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Abstract 

In this thesis an additive manufacturing (AM) route based on the selective laser 

sintering (SLS) principle was developed to fabricate ceramic parts. During SLS, 3D 

parts are built in an additive way, i.e. layer by layer, without using a mold or die. A 

3D CAD model of the part is virtually sliced into thin sections and the parts are built 

by depositing powder layers representing these slices. A laser beam is used as 

heating source to locally heat and sinter the deposited powder layer according to 

predetermined geometries. The sequence of powder deposition and laser scanning is 

repeated until the 3D part is completed. In this work, an indirect SLS approach was 

adapted using a sacrificial organic polymer binder phase. A ceramic/binder 

composite powder was used as a starting material. Laser irradiation of the composite 

powder deposit layer aims to melt the organic phase that binds the ceramic particles 

into a component layer. The green SLS parts were subsequently debinded and 

sintered to increase density and strength of the final ceramic part. 

The first challenge was to produce micrometer sized polymer/ceramic composite 

powder which contains submicrometer ceramic particles. An innovative powder 

preparation technique, thermally induced phase separation (TIPS), was developed to 

produce such powder. This is a simple technique which involves the dissolution of 

polymer in a suitable solvent by heating, followed by precipitation of the polymer 

induced by cooling of the solution. Composite spherical powder was successfully 

synthesized using TIPS. The effect of the polymer concentration, cooling rate, 

stirring and ceramic powder content and type on the polymer and polymer-ceramic 

composite microspheres was investigated. The morphology of the composite powder 

was found to be strongly determined by the amount and particle size of the ceramic 

phase. The ceramic particles were incorporated into the precipitating polymer sphere 

during TIPS when submicrometer or nanosized ceramic particles are added to the 

polymer solution. Agglomeration of composite micropsheres was not observed, in 

contrast to pure polymer particles. The size of the composite microspheres decreased 

when increasing the concentration of ceramic powder in the solution. Different 
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grades of spherical alumina-polypropylene (PP), alumina-polyamide (PA) and 

zirconia-PP composite powder were synthesized by TIPS for selective laser sintering 

(SLS). The morphology, microsphere size and thermal properties of the composite 

powder were analyzed. 

The effect of the composition of the composite starting powder and SLS parameters 

on the formability of green SLS parts was studied. Laser scanning parameters like 

laser power, laser scan spacing and laser scan speed were varied to find an optimum 

set of parameters. To fabricate green parts with sufficient strength allowing post SLS 

processing, a high polymer content of 60 or 70 vol. % was required, depending on 

the particle size of the ceramic starting powder. Moreover, the applied laser energy 

density had to be accurately controlled within a narrow range. Using lower or higher 

laser energy density resulted in delaminated parts or parts that were too fragile to 

handle. 

Although the fabrication of 3D green parts was realized using SLS, the density of 

the parts was poor (36-54 %) which resulted in a low sintered Al2O3 or ZrO2 ceramic 

density (32-50 %). To increase the density, green parts were subjected to pressure 

infiltration (PI) and/or warm isostatic pressing (WIPing). The application of PI and 

WIPing increased the homogeneity and density of the composite parts which 

resulted in a higher sintered alumina and zirconia part density of ~ 90 % of the 

theoretical density. 
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Chapter 1. General Introduction 

1.1. Background 

Additive manufacturing (AM) represents the group of fabrication technologies that allow 

building 3D parts in an additive way, i.e. layer by layer, without using a mold or die. A 

3D CAD model of the part is virtually sliced into thin sections. The parts are built by 

depositing material layer by layer to replicate these slices. All AM techniques work on 

the same principle of building the parts layer by layer, but are differentiated by the way 

the material is deposited and the layers are consolidated and joined together. The short 

production time and flexibility in shape and design are key benefits of AM. The parts 

produced by AM are widely being used for prototype, biomedical, aerospace, automobile, 

and tooling applications [1.1-1.2]. 

Based on the AM principle, a variety of techniques like stereolithography (SL), Fused 

deposition modelling (FDM), Selective laser sintering/melting (SLS/M), Electron beam 

melting (EBM), 3D printing (3DP), Laminated object manufacturing (LOM), 

Robocasting, etc have been developed to produce polymer, metallic and ceramic parts 

[1.2-1.4]. These technologies differ mainly by the nature (metal, polymer or ceramic) and 

state (solid or liquid) of the materials being used, the layer deposition process, or the way 

these layers are consolidated.  

AM of ceramics is relatively poorly studied. Except for SLM which directly shapes the 

3D component by melting, SL, FDM, robocasting and SLS techniques are indirect 

methods, i.e., the 3D green parts containing a ceramic powder with a polymer binder are 

shaped and subsequently debinded and fired at higher temperature to produce ceramics 

parts. Stereolithography allows to produce crack-free dense bulk and porous ceramic 

parts using highly loaded ceramic particles-polymer precursor monomer suspensions. 

However, the fabrication of ceramics by SL involves rather expansive and often toxic 

photo curable chemicals. SL is more suitable for the production of small ceramic parts as 

parts with thickness higher than a few millimetres might crack during subsequent 
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debinding and sintering. Moreover, the fabrication of ceramics which absorb UV light 

can be challenging [1.5]. FDM and robocasting are based on the extrusion of polymer-

ceramic filaments and ceramic slurries, respectively. These processes are capable of 

producing fully dense ceramic parts [1.6-1.7]. The part accuracy and building rate 

depends on the size of the nozzle used. For robocasting, which uses a very low amount of 

binder and eliminates the debinding step, the production time can be less than 24 hours 

[1.7]. However, these routes are more suitable for parts with designed porosity like 

scaffolds and filter materials. 

In SLS, powder layers are deposited by a roller or a scraper and a laser beam is used as 

heating source to locally heat and sinter the deposited powder layer according to 

predetermined geometries. The sequence of powder deposition and laser scanning is 

repeated until the 3D part is completed [1.8]. As lasers with a wide range of power and 

wavelength are available, SLS has the capability to process almost all material classes 

including polymers, metals and ceramics. Research in the area of selective laser sintering 

of ceramics started in the early 1990’s. A process based on the SLS principle capable of 

building crack-free dense ceramic parts however has not yet been realised. Due to the 

high melting temperature, low or no plasticity and low thermal shock resistance of 

ceramics, SLS of ceramics is much more challenging than for metals and polymers, 

which can be directly processed to full density by selective laser melting (SLM) [1.8]. 

Researchers have adopted mainly two approaches to fabricate ceramic parts, i.e., direct 

SLS an indirect SLS. In the case of direct SLS, ceramic powder is heated by a laser beam 

to bond ceramic particles as a result of solid state sintering (SLS) or even melting (SLM). 

A SLS process allowing building the parts by solid state sintering requires densely 

packed powder layers of fine ceramic powder. Since this is extremely challenging with 

the current roller or scraping deposition systems of commercial SLS equipment, solid 

state sintered parts so far were characterised by a substantial amount of residual porosity 

and cracks [1.9]. Colloidal techniques, like slurry deposition by doctor blading or spray 

deposition, are explored to deposit the powder layers, allowing obtaining higher density 

parts [1.10-1.12]. The part building rate however is very low and it is difficult to avoid 

drying cracks, during powder layer consolidation and drying, and thermal cracks in the 
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sintered parts. Hagedorn et al. studied selective laser melting (SLM) to produce Al2O3-

ZrO2 parts with eutectic composition, requiring the powder bed to be preheated at 

1700°C to avoid thermal cracks [1.13]. A defocused CO2 laser beam was used to preheat 

the powder bed from the top. Although the parts were fully dense, the preheating from 

the top using a defocused laser beam could effectively eliminate the cracks only in parts 

with a height < 3 mm. A bottom to top preheating system is being developed which might 

enable the building of thicker parts [1.14]. However, the application of such a high 

preheating temperature for commercial applications can be a big challenge. 

In this project an indirect SLS approach is adapted which uses a sacrificial organic 

polymer binder phase. Ceramic/binder composite powder is used as a starting material. 

Laser irradiation of the composite powder melts the organic phase that binds the ceramic 

particles. The green parts are subsequently debinded and sintered to increase density and 

strength of the final ceramic part. The use of a polymer phase should allow the 

production of crack-free green parts using conventional SLS equipment. The final 

properties of the green and sintered parts however will depend on the morphology and 

composition of the composite powder, SLS parameters and post-processing operations 

[1.15-1.17]. 

1.2. Research objectives 

The aim of this PhD was to acquire the fundamental processing knowledge to allow 

the production of complex shape structural Al2O3 and ZrO2 ceramic parts through 

laser-based additive manufacturing using a conventional roller deposition system 

based SLS process. In order to realize this, the research was focused on the following 

objectives: 

•  To develop a powder processing route capable of producing polymer-ceramic 

composite powders that could be deposited by a conventional roller deposition 

system. 

• To optimize the SLS parameters like laser power, laser beam scan speed, laser 

beam scan spacing, layer thickness, preheating temperature, to produce 

homogeneous, dense and crack-free complex 3D green parts. 



4 
 

• To investigate the effect of post-SLS processing techniques on the density and 

microstructure of the sintered ceramic parts. 

This project aims to explore the possibility of a new manufacturing route that will 

combine SLS and conventional ceramics processing to produce high quality customized 

ceramic parts without using a mould. It is expected that this new AM route will provide 

designers the opportunity to produce high quality ceramic parts with a unique freedom of 

creation. It may create unimagined possibilities for ceramic manufacturers since it would 

allow producing any CAD created geometry. The limitations of this new processing route 

will be assessed. 

Commercially available ceramic (alumina and zirconia) and polymers (polypropylene 

and polyamide) were selected to produce ceramic parts. The biggest challenge was to 

produce micrometer sized homogeneous spherical ceramic-polymer composite powders 

that could be deposited by a roller system. Thermally induced phase separation (TIPS) 

was investigated and optimized to produce these composite powders. 

1.3. Thesis outline 

The project was started with a review of the literature (Chapter 2) that provided the 

foundation for the research approach in this thesis. The literature review covers the 

concept of additive manufacturing (AM), followed by a detailed description of the 

stereolithography (SL), fused deposition modelling (FDM), robocasting and selective 

laser sintering (SLS) AM technologies, explored for the fabrication of high quality 

ceramic parts. The basic principle, investigated materials, merits and de-merits of these 

methods are discussed. 

The first phase of the experimental work, described in Chapter 3, involved the 

development of polymer-ceramic microsphere composite starting powders for SLS. 

Thermally induced phase separation (TIPS) was used to synthesize spherical Al2O3 and 

ZrO2 based micrometer sized composite powders. The effect of the polymer-solvent 

composition, external stirring, ceramic particle content and size on the size and 

morphology of the composite powder were investigated. 
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The SLS parameters were assessed and optimized to produce crack-free green parts using 

different grades of polymer-alumina composite powders produced by TIPS, as 

summarized in Chapter 4. The polymer-alumina parts were subsequently debinded and 

sintered. The effect of post-SLS processing techniques like pressure infiltration (PI) and 

warm isostatic pressing (WIPing) on the green and sintered density was investigated. 

Chapter 5 reports on the fabrication of zirconia parts by indirect SLS followed by post 

processing. The influence of the starting powder composition and laser scanning 

parameters on the fabrication of green parts was discussed. The effect of pressure 

infiltration (PI) and warm isostatic pressing (WIPing) on the green and sintered density 

and the homogeneity of the microstructure was evaluated. 

The most important findings and recommendations for future research are addressed in 

Chapter 6. 
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Chapter 2. Literature Review 

2.1. Additive manufacturing 

The term additive manufacturing (AM) refers to the category of manufacturing 

technologies in which a three dimensional (3D) Computer Aided Design (CAD) model 

can be fabricated directly without the need for extensive process planning. AM 

significantly simplifies the process of producing complex 3D parts directly from a CAD 

model. Other fabrication techniques require careful and detailed analysis of the part 

geometry to determine what process and tools must be used, the order in which different 

features can be fabricated, and what additional finishing steps must be employed to 

complete the part. On the other hand, AM requires only the basic information regarding 

the part geometry, operation of the machine and material that is used to construct the part 

[2.1]. 

AM parts are made by adding material layer by layer, each layer representing a thin slice 

of the part derived from the original CAD data. The thickness of these layers affects the 

quality of the parts since the final part becomes closer to the original when the layer 

thickness decreases. All the commercial AM machines work on the principle of layer by 

layer construction of the parts. The difference is in the materials that can be used, how the 

layers are deposited and how these layers are consolidated. Such differences are crucial to 

determine the choice of the material, accuracy and mechanical properties of the final 

parts. They also influence the part building rate, the amount of post processing required, 

the size of the AM machine used, and the overall cost of the machine and process. 

The key benefits of AM include: (1) AM results in a shorter throughput time compared to 

the conventional technologies like injection molding. (2) AM can fabricate parts free of 

geometrical constraints and allows the product customization with complete flexibility in 

design and construction. (3) In AM, the material is added and not subtracted. This can 

result in the reduction of waste material up to 40% compared with classical subtractive 

technologies, i.e. machining. (4) The parts are built directly from a CAD model without 

using a die or mold. This reduces the time and cost of the process especially for the 
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production of a small amount of parts. (5) AM based technologies are capable of 

producing freeform channels and lattice structures.  

However, AM faces the following challenges related to the production of fully functional 

parts; (1) anisotropy of mechanical properties of parts, (2) a limited choice of materials, 

(3) accuracy and surface finish, (4) the need for support structures, etc. Initially, AM was 

used to fabricate prototypes, however, evolution of the technology has increased the 

choice of the materials and improved properties of the parts and functional parts can be 

produced. The polymeric and metallic parts produced by AM are widely being used for 

prototype, biomedical, aerospace, automobile, and tooling applications [2.2]. 

Based on the AM principle, a variety of techniques like stereolithography (SL), Fused 

deposition modeling (FDM), Selective laser sintering (SLS), Electron beam melting 

(EBM), 3D printing (3DP), Laminated object manufacturing (LOM), Robocasting, etc 

have been developed to produce polymer, metallic and ceramic parts [2.2-2.4]. These 

technologies differ mainly by the nature (metal, polymer or ceramic) and state (solid or 

liquid) of the materials being used, the layer deposition process, or the way these layers 

are fused together. However, the generic AM process consists of the following eight steps 

as illustrated in Figure 2.1 [2.1]; 

1. Generation of a software model from any professional CAD solid modeling 

software or from reverse engineering equipment (e.g., laser scanning). 

2. Conversion of the CAD model file to STL format. STL file format became a de-

facto standard and almost every CAD system can generate such a file format. This 

format forms the basis for the calculation of slices by describing the external 

closed surfaces of the original CAD model.  

3. This step contains two sub-steps: The first sub-step is slicing the STL files and 

generating the scan paths. This sub-step, which is generally done outside the 

machine, results in a machine processing file (NC program, CLI file, etc.). In the 

second sub-step, the NC processing file is transferred to the AM machine. Some 

AM machines (like the DTM Sinterstation 2000 machine, used in this 

dissertation) can accept STL files and convert those files internally to NC files 

and conversion of STL files outside the machine is not required. 
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4. AM machine setup. In this step, the building parameters like the material 

selection, energy source, layer thickness, etc. are adjusted. 

5. Part building. This process is mainly an automated process. Only superficial 

monitoring is needed to ensure no errors have taken place like running out of 

material, power or software glitches, etc. 

6. Part removal. After completion of the building process, the part is removed from 

the machine. 

7. Post-processing. The parts may need some extra post-processing before it is ready 

to use. This post-processing step can include cleaning, removal of the support 

material, infiltration, binder removal, furnace sintering, etc. 

8. Application. Parts are ready to be used. In some cases, additional treatments may 

be required such as pinning or painting to obtain an acceptable surface texture and 

finish. 

 

Figure  2.1 Schematic of the 8 stages of the generic additive manufacturing (AM) process [2.1]. 
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2.2. Additive manufacturing of ceramics 

The refractoriness, low or no ductility and poor thermal shock resistance of ceramics 

makes them much more challenging to be produced than their polymer and metal 

equivalents. Technical ceramic materials are mainly processed by powder metallurgical 

routes like die pressing, injection molding and extrusion, or colloidal routes like tape 

casting, gel casting, slip casting, etc. [2.5]. The processed powders are shaped into a 

green part that is subjected to a sintering process at elevated temperatures. An 

intermediate debinding step is introduced before sintering in case the green parts contain 

a high amount of organic binder as for example after ceramic injection molding. This 

process is preferred when intricate shape parts are to be produced and uses up to ~40-50 

volume percent of organic binders. All the conventional ceramic shaping processes 

require a die or mold to fabricate ceramic parts.  

A growing amount of literature reports indicate that high quality ceramic parts can be 

produced by new AM techniques like Robocasting or modified existing AM techniques 

like Stereolithography (SL), Selective Laser Sintering (SLS), and Fused Deposition 

Modeling (FDM), which are used to produce polymer or metallic parts and can be 

modified to produce ceramic parts. Industrial activity on the fabrication of ceramics by 

AM was already initiated, and dedicated equipment is becoming available [2.6-2.7]. In 

this review the SL, SLS, FDM and Robocasting techniques are reviewed. 

2.2.1. Fused Deposition Modeling (FDM) 

Basic principle 

In the fused deposition (FD) process, illustrated in Figure 2.2, a spooled thermoplastic 

filament is fed into a liquefier with the help of computer driven rollers and extruded 

through a circular nozzle onto a Z-stage platform in the form of a continuous molten bead 

(also known as “roads”) of material. The movement of the liquefier in the X and Y 

directions is computer controlled. After deposition of the first layer, the platform moves 

down by a specified distance, and a second layer is built on top. The process is repeated 

until the part is completed. 



 

Figure 

To fabricate ceramic parts

of a filament [2.8-2.13]

developed at Rutgers University, is based on FDM

filaments are used to produce green ceramic parts

sintered. Although the FD process is 

material compositions, fused deposition of multi

processes are being developed to deposit composite materials or 

materials [2.15-2.17]. 

Binder Material 

In FDC, a polymer phase containing 55

filament which is fed into the liquefier to produce green parts. The binder phase 

for optimum FDC process

point and low melt viscosity. However, 

liquefier in the form of a filament

acts as a piston requiring enough 

multi-component binder systems are developed. 

Table 2.1 summarizes the typical constituents of a binder used for FDC applications. The 

base binder acts as a “backbone” in 

13 

 

Figure 2.2 Schematic of the fused deposition (FD) process [2.8]. 
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accept filler particles, show low melt viscosity, exhibit high strength and flexibility and 

must readily decompose at relatively low temperature (preferably < 500°C) during 

debinding. The role of the tackifier is to enhance the adhesion between the roads and 

layers during deposition. Improper adhesion can lead to defects, called knitting lines or 

voids. In addition, the tackifier also increases the flexibility of the resultant filament. The 

wax component serves two purposes. The primary role of the wax is to significantly 

reduce the melt viscosity of the binder formulation. A secondary function of the wax is to 

add strength to the material when solidified. The relative amount of these components 

depends on the type and molecular weight. A typical optimum amount by weight may 

contain 100 parts of base binder, 20 parts of tackifier, 15 parts of wax and 5 parts of 

plasticizer. In such a multi-component binder system, the components should be 

compatible. The feedstock material is prepared by first mixing the binder components 

and then the binder system is compounded with the ceramic phase using a shear mixer at 

temperatures ~175-180°C. The ceramic particles are commonly coated with a surfactant 

such as oleyl alcohol or stearic acid [2.18-2.21]. 

Fabrication and properties of filament 

Compounded ceramic/polymer mixtures in the form of granules or pellets are extruded 

through a die to form a filament. Figure 2.3 shows an extrusion set-up used to fabricate 

filaments with a diameter of 1.778 ± 0.025 mm for FDC applications, as developed at 

Rutgers University [2.22]. The set-up has a ~1.778 mm diameter cylindrical die. Granules 

of polymer/ceramic mixture are fed through a hopper and pass through four 

independently controlled heated zones. The screw has a uniform flight thereby 

transporting material through the barrel at constant rate. The material is compressed by an 

increased pressure caused by the diameter constriction from barrel to die. The filament 

exiting the die is carried away by a conveyor belt of which the speed is matched to the 

output flow rate. The temperature profile, shear rate and feed rate are the most important 

extrusion variables. 
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Table  2-1 Typical composition of a binder system used for FDC [2.20]. 

Material Description Attribute 

Base binder Amorphous polyolefin Acts as a binding agent 
Tackifier Hydrocarbon resin Adds tackiness and flexibility 

Wax Partially crystalline polyolefin Reduces viscosity and adds stiffness 
Plasticizer Low molecular weight polyolefin Adds flexibility 

 

 

Figure  2.3 Schematic of the set-up used for extrusion of raw filament [2.18]. 

For fully automated FDC, the filament’s rheological and mechanical properties, along 

with smooth surface and close tolerance of the filament diameter are very important 

[2.22-2.25]. Insufficient filament stiffness or too high viscosity results in “buckling” of 

the filament during FDC in the region between the liquefier and roller and thus interrupts 

the process. To avoid filament buckling, the applied extrusion pressure must be below a 

critical value. The critical buckling stress, σcr, is given by Euler’s equation [2.22]: 

σcr = π2E/4(L/R)2      2.1 

with, E, the elastic modulus of the filament and L/R, the aspect ratio of the filament 

above the liquefier. If ∆P is the required extrusion pressure for a given nozzle geometry, 

volumetric flow rate, solid loading and temperature, the buckling conditions can be 

represented as [2.22-2.23]: 

1.1 ∆P ≥ σcr       2.2 
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1.1 is a correction factor for the difference between the diameter of the filament and the 

internal diameter of liquefier barrel diameter. The minimum extrusion pressure needed 

for buckling is σcr/1.1. For the sake of clarity, the minimum extrusion pressure needed for 

buckling is denoted as ∆Pcr to differentiate it from ∆P, which represent any other 

extrusion pressure. By replacing σcr by 1.1∆P in equation 2.1 we can find that ∆Pcr/E is 

dependent only on the ratio of the length of the filament above the liquefier to the 

filament radius. This is therefore a characteristic of the particular fused deposition 

machine design. ∆P/E depends on the material used, the operation temperature, the 

nozzle geometry and the volumetric flow rate of the deposition process. Equation 2.2 

shows that buckling occurs when 1.1∆Pcr/E > ∆Pcr/E. The stiffness of the filament and the 

pressure drop ∆P as function of the volumetric flow rate for various nozzle geometries 

can be experimentally determined, allowing to develop a FDC process map for a 

particular filament. A process model developed for a filament of lead zirconium titanate 

containing ECG binder is presented in Figure 2.4, as a plot of ∆P/E as a function of the 

volumetric flow rate [2.24]. According to this theory, if ∆P/E exceeds the ∆Pcr/E line as 

indicated by the shaded region, buckling should occur during FDC. The process map 

predicts that with increasing volumetric flow rates, the buckling tendency increases. It 

also describes that ∆P/E increases for a given volumetric flow rate and hence the 

tendency to buckle increases at high volumetric flow rates with decreasing nozzle 

diameter and increasing nozzle aspect ratio. In the actual process, there is a temperature 

gradient in the filament above the liquefier, which can also result in an elastic modulus 

gradient. There is also a rate dependence of the elastic modulus. The theory used in the 

development of the process map does not include these effects and also does not include 

possible effects of agglomeration on the elastic modulus or pressure drop. 
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Figure  2.4 Process map for PZT-ECG9 showing the variation of the dimensionless quantity ∆P/E (measured at 

140°C) with FDC nozzle diameter, aspect ratio and volumetric flow rate [2.24]. 

Fused Deposition 

In FD, the material is extruded out of the heated liquefier in the form a bead, also called a 

“road”. The nozzle for the extrusion is selected based on the width and thickness of the 

road defined by the user. Typically, the road width varies between 1.2 to 1.5 times the 

diameter of the nozzle, because the extruded material flows to a certain extend in the 

directions perpendicular to the deposition direction. The FD process uses a constant 

volumetric displacement principle during material deposition. The dimensions of the 

deposited roads are therefore controlled by the material flow rate which is controlled by 

the speed of the counter-rotating rollers. The dimensions of the road (width and 

thickness) along with the liquefier head speed determine the flow rate of the material to 

be extruded out of the nozzle. Therefore, for a given slice thickness ST, road width RW, 

and head speed v, the volumetric flow rate Q, required for complete filling is given by 

[2.11]: 

Q = (RW)(ST)(v)      2.3 
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For a filament of constant diameter (1.778 mm), the filament feed rate H, depends on the 

flow rate Q, required for the building conditions (ST, RW and v), and is given as: 

H = FQ/Af       2.4 

where Af is the cross-sectional area of the filament and F is a friction factor between the 

rollers and the filament. Ideal gripping and feeding requires F to be equal to 1. If F > 1, 

then the filament is crushed by the rollers. When F <1, the filament slips between the 

rollers. Similarly, for a given filament feed rate H, the roller speed n, required for 

complete filling can be determined as: 

n = H/2π r        2.5 

with r the roller groove radius. Therefore, for a given set of RW, ST, and v, the FDM 

system sets the roller speed (n) required to achieve the needed filament feed rate (H) and 

hence the flow rate (Q) for complete space filling. However, this basic control is done 

under the assumption that the filament diameter is constant (1.778 mm) and that there is 

no slip between the roller and filament surfaces (F = 1). When the filament diameter is 

below 1.778 mm and/or the filament slips between the rollers, insufficient flow will result 

in defects in the form of voids in the FD part. Although such defects due to aberrations in 

the flow may not be of major concern when dealing with wax forms or moulds, they 

cannot be tolerated when fabricating structural ceramics and metal components. 

