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ABSTRACT: Two distinct methods to produce polystyrene coated alumina powder for Selective Laser Sinter-
ing (SLS) applications are presented. A first method is dispersion polymerization, a heterogeneous polymeri-
sation technique. A second method is precipitation with non-solvent, a phase inversion technique. The prepa-
ration methods are described, the polystyrene binder amount is determined and further characterization of the
polystyrene coated alumina powders with SEM, STA/TGA and DSC is discussed.

1 INTRODUCTION

For indirect Selective Laser Sintering (SLS), a
powder-based additive manufacturing (AM) process,
powders are coated with a polymeric binder (Subra-
manian et al. 1995, Liu et al. 2007). The binder will
be sacrificed during the sintering of the green parts.
To develop a polymer coated powder, several tech-
niques can be applied. Polystyrene (PS) is compared
to other semi-crystalline polymer materials suited
because it is geometrically stable during the burning
out step (Kruth et al. 2008).

A first class of techniques to prepare polymer coat-
ings are the heterogeneous polymerisation tech-
niques (Arshady, 1992). They exist of two phases, in
which the starting monomers and/or the formed pol-
ymers are present in the form of a fine dispersion of
non-mixable liquid phases. The two most frequently
used polymerisation techniques to coat with PS are
emulsion polymerization and dispersion polymeriza-
tion. SiO, is most often used as inorganic core, due
to its high surface energy and activity, which en-
hances the formation of core-shell structures
(Bourgeat-Lami et al. 1998, Bourgeat-Lami et al.
1999, Wang et al. 2007). To enhance the interfacial
interaction between inorganic particles and the or-
ganic polymer, molecules can be adsorbed or grafted
onto the inorganic core. Ding et al. 2004 used emul-
sion polymerization to coat silica with PS. The silica
was first grafted with oleic acid prior to emulsion
polymerization with sodium dodecyl sulphonate sur-
factant. The disadvantage of such emulsifiers is their
impact on the smoothness and morphology of the
composites. Bourgeat-Lami and Lang 1999, Tianbin
and Yangchuan 2006 and Liu et al. 2004 encapsulat-
ed silica beads by dispersion polymerization of sty-

rene and modified the silica beads prior to dispersion
polymerization by grafting the silica surface with a
silane coupling agent. In all these studies polyvi-
nylpyrrolidone (PVP) was used as stabilisator and
2,2’-azobisisobutyronitrille (AIBN) as the initiator.
The preparation of silica/polystyrene core—shell
composite nanospheres has also been reported by in
situ radical dispersion polymerization in an ionic
liquid (IL) (Haldorai et al. 2010).

Zheng et al. 2006 coated alumina nanoparticles with
polystyrene by emulsion polymerization (according
to a similar method as Ding et al. 2004) and investi-
gated the filled PS matrix in SLS. Both the impact
and tensile strength of the sintered specimens were
improved for the filled PS matrix with 5% PS coated
nano-alumina particles compared to the PS matrix
with pure nano-alumina particles. This can be ex-
plained by the enhanced interface adhesion of filler
and matrix (Zheng et al. 2006).

A simple dispersion polymerization method was re-
ported with Fe3O4, in which the Fe3O4 core was
modified with divinylbenzene as cross-linking agent
(Guo et al. 2007).

A second class of techniques to coat inorganic
particles with a polymer phase are the phase inver-
sion techniques. The polymer is first dissolved and
through changing the conditions, phase separation
occurs. Depending on how the phase separation is
induced, one can distinguish the following phase in-
version techniques: thermally induced phase separa-
tion (TIPS), immersion precipitation, solvent evapo-
ration (air-casting) and precipitation with non-
solvent (Freiberg and Zhu 2004, Haruma 2000, van
de Witte et al. 1996).

