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Highlights 
- new process chain for producing LBM polymer powders with good flowability 

- wet grinding of commercially available polymer granules allows for small product size 

- rounding of polymer grinding product in a downer reactor 

- nanoparticulate surface modification by dry coating increases surface roughness 

- improvement of flowability of rounded polymer microparticles by dry coating 
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Abstract 
Rapid prototyping has been applied so far in the production of special parts at low piece 

numbers. Currently, ‘rapid prototyping’ gradually is transferred to additive manufacturing 

opening new applications. At present basically only polyamide (PA) is available as an 

optimized powder material showing satisfying behavior during processing in Laser Beam 

Melting (LBM). Other types of polymer powders produced by cryogenic grinding show poor 

powder flowability as well as an unfavorable particle habitus resulting in poor device quality. 

In fact, it is challenging to produce laser sintering powders with small particle size, good 

flowability and processability. 

We present a novel process chain for the production of spherical polymer micron-sized 

particles of good flowability that can be applied to a large variety of polymers: in a first step 

polymer particles are produced by a wet grinding method that are rounded in a second step 

using a heated downer reactor. To increase the flowability of the cohesive spherical polymer 

particles further nanoparticles are adhered to the particle surface in the third step. We 

demonstrate an increase of powder flowability by a factor of 5. The influence of particle 

habitus and nanoparticle functionalization on powder flowability is discussed in detail. 

 

1. Introduction 
Rapid prototyping applications are mainly applied in the production of special parts at low 

piece numbers offering the possibility to produce tailor-made designs by formless 

manufacturing. Currently, an increasing demand to widen the field of application is 

noticeable, i.e. ‘rapid prototyping’ gradually is transferred to additive manufacturing. 
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However, up to now there are still several major restrictions [1]: Besides limitations that are 

due to intrinsic peculiarities of beam-based additive manufacturing processes like laser beam 

melting (LBM), c.f. processing speed, one drawback is the very limited range of powder 

materials commercially available. In the case of LBM, for example, currently only polyamide 

(PA) is available as an optimized powder material with good flowability and optimized 

behavior [2, 3]. At present polyamide makes up 95% of the total market of laser sintering 

powders [1]. So far, other types of polymer powders have been evaluated for LBM processes 

e.g. produced by cryogenic grinding. These materials frequently show poor powder 

flowability and, thus, low packing density, unfavorable particle habitus and often 

inappropriate particle size distributions [4]. In fact, it is a highly challenging task to produce 

laser sintering powders with good flowability and processability: with decreasing particle size 

the ratio of van der Waals force and weight increases leading to agglomeration [5]. In 

consequence, powder deposition problems during LBM processes need to be overcome. 

Additionally, poor powder flowability frequently is accompanied by low bulk density [6]. In 

consequence, pores and inhomogeneities in the packed bed occurring during powder 

deposition of cohesive powders leads to poor quality of the resulting LBM processed devices. 

 

We present exemplarily for polystyrene (PS) a process chain that is feasible for a large 

variety of polymer materials (see Figure 1): in the first step polymer micron-sized particles 

are produced by a wet grinding method proposed recently [7]. In a second step using a 

heated downer reactor, the irregular shaped particles obtained by comminution are rounded. 

To even further increase the flowability of the spherical micron-sized particles, nanoparticles 

are adhered to their surface by a dry particle coating process [8, 9]. 

The successful increase of powder flowability after the consecutive process steps has been 

monitored using a tensile strength tester [10, 11]. The influence of particle habitus and 

nanoparticle functionalization density on powder flowability is discussed. 

 

 
Figure 1: Process chain for the production of spherically-shaped thermoplastic micron-sized 

particles. 
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2. Materials and methods 
2.1 Materials 
The approach proposed for the production of spherically-shaped polymer particles in the size 

range of 5 to 50 µm with good powder flowability has been exemplified for polystyrene (PS). 

As raw material amorphous PS (PS, Roth, granules sized approx. 4 mm) of a density of 1.05 

g/cm3 has been used. To obtain an appropriate feed particle size for the wet grinding 

process, the polymer granules have been pre-ground using a rotary impact mill Pulverisette-

14 (Fritsch) equipped with a pin rotor and a 0.5 mm sieve ring at 20,000 min-1 using liquid 

nitrogen cooling. The particle size distribution of the PS feed material (x50,3 = 123 µm) used 

for wet grinding is given in Figure 2. It exhibits a quite broad distribution with a x10,3 of 40 µm 

and a x90,3 of 263 µm (span (x90,3-x10,3) / x50,3 = 1.80). For the wet grinding process denatured 

ethanol (95 %, VWR) has been used as solvent. 