Build strategies in FDM systems 

The deposition process of each layer starts with a road of material of defined width and 

thickness being deposited to define the perimeter(s) or boundary(ies) of the given part 

layer. Each perimeter or boundary is a closed loop with a start and end point. Once the 

perimeters are defined, the internal portion of the layer is filled by roads of defined width 

and thickness in one of the three following ways (see Figure 2.5) [2.11]; (1) A raster fill 

in which the liquefier head describes a back and forth raster filling motion inside the 

defined perimeter region to fill the entire defined area. (2) Contour filling in which 

several closed loop contour motions of the liquefier head inside the defined perimeter 



 

region fill the defined region

first two approaches.  

The raster fill approach is used most frequently due to its speed and the ability to change 

the direction of raster motion in adjacent layers. Typically, alternate layers are built with 

raster directions at 90° to one another. Such a strategy results in maximum packing of 

material and a minimum of voids between roads and layers.

Defects in FD processed parts

The defects in the green parts fabricated by FDC can be categorized as 

internal defects. Most of the surface defects, like staircase effect

approximation errors, bottom surface

and support structure burrs are primarily due to current limitations in the state o

technology in general. Most of the surface defects can be eliminated to achieve 

desirable surface finish by post

The internal defects observed in FD processed parts 

limitations in the current state of FDM systems and processing strategies. The internal 

defects like sub-perimeter voids and inter

which cannot be eliminated after the fabrication of the part.

Figure 2.5 Schematic of the build strategies employed by commercial FDM system (a) raster fill pattern (b) 

contour fill pattern (c) contour + raster fill pattern [
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the defined region, and (3) Contour and raster fill, i,e., a combination of the 

The raster fill approach is used most frequently due to its speed and the ability to change 

the direction of raster motion in adjacent layers. Typically, alternate layers are built with 

directions at 90° to one another. Such a strategy results in maximum packing of 

material and a minimum of voids between roads and layers. 

Defects in FD processed parts 

efects in the green parts fabricated by FDC can be categorized as 

. Most of the surface defects, like staircase effects, chordal or curve

approximation errors, bottom surface roughness, and ridged top surface, start/stop errors 

and support structure burrs are primarily due to current limitations in the state o

in general. Most of the surface defects can be eliminated to achieve 

desirable surface finish by post-fabrication processing operations such as machining. 

he internal defects observed in FD processed parts however are m

limitations in the current state of FDM systems and processing strategies. The internal 

perimeter voids and inter-road defects, result in a strength limitation 

which cannot be eliminated after the fabrication of the part. 

 

Schematic of the build strategies employed by commercial FDM system (a) raster fill pattern (b) 

contour fill pattern (c) contour + raster fill pattern [2.11]. 

combination of the 

The raster fill approach is used most frequently due to its speed and the ability to change 

the direction of raster motion in adjacent layers. Typically, alternate layers are built with 

directions at 90° to one another. Such a strategy results in maximum packing of 

efects in the green parts fabricated by FDC can be categorized as surface and 

, chordal or curve-

roughness, and ridged top surface, start/stop errors 

and support structure burrs are primarily due to current limitations in the state of the SFF 

in general. Most of the surface defects can be eliminated to achieve a 

fabrication processing operations such as machining.  

are mainly due to the 

limitations in the current state of FDM systems and processing strategies. The internal 

strength limitation 

Schematic of the build strategies employed by commercial FDM system (a) raster fill pattern (b) 



20 
 

Sub-perimeter voids 

During raster filling of a layer, sub-perimeter voids are formed by incomplete filling at 

points where the raster segment turns around at the perimeter (see Figure 2.6). The size 

and occurrence of the sub-perimeter voids depends on the build conditions (road width, 

thickness, etc.) and the angle between the raster line and the perimeter curve. The first 

and most simple way of eliminating these defects is to give a negative offset to the 

perimeter. Other possible solutions are to increase the flow rate at the points of 

intersection of raster and perimeter segments selectively, or alter the path of the raster 

segment at the intersection with the perimeter. 

Inter-lamellar defects 

The inter-road or inter-lamellar defects, also presented in Figure 2.6, can occur due to one 

of two following reasons: (1) If there is no physical contact between adjacent roads, 

defects will be present as voids between adjacent roads, which can be easily observed in 

the green state. (2) If there is physical contact between adjacent roads but the bonding is 

not strong, the defect between adjacent roads may be present as a weak interface. The 

bonding between adjacent roads depends on the temperature of the roads and on the 

lateral flow of material. These inter-road defects result from various sources such as long 

vector length, non-sequential raster segments, non-uniform filament diameter, filament 

slippage between rollers etc. The formation of inter-road defects can be minimized or 

completely eliminated by the optimization of filament quality, build environment 

temperature, use of sequential deposition strategies, use of a negative gap between the 

roads, etc. 

Structural and functional ceramics such as silicon nitride (Si3N4) [2.8, 2.13, 2.19, 2.22-

2.25], alumina (Al2O3) [2.9, 2.21], Hydroxyapatite (HAp) [2.20] and lead-zirconium 

titanate (PZT) and lead-magnesium niobate (PMN) [2.9, 2.15-2.18, 2.20, 2.24] can be 

processed by FDC. However, most of the research was focused on the fabrication of 

Si3N4 and piezoelectric ceramics. Using an optimum FDC process, Iyer et al. [2.8] 

reported on the fabrication of Si3N4 ceramic parts with properties comparable to those of 

conventionally processed Si3N4 with a sintered density ~99 % and flexural strength ~900 



 

MPa. The sintered microstructure of 

conditions is presented in Figure 2.7 [

homogeneous and no defects between the roads and layers can be observed.

Figure 2.6 Image showing FDC road vectors (tool paths) and interlamellar and sub

Figure 2.7 (a) Scanning electron micrograph of polished and etched 

ceramics (FDC). (b) Optical micrograph showing good bonding between layers. The Z direction indicates the 

FDC build direction and the white 

micrograph of the interlaminar region (boxed region in (b))
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he sintered microstructure of a Si3N4 produced by FDC using optimum bui

conditions is presented in Figure 2.7 [2.8]. The microstructure is quite dense and 

homogeneous and no defects between the roads and layers can be observed.

Image showing FDC road vectors (tool paths) and interlamellar and sub-perimeter defects [

a) Scanning electron micrograph of polished and etched sintered Si3N4 made by fused deposition of 

ceramics (FDC). (b) Optical micrograph showing good bonding between layers. The Z direction indicates the 

FDC build direction and the white lines mark the interface between the build layers. (c) Higher magnificati

micrograph of the interlaminar region (boxed region in (b)) [2.8]. 

produced by FDC using optimum build 

The microstructure is quite dense and 

homogeneous and no defects between the roads and layers can be observed. 

 

perimeter defects [2.8]. 

 

made by fused deposition of 

ceramics (FDC). (b) Optical micrograph showing good bonding between layers. The Z direction indicates the 

lines mark the interface between the build layers. (c) Higher magnification 
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2.2.2. Robocasting 

Basic principle 

Robocasting like FDM is an extrusion based AM technology used to fabricate high 

quality monolith and porous parts. Aqueous slurries containing low amounts of binder ~ 

1 wt. % are extruded through the nozzle instead of a ceramic-polymer filament as in the 

case of FDM. This technique was developed at Sandia National Laboratories in 

Albuquerque, New Mexico, USA [2.26]. In robocasting, beads of ceramic materials are 

deposited on a computer driven stage by the extrusion of a highly loaded ceramic paste 

through an orifice. The schematic of the process is shown in Figure 2.8 [2.27]. After the 

deposition of the first layer, the stage is lowered and the next layer is deposited. The 

process is repeated until the part is built.  

The green parts are subsequently dried and sintered. The parts are fabricated from slurries 

containing a low amount of binder which eliminates the need for a debinding step. Parts 

can be produced within 24 hours which makes this process suitable for medical 

applications. This process is also amenable to multi-material deposition and almost all 

ceramics can be deposited by using robocasting. Fabrication of high quality ceramic parts 

requires optimization of the solid content of the suspension, the suspension viscosity and 

rheology, the rate of suspension dispensing through the nozzle and the drying of the 

slurry bead. 

 

Figure  2.8 Schematic of the robocasting process [2.27]. 
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For optimum processing, the viscosity and rheology of the suspension must be tailored. 

The slurry experiences high shear conditions while passing through the orifice and when 

the moving substrate interacts with the dispensing slurry. However, the slurry 

experiences almost no shear after the deposition. The slurry should be pseudo-plastic to 

allow a smooth extrusion of the slurry. The shape of the deposited bead depends on the 

viscosity of the slurry. When the slurry is too fluid, the beads will spread uncontrollably. 

When the slurry is too viscous, the beads maintain their shape and are laid down like a 

rope. A proper rheology yields beads with nearly rectangular shape with relatively 

straight walls and flattened top, which would be optimal for space filling applications. 

However, for the fabrication of three dimensional periodical lattice structures or arrays, 

deposition of rod like beads can be useful. During multilayer deposition, smearing of 

freshly deposit beads can induce a shear stress on the previously deposited bead. If this 

shear stress exceeds the yield stress of the previously deposited bead, slumping occurs. 

The added weight of the new layers may also accumulate enough stress to induce flow in 

previously deposited layers. Therefore, the structure of the previously deposited beads or 

layer must be locked before the smearing of new beads or layers. This can be achieved by 

using a slurry which behaves pseudo-plastically during extrusion through the nozzle and 

that becomes dilatant or solid after deposition. 

One way to induce this pseudo-plastic to dilatants transformation in a slurry is by drying 

the beads. As shown in Figure 2.9, a ceramic slurry behaves like a Newtonian fluid at a 

low concentration of ceramic particles. By increasing the ceramic content, the viscosity 

of the slurry increases and the slurry changes from a Newtonian to a pseudo-plastic fluid. 

By further increasing the ceramic content to ~64 %, the viscosity increases exponentially 

and the slurry becomes dilatant. This phenomenon can be exploited in robocasting by 

using a slurry with a pseudo-plastic behavior but with a ceramic content 3-4 % below the 

dilatant composition. After deposition, drying decreases the water content and hence 

increases the solid content transforming the slurry to dilatant. However, the drying 

conditions like temperature and humidity must be chosen carefully. A fast drying rate can 

cause the formation of cracks and knitting problems [2.28-2.31]. In other variants of 

robocasting, the problem of slumping and formation of drying cracks is avoided by 

dispensing the beads in a non-wetting oil [2.32-2.35], adding solvents with high 
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evaporation rate [2.36-2.39] or freezing of the dispensed beads (freeze-form extrusion 

fabrication) [2.40-2.42]. Lately, robocasting is applied to a variety of ceramic materials 

like alumina [2.29, 2.36-2.38, 2.40-2.41], mullite [2.31], silicon carbide [2.35], silicon 

nitride [2.33], hydroxyapatite [2.33, 2.39, 2.43-2.47], lead zirconium titanate [2.32], etc. 

Although the fabrication of monolith ceramics by robocasting with a density > 96 % and 

strength comparable to conventionally prepared ceramics is reported [2.29-2.30], most of 

the research is carried out to fabricate parts with architectured porosity for scaffolds 

[2.33,2.39,2.43-2.47], piezoelectric [2.27,2.48-2.49], and catalytic [2.50-2.51] 

applications. As shown in Figure 2.10, a variety of the ceramic parts with different shapes 

can be produced by robocasting. 

Suspension Formulation 

A suspension with proper viscosity and rheology is a key factor to the robocasting 

process. Suspensions of a variety of ceramics have been developed and reported. 

Generally, homogeneous high ceramic loading aqueous suspensions are prepared by 

selecting an optimum amount and type of dispersant and pH value. The advantage of 

using high ceramic contents (≥50 volume %) is that the parts show low shrinkage during 

drying and sintering. The ceramic particles are coated with a dispersant (~1 wt. %), 

which are generally polyelectrolytes like polyacrylic acid or ammonium polyacrylate 

[2.28-2.35, 2.40-2.46, 2.49]. The optimum amount of dispersant is determined by 

measuring the viscosity of the suspension. Modifications in the suspension viscosity and 

yield point are achieved by slightly flocculating the suspension by aging of the 

suspensions [2.28-2.29] or adjusting the pH of the suspension [2.28-2.29, 2.31-2.32, 

2.45]. Additives like highly branched polyethyleneimine (PEI) [2.34-2.35, 2.43, 2.45], 

mixtures of polyvinyl butyral (PVB) and polyethylene glycol (PEG) [2.36-2.39], 

cellulose [2.32-2.33, 2.35, 2.45] or metal nitrates [2.31, 2.34, 2.46, 2.49] are also used as 

a flocculant or gelling agent. To modify the drying process after deposition, volatile 

solvents like propanol are added [2.36-2.39]. Glycerol [2.40-2.41] is added to decrease 

the size of ice crystals when freezing is applied to solidify the extrudent. 
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Figure  2.9 Schematic showing the typical viscosity versus volume percent solid behavior [2.26]. 

 

Figure  2.10 Complex shape ceramic parts fabricated by robocasting [2.6]. 

Extrusion of paste 

The extrusion of paste from the nozzles was studied for freeze-form fabrication, a variant 

of robocasting. The ceramic suspension with optimum viscosity and rheological 

properties are loaded into syringes (see Figure 2.11) comprising of a barrel of diameter 

(Do) ~ 9 mm and an orifice (extrusion die) of diameter (D) varying between 50-800 µm. 

The size and shape of the deposited beads depends on the suspension properties, nozzle 

geometry, paste dispensing rate, i.e. ram velocity, and table speed. To have a smooth 

deposition, all these extrusion variables must be choreographed. As shown in Figure 2.12, 
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the extrusion process can be divided into three stages, i.e., an initial, steady and dead 

zone stage [2.40-2.42]. When applying the extrusion force, the air present in the paste is 

expelled and the volume of the paste decreases which results in an increased pressure. 

Upon further compression of the paste, the pressure increases and reaches a point where 

extrusion takes place. The resistance pressure for the paste flow depends on the paste 

deformation resistance in the die entry, the flow pressure in the die and the shear pressure 

on the barrel walls. The minimum pressure (Pmin) required for paste flow, with extrusion 

velocity V equal to zero, can be determined using the following equation [2.40]: 

Pmin = PV=0 = 2 σo ln (D/Do) + 4τo (L/D)    2.6 

With L the length of the die land (see Figure 2.11), σo the initial bulk yield stress and τo 

the die land shear stress.  

In several cases, the extrusion process starts with a peak in the extrusion pressure. Since 

the water can easily evaporate from the paste at the die end, the paste leaves the die in a 

drier state and at higher viscosity than the paste in the die. This loss of water in the paste 

results into the formation of a peak in the extrusion pressure in the initial stage (see 

Figure 2.12, in which curve represents the extrusion pressure). After that peak the 

extrusion pressure drops rather quickly to a steady state. During the steady stage, the 

pressure remains stable if the ram velocity is set above to a critical value which depends 

on the barrel diameter and nozzle geometry. If the ram velocity is below a critical value, 

the extrusion pressure gradually increases as a result of liquid phase migration. The water 

in the suspension being low viscosity flows faster than the ceramic particles and separates 

from the ceramic particles, thus leaving a drier suspension behind. The presence of air 

bubbles or agglomerates can also cause fluctuations in the extrusion pressure during the 

steady stage.  

A large extrusion force is generated when the ram zone (dewatered zone near the ram) 

meets the dead zone (see Figure 2.12). This results into a very quick rise in the extrusion 

pressure in the last stage of extrusion. This stage is called “dead zone stage”.  

When the ram velocity is higher, the paste flow rate will be higher and no dewatering 

zone develops, the dead zone stage is shorter and more paste can be consumed for part 
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fabrication. However, a too fast ram velocity can result into snaking, swelling or curling 

of the extrudant [2.40]. 

 

Figure  2.11 Schematic of the extrusion process [2.40]. 

 

Figure  2.12 Schematic of the effect of ram displacement on the extrusion pressure and liquid contents of the 

slurry [2.40]. 
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2.2.3. Stereolithography (SL) 

Basic Principle 

Stereolithography (SL) was the first AM technology developed and is widely used to 

produce polymer parts. This technique was invented by Charles (Chuck) Hull in 1986 and 

soon after the technology was commercialized by 3D Systems. A schematic of the SL 

process is provided in Figure 2.13. Solid parts are created by selectively solidifying a 

liquid polymer resin using a UV laser. Like other AM techniques, the parts are built by 

fabricating cross-sectional contours or slices one on the top of the other. These contours 

replicate the contours of the CAD model and are created by laser irradiation of a 

photopolymer resin in a vat. During the building process, the part rests on a platform. 

After each slice is fabricated, the platform is lowered and the part surface at the top is 

recoated with the resin. Another slice is created and the process is repeated until the part 

is complete [2.1]. For some years now, a second type of stereolithography “Mask 

Projection Micro Stereolithography”, with a difference in the build orientation allowing 

building parts from the bottom and in the method of illumination, is also applied for the 

fabrication of ceramics [2.52]. 

High quality Al2O3 parts with a sintered density of 98 % and a bending strength of 275 

MPa produced from 60 vol % ceramic particle loaded photocurable polymer precursor 

suspension have been reported [2.53]. The green parts are produced layer by layer by UV 

laser curing. The suspension contains photo initiators, liquid monomers, diluents and 

ceramic particles. The homogeneous deposition of layers from viscous highly loaded 

ceramic suspensions can be a challenge. This might require modifications in the layer 

deposition system as in the case of the “optoform” process. In this process, layers from 

highly thixotropic suspensions are deposited by a specially designed recoater [2.54]. 

When the suspension is irradiated with a UV laser, the photoinitiators undergo a chemical 

transformation and react with the liquid monomer to start polymerization. Subsequent 

reactions occur to build polymer chains and to crosslink them. This process of linking 

small monomer molecules into larger molecules is called polymerization. Just like in 

gelcasting of ceramics, the polymer network around the particles works as a binder to 
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The currently used ceramic suspensions can be divided into aqueous acrylamide-based 

suspensions and resin based suspensions. The aqueous acrylamide-based suspensions 

contain a solution of acrylamide (AM) and N-N'-methylenebisacrylamide (MBAM). 

Griffith and Halloran [2.56] used an aqueous solution of AM and MBAM to produce 

alumina and silica (~ 50 vol. %) based suspensions for stereolithography. Zhous et al. 

[2.61] prepared aqueous silica suspensions from a mixture of AM, MBAM, glycerol and 

silica sol. Silica sol has a viscosity comparable to water but provides a higher green 

strength because of its adhesive nature. However, the sintered silica parts showed low 

sintered density (62.5 %) [2.61]. 

The resin-based ceramic suspensions can be divided into (1) mono-functional or multi-

functional acrylate resins and (2) polymeric ceramic precursors. Resin-based 

photocurable suspensions are often based on low viscosity acrylate monomers, such as 

difunctional hexane diol-diacrylate [2.56], di-ethoxylated bisphenol A dimethacrylate 

[2.57], 4-hydroxybutyl acrylate [2.62], bisphenol A diacrylate [2.62], etc. Acrylate 

monomer mixtures were also used to prepare alumina suspensions [2.53, 2.58, 2.62-2.63]. 

Hazan et al. [2.62] used 2-hydroxy-ethyl acrylate and polyethyleneglycol 200 diacrylate 

to prepare suspensions of Al2O3 and ZnO. Monomers like (acryloyloxy) ethyl n-butyl 

carbamate are added to lower the viscosity [2.57]. Most oxide ceramics can easily be 

dispersed in acrylic monomers using commercially available dispersants like phosphate 

esters [2.60], alkoxylated ammonium phosphate [2.59], [2-(2-Methaoxyehoxy) ethoxy] 

acetic acid [2.60] or comb-polyelectrolytes [2.64]. Ceramic suspensions with > 50 vol % 

ceramic loading with a shear thinning behavior are prepared for stereolithography. For 

polymeric ceramic precursors, silicone acrylates monomer [2.65-2.67] and zircon acrylate 

NZ 39 [2.68] have been reported. These precursors produce silica and zirconia after 

pyrolisation, which can be helpful to enhance the ceramic content in the green part. 

Photopolymerization of ceramic suspensions 

Green ceramic parts are mostly produced by free radical photopolymerization of ceramic 

suspensions containing acrylate or methacrylate resin. The polymerization reaction is 

divided into three stages: free radical formation followed by initiation of polymerization, 

propagation and termination. During the initiation stage, photoinitiator molecules are 
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decomposed (PI*) under the influence of UV irradiation to form free radicals R1 and R2 

following the reaction [2.60]: 

PI�PI*�R1 + R2      2.7 

The rate of the initiation reaction (va) is related to the quantum yield of initiation (φa) and 

the intensity of the absorbed radiation and is given by [2.60]:  

va = φa.Iabs       2.8 

One or both free radicals combine with a monomer to form a new radical RM° [2.60], 

R° + M � R°M      2.9 

which is able to polymerize by the propagation reaction (equation 2.10). The propagation 

involves the successive addition of monomers to the growing polymer chains to form 

large radicals [2.60]:  

RM°
n + M � RM°

n+1      2.10 

The rate of the propagation (vp) reaction is given by [2.60]  

vp = kp [RM°
n] [M]      2.11 

with, kp the propagation rate constant, [M] the monomer concentration and [RM°
n] the 

radical concentration. The kinetics of the photopolymerization process of multifunctional 

acrylates shows a self-acceleration and self-deceleration behavior accompanied by 

incomplete conversion of functional groups. 

The rate of termination reaction is given by [2.60]  

Vt = kt [RM°
n]     2.12 

where, kt is the termination rate constant. 

The presence of the ceramic particles in the photocurable resin increases the viscosity of 

the resin and can influence the kinetics of the process because of the reduced mobility of 

the reactive species during the propagation and termination reaction. The kinetics of the 
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photopolymerization process in a ceramic suspension was studied by real time infrared 

spectroscopy (RTIR) [2.60, 2.69]. T. Chartier et al. [2.60] found that for a low silica 

concentration (<10 vol %), the photopolymerization process is not affected by the 

presence of silica particles. The mobility of reactive species or polymerization kinetics is 

only influenced by the inter-particle phase. For highly concentrated suspensions, the 

particle-particle interaction lowers the mobility of the reactive species and the rate of 

polymerization is decreased. 

SL of ceramic suspensions 

During SL, surface of the photo curable ceramic suspension is scanned or illuminated 

with a UV laser beam to cure the suspension to the curing depth, Cd. The green parts are 

built from layers of 150-200 µm thick and Cd must be 10-35 % higher than the layer 

thickness. Cd depends on the energy density transmitted to the paste, the penetration 

depth of the beam Dp, and the critical energy Ec, required for polymerization to occur, as 

described by [2.56]: 

Cd = Dp ln(Eo/Ec)    2.13 

With, Eo the maximum energy density (mJ/cm2), which is a function of the laser power P, 

the scan speed Vs, and the radius of the laser beam r, calculated as 

Eo = 2P/πrVs       2.14 

Dp is a suspension property that depends on the average particle size d50, of the powder 

particles and the powder volume fraction Φ; 

Dp = 2/3 d50/Q Φ    2.15 

Where, Q is related to the scattering efficiency of the suspension and was empirically 

determined for highly loaded ceramic suspensions by Grffith [2.56]: 

Q = h/λ (∆n)2
       2.16 

With h, the interparticle distance, λ ,the wavelength of the UV radiation and (∆n)2, the 

square of the difference between the refractive index of the powder (npowder) and 
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monomer (nresin). Equation 2.16 does not reconcile with the Raylesh-Gans or Mie theory 

of scattering, which relates the scattering to the particle size in dilute suspensions [2.56]. 

In practice, Dp and Ec for a given suspension are determined from a working curve which 

experimentally relates exposure to the cure depth. An example of a working curve is 

shown in Figure 2.14 for a photo curable resin. Various Eo values are generated by 

varying the laser scan speed and the related cure depth is measured by measuring the 

thickness of the polymerize layer by microscopy and a semi-log plot of the Cd vs Eo is 

drawn. The slope of the curve is Dp and x-axis intercept of the curve is Ec [2.1]. 

The composition and preparation of the ceramic suspension greatly influence the SL 

process. Although a photoinitiator concentration below a certain level does not affect the 

Cd, a high amount of photoinitiator can result in the loss of reactivity by absorption of the 

laser beam by a quickly polymerizing surface. The UV beam is scattered by the ceramic 

particles and the scattering increases with increasing refractive index difference between 

monomer and ceramic particles. This decreases the curing depth and increases the curing 

width, influencing the lateral resolution of the parts. An increased volume fraction 

ceramic particles at the expense of photopolymeric resin results in a decreased cure depth 

and width, whereas a decreased particle size also reduces the cure depth and cure width. 

