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ABSTRACT: A promising method for the manufacture of complex 3D ceramic parts is selective laser sintering (SLS). SLS of alumina

components can be done either directly or indirectly. In this article, the indirect method is used by using polystyrene coated alumina

particles. One of the methods to produce these alumina powders is dispersion polymerization. In this research, it is described how

the alumina powder has been developed and tested. The powder has been characterized to define its processability within the SLS

process. Used techniques include SEM (morphology), STA/TGA (overall mass loss), DSC (glass transition temperature Tg), and laser

diffraction (particle size distribution). The investigated SLS process parameters were the preheating temperature, laser power, scan

spacing, and scan speed. STA/TGA has proven that polystyrene-coated alumina powders are suitable for SLS process, while DSC

results were judged to be a good source of complementary data on preheating temperature of alumina/polystyrene powders. SLS

experiments showed that single layer green parts can be produced. By using the optimized SLS parameters, it was demonstrated that

different 3D geometries can be produced with the polystyrene coated alumina powders. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci.
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INTRODUCTION

Polymer-coated inorganic particles have demonstrated interest-

ing properties in areas such as adhesives, textiles, optics, elec-

tronics, and controlled release.1–3 A promising application of ce-

ramic powders coated with an organic binder is indirect

selective laser sintering (SLS).4–7 SLS is a powder-based additive

manufacturing (AM) process to fabricate complex shaped

parts.8,9 It is one of the few rapid prototyping (RP) methods

that can shorten the design manufacturing cycle and can pro-

duce parts directly from powders. The SLS process, illustrated

in Figure 1, is using a roller system to deposit successive layers

of powder. The starting powder should be free-flowing and

therefore spherical shaped powders are preferred.10 A laser

beam is used as heating source for selectively sintering each

powder layer according to predefined geometries by partially

melting the powder particles.

To overcome the problem of porous and fragile parts11–13 colloi-

dal processing based techniques14–16 and selective laser melting

(SLM)17 are known to produce high density layers and parts.

Different suitable polymeric and metal powders are commercially

developed for the production of functional parts via SLS process-

ing.8,18 Zheng investigated the sintering behavior and mechanical

properties of alumina nanoparticles coated with styrene by emul-

sion polymerization.7 Chemical modification of alumina through

grafting can create strong interfacial interaction between alumina

and PS upon emulsion polymerization.19 Core-shell SiO2/PS

nanocomposite particles were synthesized through mini-emulsion

polymerization by using sodium lauryl sulfate surfactant,20 or by
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first grafting with oleic acid followed by in situ emulsion poly-

merization with sodium dodecyl sulfonate surfactant.21 The dis-

advantage of emulsion polymerization is however that emulsifiers

often pollute the core-shell type composites and negatively

impact their smoothness and morphology.22 Such disadvantages

can be overcome through dispersion polymerization that does

not use emulsifiers.23–26 A continuous and dense polymer layer

coating was demonstrated in the case of polystyrene coating of

Fe3O4 particles using dispersion polymerization.27 A novel phase

inversion technique using DMSO as solvent was applied to pro-

duce homogeneous Al2O3/PA composites, however with modest

green and sintered densities of the parts.6

SLS of alumina components can be done directly or indirectly.

The indirect approach applied in this work uses polymer-coated

alumina particles and a two step process. In a first step, the

polymer coating is selectively melted with a laser beam through

layer by layer scanning. This results in melting of a polymeric

binder phase to produce the so called ‘‘green parts,’’ illustrated

in Figure 2. After the laser sintering step, the binder phase is

removed and the density of the part is improved by furnace sin-

tering and/or infiltration. Direct selective laser sintering does

not involve a sacrificial binder phase and the material is directly

sintered or melted to produce parts.10

In this article, we report the study of the development and SLS

sintering behavior of polystyrene-coated alumina particles using

dispersion polymerization. We investigated the effect of the syn-

thesis conditions and the percentage of polystyrene (%PS) coat-

ing on the flowability of the powders and on the sintering per-

formance at varying process parameters including scan speed,

scan spacing and laser power for a single layer. Thermogravimet-

ric analysis (TGA) is often used to determine weight loss of a

material over a certain interval of time or temperature.28–31

Within this research, TGA analysis provides a good indication of

the percentage of polystyrene binder coating. Additional charac-

terization via differential scanning calorimetry (DSC) is also per-

formed. From the DSC analysis the glass transition temperature

Tg and the SLS heating conditions could be defined. Illustrations

are provided of the production of 3D parts with different shape.

