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Abstract 

The demand on powder metallurgical steel is increasing due to their excellent mechanical 

properties, to obtain these properties the metal powder fractions need to be evenly distributed 

through out the body. This report presents Uddeholms AB:s high alloyed and nitrided tool 

steel powder STEEL-X’s powder fraction distribution through out the process and 

recommendations how to improve the powder fraction distribution in the future.  

From the manufacturing of powder to the point when the powder is to be HIPed, the powder 

undergoes several handling steps (including, inter alia, powder vessel change, nitriding 

process and transportation), which promotes a change in the powder fraction distribution. This 

change in powder fraction distribution is called segregation. There are different types of 

segregation, for example the most common type; sieving segregation. Sieving segregation can 

occur when the bulk is subjected to for example vibrations (e.g. transportation). 

To investigate how the powder fraction distribution changes, powder samples have been 

taken, with two different sampling probes, from the bulk in its container. The samples have 

been analyzed by sieving, and the results have been plotted in histograms. To investigate how 

the powder acts during filling and discharge, experiments on small replicas of the powder 

vessels have been performed and a novel filling technique have been performed. Experiments 

with small scale mixers have been performed to investigate if a powder mixer can improve the 

powder fraction distribution, varying the parameters speed and time in order. 

The results show that there is a variation in the powder fraction distribution, mainly in the 

smaller fractions, in the powder vessels. The variation in the vessels also differentiate 

depending on which sampling probe that have been used. Furthermore, the powder fraction 

distribution is good in the powder vessels. 

The powder filling experiments showed that the current filling technique is destructive for the 

powder fraction distribution, whilst the novel filling technique shows promising results with 

regard to minimizing segregation during filling. If the right mixing parameters are used, 

mixing showed to have a positive effect on the powder fraction distribution. However, gas 

bubbling may be sufficient to obtain a good powder fraction distribution, but more research 

needs to be performed.  

To acquire an ideal powder fraction distribution in a HIP-capsule more research needs to be 

made, especially about the filling process.  

To really obtain a statistical foundation how the powder fraction distributes in the bulk, 

samples from several different places needs to be taken.  
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1. Introduction 

The demands on powder metallurgical produced steels, furthermore referred to as PM-steels, 

increases consistently due to its excellent mechanical properties and unique chemical 

compositions that are achievable in comparison with conventionally produced steels. The 

excellent properties that are obtainable are dependent on e.g. cleanliness and powder fraction 

distribution. If unwanted particles contaminate the powder mix it jeopardizes the final PM-

steel properties. Furthermore, if the powder fractions are not evenly distributed through out 

the body the finished PM-steel product will not have homogenous structure due to locally 

high concentrations of elements in the global steel matrix.  

This report will emphasize on powder fraction distribution in the tool steel powder STEEL-X 

during its different handling steps before it is used. Furthermore, an investigation of how to 

obtain a more even powder fraction distribution is conducted.  

1.1 Objective 

To achieve the excellent mechanical and chemical properties that PM-steel can possess it is 

crucial that the powder fractions are evenly distributed through out the powder mix and to 

keep the powder bulk free from contaminations. From producing the metal powder to using it, 

the powder undergoes several handling steps that increase the risk of segregation. If the 

powder segregates the risk to obtain a non homogenous body with unwanted mechanical and 

chemical properties increases.  

Therefore it is very important to investigate how the targeted powders’, STEEL-X, particle 

size distribution varies during the different stages of handling. Hence the main objective with 

this work is to characterize how STEEL-X is distributed throughout the process and to 

investigate experiments how to reduce segregations.  

To reach the main objective a few sub objectives presented below needs to be met. 

 Find a suitable sampling technique, for both the industrial set-ups and the 

experimental set-ups. 

 Investigate how the powder fraction distribution differs during the different handling 

steps. 

 Evaluate if filling process has to be adjusted or substituted with a new process. 

 Evaluate if a mixing process is needed; where in the process and which mixing 

technique. 
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1.2 Limitations 

To keep this work within the time boundary, limitations have been set and are presented 

below. 

 The work concerns metal powder with spherical shape, therefore this work won’t take 

other powder shapes in to consideration. 

 Only one technique will be used to determine powder fraction distribution due to 

equipment limitations.  

 Because of the time for this work the assessment of powder mixing processes are 

limited to two techniques and only varying two parameters, velocity and time are 

varied. 

 Evaluation of current filling method and comparison with other methods is limited to 

one comparison. The limitation derives from both the time frame and the lack of 

documented literature on powder filling techniques.  
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2. Theory 

In this part theory and results from a literature study are presented. The purpose of this 

chapter is that the reader will get basic knowledge about the PM-process, segregation and 

powder filling. 

2.1 Manufacturing process: PM-steel 

The manufacturing process of a PM-steel is made in several steps that will be described in this 

section.  

2.1.1 Powder manufacturing 

The metal powder that is produced at Uddeholms AB:s  is manufactured by the gas 

atomization technique. Note that there are other techniques for manufacturing metal powders, 

which this report won’t consider.  

The atomization process is described below and can be seen in figure 1. 

1. A melt, with desired chemical composition, flows through an orifice. 

2. At the orifice, the melt is subjected to a gas jet, with chosen pressure and mass flow, 

producing spherical droplets. The droplets cool to a solid before hitting a surface and 

are collected. The largest amount of powder that can be manufactured, at Uddeholms 

AB, is 8 tons per batch and its size variation 1 - 500 µm.  

3. The powder is divided into containers, with maximum capacity of 2.2 tons, and is 

sealed to avoid contaminations.  

 

 

Figure 1. Powder manufacturing - Atomization. 

4. Furthermore the STEEL-X-powder is nitrided hence a nitriding process. The nitriding 

oven, furthermore referred to as reactor, has a maximum metal powder capacity of 

approximately 450 kg batches at a time. Therefore one container of metal powder are 
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divided into  450 kg nitriding batches and the metal powder are nitrided with 

ammonia (NH3(g)). The nitrogen diffuses into the surface of the powder. The nitrogen 

improves several mechanical and chemical properties which are presented below [1]. 

 Increased hardness. 

 Increased wear resistance. 

 Increased chemical resistance. 

 Increased corrosion resistance. 

 Lower the risk of deformation. 

2.1.2 Powder mixing 

When desired metal powder is chosen it can undergo a mixing process to evenly distribute the 

various present powder sizes. A couple of different mixing methods are described in another 

chapter 2.2. 

2.1.3 Manufacturing of solid steel products by Hot Isotactic Pressing (HIP) 

At Uddeholms AB the manufacturing of solid steel products is made by the hot isotactic 

pressing, furthermore referred to as HIP. The HIP-process consists of following steps. 

1. HIP-capsule filling: When desired capsule geometry is set, it is filled with powder. 

The powder flows through a protected environment to avoid contamination and the 

HIP-capsule is vibrated to increase fill density. 

2. HIP: When all is set the capsule is subjected to high pressure, promoted through gas, 

and heat simultaneously, figure 2, until the particles are welded together, known as 

sintered.  

3. HIP-products: When the powder has sintered, the solid can either be a finished product 

or be subjected to additional processing, for example machining and heat treatment. 
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Figure 2. Hot isostatic pressing, HIP - process. 

 

2.2 Mixing 

Mixing the metal powder may be a necessary step in the process to obtain an even powder 

fraction distribution. The quality of the mix is dependent on many factors, for example mixing 

technique, mixing speed, powder volume, etc. There are two different mixer families, 

rotational and stationary. The rotational mixers rotates around a shaft using gravity and 

moment of inertia, the amount of powder that can be used for a good mix is 30-50% of the 

mixers total volume. Whereas stationary mixer are fixed using mechanical, gas or fluid 

streams to mix, and the amount of powder to achieve good mix is 40-60% of the mixers’ total 

volume [2].  

There are three different mechanisms that are used to describe the mixing [2-4]: 

 Convection – This mechanism can be described as when the mixer rotates the particles 

group together and shifts from one location to another driven by the mixing motion. 

 Shear - When the groups of particle, convection, moves like blocks collides with other 

blocks and increases the mixing process. 

 Diffusion – Is the mechanism when single particles move relative each other.  

