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In this work we describe the production of spherical polymer particles from thermoplastic polymers. A simple
method is developed to transform rough powders into spherical particles. The polymer particles are molten in
heated oil whereafter interfacial tension driven reduction of curvature and shape retraction induce a transforma-
tion to the equilibrium spherical shape. The sphericity of the particles is validated by determining the aspect ratio,
roundness, as well as circularity. Furthermore, batches of narrow particle size distribution are attained by sieving
on different mesh sizes. The effects of thematerial characteristics and processing conditions are investigated and
rationalized based on the governing physical processes and their scaling relations. As a result, the processing con-
ditions can a priori be tailored depending on the material characteristics. The versatility of the method is con-
firmed by generating spherical particles from various thermoplastic polymers including PS, LDPE, PP, PA12 and
PA12 filled with carbon nanotubes.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

In particle technology, control over particle morphology has re-
ceived tremendous attention during the past decades. Potential applica-
tion areas include drug delivery systems, pigments, electronics and
advanced manufacturing techniques like powder-based additive
manufacturing [1–6]. It is often desired to control the particle size (dis-
tribution), shape, surface morphology and composition at the same
time. Unfortunately, only a handful (nearly) spherical thermoplastic
polymer particles are commercially available, thereby limiting the ap-
plication areas for this type of particles. Polymer particles currently
used in applications are often either not completely spherical or cross-
linking agents are added to fixate the spherical shape. In the latter
case, the particles (partially) loose their thermoplastic flow behaviour.
During selective laser sintering (SLS), which is a popular additive
manufacturing technique, good flowability of the powder during
spreading before laser sintering, is crucial for the final part properties
and critically depends on the particle shape [6–9]. Henceforth, having
spherical particles allows for control over the final packing and size uni-
formity, ensuring better prediction of material behaviour and enhanced
repeatability. Moreover, upon heating, the material should become suf-
ficiently liquid to ensure adequate sintering [1]. At present, the poly-
meric materials suitable for SLS are largely limited to polyamide based
Department of Mechanical
B, the Netherlands.
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thermoplastic polymers, more specifically polyamide 12 (PA12), due
to its good flowability, wide processing window, and availability in
powder form with close to spherical particle shapes [10,11]. The part
properties that can be obtainedwith SLS are thus limited to the intrinsic
material properties of the polyamide itself, thereby limiting the full po-
tential of the process [12]. Hence, efforts have been made towards sev-
eral physico-chemical techniques for the production of spherical
polymer particles of various thermoplastic polymers [5]. Industrial via-
bility depends on the complexity of the setup, its ability to handle
high viscosities, capability to produce varying sizes, and cost effective-
ness [13].

Since the patent by Baumann & Wilczok [14], the precipitation
method has been the most widely used technique in SLS powder pro-
duction for PA12. Its ability to create relatively round particle shapes
with good control over the particle size distribution makes it particu-
larly suitable for producing SLS powders. The precipitation method for
PA12 involves dissolving the polymer in a suitable solvent under ele-
vated temperatures and pressures. The temperature is then reduced
until nucleation due to thermally induced phase separation starts and
is then held there for a predetermined time. Supersaturation is achieved
by reducing the temperature even further, after which the polymer
powder is precipitated and the suspension is dried [14]. This methodol-
ogy has been used successfully to create spherical microparticles for a
few thermoplastics such as polypropylene (PP) [15,16], polyethylene
(PE) [17], polycarbonate (PC) [18], polyamide 6 [19], polyamide 11
(PA11) [20], polylactic-co-glycolic acid (PLGA) [21] and polybutylene
terephthalate (PBT) [22]. By varying the stirring speed and process
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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temperature a narrow particle size distribution can be obtained, in case
of PP with high crystallinity due to the effect of the solvent [15]. How-
ever, the solvents used in these works are hazardous. In the latest
work PLLA particles were obtained using non-toxic solvents [23]. A sim-
ilar attempt was made to obtain particles of polyoxymethylene (POM)
[24], but the resulting particles were not spherical. Similar to tempera-
ture, also non-solvents can be used to induce phase separation, as dem-
onstrated for PA12 [25]. Although applicable to various polymers, this
method requires selection of the solvent and operating conditions for
each particular polymer separately. Thereby, it has been shown that a
complex interplay between solution-induced crystallization and
liquid-liquid phase separation determines the particle formation pro-
cess [15]. Moreover, rough particles with a significant porosity are gen-
erally obtained [23].

Apart from phase separation, other techniques starting from poly-
mers in solution are less common. For instance, an interesting method
is the use of supercritical fluid extraction, wherein components dis-
solved in a liquid undergo fast expansion when brought in contact
with a supercritical fluid, to precipitate small particles [26]. Another no-
table method is inkjet printing wherein droplets are dispensed from a
nozzle. Since this technique is restricted to low viscosities, only polymer
solutions can be used, similar to the spray drying process [27–29].
Hence, as in the precipitation method, porous particles are obtained
[27]. It should also be noted that, in this technique, droplets are only
formed one by one, unless a multi-nozzle dispensing head would be
implemented.