In the case of photo curable suspension containing ceramic particles with high refractive 

index or high UV absorption like Si3N4 and SiC etc., the cure depth can drastically 

decrease making fabrication of the parts extremely challenging by SL [2.56, 2.70]. 

State-of-the-art 

A variety of ceramics like silica [2.55-2.56, 2.58-2.60, 2.61, 2.63, 2.65, 2.69], alumina 

[2.54, 2.56-2.57, 2.59, 2.62, 2.64, 2.68-2.69], zirconia [2.64, 2.68-2.69], hydroxyapatite 

[2.62], etc., are investigated. The process has shown the capability to produce complex 

shaped parts with high density > 95 % and strength comparable to those that can be 

achieved by conventional processes. The dimensional tolerance of ± 0.5 % can be 

achieved by using a good selection suspension preparation and SL parameters. However, 

the use of expansive and toxic chemicals and formation of cracks in large parts during 



 

debinding, are the limitations of SL. Figure 2.15 shows sintered alumina parts prepared 

by SL of photocurable ceramic suspension [2.53].

2.2.4. Selective laser sintering (SLS)
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Figure 2.14 Working curve of a photocurable resing cure depth vs exposure [
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debinding, are the limitations of SL. Figure 2.15 shows sintered alumina parts prepared 

by SL of photocurable ceramic suspension [2.53]. 

Selective laser sintering (SLS) 

elective laser sintering (SLS) is shown in Figure 2.16. The part building 

process consists of two main steps, i.e., powder layer deposition and sintering. Layers of 

the powder are deposited by a roller or a scraper. The sintering step refers to the 

layer by scanning with a laser beam which locally heats and 
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Figure 2.15 Alumina parts produced by sintering of green parts produced by stereolithography (SL) [
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Alumina parts produced by sintering of green parts produced by stereolithography (SL) [

 Schematic of the selective laser sintering (SLS) process [2.71

The laser beam is used as heating source, the heat input is controlled by varying the laser 

power, laser beam scanning speed and laser beam hatch distance. For oxide ceramics, a 

 = 10.6 µm is preferred because of the better absorption [

varying the laser scanning parameters, temperatures in excess of 3000 K can be achieved 

which allows this technique to process ceramics by direct sintering or melting. The other 

important process variables during the SLS or selective laser melting (SLM) include the 

chemical composition and morphology of the starting materials, techniques employed for 

the layers deposition, layer thickness, binding mechanisms. Based on the binding 
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 = 10.6 µm is preferred because of the better absorption [2.72]. By 

rs, temperatures in excess of 3000 K can be achieved 

which allows this technique to process ceramics by direct sintering or melting. The other 

important process variables during the SLS or selective laser melting (SLM) include the 

morphology of the starting materials, techniques employed for 

the layers deposition, layer thickness, binding mechanisms. Based on the binding 
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mechanism SLS/M of ceramics can be categorized into direct and indirect SLS. Indirect 

SLS involves the melting of a sacrificial organic binder phase to produce green parts. The 

green parts are subsequently debinded and furnace sintered to produce dense ceramic 

parts. Direct SLS/M does not involve a sacrificial binder phase and the ceramic parts are 

produced as a result of direct sintering or melting. 

Direct selective laser sintering and melting (SLS/M) 

In Direct SLS/M, layers of ceramic powders consolidated by solid state sintering or 

melting because of local heating by laser beam scanning. This is the only direct AM 

method studied for the fabrication of ceramics. Direct SLS of ceramics can be further 

divided into powder based and slurry based direct SLS. By employing powder based 

direct SLS/M, Bertrand et al. [2.73] produced 56 % density zirconia parts, whereas 65 % 

dense alumina parts were reported by Shishkovsky [2.74]. The parts were low in density 

and contained a lot of cracks due to thermal stresses generated by rapid cooling of the 

parts after laser scanning. The Fraunhofer Institute of laser Technology however 

produced fully dense Al2O3-ZrO2 composite parts with a flexural strength > 500 MPa by 

direct SLM [2.75-2.78]. The Al2O3 and ZrO2 powders with a particle size ~ 50 µm were 

mixed according to eutectic composition (41.5 wt. %Al2O3-58.5 wt. % ZrO2). As shown 

in Figure 2.17, two laser beams were combined for direct SLM, i.e., a fixed CO2 laser (λ 

= 10.6 µm) for preheating the ceramic powder bed and a Nd:YAG (λ = 1.064 µm) laser 

for the actual SLM. A minimum preheating temperature of 1600°C was required to avoid 

thermal cracking. The use of high preheating temperatures also causes the formation of a 

large melt pool and melt flow into the surrounding powder bed, resulting in a modest 

accuracy and surface finish, as illustrated in Figure 2.18. Moreover, the preheating from 

the top of powder by defocussed laser beam was only effective to eliminates the cracks 

for the parts with height > 3 mm. Further research on optimization of the preheating 

process by bottom up heating or by moving a diffused laser beam is in progress [2.77]. 



 

Figure 2.17 Schematic of selective laser melting (SLM) process using d
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Schematic of selective laser melting (SLM) process using defocused CO2 laser beam for preheating 

[2.76]. 

 

Dental crown produced by direct selective laser melting [2.75

 also known as layer-wise slurry deposition (LSD) [

ceramic laser fusion (CLF) [2.85-2.89], has the advantage of starting from 

layers. Layers of a highly loaded aqueous ceramic 

deposited by a doctoral blade. The layers are subsequently dried (at ~ 90 °C)

heating to obtain relatively densely packed (~ 60 %) powder layers. 

each layer is locally heated by a laser beam to fabricate 3D parts. The schematic of the 

process is shown in Figure 2.19 [2.80]. This process has the ability to deposit ~ 30 µm 

thin ceramic powder layers [2.89]. The total deposition process, including layer paving 
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and drying, takes about 2 minutes [2.80] and results in a low part building rate (typically 

~0.89 mm3/s) [2.87]. Generally, aqueous binder free ceramic slurries containing 50 vol % 

of ceramic are used [2.80]. The ceramic phase generally contains a liquid forming phase, 

like silica, that melts during SLM providing binding and wetting to hold the ceramic 

particles together [2.81-2.82]. Some temperature resistant inorganic binders, like clay, are 

also used [2.86-2.87]. The laser scanning parameters (laser power, scan spacing and scan 

speed) are varied to determine the process window for the fabrication of stable parts 

[2.81-2.82, 2.86-2.87]. The parts produced by this technique are sometimes post-

processed by a thermal treatment to improve the density or to eliminate residual stresses. 

Although parts with a sintered density > 90 % can be produced, the strength of the parts 

is limited mainly because of thermal cracks and microstructural inhomogeneities [2.80]. 

 

Figure  2.19 Schematic of the slurry-based direct SLM [2.80]. 
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Indirect selective laser sintering (SLS) 

Indirect SLS uses a sacrificial organic binder phase to bind the ceramic particles as a 

result of melting by laser irradiation. The green parts after completion are removed from 

the machine and are heated slowly to remove polymer binder. The biggest advantage of 

this process is that crack-free green parts can be produced. However the density of the 

green and sintered ceramic parts is low. The quality of the parts depends on the properties 

(composition, homogeneity and morphology) of the starting powder, SLS and sintering 

parameters. Both thermosetting and thermoplastic polymer materials were used as binder 

materials. Evans et al. [2.90] produced SiC components using phenolic thermosetting 

polymer as a binder. The composite powder was prepared by using mechanical methods 

like ball milling, grinding or attrition milling. The porous green parts produced by SLS 

were infiltrated with molten silicon in order to get high density fully functional parts. 

Song et al. [2.91] fabricated silica sand patterns by SLS of silica/phenol formaldehyde. 

The accuracy and mechanical strength was reported to be strongly influenced by the laser 

power, laser beam scan speed, laser beam scan spacing and layer thickness during SLS. 

The samples were also heat treated at 300°C to increase the strength. Liu et al. [2.92] 

produced dental glass-ceramic parts using K2O-Al2O3-SiO2 series of dental glass-

ceramics powder mixed with epoxy resin E-12. The SLSed green part produced at a laser 

power of 21 W, scan speed of 1800 mm/s and scan spacing of 0.10 mm had a relative 

density of 37% and bending strength of 2.08 MPa. The green parts were isostatically 

pressed to increase the green density. T. J. Gill et al. [2.93-2.94] produced silicon 

carbide/polyamide composites parts by selective laser sintering. The composite powder 

was prepared by blending of 50 wt% of Duraform polyamide (Nylon-12) and FEPA 

standard SiC grit. The polymer is also an integral part of the final product rather than 

being removed in downstream processes [2.94]. The strength of the obtained green parts 

reached 20-30 MPa. Fan et al. [2.95] investigated the selective laser sintering of SiO2 

with TrueForm (TF) acrylic-styrene co-polymer as binder. Dry mixing and melt extrusion 

were used for blending different grades of SiO2 powders, which were ground and treated 

with a silane coupling agent before blending, to produce the composite powders. The 

quality of the parts was largely influenced by the powder preparation technique as the 

parts fabricated from the powder prepared by melt blending were better in quality 
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compared to the dry mixing. However, fine SiO2 powder particles tend to exist 

interstitially between the polymer particles and hinder the spread of the molten polymer, 

thus increasing the viscosity. This resulted in weak and porous specimens with highly 

porous structure. Subramanian et al. [2.96] prepared test bars from Al2O3/polymer binder 

powders using SLS. PMMA and poly(methyl methacrylate-co-n-butyl methacrylate) 

were used as binders. Composite powders were produced by ball-milling and spray 

drying. The polymer coated ceramic powder was prepared by spray drying of a slurry 

containing 25 % alumina and 75 % water-based emulsion binder of PMMA or the 

copolymer to yield granules of composite powder with a diameter in the 20-80 µm range. 

The strength of the green parts was increased by increasing the laser energy density to a 

maximum above which the strength decreased with further increase in the laser energy 

density. The parts made from spray-coated powders showed a higher strength than the 

parts made from mixed powders. The parts were porous and were infiltrated with alumina 

sol. The strength of the sintered parts was modest (~ 8 MPa). 

2.3. Conclusions 

AM techniques like FDM, robocasting, SL and SLS/M are being developed to fabricate 

3D ceramic parts. Except for SLM which directly shapes the 3D component by melting, 

these techniques work on the indirect principle, i.e., the 3D green parts containing a 

ceramic powder with a polymer binder are shaped and subsequently debinded and 

sintered to produce ceramics parts. FDM and robocasting are based on the extrusion of 

polymer-ceramic filaments and ceramic slurries, respectively. These processes are 

capable of producing fully dense ceramic parts. The part accuracy and building rate 

depends on the size of the nozzle used. For robocasting, which uses a very low amount of 

binder and eliminates the debinding step, the production time can be less than 24 hours. 

However, these routes are more suitable for parts with porous structures like scaffolds 

and filter materials. SL allows to produce crack-free dense bulk and porous ceramic parts 

by the photo polymerization of highly loaded ceramic particle-polymer precursor 

monomer suspensions. The preparation of a low viscosity suspension with high ceramic 

loading is a key to successful fabrication of green parts. The drawback of SL is that it 

involves rather expensive and often toxic photo curable chemicals. SL is also more 
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suitable for the production of small ceramic parts as parts with a thickness higher than a 

few millimetres might crack during subsequent debinding and sintering. Moreover, the 

fabrication of ceramics that absorb UV light, such as SiC, can be challenging. 

During direct SLS, ceramic powder is heated by a laser beam to bond ceramic particles as 

a result of solid state sintering (SLS) or even melting (SLM). A SLS process allowing 

building the parts by solid state sintering requires densely packed powder layers of fine 

ceramic powder. Since this is extremely challenging with the current roller or scraping 

deposition systems of commercial SLS equipment, solid state sintered parts so far were 

characterised by a substantial amount of residual porosity and cracks. Colloidal 

techniques, like slurry deposition by doctor blading or spray deposition, are explored to 

deposit the powder layers, allowing obtaining higher density parts. The part building rate 

however is very low and it is difficult to avoid drying cracks during layer drying and 

thermal cracks during sintering. Selective laser melting (SLM) can be used to produce 

dense ceramic parts starting from the layers deposited from ceramic powders. However, a 

high preheating temperature, ~1700°C for Al2O3-ZrO2 parts with eutectic composition, is 

required to avoid thermal cracks. The drawback of this technique is that it is limited to 

Al2O3-ZrO2 eutectic composition and pure ceramics like Al2O3 or ZrO2 can not be 

produced. Moreover, to build a commercial machine capable of homogeneously 

preheating the powder bed/part to such high temperatures can be a big challenge.  

Indirect SLS uses a sacrificial organic polymer binder phase. Ceramic/polymer composite 

powder is used as a starting material. Laser irradiation of the composite powder melts the 

organic phase that binds the ceramic particles. The green parts are subsequently debinded 

and sintered to increase the density and strength of the final ceramic part. The use of a 

polymer phase should allow the production of crack-free green parts using conventional 

SLS equipment. The final properties of the green and sintered parts however will depend 

on the morphology and composition of the composite powder, SLS parameters and post-

processing operations. 
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Chapter 3. Polymer/Ceramic Composite Powder Synthesis 

3.1. Introduction 

Indirect SLS uses a sacrificial organic polymer binder phase. When a ceramic/binder 

composite powder is used as a starting material, local heating by laser irradiation of the 

composite powder melts the organic phase and binds the composite particles. The green 

SLS parts are subsequently debinded and sintered to increase density and strength. The 

composition and morphology of the composite powder can influence the quality of the 

green and subsequently the sintered parts. The nature of the ceramic and polymeric 

phases along with the synthesis route strongly influence the properties of the composite 

powder. In this study composite powders for indirect SLS applications were prepared 

starting from fine ceramic (submicrometer size for alumina and nano-meter size for 

zirconia) powders and semi-crystalline polymers (polypropylene and polyamide 12). The 

thermally induced phase separation (TIPS) technique was explored to produce spherical 

composite powders. The effect of various process parameters on the morphology of the 

composite powder was investigated. 

3.2. Selection of polymeric and ceramic phase 

As the green parts, fabricated by SLS, after debinding are subjected to solid state 

sintering to achieve high density, submicrometer ceramic starting powder with a high 

driving force for sintering is preferred. Therefore, commercially available Al2O3 and 

ZrO2 powders with average particle size of 0.3 µm and 30 nm, respectively, are used. 

Another requirement for a high sintered density is a high green packing density which 

depends on the melt viscosity of the polymeric phase in the composite powder. The melt 

viscosity of the polymeric phase should be low since the fine ceramic particles added to 

the polymeric phase increase the melt viscosity. 

Historically, various thermosetting and thermoplastic polymers were used as binder 

materials. Thermosetting polymers used as binder phase include phenol formaldehyde 

[3.1] and epoxy [3.2]. Both amorphous (like poly(methyl methacrylate), PMMA [3.3], 
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and polystyrene [3.4]) and semi-crystalline (like polyamide) [3.5-3.7] polymers were 

used as a binder phase. In this study, semi-crystalline thermoplastic polymers were 

selected as a binder phase. Semi-crystalline polymers have sharp endothermal melting 

and exothermal crystallization peaks and the melt viscosity sharply decreases when 

heated beyond the melting temperature (Tm). Amorphous polymers have a high melt 

viscosity, which gradually decreases when heated beyond the glass transition temperature 

(Tg) [3.8]. Literature reports on the SLS of polymers clearly suggest that the density of 

polymer parts produced from semi-crystalline polymers exhibit higher density than those 

fabricated from amorphous polymers [3.9-3.10]. However, there is a disadvantage in 

using semi-crystalline polymers as the polymers show a 4 to 5 % volume shrinkage upon 

solidification, which can cause distortion of the parts. To avoid this distortion, SLS of 

polymers is conducted based on the quasi-isothermal selective laser sintering [3.11]. This 

theory takes advantage of the difference between the melting temperature, Tm, and 

crystallization temperature, Tc, of semi-crystalline polymers, which is also called the SLS 

window (see Figure 3.1). During SLS, the complete powder bed and growing part is 

heated into the SLS window where laser beam scanning provides the additional heat 

needed to locally melt the polymer powder. Due to the hysteresis between the Tm and Tc 

and the low thermal diffusivity, the SLS polymer component remains in the molten or 

semi-rigid form, whereas the rest of the powder bed remains in the solid form. Upon 

completing the part, the powder bed containing the component is slowly cooled to room 

temperature. In general, polymers like polyamide and polypropylene with a wide SLS 

window >15°C are preferred as it is easier to control the powder bed preheating 

temperature [3.9-3.10]. In this work semi-crystalline thermoplastic polymers, i.e., 

polyamide 12 (PA12, grade Duraform PA, 3D Systems, USA) polypropylene (PP, Mw = 

of 12000, Mw/Mn = 2.4, Sigma-Aldrich), exhibiting an SLS window ∼ 28 °C, is supplied 

by 3D Systems as a tailor made polymeric powder used for the fabrication of polymeric 

parts by SLS. Where as PP, with low molecular weight (Mw = 12,000) and SLS window 

∼ 30 °C, with low melt viscosity (6 poise), is preferred. 
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Figure  3.1 Schematic DSC curve of semi-crystalline polymer. 

3.3. Thermo-mechanical composite powder preparation 

The most crucial step concerns the production of polymer-ceramic composite powder. 

The powder preparation method used determines the size, shape and homogeneity of the 

composite powder. In order to deposit homogeneous layers by a roller or scraper, 

spherical powder with a particle size ~50 µm is preferred, whereas the composite powder 

should be homogeneous to produce strong green parts. Mechanical (ball milling), thermo-

mechanical (melt blending) and chemical (polymerization or phase inversion) techniques 

were tried to produce polymer/ceramic composite powder. Evans et al. [3.12] produced 

SiC components using a phenolic thermosetting polymer as binder material. The 

composite powder was prepared by ball milling and attrition milling. The porous green 

parts produced by SLS were infiltrated with molten silicon in order to get high density 

functional parts. Song et al. [3.1] fabricated silica sand patterns by SLS of silica/phenol 

formaldehyde mixtures, reporting that the accuracy and mechanical strength was strongly 

influenced by the laser power, laser beam scan speed, laser beam scan spacing and layer 

thickness during SLS. Liu et al. [3.2] produced dental glass-ceramic parts using K2O-

Al2O3-SiO2 series of dental glass-ceramic powder mixed with epoxy resin E-12. The 

SLSed green parts produced with a laser power of 21 W, scan speed of 1800 mm/s and 

scan spacing of 0.10 mm. The green parts were isostatically pressed before debinding and 

sintering process. However, parts showed low relative density of 37 % and bending 
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strength of 2.08 MPa [3.2]. T. J. Gill et al. [3.5-3.6] produced silicon carbide/polyamide 

composite parts by selective laser sintering. The composite powder was prepared by 

blending 50 wt% of Duraform polyamide (Nylon-12) and FEPA standard SiC grit. The 

polymer was an integral part of the final product and not removed in the downstream 

processes. The strength of the obtained green parts can reach 20-30 MPa [3.5-3.6]. 

Deckers et al. [3.7] produced Al2O3 parts by indirect SLS combined with isostatic 

pressing of the green parts. PA was used as binder phase whereas PA-Al2O3 composite 

powder was prepared by ball-milling [3.7]. Subramanian et al. [3.3] prepared test bars 

from Al2O3/polymer binder powders using SLS. In this study two binders, PMMA and a 

copolymer poly(methyl methacrylate-co-n-butyl methacrylate) were investigated. The 

polymer coated ceramic powders were prepared by ball-milling and spray drying of a 

slurry containing 25 wt% alumina and 75 wt% water-based emulsion binder to yield 

composite powder granules with a diameter in the 20-80 µm range [3.3]. The strength of 

the green parts showed a clear maximum with increasing laser energy density. The parts 

were porous and were infiltrated with an alumina sol prior to sintering. The strength of 

the sintered parts was modest ~ 8 MPa [3.3]. Fan et al. [3.13] investigated the selective 

laser sintering of SiO2 with TrueForm acrylic-styrene co-polymer as binder. Dry mixing 

and melt extrusion were used as blending processes with SiO2 that was ground and 

treated with a silane coupling agent before blending. The parts fabricated from the melt 

blending based powder showed better packing and smoother surface morphology. 

However, fine SiO2 powder particles present in the polymer-ceramic composite particles 

hindered the spread of the molten polymer, thus increasing the viscosity. This resulted in 

weak and highly porous structured parts. Liu et al. [3.14] used PVA and epoxy resin to 

produce polymer/Al2O3 composite powder. Spray drying was used to produce PVA 

coated spherical alumina powder that was subsequently blended with epoxy resin. The 

powder showed good flowability during layer deposition. To increase the density green 

parts were cold isostatically pressed before debinding and sintering. 

3.4. Solution-reprecipitation of composite powder 

Previously our research group used ball-milling to produce PA-Al2O3 composite powder. 

Figure 3.2 shows the SEM image of the powder. The ball milling for 6 hours resulted in 
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the formation of composite oval shaped agglomerates. Although the powder was not very 

flowable, it was possible to deposit layers and produce 3D parts. However, the parts were 

very fragile and it was not possible to build complicated shape parts. This also prompted 

to develop a chemical technique which can provide better homogeneity. Spherical 

polymer or composite particles are used for chromatography, as adsorbents, catalyst 

supports and drug delivery system applications. These spherical polymer or composite 

particles can be produced either by polymerization or physico-chemical treatment of 

polymer solutions. The polymerization based techniques include suspension 

polymerization, emulsion polymerization, seeded emulsion polymerization, emulsifier 

free polymerization and non-aqueous phase dispersion polymerization [3.15-3.18]. The 

requirement of a lot of chemical substances such as monomer, initiator, emulsifier, etc, 

and long processing times are the main disadvantages associated with these techniques. 

On the other hand, the techniques developed on the principle of physico-chemical 

treatment of homogeneous polymer solutions such as thermally induced phase separation 

(TIPS), non-solvent phase separation (NIPS) and rapid solvent evaporation are generally 

considered as fast ways to produce spherical polymer particles [3.19-3.23]. Although 

TIPS is the simplest and most versatile technique used to fabricate polymer membranes, 

only very few reports are available on TIPS of polymer particles. Hou and Lioyd [3.21-

3.22] studied the formation of nylon 6 and nylon 6,6 particles by rapidly cooling 1 wt% 

nylon solution. The nylon was dissolved in a mixture of formic acid and water by stirring 

at 80 °C. Nylon is soluble in formic acid at room temperature, the addition of water 

decreases the solubility of nylon in formic acid and heating of the formic acid/water was 

required to dissolve nylon. The precipitation was induced by cooling the nylon solution. 

The surface roughness of the particles was found to be dependent on the type of nylon. 

Matsuyama et al. [3.20] investigated the growth mechanism of polypropylene particles by 

dynamic light scattering. The size of the particles produced by TIPS was found to be 

dependent on the concentration and cooling rate. To the best of the author’s knowledge, a 

study involving the formation of polymer-ceramic particles by TIPS has never been 

reported. 



 

Figure 3.2 SEM micrograph of the PA

The TIPS process to synthesize polymer particles consists of two steps. In the first step, a 

homogeneous polymer solution is formed by heating the polymer in a high boiling point 

and low molecular weight solvent. In the second step, the homogeneous solution is 

cooled to induce phase separation and solidification of the polymer. One of the distinct 

advantages of the TIPS process is the ability to produce polymer particles of semi

crystalline polymers which exhibit poor solubility. Furthermore, the TIPS process is a 

simple process and there are few parameters that need to be controlled as it involves 

thermally induced rather than non

the polymer-solvent system, thermally induced phase separation undergoes a solid

[3.24] or liquid-liquid [3.25] phase separation mechanism. In this chapter, the liquid

liquid phase separation is focused upon as this process

composite powders in this PhD thesis.

3.4.1. Dissolution of polymers

The capability of a solvent to dissolve polymers is mainly limited to linear polymers 

since cross-linked polymers that swell in an appropriate solvent are not soluble. The 

cross-links in polymers prevent solvent molecules to establish adequate interactions with 

the whole polymer. Dissolution of polymers is a slow process, especially for polymers 

with high molecular weight that can take days or weeks. The dissolution process can be 

divided into two stages. First, swelling of the polymer occurs as the solvent molecules 

gradually diffuse in-between the polymer molecules turning the polymer into a swollen 
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SEM micrograph of the PA-alumina composite powder produced by ball milling.

The TIPS process to synthesize polymer particles consists of two steps. In the first step, a 

homogeneous polymer solution is formed by heating the polymer in a high boiling point 

and low molecular weight solvent. In the second step, the homogeneous solution is 

cooled to induce phase separation and solidification of the polymer. One of the distinct 

advantages of the TIPS process is the ability to produce polymer particles of semi

ystalline polymers which exhibit poor solubility. Furthermore, the TIPS process is a 

simple process and there are few parameters that need to be controlled as it involves 

thermally induced rather than non-solvent immersion induced phase separation. Based o

solvent system, thermally induced phase separation undergoes a solid

phase separation mechanism. In this chapter, the liquid

liquid phase separation is focused upon as this process is used to produce sphe

composite powders in this PhD thesis. 

