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Abstract 

The interest for additive manufacturing techniques have in recent years increased considerably 
because of their association to good printing resolution, unique design possibilities and 
microstructure. In this master project, 316L stainless steel was printed using metal laser powder bed 
fusion in an attempt to find process parameters which yield good productivity while maintaining as 
good material properties as possible. Laser powder bed fusion works by melting a powder bed locally 
with a laser. When one slice of the material is done, the powder bed is lowered, new powder is added 
on top, and the process is repeated, building the components layer by layer. In this thesis, samples 
produced with a powder layer thickness of 80 μm and 100 μm has been investigated. Process 
parameters like laser power, scanning speed and hatch spacing were investigated in order to establish 
clear processing windows where the highest productivity and lowest porosity are obtained. The most 
common defects in all sample batches were lack of fusion, gas pores, and spatter related pores. The 
best samples with regard to both porosity and build rate were obtained at normalized build rates 
between 1,3-1,6 and porosity-values in the 0,01-0,1 % range.  
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Populärvetenskaplig sammanfattning  
Additiv tillverkning (Additive manufacturing, AM), populärt kallat 3D-skrivning, är en 
tillverkningsmetod som skiljer sig avsevärt från konventionella tillverkningsmetoder. Inom 
exempelvis gjutning tillverkas en komponent genom att låta en smälta stelna i en form, men i AM 
byggs komponenten lager för lager genom att selektivt smälta råmaterialet. Detta gör det möjligt 
att producera komponenter med större flexibilitet med avseende på design och eftersom smältan 
stelnar mycket snabbt tenderar additivt tillverkade komponenter att erhålla en unik 
mikrostruktur. Dessa egenskaper har väckt stort intresse inom en rad industrier, såsom medicin- 
och flygindustrin.  
 
Det finns idag en del olika additiva tillverkningsmetoder varav alla har något olika produktivitet, 
designfrihet, materialval, kostnad, flexibilitet och ger upphov till något olika mekaniska 
egenskaper på komponenterna som skrivs ut. Denna mångfald av tillverkningsmetoder gör det 
möjligt att tillverka allt från polymera material till keramiska material. Arbetsprocessen för alla 
additiva tillverkningsmetoder är olika men alla börjar med en 3D design vilket beskriver hur 
komponenten ska skäras upp i lager eller “slices”. Metoden denna rapport kommer fokusera på är 
laserbaserad pulverbäddsfusion (Laser powder bed fusion, L-PBF) vilket innebär att pulver sprids 
över en pulverbädd och lokalt smälts ihop med en laser till en slice av komponenten. När slicen är 
klar sänks pulverbädden något, varpå nytt pulver placeras på den första slicen. Därefter upprepas 
processen tills komponenten är klar och omgivande pulver tas bort.  
 
L-PBF anses vara en flexibel metod som resulterar i goda mekaniska egenskaper, men är ofta 
relativt långsam och därmed dyr i jämförelse med konventionella tillverkningsmetoder. Om 
produktiviteten kunde ökas utan att de mekaniska egenskaperna försämras skulle intresset för 
denna metod öka ytterligare. Målet med denna rapport är därmed att försöka öka tjockleken på 
pulverlagret, vilket skulle innebära att det krävs färre slices av en komponent för att producera 
den. En rad olika processparametrar, såsom laserstyrka, laserhastighet och hatchavstånd, det vill 
säga avståndet mellan laserlinjerna, undersöks i samband med att pulverbäddstjockleken ökas för 
att hitta fönstret där produktiviteten är som högst samtidigt som porositeten är som lägst. 
Materialet som ska undersökas i samband med denna metod är det rostfria stålet 316L, vilket 
tidigare är känt för att ha egenskaper som passar bra ihop med additiv tillverkning.  
 
De första 48 proverna producerades med en lagertjocklek på 80 µm medan de resterande proven 
producerades med en lagertjocklek på 100 µm. Laserstyrka, laserhastighet och hatchavstånd 
varierades mellan samtliga prov för att dels passa lagertjocklek men också för att utforska ett så 
väletablerat parameterfönster som möjligt. 24 prover printades och analyserades i taget. Detta 
eftersom tidigare provers utseende avgjorde senare provers processparametrar i en metodik som 
kallas design av experiment (design of experiment, DoE).  
 
Proven preparerades för analysen genom skära dem longitudinellt och därefter transversellt. Efter 
det polerades de så att deras yta var så pass slät att proven kunde analyseras i ett mikroskop. 
Proven placerades därefter i ett ljusoptiskt mikroskop för att avgöra vad som lett till porerna som 
observerades på ytan. Andelen yta som var porer mättes till sist automatiskt med 
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dataprogrammet NIS-Elements BR, tillhörande mikroskopet. Eftersom porer begränsar materials 
mekaniska förmåga ansågs det vara viktigt att minimera andelen yta som var porer. Fem DoEs 
gjordes totalt, motsvarande 119 prover.  
 
De prov som ansågs bäst med avseende på porositet och produktivitet var prov 48, 60 och 112. 
Dessa provers produktivitet var normaliserad till respektive 1,27, 1,52 och 1,57 och deras porositet 
var respektive 0,01, 0,065 och 0,095 %. Detta betyder att om produktiviteten är den viktigaste 
faktorn så kan processparametrarna vara som de i prov 48 medan om porositet är viktigast ska 
processparametrarna vara som de i prov 112. Om något däremellan är eftersträvat kan prov 60:s 
processparametrar användas.  
 
Den vanligaste por-producerande mekanismen var en otillräcklig hopsmältning av pulvret och 
gasporer. Den förstnämnda kommer från en obalans mellan laserstyrkan, laserhastigheten och 
hatchavståndet vilket resulterar till att inte tillräckligt med energi tillförs till provet. Detta leder på 
ett eller annat sätt till att allt pulver inte smälts vilket resulterar i porer. Den sistnämnda kommer 
förmodligen från pulvertillverkningen som var gasbaserad.  
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Abbreviations  

3D = Three dimensional  
AM = Additive manufacturing  
BCC = Body centered cubic  
BCT = Body centered tetragonal  
BF = Bright field  
CCP=Cubic close packing  
DF = Dark field 
DIC = Differential interference contrast  
DoE = Design of experiment 
E-PBF = Electron beam powder bed fusion 
FCC = Face centered cubic  
LOM = Light optical microscopy  
L-PBF = Laser powder bed fusion 
ML-PBF = Metal laser powder bed fusion 
PBF = Powder bed fusion 
ROI = Region of interest  
SS = Stainless steel  
  



 

 v 

Table of contents  
1. Introduction 1 

1.1. Aim and purpose 1 

1.2. Limits 1 

2. Theory 2 

2.1. Laser powder bed fusion 2 

2.1.1. Process parameters 3 

2.2. Stainless steels 6 

2.2.1. 316L 8 

2.3. Defects 8 

2.3.1. Pores 8 

2.3.2. Balling effect 9 

2.3.3. Lack of fusion 9 

2.3.4. Keyhole pores 10 

2.3.5. Particle spatter 10 

2.3.6. Thermal cracks 11 

2.3.7. Denudation 12 

2.4. Differential interference contrast microscopy 12 

3. Experiments 13 

3.1. Set up and printing 13 

3.2. Sample preparation 14 

3.3. Analyses 15 

3.3.1. Porosity measurements 15 

3.3.2. Etching 15 

4. Results 16 

4.1. 80 μm-DoE 1 and DoE 2 16 

4.2. 100 μm-DoE 1 20 

4.3. 100 μm-DoE 2 23 

4.4. 100 μm-DoE 3 28 

5. Discussion 31 

5.1. 80 μm-DoE 1 and DoE 2 32 

5.2. 100 µm-DoE 1 32 

5.3. 100 μm-DoE 2 33 



 

 vi 

5.4. 100 μm-DoE 3 34 

6. Conclusion 36 

7. For the future 37 

8. References 38 

Appendix 41 

A.1. Sample preparation 41 

A.2. Printing picture 41 

A.3. Automated measurement in microscope 42 

A.4. Process parameters and mean porosity 42 

A.4.1. 80 µm-DoE 1 42 

A.4.2. 80 µm-DoE 2 43 

A.4.3. 100 µm-DoE 1 43 

A.4.4. 100 µm-DoE 2 44 

A.4.5. 100 µm-DoE 3 44 

A.5. Matlab code for 3D plots 45 

 

 



 

 1 

1. Introduction 

1.1. Aim and purpose 
Metal laser powder bed fusion (ML-PBF) is an additive manufacturing system of interest because of 
its many degrees of freedom and good compromise in terms of speed, accuracy, and flexibility 
compared to other additive manufacturing techniques. As of today, powder bed fusion (PBF) is 
considered a slow and costly manufacturing process compared to conventional manufacturing 
processes. So, if the powder layer thickness could be increased fewer slices per component is 
needed and therefore the productivity of the technique would increase considerably and thus a 
less costly printing process is obtained. This is the purpose of this master thesis, which is done in 
collaboration with the company AMEXCI. The material concerned is 316L stainless steel. The 
questions this thesis focuses on are therefore:  

● How are the samples affected by the process parameters? 
● Which process parameters are best with regards to both porosity and build rate?  

