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I. Summary 
 

Additive Manufacturing (AM) is an uprising manufacturing process for parts with complex 
geometries and low production quantities. Within the layer-wise building process, less additional 
processes are needed, to produce the parts. This allows a building of parts within a reasonable 
time- and costs-range. Especially industries, such as aerospace industry, can profit from AM. 
Electron beam – Powder bed fusion (EB-PBF) is a common technique, within AM, to produce 
metallic parts out of special alloys such as Alloy 718. This superalloy is a Nickle-Iron based alloy 
that has high mechanical properties, even in elevated temperatures (up to 650ºC). The 
combination of such material properties with high geometrical freedom creates new 
opportunities for the industry. However, it must be noted that a significant drawback of AM-
techniques is the need for post-processing because of surface roughness- and microstructural 
characteristics. Commonly, the produced parts utilize mechanical post process such as milling 
to provide good surface roughness and dimensional accuracy. To reduce the surface roughness 
in the contour region, and therefore reduce the amount of mechanical post-processing, the 
present survey elaborates the effect of relevant parameters on contours such as the number of 
contours, scanning speed, focus offset and beam current. By using Design of Experiments 
(DOE), two batches were carried out: one screening batch and a two-level-full factorial design. 
In those batches, 15×15×15 mm cubes were printed with various parameters and, after that, 
analysed by using White light interferometry (WLI), Optical microscopy (OM) and Scanning 
electron microscopy (SEM). Furthermore, the program ImageJ was used to perform porosity and 
melt pool measurements.  

It had been observed that the number of contours had quite a considerable impact on the final 
surface roughness and the number of defects. Samples with two contours, instead of only one, 
tend to have a lower surface roughness. Nevertheless, the parameters and their interaction were 
found to have fundamental effects on the resulting surface roughness and microstructure. 
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1 Introduction 
Nowadays, efficiency in manufacturing processes becomes more and more important. Not only 
in terms of economical aspects but also when it comes to sustainability. Here, additive 
manufacturing (AM) provides great potential, since it allows the production of complex 
geometries with a low material waste and a wide range of possible materials, like thermoplastics, 
metals, gold or even glass [1]. Especially for prototypes and batches with lower quantities, such 
as in the aerospace industry, AM is able to reduce the save time and costs within the production.  

One of the powder bed fusion techniques as a branch of AM process is electron beam melting, 
also called EB-PBF (Electron beam – powder bed fusion). This technique uses an electron beam 
to melt layer-wise applied powder until the final part is finished. The possibility of high melting 
temperatures makes EB-PBF suitable for so-called superalloys, such as Alloy 718 which are 
commonly used in turbines (e.g. aerospace industry) due to their elevated material properties in 
high temperature zones [2]. Usually, parts produced with AM needs to be post-processed to 
improve poor surface characteristics, defects and dimensional errors. Therefore, in 
consequence, time, costs and waste in process chain will increase drastically.  

1.1 Objective and research questions 

To reduce the amount of post-processing, an increased understanding of the relationship 
between the process parameters and the material is greatly needed. The objective of this work 
is understanding the effect of contour parameters of Alloy 718 in EB-PBF on the sample surface 
and microstructural characteristics. By achieving knowledge about the effect of each parameter 
and their interaction for better results can be obtained, and the need for post-processing can be 
prevented. The objective is formulated by addressing the following research questions: 

• How do the machine-related parameters scanning speed, beam current and focus offset 
affect the surface and microstructure of EB-PBF manufactured Alloy 718? 

• What is the influence of the contour number in EB-PBF manufactured Alloy 718? 
• How does linear melting, as scanning strategy of the contours, affect the surface and 

microstructure of EB-PBF manufactured Alloy 718? 
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1.2 Structure of the thesis 

After a short introduction, where also the objective and research question were presented, basic 
knowledge is presented in chapter 2 Background to provide a better understanding of this thesis. 
First, a brief introduction of Additive manufacturing is given with a focus of EB-PBF process. 
After that, the material used, Alloy 718, and its properties are presented as well as the typical 
surface roughness in EB-PBF manufactured samples. After those fundamentals, chapter 3 
Method contains information about the EB-PBF-machine, the powder used and the Design of 
the experiments. Next, a detailed description of how those experiments were carried out follows 
in chapter 4 Equipment and measurements. Besides the preparation of the test samples, the 
measurement techniques are explained here. The results of the experiments are shown and 
discussed in chapter 5 Results and Discussion. Out of this, conclusions are drawn in chapter 6 
Conclusions, where also the research questions are answered and finally, the recommendation for 
future work are given in chapter 7 Future work.  
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2 Background 
To gain a better understanding of this study, the chapter Background gives a brief introduction 
of Additive manufacturing (AM) with a particular focus of EB-PBF process. Furthermore, main 
characteristics of Alloy 718 as powder feedstock is introduced. Since surface characteristics and 
defects are the core of this study, typical microstructural characteristics of Alloy 718 observed 
in AM and relevant conventional measurement techniques are explained in this chapter as well.  

2.1 Additive Manufacturing  

Additive Manufacturing (AM) is the label of a root category of manufacturing processes, where 
the part is built up layer-wise. This approach offers the possibility of manufacturing complex 
geometries within a reasonable time- and costs-range. Which is especially interesting for 
industries that manufacture parts with high individuality, such as aerospace and healthcare. AM 
covers a huge range of different processes where each solution has its advantages and 
drawbacks.  

Additive Manufacturing can be divided into three main categories [3]: 

1. Solid-based systems 

2. Powder-based systems 

3. Liquid-based systems 

For non-industrial purposes, processes like Fused Deposition Modelling (FDM; Solid based) 
and Stereolithography (SLA; Liquid-based) are commonly used. These processes use mainly 
plastic (FDM) and resin (SLA) as feedstock. For industrial purposes, however, metal as a 
building material is way more relevant, because of its elevated material properties and flexibility 
when it comes to composition. Metal is usually treated by solid- and powder-based systems. The 
highest geometrical freedom offers here powder-based processes. In this type of process, the 
feedstock powder is located within a build chamber and gets melted layer-wise by a moving heat 
source like an electron- or laser-beam. The two main powder-based processes are called laser 
beam-powder fusion (LB-PBF) and electron beam -powder ed fusion (EB-PBF). Out of which 
EB-PBF is used in this study and elaborated further in the upcoming subchapter. 

2.2 Electron beam - powder bed fusion 

The process electron beam-powder bed fusion (EB-PBF) was invented by the Swede Ralf 
Larsson and patented in 1993 [4]. After the foundation of Arcam AB by Larsson in 1997, the 
company launched its first EBM®-Electron Beam Melting-Machine [4]. Subsequently, the 
working principle of such machines and their process steps will be explained. 
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2.2.1 EB-PBF machine principle 

EB-PBF process use high voltage on a filament, usually tungsten, to accelerate and shoot a huge 
number of electrons in direction on the build plate. Electro-magnetic lenses correct (e.g., 
astigmatism) and control (focus and deflection) the resulting electron beam on its way. This 
high energetic beam then melts the powder on the build plate. Layer wise, the new powder gets 
distributed by a rake out of the hoppers (stock for powder). During the building process, the 
machine operates in a near-vacuum condition, to protect the filament from destruction. 
Though, the pressure rises near the build chamber to 0.3 Pa during the operation because of the 
injection of helium [5]. This helium reduces the electrical charging of powder which could cause 
so-called smoking. Here, powder repels each other which can results in an explosion due to the 
high energy of the electron beam [6]. While producing a layer, the energy is high enough to 
remelt even previous layers, which provides a good adherence of layers. Since most parts consist 
out of complex geometries, a mechanical and/or thermal support is necessary to stabilize the 
build and prevent deformation and build a well-conductive path to the build plate. A schematic 
of an EB-PBF  machine is shown in Figure 1 [7].   

 
Figure 1: Schematic of the EB-PBF machine. 

2.2.2 Process steps 

Compared to traditional manufacturing techniques, AM requires less process steps to build a 
final part out of a designed model. After designing in computer-aided design (CAD) software, 
Autodesk Inventor in this study, the part needs to be converted in a suitable format for the slicing 
software. A standard format here is stereolithography (.stl) where the surface of the CAD-object 
is approximated by triangles (Triangulation). The slicing software, Arcam Build Assembler for this 
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study, then cuts the part in equidistant slices (layer thickness), sets build parameters (e.g., 
scanning strategy) and translates everything into machine code. Before starting the building 
process, the building chamber should be completely clean, to reduce the number of foreign 
particles within the chamber which could pollute the powder during the process.  

The procedure of such an EB-PBF building process for Alloy 718 is listed below: 

1. Levelling the build plate 
First, a build plate must be placed within the build chamber and it has connection to a 
thermocouple at the beneath of the build plate.  

2. Pumping Vacuum 
To prevent oxidation of the powder and the tungsten cathode, a vacuum of 10-5 mbar 
is pumped. During the process, the pressure raises to ~2×10-3 mbar because of the 
injection of inert helium. 

3. Heating the build plate 
The electron beam heats the entire build plate by using a big spot size and a fast-moving 
speed. For this study, the temperature was ~1020 °C. 

