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Abstract 

The Powder Bed Fusion using Electron Beam (PBF-EB) process is a highly complex 

additive manufacturing process. There are a very limited number of materials that have 

been used successfully, which limits the applications of the process, despite its well-

documented advantages over conventional manufacturing. However, the development 

of new materials is hindered due to a lack of understanding of the fundamental 

phenomena in the process. The goal of this work has been to develop a model that is 

able to predict the process parameters that will lead to the manufacture of a fully dense 

component. 

 

The model is based on 1285 empirical datasets of process parameters and the physical 

properties of the printed materials. Nine different materials were included in the data. 

By inputting a pre-defined set of process parameters and materials properties the 

model will output the beam power at which it is predicted a dense component may be 

manufactured. This novel approach will shorten the development of new process 

parameters by providing a first approximation of suitable parameters to iterate from. 

A tool steel powder supplied by Uddeholms AB was printed, using parameters 

proposed by the model. Two sets of pre-defined process parameters were used with 

several beam velocities and resulted in a number of correct predictions. 

 

This model is a first step in predicting process parameters and presents a simple, 

transparent and new method of obtaining the process window for novel materials in 

Powder Bed Fusion using Electron Beam. 

 

 

 



 

ii 
 

Sammanfattning 

Powder Bed Fusion med Electron Beam (PBF-EB) är en mycket komplex additiv 

tillverkningsprocess. Det finns ett fåtal antal material som går att använda i processen. 

Detta är ett förhinder för applikationer trots processens väldokumenterade fördelar 

över konventionell framställning. Framtagning av nya material är dock hejdad på 

grund av okunskap kring de grundläggande fenomenen inom processen. Målet med 

detta arbete har varit att utveckla en modell som kan förutse processparametrar vilka 

ger helt kompakta komponenter. 

 

Modellen är baserad på totalt 1285 data uppsättningar av processparametrar och de 

fysiska egenskaperna av de printade materialen. Data på nio olika material har samlats 

in. Genom att mata in ett par förbestämda processparametrar och materialets specifika 

materialegenskaper så beräknar modellen kraften på strålen vid vilken det förutspås 

att goda resultat framställs. Denna nya metod kortar ned tiden inom traditionell 

processparameterutveckling genom att bistå med en första iteration att arbeta utifrån. 

Ett verktygsstålspulver tillverkat av Uddeholms AB vart printat med hjälp av modellen. 

Två uppsättningar av förbestämda processparametrar användes vid flera olika stråles 

hastigheter och resulterade i åtskilliga lyckade förutsägelser. 

 

Denna modell är ett första steg i att förutspå processparametrar och presenterar en 

simpel, transparant och ny metod till att finna process fönstret för nya material i 

Powder Bed Fusion med Electron Beam processen. 
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List of Abbreviations 

 

PBF-EB Powder Bed Fusion using Electron Beam 

P Beam power / J s−1 

𝑉s Beam speed / mm s−1 

h Hatch distance / µm 

t Layer thickness / µm 

𝐹O Focus offset / mA 

𝑙s Scan length / mm 

𝐸v Energy applied per volume / J mm−3 

𝐸∗ Normalised energy input / - 

𝑉l Lateral scan speed / mm s−1 

𝐷R Diffusion ratio / - 

N Dimensionless number / - 

𝑑∗ Relative effective melt depth / - 

𝑇m Melting temperature / K 

𝐶p Specific heat capacity / J (kg ∗ K)−1 

k Thermal conductivity / W (m ∗ K)−1 

D Thermal diffusivity / m2 s−1 

ρ Density / kg m−3 
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 Introduction 
Additive manufacturing, also known as 3D printing, is a production method that 

conventionally uses a powder or wire to manufacture a product layer by layer. Several 

different processes exist and among the most promising are Direct Energy Disposition 

(DED), Selective Laser Melting (SLM) and Powder Bed Fusion using Electron Beam 

(PBF-EB) [1]. This work involves the PBF-EB method, which uses a high-power 

electron beam that travels across a powder surface and melts the powder locally to 

create a dense component in the desired shape. Additive manufacturing shows great 

potential for becoming a prominent production method with its many advantages, such 

as being able to produce complex shapes, combining previously separate parts into a 

single component and little material loss. PBF-EB has therefore started to become 

industrialised in sectors such as aerospace, energy generation, automotive, medical, 

tooling and consumer goods. Examples of parts produced by additive manufacturing 

include fuel injectors in jet engines and artificial hip implants. However, limitations of 

additive manufacturing include a lack of available materials, long process times and 

high surface roughness. The process is mostly used for small production runs with 

builds that are comparatively small and lightweight. 

 Aim and Purpose   
Additive manufacturing stands to revolutionise how components are designed and 

manufactured. However, the process is highly complex and a lack of understanding of 

the fundamentals of the phenomena taking place during the process hampers further 

development. Due to this, today's development of functional process parameters is 

often performed by trial and error which is time-consuming. This work aims to speed 

up the iterative process of finding a combination of process parameters that yield an 

acceptable product. The goal is to create a model that predicts a set of process 

parameters yielding dense results based on the powder materials specific properties.  

 

 Sustainability Perspective  
The Swedish government has decided that by the year 2050 Sweden shall have a net 

zero release of greenhouse gases. This undertaking is no easy task and will require new 

and great innovations in order to reduce the emissions. The responsibility of finding 

these solutions does not only fall on the government and academia but on the industry 

as well. 

 

Any analysis on the ethical, social or environmental impacts that this work could have 

has not been carried out. It has been considered beyond the scope of the project. Suffice 

to say a potential success of the model will result in fewer required trials when 

investigating novel materials. This will result in less time-, material- and energy loss.  

New materials for (PBF-EB) opens the window for new innovative products that can 

help create a better future. Furthermore, some products conventionally manufactured 

using less environmentally friendly processes can instead be built using PBF-EB. 



 

2 
 

 Background 

 Electron Beam Melting 
A standard Arcam A2X machine, depicted in figure 1, consists of an electron gun that 

generates an electron beam by heating a tungsten filament. The electrons are 

accelerated at a voltage of 60 kV and the beam is controlled using electromagnetic 

lenses that focus and steer the beam with a position accuracy of +/- 0,025 mm with 

speeds up to 8000 000 mm/s. The electrons travel down into a building chamber 

which has a vacuum pumped atmosphere of ca. 10−5  mbar. A partial pressure of 

2 × 10−3 mbar helium can also be introduced. The beam is applied to the powder layer 

following the process steps below. The part is built upon a starting plate, of the same 

material as the feedstock powder, which functions as a support and prevents the 

movement of melted layers as new layers are raked out. The plate is preheated prior to 

the application of the first layer and it functions as a heat sink during the printing 

process [2-4]. 

 

 

Figure 1, a schematic image of a PBF-EB setup [5]. 

 

~ 1,5 m 
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The manufacturing process typically occurs in a series of steps [2, 3]: 

1) Preheating of the powder layer (600-1100 ºC) using a powerful and fast 

beam (>10000 mm/s at high currents) that is defocused. This causes 

sintering between the powder particles. 

2) Melting of contours. (It is possible to print without contours.)   

3) Melting of the hatch by moving the electron beam over the surface following 

a distinct pattern. This is commonly the “snake pattern” which moves the 

electron beam from one side of the part to the other with small steps between 

each line until the entire plane is melted. Step 2 and 3 are normally done 

with a slower and less powerful beam (which can vary between 8 000 000 

and 100 mm/s and <30 mA current).  

4) Potential post-heating, some building themes include this step, which is 

much like preheating. It prevents residual stresses, keeps the working 

temperature high and further sinters surrounding powder that acts as a 

supporting structure. 

5) Lowering of the build platform about the thickness of one-layer. 

6) Spreading of a new powder layer using a rake. 

 

Step 1-6 are repeated until the part is completed. At which point it is cooled down in 

an atmosphere of 400 mbar helium, at a temperature of 100 ºC air is inserted for the 

rest of the cooling time. The sintered powder can then be removed using a powder 

recovery system that blasts the sintered powder away using the same kind of powder. 

Post-processing steps might be necessary depending on the build otherwise the process 

is finished and the unused powder can be reused several times after sieving [2, 3]. 

 

One possible problem that can occur in Powder Bed Fusion using Electron Beam (PBF-

EB) is smoke. As the electrons from the beam hit the powder the metal particles 

become negatively charged by the electrons. The helium gas helps to reduce this 

electrical charge build-up. In the best outcome the charge is conducted away but 

electrical isolation can occur due to poor connection between the powder particles and 

cause a sudden powder spreading effect as the powder is dispersed like a cloud in the 

building chamber [6]. This hinders the process as the latest added layer is removed and 

a new one will have to be applied. It might also cause a short circuit in the electron 

beam generator. In order to counteract smoke the preheat step sinters the powder, 

preventing it from moving.  

The PBF-EB machine has over 100 different parameters that can be adjusted in the 

process [2]. However, the focus can be cut down to five key process parameters that 

are mainly responsible for the outcome of the build. 

• Beam power (P) / J s−1  is the energy supplied by the electron beam, it is 

controlled by the beam current which determines how many electrons are 

charged into the beam.  

• Beam speed (𝑉s) / mm s−1 is the velocity at which the electron beam moves over 

the powder layer.  
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• Layer thickness (t) / µm is the thickness of each powder layer. 

