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Highlights
- process chain for producing polybutylene terephthalate (PBT) powders for selective laser
beam melting (LBM)

- processability of powders is assessed by characterization of sintered thin layers

- influence of particle shape and size on processability in LBM is studied
- good LBM processability is observed for PBT powders of good flowability

- device quality is remarkably influenced by powder flowability and bulk density
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Abstract

Additive manufacturing processes like selective laser beam melting of polymers (LBM) are
established for production of prototypes and individualized parts. The transfer to serial
production currently is hindered by the limited availability of polymer powders with good
processability.

Within this contribution the effect of powder properties, such as particle size, shape and
flowability on the processability in LBM and their influence on device quality is exemplified for
polybutylene terephthalate (PBT) materials. A process chain for the production of spherical
polymer microparticles has been developed to obtain PBT powder materials. The process
chain consists of three steps: First, polymer microparticles are produced by wet grinding.
Second, the particle shape is engineered by rounding in a heated downer reactor to improve
the flowability of the product. A further improvement of flowability of the still cohesive

spherical PBT particles is realized by dry coating with fumed silica.



Moreover, properties of the PBT powders obtained along the process chain are thoroughly
characterized with respect to structure and crystallinity by infrared spectroscopy, X-ray
diffraction and differential scanning calorimetry. The effect of flowability, shape and bulk
density on the powders’ processabilities in LBM is assessed by characterization of the quality
of thin layers built in a LBM device. It is demonstrated that the device quality is strongly
determined by particle properties: powders of good flowability and high bulk density are

mandatory to obtain dense devices.

1. Introduction

Additive manufacturing methods allow the tool-free and formless production of complex
structures. Especially selective laser beam melting (LBM) of polymers as a generative
powder- and beam-based manufacturing process is promising. Several years ago,
generative manufacturing methods almost exclusively have been applied in the production of
parts at low piece numbers in applications where mechanical properties of the built devices
typically were of minor importance (rapid prototyping). With the advent of additive
manufacturing, i.e. the application of generative methods in mass production — commonly
referred to as ‘3D printing’- new requirements with respect to process stability and
robustness, mechanical properties of the devices, as well as new demands concerning the
powder materials used in beam- and powder-based additive manufacturing methods have
been defined (Kruth et al., 2003; Wendel et al., 2008; Drummer et al., 2010; Goodridge et al.,
2012; Schmidt et al., 2014; Wohlers, 2014; Schmid, 2015; Witt, 2016). Preferentially semi-
crystalline thermoplasts are applied in the manufacture of functional components via LBM
because of their improved mechanical properties as compared to amorphous polymers
(Wohlers, 2014; Schmid, 2015). Currently, the spectrum of commercially available LBM
powder materials is very limited, about 95 % of the total market share is made up of
polyamide (PA) - based materials. PA powders are typically produced by bottom-up
approaches (c.f. emulsion polymerization) or precipitation processes are applied (Wohlers,
2014; Schmid, 2015). Besides PA, polystyrene and polypropylene as well as thermoplastic
elastomers or PEEK are available (Goodridge et al., 2012; Wohlers, 2014). In addition to the
aforementioned bottom-up processes, also top-down approaches like cryogenic (dry)
grinding (Wilczek et al., 2004; Bertling and Eloo, 2009), wet grinding of polymers (Schmidt et
al., 2012), co-extrusion (Schmid, 2015) or melt emulsification (Fanselow et al., 2016) have
been proposed to produce polymer microparticles.

To further extend the applications of LBM new and cheap materials with good processability
must be supplied: device quality, LBM processability and powder properties (Blumel et al.,
2015; Ziegelmeier et al., 2015) are directly connected. Moreover, innovative and versatile

processes being applicable to a wide variety of thermoplasts are desirable.



Wet grinding as a top-down approach is established for the production of micro- and even
nanoparticles for a variety of materials (Damm et al., 2013; Romeis et al., 2014; Nacken et
al.,, 2015; lto et al.,, 2016). However, typically irregular-shaped, cohesive particles are
obtained that cannot be employed in LBM without further modification. Therefore, a process
route for production of spherical polymer microparticles with good flowability consisting of wet
grinding (Schmidt et al., 2012; Wolff et al., 2014; Schéafer et al., 2016), rounding of the
irregular-shaped comminution product in a heated downer reactor and a dry coating step
(Pfeffer et al., 2001; Yang et al., 2005; Blimel et al., 2015) has been proposed and
successfully applied to polystyrene (Schmidt et al., 2014). Compared to dry grinding, wet
grinding of polymers allows for much smaller product particles giving the opportunity to lower
the size range of LBM materials. If appropriate process conditions, i.e. low-viscous solvents
and a moderately reduced process temperature are chosen, particles smaller than 10
microns (xso3) are readily obtained for a variety of engineering and high performance
plastics. For brittle, amorphous polymers like polystyrene even smaller product particles (xso.3
< 2 um) can be produced (Schmidt et al., 2012). LBM materials of small particle size are
desirable because they allow for higher surface qualities (lower surface roughness) of the
obtained parts and better resolution (Kruth et al., 2003). However, the commercially available
polymer powders for additive manufacturing are so far in the size range of 50 to 70 microns
(xs0,3) due to concerns regarding the processability: with smaller particles inhomogeneous
coating during powder deposition in LBM due to poor flowability may occur. We demonstrate
that these problems can be overcome by rounding the irregular shaped comminution product
and dry coating (Pfeffer et al., 2001) of the obtained spherical particles. By dry coating the
surface roughness is increased on the nanoscale leading to an overall decrease of
interparticulate van der Waals forces (Rumpf, 1974; Zhou et al.,, 2003; Gétzinger and
Peukert, 2004; Linsenbuhler and Wirth, 2005; Zhou and Peukert, 2008).