Dissolution of polymers 

The capability of a solvent to dissolve polymers is mainly limited to linear polymers 

linked polymers that swell in an appropriate solvent are not soluble. The 

olymers prevent solvent molecules to establish adequate interactions with 

the whole polymer. Dissolution of polymers is a slow process, especially for polymers 

with high molecular weight that can take days or weeks. The dissolution process can be 

nto two stages. First, swelling of the polymer occurs as the solvent molecules 

between the polymer molecules turning the polymer into a swollen 

alumina composite powder produced by ball milling. 

The TIPS process to synthesize polymer particles consists of two steps. In the first step, a 

homogeneous polymer solution is formed by heating the polymer in a high boiling point 

and low molecular weight solvent. In the second step, the homogeneous solution is 

cooled to induce phase separation and solidification of the polymer. One of the distinct 

advantages of the TIPS process is the ability to produce polymer particles of semi-

ystalline polymers which exhibit poor solubility. Furthermore, the TIPS process is a 

simple process and there are few parameters that need to be controlled as it involves 

solvent immersion induced phase separation. Based on 

solvent system, thermally induced phase separation undergoes a solid-liquid 

phase separation mechanism. In this chapter, the liquid-

is used to produce spherical 

The capability of a solvent to dissolve polymers is mainly limited to linear polymers 

linked polymers that swell in an appropriate solvent are not soluble. The 

olymers prevent solvent molecules to establish adequate interactions with 

the whole polymer. Dissolution of polymers is a slow process, especially for polymers 

with high molecular weight that can take days or weeks. The dissolution process can be 

nto two stages. First, swelling of the polymer occurs as the solvent molecules 

between the polymer molecules turning the polymer into a swollen 
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gel. In the second stage, this gel is gradually disintegrated and solvated polymer 

molecules gradually leave the gel to dissolve in the solution. Polymer properties such as 

crystallinity, hydrogen bonding, or the absence of chain branching, can influence the 

solubility [3.26]. 

The solubility of a polymer into a solvent follows a basic rule known as “like dissolve 

like”. This implies that polar polymers are dissolved readily in polar solvents, aromatic 

polymers in aromatic solvents, and so on. Thermodynamically, a solid will dissolve in a 

liquid when there is mutual compatibility that depends on the relative magnitude of three 

interaction forces, i.e., the attraction forces between polymer, Fpp, and solvent, Fss, 

molecules and the attraction force between polymer and solvent molecules, Fps. To 

dissolve a polymer in a solvent, Fps must be ≥ Fpp or Fss. If either Fpp or Fss is larger than 

Fps, the molecules with the biggest intermolecular attraction will cohere and will not mix 

with dissimilar molecules. Under such conditions, the system will remain two-phased. In 

the absence of any specific interaction between polymer and solvent, like hydrogen-

bonding, the intermolecular attraction between polymer and solvent is intermediate 

between the intermolecular forces of the individual species, i.e. Fss < Fps < Fpp or Fpp < Fps 

< Fss [3.26]. When Fss and Fpp are comparable, Fps will be similar and the two substances 

will be mutually compatible and the polymer will dissolve in the solvent. 

Dissolution occurs when the free energy of mixing, ∆Gmix, is negative. The free energy of 

mixing is determined by [3.26]: 

∆Gmix = ∆Hmix - T∆Smix     3.1 

Where ∆Hmix, is the enthalpy of mixing, ∆Smix, represents the entropy of mixing. The 

entropy of mixing is generally (though not always) positive, hence the sign of ∆Gmix is 

generally determined by the value of ∆Hmix. For non-polar molecules, ∆Hmix is found to 

be positive and closely similar to the enthalpy of mixing of small molecules. The 

enthalpy of mixing per unit volume can be approximated to [3.26]: 

∆Hmix = vsvp(δs – δp)
2 

      3.2 
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where vs is the volume fraction of solvent, vp the volume fraction of polymer and δ is the 

solubility parameter, with the subscripts s and p referring to solvent and polymer. The 

solubility parameter is an experimentally determined property. The Hildebrand solubility 

parameter is defined as the square root of cohesive energy density, CED: 

δ = (CED)1/2
        3.3 

The cohesive energy, E, of a material is the increase in the internal energy per mole of the 

material if all the molecular forces are eliminated. The CED equation (3.4), is the energy 

required to break all the physical links in a unit volume of a material 

CED = E/V = (∆Hvap – RT)/V      3.4 

where ∆Hvap is the enthalpy of vaporization, R is gas constant and T is temperature. There 

are different experimental techniques available to determine the solubility parameter and 

are reviewed by Chou et al. [3.27]. Table 3.1 and table 3.2 list the Hildebrand solubility 

parameter of some selected polymers and solvents [3.28-3.29]. 

In the absence of specific interactions between the polymer and the solvent and tendency 

to crystallize, the polymer will generally dissolve in the solvent when (δs - δp) is lower 

than about 4.0. When it is much higher than 4.0, the polymer is insoluble. When 

hydrogen-bonding is present however, a polymer of largely differing δ value may 

dissolve in a given solvent. 

Table  3-1 Hildebrand solubility parameter [3.28-3.29]. 

Polymer 
δ 

MPa
1/2

 (cal/cm
3
)
1/2

 

Polytetrafluoroethylene 12.6 6.2 

Ethylene-propylene rubber 16.1 7.9 
Polyisobutylene 16.1 7.9 

Polyethylene 16.3 8.0 

Polypropylene 16.3 8.0 
Styrene-butadiene rubber 17.1 8.4 

Poly(butyl acrylate) 18.0 8.8 
Polystyrene 18.7 9.2 

Poly(methyl methacrylate) 18.7 9.2 

Poly(vinyl chloride) 19.4 9.5 
Nylon 66 27.8 13.6 
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As an example, let us consider the dissolution of polyethylene with δp value of 16.3 

MPa1/2. Hexane, a potential solvent, has a δs of 14.9 MPa1/2, giving a (δs - δp) of -1.6 

MPa1/2, implying that polyethylene is soluble in hexane. In contrast, methanol with a δs of 

29.7 MPa1/2, giving a (δs - δp) of 13.4 MPa1/2, would not be a suitable solvent for 

polyethylene [3.28]. 

 

Table  3-2 Hildebrand solubility parameter [3.28-3.29]. 

Solvent 
δ 

MPa
1/2

 (cal/cm
3
)

1/2
 

Neo-pentane 12.8 6.3 
n-Hexane 14.9 7.3 

n-Octane 15.5 7.6 

Methylcyclohexane 15.9 7.8 
Di-isopropyl ketone 16.3 8.0 

Turpentine 16.5 8.1 
Cyclohexane 16.7 8.2 

Dipentene 17.3 8.5 
Methyl n-butyl ketone 17.6 8.6 

Methyl n-propyl ketone 17.8 8.7 

Xylene 18.0 8.8 
Dimethyl ether 18.0 8.8 

Toulene 18.2 8.9 
Benzene 18.7 9.2 

Chloroform 19.0 9.3 
Trichloroethylene 19.0 9.3 

Tetrachloroethylene 19.2 9.4 

Methyl chloride 19.8 9.7 
Methyl dichloride 19.8 9.7 

Cyclohexanone 20.2 9.9 
Acetone 20.4 10.0 

n-Hexanol 21.8 10.7 
Cyclohexanol 23.2 11.4 

Isopropanol 23.4 11.5 

n-Propanol 24.2 11.9 
Dimethylformamide 24.7 12.1 

Dimethyl Sulphoxide 26.4 12.9 
Methanol 29.7 14.3 

Ethanol 26.0 12.7 
Formic acid 27.6 13.5 

Phenol 29.6 14.5 

Glycerol 33.6 16.5 
Water 47.7 23.4 
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Table  3-3 Hansen solubility parameter [3.28-3.29]. 

Solvent 
δ(MPa

1/2
) 

δt δd δp δh 

n-Hexane 14.9 14.9 0.0 0.0 

Benzene 18.6 18.4 0.0 2.0 
Toulene 18.2 18.0 1.4 2.0 

Xylene 18.0 17.8 1.0 3.1 

Chloroform 19.0 17.8 3.1 5.7 
Tetrahydrofuran 19.4 16.8 5.7 8.0 

Acetone 20.0 15.5 10.4 7.0 
Methyl ethyl ketone 19.0 16.0 9.0 5.1 

Isophorone 19.9 16.6 8.2 7.4 
N,N-Dimethylformamide 24.8 17.4 13.7 11.3 

Dimethylsulfoxide 26.7 18.4 16.4 10.2 

Methanol 29.6 15.1 12.3 22.3 
Ethanol 26.5 15.8 8.8 19.4 

2-Propanol 23.5 15.8 6.1 16.4 
Cyclohexanol 22.4 17.4 4.1 13.5 

Formic acid 24.9 14.3 11.9 16.6 
Ethylene glycol 32.9 17.0 11.0 26.0 

Glycerol 36.1 17.4 12.1 29.3 

Water 47.8 15.6 16.0 42.3 

Polymer 
Polypropylene 21.9 20.3 6.3 5.4 
Epoxy 33.3 20.4 12.0 11.5 

Polyamide 23.0 17.4 -1.9 14.9 
Poly(methyl methacrylate) 22.6 18.6 10.5 7.5 

Polystyrene 22.5 21.3 5.8 4.3 

Poly(vinyl chloride) 20.0 18.2 7.5 8.3 

δt
2
 = δd

2
 + δp

2
 + δh

2 

 

This scheme was originally developed for non-polar systems. In an alternative approach, 

Hansen considered the contribution from the dispersion forces, dipole-dipole forces and 

hydrogen bonding forces and divided solubility parameter into three components, δd, δp 

and δh, respectively. The three components can be represented by coordinates in a three 

dimensional space. The solubility for each polymer can be predicted using a 

characteristic sphere with its center at δd, δp and δh. The points, representing a liquid, 

enclosed by the sphere are good solvent. As a rough guide the diameter of this sphere is 

around 4 MPa1/2 [3.27-3.29]. The values of Hansen solubility parameter for some solvent 

and polymers are given in table 3.3 [3.29]. 



63 
 

3.4.2. Thermodynamic background of thermally induced phase 

separation (TIPS) 

Liquid-liquid phase separation occurs as a result of the thermodynamic instability of the 

polymer-solvent system. This can be achieved by lowering the temperature to increase 

unfavorable polymer-solvent interactions or by increasing the temperature to increase the 

free volume. The system where phase separation occurs by lowering the temperature is 

said to exhibit an upper critical solution temperature (UCST). The system that undergoes 

phase separation by increasing the temperature is said to exhibit a lower critical solution 

temperature (LCST). This section covers the thermodynamic background for liquid-liquid 

phase separation for solutions showing UCST. 

When thermal energy is removed from a heated semi-crystalline polymer solution, solid-

liquid phase separation or liquid-liquid phase separation followed by crystallization of the 

polymer occurs. The major factor which determines the phase separation mechanism is 

the miscibility of the system, which is quantified as the interaction of the polymer and 

solvent. Solid-liquid phase separation occurs when the interaction between the polymer 

and solvent is strong (small interaction parameter). When the polymer-solvent interaction 

(large interaction parameter) in a semi-crystalline polymer-solvent system is weak, the 

system will become unstable and liquid-liquid phase separation occurs upon cooling 

[3.25]. The miscibility of a two component polymer-solvent system can be expressed in 

terms of the Gibbs free energy of mixing ∆Gmix, and its second derivative with respect to 

the polymer volume fraction Cp, at a fixed temperature T, and pressure P [3.25]: 

∆Gmix < 0       3.5 

(∂2
∆Gmix/∂Cp

2)T,P > 0      3.6 

Where ∆Gmix = ∆Hmix - T∆Smix, with ∆Hmix and ∆Smix representing the enthalpy and 

entropy of mixing respectively. When the polymer-solvent system meets the criteria, it is 

miscible. Otherwise, this system is separated into two phases in equilibrium. The 

possibilities are described schematically in Figure 3.3. The example in Figure 3.3a does 

not meet the miscibility criteria (see eq. 3.5 and 3.6) and the system will separate into two 
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phases, i.e. a polymer and a solvent phase. On the contrary, as shown in Figure 3.3c, the 

system forms a solution over the entire polymer concentration range, resulting in one 

homogeneous phase. The case shown in Figure 3.3b is partially miscible, since the 

system only forms a stable phase in a limited composition range. 

When a system is partially miscible, the curve of the Gibbs free energy of mixing as a 

function of composition will change with temperature as shown in Figure 3.4a. At 

temperature T2, where it is partially miscible, there is an upward bend at the composition 

between Cb’ and Cb”, which are the co-tangential points of the curve. The Gibbs free 

energy of mixing in this composition range is larger than the sum of the Gibbs free 

energy of the two phases represented by point Cb’ and Cb”. Therefore, the system has the 

tendency to split into two phases by separation. According to the criteria, the region 

between Cs’ and Cs” (inflection points) is immiscible. It will separate into two phases 

with composition Cb’ and Cb” spontaneously. But in the region of Cb’- Cs’ and Cb”- Cs”, 

the criteria is met, implying that the system is stable to small concentration fluctuations. 

However, if the concentration fluctuation is large enough to overcome the potential 

barrier, phase separation will occur. The system is meta-stable under this condition 

[3.25]. 

The effect of temperature on the polymer-solvent system showing UCST is shown in 

Figure 3.4a. At elevated temperatures, there is sufficient thermal energy available to 

dissolve the polymer in the whole composition range. By decreasing the temperature, 

thermal energy is removed and the strength of the polymer-solvent interactions is 

decreased. This leads to the phase separation in the composition range bracketed by the 

co-tangential points. 



 

Figure 3.3 Gibbs free energy of mixing, first derivative, and second derivative as a function of volume fraction 

polymer Cp, at a fixed temperature and pressure, (a) immiscible, (b) partially immiscible, (c) miscible [

Figure 3.4 Gibbs energy of mixing as a function of polymer fraction (a) and phase separation binary phase 
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Gibbs free energy of mixing, first derivative, and second derivative as a function of volume fraction 

, at a fixed temperature and pressure, (a) immiscible, (b) partially immiscible, (c) miscible [

 

Gibbs energy of mixing as a function of polymer fraction (a) and phase separation binary phase 

diagram (b) [3.25]. 

 

Gibbs free energy of mixing, first derivative, and second derivative as a function of volume fraction 

, at a fixed temperature and pressure, (a) immiscible, (b) partially immiscible, (c) miscible [3.25]. 

Gibbs energy of mixing as a function of polymer fraction (a) and phase separation binary phase 
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When the temperature changes, the co-tangential points will also change. The plot of the 

co-tangential points in a T-Cp diagram is called binodal, as indicated in Figure 3.4b. 

Similarly, the plot of the inflection points become a curve called the spinodal curve. The 

polymer-solvent system in the region above the binodal is a homogeneous single-phase 

solution. Below the binodal is a heterogeneous liquid-liquid two phase region (a polymer 

rich phase and a polymer lean phase). The region below the spinodal curve is unstable 

and metastable between the binodal and spinodal curve. The maximum temperature at 

which a two-phase liquid-liquid system can exist is called the upper critical solution 

temperature, which occurs at polymer concentration Cc. The critical point is defined as 

the point at which the bimodal and the spinodal curves meet. This point is unique for 

each polymer-solvent system and is denoted by the critical temperature, Tc, and critical 

polymer concentration, Cc. The interaction parameter at the critical point is the critical 

interaction parameter (χc), and is used as a criterion of system miscibility. Both Cc and χc 

depend on the size of polymer and solvent molecules. The Flory-Huggins equation for the 

polymer-solvent system is [3.25] 

∆����
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     3.7 

Where ∆Gmix is the Gibbs free energy of mixing per lattice site, Cd is the volume fraction 

of polymer, xd is the number of lattice sites occupied by a solvent molecule, xp is the 

number of lattice sites occupied by polymer molecules, and χ is the Flory-Huggins 

interaction parameter. 

The first two terms on the right side of equation 3.7 represent the combinatorial entropy 

contribution and are always negative. The last term in the equation represents the 

enthalpy contribution in the original Flory-Huggins theory and is positive or negative, 

depending on the sign of χ. If the χ is large and positive, ∆Gmix becomes positive and 

demixing occurs. As the polymer-solvent system becomes less compatible (that is, χ 

becomes more positive), the two-phase region increases in size. Consequently, for a 

given polymer, the binodal can be shifted to higher temperatures at a fixed polymer 

concentration or to a higher polymer concentration at a fixed temperature by selecting 

less compatible solvents. 
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For systems involving a semi-crystalline polymer and a solvent with interactions (i.e. 

with positive χ), the phase diagram may be represented by Figure 3.5. In this diagram, 

the two phase liquid-liquid region is located to the left of the monotonic point, m, and 

below the binodal curve. The two-phase solid-liquid region under the curve to the right of 

m and solid-liquid region below the horizontal dashed line on the left of point m, the 

solvent is not capable of dissolving all the polymer, and the polymer crystallizes. The 

increase in χ results in the increases of Cm. It indicates that for a given polymer at a 

specific concentration, the mechanism of phase separation can be changed from solid-

liquid to liquid-liquid with subsequent polymer crystallization through the appropriate 

choice of solvent. 

Microscopically, above the dissolution temperature, the interaction between polymer 

chains and solvent is strong. The polymer chains are extended in the solvent and can slide 

over one another upon collision. Below the dissolution temperature, the interaction 

between polymer chains and solvent is weak and collision of polymer chains results in 

the contraction and flocculation to form a second phase. Different morphologies can be 

obtained by polymer crystallization at different concentrations. As indicated in Figure 

3.5, when the homogeneous polymer solution with critical composition (the point at 

which the binodal and the spinodal curves meet) is cooled from a temperature above the 

binodal line, it enters the unstable region (region B). This leads to a spontaneous liquid-

liquid phase separation into a polymer rich and a polymer lean phase. Further cooling is 

followed by crystallization and a bi-continuous membrane morphology is formed. In case 

of a polymer concentration above or below the critical point that will enter the meta-

stable region A, the liquid-liquid phase separation is not spontaneous. It can only take 

place when the concentration fluctuation is large enough to overcome the potential barrier 

[3.25]. The liquid-liquid phase separation occurring in this region may follow a 

nucleation and growth mechanism. In a solution with a polymer concentration between 

the critical point and the monotectic point (point m in Figure 3.5), the polymer rich phase 

tends to form the matrix and the polymer lean phase is rejected [3.19]. This will result in 

cellular membrane structures when solidified. When the polymer concentration is lower 

than the critical concentration, droplets of polymer rich phase are rejected out of the 

polymer lean phase. With the removal of the thermal energy during thermal induced 
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phase separation, nucleation and growth take place and particles with spherical 

morphology are formed. TIPS in a dilute polymer solution (following route A below Cc) 

containing suspended ceramic particles can also lead to the formation of spherical 

composite particles. The objective of this study is to investigate the feasibility of the 

TIPS to produce polymer/ceramic composite powder for SLS applications. 

In this work, low molecular weight semi-crystalline PP and PA12 (Duraform) polymers 

were used as binder phase to produce PP-Al2O3, PP-ZrO2 and PA-Al2O3 composite 

powders by TIPS. First the effect of the process parameters on the size and morphology 

of the composite powder was studied and different grades of composite powders were 

synthesized in an amount large enough (~ 3 kg) for SLS testing. 

 

Figure  3.5 Liquid-liquid phase separation diagram. 
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3.5. Experimental work 

3.5.1. Materials 

Fine free-flowing (d50 ~ 0.3 µm) and spray dried (d50 ~ 42 µm) high purity α-alumina 

(grade SM8, Baikowski, France) powder and 3 mol% Y2O3-stabilised co-precipitated 

ZrO2 (grade TZ-3Y, Tosoh, Japan) powder with a crystallite size of ~ 30 nm were used as 

ceramic material. Semi-crystalline isotactic polypropylene (PP) with an average 

molecular weight (Mw) of 12000 (Mw/Mn = 2.4, Sigma-Aldrich) and polyamide 12 

(PA12) with a d50~100 µm (grade Duraform PA, 3Dsystems, USA) were used as binder 

phase. Xylene (p-xylene, b.p. = 138°C, reagent grade, Sigma-Aldrich) was used as 

solvent for PP. The difference between the Hildenbrand solubility parameter of xylene 

(18.0 MPa1/2) and PP (16.3 MPa1/2) is small ~ 1.7 MPa1/2 (see table 3.1 and table 3.2), 

whereas the Hansen solubility parameter of xylene (δd = 17.8, δp = 1.0, δh = 3.1) are quite 

close to that of PP (δd = 20.3, δp = 6.3, δh = 5.4), except for δp. PP does not dissolve in 

xylene at room temperature and heating of the xylene ~130°C is required, which makes it 

suitable for TIPS. Dimethyl sulfoxide (DMSO, b.p. = 189°C, Merck Co.) was used as 

solvent for PA. The Hansen solubility parameters of DMSO and PA are (δd = 18.4, δp = 

16.4, δh = 10.2) and (δd = 17.4, δp = -1.9, δh = 14.9), respectively. Like for the PP-xylene 

system, PA does not dissolve in DMSO at room temperature and requires heating to 

~135°C. 

3.5.2. Composite powder synthesis 

A schematic representation of the TIPS process used for the synthesis of polymer/ceramic 

composite powder is given in Figure 3.6a. In the first step, appropriate amounts of the 

ceramic powder and polymer were added to the solvent. The suspension is heated just 

above the dissolution temperature in a N2 flow. The suspension is allowed to precipitate 

during natural cooling. In the next step, the polymer/ceramic precipitates were removed 

from the solvent by vacuum filtration or decantation. The precipitates were washed with 

ethanol multiple times and finally dried.  

Combined differential scanning calorimetry (DSC) and thermo gravimetric analysis 

(TGA) (SDT, Model-2920, TA instruments, USA) was used to determine the thermal 
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properties of the composite powders. The particle size of the composite microspheres was 

measured by laser diffraction (Mastersizer Plus, Malvern, UK), whereas the morphology 

was studied by scanning electron microscopy (SEM, XL30-FEG, FEI, The Netherlands). 

TIPS of polypropylene (PP) 

As a reference material, pure PP was dissolved in xylene at a concentration of 1, 5 and 9 

wt% by stirring at 133°C for 30 minutes in N2 atmosphere. A round bottom 500 ml flask 

was used to produce 200 ml of solution. Mechanical stirring was applied externally with 

a fixed rotation speed of 300 rpm. The polymer solution was cooled to room temperature 

by switching off the heating (natural cooling) at a cooling rate ~1°C/min. The cloud point 

(precipitation temperature) could be recorded visually for each solution composition 

since the transparent PP-xylene solution becomes opaque as a result of scattering of light 

by the newly formed precipitates. An increase in the cloud point was observed by 

increasing the polymer concentration since the cloud point was 55, 61 and 64°C for 

polymer solutions containing 1, 5 and 9 wt.% PP respectively (see Figure 3.7). The 

precipitates were allowed to settle, allowing decantation of the xylene. The powders were 

washed multiple times with ethanol to remove residual xylene and dried in air at 65°C. 

Synthesis of PP/Al2O3 

To produce Al2O3-PP composite particles, submicrometer Al2O3 powder in varying 

amounts was first deagglomerated in a polyethylene bottle for 24 hrs in xylene during 

multi-directional mixing at 70 rpm (Type T2A, WAB, Basel, Switzerland) with 5 mm 

diameter ZrO2 balls (TZ-3Y, Tosoh, Japan). ZrO2 balls were removed and suspension 

(200 ml) was added to a 500 ml glass flask. This deagglomeration step was not applied 

when spray dried alumina powder was used to study the effect of the initial Al2O3 particle 

size. The suspension was mechanically stirred and heated to 133°C to dissolve 9 wt% PP 

in xylene. In the next step, the suspension was naturally cooled to room temperature to 

induce precipitation. Figure 3.6b shows the setup used for the synthesis of polymer-

ceramic powder by TIPS. The precipitates were allowed to settle, allowing decantation of 

the xylene. The powders were washed multiple times with ethanol to remove residual 

xylene and dried in air at 65°C. 



 

Figure 3.6 Schematic of the powder synthesis process based on 

Synthesis of PP/ZrO2 

First, ZrO2 powder in varying amount was added to xylene and mixed on a Turbula 

multidirectional mixer for 2

The suspension was mechanically stirred and heated to 133°C to dissolve 9 wt% PP in 

xylene in a nitrogen atmosphere. In the next step, the suspension was naturally cooled to 

room temperature to induce precipitation. The precipitates were allowed to settle, 

allowing decantation of the xylene. The powders were washed multiple times with 

ethanol to remove residual xylene and dried in air at 65°C. Composite powder batches 

with 30 and 40 vol % ZrO
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Schematic of the powder synthesis process based on thermally induced phase sepa

process (a) and the setup used for TIPS (b). 

powder in varying amount was added to xylene and mixed on a Turbula 

multidirectional mixer for 24 hrs. 800 ml of suspension was contained in a 2 l glass flask. 