EXPERIMENTAL

Materials

The purity and sources of the chemicals were: styrene (99.5%,

Acros Organics), divinylbenzene (DVB) (stabilized with 4-tert-

butylpyrocatechol, Merck), 2,2-azobisisobutyronitrile (AIBN)

(98%, Acros Organics), ethanol (99.9%, Merck). High purity a-
alumina (grade SM8, Baikowski, France) powder with a D50

�0.3 mm was used as structural material.

Dispersion Polymerization and Powder Production

A batch of material was prepared in a 500-mL three-neck flask

equipped with a thermometer and a reflux condenser. The flask

was covered with aluminum foil and immersed in a water bath

that was placed on a heating plate with magnetic stirrer

capacity. A mixture of 283.5 g ethanol and 16.5 g water was

heated to above 50�C and 55.58 g styrene, 0.58 g divinylbenzene

(DVB), and 30.11 g alumina were poured into the solution and

stirred with magnetic stirrer agitation. The mixture was heated

to 65�C and finally 0.565 g azobisisobutyronitrile (AIBN) was

added. The dispersion polymerization was carried out at 65�C
for 6.5 h upon magnetic stirring. After reaction, the final prod-

uct was cooled down to room temperature. The next day the

mixture was filtered and three times washed with water. The

solid product was dried in an oven at 50�C for 2 h to remove

all solvents. After the drying process, the material prepared in

the 500-mL flask was divided in two parts. A first part of the

material was manually crushed in a mortar. A second part of

the material was grinded in a ball-mill (Fritsch 500-111) to

obtain fine powder. This powder was afterwards sieved (Retsch

AS200 digit) with a mesh size sieve of 160 mm. In a second test,

the above 500-mL recipe was scaled up to a 2-L recipe in a 3-L

four-neck flask by multiplying the amounts of each of the indi-

vidual ingredients by four, using 1134 g ethanol, 66 g water,

222.32 g styrene, 2.32 g divinylbenzene, and 120.44 g a-alumina

powder and 2.26 g 2,2-azobisisobutyronitrile. The preparation

was similar and the polymerization was executed at a tempera-

ture of 65–67�C for 6.5 h upon magnetic stirring. The powder

prepared in the 3-L flask was grinded in a ball-mill followed by

sieving with a mesh size sieve of 160 mm. This powder was used

in the single layer SLS tests. Finally, for the production of the

powder for 3D layer SLS tests, the 2000 mL preparations were

repeated to produce a large batch of powder. This larger powder

batch was ball-milled, followed by sieving with a mesh size sieve

of 125 mm. The reduction of the mesh size was chosen because

the 125 mm corresponds to half the layer size in SLS.

STA/DSC Analysis

The STA analysis of the developed PS-coated alumina powder is

done using Netzsch 449 F3 Jupiter STA equipment under

Figure 2. Schematic presentation of powder before and after SLS process.

Figure 1. The selective laser sintering process.
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protective nitrogen atmosphere measuring combined TGA and

DSC. Samples were heated to 1500�C at a heating rate of 10�C
min�1. Mass change (%) was determined via Netzsch Proteus

TA software providing the wt % PS coated on the Al2O3

particles.

Differential scanning calorimetry (DSC) was performed using a

Netzsch 204 F1 equipment under nitrogen atmosphere. Approx-

imately 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�1. Netzsch

Proteus TA software was used to determine Tg.

Digital Microscopy/SEM

Digital microscope pictures of manually crushed and ball milled

powder after powder production and samples after burning out

the polymer within the STA equipment were taken using a Digi-

tal Microscope VHX-500 F from Keyence. Scan electron micros-

copy analysis of the powder after laser scanning in the SLS sta-

tion was performed on a scanning electron microscope (SEM

type: XL 30 FEG, Philips, The Netherlands).

Particle Size Distribution

Particle size distribution measurements were performed using a

Laser Diffraction particle size analyzer (Malvern Mastersizer-S,

long bench, Malvern Instruments, Malvern, UK). The polymer

coated alumina particles were dispersed in miglyol to obtain

well dispersed powder particles for the measurement.

Indirect Selective Laser Sintering Tests

Indirect selective laser sintering tests were performed with a

DTM Sinterstation 2000 (DTM Corporation/3D Systems, USA)

equipped with a 100 W CO2 laser (f100, Synrad, USA) with a

wavelength of 10.6 mm and a laser beam diameter of 400 mm.

