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Abstract 

 

As of today, polyamide 12 covers approximatively 

90% of the commercially and industrially relevant Laser 

Sintering (LS) materials. To ensure a reasonable growth 

of the LS market, new materials must be developed to 

enlarge the material portfolio. However, the design of 

novel LS materials is critical as they need to fulfil several 

criteria. Besides suitable intrinsic properties of the 

polymer like correct thermal, rheology and optical 

behaviour, the constitution of the powder and the particles 

are decisive for a successful processing. This article 

presents the advances done in the field of particle form 

characterization for LS powders and their impact on LS 

processability. By using a trio of form factors, the powder 

flowing behaviour can be accurately predicted and hence 

enables to screen potential LS materials on a reproducible 

and reliable way. 

 

Introduction 

 

The production volume of end-to-use industrial parts 

through additive manufacturing technologies has 

increased in the past years along with their acceptance 

among other conventional production technologies. Parts 

produced with Laser Sintering (LS) have been identified 

early on to provide high potential for industrial 

applications for several reasons [1].   Besides the 

identified advantages one of the main problems of a wider 

use of LS-technology is the lack of processable powders 

[2]. One reason for this can be found in the insufficient 

powder quality. Today, approximatively 90% of the whole 

LS materials processed worldwide are based on 

polyamide 12 (PA12). As can be observed in Figure 1 the 

demand of polyamide polymers in Europe is about 1Mt 

which represents only 2% of the total polymer demand. In 

2016, the worldwide laser sintering material demand is 

about 3kt according to Wohlers [1]. It means that the 

entire LS market covers only 0.6% of the yearly European 
demand for polymers.  
 

 
Figure 1. European demand of polymer based on type in 20151 

 

To a certain extent, the combination of a market 

based almost entirely on a single material that itself is 

considered as rather exotic in the portfolio of the polymer 

industry, renders a wider acceptance of the LS technology 

troublesome. Indeed, most companies insist upon having a 

second material source for their products in case a 

production shortage of material occurs. The LS 

community has not yet come to fulfil such requirements. 

 

 Therefore, over the past decade, numerous research 

groups along with companies have tried to understand 

why the PA12 works so well for this process [3] in order 

to come up with novel materials to fill the gap and secure 

a second material source. The present work contributes to 

the understanding of how important a consistent and 

reproducible analysis of the powder basis material is for 

successful LS processing. Based on flowability 

measurement coupled with particle size and shape 

distributions, the processability of LS materials is 

investigated and a comparison between analytically 

measured values and processing experience is performed. 

 

 

 

 

 

                                                           

1 Source : Plastics – The Facts 2016 (Plastics Europe) 



 

 

Theory 

 

Production methods 
 

Figure 2 presents the intrinsic and extrinsic parameters 

that directly influence the processing of polymer material 

onto an LS machine. The details of the various criteria 

required for an LS powder are presented in details by 

Schmid [2]. Powders used in the LS process exhibit 

generally sizes from few micrometres to a hundred 

micrometres. Finer polymer particles are not suitable for 

the LS process because they tend to agglomerate. At such 

dimensions, attractive Van der Waals electrostatic forces 

begin to surpass the gravitational forces and hence bring 

particles together. The form of particles is also thought to 

have a direct impact on the flowability of powders and 

subsequently on their packing behaviour. Thus, this article 

investigates the effect of particle shape on the LS 

processability but does not take the particle size into 

account. The packing behaviour of the powder during the 

LS processing hence defines to a large extent the amount 

of porosity present in the part’s microstructure. Because 

the molten viscosity of a polymer is much higher than this 

of a molten metal, the diffusion time of trapped air 

bubbles inside the molten material is longer than the time 

needed to process a layer. These reasons lead to 

investigate the effect of particle shape on the bed density 

and processing behaviour of polymer powder during the 

LS process. The shape of polymer particles is directly 

linked to its production method and post-processing steps 

that the powder might have encountered during its 

generation. 

 

 
Figure 2. Overview of the intrinsic and extrinsic polymer 

powder properties for the LS technology from Schmid [2]. 

 

The production of polymer powders in general and 

for the LS market in particular can be divided into 4 

different methods as presented in chapter 5 by Schmid [4]. 