Fumed silica R1 (Evonik Industries) with a primary particle size of 7 nm has been applied for 

nanoparticulate coating of the broken and rounded micron-sized PS particles. 

 

 
Figure 2: Particle size distribution (volume, density q3 and cumulative Q3) of the pre-

comminuted PS feed material (Carl Roth) as determined by laser diffraction particle sizing. 

 

2.2 Characterization methods 
2.2.1 Differential Scanning Calorimetry (DSC) 
DSC characterization of the PS particles was performed at a heating rate of 20°C min-1 using 

a DSC8000 (Perkin Elmer). The glass transition temperature of the PS feed material was 

determined to be Tg = 89.5 °C (see Supplementary Figure A). No pronounced change of the 
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glass transition temperature due to processing is observed: for the PS comminution product 

Tg = 90.2 °C was found. The rounded product exhibited a glass transition temperature of Tg = 

90.9°C. 

 

2.2.2 Laser diffraction particle sizing 
Particle size distributions of the respective product suspensions obtained by the wet grinding 

process as well as of suspensions of the rounded particles have been determined by laser 

diffraction particle sizing using a Mastersizer 2000 / Hydro 2000S (Malvern). In the case of 

wet grinding, the concentrated ethanolic suspensions have been diluted as appropriate prior 

to measurement with deionized water under addition of small amounts of sodium dodecyl 

sulphate (SDS, 98% (Merck)) to ensure dispersion stability. In the case of rounded product 

particles appropriate amounts of the powder have been added to an aqueous SDS solution. 

Subsequent ultrasonic treatment has been performed to obtain a suitable dispersion for 

particle size measurements. 

 

2.2.3 Scanning Electron Microscope (SEM) 
The rounded polymer micron-sized particles as well as the quality of the nanoparticle coating 

have been characterized by scanning electron microscopy (SEM) using a Gemini Ultra 55 

(Zeiss) device equipped with an InLens detector. An acceleration voltage of 1 kV has been 

used. SEM images were taken at appropriate magnifications in order to evaluate the coating 

quality of the composite particles obtained. 

 
2.2.4 Powder flowability 
Flowability measurements were conducted using a Zimmermann tensile strength tester [10] 

modified according to Meyer et al. [11]. The tensile strength tester is capable of determining 

inter-particle forces appearing in almost uncompacted powders. For details see section 2.4.4. 

 

2.3 Experimental setup 
2.3.1 Comminution (wet grinding) 
Wet grinding experiments have been performed using a batch stirred media mill PE5 

(Netzsch). Mass fractions of approximately 10 % and 19 % of milling material have been 

used in this study. A stress intensity (see section 2.4.1.) of 1.91*10-3 J was applied by setting 

the stirrer tip speed to 6.3 m s-1 equaling 800 min-1 and using Yttria-stabilized ZrO2 grinding 

beads (YSZ, Tosoh) of a density of 6050 kg m-3 and a diameter of 2.0 mm. Approximately 

14.3 kg of grinding beads have been introduced into the grinding chamber. The process 

temperature has been adjusted to 20 °C using the thermostat device unistat905w (Huber) 

and was kept constant to +/- 2 °C over the process time. 
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2.3.2 Rounding (downer reactor) 
The particle rounding was performed in a downer reactor made of stainless steel with a 

length of 1,600 mm and a diameter of 25 mm equipped with a three stage heating system. 

Nitrogen (purity 5.0; Linde Gas) is used as carrier and sheath gas to minimize aging effects 

(oxidative degradation) of the treated polymer material. The edged polymer particles (PS) 

were dispersed using a PALAS RGB 1000 powder disperser with brush. The shear forces 

applied are known to be sufficient for deagglomeration of fine powders with a low density 

such as the polymer material used [12]. 

The aerosol was fed into the downer reactor where the polymer particles were molten and 

the rounding process was performed. The setup of the reactor and its aerosol inlet is outlined 

in Figure 3: In order to minimize the contact of molten polymer particles with the reactor 

walls, a special aerosol inlet is necessary. The polymer particle aerosol enters the downer 

reactor system in the center of the reactor cross section as a primary gas flow by an inner 

tube with a diameter of 10 mm. A secondary gas flow was applied as a sheath gas flow in 

order to guard the aerosol in the center of the cross section. The secondary gas flow enters 

the reactor zone using an outer tube with a diameter equal to the diameter of the downer 

reactor. To achieve a homogenous gas distribution, the secondary gas flow inlet is equipped 

with a sintered metal plate (GKN Sintermetals). 
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Figure 3: left: Downer reactor with aerosol inlet shown in detail, right: Temperature profile in 

the reactor system. 