• Hatch distance (h) / µm is the distance between the lines along which the 

electron beam moves. 

• Focus offset (𝐹O) / mA is the voltage applied to the coil that controls the size of 

the electron beam. 

Although it is possible to insert exact values into the machine for these parameters, 

Arcam automatic functions can make slight alterations to the parameters depending 

on layer level and position in the build. E.g. to avoid local over melting the beam 

velocity speeds up close to edges as it will pass close to where it just was.  

 

Printable Materials 

There are a few materials that have been confirmed to be printable in the PBF-EB 

process: Ti-6wt% Al-4wt% (Ti64), nickel-base superalloys such as Inconel 718 (IN718) 

and CMSX-4, CoCr and Cu. The most used and researched materials are Ti64 and 

IN718 [7-16]. Their process windows have been well documented, and the outcomes 

are mostly robust. Their properties and many of their end applications favour a 

production using PBF-EB, e.g. IN718 is difficult to machine into complex geometries 

by traditional manufacturing methods [17]. 

 

Powder Properties 

The properties and quality of the powder have great influence over the quality of the 

built parts. This is amongst others influenced by the size, shape, surface morphology, 

porosity and flowability of the powder and particles, which in turn depend upon the 

method of production. Porosities inside the particles can contribute to powder induced 

pores [18, 19]. While a high packing density might lead to a higher density of printed 

parts as well as improved heat conductivity [20]. The flowability of the powder is 

important as it determines the capacity of the powder to form a uniform layer [21]. 

Therefore, having a correct powder size distribution is vital since small grains will 

impede the flowability as well as increase the risk of smoke occurring. It is 

recommended that particle sizes vary between 45 µm to 100 µm, are spherical, have 

little gas inclusions and have few or no satellites [17].  

 

Process Windows 

Test results from PBF-EB experiments are often presented in plots in which process 

windows can be established. These are areas in which the specific combinations of 

process parameters yield a satisfactory result. One simple way of presenting process 

windows is in a beam power vs beam speed plot, see figure 2 [10, 16, 22, 23]. The area 

inside the triangle denotes a zone were dense results are produced. The printed part 

will become porous if the process speed is increased and/or the beam power is lowered 

enough. In this case, not enough energy is applied onto the powder to cause sufficient 
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melting which results in lack of fusion pores in the built part. These are detrimental for 

the mechanical properties. Pores can also be gas induced, whereby gas from the powder 

particles has been trapped inside the melt and form small round pores [17]. On the 

other hand, if the beam speed is to slow and/or the beam power to great the outcome 

becomes over melted. This can result in heavy spattering, which ejects molten droplets 

out of the melt as the liquid melt pool boils [17]. As well as/or a swelling of the surface 

that hinders the process as the rake cannot move properly over the substrate. Lastly, 

fast beam speeds in combination with powerful beams can result in a phenomenon 

called balling [23, 24]. Where a long melt pool becomes unstable due to surface 

tensions which result in solidification of unconnected metal balls, this also leads to 

porosity and is detrimental for the process [23, 24]. All these defects can be visible on 

the surface of the built parts if they are severe enough, see figure 3.  

 

 

Figure 2, schematic process window depending on beam power and beam speed. 

 

 

Figure 3, (left) picture of a porous surface, (middle) picture of over melted surface witch 

scrapes from the rake visible, (right) picture of balling formation [23]. 
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Another common approach for presenting process windows is by plotting applied 

energy per volume, commonly called energy density vs beam speed [11-13, 16, 25]. See 

figure 4. The applied energy per volume is defined as follows:   

𝐸v =
𝑃

ℎ𝑉s𝑡
 (1) 

Where P is the beam power, h the hatch distance, 𝑉s the beam speed and t the layer 

thickness, it has a unit of J mm−3. There is also a definition termed line energy which is 

calculated by dividing the beam power by its speed. Notably, the energy necessary for 

achieving a dense result becomes lower as the beam speed increases. Helmer et al. [16] 

explain that this occurs since a faster beam speed results in a shorter return time for 

the beam before it will be next to its recent position. Therefore, there is less time for 

the heat to dissipate and thus less energy is needed to melt the material.  

 

 

Figure 4, Process window, depending on the applied energy per volume and beam speed for 

Ti64 [12]. 

It is important to map the location and shape of the process window since the process 

parameters control the behaviour and shape of the melt pool. This in turn influences 

the solidification and grain growth of the material. By controlling the process 

parameters, tailoring of the microstructure is possible, which controls the mechanical 

properties of the finished part. One example of this is attempting to control the 

columnar grain growth and anisotropic behaviour [14, 16, 26, 27]. It has also been 

found that applying less energy per volume can be beneficial as it minimises 

vaporisation of alloying elements [12, 13]. 
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Post Process Treatments 

For some builds, there is a necessity for post-processing treatments. This can be due to 

high segregation or porosity in the built part, the existence of unwanted support 

structures or failure to meet needed mechanical properties or geometries. These 

treatments can range from surface finish or cutting of support structures to thermal 

treatments such as ageing or homogenisation as well as hot isostatic pressing [17, 18]. 

 

Process Parameter Balance 

Choo et al. [28] argue that the process window and the quality of the built part is the 

result of a delicate balance between the process parameters. The high rates of heating 

and cooling in the PBF-EB process causes several dynamic and complex phenomena. 

These include melting and vaporization of alloy elements, a dynamic melt pool, rapid 

solidification and phase transformation all within a short period of time. Additionally, 

any one process parameter rarely influences a single phenomenon in the process, e.g. 

increasing the beam power for the purpose of minimising porosity might influence the 

melt pool size, the thermal behaviour and thus the final microstructure. The intricate 

nature of this process makes predictions of reality difficult and the development of 

process defects common. A better understanding of the complex and interplaying 

relationships between the process parameters is one way towards process optimisation 

[28]. Furthermore, the influence of one process parameters on the density appears to 

depend on the values of other process parameters. One study [29] found that the 

hardness and the density of the built parts became less sensitive to changes in applied 

energy per volume when the hatch distance was decreased from 250 µm to 170 µm and 

100 µm. Another study [30] found that the energy applied per volume necessary for 

dense results is dependent on preheat temperature.  

 

The parameter hatch distance has been discussed and investigated repeatedly. Pobel 

et al. [12] argue that a combination of a small hatch distance and high beam speed 

promotes a gentler interaction between electron beam and material. Which appear 

more beneficial for avoiding vaporization of alloying elements and over melting. 

However, the build time decline by decreasing hatch distance cannot be fully 

compensated by increasing the beam speed [12]. Furthermore, Scharowsky et al. [13] 

have found that a decrease in hatch distance yields less surface roughness as more 

overlap mends the irregularities. While larger melt pools, a necessary consequence of 

larger hatch distances, promotes stronger irregularities. In fact, two distinct styles of 

how the melting occurs exist. At small hatch distances the powder bed is not melted by 

a single pass of the electron beam but by several fast overlapping passes. At large hatch 

distances the powder layer is instead melted in a single pass. This difference pushes 

the process windows at small hatch distances towards higher energy inputs due to 

greater thermal loss [13, 31]. However, it is not clear at which hatch distances and beam 

powers the transition between these two types occur. 
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Previous Work 
Presently, in PBF-EB, no method exists to predict functional parameters for new alloys 

and materials. This is probably due to the complexities of the process or any existing 

methodology is being kept a company secret. However, apart from observing earlier 

produced process window plots two approaches exists to try and speed up the iterative 

process of finding functional parameters. Simulations and thermal models that predict 

what will occur in the process and Design Of Experiments (DOE) which tries to 

determine the influence of different process parameters on the outcome. 

Extensive work has been done in the simulation field and sources have utilized 

computational calculations and Finite Element Methods (FEM) to predict the thermal 

fields of the build, residual stresses as well as melt pool sizes and shapes [23, 32-36]. 

These results have given insights into the behaviour of the process, as well as produced 

predictions if the outcomes would be successful or not. However, the simulations are 

setup and material specific and in order to predict a process window for a new alloy, 

iterative simulation work and validation experimentation would have to be conducted. 

DOE is a statistical tool that sets the values of the process parameters that should be 

tested. It can then, by evaluating the results, determine the influence of the different 

parameters upon the outcome, which might be e.g. the density or surface roughness. It 

also establishes which of these parameters is the most influential one (or if they have 

any influence) as well as any combined effects and finally the influence of a parameter 

based on other parameters values [29, 37]. However, these DOE tests are conducted 

within certain sets of parameters and with a specific material. It is questionable if any 

results can be applied outside of the set of parameters e.g. the influence of increased 

focus offset might be positive for the density when the hatch distance is small and it 

might be negative at a large hatch distance but these conclusions might be untrue at 

another layer thickness or another relationship might exist at an even smaller/larger 

hatch distance. 

Due to the shortcoming of the above approaches another methodology was desired. 