The suspension was mechanically stirred and heated to 133°C to dissolve 9 wt% PP in 

xylene in a nitrogen atmosphere. In the next step, the suspension was naturally cooled to 

induce precipitation. The precipitates were allowed to settle, 

allowing decantation of the xylene. The powders were washed multiple times with 

ethanol to remove residual xylene and dried in air at 65°C. Composite powder batches 

with 30 and 40 vol % ZrO2 were produced for selective laser sintering. 

 

thermally induced phase separation (TIPS) 

powder in varying amount was added to xylene and mixed on a Turbula 

hrs. 800 ml of suspension was contained in a 2 l glass flask. 

The suspension was mechanically stirred and heated to 133°C to dissolve 9 wt% PP in 

xylene in a nitrogen atmosphere. In the next step, the suspension was naturally cooled to 

induce precipitation. The precipitates were allowed to settle, 

allowing decantation of the xylene. The powders were washed multiple times with 

ethanol to remove residual xylene and dried in air at 65°C. Composite powder batches 
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 3.7  Effect of polypropylene concentration on cloud point temperature. 

Synthesis of PA/Al2O3 

Alumina and PA12 powders (10 vol.%) were added to DMSO (90 vol.%) and the 

suspension was mechanically stirred in a 2 litre flask. The suspension was heated to 

140°C (above the dissolution temperature ~135°C) for 15 min under N2 atmosphere to 

dissolve the PA in DMSO. The suspension was allowed to precipitate during natural 

cooling. Vacuum filtration was used to separate the Al2O3-PA precipitates from the 

DMSO and around 80% of the DMSO was recovered and reused. The precipitates were 

washed multiple times with technical grade ethanol and dried in an oven at 65°C for 24 

hrs. Composite powder batches with 50 and 40 vol % alumina were produced. 

3.6. Results and discussions 

Table 3.4 summarises the properties of the powders synthesised by TIPS. In this section, 

the effect of the solution composition, stirring and addition of ceramic particles on the 

morphology of polymer and polymer-ceramic composite microspheres formed by TIPS is 

discussed. 
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Table  3-4 Effect of processing conditions on the particle size of polymer and polymer-ceramic composite 

powders produced by TIPS. 

Materials 

Wt.% polymer-
solution 

Processing 
conditions 

Powder average 
particle size 

(µm) Composition 

Average 
particle size of 

ceramic 
(µm) 

Pure PP / 

1 wt% PP-
Xylene 

Heating and 
cooling 

62 

5 wt% PP-
Xylene 

121 

9 wt% PP-
Xylene 

203 

1 wt% PP-
Xylene 

Heating, cooling 
and stirring 

61 

5 wt% PP-
Xylene 

75 

9 wt% PP-
Xylene 

102 

PP-10 vol.% Al2O3 
0.3 

9 wt% PP-
Xylene 

38 
PP-25 vol.% Al2O3 25 
PP-40 vol.% Al2O3 8 
PP-30 vol.% ZrO2 0.03 

9 wt% PP-
Xylene 

27 
PP-40 vol.% ZrO2 49 

PA-40 vol.% Al2O3 0.3 
5 wt% PA-

DMSO 
53 

PA-50 vol.% Al2O3 52 
PP-10 vol.% Al2O3 42 (spray 

dried) 
9 wt% PP-

Xylene 
90 

PP-40 vol.% Al2O3 68 
 

3.6.1. TIPS of polypropylene 

Effect of PP-xylene solution composition 

Monomodal spherical polymer particles were produced from dilute polymer solutions by 

TIPS, as shown in Figure 3.8. The spherical morphology indicates that the polymer 

particles are formed as a result of liquid-liquid phase separation [3.24-3.25]. The 

formation of the polymer particles is explained by a nucleation and growth mechanism 

[3.22]. When the solution is cooled below the spinodal line, the longer polymer chains 

form colloidal particles (nuclei) suspended in the solution. During this nucleation stage, 

nuclei are formed homogeneously throughout the solution within seconds. For polymer 

solutions containing a higher concentration of polymer, coagulation is a dominant growth 
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mechanism. The nuclei are thermodynamically unstable and quickly coagulate due to 

Brownian collisions. With further decrease in solution temperature, shorter polymer 

chains precipitate out of the polymer solution and adhere to one another or to earlier 

formed particles. Eventually, the residual soluble polymer chains precipitate and a final 

particle is formed [3.22]. 

A high degree of agglomeration of individual particles can be observed in Figure 3.8. It 

seems that primary particles tend to fuse together to form larger agglomerates. An 

increase in the polymer concentration increases the size of the individual particles and the 

degree of agglomeration. The average particle diameter, as estimated from the SEM 

micrographs, is 25, 40 and 50 µm for the naturally cooled solutions containing 1, 5 and 9 

wt% PP respectively. The higher polymer concentration resulted in a higher frequency of 

collision of nuclei, promoting the coagulation process and particle growth [3.22]. The 

average size of the agglomerates, as measured by laser diffraction, was 62, 121 and 203 

µm for the naturally cooled solution containing 1, 5 and 9 wt% PP respectively. The 

measured agglomerate size corresponds well with the SEM micrographs. Since the 

particle size and population density in solution increased with increasing polymer 

concentration, the frequency of interaction between the particles also increased, 

promoting agglomeration.  

An interesting aspect is that the agglomerates show a monomodal size distribution. The 

agglomerate size distribution is also influenced by the PP concentration as shown in 

Figure 3.10a, c and e. Increasing the PP concentration resulted in the formation of 

agglomerates with a narrow size range. The microspheres also show large cracks as 

illustrated in Figure 3.8. The microspheres produced from a 1 wt% PP-xylene solution 

are actually completely fractured (see Figure 3.8a and 3.8b). By increasing the PP 

content, the nature of the cracks changes. Particles produced from a 9 wt% PP-xylene 

solution contain multiple cracks but the particles are not fractured (see Figure 3.8e and 

3.8f). Particles produced from a 5 wt% PP-xylene solution contain both types of cracks 

(see Figure 3.8c and 3.8d). The formation of too high tensile stresses during drying of the 

particles could be a probable reason for the observed cracking behavior. 



 

Figure 3.8 PP particles produced by TIPS from 1 wt% PP

Effect of stirring 

Stirring of the polymer solution at 300 rpm during the phase sep

influenced particle growth and

Figure 3.8a-f the primary

diameter of 10, 20 and 10 µm for the particles produced from 1, 5 and 9 

solutions respectively. The average diameter of the agglomerates also decreases with 

stirring and was measured to be 61, 75 and 102 µm for the particles produced from 1, 5 

and 9 wt% PP-xylene solutions respectively. It is interesting to obser

agglomerates show narrower

smaller agglomerate size than that of particles produced without stirring (Figure 3.

and e). The agglomerates look more compact and primary particles were m

compared with agglomerates formed without stirring. Increasing the PP concentration 

increased the agglomerate size and agglomerates show narrower size distribution.

75 

PP particles produced by TIPS from 1 wt% PP-Xylene (a, b), 5 wt% PP-Xylene (c, d) and 9 wt% PP

Xylene (e, f) solutions by natural cooling. 

Stirring of the polymer solution at 300 rpm during the phase sep

influenced particle growth and agglomeration, as shown in Figure 3.9a

he primary particles show a wider size distribution with an average 

diameter of 10, 20 and 10 µm for the particles produced from 1, 5 and 9 

solutions respectively. The average diameter of the agglomerates also decreases with 

stirring and was measured to be 61, 75 and 102 µm for the particles produced from 1, 5 

xylene solutions respectively. It is interesting to obser

narrower monomodal distributions (Figure 3.10b, d and f)

smaller agglomerate size than that of particles produced without stirring (Figure 3.

The agglomerates look more compact and primary particles were m

compared with agglomerates formed without stirring. Increasing the PP concentration 

increased the agglomerate size and agglomerates show narrower size distribution.

 

Xylene (c, d) and 9 wt% PP-

Stirring of the polymer solution at 300 rpm during the phase separation process 

a-f. Compared to 

particles show a wider size distribution with an average 

diameter of 10, 20 and 10 µm for the particles produced from 1, 5 and 9 wt% PP-xylene 

solutions respectively. The average diameter of the agglomerates also decreases with 

stirring and was measured to be 61, 75 and 102 µm for the particles produced from 1, 5 

xylene solutions respectively. It is interesting to observe that the 

b, d and f) with a 

smaller agglomerate size than that of particles produced without stirring (Figure 3.10a, c 

The agglomerates look more compact and primary particles were more deformed 

compared with agglomerates formed without stirring. Increasing the PP concentration 

increased the agglomerate size and agglomerates show narrower size distribution. 



 

Figure 3.9 PP particles produced by TIPS from 1 wt% PP

Xylene (e, f) solutions by natural cooling and stirring.

Figure 3.10 Particle size distribution of PP particles produced by

with stirring (b), 5 wt% PP-Xylene without (c) and with stirring (d), and 9 wt% PP
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produced by TIPS from 1 wt% PP-Xylene (a, b), 5 wt% PP-Xylene (c, d) and 9 wt% PP

Xylene (e, f) solutions by natural cooling and stirring. 

 

Particle size distribution of PP particles produced by TIPS from 1 wt% PP-Xylene without (a) and 

Xylene without (c) and with stirring (d), and 9 wt% PP-Xylene with (e) without 

stirring (f). 

Xylene (c, d) and 9 wt% PP-

Xylene without (a) and 

Xylene with (e) without 



77 
 

3.6.2. PP/alumina composite powder synthesis 

Effect of ceramic particle concentration 

Spherical polymer particles containing 0.3 µm alumina crystals are synthesized by phase 

separation from a stirred (300 rpm) and naturally cooled 9 wt % PP polymer solution 

containing 10, 25 or 40 vol % alumina particles.  

PP-10 vol% alumina particles produced by TIPS are shown in Figure 3.11a. The alumina 

particles are incorporated during polymer precipitation. The individual particle size of 

about 38 µm of the PP-10 vol% alumina composites is substantially larger than the 10 

µm of the PP particles produced from a stirred and naturally cooled 9 wt% PP-xylene 

solution. The presence of alumina also significantly reduced the degree of agglomeration, 

which could be due to the presence of alumina particles on the surface of the composite 

microspheres. Most importantly no cracks were observed on the surface of the particles. 

The composite particle size decreases with increasing ceramic concentration as shown in 

Figure 3.11b and c. The average particle diameter decreased to 25 and 8 µm for 

microspheres containing 25 and 40 vol% alumina produced from a 9 wt% PP-xylene 

solution. An increase in the amount of alumina particles also broadened the particle size 

distribution, as can be observed in Figure 3.12. The addition of more alumina particles 

also increased the fraction of residual non-incorporated Al2O3 grains or small 

agglomerates thereof. An increased alumina concentration reduced the interaction of 

polymer-coated alumina particles or polymer nuclei during the coagulation or growth 

process, resulting in a reduction of the composite particle and agglomerate size. To 

observe the distribution of alumina particles inside the composite granules the composite 

powder was mounted in epoxy and polished to observe the granules cross-sectionally. As 

can be observed from the Figure 3.11d, alumina particles were homogeneously 

distributed inside the composite microspheres. 

 



 

Figure 3.11 PP-Al2O3 particles produced by TIPS from a 9 wt% PP

stirring (a) PP-10 vol% Al2O3, (b) PP-25 vol% Al

Figure 3.12 Particle size distribution of PP

Effect of Al2O3 agglomerate size

The size of the Al2O3 particles or degree of agglomeration plays an important role on the 

morphology of the composite powder. As shown above, the free

sized alumina particles were nicely incorporated into the polymer

In the case of agglomerated powder however, the polymer is precipitated on the surface
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particles produced by TIPS from a 9 wt% PP-Xylene solution by natural cooling and 

25 vol% Al2O3, (c) PP-40 vol% Al2O3 and (d) cross-sectional view of PP

vol% Al2O3. 

Particle size distribution of PP-10 vol% Al2O3 (a), PP-25 vol% Al2O3 (b) and PP-40 vol% Al

agglomerate size 

particles or degree of agglomeration plays an important role on the 

orphology of the composite powder. As shown above, the free-flowing submicrometer 

sized alumina particles were nicely incorporated into the polymer-ceramic microspheres. 

In the case of agglomerated powder however, the polymer is precipitated on the surface

Xylene solution by natural cooling and 

sectional view of PP-40 

 

40 vol% Al2O3 (c). 

particles or degree of agglomeration plays an important role on the 

flowing submicrometer 

ceramic microspheres. 

In the case of agglomerated powder however, the polymer is precipitated on the surface 



 

of the ceramic particle agglomerates surrounding and coating them. This was observed 

when producing PP-Al2O

average granule size ~ 42 µm. Figure 3.1

spray dried Al2O3. When TIPS PP

on the surface of the Al2O

of the granule is not fully covered because of the low amount of PP. The surface of 

Al2O3 agglomerate is fully coated when producing PP

3.13c. Similar to the PP

powders showed a narrow monomodal size distribution and became narrower by 

increasing PP concentration as shown in Figure 3.1

90 µm for PP-40 vol.% Al

Figure 3.13 SEM micrograph of as
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of the ceramic particle agglomerates surrounding and coating them. This was observed 

O3 composite powders from spray dried Al2O3

average granule size ~ 42 µm. Figure 3.13a shows a scanning electron micrograph of the 

. When TIPS PP-40 vol.% Al2O3 composite powder, PP is precipitated 

O3 granules as illustrated in Figure 3.13b. However, the surface 

of the granule is not fully covered because of the low amount of PP. The surface of 

agglomerate is fully coated when producing PP-10 vol.% Al2O3 as shown in Figure 

c. Similar to the PP-fine Al2O3 composite powders, the PP-spray dried Al

powders showed a narrow monomodal size distribution and became narrower by 

PP concentration as shown in Figure 3.14. The average particle size is 68 and 

40 vol.% Al2O3 and PP-10 vol.% Al2O3, respectively. 

SEM micrograph of as-received spray dried Al2O3 starting powder (a), PP- 40 vol.% spray dried 

Al2O3 (b) and PP- 10 vol.% spray dried Al2O3 (c). 

of the ceramic particle agglomerates surrounding and coating them. This was observed 

3 powder with an 

a shows a scanning electron micrograph of the 

composite powder, PP is precipitated 

b. However, the surface 

of the granule is not fully covered because of the low amount of PP. The surface of the 

as shown in Figure 

spray dried Al2O3 

powders showed a narrow monomodal size distribution and became narrower by 

. The average particle size is 68 and 

 

40 vol.% spray dried 
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Figure  3.14 Particle size distribution of as-received spray dried Al2O3 starting powder (a), PP- 40 vol.% spray 

dried Al2O3 (b) and PP- 10 vol.% spray dried Al2O3 (c). 

Flowability and thermal properties 

PP-40 vol% Al2O3 composite agglomerates with an average particle size ~ 8 µm, 

produced by TIPS were used for SLS. The agglomerates showed a good flowability and 

homogeneous layers can be deposited by conventional roller deposition. A typical DSC 

curve of the composite microspheres is shown in Figure 3.15 and the SLS window is 

summarised in Table 3.5. The agglomerates have an onset temperature of melting Tom ~ 

149°C and crystallization Toc ~ 125°C. The ceramic particles seem to act as nucleation 

sites increasing the crystallization temperature since the Toc of the composite particles is 

5°C higher than for pure polypropylene. However, an SLS window of ~21°C is still 

available, which can be exploited to avoid the distortion of the green parts during part 

building by SLS. 

 



 

Figure 

Table 3-5 Thermal properties of polymer and polymer

Material

Pure PP
PP-Al2

PP-ZrO

Pure PA
PA-Al

3.6.3. Synthesis of PP/Zirconia composite powder

Two compositions of composite powder, PP

vol% ZrO2 (d50 ~ 27 µm), were produced by TIPS starting from 9 wt% PP

solution. The composite particles are spherical (se

composite microspheres varied between 5 to 150 µm (see Figure 3.1

Al2O3 composite powder no agglomeration was observed. However, the PP

composite powder microsphere size was larger than for the P

average particle size of the PP

example was 49 and 8 µm respectively. Both powders were prepared under the same 
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Figure 3.15 DSC curve of the Al2O3-PP composite powder. 

Thermal properties of polymer and polymer-ceramic composite powders.

Material Thermal properties 
Tom (°C) Toc (°C) ∆T = Tom - T

Pure PP 150 120 30 

2O3 149 125 24 
ZrO2 150 130 20 

Pure PA 181 153 28 
Al2O3 184 157 27 

Synthesis of PP/Zirconia composite powder 

Two compositions of composite powder, PP-40 vol% ZrO2 (d50 ~ 49 µm) and PP

~ 27 µm), were produced by TIPS starting from 9 wt% PP

solution. The composite particles are spherical (see Figure 3.16) and the size of the 

composite microspheres varied between 5 to 150 µm (see Figure 3.17). Similar to the PP

composite powder no agglomeration was observed. However, the PP

composite powder microsphere size was larger than for the PP-Al2O

average particle size of the PP-40 vol% ZrO2 and PP-40 vol% Al2

example was 49 and 8 µm respectively. Both powders were prepared under the same 

 

ceramic composite powders. 

Toc 

~ 49 µm) and PP-30 

~ 27 µm), were produced by TIPS starting from 9 wt% PP-Xylene 

) and the size of the 

). Similar to the PP-

composite powder no agglomeration was observed. However, the PP-ZrO2 

O3 powders. The 

2O3 powders for 

example was 49 and 8 µm respectively. Both powders were prepared under the same 



 

conditions but the crystallite size of the ZrO

the alumina powder (0.3 µm). The finer ZrO

into the PP microspheres. The 10°C increase in T

measured by DSC, was also higher than the 5°C increase in 

composite (see Table 3.5). Again, t

probable reason for the increase in crystallization temperature. The powder showed good 

flowability and uniform powder layers could be roller deposited, as shown in F

Figure 3.16 SEM micrograph of PP

Figure 3.17 Particle size distribution of PP
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conditions but the crystallite size of the ZrO2 powder (30 nm) was much smaller than for 

m). The finer ZrO2 particles seem easier to be incorporated 

into the PP microspheres. The 10°C increase in Toc of the PP-ZrO2 composite, as 

measured by DSC, was also higher than the 5°C increase in Toc for the PP

). Again, the smaller particle size of the ZrO2 could be the most 

probable reason for the increase in crystallization temperature. The powder showed good 

flowability and uniform powder layers could be roller deposited, as shown in Figure 3.1

 

SEM micrograph of PP-30 vol% ZrO2 powder produced by TIPS. 

 

Particle size distribution of PP-ZrO2 powder produced by TIPS. 

er than for 

particles seem easier to be incorporated 

composite, as 

for the PP-Al2O3 

could be the most 

probable reason for the increase in crystallization temperature. The powder showed good 

igure 3.18. 

 



 

Figure 3.18

3.6.4. Synthesis of PA/alumina composite powder

TIPS was also used to produce PA

solution containing suspended submicrometer alumina particles. Two composite powder 

compositions were prepared, i.e., PA

Al2O3 (d50 ~ 53 µm). The composite particles are spherical (Figure 3.1

distribution between 20 to 100 µm (see Figure 3.

SLS window of ~27 °C (see Table 

distortion during SLS.  

Figure 3.19 SEM micrograph of the PA
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18 Powder bed showing the deposited layers and green parts.

Synthesis of PA/alumina composite powder 

TIPS was also used to produce PA-Al2O3 composite powder from a 5 vol.

solution containing suspended submicrometer alumina particles. Two composite powder 

compositions were prepared, i.e., PA-50 vol% Al2O3 (d50 ~ 52 µm) and PA

~ 53 µm). The composite particles are spherical (Figure 3.1

en 20 to 100 µm (see Figure 3.20). The composite powders had a broad 

SLS window of ~27 °C (see Table 3.5) facilitating powder bed heating to avoid part 

SEM micrograph of the PA-50 vol% Al2O3 composite microspheres at low (a) and high (b) 

magnification. 

 

Powder bed showing the deposited layers and green parts. 

composite powder from a 5 vol.% PA-DMSO 

solution containing suspended submicrometer alumina particles. Two composite powder 

~ 52 µm) and PA-40 vol% 

~ 53 µm). The composite particles are spherical (Figure 3.19) with a size 

). The composite powders had a broad 

) facilitating powder bed heating to avoid part 

 

composite microspheres at low (a) and high (b) 
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Figure  3.20 Particle size distribution of PA-50 vol% Al2O3 and PA-40 vol% Al2O3 composite powders. 

The TIPS technology can be applied to a variety of polymer solutions and variety of 

ceramic powders to produce different compositions of polymer-ceramic composite 

powders. Besides SLS, these composite microspheres can also be used as feedstock for 

ceramic or metallic injection molding, synthesis of magnetic composite particles, 

spherical CaP ceramics cements, microspheres for drug delivery, etc. 

3.7. Conclusions 

Thermally induced phase separation (TIPS) can be applied to synthesise monomodal 

polymer-ceramic microspheres. Spherical polypropylene particles could be synthesised 

by cooling induced phase inversion of a homogeneous polymer solution. The size and 

morphology of the PP microspheres was strongly influenced by the solution composition 

and stirring action. The primary particles showed the tendency to agglomerate as the 

primary particles impinge on each other during precipitation. The primary particle size 

and degree of agglomeration increased upon increasing the polymer concentration in 

solution. TIPS of 1, 5 and 9 wt/% PP-xylene solutions resulted in average particle 

diameters of 25, 40 and 50 µm with an agglomerate size of 62, 121, and 203 µm 

respectively. Although stirring of the polymer solution during phase inversion promoted 
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agglomeration, the size of the agglomerates was smaller than without stirring especially 

for the 5 and 9 wt.% PP-xylene solutions.  

To fabricate composite particles, phase inversion was induced by cooling a polymer 

solution based ceramic suspension. The morphology of the composite powder strongly 

depended on the amount and particle size of the ceramic phase. When adding 

submicrometer or nanosized ceramic particles to the polymer solution, the ceramic 

particles are captured by the precipitating spherical polymer particles during TIPS. No 

agglomeration of the composite micropsheres was observed, in contrast to the pure 

polymer particles. The size of the composite particles decreased by increasing the 

concentration of ceramic particles in the solution. Composite particles with a ceramic 

particle core coated with polymer were obtained when using spray-dried (d50~42 µm) 

ceramic starting material. 

Different compositions of semi-crystalline PP and PA polymer based microspheres 

containing submicrometer Al2O3 and ZrO2 were synthesised. The composite powders 

were spherical and exhibited an SLS window of about 20°C. PP-40 vol.% Al2O3, PP-30 

vol.% ZrO2, PP-40 vol.% ZrO2, PA-40 vol.% Al2O3 and PP-50 vol.% Al2O3 composite 

grades were produced in quantities large enough to investigate their indirect SLS 

behaviour. 
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Chapter 4. Fabrication of Alumina Parts 

4.1. Introduction 

Alumina is an important ceramic structural engineering material. With properties like 

high chemical stability, high hardness and chemical inertness, with main applications as 

insulating material, electronic substrates, wear resistant material, chemicals storage 

material, and bio-inert medical implants. The properties of the sintered ceramic parts (like 

density, strength, surface finish etc.,) produced by indirect SLS, are highly dependent on 

the quality of the green parts. The flaws or inhomogeneities in the green part are not 

eliminated during the sintering process and can be detrimental to the properties of 

sintered parts. The production of dense homogeneous parts requires an optimization of all 

the process parameters like powder composition and morphology, laser scanning 

parameters, powder preheating, heating rate during debinding and sintering, post-

processing before or after debinding and sintering. In this chapter, indirect SLS of 

alumina parts starting from different grades of alumina-polymer composite powders 

produced by thermally induced phase separation (TIPS) is discussed. First the effect of 

laser scanning parameters (laser energy density) on the formability of the green parts is 

investigated. The SLS parameters were optimized to produce crack-free green parts with 

sufficient strength. The parts were subsequently debinded and sintered to produce 

ceramic parts. The effect of post SLS processing techniques like slurry pressure 

infiltration and isostatic pressing on the density of the green and sintered alumina parts 

was investigated. 