Within this contribution the process chain is applied to produce spherical polybutylene
terephthalate (PBT) powders of good flowability and processability. To our knowledge at
present optimized PBT powders are not available for laser beam melting of polymers.
However, this semi-crystalline thermoplastic shows good mechanical properties (e.g. impact
resistance) and, thus, is of potential interest for LBM in a variety of applications, e.g. in the
automotive industries. The PBT product particles are thoroughly characterized with respect
to both, powder properties and polymer structure: Powder flowability is assessed by means
of tensile strength measurements. Differential scanning calorimetry (DSC), infrared (IR)
spectroscopy and X-ray diffraction (XRD) are applied to monitor the structural evolution of
the polymer along the process chain. An improvement of flowability by a factor of about 5 is
achieved by subsequent rounding of the comminution product and dry coating as proven by

tensile strength measurements of the powders. Moreover, only minor changes in crystallinity



of the semi-crystalline polymer have been observed, which is of importance for the
mechanical properties of components built via LBM. The processability (Gibson and Shi,
1997) of the obtained powders is demonstrated by building thin layer specimens. The thin
layers demonstrate that the device quality is directly affected by powder properties.
Especially flowability is crucial: powders that show good flowability and high bulk density are

the prerequisite to obtain dense parts via LBM (Bliimel et al., 2015).

2. Materials and methods
2.1 Materials
As raw material PBT 4520 Ultradur Highspeed (BASF) of a density of 1.30 g/cm?, as
determined by helium pycnometry, has been applied. The raw PBT material has been
supplied as granules with size between 2 mm and 3 mm. The following PBT powders have
been characterized and evaluated with respect to their LBM processability:
e A micro particulate PBT powder consisting of irregular, plate-like PBT microparticles
referred to as 'ground PBT’ was produced by wet comminution.
e Rounded PBT microparticles referred to as 'rounded PBT’ were obtained by rounding
ground PBT using a heated downer reactor.
e Finally, PBT microparticles of improved flowability referred to as ‘rounded & dry
coated PBT’ were produced by dry coating of rounded PBT powder with fumed silica.
The processes applied to obtain the aforementioned powders and the powder characteristics
are outlined in detail in the experimental and the results section (sections 2.3 and 2.4).
Denatured ethanol (95 %, VWR) has been used as solvent in wet grinding. Fumed silica
(Evonik Industries) with a primary particle size of about 7 nm has been applied for dry

coating of rounded PBT powders.

2.2 Characterization methods

2.2.1 Laser diffraction particle sizing

Particle size distributions of the produced powders were determined by laser diffraction
particle sizing using a Mastersizer 2000 / Hydro 2000S (Malvern). In the case of wet grinding,
the ethanolic product suspensions have been diluted as appropriate prior to measurement in
the dispersing unit using an aqueous sodium dodecyl sulphate solution (SDS, 98% (Merck))
to ensure dispersion stability. Dry samples after size reduction or rounding have been
dispersed in aqueous SDS solution as well. Prior to particle sizing ultrasonication of the

dispersions has been performed.



2.2.2 Scanning Electron Microscopy

The polymer particles have been characterized by scanning electron microscopy (SEM)
using a Gemini Ultra 55 (Zeiss) device equipped with a through-the-hole detector. An
acceleration voltage of 1 kV has been applied. SEM images were taken at appropriate

magnifications.

2.2.3 Powder flowability
Flowability of the products was assessed using a tensile strength tester (Schweiger and
Zimmermann, 1999; Meyer and Zimmermann, 2004). A load of 153 Pa was applied to the

powders. For details on the measurement procedure, see (Schmidt et al., 2014).

2.2.4 Infrared spectroscopy

Infrared (IR) spectra were recorded in transmission in the spectral range from 4000 cm™' to
400 cm™ at a resolution of 2 cm™ using a FT-IR spectrometer FTS 3100 (Varian). The
polymer powder samples were dispersed in KBr (UVASol, Merck) at appropriate
concentration (ratio of about 1:100 (mass polymer / mass KBr)) and platelets were produced.
Reported spectra are normalized to their respective maximum absorbance; baseline

corrections were performed manually.

2.2.5 Differential Scanning Calorimetry
Characterization by differential scanning calorimetry (DSC) was performed at a heating rate
of 20 K min-' using a DSC8000 (Perkin Elmer).

2.2.6 X-ray diffraction

Structural analysis of the polymers by means of powder X-ray diffraction (XRD) was
performed using a Bruker AXS D8 Advance diffractometer. The device was equipped with a
VANTEC-1 detector and a Ni filter. Cu K, radiation (A = 154.06 pm) was used. The X-ray
patterns were recorded in Bragg-Brentano geometry in the range 10° < 26 < 60°. The step

width was 0.014° and the accumulation time was 1 s for each step.

2.2.7 He pychometry
Density was determined using the Helium pycnometer AccuPyc 1330 (Micromeritics).

Reported values for densities are the average from three independent determinations.

2.2.8 Image analysis / Quantification of powder deposition
To assess the powder deposition behavior of the different PBT powders doctor blading was

applied. A Quadruple Film Applicator Model 360 (Erichsen) was used. The gap size was 120



pm. A black-colored paper was used as substrate to allow for the quantification of the area
covered with powder using the commercial program “Image J” for image analysis. The
coverage of the substrate with powder determined by this model experiment allows to assess
the processability of the material in the LBM process during the deposition step (for details
see (Blumel et al., 2015)).

