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ABSTRACT  

Powder metallurgy is a growing field with much potential. The core purpose and problem in 

this work is attempting to describe and understand what and how metal powder properties 

impact powder flowability.  

Several powder flow experiments have been performed on eight different metal 

powders with varying size and of material types to examine correlations and seeing what 

parameters are important for a well flowing metal powder. Experiments performed consists of 

hall flow, tap density, angle of repose and a more complex Rheometer analysis. 

The results found display plenty correlations between different experiments with some 

deviations as expected due to the nature of occurring errors. The results are all displayed in 

tables comparing the different metal powders for all experiments.  

 The powder with the best flowability (highly free flowing) scored best across all 

experiments and tests indicating all tests as significant. A well and free flowing powder is 

characterized by low values in cohesion, angle of repose, specific energy, etc.   



 

SAMMANFATTNING  

Pulvermetallurgi är en växande industri med stor potential. Syftet samt problemet med detta 

arbete är att försöka beskriva och förstå vilka pulveregenskaper som är betydande för flödet 

och hur dessa egenskaper påverkar hur pulvret flödar. 

Flera olika experiment har utförts på åtta olika metallpulver, av varierande sorter material och 

pulverstorlek, har utförts för att undersöka samband och se vilka pulveregenskaper som är 

viktiga för ett metallpulver ska ha eftertraktade flödesegenskaper. Utförda experiment består 

av Hall flöde, tappdensitet, rasvinkel (angle of repose) samt en mer komplex Rheometer 

analys. 

Resultaten visar många samband mellan olika experiment och metallpulver med en del 

avvikelser som väntat på grund av flertalet felkällor. Resultaten för alla pulver och experiment 

uppvisas i stapelgrafer för enkel överblick och jämförelse. 

Metallpulvret som påvisade bäst flödesegenskaper (fritt flödande pulver) rankades som bästa 

pulver i varje experiment vilket indikerar att alla experiment är relevanta. Ett väl flödande 

metallpulver indikeras av låga värden på kohesion, rasvinkel, specifik energi osv. 
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1  INTRODUCTION  

  

1.1  INTRODUCTION 

Metal powders is a growing field with much potential. Complex structures and shapes with 

high precision and a low amount of material loss are some key advantages when it comes to 

metal powders compared to the more traditional processes. There has not been much research 

done on the flowability of metal powders specifically. Understanding the flow of metal 

powders could prove to be important in processes such as Electron Beam Melting where the 

powders needs to be evenly spread over a plate creating a thin layer. If the powder doesn’t 

flow but stay attached in larger segments the powder-bed will not be effectively spread over 

the plate most likely leading to failure in the process and end component. If one could 

describe the flow of any given metal powder via the powder-properties such as material, size, 

shape, cohesion etc., the processes where powder flow is of high importance could improve.  

  These properties have of course a vital role in how and where the powders can and 

should be applied in. If the particle size is too big the flow could be limited, as the powder 

would be more subjected to mechanical interlocking, therefore resulting in poor flowability. If 

they’re too small, the total surface area of all the particles combined will be larger than if 

there are fewer but bigger particles. This would lead to higher chance of friction between the 

particles and consequently end up with the powders sticking together. Cohesion is a property 

that specifies how the same particles or molecules “sticks” together.   

  Today, there are many ways to characterize powder flow, such as angle of repose, tap 

density, carney flow meter and more. A big problem, however, is that there is no standardized 

method to characterize powder flow as results from tests can vary greatly from method to 

method, according to the article Characterization of powder flow: Static and dynamic testing 

[1]. Moreover, the problem has been shown to could be dependent on that equipment are 

usually not adaptable to measure properties outside of what it was meant to measure. In other 

words, one method could classify one powder as cohesive and another as free flowing because 

of this. Although, in more recent times there has been a push towards developing standardized 

methods for identifying powder properties, which has been reported in a report from National 

Institute of Standards and Technology [2]. These properties range between flow, powder size, 

powder shape and more. However, it was found out that some of the properties already had an 

established method on a wider reach, such as for particle size and density.  

