13], employing a Hall funnel, or 

in case of insufficient flowability a Carney funnel, as preparation devices. Tap density analysis was 

conducted according to ASTM B527-15 [12], using the automated tap density tester 

Bettersize BeDensit T3 shown in Figure 5.10. In total, 3,000 taps in a frequency of 200 taps/minute are 

applied per sample. 

 

Figure 5.10: Automated tap density tester Bettersize BeDensiT3 

Conditioning of the powder was done using Telsonic ultrasonic sieves with different mesh sizes, chosen 

in relation to the material and conducted test.  
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5.8 Used powders 

The following table lists the main properties of powders used for the present work. Most powders 

exhibit a dominantly spherical shape and are specified with particle size distributions between 15 µm 

to 45 µm.  

Table 5.9: Overview of powders used for in-house trials, powders were measured in recycled condition 

Alloy Name Vendor 
Nominal 

PSD 
D10 D50 D90 

Bulk 
density 

Apparent 
density 

Tap 
density 

Comments 

Unit - - µm µm µm µm g/cm3 % %   

1.4404 Fe 1 Carpenter +10-45 7.95 26.97 51.21 7.95 55.43 61.67 spherical 

1.4404 Fe 2 LPW +15-45 18.88 28.51 42.42 7.95 54.22 58.97 spherical 

1.4542 Fe 3 Carpenter +10-35 11.19 18.63 30.54 7.8 53.9 61.7 spherical 

1.2709 Fe 4 
Concept 

Laser 
+15-63 14.64 34.67 59.48 8.05 51.27 56.69 spherical 

Inconel 
718 

Ni 1 Sandvik +10-40 11.06 21.82 37.32 8.19 49.36 56.59 spherical 

Inconel 
718 

Ni 2 LPW +15-45 25.83 36.57 40.59 8.19 50.99 58.57 spherical 

Inconel 
625 

Ni 3 LPW +15-45 22.24 34.79 51.15 8.4 50.04 57.38 spherical 

Haynes 
230 

Ni 4 LPW +15-45 30.38 40.96 54.29 8.97 52.8 58.79 spherical 

AlSi12 Al 1 
Concept 

Laser 
+15-45 13.42 29.35 44.06 2.7 51.4 63.9 spherical 

Pure Al Al 2 
Ecka 

Granules 
+10-45 10.47 21.14 36.09 2.7 48.3 58.41 

dried, 
mostly 

spherical 

Pure Fe Fe 5 Goodfellow +15-63 22.65 36.79 57.23 7.87  38.34 47.8 irregular 

Pure Ni Ni 5 Goodfellow +15-63 16.32 35.34 53.1 8.9 38.1 46.04 irregular 
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6 Empirical studies of basic influencing factors of the SLM process 

This section is dedicated to demonstrating the influence of the main primary and secondary processing 

parameters on weld pool dimensions as well as their impact on process stability and final part density. 

These initial trials are focused on stainless steel 1.4404 and the aluminum-casting alloy AlSi12 as their 

material properties are distinctly different and they are amongst the most common materials in 

selective laser melting.  

The following parameters or influencing factors of the process will be discussed: 

- Laser power and focus diameter 

- Scan speed 

- Hatch distance 

- Layer thickness 

- Scan vector length 

Additionally, the process-inherent spatter particles are characterized in their amount as well as spatter 

size distribution, also for additional materials. However, the effect on weld pool stability and process 

deviation is only discussed in detail for 1.4404 and AlSi12. Table 6.1 provides an overview of the variety 

of processing parameters that have been tested for both materials. For each dedicated subsection, the 

parameters were methodically varied, and the samples were randomly placed within the space 

constraints of the chosen build chamber. After every build job, the powder was sieved and reused, 

which may influence particle size distribution (coarsening). However, that effect is neglected within 

the present study.  

Table 6.1: Overview of complete set of parameters for 1.4404 and AlSi12; not all levels have been 
tested for both materials 

Parameter Unit Value 
Laser power [W] �í�ñ�ì�Y�ð�ì�ì 

Beam diameter [mm] 0.085, 0.100, 0.120 
Scan speed [mm s-1] �ñ�ì�ì�Y�ð�ì�ì�ì 

Hatch distance [mm] �ì�X�ì�ò�ô�Y�ì�X�í�î�ñ 
Layer thickness [mm] �ì�X�ì�ï�Y�ì�X�ì�ò 
Layer rotation [°] 90 

Scan vector length [mm] 2.5, 5, 10 

Table 6.2 shows the main powder properties for 1.4404 and AlSi12, exhibiting similar values for particle 

size distribution and compaction values, though AlSi12 has an increased fine particle fraction. 

Furthermore, Figure 6.1 illustrates the differences in morphology of both powders. The stainless steel 

powder exhibits mostly spherical particles, smooth surfaces, and a few satellite particles. In contrast, 

AlSi12 shows an increased number of elongated or irregularly shaped particles with a distinct 

separation between fine and coarse fraction.  
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Table 6.2: Powder properties of LPW 1.4404 and Concept Laser AlSi12 used for the pre-study 

Powder D10 D50 D90 
Bulk 

density 
Apparent 
density 

Tap density 

 µm µm µm g/cm3 % % 
1.4404 - LPW 18.88 28.51 42.42 7.95 54.2 ± 0.28 58.97 ± 0.01 
AlSi12 - CL30 13.42 29.35 44.06 2.69 51.4 ± 0.09 63.9 ± 0.32 

  

Figure 6.1: SEM image of 1.4404 (left) and AlSi12 (right) with identical magnification displaying an 
increased number of irregular and finer particles for AlSi12 

 

6.1 Primary processing parameters 

6.1.1 General processing behavior and influence of scan speed 

As a starting point, a general comparison of 1.4404 and AlSi12, processed with D = 0.085 mm, 

t = 0.03 mm, lvec = 10 mm as well as varying scan speed, laser power, and hatch is provided in Figure 

6.2.  
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Figure 6.2: General comparison of processing behavior of 1.4404 and AlSi12, P and v both varied for 
the volume energy density, D = 0.085 mm, t = 0.03 mm, lvec = 10 mm 

It can be observed that density increases with an approximately linear, steep pitch between 15�t

40 J/mm3 for AlSi12 and 15�t50 J/mm3 for 1.4404 towards a density saturation level. By increasing 

energy input above 40�t50 J/mm3, the behavior of the materials starts to deviate: Whereas most 

parameters up to 200 J/mm3 for 1.4404 result in densities near the observed maximum of 99.79 %, the 

density of AlSi12 begins decreasing already at energy inputs above 100 J/mm3. A drop in density of 

nearly 5% around 180 J/mm3, compared to the maximum of 98.94% for AlSi12, is observed, which 

remains stable for higher energy inputs. A reduction of density is also seen for 1.4404 but a significantly 

larger energy input is required to achieve the transition to lower densities. The analysis of the cross 

sections displayed in Table 6.3 and Table 6.4 shows further similarities in the general processing 

behavior between the rather different materials in this first part of the study: At low energy input 

(20 J mm-3), separate weld tracks as well as not molten particles are distinguishable. However, AlSi12 

yields a higher average density at the same energy input. At medium energy input around 80 J/mm3, 

1.4404 yields a nearly defect-free microstructure, whereas AlSi12 still exhibits singular lack-of-fusion 

defects in addition to entrapped gas porosity, as can been seen in Table 6.3. This observation explains 

the decreased maximum density of AlSi12 compared to 1.4404 within this tested parameter range.  

The differences between the materials become increasingly visible at higher energy inputs, where only 

minor remainders of keyhole porosity are observed for 1.4404. In contrast, AlSi12 exhibits severe 

keyhole porosity, which is confirmed by the analysis of the weld pool dimensions shown in Table 6.4 

to Table 6.7. Furthermore, the differences in maximum relative density are likely connected to the 

larger spatter particles observed on the surface of the parts, as can be seen in the qualitative 

comparison of the top surfaces exhibited in Table 6.5. The larger spatter particles increase the risk of 

lack-of-fusion defects. 
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Table 6.3: Cross section comparison of low- (<20 J/mm3), medium- (~80 J/mm3), and high-volume 
(~160 J/mm3) energy density parameters with lvec = 10 mm, D = 0.085 µm, P = 200 W, t = 0.03 mm, 

h = 0.085 mm 

 Low energy 

19.6 J/mm3 
Medium energy 

78.4 J/mm3 
High energy 
156.8 J/mm3 

 Scan speed 
 4000 mm/s 1000 mm/s 500 mm/s 

1.
44

04
 

   
�Œ 78.30 % 99.51 % 99.66 % 

A
lS

i1
2 

   
�Œ 83.75 % 98.55 % 95.07 % 

Table 6.4: Weld pool characterization comparison of low- (<20 J/mm3), medium- (~80 J/mm3), and 
high-volume (~160 J/mm3) energy density parameters, lvec = 10 mm, D = 0.085 µm, P = 200 W, 

t = 0.03 mm, h = 0.085 mm 

 Low energy 

19.6 J/mm3 
Medium energy 

78.4 J/mm3 
High energy 
156.8 J/mm3 

 Scan speed 
 4000 mm/s 1000 mm/s 500 mm/s 

1.
44

04
 

   
�Œ 78.30% 99.51% 99.66% 

A
lS

i1
2 

   
�Œ 83.75% 98.55% 95.07% 
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Table 6.5: Qualitative surface quality comparison of low- (<20 J/mm3), medium- (~80 J/mm3), and 
high-volume (~160 J/mm3) energy density parameters, lvec = 10 mm, D = 0.085 µm, P = 200 W, 

t = 0.03 mm, h = 0.085 mm 

 Low energy <20 J/mm3 Medium energy ~80J/mm3 High energy ~160 J/mm3 
 Scan speed 
 4000 mm/s 1000 mm/s 500 mm/s 

1.
44

04
 

   

A
lS

i1
2 

   

 

The weld tracks of stainless steel form a periodic but rather homogenous surface topography with 

clearly distinguishable weld tracks. In contrast, processing AlSi12 at medium to high energy inputs 

results in nearly inseparable weld tracks but heterogeneously distributed waviness on the top surface. 

The origin of this pronounced waviness becomes apparent at the increased energy input of 160 J/mm3 

with spatter in the size range up to 400 µm deposited on the top surface, which is likely to influence 

the subsequent powder recoating and laser welding process.  

 

Table 6.6: Weld pool dimensions of 1.4404 of low- (<20 J/mm3), medium- (~80 J/mm3), and high-
volume (~160 J/mm3) energy density parameters, lvec = 10 mm, D = 0.085 µm, P = 200 W, t = 0.03 mm, 

h = 0.085 mm, *less than 20 measurements 

1.4404 Unit 
Low energy 

19.6 J/mm3 
Medium energy 

78.4 J/mm3 
High energy 
156.8 J/mm3 

Scan speed mm/s 4000 1000 500 
Weld pool depth µm 28.9 ± 10.1* 109.5 ± 12.9 232.3 ± 24.7 
Weld pool width µm 76.5 ± 10.9* 110.9 ± 6.4 172.5 ± 15.0 
Weld pool area µm2 1814 ± 855* 9018 ± 1187 26462 ± 1692 
Depth/width - 0.38 0.99 1.34 
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Table 6.7: Weld pool dimensions of AlSi12 of low (<20 J/mm3), medium (~80 J/mm3), and high-volume 
(~160 J/mm3) energy density parameters lvec = 10 mm, D = 0.085 µm, P = 200 W, t = 0.03 mm, 

h = 0.085 mm 

AlSi12 Unit 
Low energy 

19.6 J/mm3 
Medium energy 

78.4 J/mm3 
High energy 
156.8 J/mm3 

Scan speed mm/s 4000 1000 500 
Weld pool depth µm 56.1 ± 13.1 157.2 ± 17.3 238.8 ± 33.2 
Weld pool width µm 132.1 ± 17.1 209.7 ± 14.2 277.8 ± 34.6 
Weld pool area µm2 4967 ± 1617 23182 ± 3129 43634 ± 7830 
Depth/width - 0.42 0.75 0.86 

The difference in melt pool dimensions and shape is already indicated by the resulting Péclet 

[equation ( 3-7 )] and Capillary number [equation ( 3-9 )], which are displayed in Table 6.8. The values 

for the Péclet number are provided with material data at room and melting temperature, leading to 

qualitatively similar but quantitatively widely varying results. The Capillary numbers are calculated 

with material properties at melting temperature.  

Table 6.8: Comparison of Pe and Ca numbers of low- (<20 J/mm3), medium- (~80 J/mm3), and high-
volume (~160 J/mm3) energy density parameters, lvec = 10 mm, D = 0.085 µm, P = 200 W, t = 0.03 mm, 

h = 0.085 mm; reference temperature for thermal properties indicated in brackets 

Dimensionless 
number 

Low energy 

19.6 J/mm3 
Medium energy 

78.4 J/mm3 
High energy 
156.8 J/mm3 

 1.4404 AlSi12 1.4404 AlSi12 1.4404 AlSi12 
Pe (T0) 52.31 2.83 13.08 0.71 6.54 0.35 

Pe (Tmelt) 28.33 2.88 7.08 0.72 3.54 0.36 
Ca (Tmelt) 17.78 4.46 4.44 1.12 2.22 0.56 

The dimensionless numbers shown underline the previous observations. While the higher Péclet 

numbers of 1.4404 suggest narrow and long weld pools, the low values of AlSi12 indicate wide but 

short ones. Furthermore, an increased conduction effect is indicated for AlSi12. Comparison of the 

capillary numbers of AlSi12 and 1.4404 demonstrates that the weld pool shape of AlSi12 is more likely 

to be affected by its low surface tension (e.g. flat surface, increased width), while the weld pool 

dimensions of 1.4404 is mainly driven by its internal viscous forces (e.g. Marangoni convection).  

The increased spatter deposition of AlSi12 at identical parameters to 1.4404 is connected to the lower 

melt viscosity (five to eight times lower) as well as surface tension (two times lower) of AlSi12, favoring 

the ejection of melt. The different thermal properties of the materials also lead to significantly different 

weld pool dimensions and shapes as observed in Table 6.4. In general, it can be stated that within the 

displayed parameters, AlSi12 develops a 1.7-times wider and deeper melt pool resulting in a 2.5-times 

larger area on average compared to 1.4404. This enables the use of more productive parameters for 

the processing of AlSi12. 

6.1.2 Importance of laser power and focus diameter  

In section 3, it has been established that laser power and focus diameter are among the most defining 

measures of the laser in the SLM process. Following the initial study of AlSi12 and 1.4404, the upcoming 

section provides a broader discussion of the influence of the interaction between laser intensity and 

resulting part density. Due to the requirements of the constantly increasing productivity of SLM 
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technology and improvements of laser sources, it has been possible to increase intensity at the focus 

spot significantly over the past decade. The data displayed in Figure 6.3 as well Figure 6.4 for 1.4404 is 

based on intensities between 6.3�r105 W/cm2 and 1.85�r107 W/cm2. However, it has been widely 

recognized in industry and research that the increase in intensity is limited by the general physics of 

the process�v foremost by undesired phenomena such as excessive keyhole welding, balling 

(interruption of the continuous weld track) caused by the surface tension and inertia of the weld pool, 

and vaporization of material. An expansion by the intensity of the typical plot of volume energy density 

versus the obtained relative density is displayed in Figure 6.3 and Figure 6.4. The presented results are 

a conclusion of tests performed on the three mentioned machine setups with varying powders. 

Therefore, the following outcomes represent valid general trends over a wide range of boundary 

conditions. Figure 6.3 compares the processing results of 1.4404 applying lower (1.5�t1.7·106 W/cm2) 

and higher (1.5·107 W/cm2) intensities. 

 

Figure 6.3: Comparison of low- (1.5-1.7·106 W/cm2) and high-intensity (1.5·107 W/cm2) processing of 
1.4404 

First, independent of intensity, the low-volume energy processing regimes follow nearly identical linear 

inclines with a similar starting point at zero energy input. The major difference between low and high 

intensity is the transition towards the maximum possible density: Higher intensity parameters achieve 

the maximum possible density earlier than low-intensity parameters. It can be observed that higher 

intensities yield processing results closer to the theoretical maximum density as the weld pool 

dimensions can grow significantly larger. Hence, the low intensity parameters (I = 1.5 - 1.7·106 W/cm2) 

displayed in Figure 6.3 do not achieve relative densities above 99%, which is considered the lower 

boundary of part acceptance. In contrast to that, the high-intensity parameters can reach a relative 

density up to 99.7%. However, the lower intensity parameters are able to maintain their saturation 

level above 150 J/mm3, whereas the density of the high-intensity parameters starts to decline due to 

the keyhole effect. 

Nonetheless, it is obvious that the flexibility of the laser systems used allows for intermediate 

intensities such as 7·106 W/cm2, which is exemplarily chosen for this study. In Figure 6.4, the achieved 

70

75

80

85

90

95

100

0 25 50 75 100 125 150 175 200 225 250

R
el

at
iv

e 
de

ns
ity

 [%
]

Volume energy density [J/mm3]

Comparison of low- and high-intensity processing of 1.4404

High intensity (1.5·107 W/cm2)

Low intensity (1.5-1.7·106 W/cm2)

(1.5·107 W/cm2)

(1.5 - 1.7 ·106 W/cm2)



75 

75 

part densities of the medium-intensity parameters are added to the comparison of low- and high- 

intensity parameters.  

 

Figure 6.4: Comparison of low- (1.5-1.7·106 W/cm2), medium- (7·106 W/cm2), and high-intensity 
(1.5·107 W/cm2) processing of 1.4404 at a layer thickness of 30 µm 

Apparently, the medium-intensity parameters result in a nearly identical increase in relative density at 

low to medium energy densities compared to the high-intensity parameters, while maintaining the 

maximum relative density up to very high-volume energy densities above 150 J/mm3. Table 6.9 

provides a more detailed look at selected results of the intensity comparison.  

Table 6.9: Comparison of weld pool dimensions of different intensities of 1.4404 

 Unit Low intensity 
Medium 
intensity 

Medium 
intensity 

High intensity 

Intensity W/cm2 3.5·10-6 7·10-6 7·10-6 1.4·10-7 
Focus diameter mm 0.12 0.12 0.085 0.085 

Laser power W 200 400 200 400 
Scan speed mm/s 1200 

Hatch distance mm 0.12 0.085 

Weld pool shape 
 

(Images not scaled) 
 

    

Weld pool depth µm 66.7 ± 15.5 102.4 ± 16.6 102.3 ± 13.9 212.2 ± 21.5 
Weld pool width µm 123.6 ± 18.1 167.3 ± 18.1 105.6 ± 7.3 198.8 ± 26.2 
Normalized weld 

pool width 
- 1.03 1.39 1.24 2.34 

Weld pool area µm2 6526 ± 2107 12363 ± 2468 8515 ± 1468 27647 ± 4350 
Relative density % 96.31 99.19 99.58 99.06 
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It can be seen that with increasing intensity, at identical scanning speed, the weld pool depth rises. 

Although the medium-intensity level is tested using different focus diameters and laser powers they 

yield an almost identical weld pool depth. A clear shift from conduction to keyhole welding is observed 

within the displayed range.The weld pool width does not exhibit such an obvious relation to the 

intensity. However, by normalizing the weld pool width by the focus diameter, the normalized 

dimension exercises a slight influence on the intensity. Hence, at similar volume energy density, a 

parameter with higher intensity is likely to result in an increased normalized weld pool width, which 

can be seen in the overview in Figure 6.5. 

 

Figure 6.5: Comparison of the (by beam diameter) normalized weld pool width against the line energy 
for low-, medium-, and high-intensity levels, t = 0.03 mm, h =0.085 mm; P = 100/200/400 W, 

D = 0.085 mm, v = �ñ�ì�ì�Y�ð�ì�ì�ì mm/s 

The observations made for 1.4404 also hold true for AlSi12, which can be seen in the comparison of 

lower- (~4.5·10-6 W/cm2) and higher-intensity (~1.5·10-7 W/cm2) processing results in Figure 6.6. Similar 

to 1.4404, the low-energy density (<25 J/mm3) parameters result in nearly identical linear increase in 

relative density. However, the transition towards the maximum possible part density is not distinctly 

different between the tested intensity levels. This impression remains unchanged when an 

intermediate intensity level (~9·10-6 W/cm2) is added in Figure 6.6 (right). 
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Figure 6.6: Comparison of low- (~4.5·10-6 W/cm2), medium- (~9·10-6 W/cm2)- and high-intensity 
(~1.5·10-7 W/cm2) processing of AlSi12 

Nonetheless, medium- and high-intensity processing of AlSi12 yields a slightly increased maximum 

relative density over the lower-intensity parameter sets. A significant difference between the intensity 

levels is the extent of keyhole-induced porosity, which is reduced at lower-intensity processing 

between ~50 J/mm3 to 150 J/mm3 volume energy density. Above 150 J/mm3 input energy, the curves 

of the different intensity levels start merging and hence exhibit similar keyhole influence. 

To conclude these initial observations, Figure 6.7 demonstrates the generalized effects of intensity on 

the common process diagrams applied in SLM. The qualitative effects displayed can be observed for 

both 1.4404 and AlSi12, but at different (hence material-dependent) intensity levels. Besides the 

varying main thermal properties (thermal conductivity, melting temperature etc.), it seems that the 

low viscosity of AlSi12 contributes to the increased weld pool dimensions. The higher tendency for 

keyhole-induced porosity is likely a result of limited degassing during collapse of the keyhole capillary. 

100%

0 Volume energy density

R
el

at
iv

e 
de

n
si

ty

High intensity
Medium intensity
Low intensity

 

Figure 6.7: Generalized diagram of the influence of intensity on the processing diagrams commonly 
used for SLM 
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6.2 Influence of secondary process parameters on weld pool dimensions 

Secondary process parameters of the SLM process address specific requirements such as scanning of 

an area (hatching) or creating the actual volume (layer thickness). Furthermore, they can be inherited 

from geometric or scan strategy constraints like the scan vector length or the rotation of scan vectors 

between layers. The effect of the secondary process parameters will be illustrated with examples, 

where the main processing parameters such as scanning speed, laser power, or beam diameter 

remained identical to evaluate their impact on weld pool dimensions and part density.  

6.2.1 Influence of hatch distance and layer thickness on weld pool dimensions 

In the first place, layer thickness and hatch distance, which are considered in calculating the volume 

energy density, are regarded as parameters to tune process productivity. Hence, to improve the 

productivity (= reduce the volume energy density), both values are maximized until the density drops 

below the desired value. In comparison to hatch distance, layer thickness is of increased importance 

as it determines the number of layers to be scanned and therefore required recoating times, which is 

a significant auxiliary step in SLM technology.  

A first comparison of different hatch distances for 1.4404 is displayed in Figure 6.8. It can be seen that 

relative density at the lowest energy values and therefore highest scan speeds depends on hatch 

distance. Hence, more overlap between the scan tracks increases relative density at very low energy 

inputs. During transition towards full density, the difference between the hatch distances is reduced 

until the line energy graphs of varying hatch distances are identical. As the volume energy density 

considers the hatch distance, the different groups merge into a single graph. Nonetheless, within the 

relevant density range above 99% percent, hatch distance is more important for process robustness 

and surface roughness of the top surface than for part density, which is illustrated e.g. in Figure 6.9 for 

AlSi12 and 1.4404. 

 

Figure 6.8: Eline and Evol against relative density for a hatch distance variation for 1.4404, P =200 W, 
D = 0.085 mm, v = 500...4000 mm/s, t = 0.03 mm, h = 0.068/0.085/0.102 mm 

Figure 6.9 displays the relation of weld pool width of AlSi12 and 1.4404 against the line energy for 

different hatch distances. Although the effect on density is observed, the weld pool dimensions seem 
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only slightly affected by the hatch distance. Within the margin of error, no significant impact of hatch 

distance on weld pool width can be observed inside the parameter range investigated for AlSi12 and 

1.4404. This also applies for the resulting weld pool depth. 

  

Figure 6.9: Comparison of weld pool depth and width of AlSi12 and 1.4404 against line energy at 
varying hatch distances, P =200 W, D = 0.085 mm, t =0.03 mm, lvec = 10 mm 

As mentioned previously, increasing the hatch distance reduces overlap between adjacent weld pools 

up to extreme cases with no overlap at all; this increases the likelihood of lack-of-fusion defects. 

However, increased weld pool widths of AlSi12 compared to 1.4404 allow the use of higher-

productivity scanning parameters by larger hatch distances as sufficient overlap between adjacent 

scan tracks is present for AlSi12. This is supported by the comparison of the top surface topographies 

for 1.4404 and AlSi12 displayed in Table 6.10 . To achieve similar surface topography, drastically 

different processing parameters must be selected for 1.4404 and AlSi12. Two pairs of similar surface 

types are highlighted in red and blue in the overview.  
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Table 6.10: Comparison of 1.4404 and AlSi12 top surfaces at P = 200 W, D = 0.085 mm, t = 0.03 mm, 
v = 500/1000/4000 mm/s, h = 0.085/0.105/0.125 mm, lvec = 10 mm; all images of identical scale; red 

and blue highlighted samples share similar weld pool width to hatch distance ratio resulting in 
qualitatively comparable surface topographies, all cubes with 10 mm edge length 

 1.4404 AlSi12 

 
h h 

0.085 mm 0.085 mm 0.105 mm 0.125 mm 
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50
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m
m

/s
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00
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However, an underlying principle between these pairs is present: The samples share comparable ratios 

of the weld pool width divided by hatch di�•�š���v�������}�(�����‰�‰�Œ�}�Æ�]�u���š���o�Ç���í�X�ô�Y�î�X�ì���(�}�Œ���š�Z�����Œ�������‰���]�Œ�����v�����í�X�î�Y�í�X�ï 

for the blue one. Despite having varying relative densities, each pair of samples shares similar surface 

topography. Hence, it can be demonstrated that hatch distance optimization should be tied to the 

actual weld pool width rather than the beam diameter. Nonetheless, the suggested starting point by 

Meiners [131] �}�(���ì�X�ó�Y�í�X�ì-times the beam diameter seems an acceptable fit for stainless steels, which 

were mainly used for that work. 

As a result of the observations, a width to hatch ratio of 1.5 seems a balanced starting point for 

parameter optimization at a layer thickness of 0.03 mm; in other words, the hatch distance should be 

roughly 2/3 of the weld pool width. An additional observation can be made on the samples presented 

in Table 6.10 of AlSi12: Increased overlap above the width/hatch ratio above 2.5 causes detrimental 

effects to surface quality and most likely also to process stability and density. The practical meaning of 

these findings is illustrated in Figure 6.10. This guideline is valid for the investigated layer thickness of 

0.03 mm. 

 

Y
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Figure 6.10: Illustration of optimal ratio between weld pool width and hatch distance for AlSi12 and 
1.4404 at a layer thickness of 0.03 mm 

Layer thickness 

An investigation of the influence of layer thickness has been conducted only for 1.4404. Figure 6.11 to 

Figure 6.13 illustrate the observed effects. In comparison to hatch distance, the effects of changes in 

layer thickness are visible in the investigation of the weld pool dimensions. Foremost, a significant 

increase in weld pool depth is observed for the sample with increased layer thickness of 0.06 mm 

compared to conventionally used 0.03 mm. Figure 6.11 demonstrates that phenomenon. 

  

Figure 6.11: Comparison of weld pool depth for samples of 1.4404, P = 100/200/400 W, D = 0.085, 
v = �ï�ì�ì�Y�î�ð�ì�ì mm/s, h = 0.085 mm, t = 0.03/0.06 mm, lvec = 10 mm 

In contrast to weld pool depth, a decrease of the weld pool width can be observed with increasing 

layer thickness in Figure 6.12.  
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Figure 6.12: Comparison of weld pool width for samples of 1.4404, P = 100/200/400 W, D = 0.085, 
v = �ï�ì�ì�Y�î�ð�ì�ì mm/s, h = 0.085 mm, t = 0.03/0.06 mm, lvec = 10 mm 

With an increase in layer thickness, the line energy of the parameter remains identical as it is 

independent of the SLM-specific layer thickness and indicates that with equal energy input the total 

weld pool area and likely total volume remain identical. This is reflected in the results of the weld pool 

area measurements displayed in Figure 6.13, where no significant difference between the tested 

parameters can be found.  

 

Figure 6.13: Comparison of weld pool area for samples of 1.4404, P = 100/200/400 W, D = 0.085, 
v = �ï�ì�ì�Y�î�ð�ì�ì mm/s, h = 0.085 mm, t = 0.03/0.06 mm, lvec = 10 mm 

The reason for the varying importance of hatch distance and layer thickness is likely to be found in the 

change in boundary conditions such as thermal conductivity of the surrounding areas or the amount 

of powder available as feed material. An increase in hatch distance, at the same layer thickness, 

reduces overlap between the scan tracks by a few microns, but the environmental conditions, 

especially the powder feed, remain nearly identical. However, a change of 10 µm in nominal layer 

thickness at a packing density of 50% results in an effective layer thickness change of 20 µm. Hence, in 

the demonstrated case of an increase from 30 µm to 60 µm and an apparent density of 55.43%, an 

effective layer thickness growth from approx. 55 µm to 110 µm is expected. Therefore, a more drastic 
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change in boundary conditions compared to hatch distance can be assumed (e.g. availability of feed 

material or cooling rates).  