4. Lowering the build plate 
Depending on the chosen layer thickness, which is usually between 50 and 100 µm, the 
build plate lowers down by the chosen value. 

5. Raking of powder 
The powder, which is stored in the hoppers, is spread over the build plate/previous 
layer by a rake. Usually, the rake moves multiple times over the powder-bed to ensure 
an equal, flat distribution of powder.  

6. Preheating/Sintering of powder 
To enhance the building process, the powder is sintered by heating up with a defocused 
beam to ~80% of the melting temperature. This step also prevents the movement of 
powder by electrical charging (smoking) and ensures electrical conductivity. 

7. Melting of Powder 
Depending on the chosen scanning strategy, the electron beam moves over the sintered 
powder and melts hatch and contour.  

8. Post-heating 
To keep the temperature within the build constant, post heating is necessary. Similar to 
preheating step, the beam moves with bigger spot size over the whole part surface. 

9. Repeating 
Step 4 to Step 8 are repeated until the building of the last layer is finished. 

10. Cooling down 
When the building process of the whole part is finished, the chamber needs to cool 
down until its temperature is below 100°C. 
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11. Grit blasting 
Since residual sintered powder sticks onto the as-built part, it needs to be removed. This 
can be done with the Arcam Powder recovery system (PRS), which is also used in this study. 
Here, the blasting material is the same powder that is used for the main part. With 
compressed air, the blasting material is accelerated and shot on the part, which removes 
the residual powder. The advantage of using the same powder in the building process is 
that it then can be filtered and reused, which also increases the economy of the whole 
process.  

2.3 Process parameters in EB-PBF 

In electron beam melting, a huge range of parameters can be tuned, and a lot of those interact 
somehow with each other and influence the thermal history of the final part. Generally, three 
different categories of parameters exist [3]: 

• Position-related parameters 
E.g., the location of parts and space between them on the build plate 

• Geometry-related parameters 
E.g., thickness and height of the part. 

• Machine-related parameters 
E.g., scanning speed and focus offset. 

Within this study, machine-related parameters (number of contours, scanning speed, beam 
current, focus offset) are relevant and will be explained further. 

 

2.3.1 Part structure and scanning strategy 

To explain the scanning strategy, the top view of a simple cube is shown in Figure 2A. The inner 
region of the part is called hatch (or bulk) and is surrounded by contours. This cubic sample has 
two contours, one inner contour, and one outer contour. The number of contours is set by the 
user and can be changed. The recommended number by Arcam is three contours.  
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Figure 2: a) Schematic from top view of cubic sample, b) spot melting, and c) linear melting scan strategy in contour 

regions 

The way how the beam moves over the build plate, the scanning strategy, is chosen by the user 
and can be changed. For melting the contours, point-melting is commonly used, but also linear-
melting is possible (Figure 2C). When point melting is chosen, the printer keeps up to 40 melt 
pools (Figure 2B, red points) simultaneously. For linear-melting, however, the beam moves from 
the start- to the end-position in a continuous motion. Those strategies are also used to melt the 
hatch, but also other melting strategies, like island scanning, are possible [7]. A common strategy 
to fill the hatch is called ‘snaking,’ which is a linear melting (pattern in Figure 2C) and used for 
the samples in this work. Usually, this pattern of the hatch is rotated about every layer or a 
certain number of layers, which can be used to tailor the grain structure [8]. Apart from the 
melting strategy, the order of the contours can be changed. The user can select if the hatch is 
built first or the contours, and which contour is built first.  

2.3.2 Number of contours 

As stated above, three contours are commonly used in EB-PBF by Arcam. The reason behind 
using contours in general is to compensate for the poor characteristics when it comes to defects 
and surface roughness. Those were caused by the combination of the unstable motion of the 
melt pool while scanning and the rotation of the scanning pattern within the layers. Figure 3 
shows the cross section of a sample printed with only hatch (A) and with three contours (B). 
Due to the contours, the high roughness could be compensated. 
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Figure 3: Cross-section of EB-PBF cubes; a) sample with only hatch, and b) sample with three contours. 

2.3.3 Focus offset, beam current and scanning speed 

Besides the number of contours, the following three process-related parameters are relevant for 
this study, since they are considered to have a great influence on the surface roughness: 

• Focus offset [mA] 
The focus offset is controlled by 
the focus lens and determines the 
spot size of the electron beam 
(Figure 4A) on the build plate 
(Figure 4B). Focus offset can either 
be positive (focal point below the 
built plate) or negative (focal 
point above the built plate). 

• Beam current [mA] 
By increasing the beam current, 
the number of electrons (per time), that was accelerated due to the high voltage, 
increases and conversely.   

• Scanning speed [mm/s] 
The scanning speed is controlled by the deflection lens and determines the speed of the 
spot moving over the build plate. 

2.4 Alloy 718 

The material that is used during the production plays an important role within the whole EB-
PBF process. Every material has different characteristics and needs different settings, to achieve 
fine prints. Therefore, basic knowledge about the material used is vital. In this work, the build 
material is Alloy 718 which is a Ni-Fe-based superalloy that was developed in 1959 [9]. It has 
high mechanical- and strength-properties up to 650°C and it is insensitive for strain age cracking. 
Furthermore, it has excellent corrosion resistance and weldability. With those properties, Alloy 

Figure 4: Description of focus offset. 
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718 serves the demands of the power plant and aerospace industry where it is, e.g. used for 
turbine blades in jet engines [3] [10] [5]. The demand for higher economy, sustainability, and 
performance in those industries increases the demand for Alloy 718 as AM-material. After a 
brief description of the microstructure and typical phases, the mechanical properties and 
common defects of EB-PBF produced Alloy 718 will be explained in this subchapter.  

2.4.1 Microstructure 

Competitive growth plays a significant role in determining the microstructure, and therefore the 
resulting mechanical properties [11]. If the thermal gradient aligns the building direction, a 
columnar grain structure is resulting. By sharp changes of the orientation within the layers, 
however, grains tend to be equiaxed instead. [11]  

The phases that develop during EB-PBF process are shown and explained in Table 1. 

Table 1. Common phases in EB-PBF-manufactured Alloy 718 [3] [10] [12] [13] 

Phase 
Description 

γ 

The γ-phase builds the matrix of Alloy 718 and is a solid solution 
phase which consists mainly out of Ni. Elements like Fe and Cr 
stabilizes the matrix, due to their larger atomic diameter (1-13%). 
Therefore, the γ-phase keeps its austenitic crystal structure until it 
reaches the melting temperature. 

γ' 

The γ'-phase is a coherent intermetallic strengthening phase. To 
promote a stable γ' precipitation, the Al/Ti ratio should be higher than 
1.5. 

γ' 

The γ''-phase is a semi-coherent intermetallic strengthening phase. 
Those disk-shaped precipitations are the main factor for the high 
mechanical properties of Alloy 718. 

δ 

δ-phase develops when the metastable γ''-phase is exposed to high 
temperatures. There, γ'' converts into γ' and δ. The δ-phase appears 
mostly at the grain boundaries, and its occurrence means a loss of 
strength since it develops out of γ'', which is the principle 
strengthening phase. Though, until a certain degree δ-phase at the 
grain boundaries is beneficial to limit grain growth. 

MC 

Depending on size and distribution, those carbides improve or reduce 
mechanical properties. In EB-PBF the most common MC-carbides 
are TiC and NbC. 

Laves 

Laves-phase is a brittle, irregular shaped and niobium rich 
intermetallic phase that forms when the cooling rate is quite low. The 
presence of Laves-phase is associated with reduced mechanical 
properties. 
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2.4.2 Strengthening mechanisms 

What makes Alloy 718 so beneficial for industrial purposes are the mechanical properties, even 
in elevated temperatures. Those properties are mainly the result of the following three 
strengthening mechanisms: 

• Solid solution strengthening 
Solutes in the γ-matrix hinder the movement of dislocations. 

• Precipitation strengthening 
The precipitation of γ'' and γ' contribute the most to the mechanical properties of 
Alloy 718. 

• Grain size refinement 
Smaller grains lead to more grain boundaries that hinder the movement of 
dislocations. 

2.4.3 Common defects in EB-PBF  

One important detrimental factor, when it comes to mechanical properties in AM-produced 
parts, is the presence of defects. Those defects are the result of imperfections in powder and 
process and can act as crack initiators. Quantity and nature can be influenced by the feedstock 
quality and changing the process parameters. In as-built samples of Alloy 718 in EB-PBF the 
following types are common [3]: 

1. Lack-of-fusion  
A typical defect in AM, that occurs when the adhesion between layers was inadequate 
(Figure 5, blue circle). Here, the layers then separate from each other. Frequently, un-
melted particles (Figure 5, orange circle) can be found in this type of defect [3]. 

2. Round shaped pores  

Round shaped pores are mainly introduced by imperfections of the feedstock (Figure 5, 
green circle). Within the manufacturing of the powder (e.g., gas-atomization) gas can be 
trapped inside the powder particles [8]. 