Rotational mixers are the only ones that will be tested; two commonly used conventional 

rotating mixers are presented in this report. 

2.2.1 Double Cone Mixer 

The double cone mixer is recognizable by the two cones that are vertically joint together, 

figure 3. The mixer rotates around its horizontal axis, which propagates the powder to roll and 
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fold due to the shear mechanism, diffusion is also present. To break up possible agglomerates 

it is possible to attach a bar or blade inside the mixer. Due to its simple geometry the double 

cone mixer is easy to clean [3-4]. 

2.2.2 Rotating Cylinder 

One of the easiest mixers is the rotating cylinder. The cylinder is filled with chosen amount of 

powder and is rotated around its horizontal axis, figure 3. It’s suitable for free flowing 

powders that don’t agglomerate and mixes in the radial and axial direction. Its simple design 

makes it easy to clean and emptying [3-4]. 

 

 
Figure 3. Powder mixers. From left to right: Double cone mixer. Rotating cylinder. 
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2.4 Segregation  

Powder and granular materials have a tendency to segregate during handling. The segregation 

processes can origin from numerous different reasons. Some examples of origins are [5-8]. 

 Filling process. 

 Transportation. 

 Mixing and powder discharge. 

 Storage. 

There are several different types of segregation that can occur. Segregation in the bulk can 

sometimes originate from several different combined mechanisms. In the sections below the 

four most common segregation mechanisms are described [5].  

2.4.1 Particle entrainment 

During powder filling, the smaller particles in the mix can be entrained by local airstreams. 

The particles get caught and hang in the airstream and travels away from desired drop zone, 

figure 4. Smaller heaps of fine particles around the capsule walls distinguish this type of 

segregation [5-8]. 

 

Figure 4. Particle entrainment. 
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2.4.2 Sieving 

Sieving, also known as sifting, is the most common cause of segregation. The most common 

sieving segregation is radial, with coarse particles that tend to gather in the edges and the finer 

particles in the center of the heap, figure 5. A simple explanation of the sieving mechanism is 

that smaller particles move through a matrix of larger particles. The main reasons for sieving 

to occur are [5-8]: 

 Great size difference within the powder mix. The size difference is the prime cause for 

sieving to occur. Sieving can occur when the size difference in the powder bulk are as 

small as 1:3. 

 When the particles have an adequately mean size. 

 The powder is not cohesive (the powder agglomerates) and free-flowing. 

 When the particles are subjected to e.g. vibrations and make the particles to move 

relative to each other, this mechanism is called inter-particle motion. The inter-particle 

motions tend to promote vertical segregation, having the finer particles below the 

coarser. 

 

Figure 5. Sieving [8]. 
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2.4.3 Fluidization 

During filling the smaller particles tend to retain air in its voids, figure 6. This causes the finer 

particles to hang in the air, for some time, and the coarser to settle down on the ground faster, 

creating a bed. This type of vertical segregation is identifiable by layers of coarse and fine 

particles [5-8]. 

 

Figure 6. Fluidization [8]. 

2.4.4 Particle velocity 

During filling of a die the coarser particles tend to fall faster and longer along the powder 

container discharge chute while the fine particles don’t move along the chute surface. This 

makes the bigger particles to concentrate along the bottom of the die or container. 
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2.4.5 Diminishing of segregation 

There is no known way to get a 100% segregation free mix. However, there are ways to 

reduce the problem and thereby obtain a more evenly distributed mix.  

2.4.5.1 Change of the material 

Free-flowing powder tend to segregate, if the cohesiveness is increased it gets harder for the 

powder to roll, move through the matrix, etc. Reducing the particle size span makes it harder 

for interparticular motion [5-6].  

2.4.5.2 Change in the process 

By changing the process it is possible to decrease the segregation. Changes that can be made 

are e.g. introducing a mixer, change the handling steps [5-6].  

2.4.5.1 Change of the equipment 

Change of the design by e.g. powder container design could reduce the segregation [5-6].  

2.5 Filling and discharging 

Filling containers with powder can be very critical due to high risk of segregation. Free fall is 

the technique when the powder falls from a predetermined orifice. Using spherical powder 

increases the risk of a heap formation, causing segregation. To decrease the risk of heap 

formation the fall height can be increased but this also leads to a higher powder concentration 

of the sides of the die. 

The powder can start to segregate due to what type of flow that is present during discharge. 

There are two dominating types of flow patterns, funnel flow and mass flow [8].  

2.5.1 Funnel flow 

During discharging there are stagnant zones that distinguishes funnel flow, and funnel flow is 

occasionally described as flow that propagates “first in-last out”. Segregation is often linked 

to funnel flow and segregation by sieving may occur during funnel flow due to the stagnant 

zones and different particle velocities [8].  

2.5.2 Mass flow 

Mass flow can be described as the whole bulk is moving as one, and can be induced through 

steep angled containers with low friction material relative the bulk. Mass flow does not have 

stagnant zones and therefore propagates the principle “first in-first out”. Minimal or none 

segregation are known to be a result of having mass flow. Nevertheless, if the powder is 

vertically segregated in its container, mass flow does not reduce that segregation [8]. 

2.6 Powder fraction analysis: Sieving 
Sieving is a very simple process to determine the powder size distribution. The technique is 

applicable for dry powder or granular material. 

To do a sieve analysis a series of meshes, with desired mesh sizes, are chosen and put on top 

of one another, with the coarsest mesh on top. The sieving rig is vibrated with a determined 

amplitude, time and frequency. A common sieving set-up is presented in figure 7.  An 
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arbitrary amount of powder is weighed as a reference and placed on the top mesh and the 

sieving begins. When the sieving operation is done, each powder size is weighed against 

reference mass to get the fraction. The powder fractions can be plotted against corresponding 

sizes [9].  

 
Figure 7. Sieving machine, property of Uddeholms AB. 
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5. Method 

In this chapter the approach and execution of the work is presented. In appendix I further 

information regarding the new manufactured and new equipment are presented. 

5.1 Sampling of powder vessels 

From atomization to reaching the HIP-capsule the charge of metal powder is divided into 

three containers, and the powder in each container is divided into five nitriding reactors to be 

joined again into one powder after the  nitriding processes, where it is stored until used, figure 

8. 

 

Figure 8. Powder transfers between vessels. 

The powder containers and reactors are conical and resemble silos. 
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5.1.3 Sampling probes 

The design of the powder vessels has only one opening at the top and one at the bottom, limits 

the possible sampling techniques. Therefore, a new sampling probe with ability to take four 

samples at once is acquired. Samples are to be taken with the new sampler and the old 

sampling probe which is used today, figure 9. Both sampling probes are 2 meter longrods in 

steel with pointy tips and sample rooms.  

 

Figure 9. Sampling probes. 

 

The new sampler has 4 sample rooms, with corresponding inserts, which allows the operator 

to open the sample rooms at desired depth. Each insert has the volume of 60 ml, figure 10. 

 

Figure 10. Sample insert, 60 ml. 

 

The old sampler has one sampling room which is always open, figure 11. 

  

Figure 11. Sample room on old sampler. 
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5.1.2 Sampling 

In this section the sampling procedure of the powder vessels are described. Depending on 

which depth the sample is taken it is assigned to a number, 3 being the top and 1 the bottom, 

figure 12. 

 

Figure 12. Sampling position described by numbers 1-3, with 1 as the deepest position. 

Naming of the samples is described here:  

 Container: “Sample C:1:1” means sample 1 from container 1 with sample room 1. 

 Reactor: “Sample R1:(1:4):1”. R1 means that the sample has been taken from the first 

batch in the reactor, the powder has been nitrided for 1 time out of four and the sample 

has been taken at depth 1.  

 Gas mixed powder: “Sample CB:5:1” means container where the powder has been gas 

mixed (bubbled). 

 If a “G” is a part of the sample name it means that the sample has been taken with the 

old sampling probe.  
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5.1.2.1 Sampling in powder containers 

Three top samples are taken from the first container to investigate if the new sampling probe 

affects the powder fraction distribution in a way that the powder distribution varies too much 

and therefore is not suited for the application. The new sampler did not affect the bulk. One 

sample is taken with the old sampler and one sample is taken from the bottom through a 

valve, having the powder flowing freely. 