More recently new methodologies for the production of polymer
particles in one processing step have been developed. Various methods
are based on droplet dispersion and breakupwithin immiscible polymer
blendswhereby a sacrificialmatrix polymer is used to facilitate removal
of this matrix phase after particle production. Under high shear and
elongational forces during polymer blending amelt emulsion is formed.
The emulsion is then cooled down to solidify the spherical particles. Dif-
ferent mixing devices including an extruder [30], torque rheometer
[31], Brabender mixer [32] and rotor-stator device [33] have been
used for this purpose resulting in particles of PBT [30], PP [31], PA12
[31,32], PE and paraffin [33]. As sacrificial matrix polymers, water-
soluble polyvinyl alcohol, polyethylene glycol and polyethylene oxide
have been used. However, it was concluded that prediction of the parti-
cle size is difficult due to the complex flow histories and in many cases
the use of an emulsifier was critical to avoid agglomeration of the mol-
ten particles. Recently, premix membrane emulsification in water was
shown to be a successful method for the generation of micro-sized
Table 1
Comparison of methodologies for generation of spherical particles with polymers investigat
polybutylene-terephthalate, PC = polycarbonate, PCL = polycaprolactone, PDLA = poly-D-lac
methylester, PHB = poly(beta-hydroxybutyric acid), PLGA= poly-DL-lactide-co-glycolide, PLL
polypropylene, PS = polystyrene, PSU= polysulfone.

Production method Polymers Methodology

Phase separation and
precipitation [14–25]

PA12, PP, PE, PA6, PC, PA11,
PLGA, PBT, PLLA, POM

Polymer dissolved in s
reduction in temperat

Supercritical fluid extraction [26] PLLA, PDLA, PGLA, PHB,
PMMA, PCL, aramids, PS,
PAN, PHAME

Precipitation from solu
supercritical fluid.

Ink-jet printing and spray drying
[27–29]

NaPSS, PS, PSU Droplets dispensed fro
solvent evaporation.

Emulsification [30–34] PBT, PP, PA12, PE, paraffin,
PDMS

Blending with immisc
creates droplets where
dissolved in water.

Fiber breakup [35] PA12 Melt spun fibers are he
whereby Plateau-Rayl
breakup into droplets.
be dissolved.

Gas phase rounding in heated
downer reactor [43–46]

PS, PBT, PE Particles are sent as ae
downer reactor, the m
spherical shape.
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flexible PDMS particles [34]. Continuing further along the line of using
a polymer blend or emulsion to generate spherical particles, droplet for-
mation based on the Plateau-Rayleigh instability of melt spun PA12 fi-
bers in a PEO matrix was studied [35]. The main disadvantage of this
method is the fact that the material needs to be processed and molten
twice, which is problematic since PEO is prone to degradation and age-
ing while PA12 can undergo post-condensation i.e. its viscosity andmo-
lecular weight increase with time at high temperatures.

Mechanical methods, such asmilling and grinding have traditionally
been the most commonly employed techniques to obtain polymer in
powder form [36,37], with their own limitations [38–42]. Fine powders
can be produced bymilling, but the obtained particles are non-spherical
in nature [29]. Subsequently, the generated irregular particles obtained
via wet grinding can be rounded by heating in a downer reactor
[43–46]. The rounding of the particles depends on the residence time
and therefore the height of the reactor as well as the temperature ho-
mogeneity within it. If the time and temperature are not sufficient, the
particle shape will remain irregular and anisotropic. This technique
has the advantage that it is versatile and can in principle be used on a
wide range of particle types. However, a heated downer reactor requires
a huge and expensive installation.

The different available techniques for particle rounding are summa-
rized in Table 1, together with their main drawbacks. In this work we
demonstrate a simple approach to prepare spherical polymer particles
based on retraction of droplets in molten oil. The method is solvent-
less similar to emulsification, fiber breakup and gas-phase rounding.
In addition, similar to gas-phase rounding, it is applicable for a wide
range of thermoplastic polymers of varying molecular weight, without
intricate relations between flow conditions during processing and drop-
let dynamics, thereby overcoming themain drawback of emulsification.
The technique proposed here exploits the enhanced thermal conductiv-
ity, specific heat capacity and viscosity of oil as compared to those of air
leading to a more compact setup than the heated downer reactor re-
quired for gas-phase rounding. The physical phenomena underlying
the shape change process are analyzed to allow a priori rational selec-
tion of the processing parameters.