 
AMEXCI AB was founded by 11 nordic companies as a joint venture for accelerating the 
implementation of additive manufacturing applications in nordic industries. The founding 
companies are ABB, Atlas Copco, Electrolux, FAM, Husqvarna Group, Höganäs AB, Saab, Scania, 
SKF, Stora Enso and Wärtsilä. AMEXCI’s labs are situated in Karlskoga, Sweden.  

1.2. Limits  
To answer the questions presented in Aim and purpose without stretching the project to broad 
limits are applied. These limits include: no post manufacturing heat treatment and simple 
geometric prints. No post manufacturing heat treatment was conducted on any sample since it 
would only complicate the analysis further, and small, simple cubes enable easier analysis and 
deduction.  
 
The process parameters used were normalized as per AMEXCI’s request. 
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2. Theory 

2.1. Laser powder bed fusion 
The AM process can generally be described as manufacturing a three-dimensional (3D) object by 
building it layer by layer from a 3D computer model of said object. Since AM offers good geometry 
control, it has been getting a widespread interest from numerous industries in areas such as 
defense, aerospace, and medicine. (1) Today, numerous AM-techniques exist that enable a broad 
spectrum of possible material manufacturing. These materials include composites, polymers, 
ceramics, complex metals and alloys. (2) AM works by introducing a material feedstock to an 
energy source and by selectively melting the material, an object can be built layer by layer as it 
cools. One of these prominent AM techniques is metal laser powder bed fusion (ML-PBF). ML-PBF is 
the process where alloy feedstock powder is spread over a powder bed and a laser is used to 
selectively melt the powder particles to the point of fusion. When the layer is done the bed is 
lowered the corresponding height of the powder layer and new powder is deposited over the bed 
once again with, for example, a powder blade. Then the laser selectively melts the new powder so 
that the layers fuse together. This process is repeated until the manufactured part is complete and 
at this point the unused, unmelted, powder is removed, revealing the printed part. (2,3) Since the 
laser is moved by numerically controlled optics, the laser trajectory is precise and fast, which 
means objects can be produced with good resolution. This makes ML-PBF specifically attractive. A 
typical selective melting ML-PBF system does not need vacuum, unlike electron beam melting 
powder bed fusion (E-PBF) systems do. Instead, inert gas flow (argon or nitrogen) is used. This gas 
flow is used to reduce oxidation and contamination risk of the powder while it is being melted. (4) 
A simplified ML-PBF system can be found in Figure 1.  
 

 
Figure 1: A simplified ML-PBF system set up. The laser fuses the powder together to form the object/part and a 
powder blade is used to deposit new powder on the object as the build platform is lowered. This process is 
repeated until the component is done.  
 
Depending on laser mode, there are two different types of ML-PBF systems. In the first one, the 
laser is continuous, which means that the laser moves with a constant speed and power. The 
second mode is pulsed laser. This means that the laser can turn on, turn off and move to a 
different spot, and do the same again. This thesis covers only the former. (5) ML-PBF has been 
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used to print many different alloy -types with relative densities as high as above 99 %. (6–10) To 
achieve such high relative densities, and the properties associated with them, the process 
parameters need to be optimized. To do this, a few mechanisms must first be taken into 
consideration. The melt pool produced by the laser, for example, must wet well to the substrate of 
the previous layer before solidification. Energy losses in the form of, for example, reflection has to 
be taken into account as well. (5) This is further discussed in 2.1.1. Process parameters and 2.3. 
Defects below.  

2.1.1. Process parameters 
The ML-PBF process is associated with a large number of process parameters. These include laser 
power (W), laser scanning speed (mm/s), hatch spacing (mm), powder layer thickness (mm), 
powder bed temperature (Co), working atmosphere, material and more. (11,12) The parameters 
related to the laser scanning pattern can be observed in Figure 2.  
 

 
Figure 2: A) illustrates the scanning pattern of the laser. The heat source velocity and hatch rotation are 
denoted scanning speed and laser angle rotation respectively. B) illustrates the layer thickness and the 
corresponding pattern rotation of each layer. Figure 2 is reused from (4) with permission.  
 
The surface the laser comes in direct contact with is called the “spot”. The Hatch spacing is 
dependent on the radius of this spot since the melt pool overlap needs to be wide enough to melt 
the entire slice of the powder bed. If the hatch spacing is too large in relation to the spot width 
some of the powder will not be melted and if the hatch spacing is too small per energy input 
keyhole defects occur. (1) These factors are illustrated in Figure 3. It is also worth noting that the 
melt track width can be up to 2-3 times that of the laser beam width because of capillary driven 
motion and thermal transport. (13)  
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Figure 3: Hatch spacing (h) and melt pool width (W) effect on the melt pool overlap. The melt pool can be 
observed to be larger than the powder layer thickness. Figure 3 is reused from (14) with permission.  
 
ML-PBF systems exhibit a large number of process parameters. Because of this, structured studies 
needs to be conducted in order to observe trends. The powder can, for example, reflect some of 
the laser and therefore absorb less energy than expected or calculated. (4) Numerous advanced 
processes occur during the ML-PBF printing process, all of which can affect the resulting structure. 
The laser absorption of the powder bed, the melting process, and the rapid solidification are all 
advanced mechanisms which need to be considered and understood to understand the process 
parameters' respective influence on the object's final mechanical properties and microstructure. 
For example, the fast circulation of liquid metal inside the melt pool is motivated by the buoyancy 
force and the surface tension. The temperature transport inside the material affects the local 
cooling rate, the temperature field, and the size and shape of the fusion between layers and 
hatches. (15)  
 
Thicker powder layers absorb more heat but since the layer is thicker heat transfer is more limited 
between the powder and the melt pool. A thicker powder layer would correspond to a higher 
productivity and thus lower production cost, this however demands a higher heat input which 
might lead to dimensional inconsistencies and defect formations. (15,16) Powder layer thickness 
between 30-40 μm are regularly assumed if resolution and surface finish are important factors 
while a powder layer thickness between 50-60 μm or higher is commonly chosen if productivity is 
more important. (14)  
 
The process parameters applied during the print can be used to calculate both the theoretical 
energy density the powder experiences and the theoretical build rate. Both of these terms can 
help increase the understanding of the process by comparing different samples build rate and 
energy density. The build rate is defined as:  
 

𝐵𝑢𝑖𝑙𝑑 𝑟𝑎𝑡𝑒 [𝑚𝑚3/𝑠] =  𝑣 ⋅ ℎ ⋅ 𝑑    (1) 
 
Where v is the scan speed, h is the hatch spacing and d is the powder layer thickness. (17) The 
energy density for a ML-PBF system can be described as:  
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𝐸 [𝐽/𝑚𝑚3] = 𝑃
𝑣⋅ℎ⋅𝑑

    (2)  

 
Where P is defined as the laser power and the denominator can be recognized as the build rate. 
Multiple process parameters sets can lead to the same energy density and P and v are generally 
considered to be most important; however, some trends might follow the energy density value. 
(18)  
 
The microstructure of additively manufactured objects is much like that of micro-welded 
materials. By comparing 316Ls relation to ML-PBF with its relation to welding, a deeper 
understanding can be obtained of the ML-PBF process. (4) During welding, the cooling rate of the 
produced melt pool (see Figure 4) and its vicinity can be linked to the final product's 
microstructure. As the solidification time of the melt pool increases, so does the coarseness of the 
dendrite (see Figure 5) or cellular structure. This occurs since larger structures, like larger dendrite 
arms, are a preferable structure as they minimize the surface energy. Smaller structures, like 
smaller dendrite arms, are therefore consumed when larger dendrite arms are formed. If the 
cooling rate was to increase, the dendrite structure would be finer. This, in turn, is associated with 
high ductility and high tensile strength. (19) In laser powder bed fusion, the heating and cooling 
occurs very rapidly, which means that the obtained microstructure in metal laser powder bed 
fusion is generally very fine in comparison to materials manufactured by traditional techniques. 
(16,20,21)  
 

 
Figure 4: Schematic of the ML-PBF process. A laser beam melts the powder, forming a melt pool. Below the 
laser, a keyhole effect is present along with bubbles transported by molten flow. Porosity can also be observed 
in solidified melt pool. Figure 4 is reused from (22) with permission.  
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Figure 5: Dendrite cellular structure with primary, secondary and tertiary dendritic arms marked accordingly. 
Porosities and second phases within the structure are also visible. Figure 5 is adapted from (23).  

