
1 INTRODUCTION:  RESEARCH STRATEGY 

SLS of metal or ceramic components can be done di-
rectly or indirectly. Indirect selective laser sintering 
involves melting of an organic binder phase to pro-
duce ‘green parts’. After the laser sintering step, the 
binder phase is removed and the density of the part 
is improved by furnace sintering or infiltration. Di-
rect selective laser sintering does not involve a sacri-
ficial binder phase and the material is directly sin-
tered or melted to produce parts (Dewidar et al.  
2008). 

Different types of organic binders are already ex-
amined to fabricate ceramic parts via SLS: waxes 
(e.g. stearic acid by Liu et al., 2007), thermosets (e.g. 
phenolic by Evans et al., 2005), amorphous thermo-
plastics (e.g. PMMA by Subramanian et al., 1995), 
or (semi-)crystalline thermoplastics (e.g. polyamide 
by Gill T.J. et al., 2004). T.J. Gill et al. used SLS to 
produce SiC/polyamide composite parts. The poly-
amide (PA) fraction was melted as a result of laser 
beam irradiation, gluing the SiC particles together. 
However, the production of pure SiC parts by binder 
burnout and subsequent sintering was not studied. 

1.1 Strategy to improve final density 

Indirect SLS with the use of a sacrificial binder 
phase is a good method to produce crack free green 
parts, but the final density after debinding and fur-
nace sintering is generally low. In order to improve 
the final density of the parts, the green density 
should be as high as possible. In this paper additive 
manufacturing processing strategies (remelting) and 
powder metallurgy processing techniques (CIP, QIP 

or infiltration) are applied to improve the green den-
sity. 

Remelting means to laser scan powder layers 
multiple times instead of only once. Remelting is al-
ready vastly studied for Selective Laser Melting 
(SLM) of metals. It is used to improve the part prop-
erties like surface roughness, hardness and density 
(Yasa E. et al, 2011). Also for SLS, remelting has 
the possibility to improve the density of the fabri-
cated parts. 

 Cold isostatic pressing (CIP) is commercially 
used to produce homogeneous and high density (up 
to 60%) green powder compacts with increased 
shape complexity by applying pressure from multi-
ple directions. However, CIP has some geometrical 
restrictions: it cannot be used to densify complex 
geometries with internal structures (these structures 
would collapse during the CIP process). The CIP 
technology can be divided into a wet-bag or dry-bag 
approach. During wet-bag isostatic pressing, the 
powder is encapsulated in a rubber sheath or bag 
(mould) that is immersed in a liquid that transmits 
the pressure uniformly to the powder (figure 1). Dry 
bag presses have a bag as an integral part of the 
pressure vessel and are used when many parts of 
simple geometry have to be made. 

Since the shape of the parts is maintained during 
wet-beg CIPing, combined indirect SLS and wet-bag 
CIPing can be used as a net shaping technique to 
produce dense parts. Du et al. (2010) used CIPing in 
order to produce AISI304 stainless steel parts by 
SLS. Liu et al. (2010) used CIPing in order to pro-
duce dental K2O-Al2O3-SiO2 glass-ceramic parts by 
SLS. 
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The difference between QIPing and wet-bag CIP-
ing, is that during QIPing powder particles are used 
instead of a liquid as pressure transmitting medium 
(see figure 2). It is also not needed to encapsulate the 
samples in a rubber sheath or bag (mould) before 
isostatically pressing. Moreover, QIPing can be per-
formed at elevated temperatures, which enables the 
binder to plastically deform during isostatic pressing. 
On the other hand, since the pressure is only applied 
in one direction during the QIP process, the con-
comitant shrinkage is non-uniform. 

 
 

 
 
 
 
 
 
 

 
Figure 1. Schematic representation of a wet-bag cold-isostatic 
pressing system. 

 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 2. QIP installation which uses alumina as pressure 
transmitting medium. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Another way to improve the density of the green 
parts is to infiltrate it with a ceramic suspension. 
Subramanian et al., 1995 found that infiltration of 
small quantities of alumina colloids improve the part 
strength greatly during debinding and sintering. 