The earlier works off Meurig et al. [38], Priyanshu et al. [39] and Ion et al. [40] has 

created and utilized “normalised” process windows which give improved insight into 

the process and allows for comparison between different materials process windows in 

novel ways. These windows were created by plotting normalised applied energy per 

volume (normalised based on input energy and material) vs a normalised hatch 

distance (based on hatch distance and beam radius) and the product was used to 

represent a normalised equivalent energy density. This approach made comparisons 

between different materials and machines possible. In the work of Priyanshu et al. [39] 

the normalised process window was used to predict functional parameters and two 

mathematical models based on a Rosenthal solution and a “1D model” solution were 

utilised to predict the melt depth. The current work has made some different 

assumptions, used a simpler model for melt depth, only utilised data from PBF-EB 
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processes and developed a systematic way of basing predictions on data. As well as 

investigated different ways of presenting the process window.  
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Method and Materials 
The methodology was developed by collecting data from existing literature, observing 

patterns and basing predictions on previously successful process parameters. This 

approach was based on the earlier works of Meurig et al. [38], Priyanshu et al. [39] as 

they constructed normalised process windows. Due to the nature of this model being a 

first step in trying to predict process parameters it was decided to keep the model 

simple and transparent. The idea was originally that prior to printing a new alloy, an 

educated guess for new process parameters could be based on different process 

windows of earlier successful experiments with similar alloys. The process windows 

were created using various approaches and normalised the data in different ways. This 

methodology developed into observing the trendlines of these process windows, as will 

be elaborated upon below. A second filter for evaluating process parameters was also 

developed, based on the work of Priyanshu et al. [39], this method calculates the 

effective relative melt depth of the electron beam.   

 Construction of Model 

A literature study was conducted and data was collected in an excel sheet. The collected 

parameters and data where: 

• Beam power (P)

• Beam speed (𝑉s)

• Hatch distance (h)

• Length of travel (ls)

• Preheat temperature (𝑇0)

• Apparent density

• Tap density

• Average particle size

• Flowability of powder (the sources measured the flowability using different

methodologies)

Each data point was characterised into one of three types: Porous, indicating a lack of 

fusion, dense, indicating a successful build and lastly over melted, indicating that too 

much energy had been added. In order for a data point to be evaluated as dense the 

relative density had to be above 99.5% [12, 13, 16, 41, 42]. In chapter 2.1 it was 

explained that the process parameters can have a big impact on the microstructure and 

the mechanical properties of the final part. It was decided to disregard these evaluation 

strategies so as to simplify the model and increase the number of usable data points. 

Since several data sources only evaluated their builds based on the porosity. It is left to 

further work to evaluate where in the process window the most optimal parameters 

exist.  

In total 1285 data points were collected for nine different materials, 406 porous, 661 

dense and 218 over melted. An overview of the different sources and some of their 
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parameters can be seen in table 5 in appendix 1. In some cases, the source did not 

mention certain parameters, especially in the case of focus offset. While for some 

sources the needed process parameters could be calculated from the given data points, 

e.g. in a graph plotting 𝐸V  vs 𝑉s, at a certain hatch distance and layer thickness, the

beam power could be calculated for each data point.

Process window plots can be created using different variables for the x and y-axises 

and depending upon which variables are chosen the form of the process window will 

differ. The reason for this is that the variables will be dependent upon different process 

parameters or have different relationships to the same process parameters. To clarify, 

for a single value of 𝐸V  there is an infinite amount of combinations of process 

parameters that yield this value, in a plot of 𝐸V  vs 𝑉s  different sets of process 

parameters could therefore have the same coordinates. However, e.g. if the x-axis was 

dependent on the hatch distance as well as the beam speed two coordinates with the 

same values for 𝐸V  and 𝑉s  yet different hatch distances will appear at different 

coordinates in the plot, see Figure 5. Based on this background a methodology was 

developed where several different values were calculated for each set of process 

parameters. These values could then be plotted in different setups in order to yield 

different process windows. The windows could then be used to predict process 

parameters for printing and based on the success of the prints the predictions could 

then be evaluated.    
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Figure 5, two schematic graphs exemplifying that two different sets of process parameters 
could have the same position in a graph depending on which axes are used. For example the 
red cross could have process parameters P=100 / J 𝑠−1, h=100 / µm, 𝑉𝑠=50 / mm 𝑠−1 while

the blue cross could have process parameter P=50 / J 𝑠−1, h=50 / µm, 𝑉𝑠=50 / mm 𝑠−1. 



12 

3.1.1 Theoretical Values 

Normalised Energy Input (𝑬∗) 

Based on the earlier works of Meurig et al. [38], Priyanshu et al. [39] and Ion et al. [40] 

a formula for calculating the normalised energy per volume was established. By 

considering the key factor energy applied per volume (𝐸V) and by using the materials 

thermophysical properties a normalised energy input value can be calculated. 

𝐸∗ =
𝐸V

0,67𝜌𝐶p(𝑇m − 𝑇0)
(2) 

Where ρ is the density of the printed material, 𝐶p  the specific heat capacity of the 

material, 𝑇m  the melting temperature of the material and 𝑇0  the approximate 

preheating temperature during the process. Information regarding relative density was 

not given in most data sources, it was therefore assumed to be 0,67, hence the 

appearance of the value in the denominator. This is the same assumption made by 

Meurig et al. [38] and Priyanshu et al. [39] which ignores differences between powders 

but is a required simplification. Also note that this equation assumes full absorption of 

the electron beam by the powder surface, which has been made due to lack of 

absorption data.  

To melt a material latent heat is also necessary. By assuming that the latent heat is 

approximately 0,5 ∗ 𝜌𝐶p∆𝑇 for metals and alloys equation two can be rewritten as:  

𝐸∗ =
𝐸V

0,67 × 1,5 × 𝜌𝐶p(𝑇m − 𝑇0)
=

𝐸V

𝜌𝐶p(𝑇m − 𝑇0)
=

𝑃
𝑉sℎ𝑡

𝜌𝐶p(𝑇m − 𝑇0)
(3) 

The value of 𝐸∗ represents a dimensionless relationship between the energy added to 

the powder in the volume between two passing printing lines to the theoretically energy 

needed to melt the material per volume. This value presents an approach to 

normalising the process window in regard to which material is being used.  

Unlike the works of Meurig et al. [38] and Priyanshu et al. [39] the energy applied per 

volume is calculated using hatch distance instead of the beam diameter. This is due to 

the lack of information on how large the beam diameter is in Powder Bed Fusion using 

Electron Beam (PBF-EB) and regarding which focus offset yields which beam 

diameter. Therefore, the 𝐸∗  values from earlier works and this work cannot be 

compared.      
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Lateral Scan Speed (𝑽𝐥) 

In the works done by Scharowsky et al. [13] and Pobel et al. [12] a novel way of 

illustrating process maps have been presented. Arguing that process maps from 

different hatch distances cannot be compared directly, a calculated value named 

lateral scan speed has been presented. This value denotes the speed at which the 

electron beam moves through the printed part, see Figure 6. In the article [13] 

Scharowsky shows how implementation of the lateral scan speed “normalises” the 

process window as the data from sources with different hatch distances appear more 

similar. This is due to the fact that low hatch distances are often compensated by a 

high beam speed and vice versa. Thus, the product of the two become relatively 

constant for different hatch distances, as can be seen in the definition below.  

𝑉l = 𝑉s

ℎ

𝑙s

(4) 

Where Vs is the beam speed, h the hatch distance and ls the scan length. This approach 

appeared valuable to the current work as the data was collected from sources with 

different hatch distances.   

Diffusion Ratio (𝑫𝑹) 

Another way to plot process windows has been presented in the work of Helmer et al. 

[16]. Due to the phenomena of residual heat remaining locally from one melt line and 

influencing the melting of the succeeding line it is of interest to implement this in the 

process window. Scharowsky et al. [13] has also pointed out the importance of this 

phenomena as he compares processes at different hatch distances. Helmer et al. [16] 

Vl 

Vs 

h 

ls M
el

tp
o

o
l 

Figure 6, schematic drawing explaining lateral 
scan speed. 
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proposes to quantify this residual heat by calculating an approximation of the thermal 

diffusion length. This is done by firstly calculating the mean return time 𝑡return using: 

𝑡return =
𝑙s

𝑉s

(5) 

Where 𝑙s is the scan length and 𝑉s the beam speed. 𝑡return denotes the time available for 

the heat to diffuse into the substrate before the beam spot passes by again. By then 

using an approximation solution for Fourier’s law of heat conduction, assuming 

conductivity in two dimensions, a thermal diffusion length can be calculated by: 

𝑙th = √4𝐷
𝑙s

𝑉s

(6) 

This approach takes the thermal diffusivity of the material into account. Which makes 

it valuable since this work compares different materials with different thermal 

diffusivities. However, in order to compensate for the fact that data from different 

hatch distances would be compared a modification was done. By dividing the thermal 

diffusion length by the hatch distance, much like lateral scan speed, the data becomes 

normalised with regards to hatch distance and comparisons between different data sets 

theoretically becomes more reliable. This is calculated as follows:  

𝐷𝑅 =
√4𝐷

𝑙s

𝑉s

ℎ
(7)

Were 𝐷𝑅 stands for Diffusion Ratio. The value represents how relatively far the heat 

manages to dissipate. If the diffusion ratio is larger than one, then the heat in the 

middle of the melt pool theoretically diffuses further than the distance to the middle of 

the next melt line by the time the electron beam returns. Although, this is not a truthful 

representation of reality it gives a useful relationship for creating process windows.  

