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Abstract 
 

This report is the result of a bachelor thesis project executed at Luleå University of Technology 

(LTU). The purpose of the project was to investigate the possibility to use the metal powder waste 

products from LKAB’s pelletizing process for additive manufacturing as this would mean 

economic benefits for the sake of LKAB as well as environmental benefits. 

 

Two different powders were used in the experiments and were referred to as crush and dust. The 

experiments were made through the selective laser melting (SLM) method with varying laser 

parameters to observe their effect. These included the laser power and laser speed. Scanning 

electron microscope (SEM), Energy Dispersive X-Ray Spectroscopy (EDS) and optical 

microscopy were used for the analysis of the samples.  

 

The analysis of the chemical compositions showed that the powders were inhomogeneous and 

differed from each other. The crush powder contained phosphor and carbon which was lacking in 

the dust and also had higher amounts of silicon and potassium. In spite of the inhomogeneous 

powder and getting some agglomerations of half-melted grains on the tracks, the tracks tended to 

be mostly homogenous. It was also observed that the tracks have a higher amount of carbon 

compared to the powder which probably derives from the substrate plate. 

 

The adherence of the tracks was greatest at a laser power between 200-300 W and a laser scanning 

speed 0.5-1.75 m/min.  

 

The metal powder waste products from LKAB’s pelletization process could likely be used in 

additive manufacturing, however, more work is needed in order to ensure the obtained results and 

continue with further experiments. 
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Sammanfattning 
 

Denna rapport är resultatet av ett examensarbete på högskolenivå utfört på Luleå tekniska 

universitet (LTU). Syftet med projektet var att undersöka möjligheten att använda det 

metallpulver som bildas som restprodukter vid LKAB:s pelletstillverkning för additiv 

tillverkning. Detta skulle betyda ekonomiska fördelar för LKAB och även miljömässiga fördelar. 

 

Två olika sorters pulver användes vid experimenten och refereras till som ”crush” och ”dust”. 

Experimenten utfördes med ”selective laser melting” (SLM), där laserns parametrar varierades, 

så som lasereffekt och laserhastighet, för att kunna observera deras inverkan. ”Scanning electron 

microscopy (SEM), Energy Dispersive X-Ray Spectroscopy (EDS) och optiskt mikroskop 

användes för att analysera proverna.  

 

Analysen av de kemiska strukturerna visade att pulvren var inhomogena och skiljde från varande. 

”Crushen” innehöll fosfor och kol, vilket helt saknades i ”dusten”, och innehöll även högre 

mängd kisel och kalium. Trots de inhomogena pulvren och de ansamlingar av halvsmälta korn 

som samlades på spåren, var spåren mestadels homogena. Det observerades även att spåren 

innehöll högre mängd kol, vilket troligtvis kommer från substratplattan.  

 

Spårens vidhäftning var störst vid lasereffekter mellan 200 - 300 W och laserhastigheter mellan 

0,5 - 1,5 m/min. 

 

Den restprodukt som bildas i form av metallpulver vid LKAB:s pelletstillverkning kan troligtvis 

användas för additiv tillverkning. Dock måste mer arbete göras för att säkerställa erhållna resultat 

och fortsätta med fler experiment.  
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1. Introduction 
 

1.1 LKAB 
LKAB stands for Loussavaara-Kiirunavaara AB. It was founded in 1890 and is one of Sweden’s 

oldest industrial companies [1]. LKAB is an international mining and mineral group that mines and 

processes iron ores with uniquely high iron content for the global market. Their production 

operations are located in Kiruna, Svappavaara and Malmberget. In 2018 LKAB mined 80 percent 

the iron ore in EU and is the biggest iron ore producer in Europe. The iron products are transported 

by railway to ports in Narvik in Norway and to Luleå for shipment to customers around the world.  

 

LKAB produces two types of products for the steel industry, iron pellets and iron fines which 

represent 80 and 20 percent respectively of LKAB’s total production.  

 
1.1.1 Pelletizing process 

  

The pelletizing process is done in three steps; sorting, concentration and pelletizing, see Figure 1. 

 
Figure 1. Schematics of LKAB's pelletizing process [1]. 

 

In the first step, the sorting plant, the ore is sorted roughly and crushed into pieces smaller than 

around 10 cm. Then the ore, which is magnetic, is sorted from the waste rock using magnetic 

separators. The ore is then screened and crushed into even smaller pieces. The sorting process rises 

the iron content in the ores from 45 percent to around 62.  

 

The second step is the concentration plant. Here the ore is grounded and impurities are removed to 

further improve the ore’s iron content. The ground ore is mixed with water to form slurry from 

which the impurities can be removed. The ore is then further purified through floatation. It is a 

process in which a chemical reagent is added to the slurry and this regent binds the impurities in 

small bubbles which forms a foam on the surface of the slurry. After the floatation step, different 

additives are added to the slurry depending on the type of the pellet and the product specification. 

Examples of impurities removed in this step is silicon, sodium, phosphorus, potassium and 

aluminum.  

 

The pelletizing plant is the last step in creating the pellets. Here a binder is added to the concentrate 

and pellets is formed in a rotating drum. The pellets created are around 10 mm. The pellets are then 

sent to be dried and preheated which increases the pellets strength. After the preheating step the 

pellets are sintered in order to obtain their final properties and then they are cooled. At this point 

the pellets are ready to be shipped off to customers. The iron ore pellets have a high iron content, 

approximately 67 percent and mostly contains magnetite, which has the chemical formula Fe3O4.  
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In the pelletizing step a waste product in form of a metal powder is produced. Since this powder 

has good quality there has been ideas to reuse it in some way. One idea is to use the powder as 

feeding material for metal additive manufacturing (AM). 