2.2.8 Profilometry

To characterize the quality of thin layers built via selective laser beam melting of polymers in
terms of the layers’ root mean square (rms) roughness, a tactile profilometer DektakXT
(Bruker) was applied. The scan speed was 100 um/s, the horizontal resolution was 333 nm

and the vertical resolution 8 nm.

2.3 Experimental setup

2.3.1 Comminution (dry grinding)

A coarse PBT powder of size xs03 = 239 um (‘PBT < 0.5 mm’) has been obtained using a
rotary impact mill Pulverisette-14 (Fritsch) operated at 20000 min-'. The mill was equipped
with a pin rotor and a sieve ring of 0.5 mm mesh size. The PBT feed has been pre-cooled
using liquid nitrogen prior to impact comminution. The impact-comminuted PBT has been
used as feed material for wet grinding. The particle size distribution (volume sum, Qz) of the
sample PBT < 0.5 mm as obtained by laser diffraction particle sizing is given in Figure 1.
PBT < 0.5 mm exhibits a quite narrow distribution with a X103 of 79 um and a Xgo 3 of 550 um

(span (xe0,3- X10,3) / Xs0,3 = 1.97).

2.3.2 Comminution (wet grinding)

Wet grinding experiments have been performed using a batch stirred media mill PE5
(Netzsch) equipped with a three-disc stirrer. The stirrer discs are made of polyethylene and
the volume chamber of the stirred media mill is lined with silicon nitride ceramics. A mass
fraction of about 18.5 % of PBT feed material ‘PBT < 0.5 mm’ has been used and denatured
ethanol was used as solvent. A stress energy SE (see equation 1) (Kwade, 1999) of 1.91 mJ
was selected by setting the stirrer tip speed vip (circumferential speed of the discs) to 6.3 m
s (equaling 800 min') and using Yttria-stabilized ZrO, grinding beads (YSZ, Tosoh) of
diameter dem = 2.0 mm and a density of peu = 6050 kg m3. The maximum energy that may
be transferred to a product particle by the collision of two grinding beads SEnax is

proportional to the kinetic energy of the grinding media.
(eq- 1) SEmax C Pem d?()BM 'Vﬁp

Approximately 14.3 kg of grinding media were filled into the grinding chamber. The process

temperature has been adjusted to (20 +/- 2) °C using cooling water. The particle size



distribution (volume sum, Qz) of ground PBT obtained after a process time of 345 minutes is
depicted in Figure 1. The wet ground polymer shows a rather broad size distribution with Xxso 3
=25.2 pm (X103 = 6.6 pym, Xg0,3 = 275.5 ym, span= 10.67). Prior to rounding the cohesive PBT
microparticles were separated from the product suspension by centrifugation and dried at
100°C.

1.0

——PBT < 0.5 mm (a)
- - - ground PBT (b)
— — rounded PBT (c)

0.0 -_— —_— ISR
1 10 100 1000

particle diameter / ym

Figure 1: Particle size distributions (volume sum, Q3) of PBT powders obtained by cryogenic
grinding in a rotor impact mill (PBT < 0.5 mm), wet grinding (ground PBT) and after rounding

in a downer reactor (rounded PBT).

2.3.3 Rounding (downer reactor)

The rounding was performed in a heated downer reactor made of stainless steel with a
diameter of 100 mm and a heated length of 4.5 m where the particles are molten, rounded
and solidified, respectively. The heating is achieved using a nine stage heating system
(Thermal Technology). As inert carrier gas nitrogen (purity 5.0, Linde Gas) is used to
minimize aging effects of the polymer like e.g. oxidative degradation. Powder dispersion is
achieved by using a PALAS RGB 1000 powder disperser. The shear forces applied by this
dispersion unit are sufficient for the dispersion of the polymer particles within the aerosol
(Niedballa, 1999). In order to minimize contact of the molten polymer particles and the hot
reactor walls, a special aerosol inlet was developed: The aerosol enters the downer in the
center of the reactor’s cross section. A sheath gas flow (nitrogen) is applied and surrounds

the aerosol in order to minimize the contact of polymer particles and reactor wall. To achieve



a homogenous distribution of the sheath gas, this flow passes a sintered metal plate. Further
details on the reactor setup as well as the rounding process and the selection of proper
process parameters can be found elsewhere (Schmidt et al., 2014). A scheme of the setup is

shown in Figure 2.

aerosol in

N, s ) )

Tl

sheath air out

<— aerosol out

Height / m

=== Tset
TMeasured

0 100 200 300 400
Temperature / °C

Figure 2: Detail of the aerosol inlet (left) and photograph (middle) of the heated downer
reactor used for rounding of polymer particles; right: gas temperature (Twmeasured) in the downer

reactor over the reactor height vs. set temperature Tset (heating system).