3. Shrinkage pores  
It appears as a collection of smaller round shape pores, mostly in interdendritic areas 
(Figure 5, red circle). Residual thermal stresses are the dominant mechanism for causing 
this defect [3]. 
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Figure 5: Types of defects in EB-PBF of Alloy 718. 

2.5 Surface roughness 

Surface roughness is an important property of a manufactured part, and most industrial 
applications require low surface roughness for functional surfaces. The resulting surface 
roughness of EB-PBF produced samples often do not match those demands of the industry. 
Though, post-processing will be an inherent part of the EB-PBF process, at least in closer 
future, the improvement of the surface roughness is crucial. Especially for parts with complex 
geometries (Figure 6), or bionic structures [14], a post treatment to improve the surface roughness 
is problematic and expensive. Here, a good as-built surface roughness is necessary.  In AM, 
surface roughness has two contributors that are explained below, as well as the common 
methods to measure surface roughness are descried. 

2.5.1 Roughness types in EB-PBF 
Due to the layer-wise manufacturing of the samples, the resulting surface roughness in EB-PBF 

is the result of two separate contributors: 

1. Non-flat later edges (layer roughness) 
The layer roughness is determined by the layer thickness and proportional to it. The 
smaller the layer thickness, the lower the surface roughness (Figure 7). Though, a lower 
layer thickness increases the build time and therefore the manufacturing costs [5]. 

Figure 6: Complex cubic structure. 
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Figure 7: Difference between high- and low- layer thickness. 

2. The roughness of the metal surfaces 
The roughness of the metal surface, however, is determined by specific parameters and 
the powder size. A finer powder contains smaller particles and, therefore, result in less 
surface roughness [7]. Figure 8 shows the difference between these two types of 
roughness. The surface roughness is a part of the layer roughness. 

 
Figure 8: Difference between layer roughness and surface roughness. 

2.5.2 Measurement techniques 

To measure the surface roughness, several methods are conventional of which the most 
common of them are listed below: 

1. Contact stylus 
A diamond tip is pulled over the surface, and a device detects the vertical movement of 
the tip [15].   

2. Focus variation microscopy 
Using the depth of field and moving the focus into different levels, a topographical map 
is created [16]. 

3. Coherence scanning interferometry (CSI) 
In CSI technique, the wave-nature of light is used to create an interference pattern [16]. 
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4. X-ray computed tomography 
During the measurement, cross-sectional pictures were taken by using X-ray. The 
merging of the single pictures then gives information about the surface characteristics 
[15]. 

Whereas a contact stylus only performs a line measurement, techniques like focus variation and 
CSI can perform measurements of an area which gives a better indication of the actual 
roughness. Townsend et al. [15] concluded in his review that areal characterization is currently 
the best solution to achieve quantitative information about the topography of a surface. With 
those methods topographical data were collected, out of which the surface roughness can be 
calculated. In this study, White light interferometry (WLI) was used to perform the surface 
roughness measurement. The WLI is based on the CSI and, therefore, works with the analysis 
of correlograms resulting from the superposition principle of light waves. Besides the advantage 
of a fast characterization of multiple measurement points simultaneously, the main drawback of 
this technique, within this study is, that it cannot capture the whole surface and its 
characteristics. Too steep surfaces cannot reflect the light in a proper way back (Figure 9A) and 
the surface below an overhang cannot be reached by the light (Figure 9B). 

 
Figure 9: Common errors in WLI measurements. 

According to Gomez et al. [17], the results of the measurement with WLI can be improved by 
using the following approach: 

1. Filtering of the source spectrum 
2. High-dynamic-range (HDR) lighting levels 
3. Reconstruction Algorithms 

With those techniques combined with a high magnification of up to 95% of the surface can be 
measured [17]. In this work, such an approach is too time and cost consuming to measure all 
the produced samples.  
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3 Method 
The upcoming chapter starts with information about the EB-PBF machine and the powder that 
was used for this study. After that, the statistical approach Design of experiments will be introduced, 
which was used to design the experiments within this study.  

3.1 Arcam A2X 

The Arcam A2X is the EB-PBF Machine used in this 
study. Arcam designs its machines in Mölndal (Sweden) 
for Research & Development. It’s high temperature 
process, up to 1100°C, allows the manufacturing of 
unique materials like nickel-based superalloys and 
titanium alloys. Within the vacuum pumped machine 
(2×10-4 mbar; during process 2×10-3 mbar due to a 
helium build atmosphere), a tungsten cathode creates 
an electron beam with a max. beam power of 3000 W. 
This electron beam can translate with a max speed of 
8000 m/s in the build chamber. The maximum build 
envelope of the Arcam A2X is 200×200×380 mm [18]. 

3.2 Feedstock powder 

As a feedstock powder, plasma atomized Alloy 718 from the manufacturer Arcam AB, was 
supplied in this study. The composition of the virgin powder can be found in Table 2. Since 
sustainability and economical aspects become more and more important and the price for virgin 
powder is quite high, the industry started using recycled powder as well. Therefore, the 
experiments were carried out with powder that was recycled for multiple times. Though, the 
resulting surface roughness and number of defects will be affected due to impurities and other 
problems that come along with the reuse of powder.  

Table 2. Composition of the virgin, plasma atomized Alloy718 powder 

Element Ni Co Cr Mo Ti Mn Nb P Ta Al Fe Si S C 

Wt% 54.11 0.04 19.0 2.99 1.02 0.12 4.97 0.004 <0.01 0.52 Bal. 0.06 <0.001 0.03 

An investigation with a Scanning electron microscope (SEM) showed that reused powder 
particles contained δ-phase intergranular (Figure 11A, green) as well as intragranular Furthermore, 
the powder particles contained internal pores, which introduce porosity (round-shaped pores) 
into the part (Figure 11A, blue). Karimi et al. [3] found that the size distribution of recycled powder 
changed as well. Compared to virgin powder the size distribution widened by ~40%, due to 

Figure 10: Arcam A2X. 
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partially molten particles and satellite particles. Figure 11B shows such a particle with satellite 
particles sticking on the surface. 

 

 
Figure 11: A) SEM image of the cross-section of powder particle, B) SEM-Picture of recycled powder with satellite 

particles. 

3.3 Design of experiments 

Design of experiments (DOE) is a statistical approach to optimize an experiment in a way that 
it has a low number of experiments but still delivers reliable data sets and graphs. In this study, 
a first screening batch was used to confirm the important parameters, that were found in the 
single-track study by Karimi et al. [19]. After that, a two-level full factorial design was used to 
find suitable process parameter combinations. This design is commonly used in the early stages 
of experimental work and suitable for up to four different parameters [20]. After entering the 
parameters, the software provides a plan of how, and with which parameter combination the 
samples should be printed. Here, all possible combinations of the min. and max. values of the 
chosen parameter range were printed. Furthermore, three samples with the middle (centre 
point) of the chosen parameter range were printed, which ensures statistical reliability [21]. After 
performing the experiments, the results (responses) were filled into the software. Out of the 
factors and their responses, the software can predict the results of any parameter combinations 
within the chosen range and shows which factors are significant and in what way they influence 
the results. 

The factors (parameters) investigated in this work were: 

1. Scanning speed  
2. Beam current  
3. Focus offset 

  



 Method 

Electron beam - powder bed fusion of Alloy 718: Influences of contour parameters on surface and microstructural characteristics           16 

The chosen responses (results of measurements) were: 

1. Dimensions (width and length) 
2. Average surface roughness Sa 
3. Porosity 

This approach was carried out for samples with one and two contours. 

3.3.1 Sample fabrication 

Cubes with a size of 15×15×15 mm were chosen 
to investigate the parameters out of the DOE. 
This simple geometry saves resources and can be 
produced easy and fast. Two different number of 
contours were applied, one and two, to see the 
effect of the number of contours.  The Arcam 
A2X allows setting 29 different parameter-
combinations. The actual number of changeable 
parameters is higher but needed for process steps 
like preheating. Figure 12 shows a schematic of the 
cubes placed on the build plate. Owing to the 
leftover space on the build plate, seven cubes 
were built with parameters that are already used.  

3.3.2 First batch 

As already mentioned, the first batch uses parameters that showed promising results in the 
single-track study by Karimi et al. [19]. In that study, single tracks of Alloy 718 in EB-PBF were 
produced with a certain combination of the following parameters:  

1. Beam current: 7 – 15  mA  
2. Focus offset:  0 – 10  mA 
3. Scanning speed:  300 – 650  mm/s 

All the samples were manufactured with a line offset (overlap of contours) between inner and 
outer contour was 0.3 mm, and between contour and hatch 0.2 mm. As in the Arcam 
recommended theme, the energy input of the inner contours was half the linear energy input of 
the outer contour. Therefore, the speed was kept constant (500 mm/s) and beam current and 
focus offset were adjusted. The resulting screening design from MODDE can be seen in Annex 
1 (one contour) and Annex 2 (two contours). 