 

1.2  Additive manufacturing 
AM is defined as “process of joining materials to make objects from 3D model data, usually layer 

upon layer” according to American Society for testing and materials [2]. With AM technologies it 

is possible to use different kinds of materials as layering substance, for example metal powder, 

plastics, concreate and glass. Other common terms used for AM are: additive layer manufacturing, 

layer manufacturing additive processes, additive fabrication, additive techniques and 3D-printing.  

 

The commercial use of AM first emerged in 1987 [3]. In the beginning AM was used for rapid 

prototyping but has in the last two decades developed into several established manufacturing 

processes and is used for prototyping as well as tooling and production purposes. The interest in 

AM has increased significantly the last few years, and a forecast shows it will continue to increase. 

2018 the AM market was worth $9.3 billion compared to $4.1 billion 2014 according to the 

analysing firm SmarTech Publishing who specializes in additive manufacturing markets. Metal 

AM, which reflects the industrial interest, has a big part in this development. This can be illustrated 

by the number of metal AM system sold for two consecutive years: 1768 systems in 2017 compared 

to 983 systems in 2016, which is an increase of almost 80% in only one year [4]. Compared to 

subtractive manufacturing AM excels due to qualities like the geometric flexibility, short 

production cycles, no special tool requirements and reduced waste production.  

 

Even though AM already has a lot of benefits compared to other manufacturing methods, the 

research in the area is a continuous process.   
 

1.3 Binding methods for AM 
There are many different types of AM systems which are usually separated into seven techniques 

according to ASTM namely: 

 

• Binder jetting 

• Directed energy deposition 

• Material extrusion 

• Material jetting 

• Powder bed fusion 

• Sheet lamination 

• Vat photopolymerization 

Further categorisation can be done depending on what kind of material and machine technology is 

being used [5]. These methods basically refer to the different ways the layers can be fused together. 

In this work the focus will lay on a powder bed fusion process called selective laser melting, since 

it is the only method available in this project. Directed energy deposition will also be touched upon 

because it has been discussed that it might be a preferable method for the powders used. 
 

1.3.1 Selective Laser Melting 

In powder bed fusion methods, a laser or electron beam is used to fuse the layers of material 

together. As the name implies, the selective laser melting method uses a laser beam to do this. A 

layer of material is spread over a building platform. The laser fuses the first layer of the model, 

then the platform lowers exactly the height of one layer and a new layer of the powder is spread 

across the first with a roller or blade. The second layer is melted and fused with the first and the 

process is repeated until the object is finished. Figure 2 shows a typical setup of the SLM process. 
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Figure 2. The process of selective laser melting  [6]. 

 

 

1.3.2 Directed Energy Deposition 

Another AM method considered in this work is directed energy deposition (DED). In this process 

a laser beam, or in some cases an electron beam, is used as energy source to melt material as it is 

being deposited onto a substrate. The process can be used for polymers and ceramics but is mainly 

used for metal powder [7]. A typical DED machine consists of a deposition head which contains 

the powder nozzles, laser optics and inert gas tubing. The metal powder is fed through the nozzles 

in pressurized argon and melts instantly when it hits the substrate in focus of the laser. As the laser 

continues its programmed path in X and Y directions, the molten powder solidifies it will leave a 

line of solidifying powder [8]. When the first layer is deposited the deposition head moves up in Z 

direction the distance equal to the layer thickness and then another layer is deposited on top of the 

previous. The process continues in this manner until the whole part is processed. Another common 

name for the DED method is Laser Engineered Net Shaping (LENS). 
 

 
Figure 3. Typical laser powder DED process [7]. 

 

1.4 Metal powder feedstock 
 

1.4.1 Powder production 

There are many different ways to produce metal powder for AM. The methods that are the most 

commonly occurring for mass production of powder is divided into two groups, each with different 

subcategorise [9]. The groups are the mechanical methods and the physical-chemical methods. In 

the description that follows the most common methods of powder production can be viewed, there 

are however a bunch more that are not as widely used. 
  

The most used technology in the mechanical group is atomization [9]. Atomization can be done in 

different ways, however, the main principle is the same for all of them. In this method, a thin stream 
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of molten metal is hit by high pressure water, plasma or gas and thereby disperses into small 

droplets. The molten metal droplets then crystallize before they reach the walls of the atomizer. 

Centrifugal atomization is another method in mechanical powder production. It is similar to the 

previously described atomization techniques but with an applied rotating force to disperse the 

molten metal. The last mechanical method is mechanical milling. Here the raw material size is 

reduced through crushing, grinding and/or attrition. Through crushing, bigger particles can be 

obtained and grinding and attrition is used when finer particles are wanted.    

 

The most common physical-chemical methods consist of electrolysis and various chemical 

processes. In the electrolysis process an anode and a cathode, which are connected to a power 

source, are submerged in a suitable electrolyte fluid depending on the metal used. Brittle and 

irregular chips will form on the cathode, and these is then ground to a powder which can be used 

for additive manufacturing. Powders that can be produced with electrolysis is copper, chromium, 

iron, zinc, manganese, palladium and silver [10]. Although due to the high energy cost, electrolysis 

is generally used to manufacture high value metal powders such as copper and silver [11]. 

 

The carbonyl process is the leading chemical method to produce very fine iron powders [12]. 

Carbonyl of metals can be used as a way of refining impure metals. In the general process the metal 

reacts with carbon monoxide to form a carbonyl gas. At a moderate temperature the gas can be 

decomposed back to metal in a fine particulate form. 

  
1.4.2 Powder properties 

The different methods for powder production result in different characteristics of the powder. The 

impact of the powder particle size, shape and surface roughness has been studied in several cases 

[13], [14] and it has been concluded that all of these factors have an influence on surface roughness 

and density of the manufactured part.  