 

In order to determine appropriate temperature regimes for rounding of the PS comminution 

product in the downer reactor, the temperature profile for the different heating zones of the 

three stage heating system was determined using a Type K thermocouple. 

Figure 3 shows the measured temperature distribution along the reactor length L (vertical 

direction). To melt the polymer, the temperature in the first heating zone of the downer 

reactor used is set 100 to 110 °C above the glass transition temperature of PS: The 

temperature in the consecutive two heating zones is subsequently lowered to achieve a 

stepwise solidification of the spherical particles. Moreover, this stepwise reduction of 

temperature allows to minimize any degradation of the polymer during the rounding process. 

Heating well above the glass transition temperature of the polymer is still necessary in the 

second heating zone allowing for complete rounding of the irregular particles (for details see 

section 2.4.2.). The last cooling step to room temperature was achieved by a reactor part 

without a heated surrounding. At the reactor outlet the rounded polymer product particles 

were collected onto a PTFE filter membrane (BOLA) with a pore diameter of 0.2 µm. 

 

2.3.3 Dry particle coating 
Dry particle coating processes of comminuted (irregular) and rounded PS host particles, 

respectively, were conducted using a tumbling mixer (T2F, Willy A. Bachofen AG). The PS 

host particles were mixed at 49 min-1 in an aluminum bottle of a total volume of 300 ml for 

1 hour applying 1.0 wt% hydrophobic fumed silica guest particles R1 to obtain a 

homogeneous distribution of guest particles on the host particle surface. 

 

2.4 Theoretical background 
2.4.1 Wet grinding in stirred media mills – stress energy and stress number 
Grinding in stirred media mills can be described according to Kwade [13] by the quantities 

stress energy SE and stress number SN where the mass specific energy is given by the 

product of SE and SN. SEmax, the maximum energy that may be transferred to a product 

particle upon collision of two grinding media (see equation 1), equals the kinetic energy of 

the grinding media scaled with a factor Φ taking the respective Young’s moduli of grinding 

media and feed material into account [14-16]: 

(eq. 1) 
GMmat

GM
GM

2
tip

3
GMGM

2
tip

3
GMmax EE

EvdvdSE
+

⋅⋅⋅=Φ⋅⋅⋅∝ ρρ  

dGM: grinding bead diameter, vtip: stirrer tip speed, ρGM: density of grinding beads, EGM: 

Young’s modulus of the grinding media, Emat: Young’s modulus of the feed material. 
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In the case of polymer feed material and zirconia grinding beads this energy transfer 

coefficient Φ is close to unity [7]. Due to dissipation phenomena like e.g. viscous dampening 

(see [7, 16, 17] for details), the stress energy actually transferred to the product particles 

SEmat (see equation 2) may be substantially lower than SEmax. 

(eq. 2) 
2
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η
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⋅

⋅⋅
=

9
dvSt GMGMGM

GM  

StGM: Stokes number of grinding media, x: product particle diameter, vGM: velocity of grinding 

media, η: suspension viscosity. All stress energies SEmat mentioned below have been 

calculated according to equation 2. 

The definition of the stress number SN is given by equation 3. It depends on the 

concentration of the product suspension cv, stirrer speed n, process time t, grinding bead 

diameter dGM, the volume fraction of the grinding beads ϕ, and packing density (1-ε). 

(eq. 3) 
( )
( )( ) 2

GMv d
tn

c11
1SN ⋅

⋅
⋅−⋅−

−⋅
∝

εϕ
εϕ

 

 

2.4.2 Downer reactor for particle rounding 
The effect of surface tension on the shape of fluids and solids in a molten state is well-known 

[18, 19]: the fluid attempts to minimize the total surface area and, thus, will form a spherical 

shape. This effect is used to round the irregular particles obtained by the grinding process. 

The downer reactor offers the possibility to melt single particles whilst minimizing the 

contacts between two or more particles as well as the hot reactor walls. 

By a concurrent flow of particles and gas back-mixing of the gas can be avoided [20] allowing 

a well-defined residence time distribution (RTD) of particles [21]. This aspect is important 

since polymer particles tend to age at elevated temperature [22], i.e. thermal degradation of 

the polymer chains and molecular structures may lead to reduced mechanical strength [23]. 

A narrow RTD of the particles in the heated reactor zones adjusted to the melting times 

minimizes simultaneously aging effects. 

In order to estimate the time necessary to heat the feed to the gas temperature in the melting 

zone of the downer reactor the heat transfer rate from gas (in this case nitrogen) to the 

polymer core (here PS) is calculated. Due to the low temperatures any heat exchange due to 

radiation can be neglected. In our case, heating of the polymer particles to the melting 

temperature is mainly due to convective and, respectively, conductive heat transfer from the 

surrounding gas to the particles. 
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The change of the internal energy of the particles equals the heat flow from the gas to the 

particle. The heat transfer is calculated assuming Nu=2. 