Dimensionless Number (N) 

The work with dimensionless numbers from Mukherjee et al. [43] instigated the 

creation of a new dimensionless number. The earlier works dimensionless number 

where disregarded as they required data that was unattainable for most of the sources 

and would have made the project expand beyond its scope. The diffusion ratio value 

described above gives a dimensionless number, but to observe the difference in 

predictions it was decided it would be of interest to investigate another approach as 

well. The dimensionless number was arbitrarily named N, it is defined in equation 
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eight. The dimensionless number does not represent any physiological relationship but 

the values from dense results and non-dense results can none the less be compared and 

used for predictions.  

N=
Vsh

2

Dls
(8) 

3.1.2 Thermo-Physical Properties 

In order to be able to calculate the values above the materials thermophysical 

properties were necessary. These were assumed to be at the approximate elevated 

preheat temperatures for the powder bed and to be that of fully dense and solid 

materials. The properties were also assumed to remain constant during the melting 

process. Although these assumptions make the model less true to reality, they were 

necessary so as to make any calculations at all due to lack of necessary data.  

For some materials the thermo-physical properties could not be obtained or only 

obtained at room temperature. In the case of Fe3Al and Ti45Al it was assumed they had 

the same properties as SS 316 and Ti47Al respectively. The thermo-physical properties 

for CoCr and the tool steel powder could only be obtained at room temperature. A 

summary of the thermal properties used in the calculations can be found in table 1. 

Notably, the melting temperature for the tool steel powder was predicted using 

thermo-calc software (2016a version, TCFE8:Steels/Fe-Alloys v8.0).  
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Table 1, a summary of the thermo-physical properties used for calculation of values. 

Material 

Melting 

temperature 

(𝑇m) / K 

Specific heat 

capacity (𝐶p) 

/ J (kg K)−1 

Thermal 

conductivity (k) 

/ W(m K)−1 

Thermal 

diffusivity 

(D) 

/ m2 s−1 

Density 

(ρ) / 

kg m−3 

Source 

Ti64 1923 694 15,5 5,10×E-6 4324 [44] 

IN718 1609 620 27,7 5,35×E-6 7806 [44] 

CMSX 1653 710 27,8 4,75×E-6 8251 [44] 

Fe3Al - - - - - - 

Ti47Al 1785 727 11,0 4,16×E-6 3636 [33] 

Cu 1358 434 370 9,82×E-5 8680 [44] 

SS 316 1723 670 29,3 5,90×E-6 7411 [44] 

CoCr 1703 452 33 8,33×E-6 8768 
[45, 

46] 

Ti45Al - - - - - - 

Tool steel 1660 460 30 8,47×E-6 7700 - 

Construction of Model Continued 

For each data point, i.e. each set of process parameters, the values for 𝐸V, 𝐸∗, 𝑉l, 𝐷𝑅 and

N were calculated. These values could then be used to construct process windows. As 

explained earlier, in chapter 3.1, plotting with different axes changes the outlook of the 

process window as different variables have different influences on the plotted values. 

10 graphs were created with the purpose of investigating if different plotting 

approaches yielded better or worse degrees of normalisation or were superior in 

predicting process parameters. These had different combinations of values on their x- 

and y-axises. The combinations of values can be found in Table 2. 



 

17 
 

Table 2, displaying the combination of values used to create graphs. 

y-axis x-axis Comment 

𝐸v 𝑉s All materials 

𝐸v 𝑉l All materials 

𝐸∗ 𝑉s All materials 

𝐸∗ 𝑉l All materials 

𝐸∗ 𝐷𝑅 All materials 

𝐸∗ N All materials 

𝐸∗ 𝑉s Similar materials to tool steel 

𝐸∗ 𝐷𝑅 Similar materials to tool steel 

𝐸∗ 𝑉s Only data with hatch distance 50 µm 

𝐸∗ 𝑉s Only data with hatch distance 100 µm 

 

In order to use a systematic way for predicting with the process windows it was decided 

to utilize trendlines, for each graph three trendlines were created. By combining all the 

data points from materials that yielded the same characterisation, either porous, dense 

or over melted, a trendline for each characterisation was created. These were power 

functions, see equation nine below, which best fitted the nature of the process windows 

curvature. The slopes were adjusted to fit the data based on the method of least squares 

by changing the power functions A and B values. Although these trendlines did not give 

an exact shape of a process window, they gave slopes along which predictions that the 

outcome was either porous, dense or over melted could be made.   

 

𝑦 = 𝐴 × 𝑥𝐵  (9) 

 

Considering that the majority of the data came from Ti64 sources it became 

questionable if this data could be used for prediction of the tool steel powder. As it 

might fit the trendlines closer to the Ti64 data even though material normalisation had 

been done. To investigate this two of the graphs were constructed with only data from 

materials similar to the tool steel powder. In Table 2 these graphs have been 

commented with “similar material”. The materials were chosen based on their 

similarity with regards to thermo-physical properties. Since no data was found for the 

tool steel powder at elevated temperatures the comparison was made with the 

properties at room temperature. It was found that the most similar materials were 

CoCr and IN718. However, due to few data points and rather close similarities, SS 316, 

CMSX and Fe3Al were used as well.   

 

Since it was unknown whether the hatch distance normalisation using lateral scan 

speed would be an effective tool for predictions, another investigation was conducted. 

Two of the graphs created were done so only using data at either hatch distance 50 µm 
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or 100 µm, as can be seen in Table 2. These two distances were chosen since they 

formed the majority of the data, with 281 and 536 data points respectively. The two 

graphs can only predict process parameters at their corresponding hatch distance.   

  

Given that each point in the process windows can be the coordinate of an infinite 

number of sets of process parameters it becomes necessary that some of the variables 

become fixed. The model therefore requires these input process data: preheat 

temperature (𝑇0), hatch distance (h), layer thickness (t) and scan length (𝑙s). As well as 

input material data: melting temperature (𝑇m), specific heat capacity (𝐶p), thermal 

conductivity (k), thermal diffusivity (D) and density (ρ). With these values fixed each 

point in the graphs became a distinct set of process parameters and therefore the 

trendlines became distinct as well. Since the slopes were displayed on different axes it 

became problematic to compare them. Therefore, the trendlines were re-plotted 

alongside each other in a single overview graph. Any point along these trendlines had 

an exact set of process parameters and was predicted to give a dense/porous/over 

melted outcome in accordance with that trendlines characterisation. By using data on 

the tool steel, obtained prior to completion of the model with the trendlines, several 

points (process parameters) in the graphs were chosen and printed. Figure 7 displays 

a schematic overview of the entire methodology, notably the d
*
 value (relative effective 

melt depth) is explained in chapter 3.2.1.  
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Figure 7, flowchart overview of the methodology displaying how the process parameter 

data and thermo-physical data was used to create predictions. 

 

3.2.1 Relative Effective Melt Depth Model 

To further improve predictions of functional process parameters a second approach 

based on theoretical melt depth was developed. One approach for this is to use finite 

element models (FEM) that give a good understanding of what the process looks like. 

However, these simulations require a high investment of time and computational 

power and were not deemed the best approach in this work. Instead, a simpler model 

was adopted, based on the approach presented by Priyanshu et al. [39] which could 

calculate an estimation of the penetration depth of the melt pool. Earlier investigations 

done at Swerim had found an equation to estimate the melt depth based on process 

parameters and material properties [47]:  
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𝑍 = 0,1
𝑃

∆𝑇√𝑘𝑑𝑉s𝜌𝐶p

(10) 

 

Where Z is the calculated melt depth, P the beam power, ∆𝑇 the temperature difference 

from preheat temperature to melting temperature, k the thermal conductivity, d the 

diameter of the electron beam, 𝑉s the beam speed, ρ the density and 𝐶p the specific heat 

capacity. The beam diameter was assumed to be 375 µm for all data points. This 

assumption was made due to lack of data. In order to fully melt the material with 

passing electron beams the melt depth must be deep enough to melt the entire powder 

layer. However, the minimal melt depth at the overlap between two melt pools should 

also be greater than the powder layer [39]. By assuming that the melt pool has a semi-

circular shape in the cross section of the beam’s moving direction, see Figure 8, the 

minimal melt depth can be calculated as follows: 

 

𝑍min = √Z2-
(h/2)

2

4
 (11) 

 

 

Figure 8, cross section of the print displaying the minimal melt depth between two adjacent 

melt pools. 

 

With the minimal melt depth, the relative effective melt depth, 𝑑∗, can be calculated, 

see equation 12. This dimensionless value gives the ratio between layer thickness and 

the calculated melt depth. A value of 𝑑∗ > 1 would indicate a complete melt of the 

powder layer, which is required else the risk of having a porous end part arises. The 𝑑∗ 

value was calculated for each set of process parameter and was used to predict which 

process parameters would yield dense results. 

 

d
*
=

√Z2-
(h/2)

2

4

t
(12)
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 Powder and Printing Information 

The powder used for printing was a gas atomized Fe based tool steel that had been 

supplied by Uddeholms AB. A modified Arcam S12 machine was used for building the 

test parts. A starter plate of the same material as the powder with diameter 110 mm 

and thickness 12 mm was used. Smoke tests were carried out and smoke-free settings 

were found. Test cubes with dimensions 15 × 15 × 15 mm were built as test specimens, 

the distance between the cubes were 3/5 mm. No contours were produced. The cubes 

were built with a 5º tilt away from the path of the rake, see Figure 9. The preheat 

temperature aimed to be kept at 950 ºC and the acceleration voltage was 60 kV. The 

focus offset was set at 0,3 mA when printing the hatches and the layer thickness was 

kept constant at 75 µm for all builds. Other parameters, that were not altered as part 

of the experiments, were kept close to the respective values used in the Arcam theme 

for Ti64.  