 

In the SLM process it is desirable to have a powder with smooth flowability and high packing 

density to ensure successful material deposition and part densification [15]. In DED a good 

flowability leads to a smooth flow through the powder feeder and nozzle and have therefore an 

impact on production rate and packing ability. A good flowability is also desired in the SLM 

process to be able to spread the layers evenly. Parameters that affect the flowability is the powder’s 

size and size distribution. A feedstock powder with smaller particles have a higher internal friction 

than that of slightly bigger particles. This is due to that they have a bigger total surface area and 

particles interlocks with each other as they move, especially if the grains are irregular. This leads 

to that powders with a more spherical powder particles tend to result in a higher part density 

compared to grains with irregular shape, see Figure 4.  
 

 

 
Figure 4. The grain shape affect the density of the produced part [16]. 
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In a study done by Abd-Elghany et al. [17] who studied layer thickness of stainless steel powder 

for SLM, it is concluded that a thicker layer will result in a decrease in density in the produced 

part. It was also found that a thicker powder layer led to rougher surfaces on the parts. A high 

oxygen content in a powder will also cause a produced part to be less dense [18]. 
 

Other parameters that also affect the flowability is magnetism in the powder particles and moisture 

in the powder. A high moisture content results in higher internal friction and can cause the particles 

to lump together and can clog the nozzle or cause an uneven spreading of the powder.  

 

To produce and use a metal powder of high quality and all the desired properties can be very costly.   

 
1.5 Microscopy methods for chemical analysis 
Scanning Electron Microscopy (SEM) with med Energy Dispersive X-ray Spectroscopy (EDX or 

EDS) is methods for analysing materials. SEM is mainly a qualitative method that through imaging 

and chemical analysis gives information such as differentiating between different phases, grain 

size, surface topography and crack or pores. EDS can give a both qualitative and quantitative 

analysis of the material [19]. In this method a beam of electrons is focused on the sample. When 

the beam hits, some of its energy is transferred to the atoms within the sample and secondary 

electrons, backscattered electrons and X-rays is produced, and by detecting these signals, high 

magnification images can be obtained, see Figure 5 for an overview. 

 
Figure 5. Principle of electron scattering in SEM. 

 

The backscattered electrons are the result of the elastic collision between electrons and atoms, 

which make the electrons change trajectory. Since big atoms scatters electrons easier than light 

atoms, they are able to produce a higher signal, hence the signal is proportional to the atoms’ Z-

number. A higher atomic number will appear brighter in the image. Secondary electrons originate 

from the sample surface and near surface regions (in contrast to backscattered which originates 

from within the volume of the sample) and is the result of the electron beams inelastic interaction 

with the sample. Secondary electrons provide detailed surface information. 

 

When the beam hits, some of its energy is transfers to the atoms within the sample and this energy 

can be used by the electrons to move from one energy shell to one of higher energy or be knocked 

off from the atom. This will leave a vacancy with positive charge and thus attract an electron from 

a shell with higher energy. The energy difference between of the transition between the higher-

energy shell and the lower-energy shell can be released in the form of X-rays or auger electrons. 

This energy difference is different for each element thus the emitted X-rays have energy 
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characteristic for each specific atom. X-rays contains of photons and the data generated by EDS 

analysis consists of a spectrum where all the peaks correspond to the different elements in the 

sample.  
 

1.5 Hypothesis and objective 
Hypothesis of this thesis is that the metal powder waste products produced during LKAB’s pellet 

production would be suitable as a feedstock for AM to make objects such as spare parts. Due to the 

irregular shape of the grains of the powder and also the wide size distribution of the grains, the 

quality of the products is expected to be lower than for objects made with optimized powder 

feedstock but still useful for products that is not experiencing great stress and tension.  

 

The idea is that if this powder can be used to produce spare parts right on site in the mine. This 

would save money as the need to buy parts externally from another company or even producing 

parts internally using their own steel would be eliminated or at least decrease. It would also be 

beneficial from an environmental point of view since waste products are used in a productive way 

instead of getting discarded. 

 

By analysing the powder through SEM and EDX and preforming experiments using the SLM 

method, it should be possible to get an initial idea if this hypothesis could be reality. In this pre-

study the objective can be summarized to 

 

• Determine if it is possible to use the metal powder waste products from LKAB for additive 

manufacturing 

 

Due to time and equipment limitations, the focus in this thesis will be on analysing the chemical 

compositions as well as evaluating the adherence and geometries of the melted tracks after the 

experiments. 
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2. Methodology 
 

2.1 Powder preparation and analysis 
The two powders used in this work, seen in Figure 6, are residues from the pelletizing process at 

LKAB. One of the powders consists of crushed and broken pellets and will be here on referred to 

as “crush”. The second powder is a finer grained powder that is a residue from the sintering process, 

it will here on be referred to as “dust”.  

 

 
Figure 6. Powders from LKAB before powder preparation. 

 

The two powders were initially dried overnight in a drying oven and then sieved separately with a 

Vibrating Sieve Shaker (model AS 200, Retch), see Figure 7. Sieves with meshes in various sizes 

can be added depending on which particle is desired. There is a container in the bottom of the sieve 

to collect the smallest particles. The powder was added in the top sieve which had the biggest mesh 

(90µm) and were shaken through the different meshes at high frequency with an electromagnetic 

drive. Through sieving different particle size ranges were obtained, specifically 40-63µm, 63-75µm, 

75-90µm and >90µm.  
 

 

 
Figure 7. The Vibrating Sieve Shaker from Retch, here with the three different meshes and the 

bottom container. 