The comparison of relative density against the line energy and volume energy density for 1.4404 

provide similar results as can be seen in Figure 6.16. The low-intensity parameters at 100 W laser 

power do not result in a useable processing result with relative densities as low as 91�t93% at a layer 

thickness of 0.06 mm, whereas the conventional layer thickness of 0.03 mm yields above 99.5% at the 

same combination of hatch distance, power, and scan speed. However, that observation is only natural 

as the volume of powder that must be molten vastly increases from 0.03 mm to 0.06 mm nominal layer 

thickness. Nonetheless, analysis of the weld pool dimensions has shown that the area of the weld pool 

remains on the same level, meaning a shift in the ratio between powder and melt pool volume. Hence, 

to achieve a stable process, more energy is required to maintain a beneficial ratio of weld pool to 

powder volume. 

 

Figure 6.14: Line energy and volume energy density vs. relative density of 1.4404, P = 100/200/400 W, 
D = 0.085, v = �ï�ì�ì�Y�î�ð�ì�ì mm/s, h = 0.085 mm, t = 0.03/0.06 mm, lvec = 10 mm 

Conclusions for the process model 

Both hatch distance as well as layer thickness exercise an impact on the productivity of the SLM process 

and are usually optimized until a sufficient ratio between quality and productivity is reached. 

Nonetheless, both parameters have varying impacts on the weld pool dimensions: Hatch distance has 

not proven to have a significant effect on the weld pool dimensions for AlSi12 and 1.4404. Hence, it is 

neglectable for initial estimations of the weld pool dimensions to create processing diagrams and can 

be considered � f̂ine tuning�_ if the overlap between the scan tracks is sufficient in the first place. For 

the investigated layer thickness of 0.03 mm, a hatch distance of 2/3 of the weld pool width has proven 

advantageous for AlSi12 and 1.4404. Modifying the layer thickness has a much larger impact on both 

productivity and weld pool dimensions for 1.4404. While the weld pool area remains nearly identical 

between a layer thickness of 0.03 mm and 0.06 mm, the weld pool shape is altered, and a higher aspect 

ratio weld is created with increasing layer thickness. This is likely associated with an unfavorable 
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change in ratio between the weld pool and powder volume as �Á���o�o�����•���š�Z�����]�v���Œ�����•�������^�(�Œ�����_���•�µ�Œ�(���������}�(��

the weld pool (hence, increased influence of the surface tension), which is supported by the studies of 

Yadroitsev and Smurov [205] showing higher likelihood of balling with increasing layer thickness. 

Furthermore, the decreasing weld pool width at larger layer thicknesses should be compensated by a 

proportional adjustment of hatch distance to maintain sufficient overlap between the scan tracks.  

6.2.2 Influence of scan vector length on weld pool dimensions 

Scan vector length is mostly restricted by the geometry, the applied scan strategy, or in some cases 
both. The average scan vector length should be an important measure while optimizing a process 
parameter as this is done usually on 10 mm edged cubes. This results in geometry and scan strategy 
having virtually no impact during conventional parameter development. Nonetheless, especially thin-
walled parts, overhanging sections, or sectors that restrict scan vector length cause a change in the 
thermal boundary conditions in the weld pool�[�•��immediate environment.  

To assess the influence of the scan vector length, the standard 10 mm cubes were scanned with 
different island sizes of 10 mm, 5 mm, and 2.5 mm edge length as a starting point. Similar to the 
conventionally used scan strategy, the main scan vector direction was rotated by 90° between each 
layer. The overlap between each island was fixed at 0.25 mm (see sketch in Figure 6.15), a typically 
used value usually requiring optimization to the chosen scanning parameters, because the overlap is a 
frequent source of processing errors. All cubes used identical contour scans (P = 200 W, 
v = 1300 mm/s). 

The scanning sequence of the single islands certainly impacts the local preheat temperature, but 
cannot be influenced within Concept Laser�[�•��standard slicer; for this reason it was not taken into 
consideration in the test plan. Hence, even with the identical test geometries, the geometry or 
scanning sequence are expected to influence the sample set. This expectation is fulfilled within the 
presented extract of the results for 1.4404 displayed in Table 6.11. For 1.4404, it is possible to associate 
the color of the sample surface with the so-called tempering colors, enabling a semi-quantitative 
assessment of the surface temperature. For 4000 mm/s and 1000 mm/s scan speed, no discoloration 
of the scanned surface is observed, while the low scan speed of 500 mm/s yields distinct tempering 
colors. The color within the main area indicates an average temperature between 220 °C to 240 °C 
after processing, while at the end of the surface scan a violet to blue coloring relates to temperatures 
between 290 °C and 340 °C. With decreasing scan vector length, the fraction of higher temperature 
areas increases, and a clear dependence of the geometrical as well as sequential location of the island 

 

Figure 6.15: Illustration of the overlap parameter between two islands 



85 

85 

or scan vectors is observed. Hence, the islands last scanned or located on the outside seem to have an 
increase in their average and maximum temperature.  

Table 6.11: Qualitative surface quality comparison of 1.4404 at low- (<20 J/mm3), medium- (~80 
J/mm3) and high- volume (~160 J/mm3) energy density parameters, with lvec = 10 mm, 5 mm, and 

2.5 mm, D = 0.085 µm, P = 200 W, t = 0.03 mm, h = 0.085 mm; images taken with identical camera 
settings 

Evol Low energy 
<20 J/mm3 

Medium energy 
~80J/mm3 

High energy  
~160 J/mm3 Temperature color 

scale 
[°C] 

 Scan speed 
 4000 mm/s 1000 mm/s 500 mm/s 
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m
m
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The overlap between the islands are areas of increased heat input due to quick repetitive scanning, 
causing this region to bulge and marring the recoating process. Analysis of the micrographs highlights 
that bulging is not a direct result of the overlap itself, but instead of increased keyholing and associated 
undesirable phenomena.  

Analysis of the surface of AlSi12 cubes, which have been produced with identical parameters compared 
to 1.4404, reveals similar phenomena. However, it is apparent that unlike 1.4404 discoloration of the 
surface cannot be used as an indicator of varying surface temperatures. Similar to 1.4404, the 
overlapping areas display increased turbulences such as bulging or increased weld track size. As 
mentioned in the initial study, the surface of the aluminum cubes exhibits large spatter particles. 
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Table 6.12: Qualitative surface quality comparison of AlSi12 at low- (<20 J/mm3), medium- (~80 
J/mm3) and high-volume (~160 J/mm3) energy density parameters, lvec = 2.5,5,10 mm, D = 0.085 µm, 

P = 200 W, t = 0.03 mm, h = 0.085 mm 

Evol 
Low  

<20 J/mm3 
Medium  

~80J/mm3 
High  

~160 J/mm3 
 Scan speed 
 4000 mm/s 1000 mm/s 500 mm/s 
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m
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Table 6.13 provides an overview of the polished cross sections in the xy-plane of AlSi12 and 1.4404 
and shows similar features between the materials in the first place: The low-energy-level yields 
highlighted island borders for both materials, which are a result of repetitive scanning between 
adjacent scan tracks and neighboring islands. However, at medium to high energy levels for 1.4404, 
the opposite i.e. an increase in porosity at the island overlaps can be observed. The more detailed and 
etched micrographs in Table 6.14 reveal a significant weld pool size increase and accompanying 
keyhole pore formation. That effect is a direct result of the insufficiently adjusted laser timings 
mentioned in the machine description. At the start and end points of each scan vector, the mirrors of 
the scan head accelerate or break according to a predefined offset to the laser beam ignition. The 
strong emphasis on the island borders indicates that the laser is already/still running while the mirrors 
are at standstill or accelerating. Due to its different physical properties, AlSi12 also shows slightly 
increased weld pool dimensions, but the increased heat input leads mainly to higher density at the 
start/end of the scan vectors.  
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Table 6.13: Polished micrograph comparison in the xy-plane of 1.4404 and AlSi12 at low- (<20 J/mm3), 
medium- (~80 J/mm3) and high-volume (~160 J/mm3) energy density parameters, 

lvec = 10 mm, 5 mm , 2.5 mm, P = 200 W, D =0.085 µm, t = 0.03 mm, h = 0.085 mm, 10x10x10 mm3 
test cubes; all images with identical scale 

 1.4404 AlSi12 

Evol 
Low  

<20 J/mm3 
Medium 

~80J/mm3 
High  

~160 J/mm3 
Low  

<20 J/mm3 
Medium 

~80J/mm3 
High  

~160 J/mm3 
 Scan speed 
 4000 mm/s 1000 mm/s 500 mm/s 4000 mm/s 1000 mm/s 500 mm/s 

10
 m

m
 s 

      

5 
m

m
 s

 

      

2.
5 

m
m

  

      
 

Table 6.14: Etched micrograph comparison of 1.4404 and AlSi12 at medium-volume energy density 
parameters, lvec = 2.5/10 mm, P = 200 W, D = 0.085 mm, v = 1000 mm/s, t = 0.03 mm, h = 0.085 mm 

 Medium energy ~80J/mm3 - 1000 mm/s 
 Scan vector length 
 xy-plane xz-plane 
 10 mm 2.5 mm 10 mm 2.5 mm 

1.
44

04
 

    

A
lS

i1
2 

    
 
Besides the qualitative differences between the samples, quantitative differences in the weld pool 
dimensions and relative density can be observed, which is displayed in Figure 6.16 and Figure 6.17. 
Apart from the obvious weld pool dimension differences between aluminum and steel, both materials 
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react dissimilarly to a change in average scan vector length. At 4000 mm/s scan speed, 1.4404 exhibits 
no significant change in any weld pool dimension between 2.5 mm, 5 mm, and 10 mm scan vector 
length. However, with decreasing scan speed the effects become more pronounced. At 5 mm vector 
length, mainly the width of the weld pool is increased, whereas the depth exhibits no significant 
difference.  

 

Figure 6.16: Comparison of weld pool depth (left) and weld pool width (right) of 1.4404 and AlSi12 in 
relation to line energy and scan vector lengths of 2.5 mm, 5 mm, and 10 mm, beam diameter 

0.085 µm, laser power = 200 W, layer thickness = 0.03 mm, hatch distance = 0.085 mm 

The slowest tested scan speed of 500 mm/s yields the difference amongst the tested scan vector 
lengths: Both, weld pool depth and width as well as the resulting weld pool area are significantly 
increased with each reduction in scan vector length. Nonetheless, relative density is only slightly 
influenced by the aforementioned occurrences. The maximum achievable density seems to be reduced 
by decreasing the scan vector length, which is at least partially due to increased keyhole porosity within 
the islands but especially at the island borders due to the mismatched laser timings.  

AlSi12 behaves differently compared to 1.4404 in regards to scan vector length. At the tested scan 

speeds, the difference in weld pool dimensions between 5 mm and 10 mm scan vector length is 

neglectable. However, the 2.5 mm vector length samples demonstrate increased weld pool 

dimensions at all scan speed levels, clearly indicating preheating from the previous scan tracks.  
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Figure 6.17: Comparison of weld pool area (left) and resulting relative density (right) of 1.4404 and 
AlSi12 in relation to line energy and scan vector lengths of 2.5 mm, 5 mm ,and 10 mm, beam 

diameter 0.085 µm, laser power = 200 W, layer thickness = 0.03 mm, hatch distance = 0.085 mm 

The relative density at the low line energy level increases by decreasing scan vector length due to the 

increased weld pool dimensions as well as the repetitive scanning at the island overlaps. However, in 

contrast to 1.4404, keyholing at the �o���•���Œ�[�• start/stop points is less pronounced. At higher energy 

inputs, keyhole welding is dominant for AlSi12, leading to a reduction of density, emphasized by 

reduction of the scan vector length.  

In the end, the sample size of 10x10x10 mm3 was chosen to enable repeatable and stable processing 

as well as preparation conditions. However, tests with scan vector length limited by the geometry were 

conducted as well. Examples of these trials are displayed in Table 6.15. At a laser power of 200 W, the 

smaller area samples still result in sufficient geometrical representation.  
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Table 6.15: Example of AlSi12 and scan vector length limited by geometrical constraints causing e.g. 
bulging of the samples with 2.5 mm thickness especially with increased laser powers of 400 W; all 

images with identical scales, P = 200, v = 500/1000/4000 mm/s, t = 0.03 mm, h = 0.085 mm 

lvec Area P 
Scan speed 

500 mm/s 1000 mm/s 4000 mm/s 

l ve
c =

 2
.5

 m
m

 

10
x1

0 m
m

2  

20
0 

W
 

   

2.
5x

10
  m

m
2  

20
0 

W
 

   

However, increasing laser power to gain productivity emphasizes restriction implied by the boundary 

conditions, which is shown by the 400 W samples in Table 6.16. The samples at 500 mm/s and 

1000 mm/s scan speed and with an area of 10x10 mm2 exhibit a density reduction as a result of keyhole 

welding in combination with slight warpage of the top surface. However, the geometrically constrained 

samples with a scan area of 10x2.5 mm2 and identical scan speed yield no satisfactory processing result 

and exhibit a significantly deformed top surface.  

This emphasizes the statement that scan vector length and geometry constraints are an important 

factor that must be considered during parameter development. 

Table 6.16: Example of AlSi12 and scan vector length limited by geometrical constraints causing e.g. 
bulging of the samples with 2.5 mm thickness especially with increased laser powers of 400 W; all 

images with identical scales, P = 400 W, v = 500/1000/4000 mm/s, t = 0.03 mm, h = 0.085 mm 

lvec Area P 
Scan speed 

500 mm/s 1000 mm/s 4000 mm/s 

10
 m

m
 

10
x1

0 m
m

2  

P 
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40
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6.3 Influence of weld spatter on the SLM process 

In the initial study it was presented that welding spatter is a process-inherent phenomena, unavoidable 

under the process conditions provided by state-of-the-art equipment, that occurred for both tested 

materials 1.4404 and AlSi12. Though literature shows that manipulation of the chamber pressure has 

a significant influence on spattering or melt pool behavior, for example Masmoudi et al. [123], no OEM 

has implemented such a pressure control to actively influence spattering behavior. In the present 

work, AlSi12 especially demonstrated a tendency to create larger spatter particles (shown for example 

in Figure 6.18), causing lack-of-fusion defects. 

  

Figure 6.18: Large spatter particles on the top surface of a AlSi12 cube (left) and spatter inclusion 
(highlighted red) with lack-of-fusion error (right) in the xz-plane cross section of the same sample, 

D = 0.085 µm, P = 200 W, v = 500 mm/s, t = 0.03 mm, h = 0.085 mm 

As mentioned earlier, this problem is not exclusively limited to 1.4404 and AlSi12 but is present in 

many alloys. Therefore, it is key to understand at least the basic measures such as the amount and size 

of the spatter. Over a year, oversized particles from post-process sieving were collected, and the 

results are presented in the following sections. Sampling was taking not exclusively from 1.4404 and 

AlSi12 but for the most relevant materials in selective laser melting today: 1.4404, 1.2709, AlSi12, and 

Inconel 718. Additionally, the data for 1.2709, Inconel 718, and the base materials will be used in 

verifying the models for relative density estimation introduced later. 

In this study, all oversized particles are considered spatter, hence no differentiation of spatter origin is 

made. Furthermore, only the material (alloy) was recorded between the builds, and therefore no 

influence of processing parameters on spatter behavior can be estimated. This is a clear task for future 

work. Nonetheless, the trials here cover multiple build setup scenarios: On one side, scientific build 

jobs with a couple of test cubes, and on the other, fully loaded, multi-day build jobs were evaluated. 

Therefore, the results gained will provide sufficient estimation of the average amount and size of 

spatter for the materials investigated. The materials of interest were the base alloys iron, nickel, and 

aluminum as well as the common alloys 1.4404, Inconel 718, and AlSi12. A total of ~3000 kg powder 

was sieved within the given timeframe. However, due to limitations within the production 

environment, great emphasis was placed on 1.4404. Still, the obtained qualitative measures as well as 

size analysis provide insights into typical scenarios. Table 6.17 provides the particle size analysis of 

oversized particles after sieving.  
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Table 6.17: Overview of S10, S50, S90 of oversized particles for Al-, Ni-, and Fe-based materials 

Material 
Particle size (volume weighted) 

S10 

[µm] 
S50 

[µm] 
S90 

[µm] 
Al99 77.32 ± 2.83 114.88 ± 5.00 194.87 ± 21.99 

AlSi12 60.52 ± 2.47 97.90 ± 2.35 188.76 ± 36.47 
Fe99 52.63 ± 0.98 68.15 ± 3.31 114.08 ± 5.03 

1.4404 45.41 ± 3.35 79.16 ± 5.89 124.95 ± 11.37 
1.2709 52.05 ± 2.35 71.46 ± 3.70 105.43 ± 6.60 

Ni 49.43 ± 1.46 76.88 ± 3.18 127.57 ± 6.05 
Inconel 718 43.85 ± 2.99 85.26 ± 2.99 128.40 ± 7.38 

 

 

Figure 6.19: Overview of volume weighted spatter particle size distributions of AlSi12, Al99, Fe99, 
1.4404, 1.2709, Ni99, Inconel 718  

 

Figure 6.20: Overview of spatter particle size distributions grouped by base material (right) 

Figure 6.19 illustrates the data in Table 6.17. Additionally, Figure 6.20 provides the results grouped by 

base material. It can be shown that similar surface tension between pure elements and alloyed 

materials obtains nearly identical results for spatter size. Despite different processing parameters and 

loading situations, the particle size distribution seems characteristic for the base alloy and for alloys 

with comparable surface tension or vaporization temperatures. These material properties can be 

considered the main determining material properties for these phenomena. 
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The present data, in relation to the surface tension of the base materials, is displayed in Figure 6.21 

and suggests a linear relationship between the surface tension and the spatter particle size distribution 

values S10, S50 as well as S90. However, the data base is rather small and future investigations focused 

on spatter formation should be conducted to increase the reliability of the correlation.  

  

Figure 6.21: Spatter particle diameter against surface tension 

The results of the linear regression for the main parameters of the spatter particle size are given as 

�5�5�4���>�Á�I �?
L 
F�t�s�ä�z�t�t�®�ê�æ
E�z�y�ä�y�x�{�� ( 6-1 ) 
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F�y�s�ä�y�w�®�ê�æ
E�t�w�v�ä�w�w ( 6-3 ) 

and can be used as an initial estimation for the expected volume weighted particle size distribution in 

relation to the surface tension. The trials here were conducted under nitrogen atmosphere at nearly 

atmospheric pressure and room temperature. The parameter range was for the laser 

P = 200 �t�Y�ð�ì�ì W, D = �ì�X�ì�ñ�Y�ì�X�í�î mm, t = �ì�X�ì�ï�Y�ì�X�ì�ò mm, and h = 0.05 �u�u�Y�ì�X�í�ð mm. Most 

oversized particles were sieved with an ultrasonic sieve with a mesh size of 63 µm. 

Nonetheless, studies have shown that the ejection speed and quantity of the spattering are affected 

e.g. by the processing parameters, which is not considered at this point. The scrap rate, grouped by 

base element, is shown in Table 6.18 and demonstrates an increase in scrap rate from Fe- over Ni to 

Al-based materials.  

Table 6.18: Scrap rate (wt.-%) of oversized particles for grouped by base materials aluminum, iron, 
and nickel for a 63 µm mesh ultrasonic sieve 

 Al-base Fe-base Ni-base 
Average scrap rate [wt.-%] 2.35 ± 1.25 0.66 ± 0.55 1.17 ± 0.73 

 

Besides the difference in particle size diameter between the spatter and the recycled powder, the 

morphology of the particles may also vary. Table 6.19 to Table 6.20 compare the recycled or virgin 

powders with their spatter counterparts. The scale on all images is identical. 

S10 = -21.822x + 87.769
R² = 0.9798

S50 = -29.562x + 132.36
R² = 0.9797

S90 = -71.75x + 254.55
R² = 0.9958
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Table 6.19: Comparison of recycled powder and oversized powder (spatter) of aluminum-based alloys 

Material Recycled powder Oversized particles/spatter 

Al99 

  

AlSi12 

  

Table 6.20: Comparison of recycled powder and oversized powder (spatter) of nickel-based alloys 

Material Recycled powder Oversized particles/spatter 

Ni 

  

Inconel 
718 
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Table 6.21: Comparison of recycled powder and oversized powder (spatter) of iron-based alloys 

Material Recycled powder Oversized particles/spatter 

Fe 

  

1.4404 

  

1.2709 

  

 

The most apparent differences can be observed with recycled pure nickel and virgin iron powders as 

these are irregularly shaped in comparison to their larger spherical spatter particles. Nonetheless, the 

spatter of spherical powders, especially from nickel- and iron-based alloys, have additional surface 

oxides, which would be detrimental for the material properties if not removed by the sieving process. 

Additionally, it can be assumed that the particle size distribution will become continuously coarser in 

the case of larger mesh sizes or even no sieving at all, which could increase the likelihood of lack-of-

fusion errors. 
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6.4 Deviation of weld pool dimensions 

Analysis of the weld pool dimensions, especially the weld pool depth, makes it apparent that the SLM 

process is conducted in a constantly changing process environment. The weld pool could be perceived 

as a geometrically defined tool; its dimensions vary due to interactions with the powder or the 

transition between conduction and keyhole welding for example. The statistical analysis of the initial 

study has shown that homogeneity of variance between scan speed levels is not always given when 

comparing widely varying scan speeds. This may be a result of mainly two factors: On one hand, the 

accuracy of the measurement method varies between some tested levels; and on the other, a change 

in boundary conditions or physical phenomena between the groups affects the variance. In the case of 

selective laser melting, both factors must be accounted for: It was observed that the absolute and 

relative standard deviation in weld pool size increases with decreasing weld pool dimensions. An 

illustration of that effect is provided in Figure 6.22 below.  

  
Figure 6.22: Homogenous weld pools (left) at low scan speed /  high power and widely varying weld 

pools at high scan speeds /  low power (right) for 1.4404 

Hence, at smaller weld pool dimensions, the relative error in the measurement method is increased 

due to the widely varying weld pool shape itself or alignment of the weld pool measurement. The 

increased variation of the weld pool shape itself is caused for example by the balling effect (surface 

tension) at high scan speeds. The state of the art has demonstrated that the degree of balling can be 

connected e.g. to layer thickness, the effective value of which is linked to the powder properties.  

If the weld pool is considered a geometrically defined tool varying slightly in dimension, relationships 

to other important measures of the SLM process can be sought. For the following observations, the 

weld pool size standard deviation is provided as a relative measure. Hence, the weld pool dimension 

varies ±10% from its average value for example, which allows comparison of size deviations regardless 

of the absolute value. Figure 6.23 displays for AlSi12 and 1.4404 the relationship between weld pool 

depth and width as well as the corresponding relative weld pool size standard deviation. In the first 

place, it can be observed that the maximum deviation from the mean weld pool width is smaller (~25% 

for 1.4404) than that of weld pool depth (~38% for 1.4404). Secondly, when weld pool depth or width 

reach a critically low dimension, deviation from mean weld pool dimension increases, indicating 

influence from boundary conditions or physical phenomena such as powder or overlap between scan 

tracks. 
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Figure 6.23: Weld pool depth (left) and weld pool width (right) against relative weld pool size 
deviation for 1.4404 and AlSi12 

The relative deviation in weld pool area, displayed in Figure 6.24, is the product of width and depth 

changes. Therefore, the observed maximum relative standard deviation is up to 55%, occurring again 

at the lower range of weld pool size. Width deviation is more consistent over the entire size range; this 

is clear, driven as it is by the constant beam diameter. As a result, the contribution of weld pool width 

to weld pool area deviations changes by weld pool dimension. Small weld pools are dominated by 

depth deviations, whereas larger weld pools are increasingly influenced by deviations in width. 

  

Figure 6.24: Weld pool area of AlSi12 and 1.4404 against the relative standard deviation  

Besides the known limitation of balling due to the combination of high scanning speed or layer 

thickness and surface tension, the interaction with the powder or spatter seems of especially high 

importance as both kinds of particles act as a filler material to the weld pool. Therefore, Figure 6.26 

offers a comparison of the distribution values of the powder D50, D90 and spatter particles S90 against 

weld pool depth in combination with the relative standard deviation. 
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Figure 6.25: Comparison of weld pool depth against particle size S90 and D90 for AlSi12  

 

Figure 6.26: Comparison of weld pool depth against particle size S90, D90 and D50 for 1.4404, samples 
processed with P = 400W or t = 60 µm are highlighted and demonstrated increased weld pool depth 

deviation 

It can be observed in Figure 6.25 and Figure 6.26 that weld pools with a depth greater than S90 

demonstrate relative deviations typically lower than 12% for both AlSi12 and 1.4404, with the lowest 

values in the range of 5% at weld pool depths above 500 µm. Between S90 and D90, a rapid increase 

from 12% up to ~35 % relative weld pool depth deviation becomes evident. If the weld pool depth is 

lower than D90, hardly any continuous weld pool could be observed, indicating that the D90 value of the 

particle size distribution (or possibly also D50 for stainless) demonstrates a practical resolution limit of 

the technology as the weld pool becomes critically unstable here. Additionally, a group of parameters 

for 1.4404 can be identified that yield a higher deviation than the other samples. These samples have 

been mostly produced with at 400 W laser power and/or at 60 µm layer thickness. However, that not 

all these parameter combinations result in high weld pool depth deviations needs be investigated in 

more detail. Possible explanations can be associated with increased fluid flows due to high-intensity 

processing, switching between keyhole and conduction welding, or different keyhole modes that can 

lead to a phenomena called humping according to Fabbro [57]. Nonetheless, this phenomenon is not 

observed in the AlSi12 samples investigated. 
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The connection of the area SA90 and DA90 of the equivalent particle diameters holds true for the relative 

deviation in weld pool area, which is shown in Figure 6.27. Both tested materials have similar relative 

deviations at SA90, with approximately 20% intersecting at DA90 with a deviation around 35 to 40% and 

a maximum value of roughly 50% relative area deviation. In conclusion, the relative area deviation as 

well as depth deviation are related with their ratio against the distribution value S90/SA90 of the spatter 

particles and D90/DA90 for the particle size.  

  

Figure 6.27: Comparison of weld pool area against equivalent particle areas of SA90, DA90, and DA50 for 
AlSi12 and 1.4404 

However, where weld pool depth deviation is associated with particles, it comes clear that other 

measures, such as the particle size distribution of the powder and the resulting effective layer 

thickness, also need consideration. The scope of the present study does not allow for differentiation 

of these factors. Hence, a pragmatic approach was chosen to compare the relative weld pool depth 

deviation against the ratio of weld pool depth to the largest possible obstacle within the powder bed: 

A spatter particle or more precisely the S90 value of the spatter particle distribution. Figure 6.28 

provides the associated graph. If the weld pool depth is smaller than the largest particle (ratio <1), the 

weld pool is more likely to be negatively affected and its deviation increases.  

  

Figure 6.28: Relative standard deviation in weld pool depth for AlSi12 and 1.4404 against the ratio of 
weld pool depth to S90 
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By grouping and averaging of the samples it possible to fit a power function given as 

�@�æ�×
�Û 
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�?�4�ä�:�4�:

�� ( 6-4 ) 

for the estimation of an average deviation in weld pool depth by its ratio against the S90 spatter particle 

size distribution that is applicable for 1.4404 and AlSi12 (R2 = 0.8757).  

In the first place, data for the weld pool width is not as conclusive as that for weld pool depth and area. 

Nonetheless, observations of the surface in the initial study have shown that with increasing hatch 

distance the surface roughness of the top surface increases through reduction of overlap. Figure 6.29 

shows that only a few processing parameters yield a weld pool width smaller than the beam diameter, 

demonstrating the key role of the beam diameter as a resolution limit of the technology. Additionally, 

the second graph displays the ratio of hatch distance to weld pool width. If the ratio is less than one, 

the stability of the weld pool width decreases as it can contract freely during solidification, with an 

average relative deviation between 15 and 20%. 

  

Figure 6.29: Weld pool width against relative width deviation with values of S90 (left); by hatch distance 
normalized weld pool width against the relative weld pool width deviation (right,) showing a significant 
increase in width deviation if weld pool width is smaller than hatch distance 

If the weld pool width exceeds 1.5 to 2 times the hatch distance, an average deviation between 5 to 

10% can be observed for AlSi12, which is in line with the recommendation at the end of section 6.2.1. 