 
Austenitic stainless steels manufactured by additive manufacturing have a slight anisotropy 
associated with their mechanical properties. The reason for this is that dendrites and elongated 
grains are typically oriented along the same axis as the highest thermal gradient i.e. the build 
direction. (24–26) Some materials manufactured by ML-PBF have therefore been observed to 
obtain 10 % less strength and ductility in the build direction compared to the build plane. (27) 

2.2. Stainless steels 
The applications for stainless steels range from common items such as cooking utensils, furniture, 
and build construction to more advanced items such as chemical industry boilers and nuclear 
reactor cooling channels. It was discovered long ago that alloys consisting of at least 12 % 
chromium have higher corrosion and oxidation resistance and based on these properties the 
material class was named stainless steels. The reason stainless steels exhibit these properties is 
because of the formation of a chromium oxide coat on the surface. This chromium oxide layer 
protects the steel from corrosion attacks and acts self-healing as more chromium can react with 
oxygen any time in order to repair the protective layer. (20) Stainless steel, compared to other 
materials, can be found in Table 1.  
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Table 1: Stainless steel’s properties and application areas in comparison to other materials. (24,28–31) 

Field / 
property 

Aluminium Maraging 
steel 

Stainless 
steels  

Titanium Cobalt 
chrome 

Nickel super 
alloys  

Precious 
metals  

Aerospace X  X X X X  

Medicial    X X X  X 

Energy, oil 
and gas 

  X X X X  

Automotive X  X X    

Marine   X X  X  

Machinability 
and 
weldability 

X  X X  X  

Corrosion 
resistance 

  X X X X  

High 
temperature 

  X X  X  

Tools and 
molds 

 X X     

Consumer 
products  

X  X    X 

 
This does not mean that subcategories of stainless steels do not exist. They do, and there are a lot 
of them, including: precipitation hardened, duplex, martensitic, ferritic and austenitic and each 
alloy subcategory exhibits slightly different crystallography, microstructural and compositional 
properties. A stainless steel can therefore obtain many different structural forms like BCC ferritic, 
CCP austenitic and BCC or BCT martensitic depending on the chemical composition of the alloy 
and its thermal history. (20) Austenitic steels are the largest subgroup among all stainless steels in 
terms of mass produced per year. They are known to display good formability due to the CCP 
structure they exhibit and are known to assume good ductility and corrosion resistance. They also 
exhibit low mechanical strength and are therefore often labeled “soft”. (20) 
 
Chromium is, as mentioned above, a mandatory alloying element for steels to be considered 
stainless, but it is rarely used alone. Multiple elements are often added into alloys in order to 
improve certain abilities. Molybdenum, for example, is often included in the composition to 
increase strength. Nickel is commonly used to increase the toughness, ductility and mechanical 
strength of the alloy. Manganese increases the solubility of nitrogen and the ductility in high 
temperatures. Silicon can be added to increase the oxidation resistance in low temperatures in 
strongly oxidizing solutions. Chromium, carbon, manganese, silicon and molybdenum are known 
to stabilize the ferritic phase while the austenite phase is aided and stabilized by nickel, nitrogen 
and copper. (20) 
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2.2.1. 316L  
316L is an austenitic stainless steel and is the focus for this master thesis. The L in 316L stands for 
low carbon. (32) 316L is considered to have good weldability, corrosion resistance and formability. 
This makes it relevant to numerous systems and applications. (33) 316L is the second most 
common stainless steel, after 304 which contains less molybdenum. (32) 316Ls thermophysical 
properties, in relation to 304 and metallic materials, can be found in Table 2.  
 
Table 2: The thermophysical properties of 316L and 304 stainless steel along with the property interval for all 
metallic materials in the database. (34–38)  

Property 316L  304 Metallic materials 

Specific heat capacity  

[J/(Kg・K)] 

470 480 120 - 1000 

Thermal conductivity  

[W/(m・K)] 

15 16 4,2 - 490 

Thermal expansion  

[μm/(m・K)] 

16 17 1,3 - 32 

 
316Ls, and 304s thermophysical properties, compared to the rest of the metallic material set, 
shows that their heat capacity and thermal expansion is large while their thermal conductivity is 
relatively small. (34,35) 

2.3. Defects  

2.3.1. Pores  
A material's mechanical properties are limited by cracks, lack of fusion and pores. Therefore, when 
choosing optimal process parameters, pore count is paramount. (1,39) There are, however, 
multiple pore types and multiple mechanisms which produce them. They can for example come 
from pre-existing gas in the powder feedstock or from gas entrapment during fusion. (1) Gas pores 
like these are produced since gas particles in the powder feedstock do not have enough time to 
escape the material before it fully solidifies after melting. Oxygen gas may also dissolve into the 
molten metal since oxygen solubility increases drastically when the metal is warmer or molten. 
Powders manufactured by gas atomization always contain some gas in its feedstock because of 
the manufacturing process, meaning some gas entrapment is inevitable. (21,40) The pore and 
defect count in the material can increase, however, if the process parameters are sub-optimal. 
Undermelting of the material can cause balling effects as well as lack of fusion pores and 
overmelting can cause keyhole pores and excessive particle spatter. These effects, among others, 
are discussed below. (40,41)  
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2.3.2. Balling effect 
A liquid's ability to wet to a solid surface is determined by the contact angle between the liquid 
and the surface. This contact angle itself is affected by the liquid’s and substrate’s surface tensions 
where 0o≤ θ ≤ 90o means good wetting, and a hydrophilic surface, and 90o ≤ θ ≤ 180o means bad 
wetting, and a hydrophobic surface. (42) If the wetting of the molten metal to the solidified metal 
surface is bad, the molten metal will form spherical shapes instead which can be seen in Figure 6. 
These spherical shapes can in turn stack up until they form a structure that is so high the powder 
blade motion is limited and since these spherical shapes leave gaps between them, they disturb 
the continuous melt track and thus produce pores. Along with this delamination can also occur if 
this effect is combined with thermal gradient stresses and poor interlayer bonding. The balling 
effect can come from too high oxygen concentration in the build chamber which produces an 
oxide film on the surface and thus bad wetting, or it can come from too low energy density (see 
Equation 2) process parameters. (42,43)  
 

 
Figure 6: The balling mechanism illustrated. a) powder is deposited and melted on the previous layer. b) due to 
bad wetting the melted powder assumes spherical shapes and forms a structure which limits the powder blade 
motion. d) more spherical shapes form and eventually stop the powder blade all together. Figure is adapted 
from (43). 

2.3.3. Lack of fusion  
Lack of fusion pores can commonly be identified as large irregular interconnected pores. Lack of 
fusion can come from too large hatch spacing or it can come from too low laser power in relation 
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to scanning speed to fully melt the powder layer. Lack of fusion defects may also contain some 
unmelted powder particles. (1,21) 

2.3.4. Keyhole pores 
As the laser penetrates the material surface a keyhole formed melt pool is produced until the heat 
from the keyhole is transported out to the rest of the material. (19) The depth of this keyhole is 
controlled by the material's thermal conductivity. Evaporation of powder particles can change the 
depth of the pool during the melting process. This in turn creates a vapor cavity which, as it 
collapses, produces pores below the laser-powder interface. This effect is more prominent if the 
melt pool is narrow and deep since the gaseous particles produced have a longer distance to 
travel to get to the surface and most often get stuck in the bulk as it solidifies. This mechanism has 
been observed in ML-PBF 316L processes with high heat input or high energy density. The keyhole 
effect can therefore come from for example a laser power too high per scanning speed or too high 
energy input per hatch spacing. The pores produced are typically large and round and can have an 
effect on the material’s mechanical properties. (1) A small keyhole effect can be observed in Figure 
4.  