 

Crush Dust 
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To get to know the powders’ chemical composition they were analysed with SEM and EDS 

equipment from Oxford Instruments (Oxford Instruments X-Max EDS System). A silver paste was 

put onto the sample holders before the powder was applied, this to make sure the powder stuck to 

the holder during the analysis. The powder samples were left to dry around 5 minutes before being 

put into the vacuum chamber. Measurements were done at four different locations on the samples 

and then the average chemical composition was evaluated.  

 

When the powder analysis was finished, the planning of the experiments was made.    

 

2.2 Experiment parameters 
The purpose of the experiments was to see how different parameters affect the end result. Due to 

limited accessibility to the experiment equipment and time limitations of the project, it was 

important to resource with time. To do this it was necessary to plan the experiments carefully and 

it was decided upon changing only a few of the parameters and have the rest remain stationary. 

The variable parameters were decided to laser power, PL, and laser scanning speed, vt, for both of 

the powders and also focus variation, z0, for the crush only. Further information on the varied 

parameters can be seen in Appendix A. It was also determined that it would be of interest to re-

melt one track for each of the powders.  

 

The laser focus point was in most cases situated on the substrate. When de-focusing the laser the 

focus point was raised (by elevating the laser) the desired distance z0. Figure 8 shows the principle 

of the experiments done with a de-focused laser. 

 

 
Figure 8. Principle of experiment done with a de-focused laser. 

 

The parameters deemed too time consuming to change during the experiment was the layer 

thickness, the powder particle size and the shielding gas. It was also decided that only one layer 

was going to be applied. 

 

The layer thickness of the powder bed was 100 µm and the grain size 63-75µm. With SLM it is 

often of advantage to use smaller grain size, however when trying to spread a coat of the powder 

with 40-63µm grain size, the particles lumped together and an even layer was not possible to obtain. 

The reason for these lumps might have been moisture that remained in the powder after drying or 

because of magnetism between particles. Argon was used as shielding gas at a constant laminar 

flow. 

 

2.3 Experiment setup and execution 
For the SLM experiment a 300 W laser was used. Figure 9 shows the equipment setup for the 

SLM experiment.  
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Figure 9. SLM experiment setup. a) laser optics, b) work table, c) tube for supplying shielding gas, 

d) powder bed, e) tracking light for the laser. 

 

The substrate plate was placed on a platform below the laser. On either side of the substrate plates 

with the same height as the substrate was placed. Metal stripes with a height of 100 µm was taped 

onto these plates to be used as a guide when applying the powder bed. The powder was placed 

between the stripes and spread with a scrape as evenly as possible, as shown to the right in the 

figure. The copper-coloured tube that can also be seen in the figure was used to supply the shielding 

gas. 

 

The position and the speed of the laser were controlled by a CNC program. The powder was melted 

in straight, 70 mm long, lines with a 4 mm distance between each of them. When all the tracks on 

one substrate plate were made (7-8 tracks per plate) a picture was taken to see the denudation and 

then all excess powder was removed. 
 

2.4 Track analysis 
After completing the experiment, the tracks were analyzed. During analysis, information about 

track adherence, track width, laser penetration depth and chemical composition of the tracks were 

obtained. 

 

Directly after the experiment, a visual evaluation was made of the track’s adherence by observing 

which tracks that directly fell of the substrate plate and which seemed to stick. An example of how 

it looked can be seen to the left in Figure 10, where it shows clearly that track number 5 did not 

stick to the substrate plates as well as the other track. To test the adherence further, a scratch test 

was made. This was done by scratching across the tracks, using the same force on all of them, and 

observe how well the track endured. 

 

Track width and laser penetration depth were measured as described by the middle picture in 

Figure 10. Initially an optical microscope was used to analyze the track geometry and measure the 

track width. The width varied slightly along the length of the tracks and the measurements were 

made approximately at the widest part of the tracks.    
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Figure 10. To the left is a plate with solidified tracks after the experiments. The middle pictures 

show how the measurements of laser penetration depth and track width were taken. To the right is 

a piece of the substrate plate moulded into plastic, this to be able to look at the cross section of the 

tracks. 

 

The tracks were then analysed with the SEM/EDS microscope in order to obtain their chemical 

composition. Due to time limitations, the chemical composition analysis was not made on all of 

the tracks. After the chemical analysis, the substrate plates were cut perpendicular to the track’s 

length so that the plate’s cross section could be studied. To make it possible to view the cross 

section, the cut off pieces were moulded into plastic and then ground and polished to get a flat and 

smooth surface, see the right picture in Figure 10. The surface of these samples was etched, and 

the optical microscope was used again to study the cross sections and by that be able to measure 

the laser penetration depth.   
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3. Results and discussion 
 

3.1 Track denudation and adherence 
It was difficult to take measurements of the denudation and because of that only a visual evaluation 

was made, hence no numerical values were obtained. It was however possible to draw some 

conclusions from the visual evaluation. 

 
3.1.1 Variation in laser power 

Figure 11 shows the denudation to the left and adherence to the right for the tracks made with 

varied laser power. In a), crush is used at laser powers of 100, 150, 200, 250 and 300 W. In b), dust 

is used at 100, 150, 200 and 300 W. In both cases a laser scanning speed was 1.0 m/min. The tracks 

are sorted with the lowest power at the top becoming higher going down in the figure. 

 

Figure 11. Denudation, to the left, and adherence, to the right, of tracks made with varied laser 

power. In a) crush powder was used and in b) dust powder was used. c). A millimetre scale is 

included in the figure. 