For aluminum, the transition between a lower and higher deviation can be tracked down to the point 

where the ratio of width to hatch is smaller than the ratio of S90 to the hatch of the respective group. 

Figure 6.30 illustrates that relationship and shows that weld pools with a width above the threshold 

exhibit significantly smaller weld pool width deviation than weld pools with a reduced width.  
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Figure 6.30: Comparison of weld pool width deviation above the ratio S90/hatch (black) and below 
S90/hatch (red), exhibiting increased width deviation if the width normalized by hatch distance is 

below the threshold 

Nonetheless, the range between the lowest and highest weld pool width deviation is much smaller 

than the range of weld pool depth deviation. Two approaches could be applied for the following 

modelling: On one hand, the relative width deviation is averaged and provided as a fixed number, 

which is assumed for any calculated weld pool without the dependence of material or processing 

parameters. In this case the relative weld pool width deviation is provided as 

 �S�æ�×
�Û 
L �s�s�ä�z��
G�v�¨ �� ( 6-5 ) 

On the other hand, the more pronounced effects observed for AlSi12 are applied to other materials. 

Under the condition that the ratio of weld pool width divided by hatch is greater than the critical ratio 

of S90 to hatch distance, a relative deviation of 8.9% can be assumed. Where the width to hatch ratio 

is smaller than the threshold, a linear incline from 8.9 to 13.6% is expected until weld pool width and 

hatch distance are equally sized. The approach is illustrated in Figure 6.31 but needs further 

elaboration if implementation into a process model is sought. For example, the hatch distances of the 

used experimental results for AlSi12 are also near the beam diameter, meaning another interaction 

could be taking place. 

 

Figure 6.31: Comparison of relative weld pool width deviation in relation to the ratio of weld pool 

width to hatch distance 
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6.5 Conclusions of initial observations 

 

- Processing diagrams (volume energy density vs. relative density) show three distinct zones: 

First of all, an approximately linear density increase followed by a transition towards maximum 

density and concluded by a density drop due to keyhole welding or process instability. 

- It is verified that the main driving forces for weld pool depth, width, and total area are laser 

power, focus diameter, and scan speed.  

- Within the tested parameter sets, hatch distance and layer thickness have a negligible effect 

on the overall weld pool area. However, both secondary parameters have shown an influence 

on weld pool shape and aspect ratio.  

- However, for a first approximation of weld pool dimensions, secondary parameters such as 

layer thickness or hatch distance are negligible for the sake of simplicity as the impact on weld 

pool dimensions is minor compared to the primary parameters.  

- Scan vector length has a major impact on weld pool size if the vector length is below a 

material-specific threshold value or if the scan speed is low, resulting in high line energies.  

- Increasing the hatch distance (= reducing overlap) increases surface roughness until separate 

tracks can be observed. Where no overlap between single tracks is present, the weld pool 

shape is altered. By reducing the hatch distance, the top surface gets smoother, the overall 

heat input per area or volume increases, and productivity decreases. 

- A balanced ratio between weld pool width and hatch distance can be found around the 

value 1.5. As the hatch distance has a negligible effect on the weld pool dimensions, the 

optimal hatch distance can be chosen according to the experimentally or analytically 

determined weld pool dimensions (e.g. hatch distance = weld pool width/1.5). 

- Laser timings and associated island borders, where a scan vector starts or ends, are areas of 

increased importance. The on/off switching of the laser in association with the mirror 

movement of the scan head can drastically alter the processing result between too high or 

even insufficient energy input. That leads to undesired effects such as keyhole porosity or lack-

of-fusion defects. 

- Optimal intensity, depending on the material, can be found that allows for maximum possible 

relative density, while reducing the effects of keyhole welding. For 1.4404 and AlSi12, that 

intensity is found approximately at a level of 7·106 W·cm-2. Therefore, it can be concluded that 

for a further increase in productivity, the focus spot diameter must be increased beyond typical 

values (greater than 150 µm), which in turn decreases the resolution of the process. That has 

been demonstrated for example by SLM Solutions with the application of a 1kW laser with a 

focus spot diameter of 500 µm. The optimal intensity can be influenced by the general thermal 

properties of the material as well as the properties of the molten material, affecting spatter 

generation. 

- First data indicates that the relative deviation in weld pool depth is related to the ratio of weld 

pool depth to the largest possible particle in the powder bed (D100)�v most likely spatter 

particles. The impact of layer thickness requires more detailed investigation. 
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- Additionally, the relative deviation in weld pool depth reaches its maximum within the 

investigated parameter sets when the weld pool depth is in the range of the D90 value of the 

particle size distribution, representing a practical resolution limit of SLM technology. 

- The relative deviation in weld pool width is set to an average of 11.8%. However, an approach 

requiring further elaboration was illustrated that connects the weld pool width to the hatch 

distance and S90 value of the spatter particle size distribution. 

- Results indicate a process parameter dependency of spatter size and amount created during 

the process (as a result of recoil pressure or humping within the keyhole for example). A 

detailed model that connects process parameters and material properties should be 

developed in the future.  

- Welding spatter has a significant effect on the surface roughness of the last consolidated layer 

as spatter can be deposited on cross sections of other parts, while being significantly larger 

than the largest particle of the powder feed stock. Consequently, spatter particles can create 

lack-of-fusion defects too large to be cured by repetitive melting during consolidation of the 

subsequent layer. Hence, a process model must include spatter as a source of variation within 

the process.  

- Future work should investigate in greater detail the role of the feed stock and spatter particle 

size distribution or in general of the powder characteristics on the stability of the SLM process.  
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7 Process regimes and zones 

Knowledge of the basic mechanisms of the SLM process is of benefit to the experienced user in fine-

tuning or solving general problems on a day to day basis. However, more importantly these results 

provide the basis for a predictive analytical process model that enables less experienced users to 

quickly assess the effects of a DOE, to estimate processability of a material in terms of the machine�[s 

capability to process a certain range of materials. The foundation of the analytical process model is 

described in the following section. 

7.1 Three-zone process model 

The empirical studies in the previous section highlighted certain influencing factors and general 

principles over a large variation of processing parameters. Derived from these results and the state of 

the art, a three-zone process model with different main influencing parameters is proposed: The first 

zone, the so-called sintering or consolidation zone, is characterized by partial melting of the powder 

particles, high deviations in the melt pool dimensions, and resulting lack-of-fusion defects. The second 

zone describes a saturation phase where the melt pool size is sufficient to provide enough overlap to 

surrounding material and is less affected by the powder properties for example. The third zone takes 

place in situations with increased energy input, typically leading to the keyhole effect and causing 

entrapped gas pores in some cases. Figure 7.1 presents a simplified schematic of the proposed three-

zone process parameter model.  

 

Figure 7.1: Basic processing diagram with three process parameter zones 

The following sections describe the three zones in detail and provide the hypothesis for the main 

influencing factors. 

7.2 Zone 1: Sintering and partial consolidation 

Analysis of the samples in this parameter zone suggest a primarily conduction-driven welding process 

characterized by weld pool shapes ranging from rather flat and lens-shaped weld pools up to 

semispherical shapes. As the trials in section 6 suggest, the weld pool dimensions are rather small and 
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interact directly with the powder particles. The observed lack-of-fusion defects in combination with 

only partially molten larger particles, either originating from the powder itself or spattering during the 

process, suggest that the powder and its properties (e.g. packing density, particle size distribution) 

determine the process behavior of this phase. Therefore, comparison of the dimensions of the weld 

pool to the particle sizes encountered in the powder bed is a matter of course. The analysis of the weld 

pool dimensions has shown that the weld pool diameter is mainly connected to beam diameter, laser 

power, and scan speed. The range of the weld pool width between the minimum and maximum energy 

input is smaller than weld pool depth. The more volatile weld pool depth has shown a large range 

within the previously investigated parameters and material sets on one hand, and on the other a 

dependency between D90 or S90 and the relative standard deviation in weld pool depth.  

For evaluation of the basic mechanisms, Figure 7.2 provides a simplified schematic with three points 

of interest along the density graph. The first point at zero energy input is the plain powder bed, with 

an assumed density between the apparent and tap density. The packing conditions within the powder 

bed are different in areas with consolidated material and the plain powder. The state of the art 

currently knows no established method for evaluating the effective powder layer density. Hence, the 

proposed starting point of the consolidation is the mean value of apparent and tap density.  

 

Figure 7.2: Consolidation model of process parameter zone 1: Step 1 = plain powder bed with no 
energy input; step 2 = highly volatile melt pool affected by the particles encountered; step 3 = melt 

pool comes in contact with consolidated material and is stabilized 

At the second point of the first parameter zone, the energy input by the laser is sufficient to create a 

weld pool, which partially fuses particles and is able, with increasing energy input, to penetrate down 

to previously consolidated material. The increase in relative density is nearly linear at this point. 

Additionally, the empirical study has shown that the weld pool dimensions deviate less if there is 

sufficient overlap to the surrounding material. By the function shape between point 1 and 3, it can be 

assumed that at this early stage, densification follows mainly the area or volume distribution function 

of the powder in relation to the melt pool depth. Of course, deviations from these assumptions are 

likely if the hatch distance or layer thickness are chosen too large for the melt pool size in question, 

resulting in mesh-like structures. In conclusion, the main driving forces in this parameter zone are the 

packing density and distribution parameters D10, D50, D90 of the powder as well as the S90 value of the 
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spatter particles. Usually, these powder properties in addition to spatter size are provided in any 

standard material data sheet in powder metallurgy. Hence, universal day-to-day applicability should 

be given.  

Nonetheless, the two extreme values of the distribution D0 and D100 as well as more intermediary steps 

are not usually presented but could provide more information on the boundaries of this process phase. 

D0 can be defined as 0 or the lower resolution limit of the particle size measurement method (for 

example 2�t3 µm for optical microscopes) or as the mesh size of the sieve to cut off the particle below 

a certain threshold. However, from a practical point of view, the mesh size value for D0 would lead to 

an undefined function if the weld pool depth is below this value. The D100 value, meaning that no 

particle is larger than this measure, should be defined as S90 of the spatter particle size distribution. As 

an intermediary step at the 98th or 99th percentile, based on the amount of spatter between 1�t2 wt.- %, 

the mesh size of the sieve or the measured maximum particle size of the powder can be applied. Typical 

mesh sizes for those sieves are 63 µm, 75 µm, 90 µm, or 100 µm. Hence, this value is dependent on 

on-site sieving setups. In fact, it cannot be guaranteed that no larger particles are present within the 

build chamber as weld spatter particles are significantly larger and are possibly deposited during the 

scanning process onto areas that might be subsequently scanned. Therefore, it could be practical to 

use the distribution values of the spatter particles S90 as the weld pool depth limit for the transition 

towards parameter zone 2 and a nearly defect-free microstructure. Nonetheless, the entire first 

parameter zone is characterized by a highly volatile weld pool affected by phenomena such as balling, 

welding fumes, and rather large particles. This interrupts the continuous melting process, which can 

result in significant drops in material density and mechanical properties. Hence, except for cases where 

significant post-process heat treatments are planned or densities above 99% are not required, the 

process should not be carried out within this process window. The following overview concludes the 

proposed main influencing factors of the first consolidation phase: 

Primary influencing factors 
 

- Apparent and tap density of the powder and its average value 
- Resolution of the particle size measurement (D0) 
- Particle size distribution (D10, D50, D90) 
- Mesh size of the sieve (D98-99) 
- Spatter particle size distribution (S90) as D100 

 

The presented model assumes that the transition zone towards a fully stable process parameter takes 

place when the weld pool depth exceeds the distribution values D90 and S90. This means that in theory 

all particles within the powder bed could be molten and reach a near perfect relative density of 100%. 

However, the empirical study has shown that this assumption does not hold true for all cases�v in some 

circumstances another factor needs consideration. Taking a step back and under the assumption that 

most of the first parameter zone is characterized by the interaction of weld pool and powder, it 

becomes apparent that another boundary condition of this main interaction could be set by the 

effective layer thickness. The thought experiment concluded in Table 7.1 supports that assumption: 

Under the condition of a stable weld pool with a depth of 90 µm, a nominal layer thickness of 30 µm, 

packing density of 50%, and a mesh size of 63 µm, the effective layer thickness is 60 µm according to 

equation ( 2-12 ). A nominal layer thickness of 60 µm results in 120µm�v therefore exceeding the weld 
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pool depth, which could lead to a detachment of the weld pool from the substrate, even if all particles 

could be molten in theory. 

Table 7.1: Comparison of D100 for nominal layer thicknesses of 30 µm and 60 µm 

 Nominal layer thickness 
30 µm 60 µm 

Packing density 50% 
Effective layer thickness 60 µm 120 µm 

mesh size 63 µm 
Resulting D100 63 µm 120 µm 

 

Another noteworthy influence on the maximum value of this artificial distribution is the coating 

mechanism as it defines the gap between consolidated material and the actual ruler. These rulers can 

be made from different materials ranging from ceramics, metal blades, and rubber profiles to brushes. 

Any ruler has different stiffness properties, etc., and in return can have an influence on the actual 

spread particle sizes. If the gap between the consolidated material and a stiff metal blade is smaller 

than the largest particle, it is possible that this particle is dragged over the build platform into the 

overflow. However, the flexible brush used throughout the full course of the presented study did not 

show this effect within the layer thickness and particle size combinations used. Table 7.2 provides an 

example with the relevant measures to estimate the molten fraction of the powder bed in relation to 

the weld pool depth.  
 

Table 7.2: Overview of relevant boundary conditions and equations as inputs for a later density 
calculation model 

Zone 1 Weld pool depth Relative density Relative density range 
(example with 50% packing density) 

Point 1 0 Mean apparent/tap density 50% 

Point 2 �ì���D�������G����90 
Depth equals percentile of 
the particle size distribution 
and determines the molten 
fraction 

50�t95% 

Point 3 D90 �D�������G����100 95�t100% 
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7.3 Zone 2: Saturation and stable processing parameters 

The process parameter zone two can be considered the desired processing window due to the balance 

between low porosity and energy input. Figure 7.3 demonstrates the general stable nature of the 

process within this window: A plateau at the maximum possible density is reached with minimal 

process deviations. However, to achieve maximum productivity as well as good geometrical 

representation, the energy input will be chosen as low as possible and close to point 3.  

 

Figure 7.3: Overview of process parameter zone 2 as well as points of interest 2 and 3 

Achieving a nearly porosity-free microstructure requires weld pool dimensions of sufficient size to 

provide overlap to adjacent scan tracks (weld pool radius > hatch distance) and previous layers (weld 

pool depth > effective layer thickness) as well as the ability to cope with the largest possible particle 

(S90) within the powder bed. These conditions must be met, even where a deviation in weld pool size 

occurs. The upper boundary of that process window, point 4, is limited by the detrimental effect of 

keyhole porosity and therefore an increased degree of remelting of previously consolidated material.  

The initial empirical study provided insights on how various process and material parameters influence 

the shape of the weld pool. A main difference visible in comparison of AlSi12 and 1.4404 was the lack 

of a distinct plateau for AlSi12. Hence, there is a lack of a fully defect-free microstructure as well as a 

lower maximum density. That could be a direct result of an imbalance between weld pool and spatter 

size; meaning that at the point where the weld pool is sufficiently large to compensate for the lack-of-

fusion defects caused by the larger spatter particles, keyhole welding is already present causing 

spherical porosity.  
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7.4 Zone 3: Excessive energy input, keyhole domination 

 

Figure 7.4: Overview of process parameter zone 3 and point of interest 5 

The cause of keyhole welding is described in the state of the art, but its impact on the density of an 

additively manufactured part is easily identified in cross sections. This parameter zone is dominated 

by the detrimental effects of keyhole-induced porosity and often exhibits excessive grain growth in the 

build direction. This is illustrated in Figure 7.5 for example. Another associated phenomenon is the 

increased number of remelting and tempering cycles the material undergoes within this processing 

regime; the exact number or remelts per area cannot even be measured. It must be mentioned that 

this parameter zone is regarded in practice as unproductive. Hence, this processing window is only 

applied if there is a necessity e.g. to achieve a distinct microstructure or certain material properties.  

  

Figure 7.5: Comparison of 1.4404 cross sections in the xz-plane, with high (left) and lower (right) scan 
speed showing an increase in grain width in x-direction as well as length in build (z-) direction; 

area 2x2 mm2 

  

Z

XY
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8 Process modelling and estimation of relative density  

8.1 Introduction 

Part density is one of the most important and easy-to-determine measures of quality in additive 

manufacturing besides mechanical properties, surface quality, and dimensional accuracy. In many 

cases, part density is the most determining factor in selecting the best possible parameter during 

parameter development. The proposed three-zone model for the processing parameters yields 

boundary conditions that must be met to achieve a certain material density as the main criterion for 

choosing a process parameter set. This section will provide a general guide through the model creation 

process. Therefore, the following sections will show initial flow charts introducing the main concepts 

for the calculations. The final models are shown at the end of this section.  

The previous sections highlighted the two main factors of the SLM process: Powder properties and the 

main processing parameters of laser power, beam diameter, and scanning speed. However, within 

�š�}�����Ç�[�•�� �‰���Œ���u���š���Œ�� �����À���o�}�‰�u���v�š�� �‰�Œ�}�����•�•���•, powder properties are mostly neglected or a de facto 

standard powder with a particle size distribution between 15�t45 µm and mostly spherical particles is 

assumed. This is an understandable simplification but could leave productivity gains or resolution 

improvements unused.  

The approach illustrated in Figure 8.1 is applied to determine the relative part density achieved by a 

given process parameter and material combination. The following sections of this section cover each 

aspect of the model, starting with weld pool dimensions and ending with an estimation of relative 

density.  

 

Figure 8.1: SLM process model for determining part density 

Estimation of relative density is based on the number of melts or remelts to which a cross section of 

interest has been exposed. In total, three models for determination of the relative density are 

introduced, allowing for different levels of complexity and linking the weld pool dimensions with the 

number of melts which are in turn linked to relative density.  
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8.2 Estimation of weld pool size 

The initial empirical study provided the most influential process parameters for the weld pool 

dimensions and shape. However, to improve the accuracy of the existing analytical approaches, the 

secondary processing parameters also need consideration. Scan vector lengths shorter than 5 mm or 

small hatch distances (<0.5·beam diameter) in particular can have an impact on the weld pool 

dimensions. Figure 8.2 provides an overview of the proposed steps for calculating weld pool size. The 

process is initiated by estimating the keyhole welding threshold and the associated absorptivity 

coefficient. With knowledge of the absorptivity, the local preheating by scan vector length or hatching 

is approximated, establishing the foundation for the actual weld pool dimension calculation. Different 

models for the analytical determination of the weld dimensions will be demonstrated based on 

�Z�}�•���v�š�Z���o�[�•�����‰�‰�Œ�}�����Z�U�����]�(�(���Œ���v�š���l���Ç�Z�}�o�����Á���o���]�v�P���u�}�����o�•, and enthalpy-based models. In the end, an 

appropriate model is chosen. 

 

Figure 8.2: Overview flow chart for the development of a fully analytical weld pool size model 

8.2.1 Absorptivity  and keyhole threshold 

To determine fitting weld pool dimensions, estimation of the effective absorptivity is critical. The most 

significant change in absorptivity is caused by crossing the keyhole threshold and triggering multiple 

reflections inside the formed cavity within the weld pool. It has been demonstrated for various Al-, Fe-

, Ni-, and Ti-based alloys that absorptivity within the weld pool is at least doubled in the keyhole regime 

compared to the absorptivity Aflat of a flat polished surface, as examples by Trapp et al. [185] or Ye et 

al. [209] have shown for selective laser melting. Furthermore, it is evident that absorptivity varies with 

the applied process parameter but especially in dependence of the scanning speed, leading to the 

development of distinct keyhole regimes, which are explained for example by Fabbro [57]. The 

analytical model of Ye et al. [209], based on a normalized enthalpy approach, is developed for 

Inconel 625 or materials with a similar flat surface absorptivity (Ni- and Fe-based materials). Hence, 

the validity of the proposed equation must be verified for aluminum- or copper-based materials and 

likely needs adjustment e.g. to the maximum achievable absorptivity.  

However, the present work takes a pragmatic approach for determining absorptivity. Although Trapp 

et al. [185] have shown that analytical surface temperature-based approaches either overestimate 

(1.4404) or underestimate (aluminum, tungsten) the surface temperature, they deliver a first 

qualitative indicator of the characteristic of the process parameter. To prevent underestimation of the 
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surface temperature, absorptivity is doubled as an initial condition in surface temperature estimation, 

which can be a point of discussion. This decision is based on the empirical observation that materials 

with conductivity higher than 100 W m-1K-1 (e.g. Al-, Cu-based) exhibit metal vapors in combination 

with common processing parameters, despite the surface temperature calculated with Aflat indicating 

otherwise. Based on equation ( 3-14 ) and the criteria of the surface temperature Ts against the 

vaporization temperature Tboil 

Absorptivity �# 
L 
\
�t �®�#�Ù�ß�Ô�ç�á �6�æ
R���6�Õ�â�Ü�ß��

�#�Ù�ß�Ô�ç�á �6�æ
O���6�Õ�â�Ü�ß��
 ( 8-1 ) 

the decision is made whether a process parameter and material combination meet the criteria for 

keyhole welding. If that is the case, the absorptivity of a material on a flat polished surface Aflat is 

doubled for later calculations.  

Figure 8.3 shows a comparison of the surface temperature-based approach against the enthalpy model 

of Ye et al. for material properties at room and melting temperature for stainless steel. It can be seen 

that the surface temperature-based absorptivity model displays a nearly equal transition point from 

conduction to keyhole welding while resulting in a lower maximum absorptivity. Hence, the proposed 

approach allows a simple but conservative estimation of absorptivity, meaning that the absorptivity 

during keyhole welding is likely higher than the doubled value of the flat surface absorptivity. 

 

Figure 8.3: Comparison of calculated absorptivity of 1.4404, D = 0.085 mm, v = 1000 mm/s, using the 
surface temperature (Ts) defined by equation ( 3-14 ) against the model of Ye et al. [209] with 

material properties at room temperature (Ye-RT) and melting temperature (Ye-Tm) 

8.2.2 Estimation of preheat effects by previous scan tracks 

As introduced in section 6.2.2, scan vector length can have a significant impact on the processing 

characteristics of the material due to its preheating effect, which impacts the weld pool dimensions if 

it falls beneath a material- and scan speed-specific value. Within the present work, the local preheat 

temperature Tloc is defined as the temperature in front of the center of the melt pool, which is reached 

in near steady-state conditions in the middle of the test cube or scan vector. The principle is illustrated 
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in Figure 8.4. For the comparison of the local preheat models, the temperature in front of the current 

weld pool is recorded at every time step. 

 

Figure 8.4: Illustration of recording the local preheat temperature in the middle of the current scan 
vector 

Near the geometrical boundaries of the body as well as in case of bidirectional or meander-like 

scanning strategies, the local preheat temperature at the start and end of a scan vector can be 

significantly different from the quasi-steady state in the center of the scan vector. However, estimating 

the local preheating effect is rather complex as it is influenced not only by scan vector length and hatch 

distance but in practice also by the geometry of the consolidated cross section. These effects are 

known and often described as geometry or scan strategy dependency of the scan parameter, which is 

�‰���Œ�š�]���o�o�Ç�� ���}�u�‰���v�•���š������ ���Ç�� �š�Z���� ���µ�]�o���� �‰�Œ�}�����•�•�}�Œ�� �}�Œ�� �š�Z���� �u�����Z�]�v���[�•�� ���}�v�š�Œ�}�o�� �µ�•�]�v�P��differentiation or 

segmentation of the geometry and specific scan parameters for the various segmented areas.  

The goal of this subsection is to discuss multiple ways of implementing an efficient algorithm to allow 

a rough but quick estimation of the local preheat temperature, which can in turn be fed into the weld 

pool dimension estimation. However, scan vectors can be aligned differently in relation to the 

geometrical boundary, as can be seen in the examples given in Figure 8.5. This results in varying scan 

vector lengths but also in different thermal boundary conditions due to the nearby part surface for 

example.  

 

Figure 8.5: Sharp-tipped wedge with different scan vector orientations and different resulting scan 
vector lengths; colors indicate the shortest (red), middle (orange), and longest (green) scan vector 

The most practical approach is the integration of the model by Rosenthal of a fast moving point heat 

source on a semi-infinite slab, introduced in section 3.4 [equation ( 3-11 )] , which allows superposition 

Y

XZ
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of multiple heat sources with certain restrictions. The restrictions are within the nature of this 

particular solution of the differential temperature field equation: The thermophysical properties need 

to be constant; phase transitions are not considered; convection and radiation losses are neglected; 

and the heat flow to all sides but the top surface is not limited. As a result of the unlimited heat flow, 

the typical heat accumulation on the parts�[ surfaces cannot be properly represented within the present 

work due to their isolating properties. The phenomenon of heat accumulation is shown for example in 

the scan vector length investigation in Table 6.11 for stainless steel. 

The following variants are based on the basic principles introduced by Rosenthal/Ryaklin for the 

thermal field and therefore share the same fundamental assumptions. The basic differences between 

the approaches are displayed in Table 8.1.  

Table 8.1: Comparison of analytical models for the estimation of local preheat temperature 

 Model 1 Model 2 Model 3 

Illustration 

  
 

Number of heat 
sources 

One moving 
unidirectional  
heat source 

One moving  
bidirectional  
heat source 

Number of tracks = 
number of heat 

sources 

Exemplary preheat 
temperature profile 
centered before the 

weld pool 

 
Geometric boundary 

conditions 
Semi-infinite slab 

Thermal properties Constant, at room temperature, no phase transitions considered  
Absorptivity According to the approach proposed in section 8.2.1 

 

Description of the algorithms 

Models 1 and 2 are based on a typical scenario within a test cube, whereas model 3 represents a 

computationally faster variant of unidirectional scanning by superposition of subsequent heat sources. 

The thermal field for the models is calculated with a resolution of 1 µm for depth and width of the 

weld pool (x, z-direction) and 5 µm for the length (x-direction), based on equation ( 3-14 ). 
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Within models 1 and 2, the geometrical boundaries of the area of interest are given by scan vector 

length and multiplication of the desired number of scan tracks. For the investigated parameters in this 

work, the steady state was typically reached after 10 to 20 tracks, significantly less than the full width 

of a 10 mm test cube. Hence, the investigated number of tracks was reduced and determined by 

assuming a test cube with 3 mm width, where the number of tracks is determined by the width divided 

by the hatch distance. The thermal field of the previous and current scan tracks is calculated for every 

time step within the area of interest and superpositioned in the end.  

Model 3 is similar to 1 and 2 in terms of the superposition and underlying equation but is composed 

differently. Instead of determining the thermal field at every time step with consideration of the cube-

like region of interest, a single large thermal field for a single heat source is calculated to begin with. 

The dimensions of this matrix are determined by multiplication of the number of tracks by the scan 

vector length and hatch distance. This single matrix is shifted for every scan track by a single vector 

length and hatch distance and added to the previous thermal field until the desired number of tracks 

is reached.  

Figure 8.6 provides an initial comparison of the outputs of �u�}�����o�•�[ temperature profiles for 20 

consecutive tracks, which in many cases represents the start of the steady state for the remainder of 

the scanned area and the proposed models. The general temperature profile of each model complies 

with the expectations: Models 1 and 3, which are alternative unidirectional models, increase the 

preheat temperature with each track or addition of the next heat source until a plateau is reached. 

Model 2, based on bidirectional scanning, causes a temperature peak at the scan track�[�•��turnaround 

and reaches temperatures identical to unidirectional scanning in the center of a test cube in case of 

the typical 10 mm scan vector length used in parameter development.  

 

 

Figure 8.6: Comparison of local preheat temperature profile with consideration of increased 
absorptivity due to keyhole welding (according to the criterion in section 8.2.1), 1.4404, P = 200 W, 

v = 1000 mm/s, h = 0.085 mm, lvec = 10 mm 

Determination of the weld pool dimensions follows trends similar to the temperature profile but can 

be easily validated by actual measurements. Table 8.2 and Table 8.3 provide the model results for 
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1.4404 in comparison to measured values with similar scanning parameters but different focus 

diameters of 0.085 mm and 0.12 mm.  