Only one sample is taken from the top of the second and third containers. One sample is taken 

with the old sampling probe and one from the bottom of container two and three. 

Samples taken from the top of the container will take place at the center, figure 13. 

 

Figure 13. The red ring marks the spot where the sampler is inserted into the powder container. 

5.1.2.2 Sampling in nitriding Reactor 

The STEEL-X-powder has never been nitrided before, hence the first batch of STEEL-X is 

nitrided in several steps in the reactor to determine the accurate nitriding time. Therefore, 

several samples will be taken from the first nitrided batch in the reactor. Furthermore, batches 

2, 3, 4 and 5 are to be nitrided in the reactor in one set, if possible, and will have the same 

sampling procedure.  

Samples from the reactor are only taken from the top of the reactor from a specific angle due 

to the construction design. 

5.1.2.2.1 Sampling: Reactor 1 

For each nitriding cycle of the powder following procedure is made when sampling: 

 One sample is taken with the new sampling probe, at three different heights if 

possible, one after each nitriding step. 

 One sample is taken with the old sampling probe, one after each nitriding step. 
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5.1.2.2.2 Sampling: Reactor 2, 3, 4 and 5 

The same sampling procedure is made in the reactor on batches 2-5 and is presented below. 

 One sample is taken with the new sampling probe, at three different heights if 

possible. If the powder needs to be nitrided again, samples are taken after each 

nitriding step. 

 One sample is taken with the old sampling probe. If the powder needs to be nitrided 

again, samples are taken after each nitriding step. 

5.1.2.3 Sampling in powder containers after nitriding 

After the nitriding process the nitrided powder is put back into its original container and 

subjected to a gas jet from below to mix the different nitrided batches, a process called 

bubbling. One top sample on three different occasions, figure 12, at three different heights, if 

possible, with the new sampler and one bottom sample are taken at three different positions. 

The samples are taken after 5, 24 and 48 h:s in order to investigate the mixing quality. 

5.2 Powder fraction analysis 

The powder samples mass is  100g and the samples are analyzed with the sieving method. 

The different sieve-mesh intervals are presented in table 1. Sieving time is set to 15 minutes 

and the amplitude is set to 10 millimeters according to Uddeholms AB current sieving 

standard. Figure 7, in the theory chapter, shows the sieving set-up and machine. 

Table 1. Particle size intervals during sieving analysis. 

Particle size intervals 

[µm] 

>180 

125-180 

80-125 

50 -80 

25-50 

<25 

 

The sieving results are later presented in a histogram as mass% against particle size interval.  

5.2.1 Reference powder 

As a reference, STEEL-X powder has been outsourced for mixing. The mixed STEEL-X is 

considered as having the ideal particle size distribution. 

  



Handling and Segregation of a High Alloyed and Nitrided Tool Steel Powder 

19 

 

5.3 Mixing 

Two small tumbling mixers have been designed, manufactured and tested too investigate if an 

even powder fraction distribution is obtainable. They represent the single-cone and double-

cone mixer types. The first mixing experiments were done with STEEL-Y tool steel powder 

due to the limited amount of STEEL-X powder. From the results of these mixing experiments, 

the four best mixing parameters will be tested on STEEL-X powder. The mixers are presented 

in figure 14.  

 

Figure 14. Top: Cone mixer. Bottom: Double-cone mixer.  

The cone is a small replica of the powder container, if a good mix is achievable by the cone it 

is possible to mix the powder in its container reducing handling steps and the risk of 

contaminations. The double-cone mixer dimensions are taken from another experimental 

setup, [10]. 
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The mixer parameters, time and speed, are varied but are the same for both mixers, table 2, 

and are taken from [10] and [11]. The metal powder is sampled after mixing to determine the 

mixed powder quality compared to the reference powder.  

Table 2. Mixing parameters.  

 Mixing speed 

[RPM] 

Mixing Time 

[Minutes] 

Trial 1 35 6 

Trial 2 35 8 

Trial 3 40 6 

Trial 4 40 8 

Trial 5 45 6 

Trial 6 45 8 

 

The fill ratio of metal powder is 50% of the mixing vessels total volume.  

 The cone volume is 7.3 dm
3 

and is therefore filled with 3.65 dm
3 

powder. 

 The double-cone has volume of 5.16 dm
3 

and is therefore filled with 2.58 dm
3
 

powder.  

After the sample has been taken it is assumed that the powder in the mixer is back to an 

unordered state because the mixing motion has stopped and the setting of mixing speed takes 

some time.  

To rotate the mixers with a constant speed, a lathe with adjustable speed is used. Figure 15 

presents the set-up. 

 

Figure 15. Experimental setup, double-cone mixer installed in a lathe.  

Samples taken from the top of the double-cone mixer is done by a special sampler and 

discharged into a sample cup. Samples taken from the cone blender are retrieved with a 

sample cup directly from the top. Figure 16 presents the sampling devices. 
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Figure 16.From left to right: Sampler for the double-cone mixer. Sample cup. 

 

5.5 Filling experiments 

When filling the HIP-capsule it is utterly important that minimal segregation occur. Therefore 

experimental work is done to analyze how the angles in the container and reactor affect the 

powder during the current filling method. To visually see how the powder acts, segregates, a 

layer of untreated powder is placed in the bottom and a layer of annealed powder is placed at 

the top in the models. The same procedure having untreated powder on the bottom and 

annealed powder on the top is used on the telescope filling technique.  

5.5.1 Tracer powder 

To be able to visually examine eventual powder segregation in the filling experiments steel 

powder was annealed for 4 h in air atmosphere at 400°C, [12]. Annealing the powder resulted 

in a change in color; the color is varying between blue and pink but is mainly dominated by 

the color purple which gives a big contrast when mixed with untreated powder. An 

observation of the annealed powder is that it had agglomerated during the annealing process. 

Figure 17 shows untreated, mixed and annealed powder.  
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Figure 17. (a) Untreated powder. (b) Untreated powder mixed with annealed powder. (c) Annealed powder. 

 

5.5.2 Free fall 

The free fall experiments are done with the 2D- replicas, figure 18. The free-fall represents 

the current filling method and therefore the angles in the models represent the angles in the 

powder container and nitriding reactor.  

   
Figure 18. From left to right: Container replica, reactor replica and capsule replica. 

Figure 19 presents the layered powder before discharge into the container- and reactor replica.  
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Figure 19: From left to right: Container replica, with layered powder, on top of capsule replica. Reactor replica with 

layered powder. 

5.5.3 Telescope-filling 

An additional novel experimental filling method is designed. The design feature derives from 

discussions with mentors at Uddeholms AB. The key factor to this design is to avoid free-fall, 

and by doing so avoiding the “splash” when the powder stream hits the bottom and to prevent 

funnel-flow. The technique is simple; a straight pipe is put towards the bottom of the HIP-

capsule model. The tube is now filled with untreated metal powder and annealed powder on 

top, the pipe is now slowly raised allowing the powder to flow into the capsule. Figure 20 

presents the set-up.  

 

Figure 20. Telescope filling experimental set-up. 
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5.6 Powder vibration 

Before the metal powder comes to use it is handled in several ways (e.g. transportation and 

vibrational HIP-capsule filling) that increases the risk of segregation through vibrations. 

When the HIP-capsule is filled, the operators experience controls the vibration time and 

pattern. The vibrations propagate sieving segregation and interparticle motion. Hence 

experiments are performed to show how the powder acts during vibrations. For this 

experiment a vibration plate, taken from the sieving machine and a glass container filled with 

layers of untreated and treated powders. The vibrated powder in its glass container is 

documented with photos. Table 3 present the parameters used and figure 21 present the 

layered powder at t=0.  

Table 3. Time steps and amplitude when photos are taken. 

Step Time [s] Amplitude 

[mm] 

1 0 0 

2 30 15 

3 60 15 

4 90 15 

 

 

 

Figure 21. Layered powder before vibrated. 
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6. Results and discussion 

Due to some manufacturing misfortunes a full charge, a maximum of 8 tons, wasn’t 

investigated. The mass of powder that was produced had a total of  1500 kg, and was 

nitrided in 3 batches. The data from sifting analysis are presented in appendix II. 