 

Denudation occurs as some of the powder near the laser path is sucked in to the melt pool. This 

leaves an area around the track free from powder particles. Judging from the figure it seems that 

the denudation area around tracks made with higher laser power contains more powder particles 

than tracks made at lower power. By analysing the adherence visually (to the right in the figure) it 

could be seen that some tracks partially fell off from the substrate plate directly after the 

experiment. After making the scrape test each track’s adherence were evaluated and the conclusion 

made was that the adherence gets better with higher laser power. The adherence was strongest 

between 250-300 W for the crush and 200-300 W for the dust. This difference is probably due to 

human error, such as the difficulty with applying even powder layers or yet unknown phenomena 

occurring when excessive laser output is applied. It can also be noted that in the track made with 

dust at a power of 100 W a phenomenon called balling occurred, which is quite common when 

using SLM. 

 
3.1.2 Variation in laser scanning speed 

In Figure 12 the denudation and adherence for tracks made at different laser scanning speeds can 

be seen. In a) the crush powder was used at laser speeds 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 2.0, 2.5, 3.0, 

4.0, 5.0, 6.0 and 7.0 m/min and a laser power of 300 W. In b) dust powder was used at the laser 

speeds 0.5, 1.0 and 1.5 m/min and a laser power of 200 W. 
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Figure 12. Denudation, to the left, and adherence, to the right, of tracks made with varied laser 

scanning speed. In a) crush powder was used and in b) dust powder was used. c). A millimetre 

scale is included in the figure. 

 

From this figure it is difficult to draw a conclusion about the denudation since there isn’t a clear 

distinction between the tracks. By analysing the adherence visually, it could be seen that the track 

made with dust powder at 7.0 m/min didn’t stick completely to the substrate directly after the 

experiments were executed. By doing the scrape test it became clear that the adherence of the tracks 

decreased as the laser scanning speed increased. Adherence was strongest between 0.5-1.5 m/min 

for both the crush and the dust. However, if the speed is slow, around 0.25-0.75 m/min and the 

power 300 W melted material from the substrate plate tended to blend with the melted powder. 

 

Figure 13 shows the tracks for varied laser scanning speed made with crush powder at 200 W. The 

speeds used in this case were 1.0, 1.25, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0 and 7.0 m/min. 

 

 
Figure 13. Denudation and adherence of tracks made with the crush powder at varied laser 

scanning speed. The laser power used in this case was 200 W. 

 

Here the denudations of the tracks are more distinct. It can be seen that the denudations seem to be 

more dotted with powder particles at higher laser scanning speed. The adherence deemed to be the 

same in this case as in the case with 300 W namely that adherence decreases as laser scanning 

speed increased.  

 
3.1.3 Variation in focus 

In Figure 14, the denudation and the adherence of the tracks made with varied laser focus can be 

viewed. These tracks were made with crush powder. Note that these tracks are not depicted from 

highest to lowest as in the previous cases. The de-focus from top to bottom in the figure are; 4.0, 

5.0, 6.0, 7.0, 3.0, 2.0, 1.0 and 0 mm. The laser power used was 200 W. 
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Figure 14. Denudation and adherence made with crush powder and a de-focused laser.  

 

The denudation area here seems to be bigger when the energy density is high, that is when the laser 

de-focus is small. By the visual evaluation and scrape testing the tracks the adherence deemed best 

at 0 mm de-focus and 5-7 mm de-focus. 

 
3.1.4 Re-melting 

Figure 15 shows the resulting denudation and adherence for re-melted tracks. In a) crush powder 

was used at 300 W and in b) dust powder was used at 200 W. The top track in both a) and b) are 

the tracks before re-melting and the bottom ones are the tracks after re-melting. 

 

 
Figure 15. Denudation and adherence of re-melted tracks. In a) crush was used at 300 W. In b) 

dust was used at 200 W. The top track in both a) and b) is the track before re-melting and the 

bottom is the track after re-melting. 

 

In the figure it can be seen that the denudation areas are bigger after re-melting in both the case 

with the crush and the dust. This was an expected result as more powder particles get sucked in to 

the melting pool as the laser are ran a second time. Here the scrape test showed that the adherence 

was better if the track is re-melted. 

 

3.2 Track geometries 
 

3.2.1 Variation in laser power 

In Figure 16 the track width and geometries can be viewed. In a) the results when the crush was 

used can be seen and in b) the results using the dust can be seen. The power is increasing from left 

to right in the figure for a) and b) respectively. For a) the laser powers of 100, 150, 200, 250 and 

300 W were used, and for b) 100, 150, 200 and 300 W were used. In all cases a laser scanning 

speed of 1 m/min was used.   

 

 
Figure 16. Track widths with varied power, a) crush b) dust. 

 

From the figure, it is clear that the track width increases with increased power. The leftmost track 

in b) shows the phenomenon of balling which is a quite common occurrence when using low power. 



14 

 

For a visual overview of the numerical values see Figure 17, which shows a graph over the 

numerical values for the track width. In this graph the values for the re-melted tracks are included.  

 

 
Figure 17. Graph of track width in relation to laser power. 

 

Apart from the relationship between the track width and power it can also be seen that the crush 

powder results in wider tracks in comparison to the dust. As mentioned, the track width varies 

slightly along the length, so this might be a coincidence depending on where on that track the 

measurement was made. It’s also clear that there’s a significant increase in track width when a 

track is re-melted.  

 

In Figure 18 and Figure 19 can the geometries of the laser penetration depth for the crush 

respectively the dust be viewed. Notice that different magnifications were used taking the pictures, 

the second picture from the left in both figures is taken with higher magnification.  

 

 

 
Figure 18. Laser penetration depth with varied power using the crush. 

 

 

 
Figure 19. Laser penetration depth with varied power using the dust. 
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The trend of the numerical values can be seen in Figure 20.  Here, the depths of the re-melted 

tracks are included. 

 
Figure 20. Graph of laser penetration depth in relation to laser power. 

 

It can be seen in the graph that the laser penetration depth increases with increasing power. The 

depth also seems to increase when a track consisting of crush powder is re-melted but not when the 

track is made of dust powder.  