Table 8.2: Comparison of calculated and measured weld pool dimensions of 1.4404, P = 200W, 
D = 0.085 mm, v = 1000 mm/s, h = 0.085 mm, t = 0.03 mm, lvec = 10 mm, T0 = 293.15 K; calculated 

�À���o�µ���•�������•�������}�v���Z�}�•���v�š�Z���o�[�•�����‹�µ���š�]�}�v���}�(������fast-moving point source 

 Weld pool depth [µm] Weld pool width [µm]  
Model 1 2 3 Rosenthal 

Single 

1 2 3 Rosenthal 
Single Position middle (end/middle/start) middle middle (end/middle/start) middle 

A = Aflat 54 53.5/54/61 54 50.5 108 107/108/122 108 101 
A = 2 Aflat 83.5 80.5/84.5/121 83.5 71.5 167 161/169/242 167 143 
Measured 109.5 ± 12.8 110.9 ± 6.4 

 

Table 8.3: Comparison of calculated and measured weld pool dimensions of 1.4404, P = 200 W, 
D = 0.120 mm, v = 900 mm/s, h = 0.120 mm, t = 0.03 mm, lvec = 10 mm, T0 = 293.15 K T0 

 Weld pool depth [µm] Weld pool width [µm] 
Model 1 2 3 Rosenthal 

Single 
1 2 3 Rosenthal 

Single Position middle (end/middle/start) middle middle (end/middle/start) middle 
A = Aflat 56.5 55.5/56.5/61.5 56 52.5 113 111/113/123 112 105 

A = 2 Aflat 85.5 83.5/86.5/131 85 74.5 171 167/173/262 170 149 
Measured 70.4 ± 12.5 124.6 ± 15.4 

 

For both beam diameters, the accuracy of the weld pool depth calculation profits from the increased 

absorptivity: At 0.085 mm beam diameter, the weld pool depth in the center of a 10x10 mm2 area is 

underestimated by roughly 50% with flat surface absorptivity and only 25% with doubled absorptivity. 

However, with a beam diameter of 0.12 mm the depth is underestimated by approximately 20% with 

an A = 0.3; and where A = 0.6 it is overestimated by nearly the same amount. Hence, it can be assumed 

that the accurac�Ç���}�(���Z�}�•���v�š�Z���o�[�•���•�}�o�µ�š�]�}�v���}�(���š�Z�����š�Z���Œ�u���o���(�]���o�����}�(������fast-moving point source depends 

on the beam diameter used and the correct absorptivity. The present data allows estimation that the 

best accuracy for weld pool depth determination with �Z�}�•���v�š�Z���o�[�•�� �•�}�o�µ�š�]�}�v�� �µ�v�����Œ�� �š�Z���� �u���š���Œ�]���o�� ���v����

parameter arrangement used is achieved around 100 µm beam diameter in combination with a fitting 

absorptivity.  

The same example for AlSi12 deviates significantly from the impression of 1.4404: The weld pool depth 

is vastly underrepresented independent of the absorptivity increase in keyhole welding mode. Table 

8.4 displays the results of all three models as well as the experimental values. The underestimation of 

the surface temperature for AlSi12 has been already predicted by the state of the art, but the 

consequences are visible in the weld pool dimension calculation. Only weld pool width yields good 

agreement between the calculated and measured values if the increased absorptivity is applied. This 

is likely a result of the increased fluid flows within the AlSi12 weld pool due to the low viscosity of the 

melt.  
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Table 8.4: Comparison of calculated and measured weld pool dimensions of AlSi12, P = 200W, 
D = 0.085 mm, v = 1000 mm/s, h = 0.085 mm, t = 0.03 mm, lvec = 10 mm, T0 = 293.15 K 

 Weld pool depth [µm] Weld pool width [µm] 
Model 1 2 3 Rosenthal 

Single 
1 2 3 Rosenthal 

Single Position middle (end/middle/start) middle middle (end/middle/start) middle 
A = Aflat 74.5 74.5/75.5/76.5 74.5 73.5 149 149/151/152 149 147 

A = 2 Aflat 107.5 106.5/107.5/110.5 107 104.5 215 213/215/221 214 209 
Measured 171.0 ± 17.6 220.5 ± 15.8  

 

However, Table 8.5 also demonstrates that in case of higher scanning speeds�v thus in a typically 

conduction-dominated scenario�v the weld pool dimension calculation for AlSi12 profits from the 

absorptivity increase. For AlSi12 the single track calculations yield similar local temperature field 

results as the examples from the different superposition models. Thus, the effect of the local 

preheating could be neglected in this case. 

Table 8.5: Comparison of calculated and measured weld pool dimensions of AlSi12, P = 200W, 
D = 0.085 mm, v = 4000 mm/s, h = 0.085 mm, t = 0.03 mm, lvec = 10 mm, T0 = 293.15 K 

 Weld pool depth [µm] Weld pool width [µm] 
Model 1 2 3 Rosenthal 

Single 
1 2 3 Rosenthal 

Single Position middle (end/middle/start) middle middle (end/middle/start) middle 
A = Aflat 37.5 37.5/37.5/37.5 37.5 36.5 75 75/75/75 75 73 

A = 2 Aflat 53.5 53.5/53.5/55 53.5 52.5 107 107/107/110 107 105 
Measured 57.5 ± 15.1 117.0 ± 17.1  

 

Due to the low computational effort and comparable results of model 3, it is favored against models 1 

and 2. The model can be also used for determining overheating at the turnaround points for 

bidirectional or meander-like scanning strategies as this can be translated into a shortening of the scan 

vector length. As a result, a look-up table for the work preparation software could be created to help 

reduce the laser power according to the actual scan vector length. 

All above examples used 10 mm scan vector lengths, but it has been shown in section 6.2 that vector 

length has an impact on the weld pool dimensions. The following section evaluates how the different 

models reflect the influence of decreasing scan vector lengths. Additionally, analysis of the weld pool 

shapes and the calculation results have shown that for the presented cases an increased absorptivity 

due to keyhole welding can be assumed. As a result, the following graphs and calculations only consider 

the double absorptivity. 

Figure 8.7 represents a comparison of the three calculation models at v = 1000 mm/s, P = 200 W, 

h = 0.085 mm, and scan vector lengths of 2.5 mm and 10 mm. Models 1 and 3 again lead to similar 

results which match the middle temperature of the bidirectional scanning pattern of model 2. The 

central temperatures of the scan tracks are elevated as a result of the scan vector length shortening 

from 10 mm to 2.5 mm. In case of bidirectional scanning, the decreased scan vector length causes a 

local preheat temperature above the melting temperature at the turnaround point and therefore 

increasing the weld pool dimensions in this section. Figure 8.8 shows this effect. 
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Figure 8.7: Comparison of temperature profile for 1.4404 in front of the weld pool for models 2 and 3 
for 1.4404 at P = 200 W, v = 1000 mm/s, h = 0.085 mm, lvec = 2.5, 10 mm  

The comparison of different scan speeds (500/1000/4000 mm/s) in Figure 8.8 also demonstrates that 

the phenomena of overheating at the �o���•���Œ�[�• turnaround point naturally increases with decreasing scan 

speeds, making the scan tracks nearly indistinguishable at certain sections within an island.  

   

Figure 8.8: Comparison of 2.5 mm scan vector length samples of 1.4404, P = 200 W, h = 0.085 mm, 
D = 0.085, v = 4000 mm/s (left), v = 1000 mm/s (middle) and v = 500 mm/s (right) 

This observation is accurately displayed in the bidirectional Rosenthal model presented in the 

comparison to model 3 in Figure 8.9. With increasing scanning speed, the local preheat temperature 

decreases. However, a resolution limit of the current bidirectional model is reached at 4000 mm/s scan 

speed due to the used time steps. In consequence, the overheating effect at the beginning of a scan 

vector is vastly underrepresented, flattening the overall temperature profile at high scanning speeds. 

Nonetheless, the center temperature and weld pool dimensions, which will be discussed in section 

8.2.3, are accurately represented, and fit the other models.  

Y

XZ
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Figure 8.9: Comparison of models 2 and 3 for 1.4404, P = 200 W, h = 0.085 mm, lvec = 2.5mm, 
v = 500/1000/4000 mm/s 

Figure 8.10 illustrates the effect of scan vector length on the preheat temperature for selected alloys 

ranging from low thermally conducting materials such as Ti6Al4V to highly conductive pure copper. 

 

Figure 8.10: Comparison of local preheat temperatures using unidirectional scanning according to 
model 3 for 1.4404, AlSi12, Ti6Al4V, copper, and Inconel 718 for P = 200 W, v = 1000 mm/s, 

h = 0.085 mm 

The graph shows that shortening the scan vector has a significant impact on the local preheat 

temperature especially for low thermally conductive materials, demonstrating that the previous scan 

track will acts as an additional heat source for the subsequent scan vectors. In combination with 

isolating surfaces encountered at the body boundaries and especially in overhanging and thin-walled 

sections, this effect can have detrimental consequences for process stability and surface quality. The 

effect reduces with rising thermal conductivity, culminating in nearly no temperature incline for pure 

copper. Consequently, it can be assumed that the most effective way to improve the processability of 
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high-conductive materials is the application of global preheating either by the build plate or the entire 

build chamber.  

Figure 8.11 demonstrates the effects of scanning speed and hatch distance for Inconel 718, 1.4404, 

and AlSi12 for 2.5 mm and 10 mm scan vector lengths. It is apparent that the local preheat 

temperatures rise with increasing line energy or decreasing scan speed. However, the effect is less 

pronounced at 10 mm compared to 2.5 mm scan vector length. Furthermore, it can be noticed that for 

the highly thermally conductive AlSi12, the influence of scan speed on the local preheat temperature 

is neglectable as only shortening the scan vector from 10 mm to 2.5 mm causes a measurable 

difference. That impression is confirmed by the observations in the initial study: The weld pool 

dimensions increase with decreasing scan speed, but the difference between the scan vector lengths 

remains comparable between the tested levels except for the scan vector length of 2.5 mm for AlSi12. 

Similar to the impact of the scan speed, a reduced hatch distance does not result in a rising preheating 

temperature for AlSi12 and presumably also for materials with even higher thermal conductivity such 

as pure aluminum or copper.  

  

Figure 8.11: Influence of scan speed with fixed h = 0.085 mm (left) and hatch distance with fixed 
v = 1000 mm/s on calculated local preheat temperature for 1.4404, Inconel 718, and AlSi12 according 

to preheat model 3 

The effects of hatch distance on the local preheat temperature are more pronounced for stainless steel 

and the presented nickel-base alloy. However, for 10 mm scan vector length the increased local 

temperature results in minor changes in weld pool dimensions according to the Rosenthal model, 

which is confirmed by the results exhibited in the initial investigation of hatch distance influence. At 

identical scan speed, the decrease in scan vector length is more pronounced, which is natural as the 

heat source returns more quickly and in closer proximity to the previous scan vector.  

It can be concluded that for the typical scan vector length of 10 mm for parameter development, the 

influence of the hatch distance on the local preheat temperature and the resulting weld pool 

dimensions is neglectable for many alloys of thermal conductivity equal or higher than 1.4404. 



121 

121 

However, it has been shown that shortening the scan vector length pronounces the effects of 

decreasing hatch distance, possibly causing severe overheating in overhanging or narrow sections 

below a wall thickness of 5 mm. Therefore, a parameter for use with thin-walled parts or generally 

with specific geometric constraints should be developed with the fitting average vector length in mind 

or a modified build processor allowing for local power adjustments. 

Figure 8.12 provides an impression of the local preheating effect on the resulting weld pool dimensions 

for 1.4404 at 500/1000/4000 mm/s scan speed and 200 W laser power. Up to an equivalent line energy 

of 0.2 J/mm, the weld pool depth provides an acceptable fit. In the range of 0.4 J/mm, where the 

process is only stable for simple geometries such as cubes, weld pool depth is significantly 

underrepresented as the analytical equation cannot properly account for keyhole welding. 

Nonetheless, the qualitative effect of scan vector length is displayed correctly.  

 

Figure 8.12: Comparison of calculated and measured weld pool depth for 1.4404 using model 3 and 
doubled absorptivity due to high-intensity beam 

8.2.3 Weld pool size calculation 

A first estimation �}�(���š�Z�����Á���o�����‰�}�}�o���•�]�Ì���������o���µ�o���š�]�}�v�������•�������}�v���Z�}�•���v�š�Z���o�[�•���•�}�o�µ�š�]�}�v���(�}�Œ���š�Z�����š�Z���Œ�u���o���(�]���o����

was demonstrated in the estimation of the preheat temperature. The chosen approach with its basic 

assumptions allows a reasonable first estimation of the weld pool dimensions. It has been shown in 

section 6 that the weld pool shapes of 1.4404 and AlSi12 differ. High energy inputs for 1.4404 result in 

high aspect ratio welds, whereas AlSi12 exhibits an overall increased weld pool width for a wide range 

of processing parameters. In this regard, it was established that it is beneficial for the weld pool width 

calculation of AlSi12 to double the absorptivity but detrimental for 1.4404. Possible sources for this 

difference between the materials can be found in the surface tension (see Table 2.11) as well as 

thermal conductivity (see Table 2.6) for example. For the best possible fit between calculated and 

experimental values in keyhole welding conditions (Ts �H Tboil), the surface tension is chosen as a 

criterion, with a threshold value of 1.4 Nm-1, to accommodate this material-dependent difference. This 

value was determined by empirical observations of the weld pool shapes within the initial study as well 

as literature sources. Table 8.6 provides an easy-to-implement decision guideline on scenarios in which 

to apply increased absorptivity for the weld pool dimension calculation for keyhole welding.  
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Table 8.6: Decision guideline for increased absorptivity for weld pool calculation based on Rosenthal's 
solution of the thermal field 

Scenario 
Surface temperature 
criteria (eq. ( 3-14 ) ) 

Surface tension 
[N m-1] 

Width calculation 
Depth 

calculation 
1 Yes > =1.4 Aflat 2 Aflat 
2 Yes < 1.4 2 Aflat 2 Aflat 
3 No - Aflat Aflat 

Dimensionless numbers could provide further orientation, but values such as the Marangoni number 

are greatly affected by the rough approximation of the temperature profile within the weld pool, 

possibly causing significant deviations from real values.  

As already indicated during the investigation of the local preheat temperature, the weld pool width 

calculation�v based on an adapted Rosenthal approach�v provides a sufficient fit for the typically used 

beam diameters (85 µm to 120 µm) in selective laser melting. Table 8.7 shows a comparison. 

Table 8.7: Comparison of weld pool width calculated by the adapted Rosenthal method with material 
properties at room temperature, fixed parameters: P = 200 W, D = 0.085 µm, h = 0.085 mm, 

t = 0.03 mm, lvec = 10 mm, T0 = 293.15 K, including consideration of local preheat temperature 

Material 
Scan speed 

[mm/s] 
Measured 

Adapted 
Rosenthal 

Weld pool width 

1.4404 
500 172.5 ± 15.0 154 
1000 110.9 ± 6.4 109 
4000 76.5 ± 10.9 53 

AlSi12 
500 292.2 ± 30.7 301 
1000 220.5 ± 15.8 215 
4000 116.6 ± 17.1 109 

However, it was also demonstrated that the weld pool depth is significantly underrepresented under 

keyhole conditions using Rosenthal�[s solution of the thermal field. Therefore, some of the approaches 

for weld pool depth calculation, described in the start of the art, are compared in Table 8.8. To consider 

the (local) preheat temperature for the enthalpy-based approaches, Ye et al. [209] establishes the 

effective (preheated) power, which is given as 

�2�ã�å�Ø
L �2�®
l
�6�à�Ø�ß�ç

�6�à�Ø�ß�ç
F���6�4

p ( 8-2 ) 

and adds the already present heat in the processing area to the energy input by the laser. The results 

in Table 8.8 show that within the keyhole-dominated range at 500 mm/s, the adapted Rosenthal 

approach is nearly 50% below the actual measured values for stainless steel and AlSi12. The other 

shown methods by Ye et al. [209], Gladush [68], and Beyer [25] exhibit varying accuracy depending on 

the alloy. The results for processing 1.4404 are mostly within the margin of error of the actual 

measurement and can be considered accurate.  
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Table 8.8: Comparison of weld pool dimensions calculated by different analytical methods with 
material properties at room temperature, fixed parameters: P = 200 W, D = 0.085 µm, h = 0.085 mm, 

t = 0.03 mm, lvec = 10 mm, T0 = 293.15 K, material properties at T0 = room temperature 

Material 
v 

[mm/s] 

Depth [µm] 

Measured 
Adapted 

Rosenthal 
Ye et al. 

[209] 
Gladush 

[68] 
Beyer 
[25] 

 with Tloc with T0 

1.4404 
500 232.3 ± 24.7 120 212 204 219 
1000 109.5 ± 12.9 83 106 106 119 
4000 28.9 ± 10.1 39 27 27 33 

AlSi12 
500 264.2 ± 41.1 151 425 362 181 
1000 171.0 ± 17.6 107 213 238 122 
4000 57.5 ± 15.1 54 53 82 47 

 

Nevertheless, the AlSi12 results for higher line energies (v = 500/1000 mm/s) either over- or 

underestimate the weld pool depth, which could be associated to the fact that the applied methods 

deliver the most accurate values for the iron-, nickel- or titanium-based alloys for which they were 

developed.  

In conclusion, the solution of the thermal field by Rosenthal delivers acceptable results for conduction-

dominated welding regimes. Adaptation of the absorptivity in dependence of the keyhole scenario and 

inclusion of the local preheat temperature as a result of hatching and scan vector length can further 

increase accuracy, especially for the weld pool width. Nonetheless, the keyhole-dominated regimes 

with increased absorptivity especially cause significantly deeper weld pools than predicted by 

Rosenthal. The approaches of other researchers provide improved estimations even if the material 

properties are fixed at T0. To choose the best possible model, it is beneficial to evaluate the results of 

aluminum as those for 1.4404 are rather similar. Even if the equations of Ye et al. cause overestimation 

of weld pool depth for AlSi12, it increases in accuracy at higher scanning speeds. Hence, display of the 

transition from processing zone 1 to zone 2 is assumed to be more accurate than for other models. 

Beyond the transition to zone 2, towards the keyhole-dominated regimes, overestimation of the weld 

pool dimensions and the resulting keyhole-induced porosity is to be expected. Nonetheless, that can 

be beneficial in limiting the processing window to circumvent the keyhole effect. As a result, a 

combination of Rosenthal for the weld pool width and the solution of Ye et. al for the weld pool depth 

is applied for further studies. 

The comparison of the calculated and experimental values for 1.4404 and AlSi12 is displayed in Figure 

8.13 and Figure 8.14 as well as in Table 8.9. The conclusion shows that the calculated width is too low 

for both materials. The median of the relative width deviation for AlSi12 is -24.0% as opposed to -

12.8% for 1.4404, whereas the mean values are closer (1.4404: -12.4%; AlSi12: -16.8%). Also, the 

interquartile range is increased for AlSi12 against 1.4404. Nonetheless, for both materials the relative 

error decreases with increasing energy input, as shown in Figure 8.13 and Figure 8.14. The weld pool 
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depth results demonstrate a wider range of relative errors but are better centered around the 

experimental values.  

Table 8.9: Box plot data of relative error in weld pool width and depth for AlSi12 and 1.4404 in the 
proposed weld pool calculation against full data set from the initial study 

Material 1.4404  AlSi12 
 Depth Width  Depth Width 

Number of samples 98  36 
Mean (%) 24.7 -12.4  0.3 -16.8 

Median (%) 10.0 -12.8  -6.7 -24.0 
Lower quartile (%) -15.9 -22.6  -29.2 -32.3 
Upper quartile (%) 52.0 -3.2  25.9 5.2 

The median and mean relative errors for stainless steel weld pool depth are 10.0% and 24.7%, 

combined with a high upper quartile of 52% error. This level of error cannot be compensated by the 

reduced weld pool width, and a similarly high error can be expected for the area calculation. With 

rising volume energy density levels, the relative error in the weld pool depth increases for 1.4404, 

whereas the region of interest up to 100�t120 J/mm3 has slightly reduced relative errors and greater 

accuracy. In contrast, the range for the relative depth error of AlSi12 is reduced, the quartiles are 

roughly ±25% and extreme outliers as with 1.4404 are not observed for the investigated samples. 

 

Figure 8.13: Scatter and box plot of relative error in depth and width calculation for 1.4404 against 
the initial data set 
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Figure 8.14: Scatter and box plot of relative error in depth and width calculation for AlSi12 against the 
initial data set 

In conclusion, it can be said that weld pool depth is the determining measure for the error of the weld 

pool cross section because of its larger range of error for both materials. As in the initial study, the 

weld pool width is less volatile. However, as the ratio of weld pool width to hatch distance or overlap 

is often smaller than that of weld pool depth to layer thickness for example, it is likely that an increased 

level of lack-of-fusion defects will be observed at reduced weld pool widths. 

8.2.4 Weld pool cross section model 

The previous section has shown that it can be beneficial to split the calculation for weld pool width 

and depth as the top and bottom section of the weld pool can be dominated by different, welding 

mode-dependent mechanisms. Therefore, it is useful for analytical methods to simply approximate the 

weld pool cross section by a geometrical model, based on the singular input of weld pool width and 

depth, instead of applying complex numerical methods.  

Ellipsoid weld pool model 

The use of ellipsoidal models for heat sources is a common practice in numerical calculations for 

welding simulations as an approximation of the weld pool shape if no fluid flow model is present. 

Therefore, its dominant use is within thermal stress simulations. Applications of double ellipsoidal 

models for example can be found in the work of Azar et al. [16] or Fachinotti et al. [59], although the 

definition and application of these models differ. The conduction-dominated welding regime is 

characterized by a lens-shaped or half-spherical weld pool. This arrangement can easily be 

approximated by a single half ellipse with the dimensions a (weld pool radius) and b (weld pool depth). 

A second case can be covered by a single ellipse observed during the present studies (shape 2, as 

indicated in Table 8.10): Combinations of finely focused beams (focus diameter <90 µm, M2 < 1.2) with 

increased scanning speeds. The resulting weld pool often has a half-ellipsoidal shape, but the aspect 

ratio between weld pool radius and weld pool depth is larger than 1. Materials similar to AlSi12 provide 
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a third application of a single ellipse as a result of high thermal conductivity, low melting point, low 

viscosity, and surface tension. These material properties cause significantly larger weld pools, which 

are ellipsoidal within the typical processing parameters of the SLM process. Analysis of the weld pools 

yielded typical shapes, which are presented in Table 8.10 along with an illustration and a description 

of typical scenarios of occurrence. 

Table 8.10: Overview of typical weld pool shapes and conditions of their occurrence for AlSi12 and 
1.4404 

Shape Shape 1 Shape 2 Shape 3 

Illustration 

   
Welding mode Conduction-dominated Keyhole Keyhole 
Aspect ratio 

(depth/radius) 
<= 1 > 1 > 1 

Typical scenarios 

Low energy input 
All intensity levels 
Medium/high scan 

speed 

High energy input 
High intensity 

Medium scan speeds 

High energy input 
High/medium intensity 

Low scan speed 

Material 1.4404, AlSi12 1.4404, AlSi12 1.4404 

 

The main difficulty lies in differentiating varying keyhole shapes as they are influenced for example by 

melt viscosity, surface tension, general physical properties, and the processing parameters. A 

processing parameter that results in keyhole welding for AlSi12 within typically used conditions in SLM 

will most likely result in shape 2. Nonetheless, the identical parameter can yield shape 2 or 3 for 

stainless steel depending on the combination of scan speed and intensity. Shape 2 is more dominant 

at scanning speeds above 1500 mm/s to 2000mm/s in combination with high intensities (beam 

diameter <90 µm, laser power >200 W). Shape 3 occurred more often at scanning speeds below 1500 

mm/s and beam diameters above 90 µm with a combination of high laser powers.  

As a starting point, the relative error in a single ellipse weld pool cross section representation is 

displayed in Figure 8.15. High aspect ratio welds of 1.4404 especially exhibit large relative errors (up 

to ~65%) in weld pool area, which are a result of the overestimation of the cross section in the bottom 

part of the weld (weld pool shape 3). The displayed results for AlSi12 (relative error median = 11.8%) 

demonstrate a general overestimation of the cross-sectional area of the weld pool. To limit 

overestimation for weld pool shape 3, a case-sensitive double ellipsoid model is described below. 

However, criteria for the scenarios must be defined. 
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Figure 8.15: Relative deviation vs. weld pool aspect ratio of 1.4404 and AlSi12 for single ellipse weld 
pool cross section model for the measured weld pool dimensions of the initial study, 

lvec = 2.5/5/10 mm 

However, keyhole dominated parameters for iron-, titanium- or nickel-based alloys can cause the 

typical keyhole shape (shape 3) with a conduction-dominated upper part and a bottom part influenced 

by a combination of beam diameter, intensity, and scan speed. The upper, conduction-dominated 

section of the weld pool is nearly unaffected by any further increase in total depth beyond half of the 

weld pool width. In consequence, the upper portion of the keyhole-dominated weld pool is assumed 

to be semi-spherical with the weld pool width as diameter. Where the weld pool depth exceeds the 

weld pool radius, a second ellipse is added that is defined by beam radius and weld pool depth. The 

definition of the proposed single and double ellipsoid model for conduction as well as keyhole welding 

is illustrated in Figure 8.16.  

 

Figure 8.16: Definitions of the double-elliptical weld pool model; red line indicates actual weld pool 
shape 

The criteria for the differentiation of the shapes listed in Table 8.11 are easily integrated into an 

analytical calculation model.  



128 

128 

Table 8.11: Observed cases of weld pool shapes and applied criteria for cross section approximation 

Shape 
Conduction ellipse Keyhole ellipse 

Surface temperature d/r  
acond bcond akey bkey 

1 
r d 

- - Ts < Tboil - 
2 - - Ts >= Tboil <3 
3 1.15 w0 d Ts>= Tboil >=3 

Materials or processing conditions that result in Ts < Tboil will be described by a single ellipse. If the 

boiling temperature is exceeded and up to an aspect ratio d/r = 3, a single ellipse will be applied. Above 

this aspect ratio a double ellipsoid model is used.  

Experimental verification 

The fit of the double elliptical model for approximation of weld pool area and shape was tested with 

measured weld pools for 1.4404 and AlSi12 with a multitude of beam diameter, laser power, hatch 

distance, layer thickness, and scan speed combinations. The measured weld pool width and depth 

were fed into the model, and the results of the experimental and calculated weld pool area compared. 

The results are displayed in Figure 8.17, Figure 8.18, and Table 8.12. In general, it can be said that most 

results are unaffected by the double ellipsoid model in comparison to the single ellipse. Weld pools for 

AlSi12 are mostly overestimated (average 15.5%, median 11.69%) by the present model, but the error 

range for 1.4404 is greatly reduced, mainly within the high energy density range. The plot of the 

relative error against the volume energy density in Figure 8.17 has special importance for the usability 

of the present model. It demonstrates that the deviations within the most relevant parameter range 

up to 120 J/mm3 exhibit the lowest relative error.  

 

Figure 8.17: Relative error in weld pool area for the case-sensitive double ellipsoid weld pool model 
against volume energy density for 1.4404, AlSi12, Inconel 718; not displayed: outlier for AlSi12 

Error = 126.6%, Evol = 127 J/mm3 

The box plot in Figure 8.18 illustrated that the deviations for 1.4404 are well centered (median 1.93%, 

average 2.27%) and provide a good fit to the experimental data. The largest differences in 

experimental values occur in the transition area between the single and double ellipsoid model. The 

double ellipsoid tends to underestimate the area, which is a result of the simple superposition of the 
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ellipses. Hence, in practice weld pools show a smooth transition between the conduction and keyhole 

ellipse occurs that is not modelled with the current approach and leads to this underrepresentation.  

 

Figure 8.18: Box plots for the relative error in weld 
pool area for AlSi12 and 1.4404 of the case-
sensitive double ellipsoidal weld pool models 
against full data set of lvec = 2.5/5/10 mm, Evol = 
�í�ñ�Y�ï�ñ�ì���:�l�u�u3; outlier for AlSi12 not displayed at 
126% 

Table 8.12: Box plot data of the relative error 
in weld pool area for AlSi12 and 1.4404 of the 
case-sensitive double ellipsoidal weld pool 
models against full data set of lvec = 2.5/5/10 
mm, Evol = �í�ñ�Y�ï�ñ�ì J/mm3 

Material 1.4404 AlSi12 
Number of samples 98 36 

Mean (%) 2.27 15.52 
Median (%) 1.93 11.69 

Lower quartile (%) -1.74 6.10 
Upper quartile (%) 6.46 17.02 
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8.2.5 Accuracy and limitations of the chosen approaches 

The previous sections covered in detail the determination of the weld pool dimensions and the cross-

sectional area. This section evaluates the error resulting from the combination of all calculation 

components.  

Starting with the evaluation of the relative error for stainless steel displayed in Figure 8.19: As 

predicted in the section on weld pool size calculation, the error of the weld pool area mainly follows 

the trends set by weld pool depth. Therefore, outliers and increased weld pool depths emphasize the 

relative weld pool area error, especially in scenarios with fitting weld pool widths.  