2. Materials & methods

2.1. Materials

Thermoplastic polymers in pellet form namely polystyrene (PS,
Sigma Aldrich, Mw = 35 kg/mol), polyamide 12 (PA12, Vestamide
ed in the listed literature indicated as PA = polyamide, PAN = polyacrylonitrile, PBT =
tide, PDMS = polydimethylsiloxane, PE = polyethylene, PHAME = poly-hyaluronic acid
A = poly-L-lactide, PMMA= polymethylmethacrylate, POM = polyoxymethylene, PP =

Drawbacks

olvent precipitates due to
ure or addition of non-solvent.

Hazardous solvents are needed, each polymer
requires different solvent and processing
conditions, rough porous particles are formed.

tion due to contact with Solvents and supercritical fluids required,
typically particles are smaller than 10 μm.

m nozzle form particles due to Solvent required, low throughput, porous
particles formed.

ible sacrificial polymer matrix
after sacrificial material is

Prediction of particle size is complicated,
emulsifier is required to avoid agglomeration.

ated in a water soluble matrix
eigh instability causes fiber
After solidification, the matrix can

Two thermal processes lead to enhanced
degradation.

rosol through a tubular heated
olten particles then retract to a

Huge expensive reactor required.



Table 2
Viscosity and surface tension values for rice bran oil and polymers at the indicated temper-
atures. Viscosity values are taken at a shear rate of 0.1 s−1 using the Cox-Merz rule.

Material Temperature
(°C)

Viscosity
(Pa∙s)

Surface
tension
(mN/m)

Mixing
time
(s)

Rice bran oil 130–260 0.008–0.0019 25.5–15.7 [11] 120–300
PS 130 90[51] 27.2 [47] 180
PA12 210 130[52] 29.6 [47] 120
LDPE 230 11,200 26.2 [47] 240
PP 240 2709 17.3 [47] 180
PA12 + CNTs 260 17,024 29.6 [47] 300
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L-1700, Mw = 51 kg/mol), PA12 with 2 wt% carbon nanotubes (CNTs,
NC7000 from Nanocyl), isotactic polypropylene (iPP, iPP 571P from
SABIC, Mw = 360 kg/mol) and low density polyethylene (LDPE, Exxon
Mobil, Mw = 217 kg/mol), were reduced to a coarse powder using a
Retsch ZM 100 rotor milling machine at 14000 rpm. Coarse particles
were removed from the powder by sieving using a stainless steel
mesh (500 μm mesh size), resulting in a powder with particle sizes
< 500 μm. Table 2 provides the viscosity as well as estimated surface
tension values at the respective processing temperatures for eachmate-
rial of interest. To determine the viscosity of the polymers, frequency
sweep measurements were performed in the linear viscoelastic regime
with a strain amplitude of 1%.Measurementswere performed on a rota-
tional rheometer (Anton Paar MCR502) equipped with a parallel plate
geometry (25 mm diameter), where a nitrogen-flushed convection
oven was used. Surface tension values for the polymer materials were
obtained from literature [47]. The values were recalculated to the re-
quired temperatures using a temperature dependence of the surface
tension of 0.05 mN/(mK) [48,49].

For the droplet retraction experiments, rice bran oil (Unidex,
Netherlands), with a smoke point of 265 °C was used as the matrix
phase. For various vegetable oils, Esteban et al. [50] describe a linear de-
pendency between surface tension and temperature given by:

γ ¼ Aþ BT ð1Þ

whereγ is the surface tension,A the intercept,B the negative slope and T
the temperature of interest. Rice bran oil was not included in this study,
but considering the minor differences between the surface tension
values of various vegetable oils such as rapeseed, sunflower, soybean,
spherical particles

suspension surfa
solu

milling

pellets powder

mesh

mesh

Fig. 1. Schematic representation of experimen
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palm and corn oil, the same values are taken for rice bran oil. The mea-
sured viscosity values and estimated surface tension values for rice bran
oil are added to Table 2.