 
3.2.2 Variation in laser speed 

In Figure 21, the track geometries for the crushed powder when the laser scanning speed was 

varied can be seen. The speed increases from left to right and the speeds used in the experiment 

were 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, 6.0 and 7.0 m/min. The laser power was 

300 W. 

 

 
Figure 21. Track width with varied laser speed using the crush powder. 

 

In Figure 22 the track geometries using the dust can be seen. Here the speeds 0.5, 1.0 and 1.5 

m/min were used. The laser power was 200 W.  
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Figure 22. Track width with varied laser speed using the dust powder. 

 

From the figures above, it is obvious that the track width decreases when the scanning speed 

increases. In Figure 23 a graph of the numerical values can be viewed. The graph also shows 

numerical values for the experiments using the crush at 200 W. 

 
Figure 23. Graph of track width in relation to laser scanning speed. 

 

At lower scanning speeds the track width decreases quickly when the speed increases. At scanning 

speeds above 2 m/min the curve seems to level out. It can also be noted that at speeds above 

approximately 1.5 m/min, the power doesn’t affect the track width. 

 

The laser penetration depth of these tracks can be seen in Figure 24 and Figure 25. 
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Figure 24. Laser penetration depth with varied laser scanning speed using the crush powder at 300 

W. 

 

 

 
Figure 25. Laser penetration with varied laser scanning speed dust at 200 W. 

 

The numerical values of the laser penetration depth are summarized in Figure 26. Also here the 

values for the experiment using crush powder at 200 W are included. 

 
Figure 26. Graph of laser penetration depth in relation to laser scanning speed. 
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The graph clearly shows a decrease in laser penetration depth with an increased laser scanning 

speed. As expected the depth is lower in the 200 W cases compared to the 300 W case. Too few 

measurements were done with the dust powder to be able to compare it to the crush. 

 
3.2.3 Variation in focus 

Figure 27 shows that track width when the laser focus varies. To the left in the figure the focus is 

at 0 mm and therefore on the substrate plate. The focus varies between 0 to 7 mm from left to right 

in the figure and the laser power used was 200 W.  

 
Figure 27. Track width with a de-focused laser. 

 

Here it can be difficult to see a difference between the track width, so it might be necessary to look 

at the graph of the numerical values in Figure 29 to get an overview.  

 

 
Figure 28. Graph of track width with de-focused laser. 

 

The track width seems to range between approximately 560-640 µm in no given pattern hence it 

can be concluded that the laser focus doesn’t have an effect on the track width. 

 

Figure 29 shows the laser penetration depth for the tracks described above. Note that some of the 

pictures has higher magnification. 
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Figure 29. Laser penetration depth at varied laser focus. 

 

From the figure, the depths seem to get shallower as the de-focus increases (the distance from the 

focus to the substrate plate increases). For more clarity, look at the graph of the numerical values 

in Figure 30.  

 
Figure 30. Graph of laser penetration depth at different laser focus. 

 

Here the decrease in depth at bigger laser de-focus can be clearly seen. This is an expected result 

as the energy from the laser gets spread over a bigger and bigger area the more the laser de-focuses. 

 
3.2.4 Re-melting 

Figure 31 shows how the track width changed when a track was re-melted. 

 
Figure 31.Track width before and after re-melting. In a) crush powder was used at 300 W. In b) 

dust powder was used at 200 W. Before re-melting are shown to the left and after re-melting to the 

right in both a) and b). 

 

It can be seen that the track for both the crush and the dust are significantly wider after re-melting. 
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sucked in to the melted track so naturally as for the re-melted track this happens twice which leads 

to a wider track. 

 

In Figure 32 the shape of the laser penetration for the re-melted tracks can be viewed. At top in 

the figure the before and after re-melting for the crush can be seen, and at bottom for the dust. 

 

 
Figure 32. Laser penetration depth before and after re-melting. In a) crush powder was used at a 

laser power of 300 W. In b) dust powder was used at a laser power of 200 W. 

 

Here the difference is not as obvious as for the track width. For the crush the laser penetration 

profile gets deeper and for the dust it stays the same, see Figure 17 and Figure 20 for a better 

overview. The expectation for the penetration profile was that it would be approximately the same 

after re-melting. When doing the experiment, two different tracks with the same parameters were 

made for each of the powder, and then one of the tracks were re-melted. Additionally, the powder 

layers were difficult to spread which may have led to a layer with different thickness in different 

locations. These two things may be the reason to why the profile is deeper when re-melted in the 

crush’s case.   

 

3.3 Chemical compositions 
 

3.3.1 Powder and substrate 

The powder’s and substrate’s chemical compositions in weight percentage are presented in Table 

1.  

 

Table 1.Weight percentage of chemical substances in powders and substrate. 
Powder 

type 

Fe 

[wt%] 

O 

[wt%] 

Si 

[wt%] 

Ca 

[wt%] 

Mg 

[wt%] 

Ag 

[wt%] 

Al 

[wt%] 

Cl 

[wt%] 

P 

[wt%] 

C 

[wt%] 

Crush 54.8 26.7 4.1 2.8 2.3 1.4 1.0 1.6 0.9 3.3 

Dust 68.9 24.0 2.2 0.6 1.4 1.2 0.8 0.5 - - 

Substrate 91.6 1.8 - - - - - - - 6.9 

 

For a visual comparison between the two powders, a graph, which can be seen in Figure 33, was 

made. 
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Figure 33. Chemical composition of the powders. 

 

The differences between the powders should be noticed, such as the difference in iron (Fe) content 

and also the occurrence of phosphor (P) and carbon (C) in the crush. As expected, the substrate has 

a high weight percentage of Fe and also contains a significant amount of carbon and also some 

oxygen (O). The amount of aluminum in both cases are probably lower in reality since the 

SEM/EDS equipment registered a part of the aluminum holder used for the powder samples. 