 

 These methods are listed in Figure 3 along with 

Scanning Electron Microscope (SEM) pictures of 

commercially available LS powders prepared using said 

methods.  The PA12 powder represents more than 98% of 

the whole market and marketed by 3D Systems, EOS 

GmbH or even HP. This powder is produced by 

precipitation in industrial scale equipment where the 

polymer is dissolved at high temperature and pressure in a 

solvent. As the polymer is fully dissolved, the pressure is 

progressively reduced to let the polymer precipitate. In a 

later step, the solvent is evaporated and the powder can be 

collected. As seen in the SEM picture on the top left, the 

form of such particles is rather inhomogeneous and is 

generally referred to as a “potato” shape.  The PA12 

produced by Arkema as Orgasol Invent Smooth® presents 

a more homogeneous and sphere-like shape through the 

emulsion polymerization process. These particles can be 

observed in the top right SEM picture of Figure 3. Beside 

their homogeneous shape, the particle size distribution 

(PSD) of such a powder is narrow and quasi-monomodal. 

The process unfolds as follows: an incompatible mixture 

of monomer and solvent is stirred in presence of 

surfactants. The polymerization starts at a given time and 

finishes when all the monomers have reacted to form 

sphere-like polymer particles. The shape of the particles 

stems from the surface tension difference between the 

immiscible phases and minimization of the energy in the 

system. Finally, the solvent is removed by evaporation 

and the powder extracted. 

 
Figure 3. Polymer powder particles and their respective 

production methods. Top left: Duraform PA12® done by 

precipitation (scale 100 µm); Top right: Orgasol Invent 

Smooth® (Arkema) prepared by emulsion polymerization (scale 

200 µm); Bottom left: iCoPP produced by melt blending (scale 

200 µm); Bottom right: Duraform FLEX® powder produced by 

cryogenic milling (scale 80 µm). 

 

The melt blending production method enables the 

formation of particles that not only have a spherical shape 

but also smooth surfaces as can be observed in the bottom 

left of Figure 3. The iCoPP material, a polypropylene 

powder, is produced using this technology. The polymer 

is mixed with a resin, usually water-soluble, in an extruder 

at high temperature. The extrudate is a structure made out 



 

 

of polymer particles dispersed into a resin matrix. As for 

the emulsion polymerization, the surface forces will 

ensure the formation of polymeric spheres with a 

minimized surface contact with the resin, i.e. enable the 

formation of rippleless surfaces. Finally the resin is 

removed using a solvent, water in the case of water-

soluble resin, and particles are extracted and dried if needs 

be. All the above-mentioned production methods need 

special equipment and skilled people to operate. The 

knowledge of materials’ nature and interactions is of 

utmost importance. For these reasons, powders produced 

by such methods are rather expensive.  The last method 

has been extensively used in the past years by newcomers 

in the LS market. The apparent simplicity of cryogenic 

milling/grinding processing led to the production of 

numerous materials that have been investigated for LS 

suitability. For the production of powder, one needs 

polymer pellets, liquid nitrogen to cool them down well 

below their glass transition temperature and a mill that can 

shred such pellets in the micrometer range. This method is 

the most cost effective in the list.  Unfortunately, the 

shredding at low temperature leads to brittle fracture of 

the polymer and hence produces particles with sharp 

features and inhomogeneous shapes. The size distribution 

of such powders is normally quite broad and includes an 

important amount of fine particles that tend to 

agglomerate at higher temperature. It has been observed 

that grinded powders performed less well in the LS 

process and the reasons for that are to be found in the 

shape and size of such particles. 

 

Form Factors 

 
The development of particle shape indices is mostly 

based on the description of bi-dimensional pictures 

obtained by microscopy as presented in details by Allen 

[5].  Even though a particle is three-dimensional by 

definition, no technique exists to determine 3D shape 

parameters. Nonetheless, by using a statistically 

significant amount of particles in a measurement, the 

likelihood to measure the feature of identical particles in 

all orientations is high. Three of these shape descriptors 

are presented in Figure 4. Based on experience gained in 

the field of polymer LS processing at inspire icams, these 

factors were identified to be a suitable combination to 

fully characterize a particle’s shape in relation to the LS 

process. 