6.1 Powder fraction distribution in industrial sized equipment 

The results from analyzed samples taken from the metal powder production are presented. 

The new sampler’s results are compared with the results from the old sampling probe.  

6.1.1 Powder containers 

The steel powder was very compacted in its container and therefore the sampling probe was 

hard to insert, hence it was only possible to retrieve samples approximately 15 cm down from 

the powder top. However samples from the bottom were possible to retrieve through a valve. 

Three samples from the top powder in its container with the new sampler, one with the old at 

the top and one from the bottom were taken.  

As seen in figure 22, sample C:1:3, C:2:3 and C:3:3, which were taken from the top, does not 

differ much from each other. The conclusion that can be drawn from this is that the probe 

doesn’t disturb the powder between the sampling occasions.  

Furthermore sample C:G:3 differ a bit from the other samples from the top, this could be 

explained from that sample C:G:3 are taken with the old sampling-probe where the sample-

space is always open. This means when the probe is inserted into the powder, the sample-

space is filled immediately, and despite how deep the probe is inserted the sample-space is 

filled from the top. The low amount of the fraction <25 could be explained through the 

segregation mechanism sieving.  

 

Sample C:4:1, taken from the bottom of the container, and it deviates quite a lot from the top 

samples. In sample C:4:1 there is a large fraction of >180 particles. This may be traced back 

to the powder filling of the container, when filling the segregation phenomena’s particle 

entrainment, fluidization and segregation by particle velocity can have taken place resulting in 

a higher fraction of coarser particles.  
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Figure 22. Powder fraction distribution in powder container. 

Due to that only one container of powder that was produced, bottom samples of three new 

containers, from another manufactured batch of STEEL-X were taken. The particle fraction 

distributions for the samples are presented in figure 23 and are compared with Sample C:4:1 

and the mean value of the top samples in the container. 
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Figure 23. Powder fraction distribution comparison between powder containers from different manufactured charges.  

According to the manager at the powder production site the powder in the bottom of the 

container consists of a high amount of larger particles. This information came after sampling 

the other containers, and can be confirmed by comparing sample C:4:1 and C4:1:1 which 

were taken directly from the bottom and have fairly similar fractions of <25, 125-180 and 

>180, by coincidence. Samples C2:1:1 and C3:1:1 where taken after the powder had flowed 

for a time of 10-15 seconds, those samples are more similar to the Sample “Mean value top 

sample container” except for the fractions 25-50 and 80-125 which probably is a result from 

sieving segregation.  

6.1.2 Nitriding reactors 

In this section the powder fraction distribution in the nitriding reactor is presented. 

6.1.2.1 Reactor 1 

During the nitriding stages the fractions are very similar, the most radical changes are in 

fraction <25, figure 24, which could be explained by that during the nitriding process the 

powder is in movement and the smaller powder is entrained and fluidized. When the nitriding 

process is finished the gas is emptied through an exhaust, during the process the gas takes 

smaller particles along (the mass of smaller particles that leaves with the gas is around 10-15 

kg), hence the increase of particles in intervals 25-50, 50-80 and 80-125. Comparing the ideal 

distribution to the different nitriding steps, the particle size distribution is very close to the 

ideal distribution after nitriding the second time, and reaches some sort of steady-state in 

comparison with step 3-4. The deviation in comparison with step 0-1 are not very close which 

could be explained by that the NH3(g) have not mixed the powder yet. 
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Figure 24. Powder fraction distribution in reactor 1.  

In figure 25 the biggest difference is in 80-125 in sample R1:G(0:4):3, this can be explained 

by that the sieving segregation has not taken place yet. After the first nitriding step, the 80-

125 fraction content have increased which could be explained by the bigger particles most 

likely travelled upwards towards the top. Comparing the results to the ideal distribution the 

result deviates a bit which could be a result from the old sampler is taking it samples from the 

powder top which do not properly represent the distribution.  
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Figure 25. Powder fraction distribution in R1, samples taken with the old sampling probe. 

A comparison of the mean value between the new sampler and the old sampler is presented in 

figure 26. The fraction distribution is very even which gives the conclusion that the different 

sampling probe takes samples from zones very close to each other in the reactor. Comparing 

the mean values to the ideal distribution it is only the smaller sizes that deviate. The mean of 

the new sampler, looking at fraction <25 and 25-50, is a bit misleading due to the samples 

from the first two nitriding steps when the powder have not moved much.  
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Figure 26. Mean value comparison between new sampling probe and the old sampling probe, taken in R1. 
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6.1.2.2 Reactor 2 

In figure 27 it is visible that the fractions <25 and 25-50 differs most when comparing 

samples taken with the new sampler in contrast to the old. Otherwise the results are quite 

equal. 

 

Figure 27. Powder fraction distribution in R2, new-and old sampling probe. 

Figure 28 presents the mean values of the samples taken with the new compared to the old 

sampler and the ideal distribution. Once again, the results from the new sampler resemble the 

ideal distribution well, whilst the results from the old sampler differ.  
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Figure 28. Mean value comparison between new- and old sampling probe. 
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6.1.2.3 Reactor 3 

In figure 29 the powder fraction distributions in the third, and last, reactor are presented and 

figure 30 presents a mean value comparison. The biggest sample differences between the 

sampling probes lies in the smaller particle sizes, which surely depends on where in the 

powder bulk the sample is taken.  

 

Figure 29. Powder fraction distribution in R3.  
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Figure 30. Mean value comparison in R3. 

6.1.2.4 Comparisons between reactors 

In figure 31-33 a comparison in powder fraction distribution between the different nitriding 

batches are presented. As seen in figure 31 the powder fraction distribution follows the same 

pattern. However in R1 the amount of <25 fraction particles are the highest which could be 

explained by the sample taken in the reactor when the powder was unnitrided. Therefore, the 

powder was not mixed and the <25 fraction did not likely get entrained and fluidized fraction, 

and thus did not go out through the gas exhaust. To confirm the prediction of smaller powder 

fractions is exited through with the exhaust gas, a sieve analysis has been made on the exhaust 

powder. The powder fraction distribution is presented in figure 34 and proves the prediction 

that only smaller powder fractions are exited through the exhaust and therefore also verifies 

why there is a low <25 powder fraction.  
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Figure 31. Mean value comparison between reactors, new sampling probe. 

In figure 32 a mean value comparison between samples taken with the old sampling probe in 

all the nitriding reactors is presented. Here, the <25 fraction is higher, than for the new 

sampling probe, which could be explained by the sampling location, at the very top of the 

powder. When the gas was emptied from the reactor and the <25 powder fraction that did not 

go out through the exhaust, settled on top of the powder mix, hence the higher content. 
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Figure 32. Mean value comparison between reactors, old sampling probe.  

In figure 33 the mean values from the two sampling probes of samples taken from each 

reactor are compared. The results are very similar for the fractions >50, the most plausible 

reason is that the difference is a result of where in the powder the sample has been taken, only 

considering depth. Overall, the samples taken with the new sampling probe follows the ideal 

distribution very well compared to the old sampling probe, figure 31-33.  
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Figure 33. General mean value comparison between sampling probes.  

 

Figure 34. Particle size distribution: Exhaust powder 
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6.1.3 Powder container after nitriding 

After the powder has been nitrided it is put back into its container. A steady flow of gas is 

injected during a pre-determined time to mix the nitriding loads, called bubbling. Samples 

from the top, taken with the new sampling probe, and bottom of the container have been 

analyzed and the results are presented in figure 35. The samples from the top varied, 

depending on how deep the probe could be penetrated. As seen in figure 35, CB:24:3 has a 

very high content of the fraction <25, that is a result of the penetration depth was not deep 

enough to retrieve a sample without fluidized and entrained powder,  hence a higher amount 

of <25. Continuing to sample CB:48:3 the amount of <25 particles are the lowest compared to 

the other top samples, hence that the gas has moved the smallest particles to the top where the 

sampler did not take the sample. 