4.2. Lasers and selective laser sintering 

A laser (Light Amplification by Stimulated Emission of Radiation) is a device which 

emits a coherent, collimated and monochromatic beam of light (i.e., electromagnetic 

radiation) through the process of stimulated emission. Lasers can provide a very low to 

extremely high power (mW to 100 kW range). A variety of applications in the areas of 

forming, joining, machining and surface modification of materials are developed [4.1-
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4.2]. A laser is comprised mainly of three components, the lasing medium contained in 

the laser resonator, the system to excite the lasing medium to its amplifying state and 

optical delivery/feedback system. The lasing medium can be a solid (e.g., Nd-YAG, 

Ti:sapphire, fibre laser, diode), liquid (organic liquid dye) or gas (e.g., CO2, excimer, He, 

Ne, etc.) [4.1-4.2]. In the case of gas and diode lasers, the energy to excite the gain 

medium is usually supplied directly by the flow of electric current, whereas the energy 

for solid state crystal laser excitation is introduced by an intense flash of white light 

produced by incandescent lamps. As shown in Figure 4.1a, a CO2 laser consists of three 

main parts: (1) an energizing or pumping source, (2) a lasing medium and (3) two optical 

mirrors. One of the two mirrors is fully reflecting, whereas the other is partially 

reflecting. According to the quantum mechanics principle, when an external energy is 

supplied to an electron of an atom, the irradiated electron attains an excited state, E2, (see 

Figure 4.1b). The excited electron spontaneously returns to the ground state, E1, by 

emitting a photon of frequency υ: 

υ = (E2-E1)/h       4.1 

with h, the constant of Planck. This phenomenon is called spontaneous emission. This 

spontaneously emitted photon can stimulate another excited electron to emit a photon by 

de-exciting it to a lower energy level. The process is illustrated in Figure 4.1c and is 

known as stimulated emission of radiation. The photon emitted by stimulated emission is 

coherent with the stimulating photon resulting in an identical wavelength, phase and 

polarization. A photon interacting with an unexcited electron can be absorbed by that 

electron by exciting it to a higher energy state. This phenomenon is called “population 

inversion”. The interaction of photons with excited electrons of atoms along the optics 

axis stimulates them and results in the amplification of the number of photons. These 

photons are reflected back and forth by the mirrors of the resonator and repeatedly pass 

through the excited medium creating more photons. In every cycle, a fraction of these 

photons exits the partially transmitting mirror as an intense laser beam (see Figure 4.1d). 

The exiting laser beam is guided by reflecting mirrors or through an optical fiber to the 

location where material processing takes place [4.2]. The wavelength of the laser beam 



 

depends on the chemical nature of the 

wavelengths, λ, of various types of lasers is presented in Table 4.1 [

Figure 4.1 Schematic of a continuous wave CO

laser pumping, (c) excitation and de

 

Table 

Lasing medium 

Solid State 

Gas 

Semiconductor 

Free electron 
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depends on the chemical nature of the lasing medium. A summary of typical 

, of various types of lasers is presented in Table 4.1 [4.1]. 

Schematic of a continuous wave CO2 laser. (a) The major components of the laser

laser pumping, (c) excitation and de-excitation of the atoms in the medium leading to the emission of a laser 

beam and (d) stimulated [4.2]. 

Table 4-1Wavelengths for a number of laser types [4.1]. 

Laser type Wavelength

Ruby 649 nm

Nd:YAG 1064 nm
Ti:Sapphire 650

CO2 10.6 µm

Excimer 

193 nm (Ar

248 nm (Kr
308 nm (Xe

351 nm (Xe

GaN 0.4 µm
Quantum cascade mid

 far IR to vacuum UV

medium. A summary of typical 

 

 

e major components of the laser, (b) intial stage of 

excitation of the atoms in the medium leading to the emission of a laser 

Wavelength 

649 nm 

1064 nm 
650-1100 nm 

10.6 µm 
193 nm (Ar-F) 

248 nm (Kr-F) 
308 nm (Xe-Cl) 

351 nm (Xe-F) 

0.4 µm 
mid-far IR 

far IR to vacuum UV 
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The selection of the laser for selective laser sintering applications depends on the material 

to be sintered. SLS parameters like laser wavelength or the type of laser, laser energy 

(power, scan speed and scan spacing) and powder characteristics (chemical nature, 

particle size) greatly influence the quality of the sintered part. The laser wavelength 

should be selected according to the powder material to be sintered, as the laser absorption 

depends on the material and the wavelength of the laser radiation. Figure 4.2 shows the 

variation of the absorption by solid polycarbonate (polymer) and copper (metal) as a 

function of the wavelength of the laser radiation [4.3]. Laser absorption in powders is 

usually higher than in solid materials because of multiple reflection and absorption of the 

laser beam trapped in the pores of the powder bed, as illustrated in Figure 4.3 [4.3]. The 

absorption of laser radiation by multiple reflection and absorption mechanism is also 

called ‘powder incoupling’. The results of measurements of laser incoupling in powders 

performed with an integrating sphere are shown in Table 4.2 [4.4]. 

Polytetrafluroethylene, polymethylacrylate, epoxypolyether and polycarbonate show 

good absorption incoupling with a CO2 laser (see Table 4.2 and Figure 4.2). The 

absorption of electromagnetic radiation by polymers is greatly influenced by the 

wavelength of the radiation. The absorption bands corresponding to different 

wavelengths depend on the nature of the bonds (C-H, C-O, C-C, C-N, etc.) present in the 

polymer molecules [4.5]. Although incoupling characteristics of PA and PP (used as 

binder in this study) with CO2 are not mentioned in Table 4.2, most of the AM machines 

used for SLS of polymers are equipped with CO2 lasers. Carbides show a better 

incoupling with a Nd:YAG laser, however, their incoupling with a CO2 laser is slightly 

better than for metals or alloys. For the polymer-ceramic mixture, CO2 laser could be a 

good option as the CO2 laser shows good absorption for both ceramic and polymers. The 

most likely reason for this distinction is the difference in the absorption mechanism for 

different materials. The optical response of metals is dominated by free electrons. The 

absorption takes place by excitation of free electrons in a thin layer of the order of 10 nm. 

In contrast, oxide ceramics only have ionically or covalently bound electrons and the 

absorption takes place by lattice oscillations, whereas this occurs by molecular vibrations 

in polymers [4.4]. The selection of an appropriate laser increases the efficiency of the 

coupling. Depending on the material and laser energy input, irradiation of material can 
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cause heating, melting or even vaporization. To select the optimum parameters for the 

selective laser sintering of powders (polymers, metals or ceramics), the laser scanning 

parameters are varied and sintered parts are characterized (density, surface finish, 

microstructure, etc.) for each set of parameters. Based on the properties of the sintered 

parts, a SLS processing window is defined for the production of parts with optimal 

properties. The other important process parameter during SLS is the preheating 

temperature of the powder bed. This parameter is more important when ceramics are 

fabricated directly via SLS/M or during the fabrication of semi-crystalline polymers [4.6-

4.8]. Ceramics are brittle materials with a poor thermal shock resistance which results in 

the formation of thermal cracks during SLS because of the high heating and cooling rates 

involved. To try to avoid thermal cracks, preheating of the powder bed to high 

temperatures (e.g., 1700 °C for Al2O3-ZrO2) are reported [4.6-4.7]. In the case of semi-

crystalline polymers, distortion of the parts during SLS due to the shrinkage during 

crystallization can be avoided by preheating the powder bed between the crystallization 

and melting temperature. The whole part is then actually built in the molten or semi-rigid 

state. After part completion, the powder bed containing the part is slowly cooled to room 

temperature [4.8]. 

 

Figure  4.2 Absorption of solid polycarbonate and copper versus wavelength [4.3]. 
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Figure  4.3 Schematic of multiple reflection of laser beam rays inside the pores of powder bed [4.3]. 

Table  4-2 Incoupling absorption of powder materials for Nd:YAG and CO2 lasers [4.4]. 

POWDER MATERIALS 
Nd:YAG 

1.06 µm 

CO2 

10.6 µm 

M
et

al
 

Cu  (absorption in solid Cu) 
59% 

(2-10%*) 
26% (1%) 

Fe (absorption in solid Fe) 64% (30%) 45% (4%) 

Sn 66% 23% 

Ti 77% 59% 

Pb 79% - 

Co-alloy (1% C; 28% Cr; 4%W) 58% 25% 

Cu-alloy (10% Al) 63% 32% 

Ni-alloy 1 (13% Cr; 3% B; 4% Si; 0.6% C) 64% 42% 

Ni-alloy 2 (15% Cr; 3.1% Si; 0.8% C) 72% 51% 

C
er

am
ic

s 

ZnO 2% 94% 

Al2O3 3% 96% 

SiO2 4% 96% 

SnO 5% 95% 

CuO 11% 76% 

SiC 78% 66% 

Cr3C2 81% 70% 

TiC 82% 46% 

WC 82% 48% 

P
o

ly
m

er
 Polytetrafluoroethylene 5% 73% 

Polymethylacrylate 6% 75% 

Epoxypolyether-based polymer 9% 94% 

M
ix

tu
re

s 

Fe-alloys (3% C; 3% Cr; 12%V) + 10% TiC 65% 39% 

Fe-alloys (1% C; 14% Cr; 10%Mn; 6% Ti) + 
66% TiC 

79% 44% 

Ni-alloy 2 (95%) + Epoxypolyether-based 
polymer (5%) 

68% 54% 

Ni-alloy 2 (25%) + Epoxypolyether-based 
polymer (75%) 

23% 76% 

* Value varying with gloss, surface roughness, surface oxidation, etc. 
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During SLS, local heating of the powder results in the binding of the particles. The 

binding of the particles results either from solid state sintering, liquid phase sintering 

partial melting, or full melting of the powder particles. The sintered density of ceramic 

parts produced by indirect SLS followed by a polymer debinding and furnace solid state 

or liquid phase sintering, usually exhibit a modest density and require post processing 

[4.9-4.10], whereas ceramic parts produced by direct SLM, i.e., full melting of ceramic 

powder particles, might have high densities providing thermal cracks can be avoided 

[4.11-4.12]. 

4.3. Experimental 

4.3.1. Materials 

Three grades of polymer/Al2O3 composite powders were selected for the indirect SLS of 

Al2O3 parts. The composition, particle size and SLS window of these microsphere 

composite powders, prepared by thermally induced phase separation (TIPS), are 

summarized in Table 4.3. Two polyamide (PA) based composite powders, PA-50 vol.% 

Al2O3 and PA-40 vol.% Al2O3, were tested, whereas the third grade was polypropylene 

(PP) based PP-40 vol.% Al2O3. Note that ultrafine Al2O3 powder with an average particle 

size of 0.3 µm was used to synthesize the microsphere polymer-ceramic composite 

powders. All composite powders have a large SLS window, ~27 °C for PA based powder 

and 24 °C for PP based powder. 

 

Table  4-3 Different grades of composite powders used for the fabrication of alumina parts. 

Grade 
Average microsphere size 

(µm) 
SLS window (°C) 

PA-50 vol.% Al2O3 52 
27 

PA-40 vol.% Al2O3 53 

PP-40 vol.% Al2O3 8 24 
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4.3.2. Selective laser sintering 

Green samples are fabricated using a Sinterstation 2000 (DTM Corporation / 3DSystems, 

USA) equipped with a 100 W CO2 laser (f100, Synrad, USA) with a wavelength of 10.6 

µm and a laser beam diameter Ø1/e² of 400 µm. Powder layers were deposited by a 

counter current roller and irradiated with the laser beam. In order to avoid thermal 

oxidation of the polymer, SLS was performed under N2 atmosphere. All tests were 

performed by isothermally heating the powder bed to the temperature between the 

crystallisation and melting temperature, i.e. the SLS window, of the composite powder. 

The applied powder bed temperature was 160°C for PA-Al2O3 and 138°C for PP-Al2O3. 

The energy required to melt the PA was partly supplied by the powder bed pre-heating by 

a combined distributed cylinder heating and infra-red surface heating and partly by laser 

irradiation which locally raised the temperature above the melting point. During part 

fabrication the powder bed supports the growing part and no base plate is required. 

To produce green parts by indirect SLS, the machine and laser scanning parameters were 

tuned in such a way that the binder phase is locally heated between its melting and 

degradation temperature. In this study, the local temperature of the material was 

controlled by the powder bed temperature and the heat input by laser irradiation which 

was controlled by varying the laser power, P, the laser beam scan speed, v, and the laser 

beam scan spacing, s. The powder layer thickness, l, was kept constant. The laser energy 

density, e, combining these parameters is an important parameter, defined as: 

P
e

s.v.l
=    (J/mm3)   4.2 

Optimization of SLS parameters to produce green parts 

In order to optimise the laser scanning parameters, multilayer parts with a simple square 

shape (15×15 mm2) were produced. For the PA-Al2O3 parts, the laser power (3, 5 and 7 

watts), scan speed (100, 600 and 1257 mm/s) and scan spacing (150 and 300 µm) were 

varied at a constant deposited layer thickness of 150 µm. For the PP-Al2O3 parts, the laser 

power (3 and 5 watts), scan speed (500, 875 and 1250 mm/s) and scan spacing (100, 150 

and 200 µm) were varied at a constant deposited layer thickness of 150 µm. The density 



 

of the green parts was measured geometrically and the microstructure of fracture surfaces 

of the green parts was studied by SEM.

green density with low dimensional error were selected to produce complex shaped parts

4.3.3. Post processing

Conventional polymer debinding of the green parts produced by SLS was performed in 

air at 600°C for 2 hrs at a heating rate of 0.1°C/min followed by sintering in air at 1600°C 

for 2 hrs at a heating rate of 5°C/min (Nabertherm, Germany). The feasibility to increase 

the green density of the SLS parts prior to debinding and sintering by means of pressure 

infiltration (PI), warm isostatic pressing (WIP) and a PI/WIP combination were assessed 

for PP-40 vol.% Al2O3 powder based green parts. Figure 

post SLS processing routes adopted in the present study.

During pressure infiltration (PI),

pressure infiltrated with a 30 vol. % Al

presented in Figure 4.5 The stabilized suspension was prepared by multi

mixing at 70 rpm (Type T2A, WAB, Basel,

(TZ-3Y, Tosoh, Japan) for 24 hrs. 0.3 wt. % citric acid (Anhydrous p.a., Acros, USA) 

was added as dispersant. A home

green samples at infiltration pressur

dried in air at 65°C for 24 hours and the density was measured geometrically.

Figure 4.4
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of the green parts was measured geometrically and the microstructure of fracture surfaces 

of the green parts was studied by SEM. The parameters which can produce

green density with low dimensional error were selected to produce complex shaped parts

Post processing 

onventional polymer debinding of the green parts produced by SLS was performed in 

at a heating rate of 0.1°C/min followed by sintering in air at 1600°C 

for 2 hrs at a heating rate of 5°C/min (Nabertherm, Germany). The feasibility to increase 

the green density of the SLS parts prior to debinding and sintering by means of pressure 

ation (PI), warm isostatic pressing (WIP) and a PI/WIP combination were assessed 

powder based green parts. Figure 4.4 summarises the different 

post SLS processing routes adopted in the present study. 

During pressure infiltration (PI), the green parts produced by SLS were isostatically 

pressure infiltrated with a 30 vol. % Al2O3-ethanol suspension, as schematically 

.5 The stabilized suspension was prepared by multi

mixing at 70 rpm (Type T2A, WAB, Basel, Switzerland) with 5 mm diameter ZrO

3Y, Tosoh, Japan) for 24 hrs. 0.3 wt. % citric acid (Anhydrous p.a., Acros, USA) 

was added as dispersant. A home-made isostatic pressing device was used to infiltrate the 

green samples at infiltration pressures of 3, 13 and 32 MPa. The green samples were 

dried in air at 65°C for 24 hours and the density was measured geometrically.

4 Different post-processing routes investigated in this work. 

of the green parts was measured geometrically and the microstructure of fracture surfaces 

The parameters which can produce the highest 

green density with low dimensional error were selected to produce complex shaped parts. 

onventional polymer debinding of the green parts produced by SLS was performed in 

at a heating rate of 0.1°C/min followed by sintering in air at 1600°C 

for 2 hrs at a heating rate of 5°C/min (Nabertherm, Germany). The feasibility to increase 

the green density of the SLS parts prior to debinding and sintering by means of pressure 

ation (PI), warm isostatic pressing (WIP) and a PI/WIP combination were assessed 

.4 summarises the different 

the green parts produced by SLS were isostatically 

ethanol suspension, as schematically 

.5 The stabilized suspension was prepared by multi-directional 

with 5 mm diameter ZrO2 balls 

3Y, Tosoh, Japan) for 24 hrs. 0.3 wt. % citric acid (Anhydrous p.a., Acros, USA) 

made isostatic pressing device was used to infiltrate the 

es of 3, 13 and 32 MPa. The green samples were 

dried in air at 65°C for 24 hours and the density was measured geometrically. 

 

 



 

Warm isostatic pressing (WIP) was performed using the same device used for PI using 

silicone oil (M1028/50, Sprl Ets Roger Coulon, Belgium) as a pressurising medium, as 

schematically presented in Figure 4

nitrile rubber bags (TNT® Blue disposable gloves, Ansel limited, Malaysia) and WIPed at 

64 MPa at 135°C. After WIPing, the parts were debinded and sintered. 

The density of the sintered samples was measured by the Archimedes method in ethanol. 

The sintered samples were cross

by SEM. The flexural strength of SLS/PI/WIP/debinded/sintered bending bars was 

measured using ground rectangular bars (25x2x1.5 mm) in a three point bending setup 

(model 4467, Instron, Norwoo

displacement of 0.2 mm/min [4.

deviation of 6 bending bars. 

Figure 4.5 Schematic of the pressure infiltration 

Figure 4.6 Schematic of the warm isostatic pressing process.
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isostatic pressing (WIP) was performed using the same device used for PI using 

silicone oil (M1028/50, Sprl Ets Roger Coulon, Belgium) as a pressurising medium, as 

ematically presented in Figure 4.6 The green SLS samples were vacuum packed in 

Blue disposable gloves, Ansel limited, Malaysia) and WIPed at 

64 MPa at 135°C. After WIPing, the parts were debinded and sintered.  

The density of the sintered samples was measured by the Archimedes method in ethanol. 

ere cross-sectioned and polished for microstructural examination 

by SEM. The flexural strength of SLS/PI/WIP/debinded/sintered bending bars was 

measured using ground rectangular bars (25x2x1.5 mm) in a three point bending setup 

(model 4467, Instron, Norwood, MA) with a span of 20 mm and a cross

4.13]. The reported values are the mean and standard 

 

Schematic of the pressure infiltration process. 

 

Schematic of the warm isostatic pressing process. 

isostatic pressing (WIP) was performed using the same device used for PI using 

silicone oil (M1028/50, Sprl Ets Roger Coulon, Belgium) as a pressurising medium, as 

.6 The green SLS samples were vacuum packed in 

Blue disposable gloves, Ansel limited, Malaysia) and WIPed at 

The density of the sintered samples was measured by the Archimedes method in ethanol. 

sectioned and polished for microstructural examination 

by SEM. The flexural strength of SLS/PI/WIP/debinded/sintered bending bars was 

measured using ground rectangular bars (25x2x1.5 mm) in a three point bending setup 

d, MA) with a span of 20 mm and a cross-head 

. The reported values are the mean and standard 
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4.4. Results and discussions 

4.4.1. Fabrication of Al2O3 parts from PA-Al2O3 composite powder 

Fabrication of green parts 

Composite powders produced by TIPS of a PA solution showed good flowability 

resulting in good homogeneous layers. The laser energy density had a strong effect on the 

fabrication of green parts only allowing building parts in a narrow laser energy density 

window. Using a too high laser energy density resulted in the decomposition of PA and 

distortion of the parts. Applying a too low laser energy density resulted in very fragile 

parts with limiting sintering. The green parts produced by SLS in the 0.176 and 0.37 

J/mm3 laser energy density range allowed manufacturing green parts with a strength 

allowing non-destructive manipulation of the green parts. The density and microstructure 

of the green parts are very important since they determine the sintered density and final 

microstructure. The effect of the laser energy density in the stable window range on the 

green density of the samples produced from the PA-40 vol/% Al2O3 and PA-50 vol/% 

Al2O3 composite powders is presented in Figure 4.7. The green density of the parts 

increased with increasing laser energy density. The maximum density achieved by SLS 

from PA-40 vol/% Al2O3 is 54.8% of the theoretical composite density (TD), which after 

debinding accounts for ~22% of the TD of Al2O3.  

The green parts produced from the PA-40 vol/% Al2O3 grade showed higher green 

densities than those produced from PA-50 vol/% Al2O3. Green parts were produced by 

using SLS parameters shown in Table 4.4 with laser energy density ~0.37 J/cm3. An 

SEM image of a fracture surface of a green SLS PA-50 vol/% Al2O3 part, shown in 

Figure 4.8a, clearly shows that the spheres of the starting powder did not collapse during 

SLS, implying no plastic flow of the composite microsphere powder. Consequently, the 

residual intersphere porosity of the loose powder packing basically remains after SLS. In 

the part produced from PA-40 vol/% Al2O3 (Figure 4.8b), however, there is some 

indication of polymer and material flow during SLS, explaining the higher green density 

of the SLS PA-40 vol/% Al2O3 material. The measured density is compared in Table 4.4. 



 

Ideally, to produce dense parts, during SLS the powder should melt, flow and form a 

dense and continuous film on the previously sintered layer. The addition of the fine 

alumina particles to PA increased the melt viscosity of PA and d

melt flow. There is no external pressure applied during selective laser sintering and the 

density of the powder layers/bed is low, this resulted in a too low green density of the 

green parts. 

Figure 4.7 Effect of energy density on the density of the green PA

Figure 4.8 SEM micrographs of fracture surfaces of green parts produced by SLS from SLS PA

(a) and PA
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Ideally, to produce dense parts, during SLS the powder should melt, flow and form a 

dense and continuous film on the previously sintered layer. The addition of the fine 

alumina particles to PA increased the melt viscosity of PA and did not allow a sufficient 

melt flow. There is no external pressure applied during selective laser sintering and the 

density of the powder layers/bed is low, this resulted in a too low green density of the 

 

Effect of energy density on the density of the green PA-Al2O3 composite parts.

SEM micrographs of fracture surfaces of green parts produced by SLS from SLS PA-50 vo

(a) and PA-40 vol/% Al2O3 (b) 

Ideally, to produce dense parts, during SLS the powder should melt, flow and form a 

dense and continuous film on the previously sintered layer. The addition of the fine 

id not allow a sufficient 

melt flow. There is no external pressure applied during selective laser sintering and the 

density of the powder layers/bed is low, this resulted in a too low green density of the 

composite parts. 

 

50 vol/% Al2O3 



101 
 

Post-processing 

Prior to furnace sintering, the PA was removed from the green parts by thermal 

decomposition in air. The heating rate is a key parameter in the debinding process and 

should be carefully controlled. The weight loss curve (TGA) of PA12 in air at a heating 

rate of 10°C/min is shown in Figure 4.9. The onset of weight loss starts around 290°C, 

with a complete debinding at ~590°C. Binder removal of the green parts was successfully 

performed by heating the SLS parts to 600°C at a heating rate of 0.1°C/min. After binder 

removal, the parts were visually inspected and no cracks or distortion of the samples were 

observed. 

After binder removal, the green parts were furnace sintered in air at 1600°C for 60 

minutes. During sintering, the parts showed a homogeneous volume shrinkage of around 

20%. As shown in Table 4.4, the green and sintered density of the PA-40 vol/% Al2O3 is 

higher than for PA-50 vol/% Al2O3, despite the 10 vol % higher polymer content of PA-

40 vol/% Al2O3. The reason for this is the plastic flow of the polymer during SLS of PA-

40 vol/% Al2O3, increasing the intersphere contact area after SLS and concomitantly 

larger Al2O3 interagglomerate neck size during sintering. The final density after sintering 

however is still modest, ranging from 50 % for the PA-40 vol/% Al2O3 to 43 % for the 

PA-50 vol/% Al2O3 based ceramic. The residual porosity is directly related to the 

intersphere space during SLS, since that porosity remains in the final microstructure as 

shown in Figure 4.10 for the PA-40 vol/% Al2O3 grade. To homogenize the sintered 

microstructure, the green SLS microstructure must be homogenized first by controlling 

the flow properties of the composite spheres and laser scanning parameters. Despite the 

high residual open porosity, it was possible to prepare complex shaped parts by the 

SLS/debinding/sintering process, as illustrated in Figure 4.11. 
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Figure  4.9 TGA curve of Duraform PA. 

 

 

Figure  4.10 SEM micrograph of the sintered ceramic. 

Table  4-4 Green and sintered densities of the parts produced from PA-40 vol/% Al2O3 and PA-50 vol/% Al2O3. 

Starting powder 
SLS 

parameters 

Green density 

g/cm
3
 (% 

TD)* 

Green density 

(after binder 

removal) g/cm
3
 

(% of TD)** 

Sintered 

density g/cm
3
 

(% TD)** 

PA-40 vol/% 
Al2O3 

P=5W 
v=600mm/s 
s=150µm 
l=150µm 

1.28 (54.8%) 0.92 (23.4 %) 2.01 (50.4%) 

PA-50 vol/% 
Al2O3 

1.12 (44.9%) 0.90 (22.9%) 1.72 (43.1%) 

* theoretical density of the composite, ** theoretical density of Al2O3 
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Figure  4.11 Porous alumina parts fabricated by the SLS/debinding/sintering process. 

4.4.2. Fabrication of Al2O3 parts from PP-Al2O3 composite powder 

Green parts produced from PP-Al2O3 powder 

The effect of the laser energy density on the green density of the SLS parts produced 

from 60 vol % PP-Al2O3 composite powder is presented in Figure 4.12. The density of 

the green SLS parts was modest, varying between 29 to 34 %. Initially, the green density 

increases from 29.4 to 34.1 % by increasing the laser energy density from 0.06 to 0.2 

J/mm3. Further increase in the laser energy density resulted in a decreased green density. 