The temperature profile along the reactor height depicted in Figure 2 (right) was measured in
the center of the reactor cross section under inert gas flow (7 m%h) using thermocouples. For
comparison the set temperature Tset Of the oven system is shown as well. The slight
difference between the set temperature Tset and the measured temperature Twmeasured is due to
heat transfer along the reactor cross section, heat transfer along the reactor height (in z
direction) and heating up of the inert gas flow. The reactor can be divided into different zones
with respect to process temperature. In the first zone (height = 5.5 m ... 4 m) the overall gas
flow is gradually heated to a process temperature above 230 °C necessary for rounding of
PBT. The time necessary to heat the core of the polymer microparticles to the gas
temperature is in the range of several milliseconds and, thus, can be neglected (Schmidt et
al., 2014). The heat exchange is mainly due to convective and conductive heat transfer from

the surrounding gas to the particles. Due to the small size of the polymer particles and the



rather low temperatures heat exchange due to radiation can be neglected (Kirchhof et al.,
2009). In the second zone (height =4 m ... 2.5 m), the constant process temperature above
the melting temperature of the polymer is maintained to complete the rounding. In the third
zone (height = 2.5 m ... 1 m) the consolidation of the polymer melt takes place and
solidification occurs. To avoid unwanted thermodiffusion effects, the temperature is gradually
reduced to about 150 °C. In the unheated zone (height = 1 m ... 0 m) further cooling of the
aerosol close to room temperature is accomplished. The solid particles are separated at the
bottom of the reactor from the carrier gas using a sintered metal plate (GKN Sinter Metals).
The particle size distribution (volume sum, Qs) of rounded PBT obtained is given in Figure 1.
During the rounding process obviously some of the coarse particles get lost either due to e.g.
improper aerosol generation or due to adhesion onto reactor components and successive
decomposition of the polymer. The total yield of rounded product expressed as the mass

ratio of feed particles and product particles recovered typically is around 75 %.

2.3.4 Dry particle coating

Dry particle coating was performed using a tumbling mixer (T2F, Willy A. Bachofen AG). The
polymer host particles were mixed at 72 min-' in 1200 ml aluminum bottles for 10 minutes
with fumed silica guest particles. A mass concentration of 0.1 % of silica with respect to
polymer has been applied. For details on dry coating of polymers and its influence on

flowability e.g. refer to previous work (Schmidt et al., 2014; Blimel et al., 2015).

2.3.5 Laser beam melting of PBT powders

To assess the LBM processability thin layer specimens of 24 mm * 24 mm size (Drexler et
al., 2013; Drummer et al., 2015) have been built using a Sinterstation 2000 (DTM) laser
sintering machine. The building temperature was 210 °C. The device is equipped with a CO;
laser source. A nominal laser power of P = 2.5 W (laser focus diameter d; = 0.4 mm) and a
scan speed of vs = 0.333 m/s have been applied. The hatch distance was 0.25 mm. The
energy input with respect to laser beam area Epeam Was 23.9 mJ/mm? and may be calculated

according to equation 2:

4.7-P,

eq.2) E =
(eq. 2) d v

beam
s

10



3. Results and Discussion

3.1 Wet grinding of polybutylene terephthalate

With respect to finer product particles wet grinding of polymers (Schmidt et al., 2012; Wolff et
al.,, 2014) has been shown to be advantageous as compared to alternative top-down
approaches typically used for comminution of plastic or visco-elastic materials applying
cutting mills, rotor impact mills or jet mills (Landwehr and Pahl, 1986; Wilczek et al., 2004;
Juhnke and Weichert, 2005; Weber et al., 2006; Bertling and Eloo, 2009). Figure 3a depicts
the evolution of the particle sizes X103, Xs0.3 and Xg03 Over process time. During the first 100 to
120 minutes of wet grinding only slight size reduction is observed. A similar behavior has
been previously reported for wet grinding of PEEK (Schmidt et al., 2012) and has also been
observed for polyethylene terephthalate. Although these grinding kinetics are uncommon in
wet grinding of (brittle) inorganic substances, they seem to apply to non-brittle polymers
showing large breakage elongation and fracture toughness. In the later course of processing
a continuous reduction of product particle size occurs. The particle size distribution first
broadens: typically bimodal particle size distributions (see Figure 3b and Figure A
(supplementary material)) of the product suspension are found, i.e. obviously catastrophic
fracture of the stressed non-brittle polymer particle leading to multiple smaller fragments is
not the dominant size reduction mechanism, but size reduction occurs more likely by a
shearing-off mechanism. For process times of more than 515 minutes the particle size
distribution shifts to a monomodal distribution and, thus, becomes narrower again (Figure A,
supplementary material). Moreover, only negligible changes in the product particle size Xso3
have been observed and a limiting value of about 13 um has been found under the chosen
process conditions. Structural characterization of the comminution products by dynamic
scanning calorimetry (see section 3.5.1) and infrared spectroscopy (supplementary
information) has been performed for the samples collected after 60 minutes, 180 minutes,
240 minutes and 345 minutes (‘ground PBT’) obtained by a separate grinding experiment

and represented by the cross symbols.

The behavior of wet-ground PBT powder in laser beam melting of polymers has been studied
for the product ‘ground PBT’ of particle size xs03 = 25.2 um. This sample has been obtained
after wet grinding for approximately 5.5 hours and subsequent centrifugation and drying of

the sediment. Plate-like primary particles are obtained (Figure B, supplementary material).
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Figure 3: (a) Evolution of product particle sizes X103, X50,3 and Xgo,3 during wet grinding of PBT
in ethanol. (b) cumulative particle size distributions (Qs, volume) of the product particles for

different process times.
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3.2 Rounding of PBT