 

Figure 12: Schematic of arrangement on 

                  the 100×100 mm build plate. 
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3.3.3 Second batch 

Batch two samples were manufactured based on the results from the batch one. Table 3 shows 
the chosen levels of the investigated parameters. Again, those parameters were applied for one 
outer contour (# H1-H9, H27, H28) and two outer contours (# H14-H22, H31, H32). The rest 
of the samples were used to print other parameters which were not the scope of this DOE, like 
# H10-13 and # H23-26. The screening design of the second batch can be seen in Annex 3. 
Compared to batch, the line offset between hatch and contour was decreased to 0.1 mm, to 
reduce the porosity between in the hatch-contour-region. Moreover, the inner contour was 
manufactured with the same parameters as the outer contour. 

Table 3. Level of investigated parameters 

Parameter 
Level of parameter 

Minimum Centre Maximum 

Scanning speed (mm/s) 200 300 400 

Beam current mA 10 12.5 15 

Focus offset mA 10 15 20 
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4 Equipment and measurements 
After manufacturing, the samples need to be investigated. Equipment and measurements covers 
therefore, how the mechanical preparation and measurement is carried out. 

4.1  Sample preparation 

The whole process of preparing the samples for the characterization like cleaning, separating, 
mounting and grinding will be explained subsequently. 

4.1.1 Cleaning and separation from the build plate 

After the building process is finished in EB-PBF machine, the parts need to be cleaned from 
the partially sintered powder, which still stack on the build, by grit blasting machine. Figure 13 
shows batch two after the cleaning process. To separate the samples from the build plate, a 
customary hammer and chisel were used. After separation, each sample needs to be cleaned 
again, using the PRS, since sintered powder could stick between the sample bottom and build 
plate. The whole cleaning and separating process took place in a specially designed room and 
while wearing personal protective equipment (PPE).   

  

Figure 13: Batch two after cleaning. 
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4.1.2 Cutting  

To investigate the microstructural characteristics of the 
samples, they had been separated. The cutting process was 
carried out on a Struers Secotom-10, where the samples were 
separated into three parts. Table 4 shows the parameters of the 
cutting process. Out of the three parts, the middle part was hot 
mounted for further microstructural studies in SEM and LOM. 
The outer parts were used to measure the surface roughness 
using White light interferometry. 

Table 4. Cutting parameters 

Wheel speed 3000 rpm 

Feed speed 0.3 mm/s 

Cut-off Wheel Struers 50A20 

4.1.3 Hot mounting  

Before grinding, the samples were hot mounted. Mounting protects fragile parts of the sample 
and gives additional stability. Furthermore, a mounted sample can be handled more 
comfortable, since there are special sample holders, e.g., in the grinding machine. In this study, 
the samples were mounted in an automatic mounting press, a BUEHLER SimpliMet® 3000.  
This machine uses high temperature and pressure for the mounting process.  

4.1.4 Grinding and polishing 

To remove impurities resulting from the mounting process and scratches from the cutting 
process, grinding and polishing of the samples are necessary. The grinding process is designed 
out of three consecutive steps with decreasing grain sizes followed by three consecutive 
polishing steps. The machine used in this study was a BUEHLER EcoMet™ 300 Pro. The 
machine offered a program for nickel-based alloys, that was modified (an increase of time) and 
used to prepare the samples. Table 5 illuminates the steps further. 

  

Figure 14: Separation marks of the samples. 
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Table 5. Grinding and polishing steps 

Step Grain size Duration Suspension 

1 360 µm 4 min Water 

2 600 µm 4 min Water 

3 1200 µm 4 min Water 

4 9 µm 10 min Liquid diamond 

5 3 µm 10 min Liquid diamond 

6 0.06 µm 10 min Non-Crystallizing Colloidal Silica 

4.1.5 Etching 

Etching of the mounted samples makes the microstructural features clearer and more visible 
(e.g., melt pool dimension), by changing the surface of the samples and therefore their reflection 
properties. In this study, the samples were electro-etched by using oxalic acid (diluted with water 
1:10) and an electrical potential of 3.5 V applied for 5 s. 

4.2  Microscopy  

In order to examine the small features of the samples, two different types of microscopes were 
relevant for this study, light optical- and scanning electron-microscope. Whereas the light optical 
microscope works with the reflection of light, a scanning electron microscope shots electron to 
the surface and collects backscattered electrons in a detector. 

4.2.1 Optical Microscopy 

The polished samples were investigated with a Zeiss Axio Imager 2 (Oberkochen, Germany), 
optical microscope. For each sample, a stitched picture of the whole surface was taken with a 
magnification of ×50 (Figure 15, red-dashed line). Furthermore, pictures of the top corners of 
the edged samples were taken to measure the melt pool dimensions (Figure 15, green-dashed 
circle). 

4.2.2 Scanning Electron Microscopy 

By using a Scanning electron microscope, the grain structure of the samples becomes visible. 
With a HITACHI TM3000 (Tokyo, Japan), pictures of the contour region (Figure 15, blue-dashed 
oval) were taken with a magnification of ×40.  
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.  

Figure 15: Investigated areas of the mounted EB-PBF sample. 

4.3 Measurements 

Here, the performed measurements of the resulting dimensions, the melt pool size, the porosity 
content as well as topography are explained. 

4.3.1 Geometrical dimensions 

The measurement considered the dimensions of the 
as-built samples. Due to the shrinking of the samples 
while cooling down from the high temperatures in the 
building process, the sample-dimension can vary 
significantly. Usually, this can be corrected in the 
software but for this study, no correction was applied 
to see the effect of certain parameter settings on the 
geometrical dimensions. To measure the length and 
width, a Vernier calliper was used. Because of the 
rough surface, four measurements were taken for each 
side (length and width) as shown in Figure 16 and, 
afterward, the results were transferred into Excel, where they were averaged, and the standard 
deviation was determined. The height (Z) of the samples was not considered within this study, 
because of residual powder that could not be removed using the PRS. 

Figure 16: Schematic of the measuring approach. 
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4.3.2 Melt pool size 

To measure the melt pool size, the software ImageJ 
from Wayne Rasband was used.  Here, images from 
LOM were transferred into the program and 
measured as shown in Figure 17. The resulting values 
were collected in Excel, and the average, as well as 
the deviation between the left, and right side of the 
sample, had been calculated. 

4.3.3  Porosity measurement 

Similar to the melt pool size measurement, ImageJ was used to perform a porosity measurement. 
Therefore, the following steps were performed within the software for each of the 14 images 
(seven for each side) with ×5 magnification taken by LOM: 

1. Cropping down to the relevant area 
2. Converting into 8-Bit greyscale picture 
3. Applying a threshold 
4. Calculating the area 

Figure 18 shows the sample before (A) and after (B) performing the steps mentioned above. Here, 
ImageJ counts the total area and the red-masked area and displays the results. Those were 
collected and analysed in Excel. 

 
Figure 18: A) Sample before and B) after (right) processing and applying a threshold. 

Figure 17: Schematic of melt pool size measurement. 
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4.3.4 Topography 

To measure the surface roughness, the Profilm3D was used. This 3D-profilometer uses white 
light interferometry to create a topographical map which can be analysed in the software. The 
specifications of the system are shown in Table 6. 

Table 6. Specification for 3D-profilometer  

Objective Nikon 10× DI 

Digital Zoom 1× 

Field of View 1.0 × 0.85 mm 

Maximum Sample Slope 14 ° 

The measurement was performed on a stitched picture with a size of 5×1 mm. The analysis type 
of the correlogram was ‘Envelope Centre’ With this approach, 20 – 30% of the area could be 
detected. This amount of valid area is not enough to perform an exact roughness measurement. 
Though the valid area could be increased by the approach in ‘2.5.2 Measurement techniques’, a 
trade-off was made to save time and resources. Since after post-processing (Table 7), the resulting 
values still provide a good indication of the surface characteristics.  

Table 7. Post-processing of topographical data 

Step Operation Method 

No. 1 Stich Overlap 0.5% 

No. 2 Flatten Normal plane 

No. 3 Spatial Filter 13×13 Pixel Median Filter 

No. 4 Fill in Invalids Interpolate Invalids from neighbour pixels 
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Figure 19(a-b) shows the topographical data before and after applying the post-processing. 

 
Figure 19: A) Topographical data before, and B) after post-processing. 

After the post-processing, the area roughness can be calculated by a build-in function of the 
Profilm3D-Software. Here, the average area roughness (Sa, Eq. (1) [22]) and the ten-point height 
(Sz, Eq. (2) [22]) were considered as important in this study. 

 

𝑆𝑆𝑆𝑆 = 1
𝑀𝑀𝑀𝑀

∑ ∑ |𝑧𝑧|𝑀𝑀
𝑖𝑖=1 (𝑥𝑥𝑖𝑖,𝑦𝑦𝑖𝑖)𝑀𝑀

𝑗𝑗=1       Eq. (1) 

 

Where; Z is roughness value, N is number of rows and M is number of columns. 