Scarfato et al. 2011 make use of solvent evapora-
tion to coat silica with polystyrene. The method ex-
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ists of first dissolving the PS in chloroform, fol-
lowed by addition of silica and placement in an ul-
trasonic bath. The solution is then emulsified in wa-
ter with a small amount of polyvinylalcohol and the
chloroform is evaporated. In a last step, the suspen-
sion is filtered to obtain fregsflowing powder.
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In this paper, we developed a method for the prepa-
ration of polystyrene coated alumina particles using
(1) dispersion polymerization and (2) precipitation
with non-solvent (Lintacker 2012).

Combined TG and DSC measurements provide a
good indication of the percentage of polystyrene
binder coating. Microscopy is used to characterize
the morphology and size of the composites and by
STA heat treatments of the powders, SLS simula-
tions are performed to check for neck formation.

2 MATERIALS AND METHODS

2.1 Dispersion polymerization method

A 500 ml synthesis was performed in a three-neck
flask equipped with a thermometer and a reflux con-
denser. The flask was covered with aluminium foil
and immersed in a water bath that was placed on a
heating plate with magnetic stirrer capacity. First a
water-ethanol mixture was heated to above 50°C and
then styrene (99,5%, Acros Organics, USA), divi-
nylbenzene (DVB) (98% DVB, Merck Millipore,
USA) and a-alumina (grade SM8, Baikowski,
France) were poured into the solution and stirred
with magnetic stirrer agitation. Azobisisobutyroni-
trile (AIBN, Acros Organics, USA) was added when
the mixture reached 65°C and the heating continued
for 6.5 hours upon magnetic stirring. Product was
cooled and the day after filtered and three times
washed with water and dried at 50°C in a vacuum
oven. A 2L synthesis was performed in a 3L three-
neck reactor covered with aluminium foil and
equipped with a thermometer, a reflux condenser
and a mechanical stirrer. The preparation, sequence
of addition and timing was similar as for the 500 ml
preparation and the polymerization was executed at a
temperature of 65-67°C for 6.5 hours upon mechani-
cal stirring. The powder was grinded in a ball mill
(Fritsch, Germany) followed by sieving (Retsch,
Germany) with a mesh size sieve of 160 pum.

2.2 Precipitation with non-solvent

A schematic representation of the dissolution-

precipitation method or precipitation method with
non-solvent is illustrated in Figure 1.
First the PS (143E crystal clear, BASF) was dis-
solved in a solvent. In the initial experiments carbon
tetrachloride was used as solvent, but mostly chloro-
form was the solvent used. Secondly, the alumina
was added and the solution was stirred, in ultrasonic
bath, magnetically or mechanically. Then ethanol, a
non-solvent for PS, was added to allow the precipita-
tion of the PS onto the alumina. The solution was
again stirred. The chloroform or carbon tetrachloride
and ethanol were removed by filtration or centrifuga-
tion. Finally, the alumina/PS composite particles
were washed and dried in an oven at 75°C to remove
the remaining solvent by evaporation.
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Figure 1. Scheme of the precipitation with non-solvent or disso-
lution-precipitation method.

Syntheses were performed at different scales from
10 ml up to 1L of starting PS-solvent solution. For
the small scale experiments 30 ml vials were used
and for the 1L experiments, a 3L stirred reactor was
used (Figure 2).

\

Figure 2. Different set-ups (empty) for the precipitation with
non-solvent syntheses. A. 30 ml vials with magnetic stirring. B.
3L mechanically stirred reactor.



2.3 STA/DSC analysis

The STA analysis of the developed PS coated
alumina powder is done using Netzsch 449 F3 Jupi-
ter STA equipment under protective nitrogen atmos-
phere measuring combined TGA and DSC. Samples
were heated to 1500°C at a heating rate of 10°C/min.
Mass change (%) was determined via Netzsch Pro-
teus TA software providing the wt% PS coated on
the Al,O5 particles.

Differential scanning calorimetry (DSC) was per-
formed using a Netzsch 204 F1 equipment under ni-
trogen atmosphere. Approximately 25 mg of sample
material in an open aluminum pan was referenced
against an empty open aluminum pan. Samples were
heated to 150 °C at a heating rate of 10°C/min.