 

 
Figure 4. Bi-dimensional microscope picture of a PA12 particle 
with characteristic geometrical features. 
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Figure 4 shows the reproduction of a particle, in black, 

sampled by optical microscopy. The fitted ellipse has an 

equivalent area and barycenter as the particle. The axes of 

the ellipse are the major and minor axes and the convex 

hull of the ellipse is the dash-dotted blue line. The 

investigations about particle shape have been performed 

using the Image J program [6] where shape descriptors are 

presented. The Equation (1) stands for the Aspect Ratio 

(AR). It is computed as the ratio of the major to the minor 

axes of the particle’s fitted ellipse.  The Solidity (SSol) 

presented in Equation (3) describes how “dense” a particle 

is. The Solidity is given as the ratio between the particle 

area to the area of its convex hull. The “elliptic” 

smoothness (ES) factor is not calculated by Image J but 

using a MATLAB script that follows Equation (3). It is 

the reciprocal value of the “smoothness” presented in 

1989 by Sugimoto [7]. This factor gives information about 

the roughness of the particle’s surface as can be 

recognized in Figure 4. The ellipse perimeter is expressed 

according to the approximation identified by Ramanujan 

[8]. This novel factor is a combination of circularity and 

solidity but based on an elliptic shape and not a circle. It 

describes the elongated particles more closely than it 

would for the circularity. 

 
Powder flowing and packing behavior 

 
Numerous devices and methods for measuring 

powder flowability of a powder are available on the 

market. However, most of them are only qualitative and 

measure the flowability of a powder from different 

compaction states which ultimately makes them 

complementary. Amado provides a deep investigation of 

the different measurement setups in general and 

particularly for the case of LS [9, 10]. According to 

Amado, all these methods determine the flowability of a 



 

 

powder either in a static or in a dynamic way. However, 

he states that the most suitable way to perform flowing 

behavior analysis for LS powder are to measure them in a 

drum illuminated from the back and looking at how the 

avalanches and the surface of the powder behaves under 

rotational stresses [10]. The method of the rotational drum 

is commercially available at Mercury Scientific Inc. [11] 

under the name of the Revolution Powder Analyzer 

(RPA). 

 

 
Figure 5 Principle of the Revolution Powder Analyzer from 

Mercury Scientific Inc. 

 

The apparatus is able to give information on the 

flowability, the particles’ behavior under low shear stress, 

and the fluidization, or the particles’ behavior under 

higher shear stress. The reason for the decision was 

supported by the fact that no other powder flowability 

setup was capable of performing a dynamic measurement 

on a powder compaction state lying between loose and 

compacted. As observed in Figure 5, the setup is 

composed of a drum filled with a predefined amount of 

powder. The drum is closed at each end by glass 

windows, letting the light from the back illumination 

reach the camera set in the front. From RPA 

measurements, many factors can be determined to 

characterize different aspects of each avalanching event. 

This study will only take both the avalanche angle (AA) 

and surface fractal (SF) into account. The AA corresponds 

to the dynamic angle of repose widely spread in the 

literature. It is calculated as the angle between the powder 

surface before an avalanche occurs and a horizontal 

reference. An avalanche is categorized regarding the 

avalanche threshold, i.e. the minimum potential energy 

difference between two consecutive images. To 

characterize the slope of the powder surface more 

precisely, only the left half of the powder-air line is taken 

into account. The higher the AA, the poorer the 

flowability, i.e. water would almost reach an AA of 0 at 

low rotational speed. The SF is calculated as the fractal 

dimension of the surface line between the powder and the 

air. It gives an indication about the roughness of the 

separation line, a smooth line would present a value 

around 1 while a rougher surface will increase, up to 

about 5-6 for bad flowing LS powders.  