  

𝑆𝑆𝑧𝑧 =
∑ �𝑧𝑧𝑝𝑝𝑝𝑝�5
𝑝𝑝=5 +∑ |𝑧𝑧𝑣𝑣𝑝𝑝|5

𝑝𝑝=1
5

        Eq. (2) 

 

Where; zpi is five highest peaks and zvi is five lowest valleys. 
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5 Results and Discussion 
After description of the experimental methods carried out in this study, this chapter presents 
and discuss the results of the performed measurements. Furthermore, the results had been 
analysed with MODDE Pro and 4D contour plots (three process parameters plus one response 
factor) had been created. Those contour plots were plotted based on the experimental results 
and give an estimation of the resulting properties of the certain process parameter settings. After 
presenting the results of the dimensions, the melt pool dimensions were shown, followed by 
the surface roughness- and defect-measurements. Lastly, the resulting grain structures had been 
displayed. 

5.1 Geometrical dimensions 

The approach, which was described in 4.3.1 Geometrical dimensions, was applied to the samples 
and the results are presented in Annex 4, for batch one, and Annex 5, for batch two. There, the 
average of the four measurements, as well as their standard deviation for each sample, are 
summarized. As mentioned in a previous chapter, the measurement of the samples height (Z) 
emphasized as unreliable and therefore was only performed for batch one. The decision to 
neglect this measurement was, firstly a deviation in the sample’s height measurements of ~1.2 
mm, and secondly an unrealistic distribution of the histogram (Figure 20).   

 
Figure 20: Histogram of samples height in batch one. 

The resulted high deviation in samples height is mainly caused by sintered powder, which could 
not be removed by the PRS and sticks between the support structure at the bottom of the 
samples. Therefore, the residual powder causes a highly uneven surface, that influences the 
measurements. The reason for those features is the high energy absorptivity of powder particles, 
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that cause the formation of dross and spatter [23]. However, the results from the length and 
width measurement had fairly gaussian distribution.  Figure 21 shows a diagram which contains 
boxplots of the sample’s length and width measurements from the batch one and the batch two. 
The values of minimum, maximum, median and the quartiles are plotted as well.  The median 
of the batch two is close to 15 mm, which confirms that the second DoE parameter range 
results less geometrical tolerance in samples than in the batch one. Furthermore, the deviation 
is almost equally spread around the specified size, whereas in batch one, more than 75% of the 
measured samples were below the target value of 15 mm.   

 
Figure 21: Boxplot-diagram of the sample’s width and length. 

According to the DoE estimation, the following significant process parameters were found to 
be the most significant affecting parameters on the geometrical aspects. 

Table 8. Significant process parameters for the dimensions of the samples for both batches. 

Significant process parameters Batch one Batch two 

One contour 
Scanning speed 

Beam current 

Scanning speed 

Beam current 

Two contours 
Scanning speed 

Beam current 

Scanning speed 

Beam current 
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Within the Table 8, the parameter which has more influence on the dimensions is listed first 
followed by the second strongest parameter. Furthermore, the following relations were found: 

1. Decreasing the scanning speed increases the dimensions 
2. Increasing the beam current increases the dimensions 

This phenomenon relates to the influence of linear energy input when those parameters were 
changed, while keeping filament-voltage constant [3]. A higher beam current increases the 
numerator, whereas a lower speed decreases the denominator of the fraction. Both results in a 
higher energy input which increases the melt pool dimensions and, consequently, the final 
dimensions of the samples. An investigation of the melt pool size is presented in the upcoming 
chapter. 

 

𝐸𝐸 = 𝑈𝑈𝐹𝐹𝑝𝑝𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹×𝐼𝐼𝐵𝐵𝐹𝐹𝐹𝐹𝐹𝐹
𝑣𝑣𝑠𝑠𝑠𝑠𝐹𝐹𝐹𝐹

        Eq. (3) 

 

Where; E is linear energy input (J/mm³), UFilament is filament-voltage (kV), IBeam is beam current (mA) 
and vScan is scanning speed. 

 

By using DoE, 4D contour plots had been created. Out of those diagrams, a prediction for the 
resulting samples width and length of untested process parameter settings is possible. Figure 22 
presents the contour plots, for the batch one and Figure 23 for the batch two. Each figure consists 
out of four rows, that presents: 

A. Resulting 4D plot for the sample’s width and one contour 
B. Resulting 4D plot for the sample’s length and one contour 
C. Resulting 4D plot for the sample’s width and two contours 
D. Resulting 4D plot for the sample’s length and two contours 

Since the scanning speed of the batch one which was in the range of 300-650 mm/s, resulting 
in too small sample dimension, it had been decreased to 200-400 mm/s in the batch two. There, 
the prediction of the contour plots is spread more equally around the target size which was 15 
mm. A comparison between the number of contours in both batches shows that a second 
contour stabilizes the melt material and can cause less possibility of distortion, which eventually 
increases the likeliness to produce parts within the tolerances. The potential reason might be 
the better compensation of irregularities that were as a result of melting the hatch region.  
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Figure 22: 4D Contour plots of dimensions for the batch one. A: width for one contour; B: length for one contour; 

C: width for two contours; D: length for two contours. 

A 

B 

C 
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Figure 23: 4D Contour plots of dimensions for the batch two. A: width for one contour; B: length for one contour; 

C: width for two contours; D: length for two contours. 

A 

B 

C 
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5.2 Melt pool dimension 

According to the results from the previous chapter (5.1 Geometrical dimensions), scanning 
speed and beam current were proven as main significant process parameters, when it comes to 
determining the final sample size. The reason behind the importance of those parameters on 
the sample dimensions is the change of energy input, which influences the melt pool 
dimensions. With the approach described in 4.3.2 Melt pool , the melt pool dimensions of the 
samples were measured and presented in Annex 6. A higher energy input resulted in a bigger 
melt pool since more powder particles were heated above their melting point. Contrarily, a lower 
energy input results in smaller melt pool dimensions. Figure 24 shows the change of the melt 
pool by certain scanning speed and beam current settings. With constant scanning speed and 
increasing beam current, the melt pool width and depth increases (Figure 24A), while constant 
beam current and higher scanning speed decrease the melt pool width and depth (Figure 24D). 
An evenly increase of both parameters (constant energy input) result in similar melt pool 
dimensions (Figure 24B-C). 

 
Figure 24: Melt pool geometry related to scanning speed and beam current. A: beam current 20 mA, scanning speed 

200 mm/s; B: beam current 20 mA, scanning speed 400 mm/s; C: scanning beam 
current 10 mA, scanning speed 200 mm/s; D: beam current 10 mA, scanning speed 

400 mm/s. 
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Figure 25 shows the melt pool sizes in the corner of the samples, samples built with one outer 
contour (Figure 26A) and samples built with two contours (Figure 26B). From those images, 
the building history of the samples can be observed. In Figure 26B, first, the inner contour was 
built. After that, the outer contour and finally the hatch. Furthermore, the layer thickness is 
indicated by a red arrow which is around 75 µm. 

 
Figure 25: LOM images from the corner of the samples. A: Sample #H6 built with one contour; B: Sample 

#H18 built with two contours. 
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5.3 Surface roughness 

As described in chapter 4 Equipment and measurements, the surface roughness of the samples was 
investigated with White light interferometry. The resulting values for Sa and Sz can be found in 
Annex 7 for the batch one and Annex 8 for the batch two. By using the software MODDE, the 
significant process parameters for the average surface roughness were found and presented in 
Table 9.  Due to the presence of focus offset as a significant parameter in almost all experiments, 
it is considered to be the most important parameter when it comes to the surface roughness. 

Table 9. Significant process parameters on the surface roughness 

Out of the significant process parameters and the 4D contour plots in Figure 26, the following 
statements were derived for elevated scanning speed range (300 – 650 mm/s; batch one): 

1. While using one contour (Figure 26A), a smaller focus offset creates a higher surface 
roughness. 

2. While using two contours (Figure 26B), a higher scanning speed creates a higher surface 
roughness. 

3. While using two contours (Figure 26B), a higher focus offset creates a higher surface 
roughness. 

4. While using two contours (Figure 26B), a high value for the interaction between beam 
current and scanning speed creates a higher surface roughness. 

Considering those results, the scanning speed range was changed to a lower range (200-400 
mm/s) and the focus offset range increased (10-20 mA). Within batch two, the following 
findings were made for a decreased scanning speed: 

5. While using one contour (Figure 26C), a further decrease in speed creates a higher surface 
roughness. 

6. While using two contours (Figure 26D), a lower beam current creates a higher surface 
roughness. 

7. While using two contours (Figure 26D), a higher focus offset creates a higher surface 
roughness. 

8. While using two contours (Figure 26D), a low value for the product between beam current 
and focus offset creates a higher surface roughness. 

Significant parameters Batch one Batch two 

One contour Focus offset  Scanning speed 

Two contours 
Scanning speed 

Focus offset 
Scanning speed × Focus offset 

Beam current 
Focus offset 

Beam current × Focus offset 
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Figure 26: 4D Contour plots for average surface roughness; A: the batch one, one contour; B: the batch one, two 

contours; C: the batch two, one contour; D: the batch two, two contours. 
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Comparing the statements of batch one and batch two, the influence of focus offset changes. 
While a lower focus offset in an elevated scanning speed region results in lower surface 
roughness, a high focus offset is beneficial in lower scanning speed regions. The reason for this 
is assumed to be the change of areal energy input, when changing focus offset. To keep the areal 
energy input up to a certain value, the speed must be decreased to compensate the bigger spot 
size. Generally, the statements indicate that there is an optimum range of areal energy input to 
gain a better surface quality. The results of the batch two showed some promising results, when 
it comes to improving surface roughness, for the both one and two contours. One of the 
samples with high surface roughness  (sample # H5, shown in Figure 27), that was built with 
lower scanning speed (200 mm/s) showed quite big balling features (red circles) which cause 
higher roughness values (statement 1). However, the sample # H2 with elevated scanning speed 
(400 mm/s), and therefore lower energy input showed less sensitivity for the balling-effect. This 
results in a smoother surface (Figure 28). The reason behind balling, is the spheroidization of the 
melt pool due to the overcome of surface tension to the wetting force [24].  