(eq. 4) 𝑐𝑐𝑝𝑝,𝑃𝑃𝜌𝜌𝑃𝑃
𝜋𝜋
6
𝑥𝑥3∆𝑇̇𝑇 = −2𝜋𝜋𝜋𝜋𝜆𝜆𝑔𝑔∆𝑇𝑇 

cp,P is the specific heat capacity of the polymer, 𝜆𝜆𝑔𝑔 the thermal conductivity of the surrounding 

gas, T the temperature, ρp: polymer particle density, x: polymer particle diameter.  

The starting temperature difference ∆T0 is given by the difference of the respective gas 

temperature which was determined to TGas= 473 K (see Figure 3) and the particle’s 

temperature which was assumed to ambient temperature (TParticle = 293 K). The time t 

necessary for heating the feed to 0.99*TGas was estimated by equation 5 taking ∆T = 

0.01*∆T0 into account. 

The solution of equation 4 with respect to the temperature increase ∆T with time t and a 

constant temperature of the surrounding gas is as follows: 

(eq. 5) ∆𝑇𝑇
∆𝑇𝑇0

= 𝑒𝑒𝑒𝑒𝑒𝑒 �−12 𝜆𝜆𝐺𝐺𝑡𝑡
𝜌𝜌𝑃𝑃𝑐𝑐𝑝𝑝,𝑃𝑃𝑥𝑥2

� 

The values for the heat properties of polymer and nitrogen were set to 𝑐𝑐𝑝𝑝,𝑃𝑃 =1070 Jkg-1K-1 for 

PS [24] and λG = 0.0361 Wm-1K-1 for nitrogen [25]. 

The time for reaching only 1% of the original temperature difference between gas and 

particle is determined to 1.5 ms and 37 ms for a particle size of x = 10 µm and 50 µm, 

respectively, i.e. heating of the PS particles under consideration is achieved at time scales in 

the order of magnitude of several 10 ms. Enthalpies due to the phase transition and changes 

of heat capacity due to heating and phase transition can be neglected in the above 

estimations due to the amorphous state of the polymer: the change of cp,P due to the phase 

transition at the glass transition point was measured to be only 220 J*kg-1*K-1. The energy 

due to glass transition of a single polystyrene particle with a diameter of 12 µm is 2.10-8 J 

(assumption: width of the glass transition temperature range is 10 K, c.f. Supplementary 

Figure A). The heat flow associated with glass transition is only 1.1 % of the internal energy 

consumed upon heating a single 12 µm PS particle from 25 °C to 200 °C. 

The required residence time necessary for particle rounding depends on the melt viscosity of 

the polymer and the surface energy. Actually, the characteristic sintering times of non-

spherical particles need to be considered (c.f. e.g. [26-30]). In a recently published paper by 

Kirchhof et al. [30] the viscous-flow aggregate sintering of three-dimensional particle 

aggregates has been simulated by solving the Navier-Stokes equations by the fractional 

volume of fluid method. They outlined the effect of the number of interparticle contacts within 

the aggregate and of the agglomerate structure on the sintering kinetics. These results can 
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be transferred to the rounding process in order to estimate characteristic times necessary to 

obtain a spherical shape from an irregular particle. 

An irregular polymer particle obtained by the wet-grinding process shows a rather complex 

geometry. For our considerations we assumed that the ground particle can be seen as a 

structure comparable as seen in Figure 4. This structure consists of a sphere with humps in a 

size of approximately 1-2 µm. This approach allows us to derive an upper estimate of the 

necessary times for the sintering process and different arrangements of the single spheres. 

Thus, a wide range of possible particle morphologies obtained by the grinding process is 

covered by this approach.  

 

Figure 4: Irregular polymer particle after the grinding process. 

 

The simulation by Kirchhof et al. [30] reveals that independent of the initial shape (e.g. linear 

chain or 3 D dumbbell) of the initial aggregate with a mean coordination number of Nk = 1.8 a 

dimensionless time to reach finally a spherical particle can be determined. A spherical 

particle of radius 𝑥𝑥𝑓𝑓 = √𝑁𝑁3 ∙ 𝑥𝑥0 consisting of N = 10 primary particles of diameter x0 is 

obtained after a dimensionless sintering time of tsintering = 1.12 (see equation 6, for details see 

[30]). Particles with a denser structure and higher coordination number will sinter 

considerably faster.  