2.3.5. Particle spatter 
Typical powder-laser interaction in ML-PBF involves particle spatter. Particle spatter can be 
described as particle ejection from the vicinity of, or directly from, the melt pool. Particle spatter 
associated with 316L tend to be around three times larger than the powder particles due to the 
formation of an oxide layer on the spatter. Two types of particle spatters have been identified in 
ML-PBF systems. Powder spatter motivated by vapor jets and droplet spatter induced by unstable 
melt pool formations, which comes from the so-called Marangoni effect and recoil pressure. (44) 
The Marangoni effect produces a thermocapillary flow oriented from the middle of the melt pool 
towards the bottom. Since the heat flow goes from the middle to the bottom of the melt pool, the 
sides receive less heat and thus some particles are not fully incorporated into the melt pool. (45) 
Recoil pressure is produced by material evaporation which is associated with the rapid heating of 
the laser. This pressure destabilizes the melt pool and this, in turn, leads to particle ejection. (46) 
These mechanisms can be observed in Figure 7.  
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Figure 7: Simplified (not to scale) illustration of spatter production. In the melt pool the Marangoni effect can be 
observed as a black arrow. The recoil pressure can be found in the material evaporation plume. The Marangoni 
effect and the recoil pressure combined produce the droplet spatter, marked in yellow.  

 
Inert gas flow is implemented in ML-PBF systems in order to reduce the number of spattered 
particles from landing on the powder bed, as well as transporting condensate away from the laser 
path, which can cause a lower penetration depth of the laser than what could be expected. This 
gas flow affects the powder bed as well, however, as it can change the local powder distribution 
and therefore defect formation. (13,47)  

2.3.6. Thermal cracks 
Thermal cracks can come from multiple mechanisms but all of them start with the thermal 
gradient which is produced below the laser spot in the feedstock material. This is because the 
layers close to the laser will be affected by the heat and therefore, they will thermally expand. This 
expansion is limited, however, by the surrounding material that is less affected by the heat and 
therefore does not expand as much. This produces a compressive stress, which can cause plastic 
deformation if it reaches beyond the yield strength of the material. As the material cools, these 
same stresses are converted into residual stresses which may cause cracking. (48,49)  
 
Thermal contraction is another mechanism that might produce thermal cracks as the contraction 
is limited, just like before, by layers far below the laser spot, which, again, produces compressive 
stresses. (48,49)  
 
As the material is re-melted during the printing process another thermal crack producing 
mechanism may occur. This happens since the formed melt pool always is slightly deeper than 
one powder layer (see Figure 3). During this re-melting re-solidification cycle, the material will 
shrink. As this shrinkage is limited by colder material outside the heat affected zone, compressive 
stresses are produced. (50) Thermal crack forming mechanisms can be limited by powder bed 
preheating since the thermal differences in the material is reduced. (21,48) For stainless steels 
with commonly high temperature expansion and low thermal conductivity this might be of 
particular importance. (21) 
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2.3.7. Denudation  
As the melt pool expands during printing it encounters powder particles that wet to the pool. As 
the particles melt, surface tension causes them to join the melt pool, which increases the dynamic 
motion of the pool around the laser spot. This in turn creates a small zone around the melt pool 
where the powder is less packed. This effect is a product of an advanced gas flow - gas pressure 
relationship that remains unclear. It has been suggested, however, that high gas flows can cause 
denudation to occur. Denudation affects the mechanical properties of the sample negatively since 
lack of powder leads to pores and it can be correlated to an increased surface roughness between 
the layers. (13,41)  

2.4. Differential interference contrast microscopy 
In differential interference contrast (DIC) microscopy the light beam passes through a polarizer, 
which polarizes the light. Then, the polarized light passes through a condenser prism which splits 
the light into two orthogonally sheared waves. These light beams then reach the sample and are 
reflected back into a prism objective which combines the light beams resulting in either positive or 
negative interaction depending on the sample. Since the light beams were orthogonally sheared, 
they had no interaction and thus good resolution is achieved. Some microscopes offer the ability 
to move the prisms slightly to produce light in different wavelengths such that the color can be 
adapted to the sample surface. (51) 
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3. Experiments 

3.1. Set up and printing 
Since the relation between process parameters and the properties of the final sample is so 
advanced, there is little to no chance to approximate what values the process parameters should 
assume without previous data. The process parameter space is therefore investigated by choosing 
certain process parameter intervals based on previously obtained data. The process is called 
design of experiment (DoE). For more information regarding the process parameters, see 
Appendix.  
 
This project was done in collaboration with AMEXCI. Because of this, the first DoE was based on 
results obtained from a DoE conducted by AMEXCI beforehand. During this first DoE, a large 
amount of particle spatter was visible which suggests that the argon gas flow should be increased. 
The gas flow was therefore increased 15-20 % in the following DoE, denoted 80 μm-DoE 2. The 
hatch spacing was also increased 10 % for some samples for the sake of investigating a wider 
processing window at an increased build rate (see Equation 1). This first DoE printed 25 15 mm 
sided cubes and for the sake of consistency the same shape and dimensions were used for the rest 
of the DoEs. The powder bed preheating was always set to 175 Co. The powder batch properties 
can be found in Table 3 and Table 4. The powder was manufactured by gas atomization.  
 
Table 3: Chemistry composition analysis results of the 316L stainless steel powder used during all DoEs.  

El. Fe Cr Ni Mo Mn Si P Cu N S C 

wt % Bal.  18,0 13,57 2,66 1,54 0,26 0,012 0,01 0,07 <0,005 0,005 

 
Table 4: Particle size and porosity of the 316L SS powder used during all DoEs.  

Property  Value 

Density [g/cm3] 8,0 

Porosity [%] <0,1 

Max pore size [μm] 39 

Max pore size [%] <0,1 

Sieve analysis >53μm [wt%] 0,7 

Sieve analysis >63μm [wt%] 0,0 

 
DoE 2, just like DoE 1, assumed a powder layer thickness of 80 μm. The rest of the DoEs, however, 
consisted of 24 cubes and assumed a powder layer thickness of 100 μm for the sake of increasing 
the build rate and productivity. 80 μm-DoE 2 consisted of 23 cubes, among which, one followed 
the EOS recommendation for the powder layer thickness of 80 µm.  
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The program Materialised Magic-24.1 was used for sample setup and preparation. The standard 
recommended procedure was used for sample positioning. This included: ample space between 
samples on the gas flow axis to minimize particle spatter interference, sample rotation to 
minimize the risk of the powder blade getting stuck on defects in the samples, and printing in an 
order such that the samples closest to the gas exit vent get printed first.  
 
The ML-PBF machine used for each DoE were EOS M 290 and the 316L powder was supplied by the 
company EOS.  

3.2. Sample preparation 
When the printing was done, the cubes were separated from the build platform using a wire EDM 
and further sectioned using the Struers Secotom-60 machine to acquire one longitudinal and two 
transversal sections. The cubes, now in pieces of three, were washed in 99,5 % ethanol in order to 
remove lubricant left from the cutting process and to dry them. When the pieces were dry, they 
were placed in Struers Citopress-30 and were mounted in Struers Multifast mounting resin in order 
to create a disc that contained all three sample sections. Six sample discs were then mounted in a 
sample holder.  
 
The sample holder, containing six mounted samples, was inserted into Struers Tegramin-30 in 
order to start polishing the samples. The samples were polished according to the method found in 
Table 5 which follows the commonly assumed standard. Some of the polishing steps were 
repeated if the samples were not scratch-free at the end of the program.  
 
Table 5: Sandpaper or polishing disc and their respective lubricant or polishing solution along with the 
duration of the step.  

Sandpaper / polishing disc Lubricant / polishing solution Polishing duration [min] 

SiC foil #80 Water 1  

SiC foil #220 Water 1  

SiC foil #800 Water 1  

MD Allegro Diapro 9μm 7  

MD Largo Diapro 9μm 5  

Dac Diapro 3μm 5 

Nap Diapro 1μm 3 

Chem  OP-S Nondry 0,25μm 1 
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3.3. Analyses 

3.3.1. Porosity measurements 
The samples were analysed using a Nikon LOM x500 microscope using bright field (BF), dark field 
(DF) and DIC respectively. The data processing program used was NIS-Elements BR 5.30.02 64-Bit. 
Focus surface points were placed on each side of the section analyzed. The section was then 
scanned as a large image and a region of interest (ROI) was placed on the section surface, avoiding 
the resin. The automated measurement was applied to the ROI with regard to intensity in the 
interval 0 to 180. The porosity values [%] were then obtained by multiplying the object area 
fraction by 100. To analyze a smaller area, which contained a lot more porosity than the rest, a 
smaller ROI was placed inside the first. This, in turn, produced a second object area fraction. For 
the porosity measurement, BF was used at all times. An example of this process can be found in 
Figure 8. 
 