 

1.2 SOCIAL AND ETHICAL ASPECTS 

When it comes to how this topic could relate to ethical and societal issues, there is not a 

comprehensive connection between them. This topic is mostly focused on material property 

and correlations between them, and the tests that can be done to gather data of them. This is 

too far removed from the subject of such issues. At most, there could be a chance of the used 

powder was manufactured by conflict minerals. However, the report does not bring up matters 

of manufacturing method or tracing of the powder’s source, as it is not of importance to the 

subject. 
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1.3 PURPOSE  

The purpose of this project is to understand what and how metal powder properties impact, 

cohesion; compressibility; shear resistance; particle size; specific energy, powder-flowability. 

Very little research has been done on powder flowability and there is no agreement on how 

the flow behavior correlates to the powder properties. Eight metal powders with varying size 

and material are examined and tested with different flowability experiments for comparison.  

These are Angle of Repose, Carney/Hall flowmeter, Autotapper and Powder Rheometer.  

Analyzing whether there are correlations and understanding the behavior of the 

powder flow is the main goal with this study.      
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2  LITERATURE SURVEY   

  

2.1  BRIEFING  

A literature survey has been conducted in order to broaden knowledge within the field of 

powder metallurgy. Among that knowledge, is learning about and explaining the equipment 

that is used during research. In addition, powder characteristics, such as cohesion and 

particle size, among others, will be explained.  

  

2.2  ANGLE OF REPOSE  

Angle of repose, AOR, is an instrument that consists of a funnel with an angled slope, which 

runs through a hole and impacts on a flat circular surface for simpler models. A protractor is 

attached to the instrument. According to the article “Characterization of Powder Flowability 

Using Measurement of Angle of Repose” [3] the different  

angles, α, measured can give an idea of a powder’s cohesion and flowability properties, where 

under 30 ° suggests fair properties, in other words lower cohesion and higher flowability. 

Higher angles until 55 ° shows an increase of cohesiveness and a decrease in flowability, and 

over 55 ° is where the cohesion is quite big. These measurement intervals are derived from 

Carr and Raymus according to the article.  

Regarding cohesion, a lower cohesion is desired as the particles won’t have as big of a 

risk to stick together with each other, causing the powder to flow worse and according to the 

previously named article, if the funnel hole is small enough, the powder won’t flow through it 

which indicates a higher cohesion. For AOR there are also several methods to measure the 

angles, one of which is where funnel is at a set height above the flat circular base. There the 

powder is flowing through the funnel and falling on the base. A cone-like shape is formed 

from the powder and the angle of the cone slope is measured. In another method, a cone is 

also formed, but the funnel is vertically moved away from the base during flow. Measuring 

the angle is the same as the previous method. However, since there exist numerous methods, 

there isn’t a standard for which method to use, as the angles given varies depending on 

method. Furthermore, since AOR only gives an idea of the two mentioned properties, flow 

and cohesion, the use of it is quite limited. It is therefore better used as a tool to find out if the 

powder is cohesive or not.  

    

2.3  TAP DENSITY  

Powder density is highly dependent on cohesion, in general a powder with high cohesion will 

stick together creating air pockets and a low apparent density called bulk-density. This 

phenomenon can be looked upon using an auto-tapper which repeats a confined taping-motion 

for a set number of taps. The powder doesn't have an optimal packing density due to the 

presence of cohesive forces, which increases the amount of trapped air present in between the 

particles. With multiple taps, the particles can rearrange. This rearrangement allows to some 

extent to lose some potential energy and move towards a more stable mechanical equilibrium, 

as the system center of gravity is lowered. This leads to a higher particle packing and the 
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expulsion of some excess air. After some taps an equilibrium is reached and the density no 

longer increases as almost all air pockets are eliminated, this density is referred to as tap 

density. The relation between bulk and tap density is one of high importance and the ratio 

between the two is referred to as the Hausner ratio (tap-density/ bulk-density) as seen in 

Powder flowability characterization methodology for powder-bed based metal additive 

manufacturing [4].  

 

2.4 HAUSNER RATIO  

The Hausner ratio is used for giving an indication on metal-powder flowability. Generally, a 

high value indicates poor flowing powder with high cohesion and vice versa. The ratio is 

calculated with the formula (1): 

 𝐻 =
 𝜌𝑡

𝜌𝑏⁄  (1)  

 

Where 𝜌𝑡 is tapped density and 𝜌𝑏 is freely settled bulk density. This is because bulk-density 

is lower as cohesion increases due to air pockets forming as the powder sticks together, a 

powder with low Hausner ratio has few air pockets as the cohesive forces are weak which lets 

the powder flow to a closer packed state. 