(eq. 6) 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑡𝑡𝑡𝑡
𝜂𝜂𝑥𝑥𝑓𝑓

= 1.12 

To convert the dimensionless sintering time tsintering to the sintering time t that applies to PS 

material parameters reported in literature have been used: The viscosity η for PS melt was 

set to 𝜂𝜂 = 7 ∙ 103 Pa*s [28], the surface tension of the material at 200 °C is estimated to 

𝜎𝜎 =30 mN*m-1 [29]. According to the measured particle size distribution (see Figure 9) xf has 

a value of 5 µm. Using the method of Kirchhof et al. a sintering time of particles of radius xf = 

10  µm of t = 2.6 s (see equation 6) is estimated as an upper estimate. In a typical 

experiment an average residence time for a total volume flow of 1.04 m³h-1 of 2.7 s 

(assuming a laminar flow regime, Re = 418) at a maximum process temperature of 200 °C is 
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achieved. Possible thermal degradation of the polymer due to the rounding process is 

insignificant: In LBM processing of polymers process times of several hours are typical where 

the laser sintering powders are kept at temperatures slightly (approx. 20 K) below the melting 

temperature.  

Table 1 summarizes physical properties for some polymers suitable for LBM. Moreover, 

sintering times necessary for rounding of 10 µm particles estimated according to the method 

proposed by Kirchhof et al. [30] and appropriate reactor lengths are specified. According to 

the viscous flow sintering model sintering times necessary for rounding (at constant primary 

particle number N) scale with diameter x, i.e. for aggregates sized several 10 microns quite 

long residence times are required for rounding of polymers. Besides particle size melt 

viscosity mainly determines the necessary residence times for rounding. 

 

Table 1: Physical properties of different polymer materials [31-33] and estimated sintering 
times (for xf = 10 µm) and reactor lengths necessary (for details see text). 

Material  PS PBT POM 
Interfacial Tension σ / Nm-1 0.03 0.042 0.03 

Viscosity η / Pas 7000 300 31000 
Sintering Time / s (for xf = 10 µm) 2.61 0.1 13 
Reactor length / m ( d = 25 mm, 

𝑉̇𝑉=1.04 m³*h-1) 1.54 0. 05 6.81 
 

The shown sintering times have been calculated for particles with a primary particle size x0 of 

1 µm and N = 10 primary particles. Following Eq. 6 the value of a0 influences the sintering 

times linearly. The calculated necessary reactor length following a total volume flow 𝑉̇𝑉 of 

1.04 m³*h-1 and a diameter of the downer reactor d of 25 mm agrees well with the obtained 

results for PS and have to be verified for PBT and POM in future experiments. 

 

2.4.3 Dry particle coating 
Dry particle coating is a cost-efficient, scalable mixing process for assembling tailor-made 

composite particles [6, 8, 9] in order to increase powder flowability and bulk density of the 

packed bed. Nanoscale guest particles are attached to the surface of micron-sized host 

particles by van der Waals forces. The distance between the individual host particles is 

increased by the adhesion of nanoparticles which leads to a reduction of the overall adhesion 

forces [34, 35] between the functionalized host particles. This mechanism follows the well-

known model according to Rumpf [36]. Van der Waals forces are reduced due to an increase 

of surface roughness of the particles: “Spacers” (guest particles) are attached to the host 

particle surface which enlarge the interparticle surface distance and, thus, influence the 

adhesion force as summarized in Figure 5 (left). 
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Depending on the size of the host particles, there is an optimum size of guest particles 

leading to a minimum van der Waals force. Figure 5 (right) depicts the dimensionless 

adhesion force (calculated by dividing the van der Waals force between two rough spheres 

by the van der Waals force between two smooth spheres) in dependence on guest particle 

radius r for different host particle radii R (5 µm and 30 µm) at constant interparticle distance 

a. In the case of micron-sized host particles typically guest particles sized smaller than 10 nm 

are most effective in terms of reduction of adhesion force. 

 

 

 
 

FvdW = −  
CH
6 
∗ �

R1r
𝑎𝑎22(𝑅𝑅1 + r)2 + 

R1,2

(𝑎𝑎1 + 𝑎𝑎2 + 2𝑟𝑟)2� 

 

 
Figure 5: Left: van der Waals force between two spheres (of radius R) with an asperity of 

curvature r according to Tomas [37]; right: relative van der Waals force between host 

particles of radius R of different particle surface roughness (r, parameter of surface 

roughness). 

 

2.4.4 Tensile strength tester 
Tensile strength allows for predictions of powder flowability. It is indirectly proportional to the 

flowability, i. e. with decreasing tensile strength flowability increases. Moreover, the tensile 

strength tester is an appropriate device to investigate adhesion forces in almost 

uncompacted bulk such as the powder bed in a LBM machine. Furthermore, only a small 

amount of powder (4.6 mm3) is necessary to obtain experimental data on flowability. The 

working principle of this device is outlined in Figure 5. 