2.4 Digital Microscopy / SEM

Digital microscope pictures of the powders after
powder production and samples after burning out the
polymer within the STA equipment were taken using
a Digital Microscope VHX-500 F from Keyence.

Scanning electron microscopy of the coated pow-
ders was performed on a Quanta 200FEG FEI scan-
ning electron microscope.

3 RESULTS AND DISCUSSION
3.1 Dispersion polymerization

Recipes were optimized and developed at 500 ml
and 2L scale using the amounts given in Table 1.

Table 1. Dispersion polymerization synthesis experiments.

500 ml 2L
Al,O3 g 30.11 120.44
Styrene g 55.58 222.32
DVB g 0.58 2.32
AIBN g 0.565 2.26
Ethanol g 283.5 1134
Water g 16.5 66

From the mass loss around 400°C due to the de-
composition of the polystyrene, the amount of PS
coated on the alumina particles can be calculated
from the first derivative of the mass loss with tem-
perature. Thermo Gravimetric Analysis indicated 30
wit% PS for the 500 ml recipe and 39 wt% PS for the
2L recipe. From the 2L powder, some powder mate-
rial was heated in the STA equipment to burn out the
polymer. After cooling down of the sample, the
powder remains bound, as is illustrated in Figure 3.

Details on the characterization of the PS/Al,O3
particles is given elsewhere (Cardon et al. 2012) and
SLS tests on the PS/Al,O5; materials have been exe-

cuted and reported (Cardon et al. 2012, Deckers et
al. 2012).

-

Figure 3. Digital microscope picture of bound powder after
STA analysis.

3.2 Precipitation with non-solvent (Dissolution-
precipitation)

In Table 2 the parameters are shown for the pre-
cipitation experiments with non-solvent. The differ-
ent time parameters are the time the solution was
placed in an ultrasonic bath (t1), the time the solu-
tion was stirred before addition of ethanol (t2) or af-
ter the addition of ethanol (t3) and the ageing time
without stirring (t4).

The experiments are performed in 30 ml vials
containing a magnet that are placed on a plate with
magnetic stirrer capacity (Figure 2A). Either carbon
tetrachloride or chloroform was used as solvent.
Stock solutions were prepared beforehand in which
50 g PS was dissolved in 1L solvent. 10 ml of this
stock solution was taken and filled in the vial. Then
respectively 0.5, 0.25 or 0.33 g alumina was added
to obtain a theoretical ratio of PS/Al,O3 of resp. 1.0,
2.0 or 1.5. The amount of ethanol (Vg) added to ob-
tain a phase inversion was either 2 or 4 ml. In the
last column of Table 2 the wt% PS measured with
STA is given. After the dissolution-precipitation
procedure, all powders were filtered, washed with
ethanol and dried in an oven for 1h at 75°C.

Table 2. Syntheses with (A) CCl, (S1-S5) and CHCI; (S6-S10)
in 30 ml vials.

t1 t2 t3 t4 Vg Ratio PS

min min min h mi wit%
S1 A 0 300 30 0 2 1.0 5.0
s2 A 0 30 300 O 2 1.0 14.3
S3 A 0 300 30 16 2 1.1 7.8
S4 A 30 10 30 0 2 1.0 15.3
S5 A 30 240 30 0 2 1.0 6.0
S6 B 30 10 270 0 2 2.0 7.0
S7 B 30 10 240 0 4 2.0 38.0
S8 B 30 10 30 0 2 2.0 36.1
S9 B 30 10 30 0 4 2.0 32.4
S10 B 30 10 30 0 2 15 44.3




From experiments S1-S3 in Table 2 it can be ob-
served that the highest %PS (14.3 wt%) was ob-
tained with long stirring time (t3 = 5h) after the addi-
tion of ethanol. It is not necessary to stirr long (2 =
300 min, S1 and S3) before the addition of ethanol.
In experiments S4-S5 the additional effect of an ul-
trasonic treatment of the PS and alumina in solution
was examined. The best combination was for exper-
iment S4 which resulted in 15.3 wt% PS.