  

2.5  CARNEY AND HALL FLOWMETER  

The Carney and Hall flowmeters are very similar. They both have the same function as they 

are used to measure the time a certain amount of powder flows through a funnel. What 

differentiates them are the diameter of their holes, where the diameters are 5mm and 2.5mm 

respectively and funnel’s slope is 60°, as seen in a report from Höganäs [5]. Furthermore, it is 

standard to use samples of 50g for these instruments.  

It must be noted that if the powder won’t flow through the Hall flowmeter, Carney can 

be used instead, since cohesion and particle size can easily stop the flow for smaller orifices 

[2]. Furthermore, there are two methods in measuring the flowrate, static flow and dynamic 

flow. The former method is done by stopping the powder flow and taking time from when the 

powder starts to flow through the orifice until all of it has passed through it. The latter is done 

by continually pouring powder into the flowmeter, with no blockage of the orifice, while 

taking time in the same manner as the static flow method.  

  

2.6  POWDER RHEOMETER  

The word rheometer originates from the Greek and means “a device for measuring main 

flow”. It’s a device used to measure the way in which powder flows when exposed to external 

forces, as stated in the article Characterising powder flow properties – the need for a 

multivariate approach [6]. Modern rheometers have the capabilities to measure parameters for 

a wide range of powders, such as specific energy, shear resistance and more; from free 

flowing to cohesive powders, with varying particle size. In addition, the amount parameters 

that can be measured are numerous as well, such as cohesion, compressibility, specified 
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energy, amongst others, this is done by various selectable tests. Among those tests are the 

flowability test, compressibility test and shear cell analysis.  The powder is poured into a 

suspended vessel, which can range from 25ml to 100ml in size. There is also a weight scale 

attached to the rheometer, which is where the vessel is suspended on. This is needed since the 

sample weight must be known, which is calculated by first taring the beaker and then 

weighing the sample.  

Rheometers have the benefit of having less human interaction than alternate measuring 

equipment, since most of its functions are automated. Interacting with the device is limited to 

pouring the powder into the beaker, setting up the device and splitting the vessel. Splitting the 

vessel refers to the act of removing additional powder above the suggested amount after a 

conditioning cycle, which refers to a process in which a two bladed piece sinks to the beaker 

and rotates the powder in order to according to the previously mentioned article “loosen and 

slightly aerate the powder with the aim of producing a standardised packing state”. In other 

words, it is in order to make the samples consistent between tests, by ensuring correct that the 

sample stays. This is in order to have a standard layout for the samples in the vessels among 

all the tests, for every powder.  

  Along with being used for conditioning prior to all tests, the two-bladed piece is also 

used to measure flowrate of the powder. Here, the piece rotates the powder at different 

rotation speeds, during a set time. In addition, to the two-bladed piece, there are others, a 

piston with a flat surface, and another piston with a patterned surface. These are used during 

shear tests or compressibility tests, along with other functions. For shear cell tests, the sample 

is exposed to different shear stresses within a set time. During compressibility the powder is 

compressed during set time intervals at increasing pressures.  

  

2.7  SPECIFIC ENERGY  

Specific energy is the energy per gram, mJ/g needed to displace powder and gives an 

indication of a powder’s mechanical interlocking/friction. [6] It is measured with the 

rheometer by letting a blade run through the powder while recording the shear and nominal 

stress on the blade as it is moving through the powder. A lower specific energy indicates good 

flowability with low resistance to flow and vice versa. Factors such as particle size, shape, 

cohesion and humidity all affect the powders resistance to flow and specific energy.  

  

2.8  SHEAR RESISTANCE  

Shear resistance is as the name suggest the shear stress required to shear the powder. It is 

found by doing the shear cell analysis in the rheometer by letting a shear blade rotate on top 

of the powder while measuring the shear stress. High shear resistance indicates high cohesion 

and poor flowability. In figure 1 shear pistons used in the Rheometer can be seen. A special 

pattern can be seen on the surface of the pistons, which is used for shearing. 
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Figure 1 The shear piston used for shear cell analysis in the powder rheometer. Unlike the one used in the 

compressibility test, this one does not have a flat surface. 

 

2.9 COHESION  

As what was noted in the introduction, cohesion is a material property about how well 

materials of the same kind stick together with intermolecular bonds. The more cohesive, the 

less free flowing the powder is. Smaller and closely packed particles have higher cohesion 

since this decreases distance between individual particles increasing the force between them. 