 
Figure 8: Automated porosity measurement of sample 28 transversal section. The first overall porosity is 
measured inside ROI marked in red (1) and the worst porosity is found in ROI marked green (2).  

3.3.2. Etching 
When the first analyses were done, certain 100 μm-DoE 2 sample’s melt pools were revealed by 
electrolytic etching using 10 % oxalic acid. When the etching was done, the samples were once 
again analysed in the LOM.  
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4. Results 

4.1. 80 μm-DoE 1 and DoE 2 
During the printing of 80 μm-DoE 2, a lot of particle spatter was visible. Some of this spatter was 
seen transported away from the powder bed by gas flow but despite this, some of it landed on the 
samples, especially those closer to the gas vent exit. In Figure 9 the samples position in the build 
chamber and their corresponding porosity can be observed. The gas flow is vertical, going from 
high y -values to low y-values. From this, a trend could be estimated as the lower the y-values the 
higher the porosity. The numbers next to the circles is, first the sample number, and then the 
mean porosity. No similar trend could be observed for 80 μm-DoE 1.  
 

 
Figure 9: The 80 μm-DoE 2 sample position in the build chamber and the respective mean porosity as 
represented by circle surface area. The gas flow enter vent is at the top and the gas exit vent is at the bottom 
(see arrow).  

 
The grains in sample 28 can be seen in Figure 10 and 11 respectively. In Figure 10, the sample is cut 
longitudinally, and the grains can be seen elongated in the vertical direction. In Figure 11, the 
sample is cut transversely, and the grains appear uniform in the X and Y plane. The same effect 
was visible for all samples in all DoEs. Similar pores to those seen in Figure 10 and Figure 11 were 
also seen in all samples in all DoEs.  
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Figure 10: Longitudinal section of sample 28 captured by DIC with a 10x objective. The build direction is 
oriented in the vertical direction.  
 

 
Figure 11: Transversal section of sample 28 captured by DIC with a 10x objective. The build direction is oriented 
inwards, and the black dots are pores.  

 
The mean sum porosity, represented by circle surface area, in both the longitudinal and 
transversal direction for all 80 μm-DoE 1 (1-24) samples and all 80 μm-DoE 2 samples with the 
same hatch spacing (26-41), can be observed in Figure 12. Since some of the samples in DoE 1 are 
produced with another hatch spacing, all 80 μm-DoE 2 samples cannot be represented in Figure 11 
without making it a 3D plot. It can be noted that the porosity is generally smaller for the samples 
within the laser power: 1-1,1 and laser speed 1-1,17 -area. For laser power 0,82, all samples appear 
to have relatively high porosity values, but the highest porosity value was obtained by sample 1 
with a laser power of 0,7.  
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Figure 12: Mean porosity in all samples from 80 μm-DoE 1 and all samples from 80 μm-DoE 2 with the same 
hatch distance. The porosity is represented by circle surface area.  

 
All 80 μm-DoE 1 (1-24) and 80 μm-DoE 2 (25-48) samples and their corresponding mean porosity in 
both longitudinal and transversal direction can be seen in Figure 13. It can be observed that the 
samples from DoE 2 generally have a lower porosity than the samples from the first DoE. Since 
sample 1 obtained such a high porosity (2,267 %) compared to the rest, this sample was excluded 
from the graph to see the other samples more clearly.  
 

 
Figure 13: All 80 μm-DoE 1 and 80 μm-DoE 2 samples and their associated mean sum porosity.  
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In Figure 14, mean sum porosity and the corresponding build rate of all the 80 μm-DoE 1 and 80 
μm-DoE 2 samples can be observed. As mentioned previously the 80 μm-DoE 2 samples have lower 
porosity but as seen in Figure 14 they also have similar build rates to the samples in 80 μm-DoE 1.  
 

 
Figure 14: 80 μm-DoE 1 and DoE 2 samples build rate and mean porosity. The number above the spheres show 
the mean porosity found in each sample.  

 
The 80 µm process parameters that lead to the lowest porosity values were taken into account 
along with the process parameters AMEXCI use for powder layer thicknesses of 40 μm to draw a 
trend line between process parameters and powder layer thickness. This trend line was then used 
to approximate process parameters fit for a powder layer thickness of 100 µm. It was found that, 
while scanning speed and hatch spacing do not follow a trend, laser power, and scanning speed 
divided by laser power do. By using these conjunctions, laser power and scanning speed for 100 
μm powder layer thickness could be approximated. Since no clear trend line could be drawn for 
the hatch spacing, it assumed similar values to those seen previously. Since no 100 µm print has 
been conducted before, the process parameter windows were large in order to establish a wide 
investigated area.  
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4.2. 100 μm-DoE 1 
A similar spatter behavior was seen for 100 μm-DoE 1 as in 80 μm-DoE 2 but this time no clear 
sample position vs porosity trend could be drawn. The printed samples surfaces were very rough 
at the end of the print compared to prints conducted before.  
 
The sample with the least porosity and a sample with a lot of porosity can be seen in Figure 15. In 
all cases where the porosity value is large, irregular pores are dominant, and in all cases with low 
porosity values, small and round pores seem to be the lone pore -type.  
 

 
Figure 15: Samples with the little (left) and a lot of (right) porosities. The left sample is the transversal section of 
sample 66 and the right sample is the transversal section of sample 70. The pores have been marked in red for 
better visibility and the pictures were taken using a 5x objective.  

 

The 3D process parameter space can be seen in Figure 16 below. It can be seen that lower porosity 
was assumed as the scan speed is relatively low (0,86-1,09) and hatch spacing is neither high nor 
low (1,11). No clear correlation between laser power and porosity can be drawn. It can also be 
observed that the porosity values within the 100 μm-DoE 1 batch are very scattered.  
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Figure 16: The process parameter window concerning hatch spacing (z), laser power (y) and scanning speed (x). 
The porosity for each sample is illustrated by sphere volume.  

 
In Figure 17 the mean sum porosity is visible for all 100 μm-DoE 1 samples. The highest porosity 
was assumed by sample 53 at 6,713 % and the lowest by sample 56, 57, 59, 60, 65, 66. These six 
samples were not polished together at the same time but were, however, repolished in order to 
confirm the results (see Table 6).  
 

 
Figure 17: The mean porosity for all 100 μm-DoE 1 samples.  
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Table 6: The 100 μm DoE 1 samples with the least porosities.  

Sample Mean porosity [%] Repolished mean porosity [%] 

56 0,065 0,078 

57 0,055 0,07 

59 0,075 0,093 

60 0,065 0,095 

65 0,07 0,095 

66 0,0625 0,063 

 
The porosity and corresponding build rate for all DoE 1 samples can be found in Figure 18. The 
mean porosity is illustrated by the sphere surface area and the porosity value can be found above 
the respective spheres.  
 

 
Figure 18: 100 μm-DoE 1 samples build rate and mean porosity. The number above the spheres and their 
surface area show the mean porosity found in each sample.  

 
Since low porosity values were obtained in lower scanning speeds the scanning speed was 
decreased for 100 μm-DoE 2. Along with this, hatch spacing was increased in order to investigate 
process parameters which correspond to higher build rates. Since no clear trend could be drawn 
regarding the laser powers the values remained the same. To be more thorough than last time, a 
smaller scanning speed interval was assumed. Two samples (59 and 56) with low porosity values 
were also printed again in order to investigate if their prior porosity value could be assumed once 
again. These samples were also placed closer to the gas exit vent in the print-chamber.  
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4.3. 100 μm-DoE 2 
No clear trend could be drawn between sample position and spatter despite the excessive spatter 
seen during the printing of 100 μm-DoE 2. The sample's final surface looked much smoother than 
the prior DoE samples. The porosities seen in the microscopes were typically large and round, not 
interconnected.  
 
Sample 85 and 86 had the same process parameters as sample 59 and 56 in order to confirm their 
prior porosity values. This allows both confirmation of the porosity values obtained in the previous 
batch and they can function as reference points for the rest of the samples in the batch as further 
process parameter space is investigated. The reference sample 85 was placed at the bottom, 
closest to the gas exit vent, and sample 86 was placed slightly higher up. Unlike sample 86, sample 
85 obtained few, very large, irregular shaped pores along with small round pores. An example of 
this can be seen in Figure 19.  
 