The density of the parts was modest due to the low packing density of the agglomerate 

layers and the lack of molten polymer flow filling up the interagglomerate space. 

Moreover, the use of a high laser energy densities was not helpful. A too high laser 

energy density resulted in fume formation due to degradation of polymer and the 

formation of a secondary adhering layer of agglomerates surrounding the part, resulting 

in an increased dimensional error, ∆x,y,z, as shown in Figure 4.13. The dimensional error 

was calculated according to the following equation. 

∆x,y,z = (actual size – targeted size) × 100 / targeted size    4.3 

∆x,y,z  increases with increasing laser energy density. ∆x,y ranging between 1.2 to 8.1 % is 

substantially lower than ∆z, ranging between 2.1 to 21.8 %, i.e. the part building 
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direction. Green SLS parts with a laser density of 0.19 J/mm3 were produced for post-

processing, resulting in SLS parts with a green density of 0.81 g/cm3 (~34 % TD). The 

optimum laser scanning parameters are summarised in Table 4.5.  

Post-processing 

Direct debinding and furnace sintering of the SLS parts resulted in a sintered density of 

1.50 g/cm3 (38.5 % TD of Al2O3). The sintered ceramic is composed of a highly porous 

network of fully densified microspheres with a pore diameter ~100 µm, as shown in 

Figure 4.15a. The reason for the low final density is the low green density and 

inhomogeneous green microstructure, shown in Figure 4.14a. The morphology and 

packing of the microsphere agglomerates was maintained in the sintered structure. To 

improve the sintered density, the green density of the SLS parts needed to be increased 

using techniques like infiltration and isostatic pressing. In this work, pressure infiltration 

(PI) and warm isostatic pressing (WIP) were employed. 

 

Figure  4.12 Effect of laser energy density on the density of the SLS green parts. 
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Figure 4.14 Scanning electron micrographs 
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13 Effect of the laser energy density on the dimensional error.

canning electron micrographs of the cross-section of the green samples produced by SLS (a), SLS + 

PI (b), SLS + WIP (c) and SLS + PI + WIP (d). 
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Laser energy density (J/mm3)
 

Effect of the laser energy density on the dimensional error. 

 

of the green samples produced by SLS (a), SLS + 
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In a first approach, the SLS part is pressure infiltrated with an ethanol-based alumina 

suspension. PI is generally used to fabricate metallic or ceramic composites in which the 

porous parts are infiltrated with molten metal or solutions [4.14-4.20]. The infiltration of 

the porous structure with a liquid is driven by two different mechanisms. The first 

involves the flow of infiltrating liquid into the porous structure under the combined effect 

of the capillary (Pc) and applied pressure (Pa, consisting of the hydrostatic and 

atmospheric pressure) until the internal pressure (Pi) of the compressed air becomes equal 

to Pa+Pc. The second mechanism involves the outward diffusion of gas because of its 

higher solubility at higher pressures. The total driving force (P) for the infiltration can be 

described as [4.19]: 

� � �c � �a � �i �
������

 
� !�    (4.4) 

In the above equation Pc is given by the Young and Laplace equation, ∆P represents the 

pressure difference between the entrapped gas and the atmosphere, γ is the surface 

tension of the liquid, θ is the contact angle between the liquid and material, and r is the 

pore radius. For the outward diffusion of gas, ∆P must be > 0 because the diffusion of the 

gas is driven by the solubility at higher pressures. The above equation indicates that the 

capillary pressure, Pc, must be high enough so that the infiltration can occur spontaneous 

requiring a good wetting behavior (cosθ > 0). It also indicates that the driving force for 

the infiltration is increased by applying an external hydrostatic pressure. 

In this study, a stable 30 vol. % Al2O3-ethanol based suspension was used as infiltrating 

medium to increase the green density. The green SLS samples could be infiltrated using 

the suspension, even without applying a pressure, indicating a good wetting behaviour of 

the suspension. The infiltration however was inhomogeneous as the suspension could not 

infiltrate the core of the part. The application of an external pressure allowed realizing a 

more homogeneous infiltration. When using an Al2O3 concentration above 30 vol. %, the 

suspension forms an encapsulating powder layer around the part instead of penetrating 

into the pore structure. As summarized in Table 4.6, the infiltration pressure was varied 

between 3, 13 and 32 MPa. When infiltrating at 3 MPa, the weight of the sample 

increased 1.79 times, resulting in an increase of the green density from 0.81 g/cm3 (~34 



 

% TD) to 1.39 g/cm3 (~68 % TD). Polymer debinding followed by 

allowed obtaining a sintered density of 2.44 g/cm

By increasing the infiltration pressure to 13 MPa, th

infiltration/mass before infiltration) increases slightly to 1.88 and results in slight increase 

in concomitant green and sintered densities, 1.45 g/cm

% TD). When the infiltration pressure w

decreased to 1.73. Rounding off of the edges of the green samples was also observed 

which indicates that the pressure was too high changing the shape of the green parts. The 

green and sintered densities of the

TD), respectively. The application of pressure helped to improve the green and sintered 

density but a further increase in pressure (up to 32 MPa) did not show a significant 

improvement.  

Figure 4.15 SEM micrographs of cross
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(~68 % TD). Polymer debinding followed by furnace 

allowed obtaining a sintered density of 2.44 g/cm3 (62 % TD).  

By increasing the infiltration pressure to 13 MPa, the infiltration ratio (mass after 

infiltration/mass before infiltration) increases slightly to 1.88 and results in slight increase 

in concomitant green and sintered densities, 1.45 g/cm3 (53.7 % TD) and 2.55 g/cm

% TD). When the infiltration pressure was 32 MPa, the infiltration ratio was slightly 

decreased to 1.73. Rounding off of the edges of the green samples was also observed 

which indicates that the pressure was too high changing the shape of the green parts. The 

green and sintered densities of the parts were 1.34 (51.3 % TD) and 2.42 g/cm

TD), respectively. The application of pressure helped to improve the green and sintered 

density but a further increase in pressure (up to 32 MPa) did not show a significant 

SEM micrographs of cross-sectioned sintered samples produced by SLS (a), SLS + PI (b), SLS + 

WIP (c, e) and SLS + PI + WIP (d, f). 

furnace sintering 

e infiltration ratio (mass after 

infiltration/mass before infiltration) increases slightly to 1.88 and results in slight increase 

(53.7 % TD) and 2.55 g/cm3 (64 

as 32 MPa, the infiltration ratio was slightly 

decreased to 1.73. Rounding off of the edges of the green samples was also observed 

which indicates that the pressure was too high changing the shape of the green parts. The 

parts were 1.34 (51.3 % TD) and 2.42 g/cm3 (62 % 

TD), respectively. The application of pressure helped to improve the green and sintered 

density but a further increase in pressure (up to 32 MPa) did not show a significant 

 

sectioned sintered samples produced by SLS (a), SLS + PI (b), SLS + 
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The green and post sintered microstructures of the part infiltrated at 13 MPa are shown in 

Figure 4.14b and 4.15b, respectively. Compared with the microstructure of the sample 

without infiltration, improvement in the homogeneity can be observed. During 

infiltration, alumina particles are deposited on the walls of the pore network in between 

the PP-alumina granules in SLSed green part. However, a gradient of large isolated pores 

was observed on cross-sectioned sintered infiltrated parts, with a lower density core and a 

higher density edge (see Figure 4.15b). The gradient is most probably due to a particle 

depletion of the inward moving suspension during infiltration, narrowing or even 

clogging the interconnects in the pore structure at the edges of the sample. The 

infiltration was helpful to increase the green and sintered density, but fully dense parts 

could not be obtained. 

Alternatively, warm isostatic pressing (WIP) was used to increase the green density of the 

SLS parts. Polypropylene has a Tg ~ 10°C, and literature reports suggest that PP becomes 

ductile when pressed ≥ 80°C [4.21-4.24]. Therefore, warm isostatic pressing above 80°C 

could help to eliminate porosity and increase the green density while maintaining the 

shape of the part [4.25-4.26]. Two SLS green samples were WIPed at 64 MPa at 135°C 

for 5 minutes. One of these samples was infiltrated at 13 MPa using an ethanol-30 vol % 

alumina suspension prior to WIPing. The effect of WIPing on the green and sintered 

densities is summarized in Table 4.7. WIPing of the SLSed green sample resulted in an 

increased green density from 0.81 g/cm3 to 1.96 (93 % TD) and a sintered density of 3.51 

± 0.05 g/cm3 (89 % TD) could be achieved. For the WIPed infiltrated sample, the green 

density increased from 1.45 g/cm3 (53.7 % TD) to 2.23 g/cm3 (83 % TD), resulting in a 

sintered density of 3.43 ± 0.01 g/cm3 (88 % of TD) which is comparable to that of the 

WIPed part. The use of pressure and temperature during WIPing could eliminate the large 

processing flaws produced during SLS. This can be observed in the green microstructures 

of the SLSed/WIPed and SLSed/Infiltrated/WIPed samples, i.e. Figure 4.14c-d 

respectively. The green microstructures are more homogeneous compared to those of the 

SLSed and infiltrated samples in Figure 4.14a and Figure 4.14b, respectively. This 

resulted in higher sintered densities for the WIPed samples and the sintered 

microstructures (see Figure 4.15c and Figure 4.15d) are more homogeneous than those of 

the samples processed without WIPing. However, fully dense parts were not obtained and 
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the relative sintered densities were limited to 89 and 88 % for the WIPed and 

infiltrated/WIPed samples, respectively. The sintered density achieved by these 

techniques is certainly lower than the full density achieved by SLM [4.12] and is 

comparable with the density ~ 86 % of TD achieved by slurry based direct selective laser 

sintering of porcelain [4.27]. However, the ability to produce crack-free parts by indirect 

SLS is a distinct advantage compared to the direct SLS/M techniques. 

The furnace sintered microstructures of the SLSed/WIPed and SLSed/PI/WIPed parts at 

higher magnifications are shown in Figure 4.15e and Figure 4.15f respectively. The large 

pores with a diameter of 10-30 µm, originated during SLS and actually reflecting the 

interagglomerate porosity, were not removed during post-processing. Although the use of 

infiltration increases the alumina content of the green SLS compact and results in the 

presence of larger fully dense areas in the polished cross-section, the post sintered 

structure is not fully dense. Although the sintered SLSed/WIPed and 

SLSed/infiltration/WIPed alumina had a comparable final density, the additional 

infiltration step reduced the total volume shrinkage from 82 % for SLSed/WIPed to 62 % 

for SLSed/infiltration/WIPed. The high shrinkage of the WIPed part can also induce 

distortion and therefore the combination of pressure infiltration and WIP is preferred as 

post-processing for the green SLS parts. 

The flexural strength of the alumina produced by 

SLS/infiltration/WIPing/debinding/sintering is 148 ± 20 MPa, which is modest due to the 

presence of the large processing flaws. Whereas the surface roughness parameters Ra ~ 

14 µm and Rz ~ 114 µm, were measured (see Figure 4.16). Ra value of 12.7 µm were 

obtained for porcelain samples prepared by slurry based direct SLS [4.27]. The Rz value 

is significantly smaller than reported for parts produced by SLM, which is ~ 150 µm 

[4.12]. A number of complex shaped parts produced according to the SLS - pressure 

infiltration - debinding - sintering route and SLS - pressure infiltration – warm isostatic 

pressing - debinding - sintering route are presented in Figure 4.17. Although the shaping 

possibility of complex parts is illustrated, additional research to improve the homogeneity 

and density of the sintered SLS parts is essential. 



 

Figure 4.16 Surface roughness of the sintered alumina part measured by Whyko.

 

Figure 4.17 Complex parts produced by the SLS

 

Table 4-5 Optimum SLS parameters used to produce green parts.

Parameter 

Laser Power P

Scan speed v 

Scan spacing s
Layer thickness l

Powder bed preheating temperature
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Surface roughness of the sintered alumina part measured by Whyko. 

 

Complex parts produced by the SLS of PP-Al2O3 - pressure infiltration - debinding – 

route. 

Optimum SLS parameters used to produce green parts. 

Value 

Laser Power P 5 W 

 875 mm/s 

Scan spacing s 150 µm 
Layer thickness l 200 µm 

Powder bed preheating temperature 138°C 

 sintering 
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Table  4-6 Effect of infiltration pressure on the green and sintered density of SLS parts. 

Infiltration pressure 

(MPa) 

Infiltration ratio 

(mass after/before 

infiltration) 

PI density 

g/cm
3
 (%TD*) 

Sintered density 

g/cm
3
 (%TD**) 

3 1.79 1.39 (52.6) 2.44 (62) 

13 1.88 1.45 (53.7) 2.50 (64) 

32 1.73 1.34 (51.3) 2.42 (62) 

 

Table  4-7 Effect of PI (13 MPa) and WIP (64 MPa / 135°C) on the part density. 

SLS density 

g/cm
3
 (% TD*) 

PI density 

(g/cm
3
) (% TD*) 

WIP density 

g/cm
3 
(% TD*) 

Sintered density 

g/cm
3 
(% TD**) 

0.78 (37) 

/ / 1.50 (39) 
1.45 (54) / 2.50 (64) 

/ 1.96 (93) 3.51 (89) 

1.45 (54)/ 2.24 (83) 3.43 (88) 

 

4.5. Conclusions 

The TIPS based PA-Al2O3 and PP-Al2O3 microsphere composite powders showed good 

flowability, allowing the production of crack and distortion free green parts by SLS. The 

laser energy density clearly influenced the density and strength of the green parts. For the 

PA-Al2O3 powder, the fabrication of green parts was possible only in the laser energy 

density range between 0.176 and 0.37 J/mm3. At lower energies, the parts distorted 

whereas the PA burned at higher energy inputs. The green and sintered density of the 

starting material with 40 vol% Al2O3 was higher than for the 50 vol% Al2O3 material, due 

to the limited but observed plastic material flow during SLS of the higher PA content 

material. For the PP-40 vol% Al2O3 composite powder, green parts were fabricated in the 

laser energy density region from 0.06 to 0.5 J/mm3. Although it was possible to build 

parts in the whole testing range, the parts produced at very low laser energy density were 

too fragile whereas using a higher laser energy density resulted in an increased 

dimensional error. Like for PA-Al2O3, the density of the green SLS parts was modest, 

varying between 29 and 34 % of the theoretical density (TD). The green parts were 

therefore post-processed using pressure infiltration and warm isostatic pressing, allowing 

improving the green and furnace sintered density. 
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For PP-40% Al2O3, pressure infiltration (PI) with an ethanol-30 vol % alumina 

suspension allowed to increase the green density up to ~53.7 % TD, resulting in a 

sintered density up to 64 %. Warm isostatically pressed (WIP) SLS parts with a green 

density of 93 % could be sintered to a final density of 89 % TD which is comparable to 

the parts produced by the combination of WIPing and PI (88 % TD). The total volumetric 

shrinkage of 62 % of the combined WIPing/PI parts however was substantially lower 

than the 82 % for the WIPed parts. The SLSed/PI/WIPed/debinded/sintered parts had an 

average flexural strength of 148 ± 22 MPa. 

The indirect SLS sintering route can be adapted to produce crack-free ceramic parts. The 

successful production of green parts requires the powders to be processed using a 

carefully selected SLS process range. The green parts are subsequently debinded and 

furnace sintered to produce polymer-free ceramic parts. However, the green and post 

sintered density of the powders is low because of the low packing density of the powder 

bed and the too high melt viscosity of the composite powder during SLS. The density of 

the green SLS parts can be increased by PI and WIPing. Although, the use of these post-

processing techniques improved the density and microstructure, fully dense sintered parts 

were not obtained. 
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Chapter 5. Fabrication of Zirconia Parts 

5.1. Introduction 

Pure zirconium dioxide (ZrO2) is a white crystalline ceramic. Prior to 1975, there was 

very limited interest in pure zirconia as structural or engineering ceramic, and it was only 

used for refractory applications [5.1]. This was due to the spontaneous phase 

transformation from the tetragonal (t) to monoclinic (m) crystal structure, accompanied 

by a volume expansion of 3-4 vol % and concomitant crack formation, during cooling. 

The thermally induced phase transformation can be avoided by adding a proper amount 

of stabilizing oxides that form a tetragonal or cubic solid solution with ZrO2. Stabilized 

zirconia has interesting intrinsic physical and chemical properties such as wear resistance, 

hardness, low coefficient of friction, chemical inertness, ionic conductivity, low thermal 

conductivity and high melting temperature. Lots of efforts have been made on the 

improvement of zirconia and the most remarkable one was the discovery of 

transformation toughening, i.e. the stress induced transformation of tetragonal to 

monoclinic ZrO2, in solid solutions formed with metal oxides such as Y2O3, CeO2, CaO 

and MgO. These days, zirconia is one of the most investigated ceramics which has a very 

wide application range both as structural and functional (oxygen ion conduction in 

oxygen sensors and solid electrolytes in fuel cells) ceramic. In recent years, due to the 

distinguished bio-compatibility, the application range was extended to biomaterials, for 

instance for hip joint implant components and dental restorations because of its tooth-like 

colour [5.2]. 

Pure ZrO2 is polymorphic, exhibiting a monoclinic (m), tetragonal (t), or cubic (c) crystal 

structure. At ambient pressure, monoclinic ZrO2 (m-ZrO2) is the equilibrium structure at 

low temperature. The transformation temperature from m-ZrO2 to tetragonal ZrO2 (t-

ZrO2) is 1170°C. When further increasing the temperature to 2370°C, t-ZrO2 will 

transform to a cubic phase (c-ZrO2) [5.3]. A shear strain of ~0.16 and a volume 

expansion of ~4% occur when cooling down pure ZrO2 ceramic during the T to M phase 

transformation, which will result in crack formation and structural unreliability of the 

fabricated components [5.1]. To avoid this, metal oxides, such as Y2O3, CaO and MgO, 
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can be added to zirconia to suppress the t to m transformation during cooling from the 

sintering temperature. In this way, zirconia can be retained in the metastable tetragonal or 

cubic phase at room temperature. With suitable amounts of stabilizing oxide and 

appropriate particle size, partially stabilized zirconia (PSZ, i.e. with a mixed tetragonal 

and cubic crystal structure) or tetragonal zirconia polycrystals (TZP, i.e. fully tetragonal 

crystal structure with 3 mol% Y2O3 or 12 mol% CeO2) can be obtained [5.3]. 

The metastable tetragonal phase is retained by the constraint of the surrounding matrix. 

When the constraint is lost by the introduction of a crack for example, which will result 

in a free surface, the T to M transformation is induced. The volume expansion of the 

crystals in the neighbourhood accompanying the transformation will in turn place the 

crack wake and tip in a compression state, requiring more energy for crack propagation. 

This stress induced transformation enhances both the fracture toughness and the strength 

of the ceramic. Due to this transformation toughening feature, tetragonal zirconia 

polycrystalline (TZP) ceramics with high flexural strength (> 1 GPa) combined with a 

high fracture toughness (~10 MPa m1/2), are the strongest oxide ceramics known [5.3]. 

The effective use of the transformation toughening requires precise control over the 

sintered microstructure which mainly depends on the composition and particle size of the 

starting powder and the processing parameters during green shaping and sintering [5.3-

5.5]. 

This chapter focuses on the additive manufacturing of 3 mol% Y2O3-stabilised ZrO2 (3Y-

TZP) via indirect SLS. Thermally induced phase separation (TIPS) was used to produce 

spherical polypropylene-zirconia microsphere composite powder. The effect of 

composition of the starting powder and SLS parameters on the formability of the green 

parts was studied. Using optimum SLS parameters, green parts with a relative density of 

36 % were produced for post processing. Different post-processing techniques including 

pressure infiltration (PI), warm isostatic pressing (WIPing) or a combination of both were 

applied to increase the green density of the ZrO2-PP SLSed parts. After polymer 

debinding, the green parts were subjected to pressureless furnace sintering in air at 

1450°C for 2 hrs. The effect of different post-processing treatments on the density and 

microstructure of the green and sintered parts is discussed. 
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5.2. Experimental 

5.2.1. Materials 

Commercially available co-precipitated 3 mol% Y2O3-stabilised ZrO2 (grade TZ-3Y, 

Tosoh, Japan) powder with a d50~ 30 nm and isotactic polypropylene (PP) with an 

average molecular weight (Mw) of 12000 (Mw/Mn = 2.4, Sigma-Aldrich) were used as 

starting material. Xylene was used as solvent for TIPS. 

Two grades of PP/ZrO2 composite powder (PP-40 vol.% ZrO2 and PP-30 vol.% ZrO2) 

were prepared and investigated. The composition, particle size and thermal properties of 

these powders are summarised in Table 5.1. These powders were prepared by thermally 

induced phase separation (TIPS). The details of the process were given in chapter 3. 

5.2.2. Selective laser sintering 

The PP/ZrO2 composite powder was used in a Sinterstation 2000 (DTM 

Corporation/3Dsystems, equipped with a 100 W CO2 laser (f100, Synrad, USA) with a 

wavelength of 10.6 µm and a laser beam diameter Ø1/e² of 400 µm). The test files were 

prepared in the computer to set up the geometries and parameters, including preheat 

temperature (left and right container, piston and part surface), layer thickness and laser 

parameters (laser power, scan spacing and scan speed). The laser scanning process was 

conducted in a protective nitrogen atmosphere. When the sintering is finished and the 

chamber was cooled down, the green parts were taken out carefully and the powder was 

sieved and re-used. 

Table  5-1 Composite powder grades used for the fabrication of zirconia parts. 

Grade 
Average particle size 

(µm) 

SLS window 

(°C) 

PP-40 vol. % ZrO2 49 
20 

PP-30 vol. % ZrO2 27 
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5.2.3. Post processing 

In order to improve the density of the green parts, additional post processes were used, 

including pressure infiltration (PI) and warm isostatic pressing (WIP). An aqueous 

suspension containing 30 vol% ZrO2 was prepared for PI by milling. The deagglomerated 

ZrO2 powder was added to demineralised water and pH value of the suspension was 

adjusted to 5 by adding nitric acid. The suspension was prepared by mixing in a Turbula 

mixer for 24 hours. 

A home-made device, shown in Figure 4.5, was used for pressure infiltration (PI). The 

ZrO2 suspension was poured into a stainless steel cylinder. The green parts were 

infiltrated at 3, 16 and 32 MPa. The infiltrated parts were dried in an oven at 60oC for 2 

hours. The weights of the parts before and after infiltration were recorded. 

For WIPing, the same device was used in combination with a wall heating element, as 

indicated in Figure 4.6. Both green SLSed and SLSed/PI samples were WIPed. The 

samples were first vacuum packed in nitrile rubber bags (TNT® Blue disposable gloves, 

Ansel limited, Malaysia) and isostatically pressed at 64 MPa for 5 minutes at 135°C. 

After additional post SLS processing, the parts were debinded by heating in air to 600°C 

with a heating rate of 0.1°C/min in air (Carbolite, Sheffield, England). After debinding, 

the samples were placed in another high temperature furnace (Nabertherm, D-2804, 

Germany) and sintered in air at 1450°C for 2 hours with a heating rate of 5°C/min 

followed by natural cooling in the furnace. The density of the sintered samples was 

measured by the Archimedes method in ethanol. For microstructural examination by 

SEM, the sintered samples were cross-sectioned, polished and thermally etched at 

1350°C for 20 minutes in air. 

5.3. Results and discussion 

5.3.1. Fabrication of green ZrO2 parts 

For the indirect SLS process of polymer/ceramic composite powder, the powder bed was 

preheated to 145°C, just below the melting point of the polymer binder phase. The 
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polymer in the selected region is locally molten by the extra laser irradiation energy. The 

laser energy density is controlled by varying the SLS parameters, i.e., laser power, layer 

thickness, laser beam scan speed and laser beam scan spacing. In this work, the powder 

layer thickness was kept constant at 0.13 mm. 

In order to find the best parameter combination to obtain strong enough green parts for 

the post processing, a parametrical study has been performed. The laser scanning 

parameters were varied between 3-7 W of laser power, 0.1-0.2 mm of scan spacing and 

500-1250 mm/s of scan speed, to build parts with a dimension of 15mm×15mm×10mm. 

The sample numbers and corresponding parameter settings and energy density, calculated 

according to equation 4.2, are summarized in Figure 5.1a and b respectively. 

The parametrical study was performed using both PP-40 vol% ZrO2 and PP-30 vol% 

ZrO2 powders. The corresponding green PP-40 vol% ZrO2 SLS parts, shown in Figure 

5.2a, were too fragile to perform any post processing. In these tests, the laser energy 

density was varied from 0.09 J/mm3 (part No.9) to 1.07 J/mm3 (part No.19). At high laser 

energy density, fumes were generated during laser scanning indicating polymer 

degradation. At the lowest laser energy density, the parts delaminated as shown for part 

No. 9 in Figure 5.2a, because the polymer phase was not molten. This implied the laser 

energy density had to be carefully adjusted in this range, i.e. just enough to melt the 

polymer phase avoiding polymer degradation.  