The size and shape of the particles also effects the flow of powder, since depending on size 

and shape, varying surface area will exist and thus leading to more friction, as told in the 

article The Measurement of Cohesion in Powders [8]. It must be remarked to not be confused 

with adhesion, which is how well different materials sticks together. For example, tape is a 

common adhesive material used to stick the tape to a different material.  

   

2.10 HUMIDITY  

As water is introduced to the powder it could create oxide-layers on particles and water 

bridges between particles that affects the forces between the individual particles which may 

change the flowability-characteristics of the powder. [9] This means that a certain powder 

might flow well if dry but not at all if exposed to high humidity. To minimize the impact of 

humidity on tests, powders are heated in an oven for a set time to vaporize the water and keep 

tests consistent for all powders.  

  
2.11 COMPRESSIBILITY  

Compressibility is a property that denotes how much a powder can decrease in volume given 

an external pressure compresses it, as said in “The compressibility and compactibility of 

powder systems” [10]. It is also a property that can go hand in hand with cohesion and  

flowability, as is suggested by Tomas Jurgen [11]. A higher compressibility would hint at a 

higher cohesion.     
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3 METHOD  

  

3.1 OVERVIEW  

Multiple experiments were performed in the recently constructed metal powder lab at The 

Royal institute of Technology, KTH. Eight different metal powders will be examined and 

tested in five different tools to closely study their flow. At first the powder received from the 

industry is sampled/distributed to reduce the risk of unevenly distributed powder. A 

Rheometer and shear cell analysis is performed to find the powder compressibility, flow 

energy and shear resistance. Time is measured as 50g of metal powder flows through a Hall 

and a Carney flowmeter. The AOR and tap-density are measured. The powders were all be 

examined with microscopy where pictures were taken at high zooms (10-100 x). This would 

allow for a brief size and shape analysis of the particles, and particle sizes were estimated 

with data software.   

  For safety precautions, because the particles of the powder are so small and have a 

tendency to easily get up in the air, goggles and a facemask were used in order to combat the 

particles from entering mouths, nostrils and making contact with eyes. Gloves were also used, 

in order for powder to not make contact with hands, in case of there would be a situation 

where the hands could contact the face.   

  

3.2 POWDER MATERIAL  

All the provided powders were of steel. There were three different powder types used, of 

varying size for each type, except for Erasteel 420. The provided powders were only 

manufactured by two different companies, Erasteel and Höganäs.  

The powders examined can be seen in table 1. 

 
Table 1 Displays the materials used, and their particle size within a size range 

METAL POWDERS EXAMINED  

MATERIAL NAME Particle Size (µm) 

ERASTEEL 17-4 HP 0-15 

ERASTEEL 17-4 HP 15-53 

ERASTEEL 17-4 HP 63-106 

ERASTEEL 316L 0-53 

ERASTEEL 316L 15-53 

ERASTEEL 420 0-53 

HÖGANÄS 17-4 HP 0-75 

HÖGANÄS 316L 0-75 
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3.3 SAMPLE PREPARATION  

To prepare the metal-powders for testing all powders are distributed evenly into 10 glass 

containers in a powder riffle to avoid risk of unevenly distributing powder, in relation to 

particle size, impacting the results. The bulk powder was poured into a funnel and transported 

via a vibrating metal canal with a small slope creating a constant mass-flow. The powder is 

then dropped into the 10 glass containers which are spinning at constant rotations per minute.  

After this process, all 10 samples should have been of equal size and ready for testing. This 

was however not the case and three other samples were made from the some of the 10 glass 

contained samples, where some of them were combined, three samples of 50 g and two of 25 

ml were prepared and almost ready for testing.  

Before the tests were performed further preparation is needed to improve consistency. 

The moisture-level can greatly impact the way in which a metal-powder behave during 

testing. This level must be kept constant if comparison between powders is to be performed. 

All powder samples were heated to a temperature of 105 degrees Celsius in an oven for 30 

minutes to minimize the impact that humidity could have on powder-flow and in order to 

increase consistency between samples.  

  

3.4 RHEOMETER AND SHEAR CELL ANALYSIS  

To measure properties such as flow-energy, compressibility, and shear resistance the FT4 

Powder Rheometer from Freeman Technology was used. Before the tests could begin, a 

vessel had to be assembled and reassembled for each sample used. Because there was a 

limited number of vessels, cleaning of them was done, in order to be able to reuse them for 

the following tests. Each sample, of 25 ml, were always conditioned before the test began, and 

as was earlier explained, this was in order to keep the layout consistent between every sample. 