 
Figure 19: Transversally cut sample 85 captured by BF with a 5x objective. The pores are marked in red for 
better visibility.  

 
Sample 93 stood out from the rest of the samples on the basis that it consisted of continuous pore-
lines that ran parallel to each other in the transversal direction. The etching of the sample revealed 
crack-like pores which were positioned in the gap between the melt pools. The sample before and 
after the etching can be found in Figure 20 and 21.  
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Figure 20: Transversally cut unetched sample 93 captured by BF with a 10x objective. The pores are marked in 
red for better visibility.  

 

 
Figure 21: Transversally cut etched sample 93 captured by BF with a 10x objective.  

 
All oxalic acid- etched 100 μm-DoE 2 samples (72, 73, 75, 79, 82, 86, 89, 92 and 93) showed similar 
melt pool-shapes in the longitudinal cut. The melt pools were broader at the top and smaller and 
smaller towards the bottom. This can be compared to the melt pools of sample 40 from 80 μm-
DoE 2 and a sample with a powder layer thickness of 40 μm provided by AMEXCI. In sample 40 the 
shape is quite similar, the main difference being shorter elongation. In the sample provided by 
AMEXCI the melt pools are much shorter and broader. (see Figure 22-24). The length of the melt 
pools in relation to the sample process parameters can be seen in Table 7.  
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Figure 22: Etched longitudinal cut sample 72 captured by BF with a 10x objective.  

 

 
Figure 23: Etched longitudinal cut sample 40 captured by BF with a 10x objective.  
 

 
Figure 24: Etched longitudinal cut sample provided by AMEXCI with a powder layer thickness of 40 μm captured 
by BF with a 10x objective.  
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Table 7: Melt pool length and respective process parameters.  

Sample Energy density Laser power Scanning speed  Hatch spacing Melt pool length 
[μm] 

72 1,46 1,02 0,63 0,89 380 

40 0,91 1,07 1,17 1,00 250 

40μm-sample 1,19 0,7 1,06 1,11 90 

 
In the etched 100 μm-DoE 2 samples the microstructure could be estimated. A typical 
microstructure seen can be found in Figure 25.  
 

 
Figure 25: Etched transversely cut sample 86 captured by BF with a 50x objective.  
 
The investigated process parameter space for 100 μm-DoE 2 and 100 μm-DoE 1 can be seen in 
Figure 26. The 100 μm-DoE 1 is represented, as before, in blue and the 100 μm-DoE 2 samples are 
yellow.  

 
Figure 26: The investigated process parameter space inhabited by 100 μm-DoE 1 (blue) and 100 μm-DoE 2 
(yellow).  
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The 100 μm-DoE 2 samples and their corresponding porosities can be observed in Figure 27.  
 

 
Figure 27: The mean porosity for all 100 μm-DoE 2 samples.  

 
The porosity and the corresponding build rate for all 100 μm-DoE 2 samples can be found in Figure 
28. The mean porosity is illustrated by the sphere surface area and the porosity value can be found 
above the respective spheres.  
 

 
Figure 28: 100 μm-DoE 2 samples build rate and mean porosity. The number above the spheres and their 
surface area show the mean porosity found in each sample.  
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To obtain low porosity values for 100 μm-DoE 3, the scanning speed and hatch distance was set to 
values in between those in DoE 1 and DoE 2. Laser power was also increased to avoid lack of 
fusions. In order to establish clear well-defined process parameters, the intervals were decreased 
for all process parameters. Sample 56 was printed once again but now placed closest to the gas 
exit vent, this sample was denoted 119. 

4.4. 100 μm-DoE 3 
Just like before no clear correlation can be drawn between sample position in the printing 
chamber and porosity. Sample 119 obtained a higher porosity value than sample 86 and 56 in 100 
μm DoE 1 and DoE 2 (see Table 8).  
 
Table 8: Sample 56, 86 and 119 and their respective mean porosity.  

Sample # Position on build plate Mean porosity [%] 

56 Middle, middle 0,065 

86 Middle, right 0,068 

119 Bottom, left 0,165 

 
Sample 99, 102, 104, 105, 108 and 111 obtained few large irregular-shaped pores in their structure. 
An example of this can be seen in Figure 29. Sample 108, 111, 114 and 116 also exhibited small pore 
lines similar to those seen in Figure 20 (see Figure 30).  
 

 
Figure 29: Sample 111 transversal section captured by 5x objective.  
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Figure 30: Sample 114 transversal section captured by 5x objective.  

 
The investigated process parameter space for all conducted 100 μm- DoEs can be seen in Figure 
31. 100 μm- DoE 1 and DoE 2 are represented like before in blue and yellow respectively. 100 μm- 
DoE 3 is green.  

 
Figure 31: The investigated process parameter space inhabited by 100 μm-DoE 1 (blue), 100 μm-DoE 2 (orange) 
and 100 μm-DoE 3 (green). 
 
In Figure 32 it can be observed that the porosity values are much less scattered than the previous 
100 μm- DoEs. Most of the 100 μm-DoE 3 samples obtained a porosity value between 0,1-0,2.  
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Figure 32: The mean porosity for all 100 μm-DoE 3 samples.  

 
The build rate is also less scattered than the 100 μm- DoEs conducted before. Both porosity and 
build rate can be found in Figure 33. 
 

 
Figure 33: 100 μm-DoE 3 samples build rate and mean porosity. The number above the spheres and their 
surface area show the mean porosity found in each sample.  
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5. Discussion 
For 80 μm-DoE 2 a sample position - porosity trend could be seen where the samples closest to the 
gas exit vent generally had more porosity than those farther away (see Figure 9). This is most likely 
due to the excessive amounts of particle spatter seen in the chamber during printing. As spatter 
lands on the powder bed the laser interacts with spatter instead of powder. This makes the laser 
penetrate at a decreased depth and thus porosities form. In all 100 μm-DoEs equal amounts of 
spatter was seen but in these sample batches no clear correlation between sample position and 
porosity could be drawn. This indicates that while a lot of spatter landed on the powder bed, it did 
not pose a dominating problem for the high energy density process parameters selected. The 
spatter particles were simply re-melted and incorporated into the melt pool and thus wetted well 
to the surrounding layers. This could also be the reason for the very rough sample surface seen at 
the end of each print.  
 
By comparing the grain-shape in the longitudinal and transversal section (see Figure 10 and 11) it 
can be observed that the grains are elongated more in the longitudinal section compared to the 
transversal section. Since the same trend could be seen in all samples this confirms that grain 
elongation occurs more parallel to the build direction, i.e. the highest thermal gradient, in 
comparison to the build plane. It was also observed that this effect is equally present 
independently of process parameters or powder layer thickness.  
  
The spherical shape and size of pores like those seen in Figure 10 and 11 suggests they are due to 
gas entrapment or gas in the powder feedstock. This is further confirmed by the fact that similar 
pores were seen in all samples in all DoEs. The gas either comes from gas entrapment during 
printing or from the gas atomization process itself. To minimize these types of pores another 
powder manufacturing method can be chosen instead of gas atomization, or the cooling rate 
could be decreased to give the gas slightly more time to escape the material before solidification. 
These pores affect the porosity value of the samples very little, however, due to their very small 
size. Therefore, since these types of pores do not have a big impact on the structure, it is unlikely 
worth changing powder manufacturing method to a more expensive one or decrease the cooling 
rate such that the energy density is decreased.  
 