The green SLS PP-30 vol% ZrO2 parts are shown in Figure 5.2b. The strength and 

geometrical accuracy were improved compared to the parts produced from PP-40 vol% 

ZrO2 composite powder. Most of the SLSed green parts are strong enough for the post 

processing, although the parts scanned by a too high laser energy density show some 

degradation of the PP. 



 

Figure 5.1 Experimental SLS parameter settings. (a) Sample numbers and (b) corresponding energy density 

 

 

Figure 5.2 Green PP-40 vol% ZrO2 (a) and PP

parameter set described in Figure 5.1.
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Experimental SLS parameter settings. (a) Sample numbers and (b) corresponding energy density 

(J/cm3). 

(a) and PP-30 vol% ZrO2 (b) parts, SLS according to the corresponding 

parameter set described in Figure 5.1. 

 

Experimental SLS parameter settings. (a) Sample numbers and (b) corresponding energy density 

 

(b) parts, SLS according to the corresponding 
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The density of the green parts was measured geometrically and found to slightly decrease 

with increased laser energy density. The parts sintered with a laser energy density below 

0.2 J/mm3 had a similar density of 36% of the theoretical composite density. At higher 

laser energy density, the density decreased because of the volume increase of the parts 

and PP degradation. The increased volume was induced by the heat affected region near 

the edge of the component. That region is partially molten and adhered to the green part. 

Since the density of that region is lower than in the scanned section, the total part density 

decreased. The quality of the parts was also judged by observing the appearance of the 

parts, especially the edges and sides. The parts with sharp edges and smooth surface were 

considered to be the best. Combining the information gained by this analysis, parts No. 3, 

6, 9 and 1, were selected. These parts showed the highest green density, best appearance 

and had sufficient strength for the post processing (easy handled without damage). The 

laser scanning parameters used for these parts are summarized in Table 5.2. 

Based on these 4 parameter sets, an additional SLS test was conducted to produce parts of 

complex geometries to further evaluate the ability to support some thin structures. As 

summarized in Figure 5.3, the first 3 shapes could be produced with all parameter sets. 

However, only the two sets of parameters with the highest laser energy density allowed 

manufacturing the most complicated structure. This also implies that a higher laser 

energy density also resulted in stronger green parts, providing PP degradation could be 

avoided.  

Because of the higher laser energy density, the parameter set corresponding to part No. 3 

was selected to prepare parts of 15mm×15mm×10mm and some challenging geometries 

to investigate the post SLS processing operations. 

Table  5-2 Selective laser sintering parameters of the selected green parts 

Part NO. Power (W) 
Scan Speed 

(mm/s) 

Scan spacing 

(mm) 

Laser energy 

density 

(J/mm
3
) 

Green 

density (%) 

3 3 1250 0.1 0.185 36 
6 3 1250 0.15 0.123 37 

9 3 1250 0.2 0.092 36 
18 5 1250 0.2 0.154 36 



 

Figure 5.3 Green parts produced with different SLS parameters illustrating the effect of the energy density on 

5.3.2. Post-Processing 

Direct debinding and furnace sintering of the SLS parts resulted in a sintered density of 

1.98 g/cm3 (32 % TD of ZrO2). The sintered ceramic was composed of a highly porous 

network of fully densified microspheres with a pore diamet

Figure 5.5a. The reason for the low sintered density was the low green density and 

inhomogeneous microstructure of the SLS part, as shown in Figure 

and packing of the microsphere agglomerates was maintained in the sintered structure. To 

improve the sintered density, the green density of the SLS parts needed to be increased.

In a first approach, pressure infiltration (PI) was applied to the green SLSed parts. A 

stable 30 vol. % ZrO2-water based suspension was used as infiltrating medium to increase 

the green density. As summarized in Table 

between 3, 16 and 32 MPa. When infiltrating at 3 MPa, the weight of the sample 

increased 1.39 times, resulting in an increase of the green density from 0.88 g/cm

% TD) to 1.23 g/cm3(~43 % TD). Polymer debinding followed by 

allowed obtaining a sintered density of 2.96 g/cm

infiltration pressure to 16 MPa, the infiltration ratio (mass after infiltration/mass before 
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Green parts produced with different SLS parameters illustrating the effect of the energy density on 

the strength of thin parts. 

sintering of the SLS parts resulted in a sintered density of 

). The sintered ceramic was composed of a highly porous 

network of fully densified microspheres with a pore diameter ~100 µm, as shown in 

e low sintered density was the low green density and 

inhomogeneous microstructure of the SLS part, as shown in Figure 5.4a. The morphology 

and packing of the microsphere agglomerates was maintained in the sintered structure. To 

, the green density of the SLS parts needed to be increased.

In a first approach, pressure infiltration (PI) was applied to the green SLSed parts. A 

water based suspension was used as infiltrating medium to increase 

As summarized in Table 5.3, the infiltration pressure was varied 

between 3, 16 and 32 MPa. When infiltrating at 3 MPa, the weight of the sample 

increased 1.39 times, resulting in an increase of the green density from 0.88 g/cm

3 % TD). Polymer debinding followed by furnace 

allowed obtaining a sintered density of 2.96 g/cm3 (49 % TD). By increasing the 

infiltration pressure to 16 MPa, the infiltration ratio (mass after infiltration/mass before 

Green parts produced with different SLS parameters illustrating the effect of the energy density on 

sintering of the SLS parts resulted in a sintered density of 

). The sintered ceramic was composed of a highly porous 

er ~100 µm, as shown in 

e low sintered density was the low green density and 

.4a. The morphology 

and packing of the microsphere agglomerates was maintained in the sintered structure. To 

, the green density of the SLS parts needed to be increased. 

In a first approach, pressure infiltration (PI) was applied to the green SLSed parts. A 

water based suspension was used as infiltrating medium to increase 

.3, the infiltration pressure was varied 

between 3, 16 and 32 MPa. When infiltrating at 3 MPa, the weight of the sample 

increased 1.39 times, resulting in an increase of the green density from 0.88 g/cm3 (~36 

furnace sintering 

(49 % TD). By increasing the 

infiltration pressure to 16 MPa, the infiltration ratio (mass after infiltration/mass before 
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infiltration) increased to 1.69, increasing the green, 1.46 g/cm3 (45 % TD), and furnace 

sintered, 3.25 g/cm3 (54 % TD), density. The samples were broken when applying an 

infiltration pressure of 32 MPa.  

The sintered microstructure of the part infiltrated at 16 MPa is shown in Figure 5.5b. The 

microstructure was highly porous and consisted of large pores. However, the 

homogeneity is improved compared with the microstructure of the sample without 

infiltration. During infiltration, zirconia particles were deposited on the walls of the pore 

network in-between the PP-zirconia agglomerates in the SLSed green part. The 

infiltration was helpful to increase the green and sintered density, but fully dense parts 

could not be obtained.  

Alternatively, warm isostatic pressing was used to increase the green density of the SLS 

parts. Two SLS green samples were WIPed at 64 MPa at 135°C for 5 minutes. One of 

these samples was infiltrated at 16 MPa using 30 vol % zirconia aqueous suspension prior 

to WIPing. The effect of WIPing on the green and sintered densities is summarized in 

Table 5.3. WIPing of the SLSed green sample resulted in an increased green density from 

0.88 g/cm3 to 2.21 (90 % TD) and a sintered density of 5.57 g/cm3 (92 % TD) could be 

achieved. For the WIPed infiltrated sample, the green density increased from 1.46 g/cm3 

(45 % TD) to 2.66 g/cm3 (83 % TD), resulting in a sintered density of 5.17 g/cm3 (85 % 

of TD) which was lower than that of the WIPed part. The use of pressure and temperature 

during WIPing could eliminate the large processing flaws produced during SLS. This 

could be observed in the sintered microstructures of the SLSed/WIPed (see Figure 5.4b 

and 5.4c). The green microstructure was more homogeneous compared to that of the 

SLSed sample in Figure 5.4a. This resulted in higher sintered densities for the WIPed 

samples and the sintered microstructures (see Figure 5.5c and Figure 5.5d) were more 

homogeneous than those of the samples processed without WIPing. However, fully dense 

parts were not obtained and the relative sintered densities were limited to 92 and 85 % for 

the WIPed and infiltrated/WIPed samples, respectively. Although the sintered density of 

the SLSed/WIPed was higher, a big large crack was observed in the centre of the 

SLSed/WIPed sample. This crack was observed in all four SLSed/WIPed samples but 



 

was not present in SLSed/PI/WIPed samples. The high amount of shrinkage associated 

during WIPing could be the reason for this flaw.

The sintered microstructures of the 

magnifications are shown in Figure 

ranging from submicrometer to ~5 µm, originated during SLS and actually reflect that the 

inter-agglomerate porosity was not removed during post

higher magnification SEM micrograph of the SLSed/WIPed ZrO

between the large pores. The sintered microstructure has a clearly submicrometer grain 

size typical for a Y-TZP, which 

This shows that the sintering conditions selected for the sintering of parts are appropriate 

and the inhomogeneity present in the green microstructure is responsible for the presence 

of the large pores in the sintered microstructure.

Figure 5.4 Scanning electron micrographs of green samples produced by SLS (a), SLS + WIP (b,c).
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was not present in SLSed/PI/WIPed samples. The high amount of shrinkage associated 

reason for this flaw. 

The sintered microstructures of the SLSed/WIPed and SLSed/PI/WIPed parts at higher 

magnifications are shown in Figure 5.5e and 5.5f respectively. The pores with a diameter 

ranging from submicrometer to ~5 µm, originated during SLS and actually reflect that the 

not removed during post-processing. Figure 5.6 shows a 

higher magnification SEM micrograph of the SLSed/WIPed ZrO2 in the dense areas in

between the large pores. The sintered microstructure has a clearly submicrometer grain 

TZP, which is required for a high strength and fracture toughness. 

This shows that the sintering conditions selected for the sintering of parts are appropriate 

and the inhomogeneity present in the green microstructure is responsible for the presence 

s in the sintered microstructure. 

Scanning electron micrographs of green samples produced by SLS (a), SLS + WIP (b,c).

was not present in SLSed/PI/WIPed samples. The high amount of shrinkage associated 

SLSed/WIPed and SLSed/PI/WIPed parts at higher 

.5f respectively. The pores with a diameter 

ranging from submicrometer to ~5 µm, originated during SLS and actually reflect that the 

.6 shows a 

in the dense areas in-

between the large pores. The sintered microstructure has a clearly submicrometer grain 

is required for a high strength and fracture toughness. 

This shows that the sintering conditions selected for the sintering of parts are appropriate 

and the inhomogeneity present in the green microstructure is responsible for the presence 

 

Scanning electron micrographs of green samples produced by SLS (a), SLS + WIP (b,c). 



 

Figure 5.5 SEM micrographs of cross

Although the sintered density of the SLSed/WIPed ZrO

SLSed/infiltration/WIPed ceramic, the latter combine

be preferred because of the presence of the large central crack in the former. 

achieved by this technique is lower than that obtained by SLM, as fully dense parts of 

ZrO2-Al2O3 were fabricated by Hagedorn [

the powder bed was preheated to 1700 °C from top using a diffused CO

However, top to bottom preheating approach can effectively remove the thermal cracks 

with parts height< 3mm. Moreover, the compo

free powder is only limited to eutectic composition. Because of the large melt pool 
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SEM micrographs of cross-sectioned sintered ZrO2  produced by SLS (a), SLS + PI (b), SLS + WIP 

(c,e) and SLS + PI + WIP (d,f). 

Although the sintered density of the SLSed/WIPed ZrO2 is higher than that of 

SLSed/infiltration/WIPed ceramic, the latter combined post processing techniques should 

be preferred because of the presence of the large central crack in the former. 

achieved by this technique is lower than that obtained by SLM, as fully dense parts of 

were fabricated by Hagedorn [5.6]. In his study, to avoid thermal cracks SLS 

the powder bed was preheated to 1700 °C from top using a diffused CO

However, top to bottom preheating approach can effectively remove the thermal cracks 

with parts height< 3mm. Moreover, the composition of initial powder to produce crack 

free powder is only limited to eutectic composition. Because of the large melt pool 

 

produced by SLS (a), SLS + PI (b), SLS + WIP 

is higher than that of 

d post processing techniques should 

be preferred because of the presence of the large central crack in the former. The density 

achieved by this technique is lower than that obtained by SLM, as fully dense parts of 

6]. In his study, to avoid thermal cracks SLS 

the powder bed was preheated to 1700 °C from top using a diffused CO2 laser beam. 

However, top to bottom preheating approach can effectively remove the thermal cracks 

sition of initial powder to produce crack 

free powder is only limited to eutectic composition. Because of the large melt pool 



 

formation during SLM, the surface roughness of the parts is high, Rz ~ 150 µm. The 

surface roughness value of the parts (Ra ~ 5µm,

lower than the parts produced by SLM, see Figure 5.7. The surface roughness is also 

lower than that of the alumina parts (

SLS (see chapter 4, section 4.4.2). The smaller

can be a reason for the improved surface morphology.

A number of complicated shape

post processing techniques are presented in Figure 

shaping capability of the technology.

Figure 5.6 SEM micrograph of a thermally etched sintered 3 mol % Y

SLS/WIPing/debinding/sintering.

Figure 5.7 Surface roughness of the sintered alumina part measured by Whyko.
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formation during SLM, the surface roughness of the parts is high, Rz ~ 150 µm. The 

surface roughness value of the parts (Ra ~ 5µm, Rz ~ 51 µm) produced by indirect SLS is 

lower than the parts produced by SLM, see Figure 5.7. The surface roughness is also 

lower than that of the alumina parts (Ra ~ 14 µm, Rz ~ 114 µm) produced by indirect 

SLS (see chapter 4, section 4.4.2). The smaller particle size of starting powder of zirconia 

can be a reason for the improved surface morphology. 

A number of complicated shaped green and furnace post-sintered parts using different 

post processing techniques are presented in Figure 5.8 and Figure 5.9, illustrating the 

g capability of the technology. 

 

SEM micrograph of a thermally etched sintered 3 mol % Y2O3-ZrO2 produced by 

SLS/WIPing/debinding/sintering. 

 

Surface roughness of the sintered alumina part measured by Whyko. 

formation during SLM, the surface roughness of the parts is high, Rz ~ 150 µm. The 

Rz ~ 51 µm) produced by indirect SLS is 

lower than the parts produced by SLM, see Figure 5.7. The surface roughness is also 

produced by indirect 

particle size of starting powder of zirconia 

sintered parts using different 

llustrating the 

produced by 



 

Figure 

Figure 

Table 5-3 Effect of infiltration pressure on the green and sintered density of SLS parts

Infiltration pressure 

(MPa) 

3 

16 
* theoretical density of the PP-
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Figure 5.8 Complex green parts produced by SLS. 

Figure 5.9 Furnace post-sintered complex shaped parts. 

Effect of infiltration pressure on the green and sintered density of SLS parts

Infiltration ratio 

(mass ratio 

after/before 

infiltration) 

PI density 

g/cm
3
 (%TD*) 

Sintered density

g/cm

1.39 1.23 (43) 

1.69 1.46 (45) 
-zirconia composite, ** theoretical density of zirconia 

 

 

Effect of infiltration pressure on the green and sintered density of SLS parts. 

Sintered density 

g/cm
3
 (%TD**) 

2.96 (49) 

3.25 (54) 
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Table  5-4 Effect of PI (16 MPa) and WIP (64 MPa / 135°C) on the part density. 

SLS density 

g/cm
3
 (% TD*) 

PI density 

(g/cm
3
) (% TD*) 

WIP density 

g/cm
3 
(% TD*) 

Sintered density 

g/cm
3 
(% TD**) 

0.88 (36) 

/ / 1.98 (32) 

1.46 (45) / 3.25 (54) 
/ 2.21 (90) 5.57 (92) 

1.46 (45)/ 2.66 (83) 5.17 (85) 
* theoretical density of the PP- zirconia composite, ** theoretical density of zirconia 

5.4. Conclusions 

Selective laser sintering (SLS) parameters and composition of the starting composite 

powder significantly influence the fabrication of the green parts. Parts produced from PP-

40 vol% ZrO2 powder were very fragile, independent of the applied SLS parameters, and 

even showed delamination. By increasing the polymer concentration, stronger parts of 

PP-30 vol% ZrO2 were produced. Based on the density and the ability to produce 

complex shaped parts, the optimum SLS parameters (P = 3W, v = 1250 mm/s and l = 0.1 

mm) were selected to produce parts for post processing. 

The sintered density of the SLS parts was limited to only 32 % of TD. Pressure 

infiltration (PI) of the green SLS part with a 30 vol % zirconia aqueous suspension 

increased the green density up to 45 % TD, resulting in a sintered density of 54 %. Warm 

isostatically pressed (WIP) SLS parts with a green density of 90 % could be sintered to a 

final density of 92 % TD which is higher compared to the parts produced by the 

combination of PI and WIPing (85 % TD). However, cracks were observed in the cross-

section of the samples when only applying WIPing. 

Similar to the alumina parts produced by the same technique (see Chapter 4), the indirect 

SLS sintering route can be adapted to produce crack-free ceramic parts. Although the 

sintered density obtained after additional post-SLS processing might be sufficient for 

prototypes, it is not enough for parts to be used under stringent conditions. The reason for 

the limited density is the low density and inhomogeneity of the green SLS parts, which is 

directly related to the nature of the starting material and the roller deposition system used. 
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Chapter 6. General Conclusions and Recommendations 

This project aimed to develop an additive manufacturing process based on selective laser 

sintering (SLS) for the production of high quality ceramic parts without using a die or 

mold. Based on the available literature, an indirect SLS process starting form polymer-

ceramic composite mixtures was adapted. Semi-crystalline polyamide (PA) and 

polypropylene (PP) were selected as polymer binders. Thermally induced phase 

separation (TIPS) was investigated as an innovative step to produce homogeneous 

spherical polymer-ceramic composite powders. Different grades of polymer-Al2O3 and 

polymer-ZrO2 microsphere powders were prepared and SLS tests were performed to 

produce complex shaped green parts. Pressure infiltration (PI) and warm isostatic 

pressing (WIPing) were used to increase the green density of the parts prior to polymer 

debinding and pressureless furnace sintering. The general conclusions drawn from the 

experimental results and recommendations for the future research work are described 

below. 

6.1. General conclusions 

Thermally induced phase separation (TIPS) was found to be a promising route to produce 

micrometer sized homogeneous polymer/ceramic composite microspheres containing 

submicrometer sized ceramic particles. Spherical pure PP particles could be synthesised 

by cooling induced phase inversion of a PP-xylene solution. The size and morphology of 

the PP microspheres were strongly influenced by the solution composition and stirring 

action. The primary particles showed the tendency to agglomerate as the primary 

particles impinge on each other during precipitation. Both the size of the primary 

particles and the degree of agglomeration increased with increasing polymer 

concentration in solution. Although stirring of the polymer solution during phase 

inversion promoted agglomeration, the size of the agglomerates was smaller than without 

stirring, especially for the solutions containing a higher amount of polymer.  

For the synthesis of composite particles, phase inversion was induced by cooling a 

polymer solution based ceramic suspension. The morphology of the composite powders 
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was strongly influenced by the amount and particle size of the ceramic phase. When 

composite powder was synthesized from a polymer solution containing submicrometer 

sized or nanometric ceramic particles, the ceramic particles were captured and 

incorporated into the precipitating polymer microspheres during TIPS. The ceramic 

particles were homogeneously dispersed in the polymer matrix. The addition of ceramic 

particles also eliminated the agglomeration of the composite micropsheres. The size of 

the composite particles decreased with increasing the concentration of ceramic particles 

in the suspension.  

TIPS was successfully applied for the first time to synthesise different compositions of 

semi-crystalline PP and PA polymer based microspheres containing submicrometer 

Al2O3 and ZrO2 particles. The composite powders were spherical and had a SLS window 

> 20°C. PP-40 vol.% Al2O3, PP-30 vol.% ZrO2, PP-40 vol.% ZrO2, PA-40 vol.% Al2O3 

and PP-50 vol.% Al2O3 composite grades were produced in quantities (~ 3 kg) large 

enough to investigate their indirect SLS behaviour. 

The TIPS based composite powders showed good flowability and homogeneous layers 

were deposited using a conventional counter current roller system, allowing producing 

crack and distortion free green parts by SLS. The composition of the starting powder and 

applied laser energy density had a large influence on the density and strength of the green 

parts. To produce green parts from submicrometer Al2O3 and nanometric ZrO2 powder 

with a sufficient strength allowing post SLS processing, a minimum amount of 

respectively, 60 and 70 vol. % polymer binder was required. The composition and laser 

energy density clearly influenced the density and strength of the green parts. Parts with 

good dimensional accuracy and strength could only be formed in a well defined laser 

energy density window. At lower energy density, the parts were distorted and fragile, 

whereas the polymer was burned at higher energy inputs. However, the green parts 

produced under optimum SLS parameters were porous and exhibited a low (37-55 % of 

TD) density. Although subsequent debinding and furnace sintering resulted in crack-free 

parts, the sintered density was too low (30-50 % of TD) for the parts to be used for 

structural applications. The green and sintered density of the parts could be increased by 

applying pressure slurry infiltration (PI) and warm isostatic pressing (WIPing). PI 
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increased the sintered density of alumina and zirconia parts to 64 and 54 % of TD 

respectively. WIPing was more effective as alumina and zirconia parts with a sintered 

density ~89 and 92 % respectively, were obtained. However, WIPing resulted in a large 

volume shrinkage (~82 %) which could cause internal crack formation in the parts. 

Combination of PI and WIPing was helpful to reduce the amount of shrinkage to 62 % 

and crack-free parts could be produced. 

Compared to direct SLS/M techniques, the indirect SLS approach adapted in this study 

had the distinct advantage that crack-free parts could be fabricated. However, the density 

of the parts was limited. The reason for the low sintered density was the low green 

density of the SLS parts. During SLS, the packing of the microsphere composite powder 

layers deposited by a roller was not high enough to produce dense green parts. The local 

melting of the polymer as a result of irradiation by the laser beam did not generate 

enough melt flow to fill the interagglomerate space in the deposited microsphere layers. 

The homogeneity and density of the green parts were critical parameters and determined 

the quality of the sintered parts. The post-processing efforts to improve the quality of the 

green parts were helpful but fully dense parts were not yet realized. 

6.2. Future recommendations 

The distinct advantage of the indirect SLS was that it could be used to fabricate crack-

free ceramic parts. The low density of the parts achieved by this technique however limits 

the use of the parts for high strength and structural applications. The inhomogeneity and 

low packing density of the starting layers was identified as the main reason for the 

modest green and sintered density. This problem can be overcome by (1) fine tuning the 

morphology and melt viscosity of the composite powder, (2) using a slurry based 

deposition system that would allow the deposition of homogeneous ceramic-polymer 

composite layers with high packing density. The first approach may require the 

development of a dedicated polymer binder or binder system with lower melt viscosity 

and better melt flow during SLS. A possible route is to lower the molecular weight of the 

polymer. The improved melt flow during SLS can increase the green density and 

homogeneity of the microstructure. Finding an optimum size or mixture of different size 
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fractions of the starting composite powder can be helpful to improve the packing of the 

powder bed and subsequently the density of the green parts. The fabrication of such 

powders may require further investigation and optimization of the TIPS parameters like 

composition of the solution, stirring rate, cooling rate, etc. The second approach 

combines the homogeneity obtained from colloidal processing with the crack-free 

fabrication of indirect SLS. In their preliminary experiments, Tang et al., [6.1] have 

shown that this approach indeed allows to fabricate crack-free high density Al2O3 parts. 

This requires the development of a new slurry based layer deposition system and the 

integration of this system into the SLS equipment. The next challenge will be the 

development of optimized slurries to be used for layer deposition. Each layer deposited 

by such a system will have to be dried before SLS, which decreases the part building rate. 

The powder that is not scanned by the laser during SLS should be re-useable. 

An alternative technique that can be applied on the same setup developed for slurry based 

indirect SLS is “ceramic laser gelling”. This approach combines ceramic gelcasting with 

selective laser sintering. In conventional gelcasting of ceramics, a low viscosity 

suspension containing fine ceramic particles, monomers and a thermal initiator is 

prepared and poured into a mould. Subsequent heating of the filled mould around 60 to 

80°C decomposes the thermal initiator into free radicals and initiates monomer 

polymerization that forms a network around the ceramic particles. This provides the 

necessary strength for the polymer-ceramic composite part. The polymer is subsequently 

removed by thermal treatment and the green parts are sintered. Gelcasting is very well 

investigated and a substantial amount of information is available regarding the 

preparation of optimum slurries [6.2]. Ceramic laser gelling will require local heating of 

the suspension up to ~ 80°C which can be achieved using a low power laser (in the mW 

range) and can reduce the process cost. This approach is similar to stereolithography 

(SL), where laser light is used to initiate the photo polymerization reaction by activating a 

photo initiator by photon absorption. Ceramic laser gelling can use highly loaded ceramic 

suspensions to fabricate dense ceramic parts and the drying step can be eliminated as the 

gelling or polymerization will take place from a monomer-ceramic suspension. This can 

decrease the part building time and the suspension can be re-used. 
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