 

Figure 8.19: Scatter and box plot of relative error in depth, width, and area calculation for 1.4404 
against the initial data set; full data displayed 

Nonetheless, for 1.4404 a balancing effect between a reduced weld pool width and increased weld 

pool depth can be seen in the median and mean values of the box plot data provided in Table 8.13.  

Table 8.13: Box plot data for the relative error in the calculated weld pool size for 1.4404 and AlSi12 
compared against the measured values of the full data set of the initial study; data for width and 

depth are carried over from Table 8.9 

Material 1.4404  AlSi12 
Dimension Depth Width Area  Depth Width Area 

Mean 24.7 -12.4 14.4  0.3 -16.8 3.9 
Median 10.0 -12.8 -10.0  -6.7 -24.0 -15.8 

Lower quartile -15.9 -22.6 -21.9  -29.2 -32.3 -48.1 
Upper quartile 52.0 -3.2 23.6  25.9 5.2 40.4 

 

A similar balancing effect is observed for the median and mean of the relative error values of the area 

for AlSi12. However, the interquartile range as well as the quartile values themselves increase above 

the relative errors of width and depth. On one side, the reason is found within the area calculation 
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method and its switch to a double ellipsoid cross section for 1.4404 that has proven to represent lower 

values than the measured ones but does not occur for AlSi12 due to the large width of the weld pools. 

On the other side, the weld pool depth of AlSi12 above 200 J/mm3 is overestimated by roughly 40%, 

which is emphasized by the slightly larger calculated widths as can be seen in Figure 8.20.  

 

Figure 8.20: Scatter and box plot of relative error in depth, width, and area calculation for 1.4404 
against the initial data set; full data displayed 

This brief analysis allows the conclusion that no errors are present which cause significant over- or 

underrepresentation of the weld pool dimensions. Nonetheless, a wide spread of the relative error 

quartiles in combination with partial shifts of the median values of the errors is observed in some 

cases. This indicates that some factors influencing the weld pool dimensions are not considered and 

that the error in weld pool dimension measurement also requires closer attention. The verification of 

the density calculation models as well as the subsequent validation process will show the actual impact 

on the model results. 

���‰�‰�o�]�����š�]�}�v���}�(���Z�}�•���v�š�Z���o�[�•�����‹�µ���š�]�}�v���]�v���P���}�u���š�Œ�]�����oly constrained situations 

�d�Z�����P���v���Œ���o���o�]�u�]�š���š�]�}�v�•���}�(���Z�}�•���v�š�Z���o�[�•�����‰�‰�Œ�}�����Z���]�v���š�Ze semi-infinite space have already been discussed 

in section 8.2.2. At this point it must be highlighted that the presented methods are to be applied on 

simple programming or even spreadsheet level, hence the representation of actual boundary 

conditions imposed by geometry, low conductive powder, or temperature-dependent material 

properties cannot be reflected. Numerical methods become mandatory where all these phenomena 

are to be included simultaneously. If only single aspects, such as the limitation of conduction on the 

part surfaces, are to be considered, analytical methods are partially available for some cases. 

Recommended literature for heat conduction problems can be found in the work of Carslaw and Jaeger 

[37] or Hahn [75].  
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Differences between uni- and bidirectional scanning 

The choice of model 3 in section 8.2.2 for the estimation of the local preheating temperature, which 

reassembles a modified unidirectional scanning pattern, makes it is apparent that the applied methods 

for weld pool size calculation do not directly consider bidirectional scanning. However, the comparison 

of the three models e.g. in Figure 8.9 has shown that in the steady-state section in the middle of the 

scan vector, the temperatures do not vary significantly for the investigated scenarios and bi- or 

unidirectional scanning. It is clear that the overheating effects for bidirectional or meander-like 

scanning patterns at the turnaround points of the scan tracks are neglected. Nonetheless, if this 

overheating effect is to be estimated with the presented procedures, the scan vector length or even 

the hatch distance could be set to low values such as 1 mm. Nevertheless, these results are only 

meaningful to a limited extent as these turnaround points are also subject to further influences from 

the scan-head and laser interactions (e.g. on/off timings and delays) or associated techniques such as 

sky-writing, which makes the results hard to interpret.  

8.3 Molten powder fraction 

In the section on weld pool size deviation, it has been shown that particle size and spatter size 

distribution have an influence on the weld pool behavior. To reflect that circumstance, a function Fpow 

is introduced that connects weld pool depth with the fraction of powder that can be molten by a single 

weld pool. This function can be described as the cumulative distribution function of a given particle 

size distribution, which is composed of the values provided in Table 8.14. This function can either be 

approximated or simply interpolated linearly between the given values. The basis for deriving the 

function is the particle size distribution of the powder, the mesh size of the sieve, and the spatter 

particle size as the maximum encounterable obstacle in the powder bed.  

Table 8.14: Key values for a modified cumulative distribution function for the estimation of powder 
related porosity; example values for a powder packing density of 50% 

Distribution value Associated value Origin Example resulting density 
P0 D0 Powder 50% 
P10 D10 Powder 55% 
P50 D50 Powder 75% 
P90 D90 Powder 95% 
P98 D95/100 /DMesh Powder /  Mesh size  99% 
P100 S90 Spatter 100% 

To calculate the portion of powder that can be molten by the weld pool, only weld pool depth is 

considered as an input as this is the more volatile weld pool dimension compared to width. It has been 

demonstrated that the powder or spatter particle size distribution has a direct impact on the weld pool 

depth deviation. Hence, if the weld pool depth exceeds the largest particle diameter, it is assumed that 

the weld pool is large enough to consolidate all particles in a given volume, as long as the effective 

layer thickness is smaller than the S90 of the spatter. The molten powder fraction �Œmol is calculated by 

the relationship of the average relative packing density �Œmean and the value of the cumulative 

distribution function of the modified particle size distribution displayed in Table 8.14 at the respective 

weld pool depth Fpow(d). This relation can be expressed as: 
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Molten powder 

fraction 
�é�à�â�ß
L �é�à�Ø�Ô�á
E�:�s
F�é�à�Ø�Ô�á�; �®�(�ã�â�ê�:�@�;   [%] ( 8-3 ) 

An example of a powder with a packing density of 50% and the resulting relative density is provided in 

Figure 8.21. 

 

Figure 8.21: Example of linearly interpolated cumulative distribution function and resulting relative 
density for an example with a powder packing density of 50% 

8.4 Matrix-based density estimation 

8.4.1 Graphical representation of a part cross section 

A graphical model is easy to deploy and offers micron-sized resolution without large penalties in 

computational effort as matrix operations are very effectively implemented in MATLAB or Python and 

can also be GPU-accelerated. The goal of this method is to create a part of a cross section, similar to a 

micrograph in the XZ-plane of a test cube, which is typically used to determine the weld pool 

dimensions for instance. The principle of cross section creation is illustrated in Figure 8.22 and starts 

with a single cross section multiplied by the scan strategy inputs until a certain total cross section is 

reached. During testing of the model, a cross section of 2.5 x 2.5 mm with one micron cell size proved 

sufficient for typical weld pool sizes in selective laser melting.  
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Figure 8.22: Principle of weld pool creation, line creation, and area creation of graphical model 
including required inputs 

Randomized weld pool dimensions  

Previous explanations make clear the weld pool dimensions are constantly changing in relation to the 

weld pool size against outside influences such as spatter or powder particles. Hence, a function must 

be implemented to reflect this within the graphical model. To maintain the stability of the program, a 

random number within the relative standard deviation in weld pool dimension for width and depth is 

selected (equations are found in section 6.4). Table 8.15 illustrates the resulting single line cross 

sections with identical inputs but varying relative weld pool deviations of 5%, 10%, 20%, and 30%. It 

can be seen that a cross section with identical average weld pool dimension but different relative size 

deviation can result in drastically different consolidation patterns.  

Table 8.15: Single line cross sections for relative deviations for width and depth of 5%, 10%, 20%, 30% 
with identical inputs: w = 0.1 mm, d = 0.12 mm, D = 0.085 mm, no hatch rotation 

Deviation Single line cross-section 

5 % 
 

10 % 
 

20 % 
 

30 % 
 

The approach illustrated above is applied while the hatch rotation angle and resulting projected weld 

pool cross section is smaller than the cross section width of interest (here 2.5 mm). If the projected 

weld pool width is greater than that dimension it is assumed that the weld pool is perpendicular to the 

viewing plane, and only the weld pool depth is varied within the boundaries set by the relative 

deviation. Hence, a random number is chosen for each micron of that line. However, as this can result 

in jumps up to the double standard deviation within a single micron, the values are smoothed by a 

Gaussian-weighted moving average filter with a cut-off length of 200 µm. Examples of the resulting 

cross sections are shown in Table 8.16.  
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Table 8.16: Single line cross sections for relative deviations of 5%, 10%, 20%, 30% with identical 
inputs: d = 0.12 mm, 90° hatch rotation 

Deviation Single line cross section 

5% 
 

10%  

20% 
 

30%  

 

Implementation of hatch rotation 

Two kinds of hatch rotation are typically used in selective laser melting: A rotation of 90° or a prime 

number such as 67° between each layer. The latter is meant to break up the growth of elongated grains 

along the build direction. The cross section algorithm must be able to reflect this input. Within the 

range 0° < angle < 89°, the weld pool cross section is projected on the cutting plane, leading to visible 

stretching of the weld pool width as displayed in Figure 8.23. 

 

Figure 8.23: Projection of a weld pool cross section for an angle larger than 0°, smaller than 89°  

8.4.2 Melt maps 

The starting point of the modelling of the cross section is a matrix of zeros serving as a canvas for the 

addition of weld pools. Hence, cells not covered by a weld pool retain the value zero. A single weld 

pool profile consists of ones, which are constantly added if an overlap between other melt pools exists. 

The basic principle is displayed in Figure 8.24. 

 

Figure 8.24: Principle of melt pool addition starting with a single melt pool (left), multiple weld pools 
(middle), highlighted number of melts i per unit (right) 
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This matrix-based graphical model is supposed to display the upper center of a test cube cut in the xz-

plane as shown in Figure 8.25. Surface waviness is not reflected in the graphical model, therefore a flat 

top surface is created. 

 

Figure 8.25: Position and size of the area approximated by the graphical model highlighted as square 

Figure 8.26 shows illustrations of whole cross sections with a color assigned to a specific value of the 

result matrix for 1.4404 processed at v = 500/1000/4000 mm/s at 200 W laser power. 

 

                       

            500 mm/s            1000 mm/s     4000 mm/s  

Figure 8.26: Created cross sections for 1.4404, P = 200 W, D = 0.085 mm, h =0.085 mm, t = 0.03 mm, 
hatch shift = 0 mm, v = 500 mm/s (left), v = 1000 mm/s (middle), v = 4000 mm/s (right), lvec = 10 mm 

The present work takes only a 2D cross section into consideration. However, the matrix-based 

approach allows easy scaling of the techniques into three dimensions. During testing of the presented 

model, it became apparent that a 2D model allows for quicker analysis at equal precision. Hence, the 

test matrix was limited to the xz-plane in the center of the test cube. The investigated cross section is 

fixed at a size of 2.5 x 2.5 mm.  

8.4.3 Evaluation of melt maps 

The matrix resulting from the remelting maps is best displayed by its distribution, which can be seen 

in Figure 8.27. The illustration provides the relative and cumulative distribution values of the melts per 
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element i for stainless steel processed at 200 W and v = 500/1000/4000 mm/s. As a first input for the 

model, measured weld pool dimensions were used to determine the precision of the matrix-based 

model without the influence of the analytical weld pool calculation.  

 

 

Figure 8.27: Comparison of number of melts per element i and their occurrence for 1.4404, P = 200 W, 
v =500/1000/4000 mm/s, h = 0.085 mm, t = 0.03 mm, D = 0.085mm, case-sensitive double elliptical 

weld pool model, weld pool dimensions experimentally determined 

At 500 mm/s and 1000 mm/s scan speeds, all elements were molten at least once, meaning that a 

theoretical density of 100% should be reached. In contrast, approx. 35% of the elements were not 

activated by the weld pool at 4000 mm/s scan speed, indicating lack-of-fusion defects. A comparison 

of the measured relative density against the matrix-based density estimation without any 

modifications to the evaluation method is provided in Figure 8.28. The materials of the samples are 

not differentiated for this first comparison as only the general trends are discussed at this point.  

 

Figure 8.28: Comparison of measured relative density for AlSi12 and 1.4404 against unmodified 
matrix model based on measured weld pool dimensions, lv = 10 mm 
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The graph makes apparent that the first and second process parameter zones are mostly well 

represented by the simple determination of non-molten cells. Occurring exceptions, mostly associated 

to disturbance by spatter particles, are discussed in detail later. Furthermore, the third process 

parameter zone, characterized by a density reduction due to the keyhole effect, cannot be accurately 

displayed without any modifications.  

Implementation of keyhole porosity effect and weighting of melts 

Analysis of the samples and unmodified matrix model has shown that cross sections with elements 

that have been molten more than six times usually exhibit keyhole porosity. The effect increases with 

the number of melts i of the cell. Hence, a cell that is molten 12 times for example, is more likely to 

show keyhole porosity than a cell with six melts. Instead of assigning 100% density to elements above 

six melts, any cell that has seven or more melts (i), is penalized with 0.2% reduction in relative density 

for each melt above the threshold of six and up to a maximum of 30 melts. Any cell that is molten more 

than 30 times is assigned the same penalty. The equation for the penalty ppen  is given as 

�L�ã�Ø�á
L �s
F�:�E
F�x�; �®�r�ä�r�r�t���������������������x
O�E
O�u�r ( 8-4 ) 

Therefore, an element with 12 melts is assigned a relative density of 98.8%, or 1.2% porosity. The result 

is a weighted density value. Additionally, it should be considered that a non-molten cell does not need 

to be empty but can filled with powder or spatter particles. Hence, the average value of apparent and 

tap density is assigned to blank cells instead of the value zero. Another factor that should be considered 

is the certainty of melt of a single element, meaning that even when an element is molten once for 

example, it is not always molten due to fluctuations of the process. These considerations lead to 

factors, shown in Table 8.17, that are applied in relation of the number of melts of a single element. 

Table 8.17: Factors for the weighting of melts per element for implementation of melting probability 
and keyhole welding 

Number of melts per 
element i 

Factor  
pi 

0 �Œmean/100 
1 0.85 
2 0.975 
3 0.99 
4 1 
5 1 
6 1 

�ó�Y�ï�ì Equation ( 8-4 ) 
>30 0.952 

The calculation of the weighted number of melts npi is defined as 

Weighted number of melts �J�ã�Ô

L �J�Ø�Ô�®�L�Ü ( 8-5 ) 

and is the product of the total of elements with the same number of melts nei multiplied by the 

corresponding factor pi. The weighted sum np and the unweighted sum ne are given as 
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Sum of elements and 

weighted sum of elements �J�Ø
L 
Í �J�Ø�Ô

�á

�Ü�@�4

 �J�ã 
L 
Í �J�ã�Ô

�á

�Ü�@�4

 ( 8-6 ) 

and their relation equals the relative density based on melts �Œrem. This can be expressed as: 

Relative density estimation 

based on melts 
�é�å�Ø�à
L

�J�ã��������

�J�Ø��������
�®�s�r�r�>�¨ �? ( 8-7 ) 

To illustrate the process of estimating matrix-based density, the sample remelt distributions for Figure 

8.27 and the according density estimation are displayed in Table 8.18. 

Table 8.18: Examples of matrix-based density determination for 1.4404, P = 200 W, 
v = 500/1000/4000 mm/s, h = 0.085 mm, t = 0.03 mm, D = 0.085mm, Powder Fe1, case-sensitive 
double elliptical weld pool cross section model; weld pool dimensions experimentally determined 

Number 
of melts 

Factor 
 Scan speed 
 500 mm/s  1000 mm/s  4000 mm/s 

i pi  nei npi  nei npi  nei npi 
0 0.575  0 0  0 0  2148944 1235642.8 
1 0.85  0 0  75107 63840.95  3906007 3320106 
2 0.97  0 0  192012 186251.6  190050 184348.5 
3 0.98  74970 73470.6  3383693 3316019  0 0 
4 0.99  8638 8551.62  2353404 2329870  0 0 
5 1  124089 124089  228368 228368  0 0 
6 1  333251 333251  12417 12417  0 0 
7 0.998  584684 583514.6  0 0  0 0 
8 0.996  936697 932950.2  0 0  0 0 
9 0.994  1263931 1256347  0 0  0 0 
10 0.992  1310509 1300025  0 0  0 0 
11 0.99  752285 744762.2  0 0  0 0 
12 0.988  515189 509006.7  0 0  0 0 
13 0.986  263408 259720.3  0 0  0 0 
14 0.984  70327 69201.77  0 0  0 0 
15 0.982  6913 6788.566  0 0  0 0 
16 0.98  110 107.8  0 0  0 0 
           
   ne np  ne np  ne np 
   6245001 6201787  6245001 6136767  6245001 4740097.3 
           

�Œrem  99.31%  98.27%  75.90% 

�Œrel (experimental)  99.66%  99.52%  78.30% 

The resulting weighted matrix model results in an improved fit of the data and reflects the keyhole 

effect to a certain extent, which can be observed in Figure 8.29. The results follow the main trend and 

already reflect the �u���š���Œ�]���o�[�• basic processing behavior. 
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Figure 8.29: Relative density vs. volume energy density comparison of weighted matrix model against 
measured results for AlSi12 and 1.4404 based on measured weld pool dimensions 

However, the exceptions show that further factors need consideration. As the beginning of this section 

indicates, powder and spatter particles are an important factor during the consolidation phase of the 

material. Similar to the unweighted melts, the results of the molten particle fraction, which are 

displayed in Figure 8.30, partially reflect the material�[�•��processing characteristics. Nevertheless, it 

cannot be used in isolation to determine the resulting relative density of a processing parameter. In 

processing zone 1, the graphs exhibit an unsteady growth, whereas the transition in zone 2 is well 

represented and in conditions with greater energy inputs for zone 3, relative density is mostly 

overestimated since keyhole welding is not considered.  

 

Figure 8.30: Measured density vs. molten powder fraction for 1.4404 and AlSi12 based on measured 
weld pool dimensions 

Assumption is reasonable that a combination of melts per element and the molten powder fraction 

will lead to improvement of the fit in certain process parameter zones. Again a conditional model is 

applied, differentiated by the ratio of  weld pool depth to the largest possible particle P100 of the 

artificial particle size distribution that was introduced in section 8.3. As a starting point, melts and 
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molten powder fraction are weighted equally until weld pool depth exceeds the largest particle 

diameter and continues with a ratio of 80% melts to 20% molten powder fraction. This relation can be 

expressed as follows: 

Relative density 

estimation 
�é�å�Ø�ß
L 
\

���������r�ä�w���é�å�Ø�à
E�r�ä�w���é�à�â�ß�á���������������������������������@
Q���2�5�4�4
�������r�ä�z���é�å�Ø�à
E�r�ä�t���é�à�â�ß�á���������������������������������@
R�2�5�4�4

 ( 8-8 ) 

Introducing this approach allows multiple phenomena to be implemented: On one hand, the 

interaction of powder and weld pool at low energy input; and on the other, the dominance of the 

keyhole effect at high energy input. Figure 8.31 (1.4404) and Figure 8.32 (AlSi12) illustrate the resulting 

relative density of the combined model.  

  

Figure 8.31: Detailed results of 1.4404 for the adaptive density model against experimental results 
with measured weld pool dimensions as input, lvec = 10 mm 

 

Figure 8.32: Detailed results of AlSi12 for the adaptive density model against experimental data with 
measured weld pool dimensions as input lvec = 10 mm 

The main trends can be displayed by means of the combined model. Certain deviations are observed, 

especially in early-stage consolidation as well as for some values at the saturation level of process 

parameter zone 2. 1.4404 and AlSi12 display slightly varying behaviors in zones 1 and 2: Whereas the 

values for 1.4404 are lower than expected at some parameters, AlSi12 exhibits overall slightly 
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increased density values. The differences in the first processing zone can be explained by the large 

deviation in weld pool dimensions itself: The measurement of irregularly shaped weld pools is prone 

to an increased measurement error on one hand; and on the other, the density incline is very steep in 

zone one rising the sensitivity towards these types of errors.  

Matrix-based density model with calculated weld pools  

Figure 8.33 and Figure 8.34 display the combination of weld pool dimension, area, and density 

calculation for AlSi12 and 1.4404. In zone 1 and until the saturation in zone 2, the powder and spatter 

particle size distribution are a key factor for density calculation. The initial balanced approach for melt 

and powder density results in a qualitatively good fit for AlSi12 at low energy processing regimes as 

illustrated in Figure 8.33, although the maximum relative density is higher than the measured values. 

Up to a volume energy density of 50 J/mm3, relative density is first under- and then overestimated. 

The deviations in the measured versus calculated weld pool dimensions provide an indicator for this 

phenomenon: At first, both width and depth are calculated too low, followed by a fitting width but 

overestimated weld pool depth, likely causing the elevated density. 

 

Figure 8.33: Initial results of experimental versus calculated relative density for AlSi12 of the matrix-
based density model values with calculated weld pool sizes, lvec = 10 mm 

The initial results for 1.4404 also demonstrate a reasonable fit. However, the density during transition 

between process parameter zones 1 and 2 is slightly underestimated as is the weld pool width for 

these parameters. The weld pool widths for 1.4404 are comparably smaller than for AlSi12, meaning 

that deviations will have an increased impact on the resulting density. This effect is emphasized for the 

investigated samples due to application of a negligible hatch shift; this means that gaps caused by 

insufficient side-to-side overlap will not be filled by subsequent weld pools. 
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Figure 8.34: Initial results of experimental versus calculated relative density for 1.4404 of the matrix-
based density model values with calculated weld pool sizes, lvec = 10 mm 

The comparison of the box plots for relative errors in Figure 8.35 underlines previous observations. 

The overall good fit of experimental and calculated density for 1.4404 is shown by the nearly 

symmetrically distributed relative error around 0%. However, two distinct differences between 

measured and calculated weld pool data are visible: Firstly, the outliers of the calculated weld pool 

dimensions are found in both, positive and negative, error zones, which is not the case for the 

measured weld pools. Secondly, the interquartile range is reduced for the calculated weld pool, 

indicating lower deviations from the experimental values. This is in line with the greater measurement 

deviations of the weld pool dimensions observed in the first processing zone, where the largest density 

calculation errors are also observed.  

Comparison of the relative error in the matrix-based density model for measured and 
calculated weld pool dimensions 

 

Figure 8.35: Comparison of the box plots for the relative density errors of matrix-based density model 
with measured (left) and calculated (right) weld pool dimension, lvec = 10 mm 
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8.5 Semiempirical density estimation 

The previously introduced matrix-based density estimation allows determining the global effect of the 

primary and secondary processing parameters on the numbers of melts of an element and part density 

in return. Nonetheless, an analytical or semiempirical equation based on the previous observations 

might prove sufficient in many cases where factors such as hatch rotation or shift can be initially 

ignored. 

For that purpose, it is assumed that the weld pool is only composed of a single ellipse instead of the 

case-sensitive double elliptical model. That limitation is acceptable as the fit of a single elliptical cross 

section estimation up to an aspect ratio of three (depth/radius) delivers sufficient approximation of 

the weld pool cross section as shown in section 8.2.4, and therefore covers the most interesting 

process parameter range. Processing parameters resulting in higher aspect ratio welds are mostly 

regarded as unproductive due to their combination of low scan speeds and high power. Often, these 

parameters are not feasible for complex structures due to the excessive heat input or increased surface 

roughness in overhanging sections. Furthermore, reduction to a single ellipse is a necessary measure 

as it reduces the complexity of the calculation drastically and can easily be handled on paper. Despite 

the necessary simplifications, the introduced semiempirical method does cover the two main 

influencing factors of the SLM process, scanning parameters and powder. The principle of the molten 

powder fraction [equation ( 8-3 )] is reused from the matrix-based density estimation. Determination 

of weld pool size can also be carried over from the previous sections. As mentioned earlier, the weld 

pool cross section will be estimated using a single ellipse whose half area is determined using the 

equation given in Table 8.19. 

Table 8.19: Overview of the ellipse axis definition, the equations for the area of the half ellipse, and 
the general ellipse equation 
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The underlying principle behind the following method is comparison of a required area to the actual 

weld pool cross section area. The required area for a lack-of-fusion free SLM process Areq is defined as 

Required molten area  �#�å�Ø�ä
L �D�®�P ( 8-11 ) 

and is composed of hatch distance and layer thickness and must be fully covered by the weld pool. 

Table 8.20 illustrates the relationship between the required and the actual weld pool area. 

Additionally, further simplifications are introduced to the model. At this point, only coverage of the 
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required area by the weld pool is investigated, and factors such as the hatch rotation or shift between 

the layers are not considered. 

Table 8.20: Weld pool ellipse definition and coordinate system, comparison of actual cross section 
and simplified cross section; highlighted in blue is the area not covered by the weld pool, possibly 

causing lack-of-fusion defects 

Consolidated cross section Simplified cross section 

  

Multiple cases can be differentiated to approximate the area of the ellipse bound within the required 

area. To do so, the intersections on the x- or y-axis of the ellipse with the required rectangle can be 

determined by  
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depending on the use cases illustrated in Table 8.20, which provides an overview of typical cases and 

a method for an estimation of the molten area within the area of interest.  
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Table 8.21: Calculation overview for the determination of required and estimated molten area 

Case Illustration Amelt Ratio 

w >> h 
d >>t 

 

�#�à�Ø�ß�ç
L �#�N�A�M �#�à�Ø�ß�ç
P �#�å�Ø�ä 

w > h 
d > t 

 

�#�à�Ø�ß�ç
L �D�®�P
F�:�P
F�U�6�; �®
l
�D
�t


F �T�5
p 

 
�T�5 
L �A�M�Q�=�P�E�K�J�\ �����U�5 
L �P 
�U�6 
L �A�M�Q�=�P�E�K�J�\ �����T�6 
L �r�ä�w�D�� 

 

�#�à�Ø�ß�ç
O�#�å�Ø�ä 

w > h 
d < t 

 

�#�à�Ø�ß�ç
L �#�Ø�ß�ß
F �U�®�:�S
F�D�; �#�à�Ø�ß�ç
O�#�å�Ø�ä 

w < h 
d > t 

 

�#�à�Ø�ß�ç
L �P�:
F�D
E�t�T
F�S�; 
�T
L �A�M�Q�=�P�E�K�J�á�U
L �P 

�#�à�Ø�ß�ç
O�#�å�Ø�ä 

w < h 
d < t 

 
 

�#�à�Ø�ß�ç
L �#�Ø�ß�ß �#�à�Ø�ß�ç
O�#�å�Ø�ä 

After the area Amelt, which effectively contributes to a density increase, has been determined, it can be 

placed in relation to the required area, which can be expressed as 

Relative weld pool 

coverage 
�é�å�Ø�ä
L

�#�à�Ø�ß�ç

�#�å�Ø�ä
�®�s�r�r���>�¨ �? ( 8-14 ) 

and is per definition less than or equal to one, or 100%. Furthermore, the matrix-based method has 

demonstrated that an increased number of melts can be linked to a density decrease caused mainly 

by keyhole welding. The weighting factors to link the number of melts per element to the actual part 

density, listed in Table 8.17, are applied with this simplified method as well. The estimated number 

melts ni is determined by 

Estimated number of melts �J�Ü
L �N�K�Q�J�@�F
�#�Ø�ß�ß

�#�å�Ø�ä
�G ( 8-15 ) 

using the rounded ratio between the single ellipse and the required area. Relative density based on 

the rounded number of melts is determined by 

Density based on melts �é�å�Ø�à
L �B�:�J�Ü�; �\ ���ƒ�„�Ž�‡���z�ä�s�y ( 8-16 ) 

To estimate the resulting part density, the three density components described are weighted against 

each other, which is given as 
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Relative density �é�Ô�á�Ô
L 
k�r�ä�w���é�ã�â�ê
E�r�ä�t�w���é�å�Ø�ä
E�r�ä�t�w���é�å�Ø�à
o�®�s�r�r���>�¨ �?�ä ( 8-17 ) 

In this case, a balance between the molten powder fraction �Œpow against the remelting components �Œreq 

and �Œrem is applied. 

Figure 8.36 and Figure 8.37 provides a comparison between the experimental values and the 

semiempirical density values based on measured and calculated weld pool dimensions for AlSi12 and 

1.4404. The semiempirical results based on measured weld pool dimensions provide a qualitatively 

good fit to the experimental data for 1.4404, despite being too low in the first processing zone using 

calculated and measured weld pool dimensions. It can be observed that the semiempirical model 

shows sensitivity to the reduced calculated weld pool width for 1.4404. The results for AlSi12 are too 

high in the first process parameter zone using both, measured and calculated, weld pool dimensions. 