(a) Preparation of initial state: The flat surface of an aluminum plate (stamp) is coated 

with a thin layer of petroleum jelly prior to each investigation. The powdered samples 

were sieved into a flat aluminum container with a depth of 5 mm and a diameter of 

34.3 mm. Afterwards the powder surface was smoothed by a doctor blade without 

compacting it. 

(b) Starting the investigation, the aluminum container with the powder inside is moved 

towards the aluminum plate with a constant speed of 3.4 µms-1 until the powder bed 



  13 

within the aluminum container contacts the aluminum plate with a load of 153 Pa (= 

0.6 g). This contact position is hold for 10 s. 

(c) Afterwards the aluminum container is separated from the aluminum plate by moving it 

down with a speed of 1.7 µms-1. The first layer of the powder in the aluminum 

container remains at the aluminum plate due to its attachment to the thin layer of 

petroleum jelly. 

 

 

 

 

 
 

 

 

 
Figure 6: Sequence of a tensile strength measurement. 

 

A load cell records concurrently the weight force. By separating the fixed powder layer from 

the loose powder packed bed Fmax is measured. After separation of the powder layers only 

the weight force Fg of the particles attached to the stamp is recorded. By subtracting the 

maximum force Fmax from the weight force Fg the adhesion force can be obtained. Dividing 

the adhesion force by the area of the stamp Astamp, the tensile strength σ can be calculated 

according to equation 7. 

(eq. 7) σ =  Fmax− Fg
Astamp

 

 

3. Results 
3.1 Wet grinding of polystyrene 
The PS feed material (x50,3 = 123 µm) has been subjected to wet grinding in denatured 

ethanol using the stirred media mill PE5 at 20 °C applying a stress energy of 1.91 mJ, i.e. a 

stirrer tip speed of 6.3 m s-1 and zirconia grinding media of 2.0 mm in diameter. Figure 6 

summarizes the evolution of the particle sizes x10,3, x50,3, x90,3 over process time for the 

stamp

aluminum
container
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respective product at a feed concentration of 10.5 wt% and 18.9 wt% obtained under the 

aforementioned conditions. Whereas during the first hour of process time the grinding 

kinetics are faster for the grinding process at lower feed particle concentration as compared 

to the experiment at higher feed mass concentration (c.f. smaller x50,3 and x90,3 at comparable 

grinding times) after approximately 3 hours a product sized x50,3 = 12.0 µm of similar particle 

size distribution (see Supplementary Figure B) is obtained for both feed concentrations 

Figure 7). The glass transition temperature of the comminution product as determined by 

DSC (Tg = 90.2 °C) as well as the change in specific heat (∆cp = 0.25 J/g*K) at glass 

transition are comparable to the PS feed material (see Supplementary Figure A), i.e. (severe) 

degradation of the polymer during comminution is ruled out under the aforementioned 

conditions. The grinding kinetics of PS observed under the aforementioned conditions are 

similar to recent results [7] obtained under comparable stressing conditions and process 

temperature. As expected, with increasing process time the particle size distribution 

becomes narrower. 

Prior to rounding, the PS product particles obtained after approximately 3 hours of grinding 

(x50,3 = 12.0 µm) have been withdrawn from the ethanolic suspension by centrifugation and 

afterwards vacuum-dried at 60 °C. 

 

 
Figure 7: Particle sizes x10,3 , x50,3 and x90,3 of polystyrene (PS) in dependence on grinding 

time at constant stress energy SE: open symbols: 10.5 wt-% PS, filled symbols: 18.9 wt-% 

PS, 20 °C, SE = 1.91 mJ, 2.0 mm YSZ grinding beads). 
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3.2 Rounding of the ground PS particles 
SEM imaging reveals that the rounding process leads to spherical polymer particles with a 

defined particle size distribution being, of course, similar to the PSD after the grinding 

process as sintering conserves the particle volume. SEM images of the rounded PS product 

obtained for a temperature setting of the three stage heating system of 200 °C / 150 °C / 100 

°C, 0.8 m³h-1 primary gas flow and 0.24 m³h-1 secondary gas flow applying the comminution 

product (x50,3 = 12.0 µm) as feed material are depicted in Figure 8. Under the aforementioned 

conditions an average residence time of 2.7 s applies and complete melting and 

resolidification of the PS particles is achieved. The particles obtained are almost perfectly 

spherical. 

 

 
Figure 8: Spherical PS particles as obtained after the rounding process. 