Additionally, all of the silver (Ag) registered comes from the silver paste used to attach the powder 

to the holders. 

 

As mentioned, EDS analysis is used to observe the chemical distribution in a material. In Figure 

34 the EDS analysis of the crush can be seen. The EDS equipment uses different colour for each 

chemical compound. The big square to the left in the figure shows the area of powder that was 

analysed and in the smaller pictures to the right each chemical compound is represented 

individually.   

 

 
Figure 34. EDS analysis of the crush powder. 

 

By looking at the different colours in the leftmost picture it becomes clear that the powder is 

inhomogeneous. Most of the grain seems to be consist of mostly iron, there are however some 

grains that consist of no iron. These are grains that have either a high content of calcium and 

phosphorus or a high silicon content. The oxygen and carbon are evenly distributed over the area. 
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3.3.2 Varied power 

The chemical compositions in weight percentage of the tracks made with crush powder at variating 

laser power are presented in Table 2. The laser scanning speed in these experiments were 1 m/min. 

 

Table 2. Chemical composition of tracks made with crush at variating laser powers. 

Power 

[W] 

Fe [%] O [%] 

 

C [%] 

 

Ca [%] 

 

Si [%] 

 

P [%] 

 

Al [%] 

 

Mn [%] 

 

100 52,8 

 

27,5 

 

8,3 

 

6,3 

 

0,9 

 

3,9 

 

- - 

150 58,7 

 

26,3 

 

6,5 

 

3,4 

 

1,6 

 

1,7 

 

0,6 

 

0,6 

 200 61,2 

 

25,5 

 

4,2 

 

3,4 

 

2,5 

 

1,7 

 

0,7 

 

- 

250 60,6 

 

25,8 

 

 4,6 

 

3 

 

2,4 

 

1,5 

 

0,7 

 

0,8 

 300 61,9 

 

24,2 

 

7,4 

 

1,8 

 

1,9 

 

0,7 

 

0,9 

 

0,8 

  

The chemical compositions in weight percentage of the tracks made with dust powder at variating 

laser power are presented in Table 3. 

 

Table 3. Chemical composition of tracks made with dust at variating laser powers. 

Power 

[W] 

Fe [%] O [%] 

 

C [%] 

 

Ca [%] 

 

Si [%] 

 

P [%] 

 

Al [%] 

 

Mn [%] 

 

100 68.9 22.1 8.3 - - - - - 

150 68.6 23.5 6.9 0.2 0.7 - - - 

200 72.7 22.4 4.1 0.1 0.7 - - - 

300 67.4 23.4 5.5 0.2 1.3 - - 1.6 

 

For a visual overview a graph of these values was made and it can be seen in Figure 35. 

 

Figure 35.  Chemical composition of the tracks at varied laser power. 

 

It can be seen that the amount of P lowers as the power increases. This is possibly due to that 

phosphor has a lower boiling point than the other substances in the powder and therefore vaporizes 

at lower temperatures. With an increase in power, the temperature rises, and more and more 

phosphor evaporate.  
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Another thing to note is that carbon has been added to the dust and the amount has increased in the 

crush, compare with the chemical composition of the powders in Figure 33. The addition in carbon 

means that some of the substrate was mixed with the melted powder in the tracks. No connection 

can be seen between the power and the amount of added carbon. The other compounds don’t seem 

to differ significantly compared to the amount in the powder. 

 
3.3.3 Varied laser speed 

The chemical compositions in weight percentage of the tracks made with crush powder at variating 

laser scanning speed are presented in Table 4. The laser power here was 300 W for the crush and 

200 W for the dust. 

 

Table 4. Chemical composition of tracks made with crush at variating laser scanning speeds. 

Speed 

[m/min] 

Fe [%] O [%] 

 
C [%] 

 
Ca [%] 

 
Si [%] 

 
P [%] 

 
Al [%] 

 
Mn [%] 

 

0.25 58.4 

 
21.3 12.4 1.0 1.7 - 1.5 2.3 

0.5 62.7 

 

22.2 

 
8.2 1.3 1.5 0.4 1.0 1.7 

0.75 66.5 

 
22.9 4.4 1.9 1.5 0.8 0.6 1.0 

1.0 61.9 

 
24.2 7.4 1.8 1.9 0.7 0.9 0.8 

1.25 58.2 

 
26.4 5.0 4.2 1.8 2.2 0.6 0.6 

1.5 56.6 

 
25.5 8.8 4.1 1.4 2.0 0.6 0.5 

2.0 50.7 

 
27.0 12.7 3.3 2.9 1.7 0.7 0.6 

2.5 55.2 

 
27.7 8.9 2.7 2.4 1.3 0.6 0.6 

3.0 46.2 

 
28.7 15.9 2.9 2.4 1.2 0.9 0.8 

5.0 58.9 

 
26.3 6.5 1.9 2.8 0.8 1.0 1.0 

The chemical compositions in weight percentage of the tracks made with crush powder at variating 

laser scanning speed are presented in Table 5. 

 

Table 5. Chemical composition of tracks made with dust at variating laser scanning speeds 

Speed 

[m/min] 

Fe [%] O [%] 

 

C [%] 

 

Ca [%] 

 

Si [%] 

 

P [%] 

 

Al [%] 

 

Mn [%] 

 

0.5 72.5 22.0 4.4 0.3 0.4 - - - 

1.0 66.5 24.5 7.0 0.2 0.6 - - 0.7 

1.5 71.9 26.0 - 0.2 0.8 - - 0.7 

 

For a clearer overview, a graph with these results can be seen in Figure 36.  
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Figure 36. Chemical composition at varied laser scanning speed. 