For both materials, zones 2 and 3 are estimated accurately in qualitative terms, but the effect of 

keyhole porosity is underestimated for AlSi12 and 1.4404 using calculated weld pool dimensions.  

  

Figure 8.36: Comparison of experimentally and semiempirical determined relative density of 1.4404, 
based on measured and calculated weld pool dimensions, lvec = 10mm 

 

Figure 8.37: Comparison of experimentally and semiempirical determined relative density for AlSi12, 
based on measured and calculated weld pool dimensions, lvec = 10mm   
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8.6 Empirical density estimation 

The following empirical equations, based on the previously applied data sets for AlS12i and 1.4404 for 

medium to high intensities, introduce a further scaled down approach. The following method assumes 

that the number of melts can be expressed as 

by the product of the ratios between weld pool width and hatch distance as well as weld pool depth 

and layer thickness. This very simplified approach clearly yields some limitations in practice. Similar to 

any empirically based methods, the resulting equations are valid within the investigated process 

parameters and boundary conditions until validation under other conditions is carried out. 

�&�µ�Œ�š�Z���Œ�u�}�Œ���U�� ���� �^�}�v��-size-fits-���o�o�_�� �•�}�o�µ�š�]�}�v�� ���o�Á���Ç�•�� �������Œ�•�� �š�Z���� �Œ�]�•�l�� �}�(�� �}�À���Œ- or underestimating certain 

effects in dependence of the chosen samples. However, Figure 8.38 displays the number of melts 

according to equation ( 8-18 ) for the data set of AlSi12 and 1.4404 from previous sections.  

 

Figure 8.38: Number of melts and resulting part density for 1.4404 and AlSi12, based on data sets 
from sections 6 to 8, lvec = 10 mm, 5 mm, 2 mm 

Due to the increased weld pool dimensions for AlSi12, the observed range of the estimated number of 

melts is significantly larger compared to 1.4404. Additionally, the density drop due to keyhole welding 

increases for AlSi12. The averaged and normalized to 100% relative density against the estimated 

number of melts for AlSi12 and 1.4404 is displayed in Figure 8.39, and selected values are presented 

in Table 8.22. 

Estimation of melts �J�Ü
L
�S
�D

�@
�P
 ( 8-18 ) 
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Figure 8.39: Averaged and normalized number of melts ni versus relative density for AlSi12 and 
1.4404 

Table 8.22: Normalized relative density values versus the estimated number of melts ni for AlSi12 and 
1.4404 

Estimated number of melts Normalized relative density 
ni SD �Œrel [%] SD [%] 

0.71 0.05 75.33 2.82 
0.89 0.08 81.37 8.05 
1.14 0.07 86.21 7.82 
1.37 0.06 91.40 5.88 
1.74 0.17 96.18 3.90 
2.48 0.30 97.95 4.09 
3.45 0.31 98.98 3.36 
4.50 0.30 99.16 1.99 
6.93 1.37 99.68 2.04 
12.30 1.55 100.00 0.80 
17.39 1.56 99.25 1.50 
30.79 7.64 97.80 2.43 
65.69 17.11 97.04 0.69 
174.19 61.62 94.58 0.55 

The highest density is reached at an estimated number of approx. 12 melts, while an acceptable density 

of 99.5% is already surpassed between five to six melts. With the presented cases, the density is 

reduced if ni is higher than 12.3. To provide the best possible fit between the estimated number of 

melts and the resulting relative density, it is practical to split between a processing zone with density 

increase and decrease. The density increase can be described by an exponential equation defined as 

Density 

increase 
�J�Ü
Q�s�t�ä�w �é�å�Ø�ß
L �{�{�ä�t�y���A�:�4�ä�4�4�4�9�8�5���á�Ô�; 
F �y�z�ä�w�s���A�:�?�5�ä�:�9�;���á�Ô�; R2 = 0.9954 ( 8-19 ) 

and the density decrease a potential function given as 
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Density 

decrease 
�J�Ü
P �s�t�ä�w �é�å�Ø�ß
L �s�r�w�ä�u���J�Ü

�?�4�ä�4�6�5   (R2 = 0.9861) ( 8-20 ) 

The approximated relative density by equations ( 8-19 ) and ( 8-20 ) for AlSi12 and 1.4404 are displayed 

in Figure 8.40 and present the averaged and normalized data well.   

 

Figure 8.40: Approximation of the relationship between estimated number of melts and relative 
density by equations ( 8-19 ) and ( 8-20 ) for the samples and parameters of AlSi12 and 1.4404 

investigated in section 6 

Figure 8.41 and Figure 8.42 provide information about the fit of the experimental data and that 

obtained using the final empirical equations. The data for 1.4404 especially exhibits an obviously 

excellent fit as the empirical equations were dominantly derived from these results. Additionally, it can 

be observed for 1.4404 that the calculated weld pool dimensions provide a more continuous graph 

than that of the measured values, demonstrating that the analytical and empirical methods cannot 

cover certain influencing factors on the weld pool dimensions. 

 

Figure 8.41: Comparison of experimental and empirical model-based density using measured as well 
as calculated weld pool dimensions for 1.4404, lvec = 10mm 
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Again, the fit for AlSi12 in process parameter zone 1 is highly dependent on the weld pool dimensions 

provided as input for the model. Using measured weld pool dimensions, the empirical model slightly 

overestimates the resulting relative density, while the calculated weld pool dimensions cause a jump 

from too low to too high relative density within a small increase in volume energy density. 

 

Figure 8.42: Comparison of experimental and empirical model-based density using measured and 
calculated weld pool dimensions for AlSi12, lvec = 10mm 

Because the equations are derived from experimental density values, they already include the 

influence of the powder properties and spatter used. As indicated, the particle and spatter size 

distributions have an impact on overall process stability. The equations from sections 6.3 and 6.4 allow 

quick estimation and transfer of the resulting weld pool size deviations to calculations for minimum 

and maximum weld pool dimensions. Hence, a minimum, maximum, and average density could be 

provided that accounts for the influence of the particles on the stability of the process.  

Furthermore, standard powders for selective laser melting were used in acquiring the experimental 

data. Hence, future work could include factors to account for variations of the powder such as a smaller 

or larger particle size distributions or oddly shaped particles.  
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8.7 Model comparison and impact of weld pool dimensions 

At this point, all three density calculation models have been introduced, and their general fit with the 

experimental data was discussed using measured and calculated weld pool dimensions as input. A 

comparison of the box plots for the relative error in the calculated densities can be found in Table 8.23. 

The relative error emphasizes the effects that occur.  

It can be said that the relative error in the matrix-based and empirical models is centered around the 

0% mark, indicating an overall acceptable fit of these models. A surprising effect is observed at the 

interquartile range of the relative errors for both models as it decreases for 1.4404 from the measured 

towards the calculated weld pools. It seems counterintuitive at first, but the distribution of the errors 

shows that the largest deviations occur in unstable build situations that lead to deformation of samples 

(high energy input) or high porosity (low energy input). As a result, the measured weld pool 

dimensions, which are the main input for the density calculation, exhibit a larger than normal standard 

deviation, and the mean result might also be skewed for example by the cross section chosen. In 

contrast to that, calculation of the weld pool dimensions is confined to the continuous output of the 

underlying models that do not consider these deviations caused by recoating collisions or excessive 

weld pool sizes for instance.  

Table 8.23: Comparison of box plots for matrix, semiempirical, and empirical density model using 
measured and calculated weld pool dimensions 

Weld pool 
dimensions 

Model 
Matrix-based Semiempirical Empirical 

Measured  

   

Calculated  
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The semiempirical model with calculated weld pool dimensions is the only model for 1.4404 that 

increases the interquartile range of the relative error, while showing the largest number of outliers. 

The calculated weld pool dimensions especially show that the semiempirical model is sensitive to the 

input weld pool dimensions and the general approximated shape of the weld pool. Nonetheless, both 

the median and average relative errors in all three models are within an applicable range, especially 

considering that the largest contribution to relative error originates from the first process parameter 

zone, where minor changes in the processing environment can have a significant impact on the actual 

result. This is supported by the graphs provided in each subsection of the model descriptions. 

The results for AlSi12 are clearly different to those for 1.4404, mostly being calculated too high while 

qualitatively following the measurement values. The calculation results using measured weld pool 

dimensions as input exhibit a general offset of approximately 1% relative density at the maximum 

possible density, which is also visible in the difference in the extent of keyhole porosity. Table 8.24 

provides the exemplary box plots for normalized density data (every value is placed in relation to the 

max. calculated/empirical values of the samples), demonstrating that the models still overestimates 

density; but the matrix-based density model in particular provides a close approximation. This 

impression is underlined by the volume energy density graph displayed in Figure 8.43. However, there 

can be at least two sources for this offset: Firstly, no limiting factors impacting density besides spatter 

are considered. Other influences could be fluctuation of the weld pool width or generally increased 

weld pool dynamics due to the low viscosity melt, for example. Secondly, an error in the reference 

density of the alloy is present, which the Archimedes density method is compared against. Usually, this 

value originates from literature or the manufacturers data sheet but is batch-/melt-specific and should 

be measured to provide the best possible accuracy for the Archimedes method. 

Table 8.24: Comparison of box plots for matrix, semiempirical, and empirical density model using 
measured weld pool dimensions and normalized relative density 

Weld pool 
dimensions 

Model 
Matrix-based Semiempirical Empirical 

Measured  
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Figure 8.43: Detailed results for AlSi12 for the matrix-based density model against experimental data 
with measured weld pool dimensions as input and normalized density data, lvec = 10 mm 

Impact of weld pool dimensions on the matrix-based density model 

As shown earlier, analytical calculation of weld pool dimensions results in some error varying by 

welding regime and material. To investigate the resulting error from this input deviation, Figure 8.44 

and Figure 8.45 provide the differences that occur when the calculated weld pool dimensions are 

varied ±25% from their nominal value.  

The width variation for 1.4404 leads to the following effects: Whereas a width increase only causes a 

minor increase of relative density, reduced width has clear detrimental effects on density, which can 

result in a gap between weld tracks.  

 

Figure 8.44: Impact of ±25% weld pool dimension variation on the resulting relative density for 1.4404 
in the matrix-based model 
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The weld pool depth demonstrated clear effects on both plus and minus 25% depth. An increase in 

depth causes a density increase in the first processing parameter zone and a reduction when 

parameters lead to keyhole welding as the numbers of remelts are increased. 

AlSi12 exhibits similar behavior to 1.4404 overall, although to a different extent in relation to the larger 

weld pools encountered with this alloy. Again, variations in weld pool width show a lesser impact than 

in weld pool depth. The effect of weld pool depth is especially prominent in the first process parameter 

zone, where small changes in depth have a significant impact on both the number of remelts and the 

molten powder fraction. However, in the volume energy density range with significant keyhole 

welding, no difference can be observed with this model as the maximum relative density penalty is 

reached and the density cannot drop any lower.  

 

Figure 8.45: Impact of ±25% weld pool dimension variation on the resulting relative density for AlSi12 
in the matrix-based model 

In conclusion on variations in weld pool dimensions, it can be said that the matrix-based model 

demonstrates the expected behavior for both materials. As the semiempirical and empirical model are 

derived from the same basis as the matrix-based model, variations in weld pool dimensions have 

similar impacts but to a different extent. 

8.8 Conclusion 

This section explained in detail how single aspects of the SLM process can be approximated to predict 

the resulting relative part density of a given parameter and material combination. This section reviews 

the process and provides the final flow charts for each subsection. An initial overview of the underlying 

principle of the relative density estimation can be found in Figure 8.1.  
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8.8.1 Model inputs 

In general, the quality and quantity of the available model inputs determine the precision of the 

calculation. However, the less inputs needed and the easier they are obtainable, the higher the 

usability of the proposed model. Table 8.25 provides an overview of the required inputs for the full 

matrix-based model.  

Table 8.25: Overview of required model inputs for material and powder properties as well as process 
parameters 

Property Parameter Comment 

Material 

Melting temperature See Table 2.4 

Boiling/Vaporization temperature 
See Table 2.4, if not available, use the 

value of the base alloy. 

Absorptivity 
See Table 2.1, At least of flat polished 

surface 
Density See Table 2.5 

Thermal conductivity See Table 2.6 

Thermal diffusivity 
See Table 2.8, either as fixed reference 
value or calculated by equation ( 2-20 ), 
table with reference values preferred 

Specific heat capacity See Table 2.7 
Dynamic viscosity See Table 2.11 
Surface tension See Table 2.11 

Surface tension temperature gradient See Table 2.11 

Powder 
Apparent (bulk) density 

Examples found in section 5.8 
Distribution values D0, D10,D50,D90, D95/D100 

Tap density 
Particle size distribution 

Spatter 
Mesh size 

Of the sieve used for recycling of the 
powder, otherwise D100 

Spatter particle size distribution 
From Table 6.17 or estimation by equation 

( 6-1 ) to ( 6-3 ) 

Process 
parameters 

Laser power - 
Scan speed - 

Hatch distance - 
Layer thickness - 

Average scan vector length - 
Scan vector rotation Between layers 
Hatch (island) shift Between layers 

 

It must be noted that the availability of temperature-dependent material properties is limited 

especially in ranges up to the melting or even vaporization temperature. However, even when 

calculation is carried out with material properties at room temperature and values such as the viscosity 

of the melt are approximated from similar alloys, the results will still provide good qualitative 

comparisons for different materials if the same temperature level for the material properties is used.  
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8.8.2 Weld pool size calculation 

The flowchart in Figure 8.46 provides an overview of the procedure for analytical estimation of weld 

pool size. The determination of the local preheat temperature can be left out for simplification. 

However, this results in reduced accuracy for scan vectors shorter than 5�t10 mm depending on the 

material.  

 

Figure 8.46: Overview flowchart for estimation of weld pool size   

The following key observations were made during the course of this study: It is confirmed that a 

reasonable first estimation of weld pool dimensions for SLM is possible using the Rosenthal approach 

[see equation ( 3-11 )]. The accuracy can be increased by the adaptive Rosenthal model discussed in 

section 8.2 that uses absorptivity to adjust for the present welding regime. It must be mentioned that 

this statement is true for beam diameters around 90�t120 µm or mainly conduction-driven welding 

regimes. �Z�}�•���v�š�Z���o�[�•�����‰�‰�Œ�}�����Z���Z���•���������Œ�}�������•�‰�����š�Œ�µ�u���}�(�����‰�‰�o�]�����š�]�}�v�•�����v�������o�o�}�Á�•���•�]�u�‰�o�� implementation 

of most process parameters except beam diameter. Due to the lack of temperature-dependent 

material properties as well as phase transitions, this method underestimates weld pool depth for 

materials with higher thermal conductivity such as AlSi12 (�„ = 120 Wm-1K-1) as well as for parameters 

that lead to distinct keyhole welding. The validation trials presented in section 9 are conducted with 

additional materials with thermal conductivities between 60 Wm-1K-1 to 400 Wm-1K-1, which should 

further elaborate the practical boundaries of this method.   
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The simplified absorptivity model as shown in section 8.2.1 and equation ( 8-1 ) provides a first 

estimation of the transition towards increased absorptivity during keyhole welding, which is needed 

for more accurate calculation of weld pool size. However, the introduced rule of doubling the 

absorptivity is clearly a conservative measure as many materials have shown values beyond this mark. 

A universal and process parameter-dependent analytical model would provide a more precise input. 

The determination of the local preheat temperature demonstrated in 8.2.2 is a useful tool to estimate 

the effects of different scan vector lengths, which enables specific power reductions to counteract 

overheating in constrained situations.  

8.8.3 Density estimation 

The previous sections introduced three methods for determining the resulting relative density of a 

given process parameter and material combination. As displayed in Figure 8.47, all models share basic 

inputs which include material and powder properties as well as process parameters that result in the 

same outputs with different levels of accuracy and information that can be obtained.  

 

Figure 8.47: Overview of density estimation models 

The empirical and semiempirical model are restricted to displaying the resulting density in relation to 

the weld pool width and depth as well as basic scan strategy inputs of hatch distance and layer 

thickness. In that regard, the matrix-based model can provide a more in depth look at resulting 

patterns in build errors or microstructure, hot spots, or the influence of additional scan strategy inputs 

such as hatch rotation or shift. The flowcharts from Figure 8.48 to Figure 8.51 provide an overview of 

the different methods. 
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Figure 8.49: Overview of the matrix-based relative density estimation 

 

Figure 8.50: Overview of semiempirical relative density estimation 
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Figure 8.51: Overview of empirical relative density estimation 

In reviewing the three introduced models, it can be said that the matrix-based approach is the most 

detailed and enables implementation of the most important primary and secondary processing 

parameters as well the powder influence. The programming effort and computational requirements 

are low, resulting in quick predictions for large sets of parameters, especially when GPU acceleration 

is applied for the matrix operations. Both empirically based models result in sufficient representation 

of the underlying samples of AlSi12 and 1.4404 for powders that can be considered standard for SLM. 

However, the verification in section 9 will demonstrate whether they are also usable for other 

materials. 

Further observations made during development and testing of the models are listed below: 

- The matrix-based model can be used to approximate the density of a part based on the main 

process inputs and the resulting weld pool cross section. The main effects such as linear density 

increase in parameter zone 1 and density saturation in zone 2, and the keyhole effect can be 

displayed. 

- The first processing zone is equally influenced by the overlap of the weld pools and the ratio 

of the weld pool depth to the introduced artificial particle size distribution. The influence of 

powder and spatter is drastically reduced once the weld pool depth (and partially the width) 

exceeds the diameter of the largest expected particle in the powder bed. That particle 

originates most likely from the weld spatter. However, as the example has shown, this impacts 

mainly the relative density range between 98�t100%. 

- The influence of the powder is implemented by a cumulative distribution function Fpow(d) that 

is not solely based on the powder properties (D0, D10, D50, D90) but also on the spatter size.  

- The results of all three relative density models sufficiently estimate the main contributing 

effects to relative density for 1.4404. The performance of the models in the first processing 

zone for AlSi12 show that yet other influencing factors need consideration. It is highly likely 

that shape factors, packing density of the powder layer, or the humidity within the powder 

bed cause the lower than estimated experimental values.  
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9 Validation and processing diagrams 

The developed models were validated using varying machine setups and material combinations to 

ensure the robustness of the method and obtain its limits. The model parameters were fixed for the 

upcoming trials. The tests were carried out on the well-characterized Inconel 718, but also materials 

such as Inconel 625, Haynes 230, or 1.4542, whose material properties are not as well investigated. 

Additional samples of 1.4404 and AlSi12 were also tested. For every material tested in-house, an 

overview of the used parameters is provided in combination with the powders used. A list with detailed 

powder properties can be found in section 5.8. 

Furthermore, external references were collected and calculated. However, for many experimental 

studies, certain aspects like the powder properties or beam characteristics are less documented, 

creating a possible source error for the calculations. If the powder properties were not available, a 

�^�•�š���v�����Œ���_�� �‰�}�Á�����Œ��was assumed with the following distribution values: D10 = 15 µm, D50 = 30 µm, 

D90 = 45µm, D98 = 63µm. Packing density values of 50% apparent and 60% tap density were applied. 

Nonetheless, only studies were included that provide the main processing parameters such as power, 

scanning speed, hatch distance, and layer thickness.  

Wherever possible, the results of all three approaches for estimating relative density are displayed and 

compared. All weld pool dimensions are calculated according to the previously introduced workflow 

including the local preheating temperature. 

9.1 Processing of nickel and nickel-based alloys 

Nickel-based alloys have a broad range of applications in the chemical, electronic, energy, and 

aerospace industries. The tested alloys Inconel 718, Inconel 625, and Haynes 230 are well established 

alloys for high-temperature, high-stress, and corrosive applications, whereas pure nickel and other soft 

magnetic compounds (NiFe50, NiFe14Cu5Mo) are often used as cores in valve bodies or as a shielding 

material in electronic applications.  

9.1.1 Pure nickel 

As a base line and to show how differently pure elements and their alloys can behave, pure nickel 

powder was processed on two different machine and parameter setups, displayed in Table 9.1. 
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Table 9.1: Overview of used parameter sets used for verification sorted by machines for pure nickel 

Parameter Unit 
Machine 

Concept Laser M2 - G1 Concept Laser M2 - G4 
P W 194 �î�ì�ì�Y�ð�ì�ì 
D mm 0.1 0.085 

M2 - ~1.6 >1.2 
v mm/s �ð�ñ�ì�Y�í�ï�ñ�ì �ó�ñ�ì�Y�ð�ì�ì�ì 
h mm 0.075,0.090,0.105 0.068 
t mm 0.03 0.03 

hshift mm 0.001 0 
�rrot Deg 90 90 
lvec mm 10 10 

Dmesh mm - 0.063 
Powder - Ni 5 Ni 5 

Condition - Virgin Recycled 
Comment - Powder irregularly shaped 

The resulting processing diagrams display vastly different outcomes for the different machine setups, 

which can be seen in Figure 9.1 and Figure 9.4. The origin of these differences will be discussed in the 

next paragraphs. First, the below illustrated results for the matrix-based model of the medium-

intensity setup overestimates relative density across the entire parameter range investigated. 

However, compared qualitatively, the matrix model yields correct trends for the transition between 

processing zone 1 and 2 at approximately 100 J/mm3.  

 

Figure 9.1: Processing diagram of pure nickel for Concept Laser M2 Generation 1 comparing 
measured, computed relative density; red dots indicate results from a modified packing density (25%) 

and PSD (P90 = 80 µm, P98 = 150 µm, P90 = 250 µm) with identical weld pool dimensions 

Two sources of error have been identified in this case: The first reason can be found in the feedstock 

and the second within the weld pool size calculation. The powder is composed of extremely irregularly 

shaped particles (see Table 6.20, pure nickel), which significantly affects packing density and 

flowability. Additionally, the powder was not preconditioned and checked for the correct particle size 

distribution. After the first sieving run with a 63 µm sieve, a vast amount of powder was found in the 

overflow bin, indicating a larger than specified particle size distribution. As a result, it was observed 
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that the first layers of the build job resulted in a qualitatively low particle density, which were covered 

by a growing layer of powder until a steady process was achieved. In the end, every consolidated layer 

was visibly lower than the working plane. That mechanism is similar to that of the effective layer 

thickness but seemed so strong that the weld pool only partially penetrated the previously 

consolidated material. This impression is confirmed by the top view and cross section of the highest 

density sample shown in Figure 9.2, which exhibits interrupted weld tracks as well as significant 

amounts of porosity within the investigated area. 

  

Figure 9.2: Top view (left) and xz-plane cross section (right) of SLM processed pure nickel, P = 200W, 
D = 0.1 mm, v = 600 mm/s, h = 0.09mm, t = 0.03mm 

Another factor that needs consideration in this regard is the role of the powder as a filler material for 

the weld pool: If the packing density during the initial layers of the build job is too low, the consolidated 

layers will also show a reduced height. The difference between nominal and effective layer height 

grows larger until a steady state is reached that is far from the expected value. The additional graph in 

Figure 9.1 showing the modified particle size distribution (P90 = 80µm, P98 = 150 µm, P100 = 250 µm) 

demonstrates this effect. P100 =250 µm equals the estimated effective layer thickness by the end of the 

process. Figure 9.3 illustrates the effects of changing packing density and particle size distribution on 

the relative density of a part with given weld pool dimensions. The reduction in maximum relative 

density results from a worsening ratio between the largest particle diameter and the weld pool, 

whereas the incline of zone 1 relies on both the initial packing density of the powder layer and the 

maximum possible density. 

Y

XZ

Z

XY
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Figure 9.3: Effect prediction of varying packing density and particle size distribution on relative 
density with identical weld pool sizes 

A further trial conducted on a fourth generation Concept Laser M2 machine with reduced hatch 

distance, increased intensity, and presieved powder enabled improved processing as well as prediction 

results that are illustrated in Figure 9.4. 

  

Figure 9.4: Processing diagrams of pure nickel for Concept Laser M2 Generation 4, with reduced hatch 
distance and presieved powder (mesh size 63 µm); red cross �]�v���]�����š���•���^�����(�����š�lgreatly �����(�}�Œ�u�����_�����µ���� 

The computed values accurately display the point and level of saturation around 100 J/mm3. 

Preconditioning the powder with a 63 µm mesh sieve made it possible to positively influence the 

saturation level by shifting the ratio between the weld pool depth and maximum particle diameter. 

The process parameter with P = 400 W and v = 4000 mm/s resulted in powder blowing out of the 

processing zone and reduced density. The test cube at high power in combination with v = 1000 mm/s 

caused an unstable build process, also leading to reduced density (marked X in Figure 9.4). 
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9.1.2 Inconel 718 (2.4668) 

Inconel 718 is a standard material in selective laser melting for which a large set of parameters and 

detailed material properties are available. In the present study, the material was processed with the 

parameters listed in Table 9.2, starting with low intensities and lower quality beams up to a state-of-

the-art high-intensity environment.  

Table 9.2: Overview of used parameter sets used for verification sorted by machines for Inconel 718 

Parameter unit 
Machine 

Concept Laser M1 
Concept Laser M2 

G1 
Concept Laser M2 

G4 
P W 95 �î�ì�Y�í�õ�ð �í�ì�ì�Y�ð�ì�ì 
D mm 0.16 0.1 0.085/0.12 

M2 - >5 ~1.6 >1.2 
v mm/s �î�ð�ï�Y�ñ�ì�ì�ì �ô�ð�ì�Y�ñ�ì�ì�ì �ñ�ì�ì�Y�ð�ì�ì�ì 
h mm 0.12 0.09 �ì�X�ì�ò�ô�Y�ì�X�í�î 
t mm 0.03 0.03 0.03 

hshift mm 0.001 0.001 0 
�rrot Deg 90 90 90 
lvec mm 10 10 10 

Dmesh mm 0.063 0.1 0.63 
Powder - Ni 1, Ni 2 Ni 1 Ni 2 

Condition - Recycled 

The resulting processing diagram for low-intensity processing is provided in Figure 9.5 (left). Two 

powders were processed: The fine Ni01 and the coarser Ni02, both of which are considered standard 

powders for SLM. Low-intensity processing of the finer powder yields higher densities at low energy 

inputs, but in the end the graphs for Ni01 and Ni02 merge when the plateau parameter is reached. 

Hence, it can be concluded that for low-intensity processing and the resulting lower weld pool depths, 

a finer powder can be beneficial for an increase in productivity or density.  

The computed values show a good fit up to a volume energy density of ~25 J/mm3. Above ~25 J/mm3, 

the calculated values start deviating from the empirical results and join to a single graph. Furthermore, 

a higher maximum density is observed for the computed compared to the experimental values.  
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Figure 9.5: Low-intensity/high M2 processing of Inconel 718 on Concept Laser M1 with powder Ni1 
and Ni2, Standard (left) and modified (right) with weld pool depth calculation solely based on Ye et al. 

to demonstrate the effect of weld pool depth 

Increased deviation from the measured values above 25 J/mm3 for the standard matrix model is a 

result of an increased calculated weld pool depth. If the weld pool depth is calculated using the model 

of Ye et al. [209] (Figure 9.5, right), the graph of the matrix model more closely follows the 

experimental results. Furthermore, better estimation of the weld pool depth displays more clearly the 

qualitative difference in densification behavior for both powders. 

The results of medium- and high-intensity processing of Inconel 718 are displayed Figure 9.6 and Figure 

9.7. In comparison to the relative density of 98% encountered during low-intensity processing, the 

achievable relative density reaches a maximum of nearly 100%, which emphasizes the role of the ratio 

between weld pool depth and particle size distribution.  

  

Figure 9.6: Medium-intensity processing of Inconel 718, density obtained by matrix-based model, 
weld pool depth by adapted Rosenthal approach or according to Ye et al. [209] 
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At medium intensity, the unmodified results (matrix-based model, adapted Rosenthal approach) of the 

density calculation yields an overestimation in density below 35 J/mm3, continued by a slight 

underestimation up to the saturation point. In general, it can be stated that the density calculation 

seems to include the correct underlying mechanisms, but accuracy is highly dependent on the weld 

pool size inputs. This assumption is confirmed when weld pool depth alone is calculated with the 

equation according to Ye et al. [209], achieving an overall improved fit for relative density. 

The high-intensity processing results for Inconel 718 displayed in Figure 9.7 exhibit a good fit for the 

transition from parameter zones 1 to 2 as well as the saturation level for the matrix-based model and 

the experimental data. Overlaying the medium-intensity data also displays the practical intensity limit 

for SLM processing, meaning that there are only marginal gains achievable in terms of productivity by 

a further intensity increase. 

  

Figure 9.7: High-intensity processing of Inconel 718 

9.1.3 Inconel 625 (2.4856) 

Another often used high-temperature nickel-based alloy is the solid solution strengthening 

Inconel 625. The investigated parameter set is displayed in Table 9.3 and the corresponding results in 

Figure 9.8. 