Despite 316L’s large thermal expansion and low thermal conductivity, no sample in either DoE 
contained any visible thermal cracks. This is likely due to the well optimized powder bed 
preheating temperature. No denudations, keyhole pores or balling could be seen in any sample in 
any DoE as well. This can be due to either misinterpretation of observations, since effects like 
keyhole pores can mixed up with gas pores, or these defect mechanisms are simply not produced 
with the chosen process parameters. The rough sample surface might be due to denudation but 
that would not explain why some sample surfaces are rougher than others even though the gas 
flow pressure always stays the same during all 100 μm DoEs. It is more likely that the rough surface 
is due to the excessive spatter seen in the chamber.  
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5.1. 80 μm-DoE 1 and DoE 2 
One can observe in Figure 12 that the 80 μm-DoE 1 and 80 μm-DoE 2 samples produced with laser 
power values 1-1,1 and laser speed values 1-1,17 generally had lower porosity -values than the 
rest. This means that the selected process parameters produced a stable melt pool which 
penetrates deep enough into the sample while being wide enough for the selected hatch spacing. 
Coincidentally, this area correlated to the area investigated in 80 μm DoE 2. Microscopy analysis 
also confirmed that no clear over melting or under melting occurred as only gas pores could be 
seen. The samples produced with a laser power of 0,82 all had generally more porosity than the 
rest. This suggests that for all scanning speeds investigated none of them are slow enough to 
produce a stable melt pool, the energy density is too low. This could also explain sample 1’s high 
porosity value since it was produced with an even lower laser power. In Figure 13 it can be seen, 
again, that the 80 μm-DoE 2 samples (26-41) typically have less porosity than the 80 µm-DoE 1 
samples (1-24). It is also worth noting that even though sample 1, 18 and 22 have porosity values 
as high as 2,4 %, 0,2 % and 0,375 % respectively the rest of the samples have porosity values lower 
than 0,2 %. This proves that for the process parameters investigated, the porosity value is 
generally quite low which can be credited to 316L weldability. The best samples in 80 μm-DoE 2 in 
regard to both build rate and porosity are sample 46-48 (see Figure 14). The sample porosity for 
these samples were 0,015, 0,01 and 0,01 % respectively and their corresponding build rate were 
1,2, 1,24 and 1,27. Since sample 48 exhibited both higher build rate and lower porosity this sample 
is picked out.  

5.2. 100 µm-DoE 1 
Figure 15 shows two sample’s transversal sections. The sample with the least amount of pores 
(left) appears to only contain gas pores while the sample with more amount of pores (right) 
appears to have a lot of lack of fusion pores, along with similar amounts of gas pores. The same 
trend could be extended to all 100 μm-DoE 1 samples. Samples with high porosity values typically 
contained lack of fusion pores while samples with low porosity values only contained gas pores.  
 
In Figure 16 it can be deduced that the porosity values are much more scattered in comparison to 
previous 80 μm DoEs. This can be explained by the fact that a much larger processing window is 
investigated and that thicker powder bed thicknesses lead to limited heat transfer and thus 
process parameters are harder to optimize. It can also be observed that the laser power had a very 
limited effect on the porosity values. This is probably because the laser values are closer together 
in comparison to the rest of the process parameters. The parameters which seem to have had the 
most effect on porosity is scanning speed. All samples produced with the highest scanning speed 
(1,32) obtained high porosity values which is probably due to the fact that the laser simply is too 
fast per laser power and thus lack of fusions form. Hatch spacing seems to have had a limited 
effect on the porosity. Hatch spacing only has a clear effect when the scanning speed is set to 1,09. 
As the hatch spacing is high (1,33), lack of fusion occurs since the melt pools do not grow big 
enough to wet well to each other. This is confirmed by the fact that sample 70 and 71 obtained 
continuous lack of fusion pores running parallel to the laser direction. Sample 67 also showed 
some of this behavior as the energy density was low and hatch spacing high here as well. Samples 
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like 68 and 69 both had the same hatch spacing but lower scan speed and thus showed no sign of 
this behavior and exhibited a low porosity count. Samples produced with a low hatch spacing 
(0,89) also obtained higher porosity values than those produced with a hatch spacing of 1,11. This 
might be because of excessive spatter influence on these samples in particular or over melting 
pores invisible in the microscope. The best porosity was generally obtained between 0,86-1,09 
scanning speed and hatch spacing 1,11.  
 
Despite the generally high porosity values some samples' porosity values stood out. These 
samples were 56, 57, 59, 60, 65, 66 (see Table 6 and Figure 17). These porosity values are 
considered confirmed since similar values were obtained after repolishing. The samples with the 
best build rate -porosity balance (see Figure 18) were samples 59 and 60 and since they both 
exhibited a build rate of 1,52 and sample 60 obtained less porosity (0,065 %) sample 60 was picked 
out.  

5.3. 100 μm-DoE 2 
In Figure 27 it can be observed that the porosity value difference between sample 85 and 86 is 
large. Sample 86 obtained a porosity of 0,07 %, a value similar to that of sample 56 in 100 μm-DoE 
1, while sample 85 obtained the porosity value 0,89 %, a value much larger than sample 59 in 100 
μm-DoE 1. The main difference between these samples is their placement. In 100 µm-DoE 1 they 
were both placed close to the gas enter vent while in 100 μm-DoE 2 sample 85 was placed very 
close to the gas exit vent and sample 86 slightly in the middle. This shows that even though no 
overall spatter related trend could be seen, for sample 86 spatter had an effect. The reason sample 
86 showed little to no porosity difference despite being moved slightly towards the gas exit vent 
could be that sample 86 has a higher energy density than sample 85 and thus is more able to re-
melt spatter particles. It can also be seen in Figure 19 that sample 85 generally had a low porosity 
structure, the exception being few very large irregular pores. These pores look like a lack of fusion 
pores and since the process parameters themselves do not produce lack of fusion pores, as 
confirmed by sample 59 in 100 μm-DoE 1, they have to be spatter related. Spatters have, in other 
words, landed on the sample during printing and thus limited the laser energy input.  
 
The pores seen in Figure 20 for sample 93 stood out compared to the rest of the samples. The pore 
lines can be seen positioned parallel to the laser trajectory, indicating that they are due to either 
lack of melt pool overlap or too much melt pool overlap. The etching of the sample (see Figure 21) 
indicates the prior as the pores can be seen to be positioned in the gap between melt pools. This is 
also understandable in relation to the sample’s process parameters since it obtained the highest 
hatch spacing and scanning speed but lowest laser power resulting in the lowest energy density 
sample of the entire 100 μm-DoE 2 batch.  
 
The melt pools seen in Figure 22-24 are all wide close to the surface but as the powder layer 
thickness increases, and thus also the energy input, a thin part of the melt pool is elongated into 
the bulk of the material. This effect is clearly seen in Figure 22 for the 100 µm powder layer 
thickness sample but can also be seen in the sample with 80 μm powder layer thickness (see 
Figure 23). For the 40 μm powder layer thickness sample no elongation can be seen (see Figure 24). 
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This is probably due to a lower laser power and lower energy input. As the powder layer increases 
the thermal transport becomes limited as the thick powder bed insulates more heat. This, 
combined with the already low thermal conductivity of 316L, leads to a wide melt pool only up 
top, closest to the interface with the laser. The reason the melt pools become elongated and thin 
downwards is probably due to the fact that the energy density is high enough to make the laser 
penetrate deep into the material but since thermal transport is limited the melt pool never grows 
wide. Another reason for the thin melt pool could be the Marangoni effect which transports heat 
downwards rather than to the sides.  
 
The melt pools seen in Figure 22 are around 380 μm long. This might be the reason spatter 
generally did not pose a big problem for the 100 μm DoE 2 batch. The melt pools are deep enough 
to penetrate almost 4 powder layers. This means that all spatters that landed on the powder bed 
got re-melted four times which is probably enough to incorporate it well into the material. The 
biggest drawback with a deep melt pool is the high probability of keyhole pores. No such pores 
were, however, seen. The reason for this is that they could have gotten misinterpreted as other 
pore-types.  
 
The microstructure seen in Figure 25 for sample 86 could be seen in all etched 100 μm-DoE 2 
samples. By examining the microstructure closely, a fine structure can be seen which most likely 
can be credited to the very high cooling rate associated with ML-PBF.  
 
In Figure 26 and 27 it can be observed that the porosity value is less scattered for the 100 μm-DoE 2 
samples compared to the 100 μm-DoE 1 batch. The reason for this is probably because a lower 
scanning speed was investigated and thus under melting was less likely. It is hard to define the 
processing window that produced the least amount of pores. It can be seen though, that the 
samples with the lowest scanning speed obtained high porosity values which might be due to over 
melting. Just like before, no laser power -porosity relation can be seen, the reason probably being 
the same laser power window is investigated. It can also be seen in Figure 27 that sample 85 is 
more porous than 86. Other high pore-value samples are 72, 81 and 80 all of which had a low laser 
speed. The best samples in regard to both build rate and porosity are sample 95 and 92 which had 
a build rate of 1,44 and 1,24 and a porosity of 0,098 and 0,073 % respectively (see Figure 28). 