Once the samples are prepared, they are ready for testing in the Rheometer, two samples of 

every material are run through a flowability test, compressibility test and shear cell test. The 

results of the tests were displayed on the computer connected to the Rheometer.  

  

3.5 HALL/CARNEY TEST  

In the Hall and Carney tests, time is measured with a stopwatch as 50g of metal-powder flows 

through the funnel. Three different 50 g samples run the test to provide an average total time. 

This indicates how well the powder flows. If the powder didn’t flow through Hall, then 

Carney was used, and if it doesn’t flow through Carney, no time is measured, which resulted 

in a conclusion of the powder being poor or non-flowing.  

   

3.6 ANGLE OF REPOSE  

The angle of repose is the angle of the slope created as powder flows onto a circular metal 

plate from a set height. In the test, 25 ml of metal powder was poured into the funnel that was 

placed on a set height above the metal plate. As the powder flows onto the plate it creates a 
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pile of powder with a slope that was easily measured with the protractor that was attached to 

the device.  

The slope was measured three times around the pile to find an average angle of repose. 

These three measurements were 120 ° from each other.  The test was done with all three 

samples to reduce inconsistencies. Some powders did not flow through the funnel so repeated 

tapping on the angle of repose device was required in order to get the powder from the funnel 

to flow through to metallic base. The powders that required tapping was marked since this 

might alter the measured angle.  

  

3.7 IMAGE ANALYSYS  

A small amount of metal powder was spread out by hand on a circular metal plate, the powder 

was covered by Bakelite powder and hot-pressed in order to create a solid piece. The surface 

of the piece, in the direction of the sample was then grinded with fine sandpaper and finally 

polished to create an even surface with the particles on top visible in light microscopy. Two 

samples of every material were prepared, examined and photographed at high zooms to 

visualize individual powder-particles for further analyzing through ImageJ see figure 2, 3 and 

4 for examples of how this was seen.  

 

Figure 2 Picture of ES 17-4 HP 0-15 micron at 50x zoom. White circles are the powder particles. 
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Figure 3 Picture of figure 2 in black and white, ready for ImageJ analyzing. 

 
Figure 4 Picture of figure 2 analyzed in ImageJ. Particles are found, drawn and measured. 

In ImageJ all particles are found and has their area measured, assuming perfect circularity the 

particle-diameter can be estimated with basic math in excel (2).  
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Since the particle can be sliced anywhere a multiplying-factor of 0.5π is applied to estimate 

the real diameter: 

 𝐷 =  1
2⁄ × 𝜋 × (𝐴/3.14)1/2 × 2 

 

    (2) 

 

This gives an idea on powder size distribution, although very roughly, which will be used to 

find the mean diameter of the powders.    
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4 RESULTS  

  

4.1 POWDER EXPERIMETNS   

All powders have run through the same experiments and are ready for comparison. The results 

will be displayed in graphs comparing the powder-properties between all sizes and materials. 

There are plenty correlations and connections between the different powder-properties which 

will be discussed in the discussion. All the powder data displayed are taken from individual 

samples of each material, where these samples have been combined in order to create an 

average number.  

  A special notation to all the tables below, all material names besides ES420 have been 

shortened and will be referred as is written in the tables from here on now.  

  

4.2 SPECIFIC ENERGY  

Table 2 displays all powders specific energy for easy comparison. Specific energy measures 

the mechanical interlocking/friction meaning the powders resistance to flow. A high value 

indicates poor flowability with high friction in between particles.  

 
Table 2 Data taken from the flowability test on the Rheometer, for respective material. The y-axis denotes the 

specific energy, in mJ/g, for each material. 

 

 

4.3 SHEAR RESISTANCE  

In table 3, shear resistance is shown for all materials. Shear resistance is a measurement of the 

powders resistance to shear when exposed to external shear stress. High shear resistance 

indicates high cohesion and poor flowability.  
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Table 3 Data taken from the shear cell test on the Rheometer, for respective material. The y-axis denotes the 

shear resistance, in kPa, for each material. 

 

 

4.4 COHESION  

Table 4 displays cohesion calculated by the rheometer. Cohesion is a measurement of how 

well powder particles stick together with Van der Waals forces. High cohesion indicates 

sticky and poor flowing powder.  