Table 9.3: Overview of used parameter sets used for verification of Inconel 625 

Parameter Unit 
Machine 

Concept Laser M2 - G1 
P W 188 
D mm 0.1 

M2 - ~1.6 
v mm/s �ð�ñ�ì�Y�í�î�ì�ì 
h mm 0.0�ó�ñ�Y�ì�X�í�ì�ñ 
t mm 0.03 

hshift mm 0.1 
�rrot Deg 90 
lvec mm 10 

Dmesh mm 63 
Powder - Ni 3 

Condition - Virgin 
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The data shown in Figure 9.8 demonstrates an overall good fit and models the transition between 

zones 1 and 2 at the correct volume energy density. The relative density peak of the matrix model and 

the plateau level of the experimental values are at similar points. Above 130 J/mm3 volume energy 

density, the occurrence of keyhole welding is estimated by the matrix model, causing a decrease in 

density not reflected in the experimental values. However, the matrix model would correctly predict 

�š�Z�����š�Œ���v�•�]�š�]�}�v���š�}�Á���Œ���•�����v���^�µ�v�‰�Œ�}���µ���š�]�À���_���‰���Œ���u���š���Œ�����v�����o�]�l���o�Ç���}�À���Œ�Z�����š�]�v�P���}�(��thin-walled structures. 

 

Figure 9.8: Medium-intensity processing of Inconel 625, results for relative density and weld pool 
dimensions 

This difference is a result of deviations in the weld pool size calculations and the adaptive cross section 

model. The computed weld pool width is slightly less than the measured values (approx. 10%), whereas 

the depth values for the model of Ye et al. are roughly 30% higher than the experimental results. This 

combination leads to aspect ratios which do not evoke the keyhole ellipse by the applied aspect ratio 

criteria. Figure 9.9 illustrates this effect on a weld pool with nearly identical measured and computed 

depth values. Hence, the mismatch of the calculated weld pool dimensions is the source of the 

observed increase in keyhole effect as the significantly deeper weld pools cause an increased number 

of melts in subsequent layers. 

 

Figure 9.9: Comparison of measured and computed weld pool cross-sections of Inconel 625 at 
P = 188 W, D =0.1 mm, v = 600 mm/s, h = 0.075 mm, t = 0.03 mm 
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9.1.4 Haynes 230 (2.4733) 

Haynes 230 is a highly oxidation- and heat-resistant nickel-based alloy commonly used in the chemical 

industry and energy sectors. The alloy is known for good weldability, which should result in a crack-

free microstructure for additively manufactured materials. The used parameters are listed in Table 9.3.  

Table 9.4: Overview of parameter sets used for verification of Haynes 230 

Parameter Unit 
Machine 

Concept Laser M2 - G1 
P W  
D mm 188 

M2 - 0.1 
v mm/s ~1.6 
h mm �ð�ñ�ì�Y�í�î�ì�ì 
t mm �ì�X�ì�ó�ñ�Y�ì�X�í�ì�ñ 

hshift mm 0.03 
�rrot Deg 0.1 
lvec mm 90 

Dmesh mm 10 
Powder - 63 

Condition - Ni 4 
Parameter Unit Virgin 

The fit of the computed against the experimental values gives a similar impression to Inconel 625 and 

is displayed in Figure 9.10. The relative densityresults of the full matrix-based model within zones 1 to 

2 is predicted correctly, whereas the keyhole penalty is overemphasized.  

 

Figure 9.10: Relative density and weld pool dimensions for medium-intensity processing of Haynes 
230 

The calculated saturation point is on par with the experimental results and a process parameter that 

is balanced between productivity and quality would have been predicted correctly. Within this study 

of Haynes 230, the empirical equation provides the best fit for the three models in parameter zone 2. 
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Both the empirical and semiempirical model demonstrate a better fit than the matrix model in the 

keyhole-dominated processing zone 3, which predicts an increased keyhole effect. Again, it is observed 

that the weld depth with the model of Ye et al. is overestimated, the weld pool width slightly 

underrepresented. 

9.2 Processing of iron-based alloys 

The following section displays a number of selected experimental results of common iron-based 

materials in selective laser melting: 1.4404, 1.2709, and 1.4542. All chosen examples possess good to 

excellent weldability, mainly because of their low carbon content, and are used for a broad range of 

applications such as in the medical industry or tooling. 

9.2.1 1.4404 (316L) 

As many samples for 1.4404 were already used for the development of the models, this section 

concentrates on external references to expose the model to further conditions. The process 

parameters are obtained from studies by Wang et al. [200], Dong et al. [50], Spierings et al. [175], and 

benchmark parts that were obtained from service providers who use different SLM Solutions machines 

with custom parameters. 

Table 9.5: Overview of parameter sets used for verification, sorted by machines for 1.4404/316L 

Parameter Unit 

Benchmark 
studies 

 
Wang et al. 

[200] 
Dong et al. 

[50] 
Spierings et 

al. [175] 
SLM 

Solutions 
125 

SLM 
Solutions 
250 HL 

- EOS M280 
Concept 
Laser M1 

P W 200 150 160 200 104 
D mm 0.09 0.09 0.08 0.1 0.16 

M2 - - - - - >5 
v mm/s 1100 875 600 400 300-850 
h mm 0.09 0.11 0.07 �ì�X�ì�ó�ñ�Y�ì�X�î 0.12 
t mm 0.03 0.03 0.03 0.05 0.03 

hshift mm 0 0 0 0 5 
�rrot Deg 67 67 90 67 90 
lvec mm 10 10 5 10 5 

Dmesh mm - - - - - 
Powder - - - - - - 

Condition - Recycled Recycled Recycled Recycled Recycled 

The results are illustrated in Figure 9.11. The accuracy of the matrix-based model depends on the 

energy input of the chosen parameter. Saturation above 75 J/mm3 volume energy density including a 

slight density reduction is well represented for the studies of Wang et al. [200] and Dong et al. [50]. 

Below 75 J/mm3, the computed values share the same trends but deviate from the experimental values 

between 0.8% to 2.5% relative density.  
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Figure 9.11: Comparison of computed vs. experimental relative density for 1.4404 

Figure 9.12 illustrates a possible source of the encountered deviation. Within process parameter zone 

1, all of the presented models are highly sensitive to the actual weld pool dimensions and its relation 

to the particle size distribution. The matrix-based model already varies the weld pool dimensions 

within the estimated standard deviation and partially compensates for this type of error. However, the 

semiempirical or empirical models use the calculated average weld pool dimensions. In the example 

of Dong et al. in Figure 9.12, the results for the minimum, maximum, and nominal weld pool depth are 

shown. Whereas the higher energy densities result in nearly identical values, the lower energy density 

parameters exhibit an increased range between density results. Hence, the results within process 

parameter zone 1 are significantly dependent on the calculated weld pool dimensions. This emphasizes 

the need for a precise weld pool size model. 

 

Figure 9.12: Influence of weld pool size on the semiempirical density model and comparison against 
the matrix model for the experiments of Dong et al. [50] 

Comparison of the experimental results of Spierings et al. [175] with the estimated values for the 

density models delivers a similar impression. However, the matrix and empirical model provide a close 
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fit to the experimental data, whereas the semiempirical model falls short up to the saturation level at 

approximately 75 J/mm3. 

 

Figure 9.13: Result comparison of three relative density models with experimental density for 1.4404 
with results from Spierings et al. [175] 

9.2.2 1.2709 (MS300) 

1.2709 is the most-used hot working maraging steel for selective laser melting and many OEMs provide 

a working set of parameters to help customers get up and running quickly. The material is especially 

used for tool inserts as it reaches a hardness above 50 HRC after heat treatment, according to Kempen 

et al. [98]. However, this material exemplifies a typical case in additive manufacturing: The basic 

material properties are known within typical applications but far less characterized than 1.4404 for 

example. Hence, 1.2709 demonstrates a practical case where the material properties at room 

temperature are collected from data sheets and the supplied powder is characterized for its basic 

properties. The physical properties are shown in Table 9.6, and the powder data is provided under 

section 5.8. Flat surface absorptivity is set to 0.3. 

Table 9.6: Material properties of 1.2709 (Maraging 300) 

 Density 
Thermal 

conductivity 
Specific heat 

capacity 
Thermal 

diffusivity 
Liquidus 

temperature 
Boiling 

temperature 
Unit kg m-3 W m-1K-1 J kg-1 K-1 m2 s-1 K K 

 8100 14 460 3.71 �R 10-6 1490 3023.15* 
Source Boehler [31] Calculated Oerlikon [132] *Based on Fe 

 

Reference parameters are present in the literature, for example by Kempen et al. [98] or 

Simson et al. [169]. The process parameters for the experimental study are listed in Table 9.7. 
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Table 9.7: Overview of parameter sets used for verification, sorted by machines for 1.2709 /  Maraging 
300 

Parameter Unit 

Machine Kempen et al. Simson et al. 

Concept Laser 
M1 

Concept Laser 
M2 

Generation 1 

Concept Laser 
M3 

EOS M290 

P W 100 188 100 285 
D mm 0.16 0.1 0.16 0.1 

M2 - >5 ~1.6 - - 
v mm/s �í�ó�ñ�Y�ð�ñ�ì �ð�ñ�ì�Y�í�î�ì�ì �í�ñ�ì�Y�ð�ì�ì 960 
h mm �ì�X�í�í�Y�í�X�ð 0.09/0.105 0.112 0.11 
t mm 0.03 0.03 0.03 0.04 

hshift mm 0.1 0.1 5 - 
�rrot Deg 90 90 90 67 
lvec mm 10 10 5 10 

Dmesh mm 0.063 0.063 - - 
Powder - Fe 4 - - 

Condition - Recycled - Virgin 

The computed and experimental results obtained are displayed in Figure 9.14. Although only the room-

temperature material properties are available, the outcome of the computation demonstrates a very 

good fit for the data at medium intensity as well as the literature references from Kempen et al. and 

Simson et al. The highest deviation occurs in the low-intensity examples where the results in process 

parameter zone 1 are too low, but the highest possible density is estimated above the experimentally 

achieved values. It can be concluded that with basic material data, the density models can achieve 

sufficient results for 1.2709�v especially in process parameter ranges with high and medium intensities. 

 

Figure 9.14: Processing results for 1.2709 (Maraging 300), external references by Kempen et al. [98] 
and Simson et al. [169] 

The comparison of the relative density models displayed in Figure 9.15 shows that the models and the 

experimental data for medium-intensity processing share similar trends. In the case of 1.2709, all 

models yield usable results, but the empirical and semiempirical models provide the closest fit to the 

experimental data. The density models predict the saturation level higher than the experimental 
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model. This is likely the result of a misfit in reference density of the Archimedes density measurements 

used for the experimental values.  

 

Figure 9.15: Comparison of relative density models for mid-intensity processing of 1.2709 

(Maraging 300) 

9.2.3 1.4542 (17-4 PH) 

1.4542 is a common, primarily martensitic phase-hardening stainless steel, which is valued for its 

increased mechanical strength compared to 1.4404 while maintaining very good corrosion resistance 

and decent toughness. Similar to 1.2709, the material properties under common use conditions are 

known, but high-temperature properties (>500 °C) are scarcely available. Weldability is good, but 

depending on the chemical composition, the material exhibits a tendency for stress crack formation, 

which can be reduced by preheating the substrate or build chamber. Studies including parameter 

optimization have been published for example by Gu et al. [74] or Ville et al. [126,127], support 

structures by Järvinen et al. [95] as well as post-processing related work by Zapico et al. [210] or Kolb 

et al. [106]. Furthermore, the material can be found in the standard materials list of SLM equipment 

manufacturers such as EOS or Concept Laser. However, the available standard processing parameters 

are mostly a compromise that is aimed towards high material integrity (therefore higher energy input), 

which results in reduced productivity, geometry limitations, or increased surface roughness. Hence, 

for specific applications, microstructural optimization, or increased productivity, custom solutions 

need to be established.  

For the present study, a layer thickness of 20 µm is required to improve the resolution in build 

direction. Nonetheless, a minimal layer thickness of 20 µm results from the practical resolution limit 

imposed by the particle size fraction, packing density, and the resulting effective layer thickness. The 

material properties displayed in Table 9.8 are collected from data sheets and openly accessible 

publications. The processing parameters applied are shown in Table 9.9. The values from the 

publication of Gu et al. [74] were chosen as reference parameters as they include the standard 

parameter of the machine manufacturer (EOS). 



176 

176 

Table 9.8: Material properties of 1.4542 (17-4 PH) at room temperature 

 Density 
Thermal 

conductivity 
Specific heat 

capacity 
Thermal 

diffusivity 
Liquidus 

temperature 
Boiling 

temperature 
Unit kg m-3 W m-1K-1 J kg-1 K-1 m2 s-1 K K 

 7870 15.2 460 4.58  �R 10-6 1440 3023.15* 

Source 
Powder 

data 
sheet 

Rack [150] AKSteel [1] Rack [150] 
Sandmeyer 

[158] 
*Based on Fe 

 

Table 9.9: Overview of parameter sets used for verification, sorted by machines for 1.4542/17-4 PH 

Parameter Unit 

Machine Gu et al. [74] 
Concept Laser 

M2 
Generation 4 

EOS M270 

P W �í�í�í�Y�ð�ì�ì �ó�ì�Y�í�õ�ñ 
D mm 0.05/0.085 0.1 

M2 - >1.1 - 
v mm/s �õ�ì�ì�Y�ó�ì�ì�ì �î�ô�ó�Y�í�î�ì�ì 
h mm 0.042/0.05/0.085 0.1 
t mm 0.02 0.04 

hshift mm 0 - 
�rrot Deg 90 67 
lvec mm 10 60 

Dmesh mm 0.032 - 
Powder - Fe 3 - 

Condition - Recycled - 

The results of the matrix-based model for the experimental 20 µm layer thickness tests followed the 

trend of the experimental values within a practical margin of error, which can be seen in Figure 9.16. 

  

Figure 9.16: Experimental data for 1.4542, highlighted samples of Fe03 suffer from powder blow-off 
in the processing zone, highlighted samples of Gu et al. [74] are processed at low intensities 
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The samples of Gu et al. [74] exhibit larger deviations for the matrix model until the experimental and 

calculated results merge above 70 J/mm3. In this case, the estimated weld pool dimensions or the 

partially estimated powder properties are a possible source of error. Nonetheless, the empirical model 

would have provided a better density estimation for the parameters chosen by Gu et al. [74]. 

Furthermore, the samples highlighted in the graph represent a small number of results that are 

significantly different from those measured. The deviating values of Gu et al. are processed at low 

intensity and laser power of 70 or 95 W. The three samples highlighted in the author�[s study vary much 

more than those of Gu et al. A possible cause is found in the high intensity and scan speed parameters 

themselves: P = 400 W, D = 0.05 mm and v = 3000/4000/7000 mm/s. Hence, these samples display an 

extreme set of process parameters not typically found in the state of the art for selective laser melting. 

This combination causes a blow-off of powder from the processing zone, which has already been 

observed at other high scan speed samples in this work and is investigated in detail in other work, for 

example by Matthews et al. [129].  

9.3 Processing of aluminum-based materials 

9.3.1 Pure aluminum 

Pure aluminum is mainly used in electrical and heat exchanger applications, where it is of value due to 

its high conductivity and solderability. The pure aluminum powder used for the study exhibited large 

agglomerates and poor flowability in the as-delivered condition. After drying the powder under 

nitrogen atmosphere in the machine for 24h, the flowability was sufficient to create even layers of 

powder. This behavior repeated after longer storage periods. The powder measurements and the 

picture displayed in Figure 9.17 were taken in a mostly dried condition. However, it must be stated 

that the powder showed instant surface discoloring when exposed to standard environmental 

conditions. This indicates a humidity intake, and it is unclear how much humidity was left in the powder 

during processing, which could affect the actual process results. Additionally, the picture indicates the 

high compactability of the powder and its hardly sufficient flowability.  

 

Figure 9.17: Flowability issues after 24h of drying in the machine 

The parameters applied in the study are shown in Table 9.10; the computed and experimental results 

displayed in Figure 9.18. deviate considerably. 
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Table 9.10: Parameter set for verification for processing of pure aluminum 

Parameter Unit 
Machine 

Concept Laser M2 
Generation 1 

P W 194 
D mm 0.1 

M2 - 1.6 
v mm/s �î�ì�ì�Y�õ�ñ�ì 
h mm �ì�X�ì�õ�Y�ì�X�í�ò�ñ 
t mm 0.03 

hshift mm 0 
�rrot Deg 90 
lvec mm 5 

Dmesh mm 0.075 
Powder - Al 2 

Condition - Recycled 

The required volume energy density of approx. 130 J/mm3 for the transition towards the saturated 

density is similar between the models and experimental values, but the density levels are approx. 3% 

apart. 

  

Figure 9.18: Computed and experimental processing diagram for pure aluminum 

Two main reasons for the difference between the computed and measured values were identified. 

Firstly, the humidity in the powder�v that is, the water bound to the surface of the particles, the 

vaporization of which takes up energy that is otherwise available for the creation of the weld pool but 

is also a source of possible hydrogen-induced porosity. Another drastic example of powder humidity 

on the processing window of AlSi12 is discussed by Li et al. [118] for example.  

Secondly, the interaction of shielding gas flow and vaporization. The pure aluminum was processed 

with the recommended shielding gas settings for AlSi12 but demonstrated qualitatively highly 

increased rates of vapor released into the build chamber compared to AlSi12. An increase in crossflow 

flowrate was not possible as higher volume flowrates started blowing powder through the build 
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chamber. This was not identified as an issue during the first stage of the parameter development for 

the conventional 10x10 mm2 test cubes as the parameter variation resulted in a short pause between 

the different samples during which the processing zone could be cleared of welding vapor. 

Nonetheless, the locally present vapor absorbs laser energy and distorts the actual beam profile, 

creating an undefined tool. This effect is discussed in detail for example in the work of 

Ladewig et al. [113].  

Processing of the parts revealed that increasing the continuous scanning time drastically decreases the 

surface quality of the top surfaces, effecting the subsequent layers significantly. Figure 9.19 displays a 

comparison of a 5 and 10 mm scan vector length cube as well as details of the 10 mm cubes surface 

and a part surface. 

   

Figure 9.19: Comparison of 5 and 10 mm scan vector length cubes (left), detail of the 10 mm cube 
(middle), and overview of a part section with 5 mm island scanning (right) 

Consequently, the scan vector length is varied and reduced to 3 mm to make use of the scanning pause 

imposed by the jumps between islands. Combining scanning pause and jumps to different sections of 

the build chamber allowed for reliable processing of the material with the following parameter 

combination using Concept Laser M2 G1: P = 194 W, v = 250 mm/s, h = 0.12 mm, t = 0.03 mm, and 

3 mm island size for the chessboard scanning strategy. Nonetheless, long scanning times due to large 

cross sections per layer resulted in an increased number of defects, having a negative effect on density 

and mechanical properties as shown in Figure 9.20. It is observed that with each sample (and therefore 

increasing scanning time) the properties deteriorate. 

 

Figure 9.20: Results of tensile testing of four horizontally built samples in as-built condition 
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This example demonstrates that parameter development can be greatly influenced by boundary 

conditions such as humidity in the powder, excessive vaporization, or insufficient shielding gas flow. 

Furthermore, it also shows that the current calculation model does not consider these factors and 

���•�•�µ�u���•�� �^�‰���Œ�(�����š�_�� ���}�µ�v�����Œ�Ç�� ���}�v��itions. All these factors should either be avoided by drying and 

sufficient vapor extraction or find consideration in future work. 

9.3.2  AlSi10Mg and AlSi12 

AlSi10Mg and AlSi12, which has been investigated before, are common, well weldable, and near-

eutectic aluminum casting alloys. The following section discusses the differences between the 

computed and measured values observed between the materials and studies. Various work is available 

on the processing window for AlSi10Mg�v for example by Thijs et al. [179], Manfredi et al. [122], or 

Brandl et al. [35]. The present comparison uses the work of Krishnan et al. [108] on AlSi10Mg because 

of the complete reporting of the applied parameters (listed in Table 9.11) as well as the extended 

parameter set for AlSi12.  

Table 9.11: Overview of parameter sets used for verification for AlSi10Mg and AlSi12 

Parameter Unit 

Machine Krishnan [108] 
Concept Laser 

M2 
Generation 4 

EOS 280 

Material  AlSi12 AlSi10Mg 
P W �í�ñ�ì�Y�ð�ì�ì 180/195 
D mm 0.085 0.1 

M2 - 1.2 - 
v mm/s �ñ�ì�ì�Y�ð�ì�ì�ì 700..900 
h mm 0.09/0.105 0.1/0.17/0.25 
t mm 0.03 0.03 

hshift mm 0 0 
�rrot Deg 90 67 
lvec mm 10 10 

Dmesh mm 0.063/0.075 - 
Powder - Al1 - 

Condition - Recycled - 

Figure 9.21 provides an overview of the result comparison for AlSi10Mg. It can be seen that the 

empirical model yields the best fit for the experimental data by Krishnan et al. [108] followed by the 

matrix and empirical models. The general trends of densification are well represented by all three 

models. The increased differences of the matrix and semiempirical models are likely a function of the 

misrepresentation of the actual weld pool geometry which both models rely on. 
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Figure 9.21: Computed and experimental processing diagram for AlSi10Mg, measured data from 
Krishnan et al. [108] 

The powder for the study of AlSi12 is usually stored at 25 °C and 40% relative humidity, which can be 

considered dry under industrial conditions. The results as displayed in Figure 9.22 provide a good fit to 

the experimental data but above all predict the processing zones correctly.  

  

Figure 9.22: Computed and experimental processing diagram for AlSi12 for all models 

The presented cases for AlSi12 show that the resulting part density can be sufficiently estimated by 

the proposed models. Nonetheless, the process development must consider the humidity of the 

powder and the increased vaporization need consideration for processing aluminum alloys. Good 

management of these two factors will significantly increase productivity and material integrity. A 

counter measure against the influence of humidity would be conditioning the powder either by an 

external device or inside the machine by heating the base plate /  build chamber under inert conditions.  
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9.4 Selected cases of titanium and copper processing 

Their wide range of applications dominantly in the medical and aerospace sector make pure titanium 

and Ti6Al4V (grade 5, grade 23 [ELI variant], Ti64) two of the most common non-iron or nickel-based 

materials in additive manufacturing. Additively manufactured copper is the opposite in thermal 

properties as well as availability despite constantly growing demand. The high thermal conductivity 

and diffusivity of copper is combined with a very low absorptivity of 3% on a flat surface for 1064 nm 

wavelength laser radiation. In comparison to the 30% absorptivity of titanium, the material properties 

of copper result in unfavorable processing conditions. 

Titanium 

As a result, studies of SLM-processed titanium-based materials abound. Well documented parameter 

studies for Ti64 are found in the work of Gong et al. [69], Qiu et al. [149], or Gu et al. [73] for pure 

titanium. The applied parameter sets can be found in Table 9.12. The computed and experimental 

results for pure titanium and Ti6Al4V are displayed in Figure 9.23. 

Table 9.12: Overview of parameter sets for verification of pure titanium and Ti6Al4V 

Parameter Unit 
Gu et al. [73] 

Gong et al. 
[69] 

Qiu et al.[149] 
Vrancken et al. 

[198] 
 EOS M270 Concept Laser M2  

Material  Ti Ti6Al4V 
P W 90 160 400 250 
D mm 0.07 0.1 - 0.052 

M2 - �í�ì�ì�Y�ð�ì�ì �ï�ò�ì�Y�í�ñ�ò�ì 2400 1600 
v mm/s 0.05 0.1 0.075 0.06 
h mm 0.05 0.03 0.02-0.1 0.03 
t mm - - - - 

hshift mm 90 90 90 90 
�rrot Deg 4 5 5 10 
lvec mm - - - - 

Dmesh mm -43.6+14 -44.31+17.36 -50+20 -45+15 
Powder - - - - - 
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Figure 9.23: Processing diagram for pure Ti and Ti6Al4V 

On one hand, the relative density in parameter zone 1 is mostly overestimated for the presented 

samples, indicating an increased weld pool size compared to the experimental data. On the other hand, 

parameter zones 2 and 3 are well predicted in terms of the plateau and the density drop due to 

excessive keyhole porosity. It is apparent that the fit of the computed results varies in relation to the 

chosen processing conditions of the different research groups. In general, the observed differences are 

likely associated with deviations in the calculated and experimental weld pool sizes as well as 

incomplete data for scanning strategy or equipment used. 

Copper 

The increasing availability of high-power and high-beam-quality laser sources also saw a recent 

increase in the number of studies for pure copper. Initial studies for copper conducted at the 

Fraunhofer ILT Aachen by Becker and Wissenbach [23] demonstrate the feasibility of pure copper 

processing by a 1 kW CW �o���•���Œ�U���Á�Z�]���Z���]�•���v�}�Á���•�µ�‰���Œ�•�������������Ç���š�Z�������‰�‰�o�]�����š�]�}�v���}�(���^�P�Œ�����v�_ lasers with a 

wavelength of 515 nm, increasing the absorptivity significantly as stated by Heussen and Meiners [82]. 

However, the state-of-the-art approach is the use of high-power laser, as shown by other groups such 

as Ikeshoji et al. [86], Colopi et al. [41], or Jadhav et al. [93,94], which results in relative densities up to 

98�t99% at volume energy densities between 700�t1100 J/mm3. Nonetheless, processing of pure 

copper suffers will likely suffer from the same phenomena as pure aluminum: On one side, an energy 

and intensity increase is required to compensate the �u���š���Œ�]���o�[�• low absorptivity and high thermal 

conductivity. On the other side, this high energy input causes higher rates of material vaporization, 

leading to welding fumes that absorb and distort the incoming laser radiation, effectively decreasing 

the available amount of energy. Therefore, approaches with preheating of the substrate or build 

chamber could also be beneficial for the processing characteristics of the material e.g. by decreasing 

the thermal conductivity of copper.  

The challenge in determining the processing window for pure copper are the correct values for 

absorptivity as well as the general chara���š���Œ�]�•�š�]���•�� �}�(�� �Z�}�•���v�š�Z���o�[�•�� ���‰�‰�Œ�}�����Z��that has proven to 

underestimate the weld pool dimensions for more highly conductive materials. The comparison of the 
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experimental and computed results is displayed in Figure 9.24 and shows qualitative matches in the 

resulting density but especially the samples with volume energy densities below 250 J/mm3 are 

underestimated. The lower energy samples are produced on machines with focus diameters of less 

than 80 µm, indicating that in processing pure copper a combination of a fine laser spot with laser 

powers around 400 W seems more beneficial in terms of relative density and productivity.  

 

Figure 9.24: Processing diagram of pure copper for selected samples 

Another approach for processing pure copper is to raise the build plate temperature to achieve both 

less thermal conductivity and less required energy input. This approach was tested and verified in 

cooperation with a Swiss service provider. Samples with identical process parameters at 195 J/mm3 

volume energy density were built using a Concept Laser M2 (Gen 4) machine with build plate heating 

under nitrogen atmosphere. The resulting relative part density could be raised from 97 % to 98.5 %, 

which is on par with the high power laser systems. However, preheating to an elevated temperature 

comes at the cost of increased surface oxidation of the copper, which is displayed in Figure 9.25. 

Therefore, additional measures for oxidation prevention (e.g. argon as inert atmosphere) or post-

process heat treatment (deoxidation, hot isostatic pressing) need to be considered. 

   

Figure 9.25: Comparison of surfaces of pure copper processed at 195 J/mm3 at room temperature 
(left), elevated temperature (middle) and resulting surface copper oxides (right, blue color particles) 

In addition to the previous explanations, the low density estimation on the first processing parameter 

zone is likely associated with a misfit of the copper melt�[�•��actual absorptivity value, which could be 
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increased by available oxidation products or a minor keyhole cavity for example. Increasing the 

absorptivity to 0.075 (keyhole value reported in Table 2.1) significantly improved �š�Z�����(�]�š���}�(���š�Z�����^�o�}�Á�_-

energy copper parameters displayed in Figure 9.26. Additionally, the high-energy samples begin to 

indicate a density decrease as a result of the keyhole effect itself, demonstrating the presence of a 

practical limit for the energy input for copper as well. 

 

Figure 9.26: Processing diagram of pure copper for selected samples with increased 
absorptivity of 0.075 

 

9.5 Model errors and conclusion 

The previous subsections subjected all three models to a wider range of materials and process 

parameter combinations. In many cases, the models provided well-fitting data in qualitative and 

quantitative terms, and any deviations as well as their causes were discussed and are attributed to the 

weld pool calculation or the unknown effective packing density of the powder for example. An 

overview of all materials on the density error between experimental and calculated results is provided 

in Figure 9.27 and Table 9.13. The box plot and the associated data show that the median density error 

is 0.35% for the matrix-based density model including calculated weld pool dimensions, 0.73% for the 

semiempirical model, and 0.96 % for the empirical model. Hence, the absolute error increases with 

reduced complexity of the models, but the interquartile range of the error is consistent at around 3%. 