As from experiment S6, solvent was changed from
carbon tetrachloride to chloroform for health rea-
sons. When starting with an ultrasonic treatment of
30 minutes, long stirring times after addition of eth-
anol are not necessary. In exp. S7-S10, t1 and t2
were kept constant and t3, the volume of ethanol and
the ratio PS/AI,O; were varied. Several combina-
tions with a ratio of PS/Al,O3 of 2 resulted in high
%PS values (32-38 wt%). The highest value was ob-
tained for combination of S10 with 1.5 PS/Al,Os.

To verify the robustness of the recipe at somewhat
larger scale, the ingredients of synthesis S8 were
scaled up with a factor 12 and 20, holding identical
times as for S8, but using adjusted glass flasks of
resp. 250 ml and 500 ml containing a magnet and
that were placed on a plate with magnetic stirrer ca-
pacity. The parameters used in syntheses S11 and
S12 are shown in Table 3. With higher scale, it be-
came more difficult to filter the powder. According
to STA, %PS of resp. 35.9 and 10.6 were obtained,
indicating that the %PS diminished at higher scale.

Table 3. Syntheses with CHCI; scaled up with a factor of 12
and 20.

to form a large lump, however both phases had simi-
lar amounts of PS (14.5 and 15.2).

Table 4. Syntheses with CHCl; at 1 L scale.

Conc.PS AlLO; t3 Vg Ratio  %PS

g/L g min ml wit%
S13 50 29.2 240 200 1.7 14
S14 50 25 300 300 20 14.5
15.2

S15 100 50 270 250 2.0 17.6
S16 100 50 300 500 20 13.2
58.3

Vsolvent PS  AlO; Vethanol Ratio %PS

g g ml wit%

S11 120 6 3.0 20 2.0 35.9
S12 200 10 5.0 40 2.0 10.6

t1 = 30 min, t2 = 10 min, t3= 30 min.

In a next step, syntheses were performed in a 3L re-
actor with mechanical stirring (see Figure 2B). The
starting volume of the PS-chloroform solution was
always 1L. The concentration of PS in chloroform
was either 50g/L or 100g/L. After the dissolution-
precipitation procedure, all powders were centri-
fuged to remove the chloroform-ethanol solvent, fur-
ther washed with ethanol and centrifuged, dried in
air overnight, followed by drying in the oven at 75°C
for 1 hour. The syntheses are given in Table 4. The
time in ultrasonic bath (t1) was for all experiments
30 minutes and the stirring time before addition of
ethanol (t2) was 10 minutes. The time (t3) of stirring
after the addition of ethanol is 4 or 5 hrs. Experiment
S13 resulted in an amount of PS (wt%) of 14. The
volume of ethanol was increased in experiment S14
and two phases were obtained: (1) a fine powder and
(2) a fraction of powder that was tightened together

Vsolvent =1 L, t1 = 30 min, t2 = 10 min.

In syntheses S15 and S16, the concentration of the
PS in the stock solution was doubled from 50 to 100
g/L to increase the precipitation power upon addition
of ethanol. The main difference between S15 and
S16 is the doubling of the amount of ethanol from
250 to 500 ml. The higher the amount of ethanol, the
faster and more efficient the precipitation will be,
expecting to result in higher amounts of %PS.The
STA results are shown in the last column. S15 re-
sulted in a single phase of 17.6 wt% PS, whereas
S16 resulted in two phases with very different
amounts of %PS, respectively 13.2% and 58.3%.
The STA curves of experiments S15 (17.6 wt% PS)
and S16 (phase 2, 58.3 wt% PS) are shown in Fig-
ures 4 and 5.
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Figure 4. STA results of S15 (17.6 wt% PS).
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Figure 5. STA results of S16 (phase 2, 58.3 wt% PS ).
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Figure 4 shows a single mass change of 17.6% that
occurs at the decomposition temperature of PS at
400°C. The STA curve of 58.3% (Figure 5) is unu-
sual, because a first mass change of 27.7% is ob-
served with a DSC peak before 100°C. This mass
change of 27.7% could be explained by inclusion of
chloroform-ethanol in this fraction. The large
amount (500 ml) of ethanol made the polystyrene
completely insoluble in the chloroform-ethanol mix-
ture. The polystyrene started to massively precipitate
on the alumina particles with inclusion of some of
the chloroform-ethanol. This was not yet removed
upon drying in the oven, but is released upon the
treatment in STA. An additional mass change of
58.3 % around 400°C points towards the high load-
ing of the PS coating in this phase.