 
Table 4 Data taken from the shear cell test on the Rheometer, for respective material. The y-axis denotes 

cohesion, in kPa,  for each material. 
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4.5 MEAN DIAMETER  

In table 5, the mean diameter size for particles found from image analysis is plotted for all 

powders. 

 
Table 5 Data taken from ImageJ analysis, for respective material. The y-axis denotes the mean diameter, in µm,  

for each material. 

 

 

4.6 COMPRESSIBILITY  

Table 6 shows all powders compressibility. It measures the powders volume decrease as it is 

exposed to an external force compressing the material. These values are found from 

compression at 15 kPa. High compressibility should indicate high cohesion because the 

powder is not closely packed as it starts compressing, resulting in a large volume decrease and 

compressibility.  
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Table 6 Data taken from the compressibility test on the Rheometer, for respective material. The y-axis denotes 

the compressibility, %, for each material. 

 

 

4.7 HALL FLOW  

In table 7, hall flow is shown for all powders. The fact that only three out of the eight powders 

managed to flow in the hall (and carney) is shown as “0” tells there is no measured value. It is 

noted that the three powders that managed to flow freely through the funnel in the hall and 

carney tests are the powders with low values on: specific energy, shear resistance, 

compressibility and angle of repose. The cohesion measured in the rheometer would suggest 

that H316 0-75 also would manage to flow freely with its low cohesion value. Ignoring this it 

is the three powders with lowest cohesion that flows.  
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Table 7 Data taken from the Hall flowmeter test, for respective material. The y-axis denotes the amount of time it 

took the powder to flow through the flowmeter, in seconds,  for each material. 

 

 

4.8 ANGLE OF REPOSE  

In table 8 the angle of repose is shown for all powders. The slope angle is measured as the 

powder forms a cone-like pile. The angle indicates how free flowing the powder is with a high 

angle of repose entailing a high cohesion and poor flowing powder. The results found from 

angle of repose testing strongly correlates with measurements from the rheometer such as 

specific energy and shear resistance proving the tests significance. 

 
Table 8 Data taken from the Angle of Repose test, for respective material. The y-axis denotes the angle of 

repose, in degrees, for each material. 
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4.9 HAUSNER RATIO  

In table 9, the Hausner ratio is displayed for all powders. The ratio is calculated from the 

results found from the auto-tapper testing where freely settled and tapped density is measured: 

𝜌𝑡. A high Hausner ratio should mean high cohesion and vice versa. There are some 𝐻 = ⁄𝜌𝑏 

correlations although not as strong as in other tests. 

 
Table 9 Data taken from the tap density test, for respective material. The y-axis denotes the Hausner ratio, no 

dimensions, for each material. 
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5 DISCUSSION  

  

5.1 RESULTS OVERVIEW  

The results found from the experiments display lots of correlations between experiments and 

different powders. Most of the results found seem to follow the science and theories found in 

the literature survey although there are some question marks as expected. It is noted that shear 

resistance, specific energy, angle of repose and hall flow all perfectly follow the same ranking 

for all powders. This is expected as poor flowability properties means that the powders 

resistance to flow is high, perhaps due to mechanical interlocking/friction and high cohesion, 

resulting in high values of shear resistance, specific energy, angle of repose, hall flow, 

compressibility and Hausner ratio. As the experiments performed all measure how free 

flowing the metal powder is, it is logical that they follow the same trend across experiments 

meaning a high value in angle of repose should indicate a high value in all other tests as 

explained earlier. 

 

5.2 CORRELATIONS 

 For example, as was noted by T. Jürgen [11], a higher compressibility goes hand in hand with 

a higher cohesion. The collected data shows however a different story. While the top 3 

powders in compressibility, see table 6, is linked to the top 3 in cohesion, the order is 

different, see table 4. This is further highlighted by how ES316 15-53 is at almost double the 

cohesion of ES17 0-15, but on the other hand barely lower compressibility than it. While 

ES17 10-53 has the highest compressibility, as well as having a cohesion in-between the 

previously mentioned powders. However, the least cohesive powder did display a lower 

compressibility, ES316 0-53. Although, it is of the same material as ES316 15-53, which 

displayed the highest cohesiveness and among the higher tiers of compressibility, yet their 

results differ greatly, see table 6.  

These two powders also don’t have a big difference in mean diameter size, see table 5. 