 

 

Figure 9, top view of a cross section of the built cubes (15 × 15 mm) in the Arcam build 

assembler software. 

 

Due to the fact that the current work was conducted alongside the ADROAM project 

normal process development procedures were conducted before the completion of the 

model. Some predictions from the unfinished model were tested during this time. The 

results from the earlier prints were used to decide which trendline appeared most 

correct in predicting the process window. In total four builds were done, the first three 

were part of the normal process development procedure. Based on these the fourth 

build had 10 process parameter setups, five at hatch distance 50 µm and five at hatch 

distance 100 µm. This was done since most of the data from the literature were at a 

hatch distance of 50 µm or 100 µm, therefore the models had the best chance to predict 

correctly at these values. 

 

 Sample Preparation and Analysis 

Most of the samples could be evaluated via optical inspection. Four of the built test 

specimens that were printed before the completion of the model had their densities 

estimated using the Archimedes method [48]. All the specimens printed using the 

prediction model had their density measured. The Archimedes method is essentially 
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executed as follows: The weight of the samples is measured in air and subtracted by 

the weight in de-ionized water. The remainder equals the weight of the displaced water, 

which can be translated into a volume since the density of de-ionized water is known 

at the test temperature. The weight of the sample divided by the displaced volume 

equals the sample density. The weight of samples was determined using a MC 210 P 

scale, from Sartorius. The setup includes a YDK 01 density kit which enables 

measurement of the sample weight in fluids, see figure 10. The accuracy was estimated 

to ± 0.01 g cm−3, considering air-bubbles that sometimes stick on the surface of the 

analysed samples. Relative densities below 99,5% were considered porous results. 

Relative densities of 99,5% or above without signs of porous or over melted were 

deemed dense, unless Light Optic Microscopy (LOM) revealed otherwise. Each cube 

was smoothened by polishing on its sides. This was done in order to minimise the 

amount of air bubbles sticking to the surface during the density measurement.  

 

 

Figure 10, picture of the MC 210 P scale and YDK 01 density kit. 

 

Five of the built specimens were cut along their building direction (+z) and polished, 

with the finest polish being 1 µm diamond paste. Three of them were prints from the 

normal process development with promising surface results. One was an early 

prediction with possible void formation. Lastly, one cube had had two different sets of 

process parameters printed in it, one above to other, therefore the density results were 

inadequate to determine the quality of the two regions. These cubes were investigated 

with LOM using a Lecia DM IRM microscope so as to evaluate the porosity inside the 

built parts [49].  
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 Results 
This chapter contains the results produced by the project. First, an overview of how the 

process windows were influenced by parameters and the results that were used for 

creating trendlines is presented. The calculated values of the second approach using 𝑑∗ 

is visualised. The model’s calculations resulting in prediction trendlines are displayed 

along with test results. Lastly, LOM images of the built parts are illustrated. Note that 

all process windows have been cropped and have data outside of the presented 

windows, except the overview graphs figure 17, 18, 19, 22.  

 

 Process Window Plots and Trendlines  
To illustrate the effect of implementing lateral scan speed two plots were created, 𝐸V 

vs 𝑉s and 𝐸V vs 𝑉l. Only dense data points from Ti64 were used, this was done to make 

the plots distinct and since Ti64 had data from most different hatch distances. In figure 

11 a clear discrepancy between the process windows of different hatch distances can be 

seen while compared to figure 12 these process windows become indistinguishable. 

These plots demonstrate the normalisation of different hatch distances that lateral 

scan speed creates.  

 

 

Figure 11, process windows at different hatch distances depending on the applied energy 

per volume and beam speed for Ti64 with only dense data points. Note, data exists outside 

of the plotted window. 
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Figure 12, process windows at different hatch distances depending on the applied energy 

per volume and lateral beam speed for Ti64 with only dense data points. Note, data exists 

outside of the plotted window. 

 

The process windows of the different materials have been graphed in figures 13 and 14. 

Only dense data and areas instead of individual points have been used in order to make 

the plots more comprehensible. A clear overlap between most of the materials exists 

regardless of being plotted with 𝐸∗ or 𝐸v. Yet, the use of 𝐸∗ instead of 𝐸v yielded some 

normalisation of the process windows. The windows for Fe3Al, IN718, Ti47Al and CoCr 

have moved in relation to Ti64 such that they appear in the middle of the Ti64 window 

instead of at the bottom of it. The process window for Cu seems to have moved out of 

the Ti64 window, probably a result of coppers high thermal conductivity value. The 

thin process window for SS 316 is probably not the entirety of the “true” process 

window but a result of lack of data at higher velocities. The same is true for CMSX 

which only has a single data point.  

 

Due to the lack of thermo-physical data for Ti45Al it was assumed to have the same 

properties as Ti47Al. However, the process window for Ti45Al, when plotting 𝐸∗ , 

segregated from the rest of the process data so significantly that it became clear that 

the assumption was incorrect. Ti45Al has therefore been excluded from graphs plotting 

𝐸∗. However, its data can be observed in appendix 2 in figures 29-37.   
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Figure 13, process windows of the materials depending on the applied energy per volume 

and beam speed for all materials with only dense data points.  

 

 

Figure 14, process windows of the materials depending on the normalised energy input and 

beam speed for all materials, excluding Ti45Al, with only dense data points.  
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In figure 15 a schematic view of the collected data has been created, using all materials 

and plotting 𝐸∗ vs 𝑉s, areas for porous, dense and over melted has been used to clarify 

the results. It can be observed that the size of each zone and the overlap between them 

is quite large. At some points all three zones are present. Furthermore, not all sources 

mapped complete process windows e.g. not finding the over melted zone or only testing 

a small span of beam speeds. Which explains some of the peculiarities of the zone’s 

forms. A single point in this kind of graph cannot guarantee a dense result. However, 

the safest points to guess at would be in the middle of the dense process window i.e. 

along the trendline. Notably, no dense results were observed below a normalised 

energy input of 5 and most data appeared between 10 and 20. 

 

The graph, figure 15, exemplifies the general approach used in creating the trendlines. 

For each of the 10 different combination of values displayed in table 2 (in chapter 3.2) 

a graph such as this was created. Each graph was created by using data from all 

materials and creating trendlines for each characterisation i.e. porous, dense or over 

melted. Although the overlap between the zones is large, the trendlines remain distinct 

from each other and never crosses paths in any of the graphs. The remaining nine 

graphs can be found in appendix 2 in figures 29-37. 

 

 

Figure 15, areas of different outcomes depending on the normalised energy input and beam 

speed for all materials, excluding Ti45Al, with trendlines for porous, dense and over melted. 
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 Plot of 𝒅∗ Values 
Using data from all materials, the normalised frequency for the values of 𝑑∗  was 

graphed for porous, dense and over melted, see figure 16. This graph illustrates which 

values of 𝑑∗  that were most common for the different characterisations. At low 𝑑∗ 

values the relative effective melt depth is not large enough, and the result is porous, 

with a porous frequency peak at around 1,25. On the other hand if the 𝑑∗ value is too 

large the result becomes over melted. Evidently, the highest frequency of dense results 

can be found between 𝑑∗ values of 2 and 4,25. Therefore, it was decided that predicted 

process parameters should have a 𝑑∗ value between 2 and 4,25 with the purpose of 

maximising its chances for success. If the calculated 𝑑∗  lay outside of 2 and 4,25 

another set of process parameters would be chosen until the 𝑑∗ lay inside of 2 and 4,25.  

 

 

Figure 16, histogram of normalised frequency of d* values, every 𝑑∗ point in the graph have 

been bundled with values within ±0,25, e.g. the 1,25 point is a summation of d* values 

between (1:1,5]. The sum of all the y-values in each curve equals 1.  

 

 Overview of Trendlines Graphs 

The process parameters printed in the first three builds can be seen in table 3. These 

results were the starting point in assessing were the process window was and which 

process parameters to test. A7, A10, A11 and A12 were process parameters predicted to 

result in dense builds based on an early version of the model. Test A1 had a relative 

density rounded of to 99,4% but was deemed dense based on its surface quality and it 

being close to the required relative density.  
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Table 3, an overview of the builds done before completion of the model. 

 

For each graph such as the one displayed in figure 15 a dense trendline was defined 

then using the models input data the trendlines from the 10 plots could be re-plotted 

alongside each other in an overview graph. This was done with input data at two hatch 

distances, 50 µm and 100 µm, as well as the parameters set in chapter 3.3, see figure 

17 and 18. The curve “Max Current” visible in figure 18 denotes the curve for the 

machines maximum input acceleration voltage.  

 

With the input parameters as well as values for 𝑑∗ set, the equations for 𝑑∗ could be 

used to calculate a ratio between beam power and beam speed that results in the 𝑑∗ 

value of either 2 or 4,25. These ratios were then graphed in figure 17 and 18 as 𝑑∗ upper 

and lower limit. Any point outside of the area in between these two slopes would result 

in a 𝑑∗ value lower than 2 or higher than 4,25. Therefore, only points in between the 

two slopes would be tested.  