Figure 6. SEM pictures of the powder of experiment S14.

This shows it is possible to increase the amount of
polystyrene on the alumina particles by conditioning
(1) the amount of ethanol and (2) controlling the ad-
dition rate of the ethanol.

The morphology of sample S14 is illustrated with
SEM (Figure 6) and clearly shows the formation of
PS-alumina microspheres with a size of about 10-60
um. The SEM picture below with the largest magni-
fication demonstrates the good coverage of the alu-
mina surface with polystyrene particles of about 0.1-
1 pum.

An SLS simulation experiment was performed by
mixing the powders of experiments S14 and S15,
grinding the mixture in a mortar and heating 30 mg
of the fine powder in the STA equipment to 1500°C.
The powder was examined by digital microscopy
(Figure 7) and also with this synthesis method to
prepare a PS/Al,O3 composite the neck formation
can be observed. This is promising for further SLS
tests.

Figure 7. Digital microscopy picture of bound powder of a
mixture of powders from experiments S14 and S15 (magnifica-
tion x100).

4 CONCLUSIONS

Two strategies have been demonstrated to prepare
PS/Al,O; composite powders for application in
SLS. A first method is dispersion polymerization.
The recipe has been scaled-up to 2L with 39 wt%
PS/Al,O3 composite particles. A second method is
via dissolution-precipitation, dissolving polystyrene
in preferably chloroform and precipitating the PS on
alumina upon addition of ethanol to the solution.
Recipes have been demonstrated prepared from 10
ml up to 1L PS-chloroform solutions. For the 10 ml
and 120 ml preparations PS loadings up to 30-40
wt% were obtained. A homogeneous 1L preparation
of 17 wt% PS/AIl,O3 spherical composite particles
was obtained with mechanical stirring. Both prepara-
tion methods are promising for use in SLS.



REFERENCES

Arshady, R. 1992. Suspension, emulsion, and dispersion
polymerization - a methodological survey, Colloid and Pol-
ymer Science, 270(8): 717-732.

Bourgeat-Lami, E. and Lang, J. 1998. Encapsulation of Inor-
ganic Particles by Dispersion Polymerization in Polar Me-
dia: 1. Silica Nanoparticles Encapsulated by Polystyrene,
Journal of Colloid and Interface Science, 197(2): 293-308.

Bourgeat-Lami, E. and Lang, J. 1999. Encapsulation of Inor-
ganic Particles by Dispersion Polymerization in Polar Me-
dia: 2. Effect of Silica Size and Concentration on the Mor-
phology of Silica-Polystyrene Composite Particles, Journal
of Colloid and Interface Science, 210(2): 281-289.

Cardon L., Deckers, J., Verberckmoes, A., Ragaert, K., Delva,
L., Shahzad, K., Vleugels, J., Kruth, J.-P. 2012. Polystyrene
coated alumina powder via dispersion polymerization for
indirect selective laser sintering applications, J. Appl.
Polym. Sci, in press.

Deckers, J., Kruth, J.-P., Cardon, L., Shahzad, K., Vleugels, J.
2012. Production of alumina parts through indirect Selec-
tive Laser Sintering of alumina-polystyrene composite pow-
der, Proceedings of the 5™ International PMI Conference,
in press.