Single layer tests were performed with the 160-mm sieved PS-

coated alumina particles (2-L recipe). The powder was pre-

heated to � 90�C, which is � 20�C lower than the glass transi-

tion temperature Tg of PS. The energy required to melt PS was

partly supplied by preheating of the powder bed to a tempera-

ture below Tg and partly by laser irradiation to a temperature

above Tg. The 125 mm sieved PS-coated alumina particles are

used in the production of 3D parts with SLS. The 3D parts

were produced with a layer thickness of 250 mm and with the

following optimized parameters: laser power of 17 W, scan

speed of 900 mms�1, scan spacing of 0.1 mm.

RESULTS AND DISCUSSION

Dispersion Polymerization

In dispersion polymerization the monomer and the initiator are

both soluble in the polymerization medium, but the medium is

a poor solvent for the resulting polymer. The polymerization is

initiated in a homogeneous solution, but depending on the sol-

vency of the medium for the resulting macromolecules, phase

separation occurs.32 Most often a stabilizer is added [e.g., poly-

vinylpyrrolidone,27 poly(acrylic acid)],26,33 which can have the

disadvantage to form very stable dispersions that cannot be fil-

tered. Instead we avoided the use of a dispersion stabilizer to

form agglomerates that are easily filtered out. For the coating

process the presence of the divinyl benzene as crosslinking rea-

gent is crucial. The vinyl groups of the DVB crosslinking rea-

gent provide reactive C¼¼C bonds capable of copolymerizing

with styrene to form a dense polymer layer or binder coating

around the inorganic alumina particles. The polymerization

experiments were carried out in a dark reactor to avoid faster

polymerization due to reaction with UV light that could after-

ward result in a bad distribution of the PS and ceramic mate-

rial, resulting in a non homogeneous powder mixture and bad

green parts during the sintering process. The initiator AIBN is

added at the end to prevent premature polymerization and to

only initiate the reaction when all composite ingredients are

present at appropriate polymerization temperature.

Al2O3/PS Agglomerate Size and Shape

The initial organic alumina particles have a D50 of around 0.3

mm and the resulting polymer-coated Al2O3/PS agglomerates

formed are processed by (a) crushing in a mortar or by (b) dry

grinding in a ball-mill followed by sieving. Figure 3(A) illus-

trates microscope pictures of manually crushed powder. Figure

3(B) is the result of ball-mill grinded and sieved powder, with a

sieve mesh size of 160 mm. A clear difference between the two

powders can be noticed. The manually crushed powder is

sharp-edged, while the ball-mill procedure results in particles

that have a more round shape. As a consequence of the sieving,

the materials in Figure 3(B) have in addition a more homogene-

ous particle size distribution. Upon dry grinding of powders in

a ball-mill both breakage and agglomeration phenomena can

take place.34 Ball-milling of alumina/polyamide powder

Figure 3. Digital microscope pictures of (A) Manually crushed Al2O3/30

wt %PS powder and (B) Ball-milled grinded and sieved powder with a

mesh size sieve of 160 lm.
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agglomerates has been reported earlier by Deckers et al. for the

processing of high density technical ceramic parts through

SLS.35 Ball-milling was also applied in an SLS study of high-

density alumina ceramic parts for mixing alumina powder with

stearic acid in a ball-mill, however the average alumina particle

size there was only 0.26 mm.5

DSC Results

DSC measurements are performed to study the thermal behavior,

suitability, and processing behavior of polymers in the SLS pro-

cess.36,37 The result of the DSC test for the 500-mL batch is illus-

trated in Figure 4. The data of the Al2O3/30 wt % PS sample is

collected to measure the glass transition temperature Tg. A two

stage heating is applied. During the first heating cycle, the initial

Tg of the PS during the synthesis is around 54�C. This implies

short chain lengths and low average molecular weight of the PS

initiated around the alumina particles, as the Tg is function of

the average molecular chain length Mn.
38 A Tg of 54

�C correlates

with an average molecular chain length between 3000 and 4000 g

mol�1. A small endothermic peak of 0.68 J g�1 and the decreas-

ing base line (decreasing heat capacity) indicate both the evapo-

ration of unpolymerized styrene.

The second heating cycle shows an increase of the Tg to 104�C.
This indicates the formation of a stable PS layer during the pre-

heating phase at 90�C and the following laser sintering process.