2.2. Particle production method

To allow deformation of the polymer particles, they are heated
above their glass transition temperature (Tg for amorphous polymers)
or melting temperature (Tm for semi-crystalline polymers) and are
given sufficient time for retraction. The procedure of the production
process is as follows. In a 100 ml borosilicate glass container (inner di-
ameter of 50 mm), 50 ml of rice bran oil is heated up to a temperature
higher than the glass transition temperature (Tg) or melting tempera-
ture (Tm) of the polymer. It is ensured that the temperature of the
medium is high enough to liquify the polymer while avoiding degrada-
tion. About 1 mg of sieved polymer powder is added and the dispersion
is stirred to avoid agglomeration or sedimentation of the powder parti-
cles. The suspension is stirred at a rotation speed of 30 rpm for a fixed
time period of up to 300 s, depending on the type of thermoplastic poly-
mer used (Table 2). The stirring rod is placed with its outer edge spaced
at 12.5mm from the edge of the beaker. The resultingflow in the beaker
is laminar. The suspension is then quenched by pouring it in another
container partially filled with water at room temperature. The polymer
particles remain at the rice bran oil - water interface, henceforth
avoiding sedimentation of the polymer particles and sticking to the bot-
tom of the vessel. This suspension is subsequently poured through a cy-
lindrical column made of plexiglass containing metallic meshes of
different grid sizes, as shown in Fig. 1, which allows to separate particles
depending on the mesh grid sizes. A 5 vol% surfactant solution in water
is then flushed through this plexiglass column, removing any residue of
rice bran oil from the particle surface. An extra step of rinsing the poly-
mer particles with ethanol ensures a residue free particle surface. With-
out oil removal step, after keeping the particles on a substrate for some
time, a meniscus is formed between the particle and the substrate, due
to the presence of oil. To determine the required amount ofwashing, the
particles were observed with optical microscopy (top and side view)
after various washing steps. The absence of oil residue is confirmed
when perfectly spherical particles without oil meniscus are observed.
The final step involves drying the particles for 8 h in an oven, in case
of amorphous polymers below Tg and for semi-crystalline polymers suf-
ficiently below the optimum crystallization temperature. A calorimetric
characterization of the PA12 starting material as well as of PA12
filtering

quenching

water

emulsion

powder
stirring 
rod

heat

ctant
tion

heating

tal steps for producing spherical particles.
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spherical particles by means of flash-DSC showed that the rounding
process had no measurable effect on the thermal properties of the ma-
terial such as glass transition, crystallization and melting temperature,
thereby ensuring that any residues of oil or water are completely re-
moved and the method has not caused any irreversible alterations to
the molecular structure of the polymer.

2.3. Characterization methods

Polymer particles obtained before and after the treatment process
were analyzed for their shape and surface morphology by scanning
electron microscopy (SEM, FEI Quanta, 10 KeV) and optical microscopy
(Olympus, 10× magnification) in bright-field illumination mode to
quantitatively analyze the particle shape.

2.4. Parameters to quantify particle shape

To quantify the size of the particles, even in the case when they are
not perfectly spherical, a representative diameter is defined, bymeasur-
ing the cross-sectional area of each particle and converting it to diame-
ter under the assumption of a spherical particle shape [51]:

d ¼ 2

ffiffiffi
A
π

r
ð2Þ

wherein d is the diameter and A the area. To define the shape of the par-
ticles three parameters namely aspect ratioAr, roundnessR and circular-
ity C are used. The aspect ratio Ar defines the global particle shape as:

Ar ¼ dmax

dmin
ð3Þ

wherein dmin is the smallest and dmax the largest particle diameter.
These diameters were determined by fitting an ellipse on the particle
shape using ImageJ®. When the particles become elongated, the aspect
ratio gradually increases from one to infinity. To further take into ac-
count the curvature profile of the particle edge the roundness R is deter-
mined [46]:

R ¼ 4A

π dmaxð Þ2
ð4Þ

For anellipse, R corresponds to 1/Ar, but in case of amore rectangular
shape, R would be larger for the same aspect ratio Ar. Finally, the circu-
larity C is determined, as defined by ISO 9276-62008 [52]:

C ¼ 4πA
P2 ð5Þ

wherein P is the perimeter of the particle. Deviations from circularity
and thus values of C smaller than one can originate from an aspect ratio
different from one, from shapes that aremore rectangular than elliptical
and finally also from the presence of protrusions on the particle surface
[53]. Hence, the three parameters used to characterize particle shape are
chosen in increasing order of complexity and amount of deviations from
the spherical shape that are taken into account.

All required parameters were determined by image analysis using
the Analyze Particles option in ImageJ® processing software after
thresholding the optical images. The presented parameters were ob-
tained from analyzing at least 100 particles.

3. Results

3.1. Characterization of starting material

Milled and sieved polymer powders are utilized as the starting ma-
terials for the production of spherical particles. Fig. 2(a) shows a
404
thresholded image of such milled powder obtained for PS. The particle
shape obtained after milling depends on the type of material, wherein
brittle polymers produce more sharp edges in contrast to softer poly-
mers. It has been shown that the type of milling process used can influ-
ence the shape aswell [54]. For the initial sieving process, a mesh size of
500 μm was used, hence the distribution of obtained particle sizes is
below this range, as shown in Fig. 2(b). Fig. 2(c) and (d) show the round-
ness R and circularity C, characteristic for themilled and sieved PS parti-
cles. As can be observed from Fig. 2(c) and (d), themilled particles show
a large distribution of shapes, ranging from sharp and elongated shapes
resulting in low roundness and circularity values to almost spherical
particles with values of roundness and circularity close to 1. An overall
linear trend between roundness and the reciprocal aspect ratio as well
as between circularity and roundness values can be seen, as expected
from the fact that particle characteristics causing a reduction of recipro-
cal aspect ratio also affect roundness and effects included in roundness
also affect circularity. However, the large spreadaround this general cor-
relation indicates a wide variability in the exact particle shape, resulting
in variations in the particle perimeter. Particles with a non-spherical
shape or uneven surface will hinder the flowability during powder
spreading in the SLS process [55]. Therefore, the particle shapes should
be modified to reach roundness R and circularity C values close to 1.