Compared to the powders of the ES17 series, those didn’t show such a big difference, while 

their mean diameter size isn’t much further apart from each other, than the ES316 series. 

Factoring in H316 0-75 makes the data even more curious, as it is the same material but by a 

different manufacturer. This samples from this powder showed the highest mean diameter size 

of the particles, yet lies in-between the ES316 series, regarding its properties.  

Looking at other powders, there isn’t really a coherent relationship between 

compressibility and cohesion as can be seen by comparing H316 0-75 to H17 0-75 and ES420 

0-53. The first mentioned of these powders had the lowest cohesion of the three, while having 

the highest compressibility of them, by a fair margin. It can be concluded that these two 

properties don’t really relate to each other very much, which had been theorized earlier in the 

report.  

There does however exist a correlation for the ES316 series of powders, between AOR, 

see table 8, Hall, see table 7, and cohesion. In this case, ES316 15-53 was not able to flow 

through the Hall flowmeter, while ES316 0-53 was able to do it. Furthermore, there was also a 



19  

  

big difference in AOR between them. ES316 15-53 displayed twice the AOR of ES316 0-53. 

In addition, large differences can be seen between them in every property shown.  

As to why there is such anomaly between these two powders isn’t exactly know. Their 

sizes as previously stated differ by a small amount. So, the most logical conclusions would be 

that the analyzed samples of ES316 15-53 in the microscope was not conclusive of the whole 

sample, or that label for the same powder was misplaced, or that the ImageJ analysis was 

made in error.  

For the Hall flowmeter tests, there is a clear correlation between it and AOR. There 

were only 3 powders that managed to flow through the Hall flowmeter, as well as the Carney, 

which is why the Carney results aren’t shown, these were ES17 63-106, ES316 0-53 and 

ES420 0-53. These powders also had the lowest AOR, 30.8; 23.4 and 27.9 ° respectively. The 

times were 21.4; 10.6 and 11.7 seconds respectively. These powders also were among the 

ones with lower cohesion as well. It could be safe to assume that the lower the cohesion, the 

more likely the amount of time for the powder to flow and AOR would be less. There are 

however oddities in regard to this, comparing AOR and cohesion for ES17 0-15 and 15-53 

sees a reversal in the relationship, where the latter displays a lower AOR while having a 

notably higher cohesion, as well as H17 and H316 showcasing near identical AOR, with a 

notable difference in cohesion. It also must be said that H316 is just below ES420, 0.37 vs 

0.38, in cohesion, while also not having flowed through the Hall flowmeter. Since there also 

inconsistencies in rankings between cohesion and AOR, a conclusion cannot really be made. 

It can however be noted the lower the angular of repose, the faster the powder flows, and in 

turn should entail a lower cohesion. So, for cohesion above a certain threshold, it’s relation 

with AOR may not be useful in comparisons. Where this threshold is, can’t be extracted from 

the results, however a good idea of where it could be, would be below 0.37, as seen in H316.  

Looking at shear resistance (table 3) and specific energy, see table 2, strong correlations 

are found. They perfectly match except for ES 316 15-53 has a higher shear resistance than 

both H17 0-75 and H316 0-75 although its specific energy is lower than the two. Other than 

this oddity, specific energy and shear resistance follow the ranking for all materials proving 

strong correlations. This is expected since both tests measures the powders resistance or 

energy needed to make the powder flow, (cohesion, friction and mechanical interlocking). 

Something interesting is the fact that only the three powders with the lowest values on shear 

resistance and specific energy (ES17 63-106, ES316 0-53 and ES 420 0-53) managed to flow 

in the hall/carney testing. These powders are also the “best performing” in compressibility and 

angle of repose as well as being three out of the four “best performing” powders in cohesion. 

The conclusion that metal powders with a specific energy lower than 2.15 mJ/g and a shear 

resistance lower than 12.93 kPa is free flowing when exposed to gravity in dry condition 

while larger values are more likely to not flow. 

 

5.3 IMPROVEMENTS 

When looking at materials chosen, it would have been better to make use of less material 

types, and instead have more of one material type of differing particle size and manufacturers 

to get a clearer picture of what and how properties correlate to one and another. This is 
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because the properties of the different material types can vary greatly. Another point to 

consider is to test samples before drying as well as after drying, in order to compare how 

much or little it can affect the end results. Some premature conclusions have been made 

regarding this in the report. 