The temperature rise gives the polymer chains more flexibility

and gives the possibility to the reactive end groups to further

react as a living polymerization to a higher Tg than the prepro-

duction step. This means the preproduction step as described in

this article can be shortened. Concerning the 2-L batch, the

same Tg has been detected. The observed value of 105�C is close

to the reference value of 100�C for pure PS.39,40 The increase of

the Tg value can be related to the immobility of the polymer

chain at the Al2O3 surface. Similarly, Haldorai et al. explained

an elevated Tg value of 103�C for silica/polystyrene core-shell

composites compared to a Tg value of 99.8�C measured for

pure polystyrene by the immobility of polystyrene at the SiO2

surface.41 Besides, one must notice that a value of 105�C is well

within the range of measured Tg values of polystyrene on differ-

ent DSC-instruments as the Tg value depends on the thermal

history of the sample, the heat flow and the sample size.42

STA Results

Results of the STA tests are illustrated in Figure 5. During the

initial heating phase, some minor mass loss has already

occurred, which can most likely be attributed to a drying effect

of the raised temperature. The 500-mL batch sample has 1–2%

more mass loss in the initial phase due to relative more evapo-

ration of residual solvent (water, ethanol) and unpolymerized

styrene. Around 400�C both curves show a mass loss due to the

decomposition of the polystyrene at the depolymerization tem-

perature and the mass loss values were calculated from the first

derivative of the mass loss with temperature. TG showed that

there is a weight loss of respectively, 30.36 and 39.37 wt % for

the 500 mL and 2 L prepared Al2O3/PS batches. According to

the STA results, the material of the 500 mL batch contained

30.36 wt % PS, denoted in this article as the Al2O3/30 wt %PS

sample. STA results of the 2-L batch indicated that a material

Figure 4. DSC result for 500 mL batch.

Figure 5. Mass loss as a result of extended heating.

Figure 6. Side image of bound powder after STA analysis.

Figure 7. SEM images of bound powder.
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with a higher wt % PS of 39.37 wt % was produced, denoted as

Al2O3/39 wt %PS.

Sintering Results after STA

After burning out the polymer within the STA equipment, and

after controlled cooling down of the sample, the powder

remains bound. This is illustrated in Figure 6 for the Al2O3/30

wt % PS powder sample that was crushed in a mortar. The

powder remains in the shape of the sample carrier and is rela-

tively strong. Figure 7 is the SEM images of this powder after

burning out of the polymer within the STA equipment. Because

the burning temperature (1300�C) exceeds by far the sinter

temperature, the powder is sintered, the polystyrene binder is

burned out and neck formation has been established.

Indirect Sintering Tests: Single Layer Tests

In this article a first assessment of the green parts fabrication of

Al2O3/PS ceramics by SLS is being investigated. The process pa-

rameters that were varied in this study are the laser power, the

laser beam scan speed, and the laser beam scan spacing. The

powder variables in this study are the particle size (distribu-

tion—manually crushed or ball milled) and amount of PS

coated on the alumina. One layer of powder was scanned in the

DTM Sinterstation 2000. The sintering parameters are listed in

Table I.

In a first sintering test the batch Al2O3/30 wt %PS that was

manually crushed in a mortar was evaluated. The flowability of

the powder was not good and no strong connections were

formed during the laser scanning. SEM analysis of the scanned

powder shows neck formation (Figure 8) but also big pores

(Figure 9). These pores are the result of the flow of the powder

during the coating of the layer, which is not yet optimal. This is

explained as the powder was developed by manually crushing

and no sieving of the powder, so that a non uniform and non

size controlled powder was applied.

For the second and third set of sintering tests the Al2O3/30 wt

% PS and Al2O3/39 wt % PS powders were selected. Both pow-

ders were ball-milled and sieved to particles with a mesh size

sieve of 160 mm. The tests allow to evaluate both the effect of

the powder treatment (ball-milling and sieving) and the effect

of the amount of polystyrene coating that forms the binder

layer between the alumina particles, finally resulting in the green

part.

Table I. Sintering Tests with Batches Al2O3/30 wt % PS and Al2O3/39 wt

% PS and with Variation of Scan Speed, Scan Spacing, and Laser Power

Test 1 Test 2 Test 3

Al2O3/%PS 30 30 39

Scan speed (mm s�1) 500–1000 100–500 100–1000

Scan spacing (mm) 0.15–0.25 0.1–0.3 0.1–0.3

Laser power (W) 10 10 10

[O2] <5% <5% <5%

Thermocouple
temperature (�C)

85–87 90–91 90–92

Sieving N Y Y

Flowability � þ þ
Stronger parts � � þ

Figure 8. Neck formation in the scanned powder.

Figure 9. Pores in the scanned powder.