3.2. Optimization of process parameters

The initial particles are irregular and pointy in shape, thereby
exhibiting a relatively large surface to volume ratio. If sufficientmobility
is present, particles will tend to minimize their interfacial energy by re-
ducing their interfacial area [56]. For the irregularly-shaped particles
obtained after milling, the process is expected to occur as shown in
Fig. 3. Since the interfacial stress increases with curvature, first retrac-
tion of pointy edges and protrusions will occur resulting in ellipsoidal
particles. Subsequently, the ellipsoids will undergo shape retraction to-
wards spheres. Hence, if the temperature is high enough to allow shape
retraction and the residence time is long enough for completion of this
process, full retraction will occur and spherical particles are created.

The most time-consuming step in this process is the last one, as this
involves the smallest driving force (low curvature) and largest volume.
The time required for an ellipsoidal droplet to retract to a sphere, can be
estimated from the characteristic emulsion time [57]:

λ ¼ ηmRp

γ12

19pþ 16ð Þ 2pþ 3ð Þ
40 pþ 1ð Þ ð6Þ

wherein λ is the droplet retraction time to form a sphere, ηm is the ma-
trix viscosity, Rp is the droplet radius, γ12 is the interfacial tension and p
is the viscosity ratio with ηd being the droplet viscosity:

p ¼ ηd
ηm

ð7Þ

Due to disparities in polarity of the droplet and matrix, the surface
tensions of the individual phases will determine the interfacial tension.
Therefore, the interfacial tension at a given temperature can be esti-
mated by [47]:

γ12 ¼ γ1 þ γ2−
4γd

1γ
d
2

γd
1 þ γd

2

−
4γp

1γ
p
2

γp
1 þ γp

2

ð8Þ

where
γ12 is the interfacial tension, γi the surface tension of material i and γi

d

andγi
p represent the dispersive and polar components ofγi respectively.

The dispersive and polar components for the rice bran oil and polymers
were estimated from literature data [49,58,59]. The resulting interfacial
tension values are listed in Table 3. With Eq. (6) using known material
properties, the retraction times are then calculated, for each system
consisting of polymer droplets in rice bran oil at a fixed particle size.
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Fig. 3. Schematic representation of a rough particle (a) undergoing deformation due to surface tension by retraction of protrusions and sharp edges (a-b), high curvature lobes (b-c) and
retraction of the remaining ellipsoid (c-d).
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Fig. 2. (a) Thresholded opticalmicroscopy image, (b) Particle size distribution, (c) Reciprocal aspect ratio 1/Ar versus roundness R, (d) Circularity C versus roundness R formilled PS powder
sieved with a 500 μm sieve.
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Based on Table 3, the required annealing time depends on the poly-
mer type. Thereby the viscosity is the main factor, as the interfacial ten-
sion varies within a much more limited range. To optimize the process
parameters for the generation of spherical particles, the annealing
time in the oil bath, the temperature of the oil bath and the volume frac-
tion of particles in the oil bath were varied. The rotation speed of the
stirring rod was fixed at 30 rpm, resulting in a laminar flow. Thereby,
the estimated retraction times in Table 3 were used as a guideline. For
an optimal condition the stirring time chosen was at least 1.5 times
Table 3
Estimated values of retraction time for a droplet diameter of 500 μm, at the chosen process
temperature as indicated in Table 2.

Emulsion Viscosity ratio
(−)

Interfacial tension
(mN/m)

Retraction time
(s)

PA12/Rice bran oil 5.3∙104 42.2 1.5
PS/Rice bran oil 5.3∙104 38.1 1.2
LDPE/Rice bran oil 1.4∙107 34.5 154
iPP/Rice bran oil 2.7∙106 29.6 44
PA12 + CNT/Rice bran oil 2.1∙107 39.3 206
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the retraction time for a 500 μmparticle. Fig. 4 shows the effects process
conditions can have on the obtained particle shape, for representative
data on PA12 with 2 wt% CNT particles. Fig. 4(a) demonstrates that
after optimization of the process, perfectly spherical particles are ob-
tained. The applied annealing time of 5 min at 260 °C is in agreement
with the estimated time required for retraction from the ellipsoidal to
the spherical shape.