For rounding the temperature profile given in Figure 2 (right) was applied and the residence
time of the particles in the melting zone (Tmeasured > 230 °C) was set to 7.7 s by choosing a
sheath gas flow of 4 m3h and an aerosol gas flow of 3 m%h. For calculation of the residence
time laminar flow and no back-mixing of particles and gas (Brust and Wirth, 2004) in the
reactor can be assumed. Ground PBT was used as feed material. Rounded PBT (c.f. Figures
1 and 4) with Xs03 = 18.8 pm (X103 = 8.2 ym, Xg0.3 = 45.7 um) was obtained for these process
conditions. In the following the rounding process and especially the choice of proper process
conditions is discussed. The residence time necessary for complete rounding can be
calculated applying a viscous flow-sintering model (Kirchhof et al., 2009). As demonstrated
for the rounding of polystyrene (Schmidt et al., 2014), characteristic sintering times obtained
for three-dimensional particle aggregates (made up of primary particles of same size) using
the viscous flow sintering model (Kirchhof et al., 2009) provide a reasonable estimate for the
minimum residence time needed for (complete) rounding of the irregular-shaped
comminution products. In the framework of the aforementioned model the Navier-Stokes
equations are solved by a fractional volume of fluid method and particle-particle interactions
are taken into account. The sintering time t necessary to obtain a single spherical particle
from an aggregate of final radius ar according to the model is given by equation 3. The
structure of the initial aggregate does not affect the necessary sintering time needed to
obtain a fully coalesced sphere (for details on this issue please refer to (Kirchhof et al., 2009;
Schmidt et al., 2014)).

(eq.3) t= m

(o2

The main influencing parameters are the surface tension o and the melt viscosity n of the
polymer. Taking typical material parameters of PBT into account, i.e. a surface tension of the
melt of c = 30.2 mN/m (Ito et al., 2008) and a melt viscosity of n = 452 Pas (Fakirov, 2002), a
characteristic sintering time of about 1.5 s is calculated for particles sized ar = 0.5 * Xg03
(rounded PBT) = 22.9 um using equation 3, i.e. the residence time chosen (7.7 s) allows for

complete rounding. Almost perfect spherical particles are obtained (see Figure 4a).

3.3 Dry particle coating of PBT

The rounded PBT already shows improved flowability and higher bulk density as compared
to the ground PBT (see section 3.4). To further improve the flowability dry particle coating
(Rumpf, 1974; Pfeffer et al., 2001; Yang et al., 2005) of the polymer microparticles using

fumed silica was performed. By dry particle coating nanoscale silica (guest) particles are

13



attached due to van der Waals forces onto the surfaces of the PBT (host) microparticles.
PBT-silica composite particles with surfaces showing nano roughness are obtained: The
nanoscale particles act as ‘spacers’ between the host particles, i.e. they increase the
interparticulate distance between two adjacent host particles which leads to a decrease of
the (attractive) van der Waals forces between them (Zhou et al., 2003; Zhou and Peukert,
2008; Goétzinger and Peukert, 2004). In consequence, the flowability of dry coated powders
increases, which is advantageous for the powder deposition step in laser beam melting of
polymers leading to dense devices of improved surface quality (Blumel et al., 2015). SEM
images of the particles ‘PBT rounded & dry coated’ obtained after the dry coating process
are shown in Figure 4: the polymer particles’ surfaces are homogeneously covered with

nanoscale SiO; particles (Figure 4b).

Figure 4: (a) SEM image of rounded & dry coated PBT obtained by dry coating of rounded
PBT with fumed silica, (b) SEM image of the composite particle surface.

14



3.4 Bulk material properties and their implications on device quality

3.4.1 Tensile strength of powders and flowability

The effect of rounding and subsequent dry coating on the flowability of the powders has been
studied using a tensile strength tester. In short, the device allows to assess interparticulate
forces by measurement of the force needed to separate two adjacent layers of particles. For
details on the procedure please refer to (Schweiger and Zimmermann, 1999; Meyer and
Zimmermann, 2004; Schmidt et al., 2014). The measured tensile strength allows for
predictions of powder flowability: with decreasing tensile strength the flowability increases.
Moreover, the measurement is done for almost uncompacted powders, which is quite close
to the conditions that apply for the powder deposition step in LBM. Besides tensile strength
testing of powders and shear testers (Krantz et al., 2009; Blimel et al., 2015) a variety of
alternative methods for the determination of quantities correlating with powder flowability
have been proposed to characterize the flowability of powders used in additive
manufacturing (Amado et al; Abdullah and Geldart, 1999; Freeman, 2007; Schmid, 2015):
frequently the Hausner ratio, i.e. the ratio of tapped density and bulk density (Wudy and
Drummer; Schmid, 2015) is used for prediction of powder flowability. Although good
correlation between the Hausner ratio and flowability determined by shear testers has been
reported in literature (Abdullah and Geldart, 1999; Saw et al., 2015) one should consider that
the Hausner ratio strictly speaking is not a material property, because it depends amongst
others on the consolidation procedure applied (c.f. number of taps, filling procedure) and may
depend on the powder volume used and the geometry. To obtain comparable results
standard protocols (see e.g. (Sousa e Silva, J P et al., 2013)) have to be followed. A similar
situation holds true for the determination of flowability by funnels, the determination of the
avalanche angle in rotating drums (Amado et al; Krantz et al., 2009), powder rheometers
(Freeman, 2007) or the determination of the minimum fluidization velocity of a powder
(Schmid, 2015; Ziegelmeier et al., 2015): Frequently remarkable good correlation of powder
flowability as determined with shear testers and the results from the aforementioned
characterization methods is found, however, in these empirical approaches the stress state
of the powder frequently is not well defined and there may be influences of device geometry

on the measured property, which thus is not a physical quantity in the classical meaning.