The bottom sample CB:24:1 deviates the most from the other samples, with the lowest 

fraction of <25, ~ 3 mass%, which is not much but can be explained by entrainment and 

fluidization and that the sample ha been taken from the bottom. However, after 48 hours, 

CB:48:1, the <25 fraction increases again which could be explained by the gas has gone in to 

a steady state and taking a single path through the powder mixes, allowing the finer particles 

to sieve through the matrix of bigger particles. 

 

Figure 35. Gas mixed (bubbled) STEEL-X-powder.  
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6.1.4 Sampling probes 

The two different sampling probes takes the samples at the top, however the new sampler 

takes its samples a bit deeper in the powder batch it is still considered a top sample due to the 

powder fractions distribution are very similar to the results from the old sampler. However, 

the new sampling probe is seen as more accurate to the true distribution due to the samples are 

taken deeper in the powder and not having an excess of smaller fractions that have been 

entrained and fluidized. 

6.2 Tracer powder 

The annealed powder resulted in purple and blue powder, figure 36. Furthermore, during the 

annealing process the powder had agglomerated, see figure 36, therefore a sieving analysis 

have been made to investigate which powder fractions that tend to agglomerate, figure 37.  

 

Figure 36. Agglomerated annealed powder.  
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Figure 37. Comparison between agglomerated STEEL-Y and the ideal STEEL-X distribution. 

As seen in figure 37 all of the powder fractions agglomerates during a 4 hour heat treatment at 

400°C. The powder does not sinter to one and other, but probably sticks together through 

adhesion forces. Hence that STEEL-Y and STEEL-X have the same tendency to agglomerate 

there will be a problem in the nitriding process.  

6.3 Mixing experiments 

In this part results from the mixing experiments are presented.  

6.3.1 Single-cone 

Figure 38 presents the results from the single-cone experiments with STEEL-Y and these are 

compared to the ideal distribution of STEEL-X. As seen in figure 38 the fractions that are 

affected most by the different mixing variables are <25 and 25-50. From figure 38 it is 

possible to state that the single-cone vessel mixes the particles well. From analyzing figure 38 

the best mixing parameters are given by trial 3, 4, 5 and 6 which approximately are in the 

same fraction size as the ideal distribution for 25-180. 
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Figure 38. Particle size distribution of the single-cone mixing experiments.  
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6.3.2 Double-cone 

The powder fraction distribution results from the different experimental trials are presented in 

figure 39. The powder interval that is mostly affected by the different mixing parameters are 

<25, 25-50 and 50-80. Having the higher concentration of nitrogen in smaller particles in 

mind, and having the particle size distribution as close to the ideal, DC Trial 2-3 provides the 

best mixing parameters. 

 

Figure 39. Powder fraction distribution of the double-cone mixing experiments. 

 

6.3.3 Single-cone versus double-cone mixing 

In figure 40 a comparison between the results from single-cone and double-cone mixing tests 

are presented. The results are stacked together with the two different results from trials with 

the same parameters neighboring each other. As seen in figure 40, looking at the powder 

fractions, <25, 25-50 µm, they vary very much, for the same mixing parameters. An 

explanation to why the smaller particle fractions differ could be that they are influenced by 

the segregation mechanisms air entrainment and fluidization. Therefore the smaller particles 

are not influenced by the tumbling motion but the motion of the bigger particles and the 

strength of adhesion forces determine how the smaller particles travels.  

Big differences between fraction 50-80 µm is only seen with the double-cone mixer, which is 

probably a result from the geometry, allowing the particles, 50-80 µm, flow and tumble like 

the smaller particles at certain speed and time. 
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An explanation to the even values for the larger particle fractions, 80-125, 125-180 and >180 

µm, between each trial could be that the larger particles move as a “team/group”, not mixing 

into the other fractions. 

The single-cone mixing technique shows results that are the most similar to the ideal particle 

size distribution and is therefore considered to be the best mixing technique  

 

Figure 40. Single-cone- versus double-cone blending. 
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6.3.4 Mixing with STEEL-X 

The parameters for trial 4 and 6 were tested with the mixers and the results are compared to 

the mixing results with STEEL-Y, figure 41. The single-cone results do not deviate much 

from each other, however the best mixing result was obtained with the parameters for Trial 1. 

The double-cone differs a bit from each other which could be explained by that the sampling 

technique is not good enough or that the geometry of the blender is not sufficient to give good 

mixing.  

 

Figure 41. Particle size distribution in mixed STEEL-X powder. 

6.4 Filling and discharging replicas 

In this section the results from the different filling and discharge experiments are presented.  

6.4.1 Container model: Free-fall filling 

Figure 42 shows what happens during filling of a capsule. The powder has segregated, if the 

powder did not segregate the annealed powder would lay as a top layer on the untreated 

powder. 

During the experiments, it was visible during the powder movement that the “funnel flow” 

phenomenon was present, which also is visible in figure 43 as “funnel flow” that can be 

described as “first in, last out”.  
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Figure 42. Capsule filled from container.  

6.4.2 Reactor model 

It is shown in figure 43 that segregation has occurred. The powder discharge was very fast 

and no “funnel flow” was visible. However, the result presents “first in, last out” which is 

proof of “funnel flow”. 

 

Figure 43. Capsule filled from reactor. 
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6.4.3 Telescope filling 

Figure 44 - 46 presents the result of the novel telescope filling technique. Mass flow is present 

during these experiments, the proof of mass flow is that the powder has followed the principle 

“first in, first out”. The visible traces of segregation in figure 44-46 are probably the result of 

human error during the experiments, dust on the plexi-glass and a small amount of 

segregation. 

 

Figure 44. Result of telescope filling. 
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Figure 45. Result of telescope filling. 

 

Figure 46. Result of telescope filling.  
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6.6 Powder vibration 

The powder was subjected to vibrations, the result is presented in figure 45. As seen in figure 

45 the powder is very sensitive to vibrations, even though the vibration amplitude was 

exaggerated, but still if the ideal powder fraction distribution is present it can easily be 

unordered.  
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Figure 45. Result of metal powder subjected to vibrations.  
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6.7 Sources of error 

During the sieving analysis the smaller powder fractions were hard to handle due to for 

example their sensitivity to airstreams and ease to stick to the sieving meshes. Therefore, a 

larger amount of the <25 fraction should be present.  

Samples were taken from fewer powder vessels than planned, this should not have affected 

the reactor samples but can have affected the container samples. 

The subjective assumption that STEEL-X acts like STEEL-Y can be too big to actually tell 

the truth.  

The sampling technique from the double-cone mixer was not coherent with to where in the 

bulk the samples were taken. 
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7. Conclusions 

The new sampling probe shows a better accuracy than the old because the sample that the new 

sampler takes is not from the absolute top and therefore avoids the entrained and fluidized 

powder. However, the new sampling probe is too heavy to be operated in the environment 

around the powder reactor.  

The powder fraction distribution in the powder container does not differ much from each 

other with regard to if it is a top sample or a bottom sample. However, when taking bottom 

samples, the powder needs to flow for a few seconds to obtain a representative sample.  

After some time in the nitriding reactor the powder fraction distribution is changed, closer to 

the ideal powder distribution. However, it is impossible to state that all powder in the reactor 

is moving during nitriding. 

Looking at the powder fraction distribution, samples taken with the old sampler, the fraction 

<25 µm has a very high mass%, which is due to that the sampling room is always open and 

when the room enters the powder it is filled and no more powder can enter the room. The 

reason to the high amount of <25 µm is explained by fluidization and entrainment, and after 

nitriding the <25 µm powder that does not go out through the exhaust sets to rest on top of the 

powder mass. That the <25 µm fraction is fluidized and entrained is proved by analyzing the 

exhaust powder, which only contains small particles. 

When the nitrided powder is mixed by the gas bubbling process the powder fraction 

distribution almost touches the ideal distribution after 48 hours. However, the values differ 

when the top and bottom samples are compared. But overall the bubbling process seems to 

provide a good mix. 

The tracer powder, STEEL-Y, agglomerated when it was annealed at 400°C for 4 hours which 

is a disturbing finding. If STEEL-X acts like STEEL-Y (the nitriding process takes a longer 

time and occurs at a higher temperature) there is a high risk of agglomeration during the pre-

heating of the oven process and if there are zones where the powder does not move the 

powder will be unevenly nitrided. 