 

From the RPA experiments, information about the 

packing behavior of a powder can be gathered. The 

powder is filled into a 25 ml container and tapped until no 

powder can be added anymore. The container is weighed 

and enables the computation of the powder tapped 

density, or ρT [g/cc]. As the powder is filled into the drum, 

it is undergoing a homogenization step at low speed 

before measurement. After the preparation, the powder is 

an unconstrained state and its volume can be used for 

determining the bulk density, or ρB [g/cc]. Both values are 

further used to compute parameters about the compaction 

and flowability indices of powders. The Hausner Ratio, 

HR [-] defined in Equation (4), has been developed by 

Hausner [12] and the compressibility, C [%] as defined in 

Equation (5): 
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Both factors allow getting an impression of how 

powder particles get compacted and thus help assessing 

the magnitude of interparticle interactions. If these forces 

are high, the particles tend to behave in a cohesive manner 

and present a high difference between the freely settled 

and the mechanically tapped volume. On the other hand, if 

particles are subject to weak interparticle forces, they will 

flow without hindrance and the difference between the 

freely settled and the tapped volume will be small. The 

Hausner ratio can take values between 1 and above. 

Hausner and Geldart [13] have been working on the same 

subject and came to the same conclusion about the 

classification of powders. For values below 1.25, powders 

are free flowing. In the range 1.25-1.4 the powders show a 

combination of cohesive and free flowing behaviors while 

powders with ratios above 1.4 are cohesive. 

 

 

Materials and Methods 

 
Materials 

 
The materials used for the present work are a mixture 

of commercially available materials and research 

materials based on different kind of polymers and 

production methods. The list below presents the materials, 

their origin and their production method. 

₋ iCoPP: commercially available polypropylene 

produced by melt blending 

₋ Duraform PA12®: commercially available 

polyamide 12 produced by precipitation 

₋ Orgasol Invent Smooth®: commercially available 

polyamide 12 produced by emulsion polymerization 

₋ Duraform FLEX®: commercially available 

elastomeric material on polyester basis produced by 

cryogenic grinding 



 

 

₋ PEBAX® Black R&D: research elastomeric material 

produced by cryogenic grinding 

₋ Laser PP CP 20®: commercially available 

polypropylene powder (Diamond Plastics) produced 

by cryogenic grinding 

₋ PA12 Black R&D: research black polyamide 12 

material produced by cryogenic grinding. 

The materials are processed on a DTM Sinterstation 

2000 with optimized parameters for each material. 

 

Flowability Measurements 

 
The Avalanche Angle and Surface Fractal 

measurements are performed with 25 ml of powder tapped 

into a cylinder using the Revolution Powder Analyzer. 

The rotation rate is set at 0.6 rpm. The AA and SF are 

averaged over 3 runs of 128 avalanches each. The AA is 

measured in degrees while the SF is dimensionless. 

 

Powder form distribution 

 
The powder particles are dispersed in a solvent in a 

glass cup. The solvent is ethanol for the particular 

powders investigated here. The glass cup is placed under a 

microscope and pictures of the well dispersed particles are 

taken. At least 2000 particles are sampled to get a 

reasonable statistical significance. The pictures are 

subsequently post-processed using the Image J software 

that computes the form factors and sizes of the sampled 

particles. A MATLAB script finalizes the form factors 

calculations and displays the particle size and form 

distributions. Because the resolution of the microscope 

used for these investigations is relatively low, i.e. 1.79 

µm/pixel, it was decided to only take particles that present 

an area of 34 µm² (i.e. diameter of 6.6µm) and present an 

Es greater than one. Elliptic smoothness factors that take 

values below 1 are thought to be biased by the low 

resolution because the fitted ellipse should present a 

perimeter smaller or equal to this of the particle.  

 

Results and discussion 

 

Figure 6 summarizes the distribution of shape factors 

for the investigated powders. The left column gives the 

relationship between elliptic smoothness with particle size 

based on the diameter of an equivalent circle. The middle 

column presents the relation between the elliptic 

smoothness and the aspect ratio of the particles while the 

column on the right shows the relation between solidity 

and elliptic smoothness. 

 

For each polymeric powder, the mean elliptic 

smoothness is given along with its standard deviation. All 

the graphs presented in this figure have the same scale for 

the ordinate value, going from 0 to 3. The mean elliptic 

smoothness increases from top to bottom of the figure. 

The three first materials, iCoPP, Duraform PA12® and 

Orgasol® all present homogeneous and narrow 

distributions of shape factors. The mean values along with 

their standard deviations are low. These materials have 

particles that have a form that is not dependent on their 

sizes. The distributions of the Es factor are rectangular 

which hints at an independency between size and surface 

roughness of these particles.  However, the relation 

between the Es and AR shows that elongated particles tend 

to have a rather low Es while isotropic particles (AR ~1) 

are more “riddled” with high Es. 