 

Figure 27: Surface characteristics of sample # H5; A) WLI, B) SEM, and C) LOM. 

 
Figure 28: Surface characteristics of sample # H2 in; A) WLI, B) SEM, and C) LOM. 
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Samples built with two contours showed tendentially a smoother surface compared to samples 
with one contour, Figure 29 shows the surface characteristics of sample # H19, which applies 
to statement 6 and 9. Though, the size of the resulting balls was smaller than in sample # H5. 
The surface characteristics of sample # H16, a sample with quite low surface roughness, are 
shown in Figure 30. Here, the smooth surface is the result of many partially sintered particles 
attached to balls (red circle). Besides the balling-effect, sharp valleys and several microcracks 
were found in all the samples and will be discussed in the upcoming chapter. 

 
Figure 29: Surface characteristics of sample # H19 in; A) WLI, B) SEM, and C) LOM. 

 
Figure 30: Surface characteristics of sample # H16 in; A) WLI, B) SEM, and C) LOM. 
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5.4 Defects 

As mentioned in the previous chapter (5.3 Surface roughness), the following defects were observed 
within the surface area: 

1. Microcracks (Figure 31, orange circle) 
2. Sharp valleys (Figure 31, red circle) 
3. Partially sintered particles 
4. Balling-effect 

 

Figure 31: Microcrack (orange circle) and sharp valley (red circle) in a cross-section of Sample H36. 

Especially sharp valleys have a detrimental effect on the mechanical properties due to the notch 
effect [25]. When it comes to defects within the contour-hatch region (2.4.3 Common defects), 
the Software ImageJ was used to perform a porosity measurement. This measurement was carried 
out for the both batches, and the results are shown in Annex 9 and Annex 10.  

 

According to the results from the software MODDE and the 4D contour plots (Figure 32), the 
following statements were derived: 

1. While using one contour in an elevated scanning speed range (Figure 32A) a lower beam 
current causes higher porosity.  

2. While using two contours in an elevated scanning speed range (Figure 32B), a further 
increase of scanning speed causes higher porosity.  

3. The parameters focus offset, scanning speed and beam current have no significant 
influence on the porosity for samples with one contour in a lower speed range (Figure 

32C). 
4. While using two contours in a lower scanning speed range (Figure 32D), a lower beam 

current causes higher porosity. 

Table 10. Significant process parameters for porosity 

Significant process 
parameters Batch one Batch two 

One contour Beam current / 

Two contours Scanning speed Beam current 
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Figure 32: 4D Contour plots for areal porosity percentage of the; A: batch one with one contour; B: batch one with 

two contours; C: batch two with one contour; D: batch two with two contours. 

A 

B 

C 

D 
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The reason behind the influence on areal porosity of scanning speed and beam current, is that 
a low linear energy input leads to the formation of non-continuous tracks and eventually lack-
of-fusion defects [3]. Within the batch one, most of the samples had less than 1 area% of 
porosity content, though some samples showed a porosity of up to 3 area% (e.g., sample # 
G32). Samples with that high amount of porosity showed a high deviation, which was caused 
by one-sided porosity (Lack of fusion, Figure 33).  

 
Figure 33: One-sided porosity in sample # G32. 

The reason for this one-sided porosity is unknown and could be only observed in batch one. 
For batch two the line offset was reduced to 0.1 mm, and the inner contour was printed with 
the same parameters as the outer contour. Compared to batch one, the second batch showed 
generally lower porosities. Here, no samples had a porosity of more than 0.5 area%, which 
proofs, that the parameters were tuned in the right direction.  

5.5 Grain structure  

Further characterization showed that the grain morphology was either short curvy columnar 
grains which were toward the melt pool centreline (Figure 34A, green circle) or equiaxed grains 
mainly in interface between the contour and hatch regions (Figure 34A, red circle). The columnar 
structure was epitaxially growing from the previous layers along the direction of the steepest 
temperature gradient. Columnar grains were found in the contour- as well as in the hatch-
regions. The presence of equiaxed grains in the interface regions between the hatch and contour 
can be due to the creation of defects in those regions. These defects can act as barrier for growth 
of elongated columnar grains and can be nucleation sites for equiaxed grains. 
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Figure 34: SEM-images of samples with; A: Columnar (green) and equiaxed (red) grains 

within the microstructure of sample #G3; B) spot-melting of sample #G1, 
and C) linear-melting strategy for the contour of sample #G2. 

Figure 34B-C shows the difference between the grain morphology in the commonly applied spot-
melting with three contours and linear-melting with one contour. The melting strategy and 
setting of the hatch were the same in both samples. It was observed in the spot melting strategy; 
the grain morphology was mainly equiaxed due to sharp changes of the direction of the 
temperature gradient [26].  When it comes to the contour region, the samples built with linear 
melting strategy showed columnar structure in the melt pool center and curvy columnar grains 
towards the melt pool center. Whereas within spot-melting strategy mainly equiaxed grains were 
observed. The leading cause for the columnar grain structure is the epitaxial growing conditions 
due to re-melting of previous layers. In this study, the melt pool depth was in the range of 145-
619 µm. By consideration of 75 µm layer thickness, this corresponds to 2-8 re-melted layers.  
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6 Conclusions 
In this study, the effect of four machine-related process parameters including scanning speed, 
beam current, focus offset and the number of contours for the EB-PBF built of Alloy 718 on 
the surface- and microstructural characteristics had been investigated. The improvement of 
those characteristics can lead to a decrease of post-processing, like machining, which leads to a 
decrease of time and costs of process chain.  

Out of this study, the following results were summarized:   

• By changing the three machine-related parameters consisting out of scanning speed, 
beam current and focus offset, the resulting surface roughness, porosity and sample 
dimensions can be improved to some extent. Here, the scanning speed in the range of 
250-350 mm/s; a beam current in the range of 11.5-13.5 mA and a focus offset of 15 
mA deliver an improved surface roughness (Sz by 12% and Sa  by 32%) and less areal 
porosity (by 90 area%) in the contour region, compared to the Arcam recommended 
theme. 

• By increasing the number of contours, the resulting properties were changed 
significantly. The addition of an inner contour (totally amount of two contours) had 
beneficial effects on the resulting surface roughness and sample dimensions. The 
second contour helps to compensate the high surface roughness, that results while 
scanning the hatch. 

• The melt pool dimensions correlate to the energy input of the electron beam. Here, a 
higher energy input results in higher melt pool dimensions and vice-versa. 

• A constant energy input within the contour’s, instead of applying half the energy input 
of the outer contour, to the inner contour (recommended by Arcam), resulted in less 
porosity in the contour-hatch region. 

• A decrease of the line offset between inner contour and hatch resulted in less porosity 
in the contour-hatch region.   

• By changing the recommended scanning strategy from point melting to linear melting, 
the grain structure becomes columnar due to epitaxial growing condition. 

• Samples with a lower surface roughness showed also lower porosity content. 
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7 Future work 
This work delivered first results when it comes to an improvement of surface- and 
microstructural characteristics in the contour region of EB-PBF built Alloy 718. Building upon 
those results, the following works were recommended: 

• Investigation of the influence of a greater number of contours and how the build order 
of those contours effect on the resulting characteristics. 

• Influence of other sample geometries with some negative surfaces and bigger sizes on 
the resulting characteristics. 

• A comparison between the mechanical properties (e.g., fatigue properties) of the 
samples built with standard parameters and the improved parameters from this study 
can be of great interest.  

• Investigation of the morphology and the content of sharp valleys within the surface 
due to their detrimental effects on the mechanical properties. 