  

5.4  ERROR SOURCES  

During the experiments, several errors and mistakes had been noticed. Among these, a notable 

one would be the loss of powder during different tests, as the powders tended to stick very 

hard to all kinds of surfaces. And because it tended to do so, there might have been some 

slight contamination between tests, as powder of one sort might have interacted with a 

previously used powder. This was something that had occurred very much on the sampler, 

and rheometer. In order to counteract this, the different components for the rheometer were 

thoroughly cleaned between each use, with paper and ethanol for drying. This was a process 

that started up after collecting data from some tests. However, there was still some leftover 

powder even after cleaning, specifically for anything of plastic. There was also some fatigue 

from cleaning, which may have made it sloppier the longer the sessions were, as there were a 

lot of components. One way to counteract this, would be to make use of a washing machine, 

as it would both save time and be more consistent between tests.  

  In addition, loss of powder happened also through spillage. There was a lot of powder 

that had to be moved in-between tests. For example, powder used in the flowability test, had 

to be poured back into a container and for the following, the powder was poured into a vessel. 

This had to be repeated numerous times. This is more notable for the powders that were 25 

ml, as they had been used between four to seven times. Since the same samples was used for 

AOR and rheometer, it would have been wiser to have made another sample for the AOR 

separately, to minimize the loss of powder between tests.  

  Furthermore, there were other sources of errors that had been found that was common, 

specifically for every test used besides the rheometer. This was the use of visual aid in 

determining angles for AOR, volume in tap density and time in the Carney and Hall 

flowmeters. Since these tools are predominantly made for visual aid, there isn’t much that can 

be done to relieve the errors that could have occurred. And if there was something like sensors 

attached to the tools, the cost would be too high for it to make a notable difference. As such, 

therefore several samples were used, and for some tests one sample had to be done several 

times to assemble an average of the collected data.  

  For the rheometer there was however one problem regarding splitting the vessels. 

While the samples were likely consistent between tests, the top of top of the vessels built an 

odd pattern on the surface of the powder when splitting. This shape didn’t appear for all the 

tests, and the reason for why it was created might have depended on how the vessels were 

assembled. Assembling the vessels had one make use of ambiguous markers on it and some 

moving parts. This could have been what caused all of it.  

Finding the powder-particle diameters with image analysis in ImageJ introduced lots of 

errors. This is due to restrictions from only analyzing in two dimensions as well as human 

errors in the ImageJ analyzing process. As the powder is only viewed in two dimensions it is 
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not possible to find the precise diameter or shape of the individual particles since only a slice 

of the particle is visible. As far as particle size go, some estimations are needed: particles are 

assumed to have perfect circularity and that the particles are cut randomly. With perfect 

circularity it is possible to calculate the diameter from the cut-area, this is an error since not 

all particles are perfectly spherical which might skew the results. As it is not known where the 

particles are sliced the estimation that they are randomly sliced is applied meaning a 

multiplication factor of 0.5π to counteract the fact that particles analyzed often get sliced far 

from the center displaying a particle smaller than its true size. This estimation includes the 

error that the particles are most likely not randomly sliced. There is no doubt a multiplication 

factor larger than 1 is needed to counteract the fact that particles aren’t always sliced at its 

maximum area. Another problem is overlapping particles analyzed/displayed as one large 

particle. To try and fix this error manual separation of overlapped powder particles in ImageJ 

is performed to find true particle size which of course isn’t error free.  To achieve an accurate 

result a more comprehensive three-dimensional analysis of the powders would be required.  
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6  CONCLUSION  

During the project, powder properties and their correlation to powder-flow has been examined 

and analyzed. The correlations seen in the results and discussed earlier are notable but with 

some deviations and errors comparing the results found to the science found in the literature 

survey. Note that the three metal powders that managed to flow in the hall flow test (Erasteel 

17-4 HP 63-106, Erasteel 316L 0-53 and Erasteel 420 0-53), see table 7, perform best in all 

tests except for cohesion, table 4, and Hausner ratio, table 9, where they place among the four 

best powders. Some properties had direct connections to each other, Angle of repose, table 8, 

and Hausner ratio, table 9, does display a coherent relationship with cohesion, table 4, with 

some exceptions, which is agreed upon on with found literature whereas a high cohesion 

should theoretically indicate a high Angle of repose and Hausner ratio. For a more precise 

result one would need to do both more and a wider range of experiments to minimize the 

effect of occurring errors.   
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