The mixing experiments showed that the single-cone mixer gave the best powder fraction 

distribution after 8 minutes at the speed 45 RPM. This leads to the conclusion that the single-

cone mixer is sufficient to obtain a good mixture. However, more research needs to be done in 

this field having geometrical and mixing parameters in consideration. 

Furthermore, the bubbling process resulted in a good powder fraction distribution after 48 

hours. Therefore, to implement a mixing operation further research and experiments on 

powder mixing needs to be conducted.  

If a mixing process is needed, the mixing should take place directly before filling the HIP-

capsule.   

During capsule filling, the powder container showed the phenomenon “funnel” flow, which 

propagates segregation. Therefore, if the powder fraction distribution is ideal it may be 

disrupted during capsule filling and disturb the wanted microstructure. A design change of the 

powder container should be considered.  
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“Funnel” flow is also present during discharge of the reactor, but the powder is mixed in its 

container after nitriding and is therefore not crucial for the microstructure. However, if 

STEEL-X agglomerates, as easy as STEEL-Y, during the nitriding process it could explain 

the difficulties when empting the reactor and the agglomerated powder form a plug due to 

“funnel flow”.  

The telescope filling technique proved to discharge the powder with mass flow and therefore 

reducing segregation.  

The vibration experiments proved that the powder moves very much. This movement can 

promote sieving segregation and the ideal powder fraction distribution is jeopardized. The 

main conclusion of the vibrational experiments is that the handling just before and during the 

vibration capsule filling process are two major causes for the powder fraction distribution and 

needs to be investigated thoroughly.  
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8. Future work 

The work performed in this thesis shows that more investigations have to be performed in 

order to decrease the problems caused by segregation. The following actions are suggested: 

Take samples from powder containers in Kapfenberg before sending them to Hagfors. 

Samples are to be taken at container arrival in Hagfors as well. The samples are to be 

analyzed and compared to each other to somewhat map how the transport affects the powder 

distribution.  

Properly investigate the HIP-capsule filling process with the aim to see how the powder 

fractions are distributed. Constitute a filling routine for all operators to follow to reduce the 

number of error source. 

Additional investigations need to be conducted to see if the powder mixes properly during gas 

bubbling of the powder.  

If a mechanical mixing process is needed, further investigation and testing with parameters 

such as time and speed should be conducted. 

Measure gas flow in the container during mixing of the nitrided metal powder loads. 

Implement a better valve to regulate the flow and a gauge to measure the gas flow. 

Internal course for workers that are involved with the metal powder and nitriding oven in 

order to increase knowledge and understanding about the process. 

Manufacture a sampling probe with low friction relative the powder that allows a deep 

powder penetration to obtain samples from several depths. 

Investigate the possibility to change the reactor construction with the aim to be able to take 

samples at several depths in the powder. 

Investigate the health risk of inhaling metal powder. 

Evaluate and improve the cleaning routine of reactor, to reduce powder contamination. 

Investigate possible “dead” zones, where the powder does not move, in the nitriding reactor to 

improve nitriding process and decrease risk of agglomeration. 

Further investigation and development of the telescope filling technique is of interest because 

of the good results achieved, with reduced segregation. 
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10. Appendix 

10.1 Appendix I: Equipment 

 

Figure 1. Product sheet of new sampling probe. 



Jesper Vang 

II 

 

 

 

Figure 2. Drawing of capsule replica.  
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Figure 3. Drawing of capsule reactor front.  
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Figure 4. Drawing of capsule replica sides. 
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Figure 5. Drawing of double-cone mixer. 
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Figure 6. Drawing of cone mixer.
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10.2 Appendix II: Sieving data 
Table 1. Sieving data for sample C:1:3. 

Sample C:1:3 
  Size[µm] Mass[g] Mass% 

<25 12.613 13.181 

25-50 26.586 27.784 

50-80 17.172 17.946 

80-125 18.559 19.395 

125-180 10.383 10.851 

>180 10.375 10.843 

  95.688 100.000 

 

Table 3. Sieving data for sample C:3:3. 

Sample C:3:3 
  Size[µm] Mass[g] Mass% 

<25 12.796 12.042 

25-50 29.955 28.191 

50-80 19.989 18.812 

80-125 19.211 18.080 

125-180 11.281 10.617 

>180 13.026 12.259 

  106.258 100.000 

 

Table 5. Sieving data for sample C:4:1. 

Sample C:4:1 
  Size[µm] Mass[g] Mass% 

<25 2.068 2.197 

25-50 20.519 21.797 

50-80 13.672 14.523 

80-125 15.274 16.225 

125-180 10.986 11.670 

>180 31.619 33.588 

  94.1365 100.000 

 

 

 

 

 

 

Table 2. Sieving data for sample C:2:3. 

Sample C:2:3 
  Size[µm] Mass[g] Mass% 

<25 9.652 8.126 

25-50 35.246 29.674 

50-80 24.472 20.603 

80-125 23.905 20.126 

125-180 11.748 9.891 

>180 13.754 11.580 

  118.777 100.000 

 

Table 4. Sieving data for sample C:G:3. 

Sample C:G:3 
  Size[µm] Mass[g] Mass% 

<25 4.233 6.125 

25-50 20.676 29.916 

50-80 13.105 18.962 

80-125 13.834 20.016 

125-180 7.565 10.946 

>180 9.700 14.035 

  69.113 100.000 
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Table 6. Sieving data for sample R1:(0:4):3. 

Sample R1:(0:4):3 
  Size[µm] Mass[g] Mass% 

<25 12.686 13.015 

25-50 26.851 27.547 

50-80 19.324 19.825 

80-125 18.103 18.573 

125-180 10.087 10.349 

>180 10.421 10.691 

  97.472 100 

 

Table 8.Sieving data for sample R1:(1:4):3. 

Sample R1:(1:4):3 
  Size[µm] Mass[g] Mass% 

<25 26.461 13.001 

25-50 58.703 28.841 

50-80 37.676 18.511 

80-125 38.211 18.773 

125-180 19.613 9.636 

>180 22.874 11.238 

  203.538 100.000 

 

Table 10. Sieving data for sample R1:(2:4):3. 

Sample R1:(2:4):3 
  Size[µm] Mass[g] Mass% 

<25 8.349 7.768 

25-50 33.535 31.201 

50-80 23.001 21.400 

80-125 20.381 18.963 

125-180 9.910 9.220 

>180 12.303 11.447 

  107.479 100.000 
 

 

 

 

 

Table 7. Sieving data for sample R1:G(0:4):3. 

Sample R1:G(0:4):3 
  Size[µm] Mass[g] Mass% 

<25 6.702 13.161 

25-50 15.776 30.979 

50-80 11.098 21.793 

80-125 5.617 11.030 

125-180 5.617 11.030 

>180 6.114 12.006 

  50.924 100.000 

 

Table 11. Sieving data for sample R1:G(1:4):3. 

Sample R1:G(1:4):3 
  Size[µm] Mass[g] Mass% 

<25 14.935 12.295 

25-50 35.294 29.054 

50-80 22.209 18.283 

80-125 22.833 18.796 

125-180 12.390 10.200 

>180 13.815 11.373 

  121.476 100.000 

 

Table 12. Sieving data for sample R1:G(2:4):3. 

Sample R1:G(2:4):3 
  Size[µm] Mass[g] Mass% 

<25 20.421 11.872 

25-50 44.264 25.733 

50-80 36.253 21.076 

80-125 33.160 19.278 

125-180 17.223 10.013 

>180 20.689 12.028 

  172.010 100.000 
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Table 13. Sieving data for sample R1:(3:4):3. 

Sample R1:(3:4):3 
  Size[µm] Mass[g] Mass% 

<25 6.895 6.569 

25-50 33.560 31.972 

50-80 21.902 20.866 

80-125 20.389 19.424 

125-180 10.155 9.674 

>180 12.066 11.495 

  104.967 100.000 

 

Table 15. Sieving data for sample R1:(4:4):3. 