Figure 10. Second single layer sintering test with the sieved Al2O3/30 wt

%PS ceramic powder. The dimensions of the squares are 15 � 15 mm2.
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All samples produced in the second test, using the sieved Al2O3/

30 wt % PS powder, were laser sintered with a lower scan speed,

while a broader range of scan spacing was tested and the pre-

heating temperature was slightly higher compared to the first

sintering test (Table I). The sieved powder showed a very good

flowability. Figure 10 presents the second sintering test and

illustrates the good flowability of the powder that forms a

smooth, thin continuous layer.

Although the flowability of the Al2O3/30 wt % PS powder is

very good, the sintering tests did not result in strong

Figure 11. Particle size distribution of the larger scale production of

sieved powder with a mesh size sieve of 125 lm. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 12. Small test parts in the shape of a head (A) and ring (B) before

(top) and after (bottom) debinding and sintering.

Figure 13. Large geometrical test parts (A, B) before (top) and after (bottom) debinding and sintering.
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connections during single layer tests, with variation of the pa-

rameters as shown in Table I.

In a third sintering test the Al2O3/39 wt % PS powder with 39

wt % polystyrene coating was tested with a broad scan spacing

(0.1–0.3 mm) and scan speed range (100–1000 mms�1) and

finally strong connections were made during the laser scanning.

Thus the increased amount of polystyrene caused improved

green strength and the ball-milling and sieving was necessary to

improve the flowability.

3D Parts Production with SLS

After the promising single layer tests, more material was pro-

duced by repeating several 2-L recipes (always mechanically

stirred and with stabilized polymerization temperature) to per-

form multilayer 3D sintering tests for the formation of the

green parts and analyzing the green and postsintered densities.

To improve the flowability of the powder, sieves with mesh size

of 125 lm instead of 160 lm were used, which is half of the

layer thickness of the ‘‘fixed’’ SLS process layer parameter of 250

lm. The PSD is shown in Figure 11. The D10, D50, and D90

values are respectively, 0.5, 25, and 110 mm.

The SLS parameters were optimized based on a parametric

study that was executed with 18 cubic parts of 10 � 10 � 10

mm3, and the optimized parameters were a laser power of 17

W, scan speed of 900 mms�1 and scan spacing of 0.1 mm.43

Small parts in the shape of a head and a ring were produced as

illustrated in Figure 12. These small parts did not give surface

cracks. The green parts do shrink upon debinding and solid

state sintering (bottom figures). Also larger geometrical test

parts were produced (Figure 13), but these parts contain large

surface cracks after the debinding and sintering step and show

curling.

Ongoing Improvements on the Powder Production

Compared with conventional PS production, the amount of

AIBN initiator will be optimized. The AIBN concentration

affects the styrene conversion and relative molecular weights.44

It is expected that the AIBN concentration influences the Tg

value of PS coating, resulting in better flowability of the alu-

mina/PS powder at high temperatures and better sintering con-

ditions. Also the concentration of DVB and addition time of

the cross-linking reagent can be optimized.45 Furthermore, the

reaction time of the dispersion polymerization will be lowered

to optimize the process. Actually, this powder optimization

research is going on.

CONCLUSIONS AND OUTLOOK

The present work confirmed that it is possible to produce alu-

mina parts through selective laser sintering (SLS) and proper

powder production via dispersion polymerization of alumina

coated with PS. The dispersion polymerization is performed

without dispersion stabilizer in a water–ethanol mixture using

divinylbenzene as crosslinking reagent and AIBN as initiator.

About 500 and 2000 mL batches of polymer-coated alumina

particles were prepared, containing respectively, 30 and 39 wt %

PS on alumina. The powder has been characterized to define its

processability within the SLS process. Used techniques include

SEM, STA/TGA, and DSC. The investigated SLS process param-

eters were the preheating temperature, laser power, scan spacing,

and scan speed. STA/TGA has proven that polystyrene coated

alumina powders are suitable for SLS process, while DSC results

were judged to be a good source of complementary data on pre-

heating temperature of alumina/polystyrene powders. From the

indirect sintering tests and green parts fabrication some conclu-

sions can be made. First, to obtain a good flowability it is better

to ball-mill and sieve the dried powders than to manually crush

them in a mortar. Ball-milling and sieving is necessary to get

round shaped PS-coated alumina particles with a controlled

particle size and distribution. Second, to obtain stronger green

parts only the highest amount of %PS at the coating was suc-

cessful. Finally, it was demonstrated that different 3D geometries

can be produced with the PS-coated alumina powders, but only

the smallest parts did not contain cracks.
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