 

By comparing the two overview graphs, it can be observed that the trendlines for hatch 

distance 50 µm have been shifted upward and predict that more energy will be needed 

# Prediction 

Power 

(P) / 

J s−1 

Beam 

speed 

(𝑉s) / 

mm s−1 

Hatch 

distance 

(h) / µm 

Layer 

thickness 

(t) / µm 

Energy 

applied 

per 

volume 

(𝐸v) / J 

mm−3 

Relative 

density 

±0.1 % 

Result 

A1 - 300 4000 50 75 20,0 99,4 Dense 

A2 - 504 10000 50 75 13,4 99,7 Dense 

A3 - 252 10000 50 75 6,72 - Porous 

A4 - 450 4500 50 75 26,7 - 
Over 

melted 

A5 - 504 5000 100 75 13,4 99,7 Dense 

A6 - 510 10000 100 75 6,80 - Porous 

A7 Yes 917 7000 100 75 17,5 98,6 Porous 

A8 - 900 4500 100 75 26,7 - 
Over 

melted 

A9 - 600 4000 100 75 20,0 - 
Over 

melted 

A1

0 
Yes 720 3000 100 75 32,0 - 

Over 

melted 

A11 Yes 1116 5650 100 75 26,3 - 
Over 

melted 

A12 Yes 595 3000 100 75 26,5 - 
Over 

melted 
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than those of hatch distance 100 µm. This is in accordance with literature [13]. Some 

of the trendlines predicted that more energy will be required while others predicted 

less. The difference at beam speed 8000 mm s−1 and hatch distance 50 µm between 

the top trendline (𝐸∗ vs 𝐷R) and the bottom one (𝐸∗ vs 𝑉s) is almost double the beam 

power. Notably, the difference between top and bottom trendline decreases for hatch 

distance 50 µm as beam speed increases while the difference slightly increases for 

hatch distance 100 µm. Furthermore, the order in which the trendlines are stacked is 

not constant. At hatch distance 100 µm the top two trendlines were based on Ev while 

for hatch distance 50 µm the top two trendlines were based on 𝐷R, followed by the 𝐸v 

trendlines. The order of the lower trendlines appear quite similar between the two 

hatch distances but with some minor differences, e.g. the lowest trendline differ 

between 𝐸∗ vs 𝑉s and 𝐸∗ vs 𝑉l for the two hatch distances.  

 

The pre-prediction test results from table 3 can also be seen in figure 17 and 18. The 

prediction trendlines for hatch distance 100 µm clearly appear to overestimate how 

much energy needs to be applied to the material, even the lowest trendline has a porous 

and over melted result in proximity to it. However, the 𝑑∗  upper and lower values 

advocate less energy input. While for hatch distance 50 µm it is not clear where the 

over melted zone is located, it might be that the lower trendlines are inside the real 

process window. 
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Figure 17, overview plot of prediction trendlines depending on the energy applied per 

volume and beam speed at hatch distance 50 µm with pre-prediction data points. 

 

5

10

15

20

25

30

35

40

45

0 2000 4000 6000 8000 10000 12000

E
n
er

g
y
 a

p
p
li

ed
 p

er
 v

o
lu

m
e 

(E
V
) 

/ 
J 

m
m

-3

Beasm speed (VS) / mm s-1

Tool Steel Porous h=50 Tool Steel Dense h=50

Tool Steel Over melted h=50 Potens (Ev vs Vs)

Potens (E* vs Vs) Potens (Ev vs VL)

Potens (E* vs VL) Potens (E* vs Diffratio)

Potens (E* vs Norm) Potens (E* vs VL (similar material))

Potens (E* vs Diffration (similar material)) Potens (E* vs Vs (h=50))

Potens (d* Upper limit) Potens (d* Lower limit)

Exp.

Exp.

Exp.

Exp.

Exp.

Exp.

Exp.

Exp.

Exp.

Exp.

Exp.



 

31 
 

 

Figure 18, overview plot of prediction trendlines depending on the energy applied per 

volume and beam speed at hatch distance 100 µm with pre-prediction data points. 

 

In order to have the most accurate prediction the trendline that appeared closest to the 

anticipated process window was chosen based on the pre-model data. In the case of 

hatch distance 50 µm this was the trendline from the 𝐸∗  vs 𝑉s  plot and for hatch 

distance 100 µm it was from 𝐸∗ vs 𝑉l since both trendlines appeared closes to the dense 

data points. From the two original plots of 𝐸∗  vs 𝑉s  and 𝐸∗  vs 𝑉l  the trendlines 

predicting porous and over melted results were extracted and graphed alongside the 

dense trendlines, see figure 19 and 21. These two graphs gave a improved perception 

of where the predicted process window would start and stop. Process parameters along 

the dense and porous trendlines were chosen to be printed. Their 𝑑∗  values were 

evaluated and deemed satisfactory. No tests were done along the over melted 

trendlines since the dense trendlines already appeared to overestimate the energy 

needed. The points chosen (B1-B10) and their results can be seen in table 4, figure 19 

and figure 21. An image of the printed results can be seen in figure 20. The two test B6 

and B7 had an apparent density lower than 99,5%, but which when rounded off became 

99,5%, and had fine surface quality. They were characterised as “almost” dense. For 
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hatch distance 50 µm four out of five predictions were correct and for hatch distance 

100 µm two out of five predictions were correct. 

 

 

Figure 19, prediction trendlines from the 𝐸∗ vs 𝑉𝑠 graph depending on the applied energy 

per volume and beam speed at hatch distance 50 µm, with pre-prediction data points and 

print results. 
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Figure 20, photograph of built cubes (15 × 15 × 15 𝑚𝑚) using the predicted process 
parameters in tests B1-B10. B8 is directly below B5 in the cube to the bottom right. 

 

 

Figure 21, prediction trendlines from the 𝐸∗ vs 𝑉𝑠 graph depending on the applied energy 

per volume and beam speed at hatch distance 100 µm, with pre-prediction data points and 

print results. 
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Table 4, overview of tests performed using the model. 

 

 Light Optical Microscopy Results 

The resulting pictures from LOM can be found in figures 22-28 (A1, A2, A5, A7, B5 and 

B8). All samples are displayed such that the building direction is shown upwards in the 

images. Tests number A1, A2, A5, A7 and B5 resulted in no lack of fusion porosity but 

some gas induced porosity could be detected. A1, A2 and A5 were all deemed dense. 

While test number A7 had been deemed porous due to its surface appearance and 

relative density it displayed no signs of considerable porosity. The results from B8 

indicated large porosities due to lack of fusion, with pores in lengths up to 200 µm, see 

figure 22. Based on this it was decided that the process parameters for B8 resulted in a 

porous outcome and B5 resulted in dense outcome. 

# Prediction 

Power 

(P) / 

J s−1 

Beam 

speed 

(𝑉s) / 

mm s−1 

Hatch 

distance 

(h) / µm 

Layer 

thickness 

(t) / µm 

Energy 

applied 

per 

volume 

(𝐸v) / J 

mm−3 

Relative 

density 

±0.1 % 

Result 

B1 Porous 275 6000 50 75 12,2 99,3% Porous 

B2 Porous 110 2000 50 75 14,6 98,9% Porous 

B3 Dense 572 8000 50 75 19,1 99,4% 
Over 

melted 

B4 Dense 212 2000 50 75 28,3 99,6% Dense 

B5 Dense 465 6000 50 75 20,7 99,5% Dense 

B6 Porous 221 2000 100 75 14,8 99,5% 
Almost 

dense 

B7 Porous 525 6000 100 75 11,7 99,5% 
Almost 

dense 

B8 Porous 658 8000 100 75 11,0 99,5% Porous 

B9 Dense 532 3000 100 75 23,7 99,6% 
Over 

melted 

B1

0 
Dense 731 5000 100 75 19,5 99,5% Dense 
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Figure 22, optical micrograph of build B8, which was categorised as porous. A lack-of-

fusion-pore is highlighted by the dashed line and a spherical gas pore is denoted by the solid 

line.  

 

 

Figure 23, optical micrograph of build B8, which was categorised as porous. 
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Figure 24 (left), optical micrograph of build A5, which was categorised as dense. Figure 25 

(right), optical micrograph of build A1, which was categorised as dense.  The images have 

been cropped but represents their respective surfaces. 

 

 

Figure 26 (left), optical micrograph of build A2, which was categorised as dense. Figure 27 

(right), optical micrograph of build A7, which was categorised as porous. The images have 

been cropped but represents their respective surfaces. 

 

 

Figure 28, optical micrograph of build B5, which was categorised as dense. The image has 

been cropped but represents the entire surfaces. 
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 Discussion 

 Discussion of Results 

The results from figure 11 and figure 12 shows that utilising lateral scan speed results 

in a normalisation of process windows as the windows at different hatch distances 

becomes entwined. This shows that lateral scan speed is a useful value when comparing 

data from different hatch distances. Regarding 𝐸∗ , figure 14 does not give any 

significant results and it remains unclear if 𝐸∗  is a good tool for predicting process 

parameters for new materials. Slight normalisation for some of the materials could be 

observed but Cu shifted away from the rest of the materials. None the less, a clear 

minimum applied energy per volume is required to get dense results for all materials. 

This threshold is roughly 20 J mm−3 at 4000 mm s−1 for all materials except for Cu as 

well as CMSX and SS316 which lack data at this beam velocity. 