Sample R1:(4:4):3 
  Size[µm] Mass[g] Mass% 

<25 7.044 7.023 

25-50 32.369 32.271 

50-80 21.443 21.378 

80-125 19.021 18.964 

125-180 9.113 9.085 

>180 11.313 11.279 

  100.303 100.000 

 

 

Table 17. Mean values of the sieving data from the 

new sampler, samples taken from batch 1 in the 

reactor. 

R1: Mean values new 
sampler 

  Size[µm] Mass[g] Mass% 

<25 13.598 10.593 

25-50 38.162 29.730 

50-80 25.476 19.846 

80-125 24.271 18.908 

125-180 12.441 9.692 

>180 14.416 11.231 

  128.364 100.000 

 

 

 

 

Table 14. Sieving data for sample R1:G(3:4):3. 

Sample R1:G(3:4):3 
  Size[µm] Mass[g] Mass% 

<25 11.305 11.305 

25-50 25.860 25.860 

50-80 20.976 20.976 

80-125 19.815 19.815 

125-180 10.242 10.242 

>180 11.802 11.802 

  100.000 100.000 

 

Table 16. Sieving data for sample R1:G(4:4):3. 

Sample R1:G(4:4):3 
  Size[µm] Mass[g] Mass% 

<25 13.944 12.179 

25-50 35.056 30.620 

50-80 19.406 16.950 

80-125 21.415 18.705 

125-180 11.823 10.327 

>180 12.844 11.219 

  114.488 100.000 

 

 

Table 18. Mean values of the sieving data from the old 

sampler, samples taken from batch 1 in the reactor. 

R1: Mean values old 
sampler  

  Size[µm] Mass[g] Mass% 

<25 13.341 12.008 

25-50 30.299 27.271 

50-80 22.634 20.372 

80-125 20.356 18.322 

125-180 11.368 10.232 

>180 13.105 11.795 

  111.103 100.000 
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Table 19. Sieving data for sample R2:(1:2):3. 

Sample R2:(1:2):3 
  Size[µm] Mass[g] Mass% 

<25 4.798 3.745 

25-50 44.578 34.790 

50-80 26.858 20.961 

80-125 24.343 18.998 

125-180 12.475 9.736 

>180 15.081 11.770 

  128.133 100.000 

 

Table 21. Sieving data for sample R2:(2:2):3. 

Sample R2:(2:2):3 
  Size[µm] Mass[g] Mass% 

<25 6.668 5.831 

25-50 36.41 31.842 

50-80 23.425 20.486 

80-125 22.251 19.460 

125-180 11.693 10.226 

>180 13.898 12.154 

  114.345 100.000 

 

Table 23. Mean values of the sieving data from the 

new sampler, samples taken from batch 2 in the 

reactor. 

R2: Mean values 
new sampler 

  Size[µm] Mass[g] Mass% 

<25 5.733 4.729 

25-50 40.494 33.400 

50-80 25.142 20.737 

80-125 23.297 19.216 

125-180 12.084 9.967 

>180 14.490 11.951 

  121.239 100.000 

 

 

 

 

Table 20. Sieving data for sample R2:G(1:2):3. 

Sample R2:G:(1:2):3 
  Size[µm] Mass[g] Mass% 

<25 13.897 13.061 

25-50 28.658 26.935 

50-80 20.594 19.356 

80-125 19.856 18.662 

125-180 11.246 10.570 

>180 12.146 11.416 

  106.397 100.000 

 

Table 22. Sieving data for sample R2:G(2:2):3. 

Sample R2:G:(2:2):3 
  Size[µm] Mass[g] Mass% 

<25 14.469 12.014 

25-50 32.740 27.185 

50-80 23.575 19.575 

80-125 22.324 18.536 

125-180 12.588 10.452 

>180 14.737 12.237 

  120.433 100.000 

 

Table 24. Mean values of the sieving data from the old 

sampler, samples taken from batch 2 in the reactor. 

R2: Mean values old 
sampler 

  Size[µm] Mass[g] Mass% 

<25 14.183 12.505 

25-50 30.699 27.068 

50-80 22.085 19.472 

80-125 21.090 18.595 

125-180 11.917 10.507 

>180 13.442 11.852 

  113.415 100.000 
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Table 25. Sieving data for sample R3:(1:2):3. 

Sample R3:(1:2):1 
  Size[µm] Mass[g] Mass% 

<25 8.345 7.130 

25-50 39.694 33.914 

50-80 22.283 19.038 

80-125 21.086 18.015 

125-180 11.313 9.666 

>180 14.323 12.237 

  117.044 100.000 

 

Table 27. Sieving data for sample R3:(2:2):3. 

Sample R3:(2:2):1 
  Size[µm] Mass[g] Mass% 

<25 10.248 8.525 

25-50 36.665 30.502 

50-80 24.184 20.119 

80-125 21.759 18.101 

125-180 11.774 9.795 

>180 15.577 12.958 

  120.207 100.000 

 

Table 29. Mean values of the sieving data from the 

new sampler, samples taken from batch 3 in the 

reactor. 

R3: Mean values new 
sampler 

  Size[µm] Mass[g] Mass% 

<25 9.297 7.837 

25-50 38.180 32.185 

50-80 23.234 19.586 

80-125 21.423 18.059 

125-180 11.544 9.731 

>180 14.950 12.603 

  118.626 100.000 

 

 

 

 

Table 26. Sieving data for sample R3:G(1:2):3. 

Sample R3:G:(1:2):1 
  Size[µm] Mass[g] Mass% 

<25 16.572 14.071 

25-50 35.008 29.724 

50-80 18.286 15.526 

80-125 20.565 17.461 

125-180 12.354 10.489 

>180 14.993 12.730 

  117.778 100.000 

 

Table 28. Sieving data for sample R3:G(2:2):3. 

Sample R3:G:(2:2):1 
  Size[µm] Mass[g] Mass% 

<25 15.334 13.505 

25-50 30.279 26.668 

50-80 21.371 18.822 

80-125 20.106 17.708 

125-180 11.811 10.402 

>180 14.641 12.895 

  113.542 100.000 

 

Table 30. Mean values of the sieving data from the old 

sampler, samples taken from batch 3 in the reactor. 

R3: Mean values old 
sampler 

  Size[µm] Mass[g] Mass% 

<25 15.953 13.793 

25-50 32.644 28.224 

50-80 19.829 17.144 

80-125 20.336 17.582 

125-180 12.083 10.447 

>180 14.817 12.811 

  115.660 100.000 
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Table 31. Mean values of sieving data from samples 

taken from all batches with the new sampler. 

Mean value new 
sampler 

  Size[µm] Mass[g] Mass% 

<25 9.543 7.775 

25-50 38.945 31.728 

50-80 24.619 20.057 

80-125 22.997 18.735 

125-180 12.023 9.795 

>180 14.620 11.911 

  122.745 100.000 

 

Table 33. Sieving data from sample CB:5:3 from gas 

mixed powder in container. 

Sample CB:5:3 
  Size[µm] Mass[g] Mass% 

<25 7.117 7.207 

25-50 30.353 30.738 

50-80 20.743 21.006 

80-125 19.167 19.410 

125-180 9.801 9.925 

>180 11.568 11.715 

  98.749 100.000 

 

Table 35. Sieving data from sample CB:24:3 from gas 

mixed powder in container. 

Sample CB:24:3 
  Size[µm] Mass[g] Mass% 

<25 10.884 10.266 

25-50 33.028 31.154 

50-80 20.073 18.934 

80-125 19.807 18.683 

125-180 10.034 9.465 

>180 12.19 11.498 

  106.016 100.000 

 

 

 

Table 32. . Mean values of sieving data from samples 

taken from all batches with the old sampler. 

Mean value old 
sampler 

  Size[µm] Mass[g] Mass% 

<25 14.492 12.781 

25-50 31.214 27.527 

50-80 21.516 18.975 

80-125 20.594 18.161 

125-180 11.789 10.397 

>180 13.788 12.159 

  113.393 100.000 

 

Table 34. Sieving data from sample CB:5:1 from gas 

mixed powder in container. 

Sample CB:5:1 
  Size[µm] Mass[g] Mass% 

<25 4.405 4.435 

25-50 28.527 28.720 

50-80 21.827 21.974 

80-125 20.71 20.850 

125-180 10.666 10.738 

>180 13.194 13.283 

  99.329 100.000 

 

Table 36. Sieving data from sample CB:24:1 from gas 

mixed powder in container. 