5.4. 100 μm-DoE 3 
Sample 108, 113 and 116 obtained structures similar to those found in Figure 30. This structure 
bears some similarity with the under-melting structure found in Figure 20. This suggests that the 
hatch spacing was slightly too large in relation to the rest of the process parameters for the 
previous mentioned samples. This is further confirmed by the fact that the samples had a large 
hatch spacing and scanning speed along with a low laser power, resulting in a relatively low 
energy density. 
 
Sample 99, 105, 108 and 111 would have probably obtained a relatively low porosity value had it 
not been for very few but very large irregular shaped pores (see Figure 29). Since these lack of 
fusion -type pores are not scattered throughout the structure of the entire sample and are large 
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they are probably spatter related. This could be due to the fact that the energy density of the 
samples might not have been enough to incorporate spatter into the melt pool despite the 
generally long melt pools seen in Figure 22 or the spatter might have simply been too excessive. 
Some similarities can also be seen between Figure 29 and Figure 19 where the same effect is 
present.  
 
Sample 119, the sample with the same process parameters as sample 86 and 56, obtained a higher 
porosity value than sample 86 and 56. The key difference between these samples is placement in 
the chamber. Sample 56 was placed closest to the gas enter vent, and thus received little spatter, 
sample 86 was placed farther away from the gas enter vent and sample 119 was placed the 
farthest away. The porosity value for sample 86 was slightly higher than sample 56s porosity value 
and the porosity value for sample 119 is higher than sample 86 (see Table 8). This is most likely due 
to spatter interaction.  
 
Compared to the previous 100 μm-DoEs, the scatter of porosity values are smaller for 100 μm-DoE 
3. This is probably due to the fact that a smaller process parameter space is investigated (see 
Figure 31). It can also be observed that the porosity values are slightly higher for the samples with 
the highest hatch spacing (1,44). This high hatch spacing could have resulted in a low energy 
density and thus effects like those seen in Figure 30 are produced. A lower energy density might 
also limit the sample's ability to re-melt and incorporate spatter into the melt pool.  
 
In Figure 32, the samples with the lowest porosity value are sample 98, 103 and 112. By comparing 
these samples in Figure 33, sample 98 can be excluded since it has such a low build rate. The 
samples with the best build rate -porosity balance from this DoE are therefore sample 103 and 112. 
These samples, along with the rest of the selected samples, can be found in Table 9.  
 
Table 9: Selected samples respective build rate and mean porosity.  

Sample # Build rate Mean porosity [%] 

48 1,27 0,01 

60 1,52 0,065 

92 1,24 0,073 

95 1,44 0,098 

103 1,44 0,076 

112 1,57 0,095 
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6. Conclusion  
The purpose of this project was to increase the build rate for laser powder bed fusion in 
association to 316L stainless steel while minimizing the porosity in the samples.  
 
The selected samples with the least porosity and highest build rate can be found in Table 9. 
Sample 48 had the lowest build rate but also the lowest porosity. Sample 92 had a lower build rate 
than sample 60 and had a higher porosity. Because of this, sample 92 is excluded. By comparing 
sample 95 and 103 in a similar fashion, sample 95 can be excluded as well. Sample 60 also had a 
higher build rate and lower porosity than sample 103. Therefore sample 103 can be excluded as 
well. The remaining samples are sample 48, 60 and 112 (see Table 10).  
 
Table 10: The samples considered to have the best balance between porosity and build rate.  

Sample # Build rate Mean porosity [%] 

48 1,27 0,01 

60 1,52 0,065 

112 1,57 0,095 

 
If the most important thing is to minimize mean porosity, sample 48s process parameters should 
be used. If productivity is more important, sample 112s process parameters can be applied. The 
process parameter corresponding to sample 60 lies somewhere in between these scenarios.  
 
The most common pore-producing mechanisms during all DoEs seems to have been lack of fusion, 
gas pores and spatter related pores. Even though the process parameters influence over the 
samples final structure is very advanced some light has been shed on process parameter 
combinations that might lead to the defect mechanisms mentioned. If Hatch spacing is too large, 
for example, in comparison to laser power and speed the lack of melt pool overlap will produce 
pores, and if low energy density samples are placed close to the gas exit vent it is very likely that 
they will obtain spatter- related pores even though the melt pools can extend up to 380μm deep.  
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7. For the future 
Even though some data and knowledge have been acquired regarding the optimal process 
parameters for a 100 µm powder layer thickness, more work still needs to be done. First of all, the 
samples should be mechanical tested to determine their true mechanical properties. Another 
factor is geometry. The process parameters investigated were only applied to small cubes. In 
reality, larger components are usually printed and therefore homogeneity might become an issue 
due to the excessive particle spatter influence. Furthermore, this project did not investigate 
surface finish parameters. If the printed parts are actually going to be interacting with other 
components, geometry control is important. Because of this, the process parameters for the last 
few layers should be treated differently and investigated anew for a flat surface finish. Due to 
limited analysis equipment and time no samples grain boundaries were investigated. This might 
be a good idea for the future to see if particles have been transported to the grain-boundaries and 
if they affect the materials mechanical properties. Lastly, other process parameters should be 
investigated and optimized as well before 100 µm powder layer thickness can fully mature. The 
build plate preheating temperature could for example be varied in order to study its effect on the 
samples. Lastly, scanning electron microscopy could also be used to study sample pore-structure 
and microstructure more thoroughly.  
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Appendix  

A.1. Sample preparation  

 
Figure App1: Sample preparation for 100 µm-DoE 1 in the program materialised magic. The first sample to be 
printed is 48, then 49, 50, 51 etc.. The samples are printed against the gas flow current. All the samples are 
somewhat tilted against the recoater blade direction and all samples have some space between them.  

A.2. Printing picture 

 
FigureApp5: Picture taken during the 100 µm-DoE 1 printing process. Hot, glowing, spatter particles are visible 
close to the laser spot along with cold spatter particles which have landed on the powder bed.  
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A.3. Automated measurement in microscope 

 
Figure App6: Screenshot taken during porosity measurement of sample 28 transversal section.  

A.4. Process parameters and mean porosity 

A.4.1. 80 µm-DoE 1  

 
Figure App2: Process parameter sheet for samples 1 to 24. The process parameters are normalized.  
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A.4.2. 80 µm-DoE 2 

 
Figure App3: Process parameter sheet for samples 25 to 48. The process parameters are normalized.  

A.4.3. 100 µm-DoE 1  

 
FigureApp4: Process parameter sheet for samples 48 to 71. The process parameters are normalized.  
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A.4.4. 100 µm-DoE 2  

 
FigureApp6: Process parameter sheet for samples 72 to 95. The process parameters are normalized.  

A.4.5. 100 µm-DoE 3  

 
FigureApp7: Process parameter sheet for samples 96 to 119. The process parameters are normalized.  
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A.5. Matlab code for 3D plots 
%316L 100 μm DoE 1 + DoE 2 + DoE 3 process parameters and mean porosity 
%Powder layer thickness = 100 μm 
%Samples: EOS 
 
%100 μm-DOE 1 
x=[...]; %Scan speed 
y=[...]; %Laser power 
z=[...]; %Hatch distance 
P=800.*[...]; %Mean porosity 
scatter3(x,y,z,P,'filled', 'MarkerEdgeColor',[0 .4 .6],... 
   'MarkerFaceColor',[0, 0.75, 0.75],... 
   'LineWidth',1.5) 
 
xlabel('Scan speed [mm/s]') 
ylabel('Power [W]') 
zlabel('Hatch spacing [mm]') 
title('0,01mm DOE1, DOE2 and DOE3 Mean porosity') 
hold on 
 
%100 μm-DOE 2 
x1= [...]; %Scan speed 
y1= [...]; %Laser power 
z1= [...]; %Hatch distance 
P1= 800.*[...]; %Mean porosity 
scatter3(x1,y1,z1,P1,'filled', 'MarkerEdgeColor',[0.4940, 0.1840, 0.5560],... 
   'MarkerFaceColor',[0.9290, 0.6940, 0.1250],... 
   'LineWidth',1.5) 
 
%100 μm-DOE 3 
x2 = [...]; %Scan speed 
y2 = [...]; %Laser power 
z2 = [...]; %Hatch distance 
P2 = 800.*[...]; %Mean porosity 
scatter3(x2,y2,z2,P2,'filled', 'MarkerEdgeColor',[0, 0.5, 0],... 
   'MarkerFaceColor',[0.4660, 0.6740, 0.1880],... 
   'LineWidth',1.5) 
 
hold off 
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