These numbers include the full volume energy density range, all materials, and the exceptions, such as 

pure nickel, that show a larger than average error. Overall, it can be said that the models are sufficiently 

centered and homogenously spread around the nominal density results. However, by comparison the 

mean square error (MSE) as well as the number and position of the outliers show that the matrix-based 

and empirical models are better than the semiempirical.  
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Nonetheless, the overall error distribution provides only a partial impression of the applicability of the 

models in practice. Figure 9.28 provides a more detailed look at the mean error distribution of the 

matrix-based density model up to a volume energy density of 350 J/mm3. The means are calculated 

from groups of 10 J/mm3 from 0�t100 J/mm3; above that 20 J/mm3 up to 160 J/mm3; and in the end 

groups of 40 J/mm3 or higher to achieve a minimum of five data points per group. 

 

Figure 9.28: Mean and mean of the absolute error of the matrix-based density calculation, including 
all materials, parameters shown up to 350 J/mm3; including all materials of the present work (Al, 

AlSi12, AlSi10Mg, Ni, Inconel 718, Inconel 625, Haynes 230, 1.4404, 1.2709, 1.4542, Ti, Ti6Al4V, Cu) 
Samples have been grouped for the average error determination (0�t9.99;10�t19.99; ... ; 100�t119.99; 

120�t139.99; 140�t159.99; 160�t200 J/mm3) 

The mean error values decrease in the first process parameter zone from approx. 5% towards 1 to 2%, 

where it remains rather stable. Three main things demand mention at this point: First of all, the 

constant slight overestimation of the density of 1% indicates a general shift of the data, which is 

partially attributable to the reference density error for the Archimedes density measurement. 

 

Figure 9.27: Comparison of the box plots for 
the absolute error of the matrix-based, 
semiempirical, and empirical density models 
for the validation 

Table 9.13: Box plot data of the relative error in the 
absolute error of the matrix-based, semiempirical, 
and empirical density models for the validation 

 Model 
Error 
value 

Matrix-
based 

Semiempirical Empirical 

Mean 1.19 % 0.08 % 2.11 % 
MSE 23.28 59.34 38.54 

Median 0.35 % 0.73 % 0.96 % 
Lower 

quartile 
-0.85 % -0.30 % 0.00 % 

Upper 
quartile 

2.57 % 2.65 % 3.29 % 
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Secondly, the largest mean error is also found within the first processing zone, where minor changes 

in weld pool dimensions have a significant impact on density and the general standard deviation in 

density as well as weld pool dimension measurements are also increased. Finally, the (absolute) mean 

error considers outliers stronger than the median, which exaggerates errors seen in materials such as 

pure nickel, aluminum, or copper. 

Hence, a more detailed look at the median error that is less influenced by outliers alongside the upper 

and lower quartiles of the data up to a volume energy density of 109 J/mm3 are provided in Figure 

9.29.  

 

Figure 9.29: Median (red) and lower/upper quartiles (gray) of the density error of the matrix-based 
density model for all materials of the present work (Al, AlSi12, AlSi10Mg, Ni, Inconel 718, Inconel 625, 

Haynes 230, 1.4404, 1.2709, 1.4542, Ti, Ti6Al4V, Cu) up to Evol = 109 J/mm3; groups for median 
determination similar to Figure 9.28 

Within the first processing zone, the median error quickly reaches balanced numbers around the actual 

density values. Furthermore, the interquartile ranges are reduced, and a stabilization in the transition 

region towards process parameter zone 2�v commonly found between 50 to 70 J/mm3 for many 

materials�v can be observed. This supports the findings from the mean error analysis but also provides 

a more realistic assessment of the density models�[��practical behavior in combination with weld pool 

size calculation. For most studies used in this validation, the contribution of the weld pool size 

calculation towards the density error cannot be determined in detail as most process parameter 

investigations do not usually provide these measures. At this point it is reasonable to assume that the 

contribution is similar to the one encountered during the verification for AlSi12 and 1.4404.  

In conclusion it can be said that most of the displayed results in this section exhibit the potential for a 

fast-running, matrix-based approach for determining the resulting part density, even if the present 

work applies a rather detailed element size of 1x1 µm. It was demonstrated that other factors such as 

the particle size distribution, powder humidity, or excessive vaporization have to be considered as well. 

The proposed matrix-based model is sufficiently accurate within typical scenarios of the SLM process 

in terms of processing parameters and used powders, but under the restriction that the presented 

results are valid for cubic samples typically used in parameter development in the first place. 
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Nonetheless, obtained stable processing parameters within the early range of processing zone 2 are 

likely to be well balanced for a wide range of applications as well.  

The best fitting results are achieved for iron- and nickel-based materials as the weld pool size 

estimation is most precise for these material classes. For aluminum-, copper-, and titanium-based 

materials, the models showed increased deviations between the experimental and computed values 

but reflected the overall processing characteristic. It can be said that the overall accuracy of all three 

models introduced depends on the accuracy of the weld pool dimension determination.  

As a result, future work should be dedicated to efficient numerical methods or analytical solutions that 

provide fast but more precise weld pool size estimations. Other approaches include computer learning 

and larger databases, as demonstrated by the Optomet database applied by DMG Mori in cooperation 

with Intech [48] for example.  

Each of the three introduced density models has its advantages. The matrix-based approach allows the 

implementation of primary and secondary processing parameters as well as the implementation of the 

natural fluctuation of the weld pool dimensions, which yields a slightly conservative density estimation 

in the end. The semiempirical and empirical relative density estimations are only based on the weld 

pool dimensions and therefore have restricted capabilities to reflect the influence of factors such as 

scanning pattern. However, their simple application makes it is possible to work with the average, 

minimum, and maximum dimensions of the weld pool to quickly evaluate the range of possible 

outcomes for the parameters. This also allows for fast iterative procedures to determine the optimal 

processing range and stability criteria for improved process results. Furthermore, further elaboration 

of the empirical equation by addition of more processing results for other materials or more 

influencing factors could improve this approach. 
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10 Impact of cross-low on porosity and mechanical properties of 

Inconel 625 

Determining the resulting mechanical properties of a selected processing parameter is an important 

step during process qualification. Typically, the mechanical properties vary like conventional samples 

if the SLM machine and especially the crossflow filtration system are in good condition. An example of 

the stress-strain curves of five horizontally built samples of Inconel 625 are displayed in Figure 10.1, 

exhibiting neglectable deviations between the samples.  

 

Figure 10.1: Stress-strain diagram of Inconel 625 under good filter conditions, processed at P=188 W, 
v=600 mm/s, h=0.09, t=0.03, horizontal build direction, as-built condition 

However, the following study demonstrates a case of a degraded filter system significantly impacting 

the mechanical properties of the manufactured samples. Figure 10.2 shows results of the mechanical 

testing of the same processing parameter for Inconel 625 but on a SLM machine with degraded filter. 

 

Figure 10.2: Stress-strain diagram of horizontal built Inconel 625 samples under degraded filter 
conditions, processed with P=188W, v=600 mm/s, h=0.09 mm, t=0.03, horizontal build direction, as-

built condition 
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Displayed according to their scanning sequence, the results make it clearly visible that the mechanical 

properties degrade with increasing numbers of samples. Figure 10.3 provides a more detailed view. 

 

Figure 10.3: Mechanical properties of Inconel 625 sample ranked according to their scan order 

Especially the material properties associated with ductility, the elongation at break and yield strength, 

are the most effected properties, whereas the Y�}�µ�v�P�[�•�� �u�}���µ�o�µ�•�� ���v���� �Ç�]���o���� �•�š�Œ���v�P�š�Z�� ���Œ���� �P�Œ�����µ���o�o�Ç��

reduced. Reduction in mechanical properties is accompanied by a decrease in relative density, from 

the expected 99.5% down to 97.6 %, as can be seen in Figure 10.4. 

 

Figure 10.4: Relative density of Inconel 625 processed with a degraded shielding gas filter, samples 
ranked according to scanning sequence 

Huegel and Graf [85] discussed the effect of metal vapor on the tilt and focus diameter of laser beams, 

which is most likely the origin of the observed phenomena. To validate that impression, 10 cubic 

samples with a dimension of 10x10x10 mm3 and a processing parameter of P = 188 W, v = 900 mm/s, 

h = 0.09 mm, t = 0.03 mm, were produced. The resulting scanning time for each cross section of the 
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cube is approx. 1.2 s, which will be the main unit for the following comparisons. The layout of the 

samples on the build plate is illustrated in Figure 10.5.  

 

Figure 10.5: Scanning layout with indicated crossflow, recoating and scanning direction; the scanning 
sequence is according to the number in the cubes 

A first indication of insufficient welding fume extraction is the discoloration of the sample surface with 

increasing scanning time, which is illustrated in Figure 10.6.  

 

Figure 10.6: Overview of cube surfaces with increasing scanning time from left to right (start 1.2s, 
middle 8.6 s, right 12.4 s ) 

Besides the color, the topography of the surface is also changed, and an increase in roughness and 

waviness is observed with increasing scanning time, which is demonstrated in Figure 10.7. The first 

scanned cube exhibits a regular surface with clearly distinguishable but uniform welding tracks 

accompanied by some adhered powder particles. After 8.6 s and 12.4 s scanning time, the tracks are 

still distinguishable but are increasingly irregular in their width. However, the most obvious difference 

�š�}���š�Z�����(�]�Œ�•�š�����µ���������Œ�����^���µ�u�‰�•�_ as well as spatter particles on the surface, which increase in number and 

size with the scanning time.  
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Figure 10.7: Rising surface waviness and roughness with increasing scanning time (left 1.2s, middle 
8.6 s, right 12.4 s) 

The process instabilities already indicated by the surface artefacts become apparent in investigation 

of the cross sections. Figure 10.8 as well Figure 10.9 provide details of the cross sections of the first 

test cube and after 8.6 s or 12.4 s.  

 

Figure 10.8: Comparison of cross sections in the xz-plane for scanning times of 1.2 s (left, density 
99.6 %), 8.6 s (middle, density 99.0%), and 12.4s (right, density 97.8%) 

 

Figure 10.9: Examples of etched cross sections after 8.6 s(left) and 12.4s (right) that exhibit extended 
inclusions of spatter particles and resulting bonding errors 

After 8.6 s scanning time, an increased number of lack-of-fusion defects is visible, but an overall 

relative density of 99% can be achieved, which is often regarded as the lower quality limit for selective 

laser melting. After 12.6 s, a vast number of lack-of-fusions defects can be seen, and their source 

(spatter particles) are shown in the etched micrographs in Figure 10.9. The result of the full density 

analysis is displayed in Figure 10.10 and supplemented by weld pool depths at 1.2 s, 8.6 s, and 12.4 s. 

Similar to the tensile test samples, the density reaches a minimum at roughly 97.6% after 12.4 s. The 

weld pool depth already reaches its lowest point after 8.4 s, but the increased standard deviation of 

the result indicates a mixture of larger and smaller weld pools that allows locally stable processing.  
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Figure 10.10: Comparison of scanning time against relative density and weld pool dimension for 
Inconel 625, showing decreasing density and weld pool dimensions due insufficient filter condition 

Conclusion 

The filter condition or the crossflow in the build chamber can have a significant influence on the 

stability and reproducibility of the SLM process. An insufficient extraction of welding fumes in the 

processing area of the laser causes a reduction in weld pool size, likely due to the metal vapor 

absorbing the laser radiation. Reduction in weld pool depth increases the number of lack-of-fusion 

defects in association with partially molten spatter particles. Rising porosity degrades the consolidated 

material�[�•��mechanical properties�v especially the elongation at break and yield strength. These 

observations further underline the impact of the welding spatter on resulting part quality if the melt 

pool size is smaller than the spatter dimensions. Therefore, the chosen process parameter should be 

able to compensate the impact of welding spatter in normal processing or filter conditions.  

Nonetheless, in an adverse processing environment like the one shown in this study not even stable 

process parameters will yield an acceptable result. Hence, sufficient crossflow and vapor extraction 

must be ensured within the entire process area over the entire period of the build job. The guideline 

can be established that a stable process results in density deviations between all samples lower than 

0.3%, ideally lower than 0.1%. If the deviation is above that threshold value additional cross-sectioning 

of the samples is recommended to evaluate the origin of the increased porosity.  
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11 Practical guide for process parameter development 

This last main section is a dedicated practical guide for parameter development, best practices, 

required lab equipment, and regular errors in practice. Some of the content reflects the ���µ�š�Z�}�Œ�[�• point 

of view, which will be highlighted.  

11.1 Lab setups for parameter development 

Starting process development or very basic quality assurance for SLM does not require much 

equipment. As usual, a more sophisticated analysis quickly requires more tools and increases the cost 

significantly. However, with the analytical capabilities some trial-and-error runs can clearly be avoided 

and save costs in the end. Table 11.1 lists three different levels and the required equipment from the 

���µ�š�Z�}�Œ�[�• point of view. The list only features devices/methods associated with obtaining a porosity-

free microstructure. Mechanical properties such as tensile and impact strength or hardness are not 

covered but certainly belong to the basic or advanced development level. 

Table 11.1: Overview of equipment needed for different levels of parameter and material 
development in SLM 

Level Required equipment Comment 

1 

(Basic) 

Sieve for recycling of 

powder 

Precision scale 

Archimedes density setup 

Laser power meter 

Ensures basic characterization of the samples and 

acts as a quick quality check. 

2 

(Advanced) 

Metallography  
(precision saw, polishing 
device, chemistry chapel)  

Optical microscopy 

Hall/Carney funnel 

Tapping device 

Laser beam profiling 

Enables determination of error type 

(binding/keyhole pore) and fine-tuning of laser 

timings or contour scans. 

Classic metallography already enables a wide range 

of analytics such as weld pool analysis and grain 

size analysis.  

Enables basic powder characterization: optical 

particle size measurement, tap and apparent 

density (flowability). 

3 

(Supplements) 

Laser diffraction for particle 

size distribution 

SEM (SE/BSE, EDX; EBSD) 

Laser diffraction enables quick characterization of 

many powder samples. 

SEM and the optional EDX or EBSD detectors are 

key for particle surface analysis and chemical or 

microstructural characterization.  
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11.2 Best practices 

For fast and concise parameter development, it is recommended to have the equipment of the 

aforementioned level 2 on hand. This ensures that the main influences of the SLM process can be 

monitored and simple errors such as defocused beam in the build plane can be avoided.  

 

Characterization of the laser properties and optics 

Knowledge of the geometry and the capabilities of the tool in conventional machining are key to 

achieving superior machining results. In the case of additive manufacturing, the laser and laser optics 

are the most crucial parts of the SLM system and need to be well characterized. 

The following properties should be checked after installation and on regular intervals: 

- Laser power calibration for the full working range 

- Laser beam profile, focus diameter, and its location in respect to the working plane at the main 

power levels 

- Damages of the mirror system in the scan head 

Not all these parameters have to be checked on a weekly or even monthly basis. However, laser power 

measurement is a simple and quick task that should be performed in regular intervals. A slow 

degradation of the laser system is common, but higher laser power drops can also be an indicator for 

damages of the optical components (such as coatings on the mirrors) due increased absorptivity for 

example. 

For common laser powers and machines with build areas above 250 mm2, fully integrated 

measurement solutions that are compact and easy to use such as BeamWatch AM or BeamCheck by 

Ophir Spiricon [170] are available. These tools should be available at larger job shops as well as in 

research institutions. 

Characterization of the feed stock 

An initial characterization of the main powder properties prior to the first processing run is highly 

recommended. The following properties should be stated by the supplier in the certificate of 

compliance: 

- Particle size distribution (volume weighted, optical measurement, or laser diffraction) 

- Apparent and tap density (Hausner ratio) 

- Bulk density 

- Chemical composition (additional focus on residual elements: O,H,N) 

Particle size distribution and powder densities provide indicators for flowability and degradation 

during repetitive recycling of powder. The bulk density of the actual supplied powder batch/melt is a 

requirement for reliable density measurement using the Archimedes method.  

The powder should be sieved after every build job to the upper specification limit as the spatter 

particles play an important role in terms of bonding errors and weld pool stability, which has been 

demonstrated in previous sections. Furthermore, it is known that the particle size distribution coarsens 
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with repetitive use and recycles as fine particles can be blown into the filtration system or easily adhere 

as satellites to other particles for example. Additionally, sieving the powder before the first build job 

could be advisable as the trials of pure nickel have shown that the particle above the 90th percentile 

distribution value can still have a significant impact on the processing results. 

Conformity of the chemical composition should always be given but is especially crucial for materials 

that are susceptible to oxygen or hydrogen embrittlement or hot cracking for example, which is often 

caused by low amounts of side elements. This has been documented for example by Engeli et al. [53] 

for Inconel 738. Bauer, Spierings, and Wegener [19] also showed an example of the soft-magnetic alloy 

NiFe14Cu5Mo4 that exhibited grain boundary cracking during the processing of two different but 

specification-conformal batches.  

  

Figure 11.1: Example of two conformal batches of NiFe14Cu5Mo4 processed at identical parameters 
that show a crack-free microstructure (left) and grain boundary cracking (right) shown by Bauer, 

Spierings, and Wegener [19] 

Condition of recoater, filter , and auxiliary systems 

As shown in the previous section, the condition of the shielding gas filter system is one of the key 

factors for reliability and repeatability in the SLM process. Modern SLM systems employ high efforts 

such as differential pressure or humidity measurements to prevent process instabilities due to the 

filter condition. Nonetheless, the excess of vaporization varies from material to material and has a 

significant impact on the lifespan of the filter system or local absorption of laser radiation. Usually, the 

information about the filter condition and control limits for standard conditions or materials are 

provided by the machine manufacturer. However, in cases such as those discussed here of pure 

aluminum or copper processing, no proper balance can be found for crossflow flow rate for decent 

vapor evacuation and disturbance of the powder bed. Therefore, other strategies can be applied. 

Examples are increased distances of the parts to �i�µ�u�‰���]�v�š�}�������^���o�����v�_���‰�Œ�}�����•�•�]�v�P�����š�u�}�•�‰�Z���Œ���� �}�Œ��the 

introduction of small temporal pauses between parts.  

Any auxiliary systems especially associated to powder handling and air tightness of the build chamber 

should be regularly checked and cleaned if possible. On one hand, residual powder represents a source 

of contamination for other materials processed in a machine. On the other, a leak as a result of powder 

on a seal for example can cause locally higher levels of oxygen inside the build chamber, which can 

lead to embrittlement as in the case of titanium alloys. 

Z

XY

Z
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The condition of the recoating system and most importantly the blade that is in actual contact with 

the powder to create the next layer is a wear part that must be replaced depending on its condition 

but must be checked before every build job. Different types of recoating blades are commonly used. 

Examples are solid steel or ceramic blades that offer high precision but low error tolerance or brushes 

and rubber/silicon-based rulers which provide increased tolerance for build errors. These can 

compensate issues caused by elevated part areas at the cost of precision stability in the recoating 

process. Figure 11.2 illustrates the consequences of a worn or damaged brush-based recoating device. 

 

  

Figure 11.2: Streaks and short feed in the powder bed due to a damaged coating brush (left) and 
dents in the top surface caused by a worn brush 
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12 Conclusion 

As stated in the research gap, the main goal of the present work is to improve the overall 

understanding of the SLM process.  

To achieve this, the influence of primary (laser power, focus diameter, scanning speed) and secondary 

(hatch distance, layer thickness, scan vector length) process parameters on the weld pool dimensions 

has been shown. A variation in the primary processing parameters is sufficient for first estimations of 

the processing window if hatch distance and layer thickness are chosen reasonably. However, to 

optimize productivity and reliability of the process parameter, the secondary parameters have to be 

considered as well, although they have only a minor influence on the weld pool dimensions. 

Furthermore, the scan vector length has proven to be an important factor during parameter 

development as it is restricted by the geometry of the additively manufactured part. Demonstrably, 

AlSi12 is nearly unaffected by shortening the scan vector length down to 2.5 mm within the 

investigated scan speed range of 500 mm/s to 4000 mm/s, whereas the lower thermally conductive 

material 1.4404 exhibits significant differences for weld pool depth and width for scan speeds slower 

than 1000 mm/s. This is caused by the effect of the local preheating by the previous scan track. Despite 

the influence on the weld pool dimensions, the impact on the resulting part density is neglectable in 

many cases, but the increased weld pool dimensions and local temperatures can lead to process 

instabilities, especially in thin-walled sections. As a result, a process parameter should be optimized in 

regards to the average scan vector length of the part (e.g. wall thickness) and geometrical complexity, 

especially in overhanging sections.  

Three-zone process parameter model 

The most common processing diagram in SLM is a comparison of the volume energy density against 

the resulting (relative) part density. Although the diagram does not allow direct conversion of 

parameters from one machine to another, it provides general processing characteristics as well as 

information about the productivity of the process. It has been demonstrated that the processing graph 

of a material can be divided into three individual process parameter zones with distinct influencing 

factors. Zone 1 is mainly characterized by partial melting and consolidation of powder particles, 

whereas zone 2 is regarded as the stable processing window reaching maximum density. The last zone 

is associated with keyhole welding and the connected keyhole porosity that reduces part density.  

It is established that a stable process parameter within zone 2 is required to melt the spatter particles 

as well as to provide sufficient overlap towards previously consolidated material without engaging into 

keyhole welding. It is favorable to have a wide zone 2 process parameter. Nonetheless, the case of 

AlSi12 demonstrated that this balance might not be achieved as the spatter particles reach a size that 

cannot be compensated by the size of the weld pool without triggering keyhole welding and the 

associated negative effect of keyhole porosity. This observation led to a closer investigation of welding 

spatter on the SLM process. 
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Weld spatter 

It is demonstrated that the size and amount of welding spatter is material-dependent. A link between 

the surface tension of the molten material and the main particle size distribution values of the spatter 

could be established for aluminum-, iron-, and nickel-based alloys. Based on the acquired experimental 

data, empirical equations for the determination for the distribution value S10, S50 and S90 based on the 

surface tension of the material are proposed. However, these assume good processing conditions and 

do not account for the influence of process parameters, build chamber pressure, or powder properties. 

The highest importance for process stability is assigned to the 90th percentile value of the spatter 

distribution S90. The investigations have shown that S90 influences the deviation in weld pool depth and 

is applicable as a criterion for achieving full theoretic density. Hence, if the weld pool depth exceeds 

the equivalent diameter provided by S90, it is assumed that full density can be achieved under the 

condition that sufficient overlap to adjacent scan tracks and previous layers exists.  

Weld pool size deviations 

Although the main model in this work assumes the weld pool to be a geometrically defined tool, it has 

been shown and implemented in the matrix-based density determination that the weld pool 

dimensions deviate by the processing conditions applied. It was found that weld pool depth is the more 

volatile weld pool dimension compared to weld pool width. The results demonstrate that a processing 

parameter with a weld pool depth exceeding the S90 distribution value of the spatter results in approx. 

5% depth deviation. Where the depth is smaller than S90, the deviation increases until the weld pool 

depth is in the range of the powder�[�•��D90 distribution value. Beneath this threshold neither weld pool 

depth nor the measurement deviation allow reliable measurement of the weld pool dimension. A 

potential function that associates the ratio of S90 and weld pool depth to the resulting relative weld 

pool depth deviation is established. Nonetheless, this equation is not process-parameter-dependent, 

which provides an adequate assumption in many cases. However, it is demonstrated that the relative 

weld pool depth deviation of 1.4404 seems to be affected by laser power as well as layer thickness in 

contrast to AlSi12 that did not share this behavior. This circumstance is likely attributable to the 

typically larger weld pools of AlSi12 compared to 1.4404. 

The aforementioned relationships for weld pool depth could not be established for weld pool width. 

However, indicators have shown possible relationships to S90 as well as to hatch distance, meaning the 

weld pool width deviation increases if the weld pool width is smaller than these values. 

Particle size distribution and powder properties 

The aforementioned relationship of weld pool depth deviation to the spatter and particle size 

distribution is responsible for its importance for the SLM process. Selective laser melting is a 

conventional laser welding process with powder as feed material creating additional volume of the 

weld pool. Naturally, a relationship between particle size distribution and the process is sought. It was 

established that particle size distribution significantly influences the process parameter zone 1. An 

artificial particle size distribution is created, composed of the main distribution values D10 (=P10), D50 

(=P50), D90 (=P90), the mesh size of the recycling sieve (=P98), and S90 (=P100). The resulting cumulative 

distribution function can be associated with the weld pool depth to determine the consolidated 

fraction of the powder. For the present work, the minimum density is assumed to be the average of 
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apparent and tapped density of the powder, and the maximum is 100%, meaning that all powder 

particles in the processing zone can be molten. 

It can be concluded that powder and spatter particles have a crucial impact on the SLM process and 

influence not only the processing window and weld pool stability but also the practically achievable 

resolution of the process.  

Analytical processing modelling and density determination 

The acquired influencing factors of the process are implemented into one of the three introduced 

models for determination of a process parameter�[�•��resulting part density. The matrix-based, 

semiempirical, and empirical models offer different levels of complexity and robustness. Nonetheless, 

to connect the main process inputs to the resulting part density, the weld pool dimensions have to be 

calculated, which is achieved by the adapted Rosenthal model introduced or by work of other research 

groups in that field. Additionally, a quick estimation of the local preheat temperature is established. 

This information is fed into a double-elliptical weld pool cross section model with a typical accuracy of 

+-10  of the actual cross section needed for the matrix-based model. This cross section is the main 

input for the matrix-based model, which is supplemented by the input of hatch distance, layer 

thickness as well as hatch rotation and shift. It is shown that the output of the matrix model in 

combination with the powder consolidation function is able to reflect the main phenomena of the SLM 

process and determine the resulting part density. The semiempirical and empirical models achieve 

similar results but cannot reflect the influence of hatch rotation for example. However, it must be 

stated that the accuracy of all three models is dependent on the accuracy of the determination of the 

weld pool dimensions, which is limited for analytical methods. Hence, it was found that the highest 

accuracy for the introduced methods is achieved for machines with a laser beam diameter between 

85 µm to 120 µm and laser powers above 150 W. The model has been validated for materials ranging 

from titanium (�„ = 6 W m- 1K- 1) up to pure copper (�„ = 400 W m-1K-1), showing a general applicability 

within this range and with the aforementioned restrictions for the weld pool size calculation. 

Influence of crossflow and porosity 

In the end, the impact of crossflow and the filter condition on the resulting part density was 

demonstrated. It is shown that in situations with insufficient welding fume extraction, for example due 

to a deteriorated shielding gas filter system, the resulting part density is negatively affected. The main 

reason is identified as the reduction of the weld pool dimension, assumably by the absorption of laser 

radiation by the metal vapors and the resulting disadvantageous ratio between weld pool depth and 

spatter particles. As a final remark, a simple guideline to help detect this issue is provided. 
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13 Outlook 

All three models demonstrate the general feasibility of estimating the resulting density of a test cube 

based on simple weld pool size and cross section models. Multiple approaches are possible to transfer 

these findings to more complex three-dimensional structures. For example, similar to existing CAM 

principles, the tool path of the laser is taken and analyzed for vector lengths and boundary conditions 

such as overhangs. Analysis of the data allows optimized welding parameters to be applied locally and 

the weld pool dimensions as well as the cross section can be estimated accordingly. The tool path in 

combination with the cross section information can be used to create a matrix in the three-dimensional 

domain that allows at least the prediction of lack-of-fusion defects prior to the build. Another approach 

could be mainly geometry-driven, where welding parameters respectively weld pools are chosen in 

respect to the best representation of the geometry. This is already partially implemented in some build 

processors (e.g. SLM Solutions, EOS) by the differentiation of parameters between up or down facing 

surfaces and their respective angles. Examples of difficult build situations that would profit from 

adjusted tool path generation are displayed Figure 13.1. 

 

Figure 13.1: Example of difficult build situations that profit from a combination of lack-of-fusion 
detection by unmolten areas, weld pool size as well as tool path optimization; left: sharp corner with 
unfilled edge at the infill and contour; middle & right: overhang without (left) and adapted weld pools 

(right) resulting in no lack-of-fusion defect on the infill 

Additionally, it is shown that the applied methods already provide sufficient accuracy for a wide range 

of materials and applications. A key issue that needs further investigation is the actual packing density 

of the powder in the processing zone that has a clear impact on the processing behavior, especially 

with highly irregularly shaped powder particles. The samples of pure aluminum also highlighted the 

importance of humidity of the powder, which on one hand influences the processing characteristics of 

some materials but also poses a risk for materials that display oxygen or hydrogen embrittlement.  
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