 

 
Figure 6. Overview of the relationships between Elliptic 

Smoothness, particle size, aspect ratio and solidity for the whole 

range of investigated materials. 

 

The shapes of the particles shown in Figure 3 correlate 

strongly with these results. The spherical particles from 

Orgasol® have low aspect ratios compared to the potatoes 

forming the Duraform PA12® but higher Es and AR than 



 

 

the perfectly spherical iCoPP particles. The solidity factor 

follows the same trend. There is thus a strong correlation 

between the optical observation and the quantitative 

values obtained from the particle shape analysis. The four 

last materials have all been produced by cryogenic 

grinding. The difference between the powders that have 

been cryogenically grinded and the powders processed 

with the remaining methods is striking. The milled 

powders present much wider distributions resulting in 

higher means and standard deviations.  

 

These differences in distributions of shape factors 

have been correlated by the operators on the LS machines 

based on a qualitative and experience-based processability 

scale as presented in Figure 7. 

 

Figure 7. Particle shape number distribution of the different 

materials based on the elliptic smoothness. The gradient-filled 

triangle expresses a qualitative and experience-based 
processability scale for the LS technology. 

  

According to the operators, the powders that present 

an important variation of shapes with convoluted and 

intricate forms are more likely to spread in a bad manner 

and produce powder beds with poor density and 

homogeneity. The distributions of the elliptic smoothness 

throughout the different powders are right-skewed which 

hints at a higher fraction of particle presenting low Es. 

However, the trend of increased mean and standard 

deviation from Figure 6 is visually supported by the series 

of distributions presented in Figure 7. The correlation 

between the qualitative classification from the operators 

and the homogeneity of the powder bed is highlighted in 

Figure 8. 

 

 
Figure 8. Powder bed state during LS processing. Top left: 

iCoPP (melt blending); Top right: Duraform PA12 

(precipitation); Bottom left: Laser PP CP 20 (cryogenic 
grinding); Bottom right: PA12 black R&D (cryogenic grinding) 

 

From Figure 8, one can observe the state of the 

powder bed of different materials that present different 

particles morphologies. The empirical observations 

hinting at lower spreadability of powders with irregular 

particles have been observed at different temperatures 

during the preparation steps of different builds. The 

spreadability does not necessarily worsens with increasing 

temperature but powders that spread badly at low 

temperature are more likely to spread badly at elevated 

temperatures. One sign of bad spreadability in the LS 

process is linked to the inability to form homogeneous and 

dense powder beds. 

 

 
Figure 9 Effect of form factors on the powder packing behavior; 

Left: Relative bulk density of the powder; Right: Relative tapped 

density of the powder. 

 



 

 

This behavior is correlated by the graphs presented in 

Figure 9. Indeed, powders that present low shape factors 

achieve much higher relative bulk and tapped density than 

their counterparts with broader distributions of irregular 

and complex particles.  The results presented in Figure 9 

do not include the Laser PP CP 20®, as its measurement 

using the RPA could not be performed. However, the 

trends of lower AR, lower ES and higher SSol for achieving 

dense powder beds is confirmed by the simple linear 

regression performed on this set of data. Interestingly 

enough, the relations based on the elliptic smoothness 

factor present a high coefficient of determination, or R². 

The equation of the linear relation is marked in red for 

both graphs. This high coefficient of determination 

enables to explain most of the variation encountered in the 

linear model. Based on these models, there exists thus a 

high probability that isotropic and smooth particles 

achieve well compacted powder beds. These findings are 

supported by the graphs of Figure 10 where the shape 

factors are plotted versus the Hausner ratio and the 

compressibility factor defined in Equations (4) and (5). 

 

 
Figure 10 Effect of form factors on the powder compaction 
behavior; Left: Hausner ratio; Right: Compressibility. 