Sample CB:24:1 
  Size[µm] Mass[g] Mass% 

<25 2.561 2.108 

25-50 35.491 29.211 

50-80 27.59 22.708 

80-125 25.871 21.293 

125-180 13.649 11.234 

>180 16.338 13.447 

  121.5 100.000 
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Table 37. Sieving data from sample CB:48:3 from gas 

mixed powder in container. 

Sample CB:48:3 
 Size[µm] Mass[g] Mass% 

<25 6.247 6.233 

25-50 30.906 30.835 

50-80 20.86 20.812 

80-125 19.306 19.262 

125-180 9.996 9.973 

>180 12.915 12.885 

  100.23 100.000 

 

Table 39. Mean value from sieving data of gas mixed 

powder. 

Mean bubbled 
STEEL-X 

  Size[µm] Mass[g] Mass% 

<25 6.525 6.191 

25-50 31.344 29.741 

50-80 22.327 21.185 

80-125 21.082 20.003 

125-180 10.854 10.299 

>180 13.260 12.582 

  105.391 100.000 

 

Table 41. Sieving data from sample C3:1:1. 

Sample C3:1:1 
  Size[µm] Mass[g] Mass% 

<25 9.864 10.244 

25-50 29.801 30.950 

50-80 19.16 19.898 

80-125 15.276 15.865 

125-180 8.598 8.929 

>180 13.59 14.114 

  96.289 100.000 

 

 

 

 

Table 38. Sieving data from sample CB:48:1 from gas 

mixed powder in container. 

Sample CB:48:1 
 Size[µm] Mass[g] Mass% 

<25 7.933 7.447 

25-50 29.758 27.936 

50-80 22.869 21.469 

80-125 21.628 20.304 

125-180 10.978 10.306 

>180 13.355 12.537 

  106.521 100.000 

 

Table 40. Sieving data from sample C2:1:1. 

Sample C2:1:1 
  Size[µm] Mass[g] Mass% 

<25 10.303 10.548 

25-50 33.134 33.924 

50-80 18.922 19.373 

80-125 15.462 15.831 

125-180 8.355 8.554 

>180 11.497 11.771 

  97.672 100.000 

 

Table 42. Sieving data from sample C4:1:1. 

Sample C4:1:1 
  Size[µm] Mass[g] Mass% 

<25 5.682 5.246 

25-50 27.112 25.032 

50-80 18.527 17.106 

80-125 16.406 15.148 

125-180 11.361 10.490 

>180 29.22 26.979 

  108.308 100.000 
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Table 43. Sieving data from cone mixing experiments, 

Trial 1. 

Trial 1; 6 min. & 35 
RPM 

  Size[µm] Mass[g] Mass% 

<25 8.319 6.732 

25-50 44.747 36.209 

50-80 24.434 19.772 

80-125 21.382 17.302 

125-180 11.978 9.693 

>180 12.720 10.293 

  123.580 100.000 

 

Table 45. Sieving data from cone mixing experiments, 

Trial 3. 

Trial 3; 6 min. & 40 
RPM 

  Size[µm] Mass[g] Mass% 

<25 13.389 10.777 

25-50 38.942 31.346 

50-80 25.205 20.289 

80-125 21.469 17.281 

125-180 12.081 9.725 

>180 13.146 10.582 

  124.232 100.000 

 

Table 47. Sieving data from cone mixing experiments, 

Trial 5. 

Trial 5; 6 min. & 45 
RPM 

  Size[µm] Mass[g] Mass% 

<25 11.772 10.165 

25-50 37.179 32.105 

50-80 22.211 19.179 

80-125 20.599 17.788 

125-180 11.628 10.041 

>180 12.417 10.722 

  115.806 100.000 

 

 

 

Table 44. Sieving data from cone mixing experiments, 

Trial 2. 

Trial 2; 8 min. & 35 
RPM 

  Size[µm] Mass[g] Mass% 

<25 6.702 5.615 

25-50 43.36 36.329 

50-80 24.051 20.151 

80-125 20.981 17.579 

125-180 11.514 9.647 

>180 12.746 10.679 

  119.354 100.000 

 

Table 46. Sieving data from cone mixing experiments, 

Trial 4. 

Trial 4; 8 min. & 40 
RPM 

  Size[µm] Mass[g] Mass% 

<25 10.856 9.326 

25-50 37.781 32.457 

50-80 23.718 20.376 

80-125 20.483 17.597 

125-180 11.422 9.813 

>180 12.142 10.431 

  116.402 100.000 

 

Table 48. Sieving data from cone mixing experiments, 

Trial 6. 

Trial 6; 8 min. & 45 
RPM 

  Size[µm] Mass[g] Mass% 

<25 7.371 6.248 

25-50 41.457 35.140 

50-80 24.151 20.471 

80-125 20.809 17.638 

125-180 11.436 9.693 

>180 12.752 10.809 

  117.976 100.000 
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Table 49. Sieving data from double-cone mixing 

experiments, Trial 1. 

DC Trial 1; 6 min. 35 
RPM 

  Size[µm] Mass[g] Mass% 

<25 9.466 8.934 

25-50 30.651 28.928 

50-80 25.731 24.285 

80-125 18.52 17.479 

125-180 10.112 9.544 

>180 11.475 10.830 

  105.955 100.000 

 

Table 51. Sieving data from double-cone mixing 

experiments, Trial 3.. 

DC Trial 3; 6 min. 40 
RPM 

  Size[µm] Mass[g] Mass% 

<25 8.400 11.062 

25-50 24.751 32.593 

50-80 14.093 18.558 

80-125 12.953 17.057 

125-180 7.466 9.832 

>180 8.276 10.898 

  75.939 100.000 

 

Table 53. Sieving data from double-cone mixing 

experiments, Trial 5. 

DC Trial 5; 6 min. 45 
RPM 

  Size[µm] Mass[g] Mass% 

<25 11.385 9.014 

25-50 43.826 34.699 

50-80 23.957 18.968 

80-125 21.696 17.178 

125-180 12.263 9.709 

>180 13.177 10.433 

  126.304 100.000 

 

 

 

Table 50. Sieving data from double-cone mixing 

experiments, Trial 2. 

DC Trial 2; 8 min. 35 
RPM 

  Size[µm] Mass[g] Mass% 

<25 7.363 7.525 

25-50 34.103 34.853 

50-80 18.877 19.292 

80-125 17.154 17.531 

125-180 9.723 9.937 

>180 10.629 10.863 

  97.849 100.000 

 

Table 52. Sieving data from double-cone mixing 

experiments, Trial 4. 

DC Trial 4; 8 min. 40 
RPM 

  Size[µm] Mass[g] Mass% 

<25 8.889 9.163 

25-50 28.616 29.498 

50-80 21.711 22.380 

80-125 17.33 17.864 

125-180 9.675 9.973 

>180 10.788 11.121 

  97.009 100.000 

 

Table 54. Sieving data from double-cone mixing 

experiments, Trial 6. 

DC Trial 6; 8 min. 45 
RPM  

  Size[µm] Mass[g] Mass% 

<25 7.421 10.305 

25-50 20.752 28.817 

50-80 16.500 22.912 

80-125 12.42 17.247 

125-180 7.036 9.770 

>180 7.885 10.949 

  72.014 100.000 
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Table 55. Sieving data of reference powder STEEL-X, 

ideal powder fraction distribution. 

Reference STEEL-X  

Storlek Massa Mass% 

<25 8.291 6.129 

25-50 43.806 32.386 

50-80 27.887 20.617 

80-125 25.874 19.128 

125-180 13.336 9.859 

>180 16.070 11.881 

  135.263 100.000 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 56. Agglomerated tracer powder, annealed 

STEEL-Y. 

STEEL-Y agglomerated 
annealed powder 

  Size[µm] Mass[g] Mass% 

<25 5.290 10.896 

25-50 14.906 30.704 

50-80 9.235 19.022 

80-125 8.604 17.723 

125-180 5.097 10.499 

>180 5.416 11.156 

  48.548 100.000 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