• Investigation of how the thickness of the layers influences the surface characteristics. 
• Finally, looking at the effect of the powder recycling times on the surface characteristics 

and the level of the defect can be important.
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Annex 1: Screening design used for the cubes with one contour in batch one 

Screening Design – Batch one Part 1* 
 

Label 
Scanning 

Speed 
(mm/s) 

Beam 
Current 
(mA) 

Focus 
Offset 
(mA) 

Linear 
Energy Input 

(J/mm) 
Label 

Scanning 
Speed 

(mm/s) 

Beam 
Current 
(mA) 

Focus 
Offset 
(mA) 

Linear 
Energy Input 

(J/mm) 

G1|G36 Arcam recommended theme  G10 300 7 0 1.4 

G2 300 15 0 3 G11 300 7 5 1.4 

G3 300 15 5 3.0 G12 300 7 10 1.4 

G4 300 15 10 3.0 G13 300 7 10 1.4 

G5 300 15 10 3.0 G14 650 15 0 1.4 

G6 300 11 0 2.2 G15 650 15 5 1.4 

G7 300 11 5 2.2 G16 650 15 10 1.4 

G8 300 11 10 2.2 G17 650 11 5 1.0 

G9 300 11 10 2.2 G18 650 11 10 1.0 

 
* Cells with a grey background indicate samples with the same parameters   
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Annex 2: Screening design used for the cubes with two contours in batch one 

Screening Design – Batch one Part 2* 

Outer contour Inner contour 

Label 
Scanning 

Speed 
(mm/s) 

Beam 
Current 
(mA) 

Focus 
Offset 
(mA)  

Linear 
Energy Input 

(J/mm) 

Scanning 
Speed 

(mm/s) 

Beam 
Current 
(mA) 

Focus 
Offset 
(mA) 

Linear 
Energy Input 

(J/mm) 

G19 300 15 0 3 500 13.5 0 1.62 

G20 300 15 5 3 500 13.5 5 1.62 

G21 300 15 10 3.0 500 13.5 10 1.62 

G22 300 15 10 3.0 500 13.5 10 1.62 

G23 300 11 0 2.2 500 10 0 1.2 

G24 300 11 5 2.2 500 10 5 1.2 

G25 300 11 10 2.2 500 10 10 1.2 

G26 300 11 10 2.2 500 10 10 1.2 

G27 300 7 0 1.4 500 6 0 0.756 

G28 300 7 5 1.4 500 6 5 0.756 

G29 300 7 10 1.4 500 6 10 0.756 

G30 300 7 10 1.4 500 6 10 0.756 

G31 650 15 0 1.4 500 7 0 0.84 

G32 650 15 5 1.4 500 7 5 0.84 

G33 650 15 10 1.4 500 7 10 0.84 

G34 650 11 5 1.0 500 6 5 0.72 

G35 650 11 10 1.0 500 6 10 0.72 

* Cells with a grey background indicate samples with the same parameters 
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Annex 3: Screening design used for the cubes in batch two 

Screening Design – Batch two* 

One Contour Two Contours 

Label 
Scanning 

Speed 
(mm/s) 

Beam 
Current 
(mA) 

Focus 
Offset 
(mA) 

Linear 
Energy 
Input 

(J/mm) 

Label 
Scanning 

Speed 
(mm/s) 

Beam 
Current 
(mA) 

Focus 
Offset 
(mA) 

Linear 
Energy 
Input 

(J/mm) 

H1 200 10 10 3 H14 
200 10 10 3 

H2 400 10 10 1.5 H33 

H3 200 15 10 4.5 H15 
400 10 10 1.5 

H4 400 15 10 2.25 H34 

H5 200 10 20 3 H16 200 15 10 4.5 

H6 400 10 20 1.5 H17 400 15 10 2.3 

H7 200 15 20 4.5 H18 200 10 20 3 

H8 400 15 20 2.25 H19 400 10 20 1.5 

H9 

300 12.5 15 2.5 

H20 200 15 20 4.5 

H27 H21 400 15 20 2.3 

H28 H22 

300 12.5 15 2.5 H10 
400 20 10 3 

H29 

H31 H30 

H11 400 20 20 3 H23 200 5 5 1.5 

H12 
200 20 10 6 

H24 300 5 5 1 

H32 H25 400 5 5 0.8 

H13 200 20 20 6 H26 200 5 10 1.5 

H35 Only Hatch H36 Only Hatch 

* Cells with a grey background indicate samples with the same parameters   
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Annex 4: Summary of dimensions of batch one 

Dimensions – Batch one [mm]* 

One contour Two contours 

Label Width (X) Length (Y) Label Width (X) Length (Y) 

G1 14.65 ± 0.06 14.60 ± 0.04 G19 14.93 ± 0.03 14.91 ± 0.05 

G2 14.94 ± 0.11 14.88 ± 0.05 G20 14.97 ± 0.06 14.93 ± 0.06 

G3 14.94 ± 0.05 14.96 ± 0.05 G21 14.98 ± 0.07 14.96 ± 0.11 

G4 14.93 ± 0.05 14.95 ± 0.03 G22 14.87 ± 0.12 14.93 ± 0.04 

G5 14.89 ± 0.03 14.94 ± 0.02 G23 14.78 ± 0.04 14.73 ± 0.05 

G6 14.69 ± 0.07 14.77 ± 0.03 G24 14.60 ± 0.07 14.67 ± 0.07 

G7 14.73 ± 0.02 14.63 ± 0.05 G25 14.92 ± 0.03 14.83 ± 0.09 

G8 14.66 ± 0.03 14.71 ± 0.02 G26 14.95 ± 0.05 14.85 ± 0.04 

G9 14.66 ± 0.02 14.65 ± 0.02 G27 14.70 ± 0.07 14.67 ± 0.08 

G10 14.51 ± 0.08 14.47 ± 0.07 G28 14.64 ± 0.02 14.59 ± 0.06 

G11 14.45 ± 0.03 14.43 ± 0.03 G29 14.70 ± 0.04 14.70 ± 0.05 

G12 14.38 ± 0.06 14.40 ± 0.04 G30 14.77 ± 0.03 14.71 ± 0.05 

G13 14.49 ± 0.03 14.52 ± 0.06 G31 14.77 ± 0.12 14.68 ± 0.06 

G14 14.35 ± 0.05 14.44 ± 0.04 G32 14.76 ± 0.20 14.72 ± 0.19 

G15 14.41 ± 0.13 14.47 ± 0.10 G33 14.93 ± 0.14 15.02 ± 0.15 

G16 14.53 ± 0.09 14.54 ± 0.07 G34 14.64 ± 0.07 14.60 ± 0.19 

G17 14.35 ± 0.17 14.40 ± 0.29 G35 14.55 ± 0.07 14.62 ± 0.21 

G18 14.38 ± 0.04 14.25 ± 0.03 G36 14.58 ± 0.04 14.56 ± 0.05 

* Cells with a grey background indicate samples with the same parameters 
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Annex 5: Summary of dimensions of batch two 

Dimensions [mm] – Batch two * 

One contour Two contours 

Label Width (X) Length (Y) Label Width (X) Length (Y) 

H1 15.11 ± 0.05 15.15 ± 0.07 H14 15.13 ± 0.01 15.18 ± 0.03 

H2 15.41 ± 1.17 14.72 ± 0.06 H33 15.14 ± 0.03 15.24 ± 0.01 

H3 15.64 ± 0.15 15.67 ± 0.19 H15 14.65 ± 0.03 14.66 ± 0.03 

H4 14.93 ± 0.04 14.9 ± 0.03 H34 14.73 ± 0.06 14.69 ± 0.06 

H5 15.48 ± 0.13 15.6 ± 0.06 H16 15.85 ± 0.02 15.91 ± 0.04 

H6 14.88 ± 0.04 14.78 ± 0.02 H17 15.10 ± 0.08 15.08 ± 0.03 

H7 15.8 ± 0.17 15.69 ± 0.15 H18 15.44 ± 0.02 15.40 ± 0.06 

H8 15.16 ±0.04 15.03 ± 0.02 H19 14.96 ± 0.04 15.01 ± 0.09 

H9 15.12 ± 0.06 15.05 ± 0.05 H20 15.90 ± 0.03 15.95 ± 0.06 

H27 15.10 ± 0.05 15.05 ± 0.07 H21 15.24 ± 0.03 15.21 ± 0.03 

H28 14.98 ± 0.03 15.01 ± 0.06 H22 15.07 ± 0.04 15.03 ± 0.08 

H10 14.96 ± 0.07 14.99 ± 0.04 H29 15.02 ± 0.05 14.95 ± 0.02 

H31 15.01 ± 0.07 14.99 ± 0.09 H30 14.96 ± 0.03 15.00 ± 0.05 

H11 15.14 ± 0.05 15.06 ± 0.05 H23 14.70 ± 0.04 14.76 ± 0.07 

H12 15.46 ± 0.03 15.44 ± 0.06 H24 14.50 ± 0.06 14.46 ± 0.06 

H32 15.53 ± 0.05 15.51 ± 0.03 H25 14.44 ± 0.04 14.43 ± 0.04 

H13 15.49 ± 0.1 15.64 ± 0.04 H26 14.91 ± 0.05 14.89 ± 0.08 

H35 14.46 ± 0.06 14.36 ± 0.03 H36 14.44 ± 0.04 14.39 ± 0.02 

* Cells with a grey background indicate samples with the same parameters   
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Annex 6: Summary of melt pool dimensions of batch two 

Melt Pool Dimensions [µm] – Batch two 

E
dg

e-
po

in
ts

 