 

The overlap between dense, porous and over melted zones in figure 15 can be explained 

by three points. Firstly, all materials are being combinedly used in plotting the graph. 

One dense area of a process window might be at the same position of one porous 

window. Secondly, values that are not normalised are different between sources and 

alters the process window e.g. hatch distance or layer thickness. Lastly, there might be 

some influencing factors that have not been taken into account e.g. focus offset. This 

might result in two data points appearing the same but displaying different results, as 

explained in chapter 3.1. 

 

In figure 16 there is notably a large overlap between the different characterisations, 

with porous and dense results stretching as far as 𝑑∗ =7 and 𝑑∗ =14. This can be 

explained since the model only calculates the energy input of a single pass of the 

electron beam. It ignores the fact that thermal energy remains locally from previous 

passes. In the cases where small hatch distances, fast beam speeds and large electron 

beam overlaps generates deep enough melt pools with several passes the model 

calculates this to be low values of 𝑑∗. Therefore, the successes at low values of 𝑑∗ might 

be results from using high beam speeds with low hatch distances. While the high value 

𝑑∗  successes might be results at low beam speeds and large hatch distances. 

Furthermore, the current work does not take focus offset into account, a parameter 

that is significant in this case as it controls the overlap between electron beams.  

 

Comparing figure 17 and 18 it can be observed that the trendlines at hatch distance 100 

µm overestimate how much energy is needed to be applied into the material and for 

hatch distance 50 µm the trendlines appear slightly above the dense results. I.e. the 

true process window of the tested material is situated below the trendlines. It appears 

that the 𝑑∗ method is more accurate at hatch distance 100 µm than at 50 µm while the 

lower trendlines appear to predict more accurately for hatch distance 50 µm. Although 

the model successfully predicts that less energy input will be necessary at hatch 
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distance 100 µm it fails to correctly estimate how much less energy is needed. This 

implies that the true process window is more dependent on the hatch distance than the 

model predicts, i.e. if the predictions had been more accurate it would have estimated 

its trendlines to be lower in figure 18. However, the 𝑑∗ approach seems to better predict 

the reduction of necessary energy needed.  The difference in prediction between hatch 

distance 50 µm and 100 µm can be attributed to the fact that most of the trendlines 

have been calculated in plots were the x-axis is dependent on the hatch distance. To 

clarify, the trendlines A and B values in their power functions remain constant between 

the prediction windows (𝑦 = 𝐴 ∗ 𝑥𝐵), it is the rewriting of the trendlines that depends 

on the input hatch distance value. Therefore, trendline 𝐸∗ vs 𝑉s and 𝐸v vs 𝑉s remain the 

same independent of hatch distance since their x-axises are independent of hatch 

distance.  

 

Looking more specifically at the trendlines it becomes apparent that there exist 

similarities between figure 17 and 18 in which trendlines appear closest and furthest 

away from the true process window. For both hatch distances the trendlines from 𝐸∗ 

vs 𝑉s , 𝐸∗  vs 𝑉l  and 𝐸∗ vs 𝑉s  (at h = 50/100) are among the most accurate. While the 

trendlines from 𝐸v  vs 𝑉s , 𝐸v  vs 𝑉l , 𝐸∗  vs 𝐷R  and 𝐸∗  vs 𝐷R  (similar materials) have the 

worst accuracies. From this it can be concluded that lateral scan speed is not superior, 

at these hatch distances, in predicting compared to using normal scan speed since both 

𝑉s  and 𝑉l  appear among the most accurate. At other hatch distances using 𝑉s  or 𝑉l 

results in distinctly separate results, they appear most similar around a hatch distance 

of 65 µm with 𝑉s  predicting less needed energy at lower hatch distances and more 

needed energy at higher hatch distances. The difference between the sources of the 

trendlines is that the spread of data points is larger when using 𝑉s rather than 𝑉l, see 

figure 11 and 12. Therefore when predicting using 𝑉s at high and low values of hatch 

distance the prediction is at a point further away from the trendline than if using 𝑉l. 

Consequently, 𝑉l  should yield more accurate results at higher and lower hatch 

distances than 𝑉s, which has yet to be confirmed, and similar predictions between hatch 

distance 50 and 100 µm. On the other hand, 𝐸∗ appears to be a critical factor in this 

case since it gives better accuracy when used instead of 𝐸v. Furthermore, the diffusion 

ratio has low accuracy for both hatch distances. This might be due to do its equation 

taking the square root of the scan speed, something unique to its approach (see 

equation 7). 

 

Comparing figure 19 and 21, at hatch distance 100 µm the process window appears to 

close at 7000-8000 mm s−1 while a dense result is found at 10000 mm s−1 for hatch 

distance 50 µm. Furthermore, the process window appears to be at lower applied 

energy per volume values for hatch distance 100 µm. These results are in accordance 

with literature as lower hatch distance denotes more thermal losses and are functional 

during higher beam speeds [13].  
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It can be concluded that the model does not normalise the data between the materials 

perfectly and that the accuracy of the prediction depends upon the set process 

parameters. Furthermore, the two different approaches (trendlines and 𝑑∗) does not 

depend on the set process parameters in a similar fashion. Although the trendlines 

overestimate the required energy, the test material might share its process window 

with the other materials as their span of functional values of 𝐸v stretches some distance 

below and above the trendlines. The reasons that the model might not normalise well 

enough is elaborated upon in chapter 5.3.  

 

5.1.1 Finding the Process Window for New Materials 

Finding the process window is a matter of balancing the different process parameters. 

The process windows will differ in position, size and shape depending on the 

adjustment of parameters. This is made clear by observing the different process 

windows for Ti64 at the various hatch distances, see figure 11. The span of working scan 

speeds is not the same at hatch distance 100 µm as at hatch distance 20 µm, although 

they slightly overlap. Arguably there ought to be a certain value of the hatch distance 

that will result in a maximised area of the process window. The same logic can be 

applied to the layer thickness as well as other process parameters e.g. focus offset. 

However, this optimal hatch distance is only optimal for a certain fixed set of process 

parameters. If the layer thickness or focus offset is altered another value for the hatch 

distance would be optimal. Upon plotting a process window there is probably one or 

more specific combinations of fixed process parameters that results in a maximised 

area of the process window. When searching for the process window, it would be 

beneficial to use these area maximising parameters as the chance of finding the process 

window would increase. However, the great amount of process parameters and the 

complex relationships between them makes determining and predicting optimal fixed 

process parameters difficult.  

 

Furthermore, it is not certain that an optimal set would be optimal for another 

material. While on the other hand, what a set of “optimal” process parameters is could 

instead be evaluated by the resulting mechanical properties instead of the size of the 

process window. It might be that a smaller process window has parameter coordinates 

that result in better mechanical properties. None the less, the priority with novel 

materials is finding the process window and secondly figuring out what combination 

of process parameters yield the desired mechanical properties. For future work it will 

be of interest to map the influences of process parameters on the process window size 

and the microstructure/mechanical properties. As well as establish if these influences 

remain constant for different materials. Notably, the current work finds that the 

process window appears to shrink as the hatch distance is increased.  

 

The reasoning above has not been taken into account during the construction of the 

model. Therefore, choosing of hatch distance, layer thickness and preheat temperature 
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must still be made based on previous experience. However, many materials appear to 

be printable at a hatch distance of roughly 100 µm and a layer thickness between 50-

100 µm, although this does not guarantee the success of future materials at these 

parameters.  

 

 Observed Trends for Process Parameters 
The model's predictions of how the necessary applied energy per volume for dense 

outcomes is influenced by altering of process parameters is summarised below. These 

are exemplified while only altering one variable at a time. For example, an increase in 

melting temperature is expected to increase the required energy. These statements are 

only true for the trendlines that depend on the altered variable. 

• ↑ 𝑻𝐦, melting temperature → 𝑬𝐯, energy applied per volume ↑ 

• ↑ 𝑪𝐩, specific heat capacity → 𝑬𝐯 ↑  

• ↑ 𝑫, thermal diffusivity → 𝑬𝐯 ↑ 

• ↑ 𝝆, density → 𝑬𝐯 ↑ 

• ↑ 𝑽𝐥, lateral scan speed → 𝑬𝐯 ↓ 

• ↑ 𝑽𝐬, beam speed → 𝑬𝐯 ↓ 

• ↑ 𝒉, hatch distance → 𝑬𝐯 ↓  

• ↑ 𝒕, layer thickness → P, beam power ↑ 

• ↑ 𝒍𝐬, scan length → 𝑬𝐯 ↑ 

 

An increase in 𝑇m,  𝐶p  or 𝜌  resulting in more energy is rational as it increases the 

theoretically needed energy needed for melting. An increase in D and 𝑙s resulting in 

more needed energy is explained by the increased thermal loss as more heat will 

dissipate quicker or have more time to dissipate. Increasing  𝑉s will result in less time 

for heat to diffuse away and therefore less energy will be necessary. Increasing hatch 

distance also results in less energy losses as the beam will not rely on several passes to 

melt the material, this is further elaborated upon below. Increase in 𝑉l requires less 

energy since it implies that 𝑉s/h has increased or 𝑙s  decreased, see equation 3. The 

model also predicts that an increase in layer thickness will not necessitate an increase 

in energy applied per volume but will be compensated by increasing beam power. As 

pointed out in the background (chapter 2.1), these influences are probably dependent 

on the values of other process parameters and material properties and are probably 

only true within a certain span of parameter values.  