Temperature and residence time in the oil bath are critical to obtain
spherical particles. Fig. 4(b) and (c) show examples of particles ob-
tained with a too low residence time or a too low temperature. In
Fig. 4(b), the residence timewas limited to 180 instead of 300 swhereas
in Fig. 4(c), the temperature was lowered to 240 °C instead of 260 °C.
The former process conditions result in a residence time less than re-
quired for full shape retraction,whereas the latter process conditions in-
crease the viscosity and thus the retraction time to 382 s, whereby 300 s
is no longer sufficient for shape retraction. Under these conditions, the
initially irregular particles clearly do not undergo the full transition to
the spherical shape. In Fig. 4(b) and (c), it can be observed that whereas
large particles display remaining anisotropy, smaller particles have
turned into spheres. This is caused by the direct proportionality be-
tween retraction time and particle radius, as shown in Eq. (6). Hence,
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(a)

(c)

(b)

(d)

Fig. 4. SEM(a) and optical (b-d) images of PA12 particleswith 2wt%CNTs, fraction retainedwithinmesh grid sizes of 75 and 300 μm, (a) tstir=300s,ωstir=30rpm, T=260 °C,ϕ=2.10−3

vol% (b) tstir=180s,ωstir =30rpm, T=260 °C, ϕ=2.10−3 vol% (c) tstir =300s,ωstir=30rpm, T=240 °C, ϕ=2.10−3 vol% (d) tstir=300s,ωstir=30rpm, T=260 °C, ϕ=6.10−3 vol%.
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a factor two reduction in particle size leads to a factor of two accelera-
tion of the retraction process. Moreover, for the larger particles, it can
be seen that most of the irregularities have smoothened and the re-
maining deviation from a sphere is the elongated ellipsoidal shape.
This confirms the sequence of processes occurring during rounding, as
proposed schematically in Fig. 3.

Apart fromoptimizing theprocess conditions to facilitate the desired
shape retraction dynamics towards the spherical shape, conditions are
chosen as such that undesired droplet dynamics processes such as drop-
let breakup and coalescence are inhibited. The stirring speeds used are
low and only aimed at avoiding sedimentation. Moreover, simple rota-
tional stirring is used to avoid complex flow profiles in the beaker.
Under these conditions, the emulsions undergo rotational and shear
flow. The ability of droplets to break up in shear flow is given by the
Grace curve [60], which shows that breakup of droplets in shear flow
can only be achieved for viscosity ratios below 4 [60]. Based on the
data in Table 2, this process is expected to be excluded here.

On the other hand, it is important to realize that the volume fraction,
ϕ, of the powder is an important criterion in determining the particle
size distribution that can be achieved.With increasing ϕ the probability
of particles colliding becomes higher, which can further increase the
probability of two or multiple particles coalescing together. Eq. (9)
gives the collision frequency c(t) [61]:

c tð Þ ¼ 24ϕ2 γ
:

π2 2Rp
� �3 ð9Þ

as a function of the volume fraction ϕ, the radius of the particle Rp and
the shear rate γ

:
. This equation assumes that the initial particle size is

monodisperse and neglects effects of hydrodynamic interactions on
the collision. The shear rate can be estimated from the velocity of the
stirrer and taking the relevant length scale for the decay of the velocity
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to zero as the distance between the stirrer and the vessel wall. This re-
sults in a value of 0.5/s at 30 rpm. Hence, a collision frequency of 486/
(s.m3) is obtained. This means that within the volume of the vessel, ap-
proximately one collision occurs every 50s, under the optimized pro-
cessing conditions. Fig. 4(d) illustrates the need to keep the collision
frequency low. The particles in Fig. 4(d) were obtained when 3 mg in-
stead of 1 mg of polymer powder is added to 50 ml rice bran oil
(6.10−3 vol% versus 2.10−3 vol%). According to Eq. (9) this results in a
factor nine increase of the collision frequency and Fig. 4(d) clearly illus-
trates the resulting bigger particles and particle clusters. These bigger
particles on the one hand require a longer time to undergo shape retrac-
tion. On the other hand, ongoing coalescence events at the end of an-
nealing result in particle clusters with complex shape dynamics. Fig. 4
(d) illustrates the presence of irregularly shaped clusters resulting from
these processes. It should be noted that the particle concentration used
here is of the same order of magnitude as that used in gas-phase
rounding in a heated downer reactor. See for instance the work of
Schmidt et al. [43] wherein the particle concentration is 1.10−4 vol%
whereas theymention that a ten times higher concentration would still
be feasible.

Apart from the particle concentration, also the stirring speed is re-
lated to the collision frequency, whereby too rigorous stirring (high
shear rates) results in excessive amounts of collisions. However, the de-
pendence is only linear rather than quadratic and moreover, with in-
creasing shear rate, the interaction time during collision also reduces
[62]. As a result the percentage of collisions that will effectively result
in coalescence will also reduce. Therefore, we noticed that the stirring
speed is a less crucial process parameter as compared to the particle
concentration. Nevertheless, Eq. (9) allows to estimate how ϕ, Rp and
γ
:
combined affect the collision frequency and can be used to have

more control over the process. In addition, the annealing time becomes
relevant as well since under given conditions, the total amount of
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collisions increases proportionally with the residence time. Therefore,
temperatures are chosen as such that maximum a few minutes of an-
nealing is required. Finally, it should also be noted that immediate
quenching of the particles after annealing is crucial inmaintaining sphe-
ricity. This way further collisions with neighbouring particles at high
temperature are minimized, thereby reducing the probability of coales-
cence. Fig. 4(b) shows some examples of particles that were coalescing
while being quenched.