 

Cumulative particle size distributions Q3 of the rounded product and the feed (comminuted 

PS) are shown in Figure 9. If only a change of particle habitus would take place the particle 

size distributions of irregular feed particles and rounded product would be identical. In the 

case of improper generation of the aerosol, such as bad dispersing, agglomerates would 

enter the downer reactor and melted particles that make up the agglomerate would coalesce 

and form a single spherical polymer product particle with a total particle volume being equal 

to the sum of the individual volume contributions of the particles the agglomerate consisted 

of. Also collisions of melted polymer particles and subsequent coalescence during rounding 

could lead to a shift in the particle size distribution to larger sizes. So far, in practice only a 

small shift of the volume averaged mean diameter x50,3 of the rounded product as compared 

to x50,3 of the comminution product to a larger particle size in the Q3 distributions occcurs, i.e. 

the dispersing of the particles is efficient (agglomerates are destroyed) and any pronounced 

coalescence of the molten polymer droplets during rounding in the downer reactor has been 

avoided. The solid concentration (vol./vol.) in the nitrogen flow was 1 × 10−6  𝑚𝑚𝑃𝑃𝑃𝑃
3

𝑚𝑚𝑁𝑁2
3 . Assuming 

that a volume element of the reactor is defined by a cubic array of single particles of same 

size, the distance between two particle surfaces can be calculated taking the aforementioned 
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geometrical arrangement and the particle diameter into consideration. In this case, for 

particles sized x50,3 =12 µm an interparticle distance of 300 times the particle size or a total 

interparticle distance of 3 mm is obtained. The distance between single particles is 

necessary to avoid contact between particles in the molten state. An estimated maximum 

capacity of the downer reactor is around 10 times higher than the concentration applied in 

the experiments presented. 

The maximum solid concentration in the gas flow of the downer reactor before direct contact 

between two single particles may occur is at least 10 times higher than the concentration 

applied in the experiments. Thus, considerable process intensification can be achieved by 

increasing the mass flow of polymer particles. 

 

 
 

Figure 9: Cumulative particle size distributions Q3 of the feed material (comminuted PS) and 

the product particles obtained after rounding process. 

 

The results of the rounding process can the measured by determining the form factor of the 

different PS particles after the comminution and after the rounding process.  

The sphericity of a particle is defined as the surface of a sphere with an equal volume divided 

by the surface of the measured particle. The maximum value of the sphericity Ψ, reached by 

a perfect sphere, is 1.  

 

(eq. 8) 𝛹𝛹 = 𝑑𝑑𝑉𝑉
2𝜋𝜋
𝑆𝑆
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With dV as the diameter of the volume equivalent sphere and S the measured surface of the 

investigated particle. The sphericity Ψ has been obtained by processing SEM images using 

the commercial image analysis software by AxioVision (Zeiss). The surface S of the particle 

can be estimated by the aforementioned software using an evaluation of the circumference 

of the particle after Crofton, which is a mathematical approach for the determination of the 

circumference of rather spherical objects. The density distribution of the form factors of both, 

the comminuted and the rounded PS particles are shown in Figure 10. A residence time of 

2.7 s was applied. The rounding process leads to an increase of the sphericity from 0.3 - 0.6 

for the particles after the wet grinding process to 0.9 - 1 for the rounded PS. This clearly 

shows that the treatment in the downer reactor proposed leads to a change in shape of the 

polymer particles.  

 

 
Figure 10: Form factor of the comminuted (grey) and the rounded PS product (black, 2.7 s 

residence time)  

 

3.3 Dry particle coating and its influence on powder flowability 
Figure 11 shows a rounded PS particle after the dry particle coating process applying 1 wt% 

fumed silica R1. The surface of the uncoated and rounded PS particles is mostly smooth 

(see Figure 8). SEM images of the composite particles at different magnifications clarify a 

consistently homogeneous coating with silica guest particles on the surface of the entire PS 

host particle (Figure 11) and thus an increase of surface roughness which improves powder 

flowability and reduce tensile strength, respectively. 
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Figure 11: Homogeneous coating of PS host particle with fumed silica guest particle via dry 

particle coating process. 

 

Data on tensile strength of powders obtained after the consecutive process steps, i.e. 

particles of different shape and surface roughness but comparable particle size distribution, 

are summarized in Figure 12: PS particles obtained after wet grinding show a high tensile 

strength of about 25 Pa and therefore a poor flowability. In comparison to the edged PS 

particles obtained by comminution, the rounded PS particles show a reduced tensile strength 

of only about 12 Pa and therefore are much less cohesive by more than a factor of 2. After 

the dry particle coating process the tensile strength of both powders, i.e. the edged and 

rounded PS particles, respectively, decreases. It is noticeable that the excellent flowability of 

the rounded and dry coated particles with a tensile strength of approximately 4 Pa is superior 

as compared to the edged and dry coated particles (tensile strength approximately 10 Pa). 