 

The Hausner ratio of the powders investigated varies 

from 1.20 for iCoPP, showing free flowing powder 

behavior, to more than 1.50, for both Duraform FLEX® 

and PEBAX® black R&D, showing cohesive powder 

behavior. Even though the coefficients of determination 

are lower than for the powder density relations shown in 

Figure 9, the tendency that isotropic, compact and smooth 

particles flow better is also observed. A possible 

explanation for this behavior lies in the fact that the 

friction between particles is lower for spheres with 

smooth surfaces than for star-like particles with sharp 

edges that have more contact surface and possibilities to 

interact or lead to mechanical interlocking. Reciprocally, 

the more complex the particles are, the more they can be 

compressed by rearrangement. Indeed, it is difficult to 

compress an assembly of monomodal smooth spheres to 

more than the random close packed state of 64% without 

deforming them. However, an assembly of dissimilar and 

complex particles can be compressed to a greater extent as 

the particles have more “degrees of freedom” to reorient 

and pack closely together. This effect can be distinctly 

observed on the basis of the results presented above.  

 

The flowing behavior of the powders investigated in 

the present work is corroborating the findings of the effect 

of particle form on the packing density as well as on the 

compaction ability of a powder. The Figure 11 presents the 

relation between the elliptic smoothness factor and the 

avalanche angle and surface fractal. In both cases, an 

increase of the surface roughness of a particle tends to 

worsen the flow of powder. The avalanche angle and the 

surface fractal parameters both increase linearly with the 

elliptic smoothness factor. A high avalanche angle is a 

manifestation of cohesion throughout a powder. 

Moreover, the more complex the frontier between the 

flowing powder and the air is, the more the powder is 

agglomerated and builds clumps that strongly affect the 

flowability of the powder. 

 

 
Figure 11 Effect of the elliptic smoothness factor on powder 

flowability behavior; Left: avalanche angle; Right: surface 

fractal. 

 

From Figure 11, it is not only possible to observe the 

linear relationship between both flowability indicators and 

the surface state of a particle but also note that the less 

homogeneous a powder is, i.e. large standard deviation, 

the worse it tends to flow. A high disparity among 

particles will lead to more friction and interactions than if 

all particles are compact and spherical. The elliptic 

smoothness approximates much better the behavior of the 

surface fractal than this of the avalanche angle with the 

investigated powders.  

 



 

 

 

Conclusions 

 

The LS powder volume processed yearly is still a 

niche market compared to the worldwide polymer 

consumption. This technology is based on a complex basis 

material that has not yet been fully understood. There are 

numerous parameters that need to be harnessed to enable a 

successful production of parts using LS. Unfortunately 

this lack of understanding reflects the delicate position of 

the LS industry where almost only a single material 

performs properly. 

 

The present work highlights the importance of a 

detailed powder characterization. This analysis helps to 

categorize powders and predict their processability by 

means of simple measurements. A combination of particle 

form factors can be used to predict both the packing and 

flowing behavior of LS powders. By using the trio of 

parameters, namely elliptic smoothness, aspect ratio and 

solidity, one can anticipate the spreadability of a powder 

on an LS machine. However, as shown in Figure 2 there 

are many other parameters that need to be taken into 

account for producing a good LS powder but getting a 

powder to spread homogeneously onto the powder bed is 

of utmost importance for achieving reasonable density and 

thus mechanical properties of parts.  It is believed that 

uniform and spherical particles with smooth surface will 

flow homogeneously and pack densely but will be less 

likely to be compressed to further increase the powder bed 

density. 

As a recommendation for the development of new 

powders for the LS process, milling and cryogenic 

grinding of pellets is surely the most cost-effective 

powder production method. However, as presented here in 

details, the resulting powder particles do not only pack 

loosely, they flow in an inhomogeneous manner and 

erratically. This poor powder bed consolidation and 

presence of agglomerates leads to low mechanical 

properties and thus bad parts. If the only way is to 

cryogenically grind some pellets, a post-processing step to 

round the particles up and removing the finer fractions are 

of utmost importance. Unfortunately, each additional 

processing step increases the cost of the final powder 

material. 

 

Outlook 

 

For the present models to be more accurate, such 

investigations should be applied to further polymeric LS 

powders. The development of an LS material database 

based on shape factors could help gather information and 

trends about potential future LS materials to enlarge the 

existing portfolio. Finally, an optimization of the particle 

form analysis should be undertaken for improving not 

only the precision of the measurement but also take into 

account the whole size range of powder particles.  
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