From the process optimization it can be concluded that for genera-
tion of spherical particles an interplay between thematrix temperature,
annealing time, stirring speed and particle concentration should be
taken into account. The rationalization of the process parameters, as il-
lustrated in this section for PA12with 2wt%CNTs, can beused tomake a
priori estimates of the required process parameters for other polymers.
Hence, when applying the method to a new polymer type, the process
parameter optimization study as demonstrated here does not need to
be repeated since Eq. 6 allows to estimate the required heating time
for each particular polymer and temperature, as long as viscosity and
surface tension are known. The relevant parameters for other polymers
used are provided in Table 2.

3.3. Control over the particle size distribution

For the optimized process conditions, particles were segregated
based on their diameter using consecutive meshes with well-defined
grid sizes. The system is shown in Fig. 1, and can easily be implemented
on larger scale. To characterize the particle shape, SEM imageswere uti-
lized. Fig. 5 shows the particle size distribution and SEM images ob-
tained for PA12 polymer particles. For this system, the temperature
could be lowered to 210 °C (which is 40 °C above Tm)whilemaintaining
Fig. 5. Particle size distribution and SEM images of PA12 polymer particles obtained frommesh g
10 μm. Refined powder of PA12 was added to rice bran oil kept at 210 °C, and stirred for 180 s
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an annealing time of 180 s. Almost perfectly spherical particleswere ob-
tained under the defined process conditions, for all particle sizes. Similar
to the starting material, a uniform particle size distribution is obtained.
It should be noted here that the amount of particles retained on the
sievewith the largestmesh sizewas negligible. Therefore, it can be con-
cluded that conditions are indeed tailored as such that coalescence is
avoided and as a result the yield of themethod is close to 100%. A similar
result was obtained for the other polymer types used here.

For many applications, it is of interest to obtain a narrower particle
size distribution. This parameter can easily be regulated by narrowing
the range between consecutivemesh grid sizes. As an example set, pow-
der of PSwas added to rice branoil kept at 130 °C,which is 90 °C above Tg,
and stirred for 120 s at 30 rpm before quenching it. The influence of grid
size range canbeobserved for theobtainedPSparticles fromFig. 6(a) and
(b), for a grid size ranging between 200 μm to 75 μm and 180 μm to 120
μmrespectively. This canbe confirmed from theparticle size distribution,
as shown in Fig. 7. By narrowing the grid size, particles with sizes within
the consecutive grid sizes can be contained, thereby reducing the poly-
dispersity as can be seen from Fig. 7(b). However, since the present
method does not allow to control the particle size, which is determined
by the prior milling step, selecting a more narrow particle size distribu-
tionwill result in a reducedparticle yield. Therefore, it is advisable to per-
form size selection before applying the droplet retraction technique.

3.4. Characterization of spherical particles from various thermoplastic
polymers

Based on the information gathered in Section 3.2 concerning the
mechanisms of shape retraction and possible simultaneous dynamic
processes such as sedimentation and coalescence, optimal process
rid sizes (a) 400 μm to 300 μm(b) 300 μm to 200 μm(c) 200 μm to 75 μmand (d) 75 μm to
at 30 rpm before quenching it.



(a) (b)

200 µm 200 µm

Fig. 6. SEM images of PS polymer particles obtained from mesh grid sizes (a) 75 μm to 200 μm (b) 120 μm to 180 μm.

(a) (b)

Fig. 7. Particle size distribution of PS polymer particles obtained frommesh grid sizes (a) 75 μm to 200 μm (b) 120 μm to 180 μm.
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conditions were established for a range of thermoplastic polymers. As
summarized in Table 2, the annealing temperature was adjusted to en-
sure shape retraction within a maximum of a fewminutes. For the opti-
mized process conditions, irrespective of the polymer type, spherical
particles were generated, as demonstrated in Fig. 8. Similar results
were obtained for PS, PA12, PA12 with 2 wt% CNTs, LDPE and PP.
Apart from the spherical shape, the particles in Fig. 8(a-d) show an ex-
ceptionally smooth surface, whereas the PP particles in Fig. 8(e) have a
comparatively rougher surface. This could be attributed to the high de-
gree of crystallinity of PP [63], which during sudden quenching can lead
to shrinkage resulting in a rough surface.