This demonstrates that besides roughness the particle shape has a significant influence on 

the powder flowability. 
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Figure 12: Results of tensile strength measurements: the tensile strength of the PS particles 

decreases (flowability increases) with rounding and dry particle coating with silica R1. 

 

Conclusions 
A process chain for the production of micron-sized polymer particles with good flowability 

comprising of wet grinding, a rounding process in a downer reactor and a dry coating step 

has been successfully established and exemplified for polystyrene (PS). Moreover, the 

improvement of powder flowability after the consecutive process steps, i.e. rounding of the 

comminution product and subsequent nanoparticulate coating (increase of surface 

roughness) has been monitored using a tensile strength tester: the rounded and dry-coated 

PS powder exhibits a reduced tensile strength of only about 20 % of the tensile strength of 

the edged PS comminution product, i.e. a remarkable improvement of powder flowability can 

be realized by rounding and dry coating. These properties allow the polymer powders to be 

applied in LBM processing.  

Aging of the polymer powders due to thermal treatment during the rounding process is 

insignificant due to the short average residence times necessary which are only on the 

second time scale as estimated from literature data. It has been demonstrated that 

simulation results on viscous-flow sintering [30] taking particle size and material parameters 

(interfacial tension, melt viscosity) of the respective polymer into consideration allow for 

reliable reactor design. The approach proposed is not restricted to PS, i.e. it can be easily 

applied to a wide variety of other polymers relevant for LBM including e.g. PBT or POM 

which will be reported in a forthcoming paper. Moreover, all the individual process steps are 
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scalable: Scale-up of wet grinding processes in stirred media mills is well-established by 

considering the mass-specific energy introduced into the mill (see e.g. [38, 39]). Also the 

scalability of downer systems is well-known in literature. The mechanism of flow structures 

and heat mechanism in downer reactors with different reactor diameters as well as at 

different solid concentrations have been described in detail [20, 21]. The dry particle coating 

process is mainly affected by energy input. Investigations by Pfeffer et al. [40] have shown 

that the mechanism of dry particle coating is independent of the mixing device used. Due to 

scalability, the process chain can be transferred to the plant scale which in principle allows 

for commercial scale production. 
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Symbols 
a  distance between particles (a0 = 0.156 nm [41])  / m 

𝑎𝑎𝑓𝑓  radius of the fully coalesced sphere       / m 

AH  Hamaker constant        / J 

Astamp  area of the stamp         / m2 

𝑐𝑐𝑝𝑝,𝑃𝑃  specific heat capacity of the particle                       / J/(kgK) 

Cv  concentration of the product suspension            / kg/m³ 

dGM  grinding media diameter       / m 

dV  diameter of the volume equal sphere     / m 

EGM  Young’s modulus of the grinding media     / Pa 

Emat  Young’s modulus of the feed material     / Pa 

Fg  weight force         / N 

Fmax  maximum force        / N 

FvdW  van der Waals force        / N 

𝑚𝑚𝑃𝑃  particle mass         / kg 

n  stirrer speed (number of revolutions)     / 1/s 

Nu  Nusselt Number = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

     / - 

r  radius of the guest particle       / m 

R  radius of the host particle       / m 

S  surface area          / m2 
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SE  stress energy         / J 

SN  stress number         / - 

StGM  Stokes number of grinding media      / - 

T  Temperature          / °C 

TGas  gas temperature        / K 

TParticle  particle temperature        / K 

t  process time         / s 

𝑉̇𝑉  volume flow         m3/h 

vtip  stirrer tip speed        / m/s 

vGM  velocity of grinding media       / m/s 

x  particle size         / m 

 

Greek letters 

(1- ε)  packing density        / - 

ϕ  volume fraction of the grinding beads     / -  

η  viscosity         / Pas 

ρGM  density of grinding media               / kg/m3 

𝜌𝜌𝑃𝑃  particle density                / kg/m3 

σ  tensile strength        / Pa 

𝜎𝜎  surface tension                 / mN/m 

λG  thermal conductivity               / W/mK 

Ψ  sphericity         / -   
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Supplementary Information 
 

 
Figure A: Glass transition temperature of PS feed material (dotted line) ground material 

(dashed line) and rounded as determined by DSC (heating rate 20 °C / min). 
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Figure B: Cumulative particle size distribution Q3 of polystyrene (PS) in dependence on 

grinding time at constant stress energy SE: (a) 10.5 wt-% PS (20 °C, SE = 1.91 mJ, 2.0 mm 

YSZ grinding beads); (b) 18.9 wt-% PS (20 °C, SE = 1.91 mJ, 2.0 mm YSZ grinding beads). 
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