Label Width Depth Label Width Depth 

H1 826.0 ± 26.0 426.3 ± 16.1 H14 808.4 ± 44.9 552.3 ± 40.9 

H2 501.6 ± 9.4 325.1 ± 51.0 H33 701.6 ± 172 323.7 ± 142 

H3 1017.9 ± 63.3 603.7 ± 6.0 H15 572.3 ± 9.4 395.9 ± 3.6 

H4 638.3 ± 8.6 299.6 ± 16.9 H34 576.5 ± 51.2 358.0 ± 14.8 

H5 667.1 ± 77.8 354.8 ± 45.8 H16 1237.1 ± 139 579.8 ± 159 

H6 546.0 ± 48.1 270.4 ± 30.4 H17 713.1 ± 27.5 562.0 ± 17.0 

H7 1017.0 ± 7.1 431.2 ± 10.9 H18 986.8 ± 176 531.1 ± 48.6 

H8 747.2 ± 67.3 260.7 ± 63.6 H19 665.5 ± 38.1 320.5 ± 22.1 

H9 688.4 ± 9.3 415.3 ± 10.6 H20 1209.5 ± 70.1 619.7 ± 22.2 

C
en

te
rp

oi
nt

s H27 727.5 ± 11.5 481.1 ± 56.0 H21 771.9 ± 63.8 383.0 ± 55.4 

H28 687.1 ± 66.1 383.4 ± 13.6 H22 729.1 ± 36.5 504.7 ± 46.7 

H10 651.1 ± 83.1 430.1 ± 43.4 H29 811.0 ± 6.7 411.1 ± 29.9 

A
dd

iti
on

al
 S

am
pl

es
 

H31 707.6 ± 39.0 486.0 ± 7.0 H30 716.0 ± 84.7 430.3 ± 4.2 

H11 742.2 ± 85.7 291.3 ± 56.7 H23 528.9 ± 13.2 309.1 ± 54.3 

H12 982.0 ± 45.4 456.3 ± 15.1 H24 419.8 ± 1.3 215.3 ± 65.2 

H32 940.2 ± 45.1 615.2 ± 33.1 H25 392.2 ± 23.9 145.3 ± 7.8 

H13 1122.5 ± 45.9 510.6 ± 0.9 H26 510.8 ± 64.8 261.6 ± 87.8 

H35 283.5 ± 122.4 76.0 ± 27.8 H36 309.8 ± 53.4 99.3 ± 19.8 
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Annex 7: Summary of surface roughness of batch one for one contour 

Surface roughness [µm] – Batch one 
One contour 

Label Sa Sz Label Sa Sz 

G1 72.7 ± 4.0 563.1 ± 28.8 G11 50.6 ± 0.7 555.4 ± 32.8 

G2 95.6 ± 
37.4 944.4 ± 324.7 G12 61.8 ± 5.3 501.5 ± 5.3 

G3 69.0 ± 1.5 751.0 ± 59.8 G14 107.6 ± 41.9 825.9 ± 360.0 

G5 58.3 ± 3.2 663.4 ± 3.2 G15 58.8 ± 5.8 518.6 ± 5.8 

G6 94.1 ± 
26.4 805.2 ± 141.4 G16 68.6 ± 11.1 647.4 ± 52.6 

G7 55.3 ± 0.1 510.4 ± 0.1 G17 93.3 ± 30.8 718.8 ± 30.8 

G8 58.3 ± 7.4 517.4 ± 21.4 G18 61.5 ± 10.5 510.6 ± 37.5 

G10 57.8 ± 1.4 596.9 ± 1.4  

Two contours 
Label Sa Sz Label Sa Sz 

G19 50.1 ± 1.0 448.8 ± 1.0 G28 59.7 ± 0.7 564.3 ± 32.2 

G20 50.5 ± 2.1 234.7 ± 54.5 G29 83.0 ± 13.8 747.2 ± 13.8 

G21 52.2 ± 4.0 512.1 ± 4.0 G31 95.2 ± 7.8 703.4 ± 57.4 

G23 58.1 ± 1.4 360.2 ± 11.3 G32 108.8 ± 18.9 862.1 ± 18.9 

G24 56.9 ± 1.5 512.2 ± 1.5 G33 134.6 ± 5.9 1005.6 ± 114.3 

G25 72.0 ± 
19.2 663.7 ± 182.6 G34 76.4 ± 17.0 701.4 ± 17.0 

G27 63.0 ± 
10.4 497.3 ± 10.4 G35 70.5 ± 3.2 736.2 ± 71.5 
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Annex 8: Summary of surface roughness of batch two 

Surface roughness [µm] – Batch two 

One contour Two contours 

Label Sa Sz Label Sa Sz 

H1 111.2 ± 35.9 737.7 ± 142.4 H14 65.9 ± 7.5 573.2 ± 37.7 

H2 50.1 ± 2.2 478.0 ± 21.8 H33 63.0 ± 8.9 621.5 ± 50.4 

H3 99.4 ± 38.3 907.5 ± 212.6 H15 52.5 ± 3.6 497.6 ± 35.3 

H4 60.1 ± 2.6 682.5 ± 101.0 H34 65.6 ± 10.3 571.9 ± 59.0 

H5 104.5 ± 7.7 839.5 ± 6.3 H16 57.2 ± 1.2 491.5 ± 33.4 

H6 72.2 ± 2.0 618.4 ± 1.8 H17 61.2 ± 3.2 542.1 ± 6.3 

H7 95.9 ± 12.1 818.0 ± 46.7 H18 76.4 ± 5.4 715.3 ± 42.1 

H8 75.0 ± 0.3 733.6 ± 19.6 H19 81.2 ± 16.0 726.1 ± 39.5 

H9 70.7 ± 4.4 624.7 ± 41.4 H20 55.2 ± 2.3 441.0 ± 4.8 

H27 66.0 ± 1.7 646.7 ± 9.6 H21 60.1 ± 9.1 537.7 ± 63.2 

H28 78.2 ± 11.3 677.4 ± 141.1 H22 58.0 ± 0.9 612.4 ± 3.3 

H10 59.5 ± 4.7 571.3 ± 23.6 H29 56.4 ± 6.4 515.9 ± 47.5 

H31 66.1 ± 2.4 599.7 ± 21.7 H30 58.9 ± 4.8 575.8 ± 45.5 

H11 70.6 ± 0.4 750.5 ± 27.2 H23 65.1 ± 2.4 545.9 ± 34.2 

H12 62.9 ± 9.1 520.1 ± 84.1 H24 50.4 ± 2.6 566.2 ± 25.1 

H32 64.9 ± 0.9 617.0 ± 8.2 H25 55.0 ± 11.1 531.7 ± 46.4 

H13 68.7 ± 5.1 673.2 ± 24.2 H26 80.3 ± 12.2 633.5 ± 19.5 

H35 67.4 ± 2.0 586.9 ± 26.3 H36 89.6 ± 23.1 821.1 ± 101.2 
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Annex 9: Summary of porosity measurement of batch one 

Porosity - Batch one [area %] 
Label Porosity Label Porosity Label Porosity 

G1 1.06 ± 0.107 G14 0.23 ± 0.044 G25 0.68 ± 0.415 
G2 0.16 ± 0.04 G15 0.17 ± 0.063 G27 2.73 ± 2.396 
G3 0.27 ± 0.065 G16 0.19 ± 0.007 G28 1.08 ± 0.819 
G5 0.18 ± 0.097 G17 0.42 ± 0.295 G29 0.94 ± 0.688 
G6 0.46 ± 0.287 G18 0.3 ± 0.05 G31 0.94 ± 0.688 
G7 0.31 ± 0.146 G19 0.21 ± 0.010 G32 2,99 ± 2.650 
G8 0.22 ± 0.110 G20 1.03 ± 0.009 G33 1,98 ± 1.688 
G10 0.34 ± 0.177 G21 0.26 ± 0.019 G34 1,99 ± 1.692 
G11 0.80 ± 0.572 G23 0.58 ± 0.382 G35 1,91 ± 1.604 
G12 0.48 ± 0.281 G24 0.29 ± 0.140 

 

 
 

Annex 10: Summary of porosity measurement of batch two 

Porosity - Batch two [area %] 
Label Porosity Label Porosity Label Porosity 

H1 0.21 ± 0.003 H31 0.33 ± 0.139 H18 0.24 ± 0.069 
H2 0.08 ± 0.011 H11 0.16 ± 0.001 H19 0.22 ± 0.027 
H3 0.11 ± 0.009 H12 0.10 ± 0.026 H20 0.11 ± 0.016 
H4 0.13 ± 0.013 H32 0.08 ± 0.011 H21 0.14 ± 0.031 
H5 0.15 ± 0.036 H13 0.11 ± 0.013 H22 0.13 ± 0.017 
H6 0.15 ± 0.028 H35 0.10 ± 0.068 H29 0.22 ± 0.019 
H7 0.16 ± 0.043 H14 0.20 ± 0.042 H30 0.14 ± 0.008 
H8 0.24 ± 0.069 H33 0.27 ± 0.147 H23 0.23 ± 0.080 
H9 0.10 ± 0.021 H15 0.13 ± 0.039 H24 0.12 ± 0.006 
H27 0.18 ± 0.035 H34 0.17 ± 0.016 H25 0.19 ± 0.039 
H28 0.14 ± 0.032 H16 0.11 ± 0.015 H26 0.17 ± 0.026 
H10 0.17 ± 0.042 H17 0.13 ± 0.044 H36 0.12 ± 0.037 
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