Ding, X., Zhao, J., Liu, Y., Zhang, H., Wang, Z. 2004. Silica
nanoparticles encapsulated by polystyrene via surface graft-
ing and in situ emulsion polymerization, Materials Letters,
58(25): 3126-3130.

Freiberg, S. and Zhu, X.X. 2004. Polymer microspheres for
controlled drug release, International Journal of Pharma-
ceutics, 282(1-2): 1-18.

Guo, L., Pei, G.-L., Wang, T.-J., Wang, Z.-W., Jin, Y. 2007.
Polystyrene coating of FezO, particles using dispersion
polymerization, Colloids and Surfaces A: Physicochemical
and Engineering Aspects, 293(1-3): 58-62.

Haldorai, Y., Lyoo, W. S., Noh, S. K., Shim, J.-J. 2010. lonic
liquid mediated synthesis of silica/polystyrene core-shell
composite nanospheres by radical dispersion polymeriza-
tion, Reactive and Functional Polymers, 70(7): 393-399.

Haruma, K. 2000. Functional polymer microspheres, Progress
in Polymer Science, 25(8): 1171-1210.

Kruth, J.P., Levy, G., Schindel, R., Craeghs, T., Yasa, E. 2008.
Consolidation of polymer powders by selective laser sinter-
ing, Proceedings of the 3rd International Conference on
Polymers and Moulds Innovations, 15-30.

Liu, P., Liu, W.-M., Xue, G.-J. 2004. Graft polymerization of
styrene from silica nanoparticles using a dispersion
polymerization method, Designed Monomers and Polymers,
7(3): 253-260.

Liu, Z.H., Nolte J.J., Packard J.1., Hilmas G., Dogan F. and Leu
M.C. 2007. Selective laser sintering of high density alumina
ceramic parts, Proc. 35" internat. MATADOR conf., 351-
354.

Lintacker R. 2012. Ontwikkelen van kunststofcoating voor ke-
ramische materialen, Master thesis.

Scarfato, P., Russo, P., Acierno, D. 2011. Preparation, Charac-
terization, and Release Behavior of Nanocomposite Micro-
particles Based on Polystyrene and Different Layered Sili-
cates, J. Appl. Polym. Sci., 122(6): 3694-3700.

Shahzad, K., Deckers, J., Boury, S., Neirinck, B., Kruth, J.-P.,
Vleugels, J. 2012. Preparation and indirect selective laser
sintering of alumina/PA microspheres, J. Ceramics Interna-
tional, 38: 1241-1247.

Subramanian, K., Vail, N., Barlow, J., Marcus, H. 1995. Selec-
tive laser sintering of alumina with polymer binders, Rapid
Prototyping Journal, 1(2):24-35.

Tianbin, W. and Yangchuan, K. 2006. Preparation of silica-PS
composite particles and their application in PET, European
Polymer Journal, 42(2): 274-285.

van de Witte, P., Dijkstra, P.J., van den Berg, J.W.A., Feijen, J.
1996. Phase separation processes in polymer solutions in re-
lation to membrane formation, Journal of Membrane Sci-
ence, 117(1-2): 1-31.

Young, T.-H., Huang, Y.-H., Chen, L.-Y. 2000. Effect of sol-
vent evaporation on the formation of asymmetric and sym-
metric membranes with crystallizable EVAL polymer,
Journal of Membrane Science, 164(1-2): 111-120.

Zheng, H., Zhang, J., Lu, S., Wang, G., Xu, Z. 2006. Effect of
core-shell composite particles on the sintering behavior and
properties of nano-Al,Os/polystyrene composite prepared
by SLS, Materials Letters, 60(9-10): 1219-1223.

Wang, Y., Ke, Y., Li, J., Du, S., Xia, Y. 2007. Dispersion be-
havior of core-shell silica-polymer nanoparticles, China
Particuology, 5(4): 300-304.