 

Schakowsky et al. [13] argue that lower hatch distances necessitate more thermal heat 

loss and therefore the process window should move toward higher applied energies per 

volume with decreasing hatch distance. This is in line with what the current model 

advocates and the findings of Juechter et al. [31]. In their work the beam power and 

applied energy per volume is held constant, the hatch distance is increased which is 
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compensated by lowering of the beam speed. It is observed that higher hatch distance 

yield dense results while lower hatch distance does not. The trend suggests that 

lowering beam velocity has a more powerful positive effect on the density than the 

negative effect of increasing hatch distance [31]. Notably the current work’s model 

predicts that compensation against increased hatch distance by increasing the beam 

power while keeping the velocity constant, also has a more positive influence on the 

density than the negative influence of the increased hatch distance. Such that less 

energy applied per volume is necessary to get dense results. However, this remains to 

be confirmed with experiments.       

 

 Viability of Model 
The external validity of the model is yet to be established. On one hand the model has 

been created using several assumptions that are questionable and leaves much to be 

desired. On the other hand, it has been able to predict correctly in six out of 10 tests for 

a novel material. Further studies are required to draw any reliable conclusions.  

 

One problem faced during production were errors with the thermocouple used to 

measure the temperature of the build plate. Due to issues with connections to the start 

plate, the reading from the thermocouple became unreliable and it was not completely 

certain what the temperature of the starter plate was for some of the builds. Failure to 

control the preheating temperature during building compromises the internal validity. 

However, this malfunction was corrected until the last build which contained all the 

prediction builds.  

 

One challenge with validity is the fact that two sets of process parameters with different 

outcomes can appear at the same coordinate in a plot. There are two reasons why this 

can occur. The first one was explained in chapter 3.1; although the process parameters 

are different, the same calculated values can be had. The second reason is that, while 

the process parameters are the same, there is some parameter not considered, either 

process or material related which dictates the outcome. Below are variables and 

assumptions not considered during the construction of the model, which could have 

consequences upon the results.  

• Reflection/absorption of electron beam is not regarded for the powder nor the 

difference between powders and materials.  

• Latent heat has been assumed to be 1,5 times the needed energy to heat the 

material up to 𝑇m, which is not true for all materials.  

• Not all process parameters have been taken into account, e.g. the focus offset 

and the line order.  

• Powder properties has not been regarded. 

• Complex geometries have been disregarded and the validity of the model being 

applicable to building anything else than cubes needs to be investigated. 
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• Differences in machines have been disregarded. E.g. the differences in build 

tank size can influence the heat dispersion.  

• The machines are calibration dependent, i.e. the same input into two machines 

might result in different parameters applied to the builds.  

• Some material properties such as heat expansion or electric conductivity have 

not been regarded. 

• The tests only validate the accuracy for the current material, it is not certain that 

the model works as well for other new materials. 
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 Conclusions 
A model for predicting process parameters has been created. It was based on data 

collected from earlier studies which have been categorised, based on the final parts 

quality, into either porous, dense or over melted. The model incorporates two 

approaches. The first one used the data to calculate values, six in total, which were used 

to plot process windows that were normalised in different ways. These process 

windows then produced trendlines for their dense results which when combined with 

model input data resulted in trendlines along which predictions were made. In total 10 

different trendlines were produced.  The second approach utilised a simple model for 

prediction of relative effective melt depth and used the collected data to predict which 

values of the model would yield a successful outcome. New process parameters had to 

confine to these values. The input parameters of the prediction model are: preheat 

temperature (𝑇0), hatch distance (h), layer thickness (t) and scan length (𝑙s). As well as 

material data: melting temperature ( 𝑇m ), specific heat capacity ( 𝐶p ), thermal 

conductivity (k), thermal diffusivity (D) and density (ρ). Generally, the model has 

overestimated the required energy for the current test material.   

 

The findings and outcomes of the project are listed below. 

• Traditional process parameter development was conducted and functional 

process parameters were found, using these, new parameters were predicted 

and tested.  

• When plotting the gathered data points together most of the various materials 

process windows greatly overlapped.  

• Altering process parameters causes changes in the process window, the model’s 

predictions on how the parameters influence the process window has been 

highlighted. 

• The accuracy of the predictions depended on the model's input parameters.  

• Normalisation using 𝐸∗ yield more precise predictions. While lateral scan speed 

does not appear to have a significant impact. 

• The model predicted correctly in six out of 10 conducted tests. 
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 Future Work 
Several improvements to the model can be done.  

• Error bars should be added to the trendlines. This would illustrate the overlap 

between porous, dense and over melted and better clarify the process window. 

• The majority of the data originate from sources using Ti64, therefore the 

trendlines are adapted more towards this data due to the number of data points. 

A normalisation for the number of data points between the materials is 

necessary to make the predictions less based on Ti64 and equally based on all 

materials.  

• The addition of more data will further improve the model. Both data on new 

materials and new parameters would be useful, e.g. inclusion of the focus offset 

parameter would be greatly beneficial and is a priority. Data on the size of the 

electron beam would be useful to better understand and predict the process. 

• Further establishment of the external validity of the model is needed, more tests 

using novel materials, with different machines, will prove whether the 

predictions are reliable.  

• It would also be of interest to investigate how the accuracy of the model depends 

upon the set input process parameters and whether or not good accuracy for a 

set of process parameters also give good accuracy for another material.  

The model will continue to be used and developed by Swerim and will hopefully yield 

further promising results.   
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Appendices  

Appendix 1: Materials and Sources  

Table 5: ranges of process parameters and materials used to derive the model. 

Material 

Beam 

power (P) 

[J/s] 

Beam 

speed (Vs) 

[mm/s] 

Layer 

thicknes

s (t) 

[µm] 

Hatch 

distance (h) 

[µm] 

Scan 

length (ls) 

[mm] 

Number 

of data 

points 

Source 

Ti64 900 500 75 200 15 1 [7] 

Ti64 120-300 100 70 300 15 4 [8] 

Ti64 120-1080 250-2000 100 200 Rectangle 112 [9] 

Ti64 180-1440 500-16000 50 100 Rectangle 70 [10] 

Ti64 40-2400 200-6400 50 100 15 45 [11] 

Ti64 40-3000 500-

50000 

50 20/50/100 15 360 [12] 

Ti64 100-1800 200-

32000 

50 20/50/75/1

00 

15 297 [13] 

IN718 900 4530 75 125 15 1 [7] 

IN718 594/810 4500/880

0 

50 37/100 15 2 [14] 

IN718 990 4530 75 125 Cylinder 1 [15] 

IN718 150-1000 400-2000 50 200 15 38 [16] 

CMSX - - 50 100 12 1 [50] 

CMSX 300 500 50 100 5 1 [51] 

Fe3Al 200-1000 2000-

20000 

50 50/100 15 129 [52] 

Ti47Al 270-630 1000-2100 90 100/200 20 3 [53] 

Ti47Al 160-900 300-6000 70/100 100/200 15 37 [25] 

Cu 200-1200 250-2000 50 100 Rectangle 31 [42] 

Cu 300-2500 3000-

10000 

50 100 15 37 [41] 

SS 316 30-180 25-100 100 160 10 24 [23] 

Ti45Al 100-1800 1000-

12000 
50 25/50/100/ 

150/200 
15 79 [31] 

CoCr 1290 4530 70 200 15 1 [7] 

CoCr 369-2630 250-4100 70 250 Cylinder 11 [54] 
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Appendix 2: Overview Plots 
 

 

Figure 29, a plot of energy applied per volume vs beam speed, with trendlines for porous, 

dense and over melted, all materials. Note, data exists outside of the plotted window. 
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Figure 30, a plot of energy applied per volume vs lateral scan speed, with trendlines for 

porous, dense and over melted, all materials. Note, data exists outside of the plotted 

window. 
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Figure 31, a plot of normalised energy applied per volume vs lateral scan speed, with 

trendlines for porous, dense and over melted, all materials. Note, data exists outside of the 

plotted window. 
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Figure 32, a plot of normalised energy applied per volume vs diffusion ratio, with 

trendlines for porous, dense and over melted, all materials. Note, data exists outside of the 

plotted window. 
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Figure 33, a plot of normalised energy applied per volume vs dimensionless number (N), 

with trendlines for porous, dense and over melted, all materials. Note, data exists outside of 

the plotted window. 
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Figure 34, a plot of normalised energy applied per volume vs lateral scan speed, with 

trendlines for porous, dense and over melted, only materials similar to the test material. 

Note, data exists outside of the plotted window. 
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Figure 35, a plot of normalised energy applied per volume vs diffusion ratio, with 

trendlines for porous, dense and over melted, only materials similar to the test material. 

Note, data exists outside of the plotted window. 
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Figure 36, a plot of normalised energy applied per volume vs beam speed, with trendlines 

for porous, dense and over melted, all materials but only data points at hatch distance 50 

µm. Note, data exists outside of the plotted window. 
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Figure 37, a plot of normalised energy applied per volume vs beam speed, with trendlines 

for porous, dense and over melted, all materials but only data points at hatch distance 100 

µm. Note, data exists utside of the plotted window. 



TRITA EX 2019:659

www.kth.se