Tensile strengths of powders obtained after the single process steps are summarized in
Table 1. As an estimate for the error of the tensile strength determined the standard
deviation of three repetition measurements is reported. Moreover also data on bulk density

as well as on solid density (determined by He pycnometry) are given in Table 1.
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Table 1: Tensile strength, bulk density and solid density of the produced PBT powders.

tensile strength / bulk density / density / g/cm?3
Pa g/cm3
PBT < 0.5 mm(feed) n/a n/a 1.30
ground PBT 15.7 +/- 0.8 0.25 1.32
rounded PBT 10.7 +/-1.7
rounded & dry 20 4/-06
coated) 0.47 1.34

The PBT powder produced by wet grinding (ground PBT) shows a high tensile strength of
around 16 Pa. It is cohesive and shows a rather poor flowability. Moreover, the irregular,
plate-like particles (Figure B, supplementary material) show a low bulk density. Both, poor
flowability and low bulk density are unfavorable in the LBM process: inhomogeneous powder
deposition in the coating step will be a consequence of poor flowability. Powders of low bulk
density, i.e. high porosity, do hardly consolidate during laser melting which will result in
porous devices of poor dimensional accuracy. The rounding and the consecutive dry coating
step improve the powder characteristics with respect to LBM processability: a remarkable
increase of the bulk density of the powder obtained after rounding and a reduced tensile
strength of approximately 11 Pa are found. Also a slight increase in solid density was
observed. Dry coating results in a further decrease of the tensile strength of the powder
(rounded & dry coated PBT) to about 3 Pa, which is comparable to commercially available
PA12 materials used in LBM. Thus, an improvement of flowability by a factor of more than 5
is achieved by tailoring particle shape (rounding) and reducing the interparticle attractive

forces by dry particle coating.

3.4.1 Powder deposition

Besides tensile strength measurements also a quantitative evaluation of powder deposition
by doctor blading and image analysis was performed which gives the possibility to assess
the processability of the powders during the application of a new powder layer in LBM. Figure
5 summarizes the powder deposition behavior. Three independent coating experiments were
performed. Depending on the flowability of the respective powders only a certain area (white)
is covered with particles after the deposition step: For ground PBT an area coverage of only
(19.1 +/- 4.2) % was observed. The powder layer prepared from rounded PBT showed a

coverage of (28.4 +/- 3.8) %. Remarkably, an almost complete surface coverage of (97.3 +/-
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1.8) % is achieved for rounded & dry coated PBT. Small tensile strength of powders (good
flowability) correlates with homogeneous powder deposition and almost complete surface

area coverage.

Figure 5: Powder deposition of ground PBT (left), rounded PBT (middle) and rounded & dry
coated PBT (right) after doctor blading.

3.4.2 Topological characterization of thin layers

The influence of bulk material properties on device quality is reflected by photographs of thin
layer specimen obtained for ground, rounded and rounded & dry coated PBT powder by
laser beam melting of polymers shown in Figure 6. The correlation between particle shape,
bulk density, flowability and quality of the built layers already is obvious: only porous, open
structures are obtained if the LBM process is run with ground PBT. A remarkably improved
layer quality is observed for specimens built from rounded powder: dense layers are
obtained. The highest specimen quality is obtained from rounded & dry coated PBT: the
devices appear smoother and show fewer defects. To quantify the thin layers’ quality
obtained from rounded and rounded & dry coated material, profilometry has been performed.
A rms roughness Rrus of (73.0 +/- 2.9) ym was found for the layer built from rounded
powder, whereas a smaller roughness of Rrus = (48.5 +/- 15.1) ym was determined for the
specimen built from rounded & dry coated PBT. The errors given refer to the standard
deviation of the determination of Rrwus for three different traces along the whole dimension of

the specimen.
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A B C

Figure 6: Thin layer specimen obtained by laser beam melting from (A) ground PBT, (B),
rounded PBT and (C) rounded & dry coated PBT.

Also the characteristics of layers built via LBM directly correlate with the powder properties.
Good flowability and high bulk density are a prerequisite for dense devices with a smooth

surface.

3.5 Structural characterization of the powders along the process chain

Besides bulk material properties also the polymer structure will influence the LBM
processability. Especially the degree of crystallinity is relevant for LBM processing. Structural
changes of the material along the process chain have been monitored by dynamic scanning
calorimetry, X-ray diffraction and infrared spectroscopy (see supplementary material). In this
section the structural features of the particles and in the case of XRD also of the parts built

from the respective powders are addressed.

3.5.1 Differential scanning calorimetry

Enthalpies of fusion AH; and the melting temperatures Tmert Of the PBT feed material, ground
PBT, PBT comminution products withdrawn after shorter process times and rounded PBT, as
determined by DSC, are summarized in Table 2. For a typical DSC curve, see Figure D in
the supplementary information. Moreover, also the degree of crystallinity (a-PBT) calculated
from the melting enthalpies of the processed powders, taking the melting enthalpy of fully

crystalline o-PBT of AH? = 145.5 J/g (Vallejo et al., 2001) into account, are given.
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Table 2: Melting temperature Tmeir, enthalpy of fusion AH; and degree of crystallinity (o-PBT)

of different PBT materials ground and rounded, respectively, as determined by DSC.

Melting Enthalpy of fusion Degree of
temperature Tmeit / AH:/ J/g crystallinity (a-
°C PBT) / wt-%
feed material (PBT <
0.5 mm) 227.3 51.0 35.0
PBT, ground 60
minutes 226.4 49.8 34.3
PBT, ground 180
minutes 227.9 50.8 34.9
PBT, ground 240
minutes 228.4 52.8 36.3
ground PBT 228.4 52.5 36.1
rounded PBT 230.2 45.3 32.1 (%)

(*) sample contains also some B-PBT (c.f. section 3.5.2). The degree of crystallinity has been

estimated assuming similar melting enthalpies for the a- and B-PBT polymorph.