 

In this case the amount of phosphor increases with increasing laser scanning speed. This verifies 

the theory that the phosphor evaporates easier than the rest of the chemical compounds since the 

heat is higher at lower speed. 

 

Same as in the case with varied laser power there’s an addition of carbon from the substrate plate 

but the amount of other substances doesn’t change significantly compared to the powder.    

 
3.3.4 Re-melting 

The chemical compositions before and after re-melting can be viewed in Figure 37.  

 

 
Figure 37. Chemical composition of re-melted tracks. 

 

As established when discussing the track geometry, the measurements for each powder were done 

on two different tracks. And since the powder is inhomogeneous a comparison before and after re-

melting cannot be done without uncertainty.   
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3.3.5 EDS analysis of the tracks 

Figure 38 and Figure 39 shows the general appearance for tracks made with crush respectively 

dust powder and also their chemical distribution. 

 
Figure 38. EDS analysis of track made with crush powder at a laser power of 200 W and a scanning 

speed of 1 m/min. 

 

Due to that a low pressure is occurs behind the laser in its path, grains can be sucked in into the 

melt pool. These particles get stuck in the melted track which can be seen in the figure. It can also 

be seen that an agglomeration of half-melted phosphor and potassium has gathered on the track’s 

surface. It is likely that these particles agglomerated deeper down in the powder layer and then 

floated to the surface and coagulated before having time to evaporate. This phenomenon only 

occurred when using the crush since the dust doesn’t contain any phosphor and very low amounts 

of potassium. 

 

 
Figure 39. EDS analysis of a track made with dust powder at a laser power of 200 W and a scanning 

speed of 1 m/min. 
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Same as in the case with the crush powder, it can be seen that powder particles have got stuck in 

the melt pool. In the figure a grain of carbon can be observed. The analysis of the powder showed 

that the dust didn’t contain any carbon however the analysis was only done on a small amount of 

powder so it is possible that the powder contain small amounts of carbon that was overlooked 

during analysis.  
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4. Conclusion 
 

The powders from LKAB were more inhomogeneous than expected and also had a very high 

oxygen content. A difference in chemical composition between the powders were also noted as the 

crush contained both phosphorous and carbon which was completely lacking in the dust.  

 

The SEM and EDS analysis of the tracks later showed that a significant amount of carbon had been 

added. This carbon probably derives from the substrate plate and has been mixed with the melted 

powder. It also showed agglomerations of half-melted phosphor and potassium had formed and 

floated to the surface of some of the tracks made with crush powder. Below these agglomerations, 

the tracks appeared to be mostly homogenous.  

 

It became clear that the adherence was strongest at high laser power and also at low scanning 

speeds, around 200-300 W and 0.5-1.5 m/min respectively. However, at low speeds and high 

power, a lot of melted material from the substrate plate mixed with the melted powder.  

 

After this pre-study, it seems as this powder can be used successfully in additive manufacturing, 

but due to the inhomogeneity of the powder, more work needs to be done in order to confirm some 

of the obtained results. 
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5. Future outlook 
 

Using these powders in additive manufacturing seems promising, however, due to the powders 

inhomogeneity more experiments needs to be executed in order to obtain results with higher 

certainty. 

 

An important next step is to add more powder layers during the SLM process. In doing this and by 

observing the adherence it will quickly become clear if the powders are usable for AM. If the 

adherence level decreases as more layers are added, it might be necessary to look in to methods to 

change the powders chemical structure in order to improve the adherence. For example, to lower 

the high oxygen which can produced parts less porous, or add some kind of binder to improve the 

adherence.  

 

Other additive manufacturing methods than SLM should also be tested. One that has been discussed 

is the DED method.  
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Appendix A 
 

Experimental setup, crush powder 
Track no. PL [W] vt [m/min] z0 [mm]  Track no. PL [W] vt [m/min] z0 [mm] 

1.* 200 1.0 In focus 21. 300 7.0 In focus 

2. 200 1.0 In focus 22. 200 1.5 In focus 

3. 250 1.0 In focus 23. 200 2.0 In focus 

4. 300 1.0 In focus 24. 200 3.0 In focus 

5. 150 1.0 In focus 25. 200 4.0 In focus 

6. 100 1.0 In focus 26. 200 5.0 In focus 

7.** 300 1.0 In focus 27. 200 6.0 In focus 

8. 300 0.5 In focus 28. 200 7.0 In focus 

9. 300 0.25 In focus 29. 200 1.0 Defocus +1 

10. 300 0.75 In focus 30. 200 1.0 Defocus +2 

11. 300 1.25 In focus 31. 200 1.0 Defocus +3 

12. 200 1.25 In focus 32. 200 1.0 Defocus +4  

13. 300 1.5 In focus 33. 200 1.0 Defocus +5 

14. 300 2.0 In focus 34. 200 1.0 Defocus +6 

15. 300 2.5 In focus 35. 200 1.0 Defocus +7 

16. 300 3.0 In focus 36. 200 1.0 Defocus +3  

17.* 300 4.0 ±0 37. 200 1.0 Defocus +2 

18. 300 5.0 In focus 38. 200 1.0 Defocus +1 

19. 300 4.0 In focus 39. 200 1.0 In focus  

20. 300 6.0 In focus     

* Wrongly executed, values were not used. 

** Re-melted track. 

 

Experimental setup, dust powder 

Track no. PL [W] vt [m/min] z0 [mm] 

40. 200 1.0 In focus 

41. 200 0.5 In focus 

42. 200 1.5 In focus 

43. 300 1.0 In focus 

44. 100 1.0 In focus 

45. 150 1.0 In focus 

46.** 200 1.0 In focus 

**Re-melted track. 