To demonstrate the particle characteristics in a more quantitative
manner, Fig. 9 shows the shape factors obtained for the different ther-
moplastic polymers. Irrespective of the particle size and particle type
both the aspect ratio as well as the circularity value are close to 1
which defines the nearly perfect spherical shape of the produced parti-
cles. However, polypropylene tends to show a consistently higher
Fig. 8. SEM images of spherical particles of 300 μm diameter o

408
standard deviation in comparison to the other thermoplastics tested.
This larger variability corresponds to the larger roughness and irregular-
ity of the particle surface, as demonstrated in Fig. 8(e). Such roughness
may be desired in applications such as selective laser sintering since it
can reduce particle sticking during powder flow [23].

Fig. 9(b) summarizes the overall result of this work for the represen-
tative case of PS, clearly demonstrating that particles starting from the
complete range of circularity and roundness values can be reshaped to
nearly spherical particles. Rounding of rawmaterial in a downer reactor
[46] has been shown to shift the overall sphericity (= surface area of
volume equivalent sphere relative to actual particle surface area) of
the initial raw material from an average value of 0.4 to close to 1,
thereby however still retaining a clear distribution in sphericity values
between 0.2 and 1. In addition, it appeared to be impossible to fully
avoid agglomeration during the rounding process [45].

For applications like selective laser sintering, the shape of the poly-
mer powder is one of the bottlenecks restricting the technology to a
btained from different classes of thermoplastic polymers.



Fig. 9. (a) Shape factor values as a function of the particle size for different classes of thermoplastic polymers, (b) Circularity versus roundness of rough PS particles obtained aftermilling in
comparison to PS particles obtained after the optimized annealing process.
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handful thermoplastic polymers, thereby limiting its potential [64]. Par-
ticle shape and morphology can dictate the flowability and eventually
obtained packing density of the powder bed, which have a direct influ-
ence on the final part density [65–68]. The smooth surface morphology
as well as levels of roundness and circularity achieved in this work with
one singular processing method applicable for a wide range of thermo-
plastic polymers has not yet been shown before. These results show that
this process is well suited to produce spherical particles with a shape
and size that can match the commercial requirements. Using this parti-
cle preparation method, we have produced spherical PS particles, PA12
particles and PA12 particles with CNTs that were laser sintered in our
home-build laser sintering setup [69,70].

4. Conclusions

Compared to conventionalmethods,we describe a simplemethod to
obtain spherical particles from thermoplastic polymers. This methodol-
ogy is developed to obtain spherical particles from different classes of
thermoplastic polymers, showing the versatility of the method. The
method is based on the shape retraction of liquid droplets. Randomly
shapedpowder particles are transformed to a spherical shape. To reduce
polydispersity, particles are fractionated within meshes with well-
defined grid sizes. The final particle shape depends on the interplay be-
tween the material characteristics and the processing conditions. Opti-
mization of the process is possible by considering the time required
for shape retraction and aiming at reducing undesired droplet dynamics
processes such as droplet breakup, droplet collision and coalescence
and droplet sedimentation. The temperature is crucial to shift the char-
acteristic shape retraction time within a time frame that largely ex-
cludes particle interactions. Moreover, close control over the particle
volume fraction further eliminates particle interactions. Based on an
analysis of the relevant phenomena and their scaling relations, guide-
lines for process conditions are presented. As a result, for any thermo-
plastic polymer, the relevant processing parameters can be defined a
priori. A comparison of shape factors between the starting material
and particles obtained after the rounding process shows the versatility
and potential of the method. Altering the processing conditions can be
used to generate particles with a certain aspect ratio, which is some-
times desired to enhance packing in for instance SLS [71,72]. Thereby,
the proposed method combines advantages of gas-phase rounding in
a heated downer reactor and melt emulsification, both solvent-less
techniques that started to receive attention lately. Similar to the former
method, the particle size is largely retained and process optimization
can be done a priori without trial-and-error tests. Similar to the later
technique, the required equipment is standard lab equipment. When
comparing gas-phase and liquid-phase rounding, the washing step is a
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clear disadvantage of liquid phase rounding. Moreover, the required
residence time at high temperature will be higher due to the presence
of the viscous medium, which slows down retraction. However, the oil
in the liquid phase rounding process results inmore efficient heat trans-
fer, suppresses particle agglomeration and helps in keeping the particles
suspended, which allows for a much more compact design of the
rounding equipment. This saves construction as well as heating costs.

Considering the potential of this methodology, future work will
focus on up-scaling of the method for continuous mass production.
Once an industrial scale implementation has been developed, an eco-
nomic assessment of the process is required to investigate its actual
viability in industrial practice. Due to the multiple process steps in-
volved, including heating, cooling, washing and drying, the method
may not be able to compete economically with one-pot approaches
such as precipitation. However, conversion from batch to continuous
processing, integration of process steps and increased product values
due to improved properties can possibly reduce or even counterbal-
ance the extra costs.
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