No significant change of crystallinity during wet grinding is observed: an amount of 34.3 to
36.3 wt-% of a-PBT, corresponding to melting enthalpies between 49.8 J/g and 52.8 J/g, is
found for the comminution products obtained for process times between 60 minutes and 330
minutes (c.f. ground PBT), which is the same crystallinity observed for the semi-crystalline
PBT feed material (35.0 %) and quite common for commercial PBT grades. Therefore, we
conclude that no amorphization of the semi-crystalline polymer occurs during comminution in
the stirred media mill for the stressing conditions and process times considered. However,
during the subsequent rounding step structural changes occur which are reflected in a
change of thermochemical characteristics of the PBT powders: rounded PBT shows a
smaller heat of fusion (45.3 J/g) than both, ground PBT and feed material. The reduced heat
of fusion reflects a slightly lower degree of crystallinity. Moreover, in DSC an increased
melting temperature of 230.2 °C is observed for the rounded material. An increase in melting
temperature of PBT upon thermal annealing at temperatures above 205 °C, being due to
structural changes (formation of different spherulitic structures), has been reported by Yeh
and Runt (Yeh and Runt, 1989).
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3.5.2 X-ray diffraction

Polybutylene terephthalate is known to exist as two polymorphs (o and  form) (Boye and
Overton, 1974; Jakeways et al., 1975; Yokouchi et al., 1976). Both crystal modifications are
triclinic. Transition from o-PBT to B-PBT is known to occur reversibly upon mechanical
stressing: Yokouchi et al. (Yokouchi et al., 1976) obtained pB-PBT from amorphous PBT after
elongation of the amorphous polymer and subsequent heat treatment at 200 °C under
tension. Upon relaxation they observed formation of a-PBT which could be transformed to 8-
PBT again upon stretching of about 12%. While in early work on the phase behaviour of PBT
(Boye and Overton, 1974; Jakeways et al., 1975; Yokouchi et al., 1976) it was concluded that
the B-polymorph only exists under tension, however more recent works (Roebuck et al.,
1992; Carr et al., 1997) revealed that also a stable § phase can be observed, e.g. for spun
and drawn PBT yarns (Carr et al., 1997). Moreover, formation of a stable 3-PBT phase also
has been reported for PBT blend systems (Tomar and Maiti, 2009). According to literature
(Mencik, 1975; Yokouchi et al., 1976; Tomar and Maiti, 2009) the o and p phase of PBT can
be discriminated by a reflex observed at 29.9° (Cu-K,) only for B-PBT. X-ray diffraction
pattern of the PBT feed as well as the obtained ground and rounded powders are depicted in

Figure 7.

The XRD pattern of the feed material (PBT < 0.5 mm) and the PBT powder obtained after
wet grinding (ground PBT) are almost the same. The patterns are typical for a-PBT and no
remarkable changes of the structure due to grinding (c.f. no significant changes in absolute
count rate or intensity ratios of different reflexes) occur. However, the XRD patterns
observed for rounded PBT are different from the diffractogram of ground PBT: It is well-
known that the crystallization behaviour of semi-crystalline thermoplasts is influenced by the
temporal evolution of temperature, pressure and the stress state (c.f. shear vs. elongational
stress). First, a new signal at 20 = 27.7 ° is observed which is assigned to the B-phase of
PBT, i.e. the rounded PBT powder is a mixture of amorphous PBT (c.f. DSC
characterization), a—PBT and B-PBT. Most probably, B-PBT is formed at the final stages of
the rounding process, i.e. during the solidification of the spherical polymer melt droplets. As
outlined above, B-PBT is known to be formed from amorphous and a-PBT upon elongation.
Therefore, certain volume elements of the spherical particles formed during the rounding
step in the downer reactor are subjected to tension built up by shrinkage of the polymer melt
droplet during solidification. Moreover, the full width of half maximum of the peaks becomes
smaller which might be due to the formation of larger crystallites during the rounding step
and the subsequent solidification of the molten polymer. Also an increase in intensity of the
peaks at 20 = 17.3 ° (010) and 206 = 25.2 ° (111) is observed.
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The aforementioned structural changes are anticipated to be of minor importance with
respect to the mechanical properties of the devices obtained by LBM because the device

properties are determined by the degree of crystallinity than by the polymorph.

55000 . . . : : , : :

s0000 (-, PBT < 0.5 mm

- - - ground PBT
rounded PBT

45000

40000 '
1‘ * .

| o-PBT
# B-PBT

35000

L L L
*

30000

25000 p

counts

20000
15000
10000

5000

L} I T I T I L} I I,r
S
{
(N

30 40 50
20/°

RN
o
N
o

Figure 7: XRD patterns of PBT feed material (PBT < 0.5 mm) and powders obtained after wet
grinding (ground PBT) and rounding (rounded PBT).
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Figure 8: XRD pattern of thin layer devices built from ground PBT, rounded PBT and ground
& rounded PBT.

The XRD patterns of thin layer devices built via LBM from different PBT powders are
depicted in Figure 8. Thin layer devices built from ground PBT show a higher crystallinity as
compared to the raw powder material due to melting and subsequent solidification (and partly
crystallization) of the polymer powder during LBM processing. Besides amorphous material
only the a-polymorph is found. In case of the rounded and the rounded and dry coated PBT
powders, the devices obtained by LBM represent a mixture of amorphous PBT, a- and j-
PBT similar to the raw powders. However, the relative amount of the B-polymorph (with
respect to a-PBT) is somewhat lower in the devices, as compared to the respective powders,
i.e. obviously relaxation of the structure takes at least place to a certain extent during LBM

powder processing.

4. Conclusions

A process chain consisting of wet grinding, rounding in a heated downer reactor and dry
coating has been applied to produce PBT powders of good flowability for laser beam melting
of polymers. A thorough study on the structure of the polymer along the process chain as
well as on the correlation between particle shape, tensile strength of the respective powders,

bulk density and quality of thin layer specimens obtained via LBM has been performed.
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The first step, wet comminution allows for tailoring the particle size without changing the
crystallinity or structure of the PBT feed material as proven by DSC and XRD. A remarkable
reduction of tensile strength of the powders is achieved by rounding. The change of the
particle shape is accompanied by formation of some B-PBT which presumably is formed
during the solidification of the polymer melt upon fast cooling. Dry coating, which is the third
step, leads to a further decrease of powder tensile strength, i.e. improvement of powder
flowability. An overall increase of flowability by a factor of 5 is accomplished by the change of
the particle shape (rounding) and reduction of interparticulate van der Waals forces by dry

coating of the particles.

The LBM processability of rounded and rounded & dry coated PBT powders has been
demonstrated by thin layer specimens: For ground PBT powders only porous structures are
obtained in LBM. The powders of improved flowability allow for dense parts of good surface
quality. A correlation between particle shape, tensile strength of the respective powder, bulk
density and thin layer quality has been demonstrated: Powders of good flowability and high
bulk density are a prerequisite for parts of good quality. For rounded and dry coated PBT

powder dense specimen of small rms roughness are obtained.

The process chain to produce spherical polymer powders of good flowability is versatile: all
processes are scalable, i.e. the process chain can be transferred to the plant scale for
production. Moreover, it may be applied to any polymer which may be comminuted and
molten without degradation, i.e. it is applicable to a wide range of thermoplasts and therefore

an option to widen the material spectrum of polymer powders for LBM.
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Nomenclature
ar final particle radius (viscous flow sintering
model= (Kirchhof et al., 2009)

df focal diameter / m

dem grinding media size / m



LBM

P

PA

PBT

PEEK

Qs

Rrvs

SE

TMeasured

Tmelt

TSet

Vs

Vtip

Greek letters

AH;s

laser beam melting

laser power / W

polyamide

polybutylene terephthalate

poly ether ether ketone

volume sum distribution / -

root mean square roughness

stress energy / J

sintering time / s

measured temperature (downer reactor) / °C
melting temperature / °C

set temperature (heating of downer reactor) / °C
scan speed / m/s

stirrer tip speed / m/s

particle size / m

(mass-specific) heat of fusion / J/kg
viscosity / Pas

wave length / m

grinding media density / kg/m?
surface tension / N/m

angle of diffraction / °
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Figure A: Evolution of span (xe0,3 — X10,3) / Xs0,3 Over process time during wet grinding of PBT
(stressing conditions: SE = 1.91 mJ, viip = 6.3 m/s, dem = 2.0 mm, feed concentration 18.5 wt-

%, process temperature 20 °C).
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Figure B: SEM image of ground PBT obtained after about 5.5 hours of wet grinding
(stressing conditions: SE = 1.91 mJ, viip = 6.3 m/s, dem = 2.0 mm, feed concentration 18.5 wt-

%, solvent: ethanol, process temperature 20 °C).
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Infrared spectroscopy

Infrared spectra of rounded PBT as well as PBT comminution products obtained for different
process times are given in Figure C. For all samples spectral features being typical for PBT
(Tomar and Maiti, 2009; Kappler et al., 2015) are found, i.e. the C=0 vibrational band at
around 1715 cm™, the CH; bending mode at 1503 cm™' and the CH, wagging mode at
1530 cm' of the butylene units, the symmetric and asymmetric C-O-C stretching modes at
1206 cm™ and 1103 cm, respectively, as well as modes due to the aromatic ring at
1409 cm™, 1504 cm™ and 1018 cm™, 873 cm™ and 727 cm™. The spectra of the wet
comminuted PBT powders are almost identical i.e. no pronounced changes in molecular
structure during grinding of PBT for process times of up to 345 minutes at the stressing
conditions summarized in section 3.1 occur. This indication corresponds well to the

observations during DSC characterization of the respective powders.

Only minor changes are observed for rounded PBT: compared to the ground material a
reduced intensity in the OH region (3700-3200 cm) is observed, which might be due the
removal of water from the material during rounding and subsequent solidification and (partial)
crystallization. The change in crystallinity observed by DSC could not be detected by IR
spectroscopy. It has been reported that amorphous PBT and the crystalline polymorphs may
be discriminated in the spectral region of the methylene rocking (900-1000 cm™') and the
methylene bending vibration (1300-1550 cm'). Stambaugh et al. (Stambaugh et al., 1979)
assigned the bands at 917 cm™ and at 1456 cm™ to the unstressed alpha-phase whereas
bands found at 935 cm™ and 1388 cm™' have components of both crystalline polymorphs.

Amorphous PBT shows bands at 938 cm-' and 960 cm™'.

29



intensity / a.u
£ w
|
<

S LU

ground PBT (60 min)
ground PBT (180 min)
6 - ground PBT (240 min)
ground PBT (345 min)
rounded PBT

— 71 - T ' T + T 1T "~ 1T "~ T T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400

wavenumber / cm’

intensity / a.u.
H w
% I

51 ground PBT (60 min)
——ground PBT (180 min)
6 ground PBT (240 min)
ground PBT (345 min)
rounded PBT

| ! | ' ) ' 1 ! | '
1600 1400 1200 1000 800 600
wavenumber / cm’

Figure C: IR spectra of wet comminuted PBT and rounded PBT powders in the wavenumber
region (a) 4000 cm' to 400 cm™' and (b) 1700 cm-! to 600 cm-".
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Figure D: DSC curves of PBT feed material, ground PBT and rounded PBT.
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