1.2 Strategy to improve geometrical quality 

In order to obtain high strength ceramic components 
with a good final microstructure (i.e. small grain 
sizes), submicrometer ceramic particles have to be 
used as a ceramic starting material for SLS. How-
ever, such submicrometer powder is hard to deposit 
in thin layers during the SLS process: interparticle 
forces make submicrometer powder particles to clus-
ter when deposited by conventional SLS deposition 
systems, such as a roller or scraper system. The ran-
dom clustering of the particles decreases the flow-
ability of the powder and the deposited layers gener-
ally are inhomogeneous (Kolosov et al., 2006). In 
order to increase the homogeneity of conventionally 
deposited layers, the submicrometer ceramic pow-
ders need to be turned into spherical agglomerates. 
In this paper, an innovative phase inversion tech-
nique is used to produce spherical agglomerates of 
about 50µm consisting of submicrometer alumina 
encapsulated in a polyamide matrix. This agglomer-
ate size is large enough to avoid the unwanted clus-
tering and fine enough to produce parts with a good 
geometrical quality. 

 
2 POWDER METALLURGY PROCESSING 

FLOW CHART 

Figure 3 schematically presents the ceramic process-
ing flow charts assessed in this work. The next para-
graph (§ 3) of the paper describes the production of 
the composite starting powder. Paragraph 4 explains  

 

 

 

 

 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 3. Powder metallurgy processing flow charts. 



how the SLS parameters are optimized to produce 
green parts. It also explains the debinding (deb.) and 
furnace sinter (FS) parameters used in the paper. In 
order to improve the final density of the alumina 
parts, the density of the green parts has to be opti-
mized. Three startegies to improve the density of the 
green parts are discussed in paragraphs 5, 6 and 7: 
remelting, CIP/QIP and infiltration. Finally, para-
graph 8 demonstrates the geometrical achievements 
and limits of the proposed powder metallurgy proc-
ess. 
The paper investigates the quality of the compo-

nents during the different processing steps through 
density measurements (obtained by using the geo-
metrical method), geometrical assessments and/or 
scanning electron microscopy (SEM) microstructural 
analyses. In this way, the paper gives an objective 
view on the feasibility of processing alumina parts 
through SLS of spherical alumina-polyamide com-
posite powder particles. 

 
3 POWDER PRODUCTION: PHASE 

INVERSION 

A phase inversion (or dissolution-precipitation) 
technique is used to produce 40wt% alumina - 
60wt% PA composite spheres (Yuan and Williams 
2007). The phase inversion technique involves the 
dissolution of polymer in a suitable solvent by mix-
ing, heating or increasing the pressure. The polymer 
is then allowed to precipitate from the homogeneous 
polymer solution by cooling the solution, also 
known as thermally induced phase separation 
(TIPS), reducing the pressure, evaporation of the 
solvent or adding a non-solvent (Van de Witte et al. 
1996). 
High purity α-alumina (grade SM8, Baikowski, 

France) powder with a d50~0.3 µm, together with PA 
powders (grade Duraform PA, 3DSystems, USA) are 
added to DMSO in a ratio 5/5/90 vol% alumina, PA 
and DMSO (dimethyl sulfoxide). This suspension is 
externally stirred in a 2 litre flask. The suspension is 
heated to 140°C (above the dissolution temperature 
of ~135°C) for 15 minutes under N2 atmosphere to 
dissolve PA in DMSO. While stirring, the suspen-
sion is allowed to naturally cool down to room tem-
perature. Cooling of the PA solution leads to a liq-
uid-liquid phase separation to form two phases 
consisting of a DMSO rich phase and a PA rich 
phase. Upon further cooling the PA rich phase so-
lidifies while surrounding the alumina submicrome-
ter particles. Vacuum filtration is used to separate 
the PA-alumina precipitates from the DMSO and 
around 80% of the DMSO could be recovered. Pre-
cipitates are subsequently washed multiple times 
with ethanol and dried in an oven at 80°C for 24 
hours. 
 Fourier transform infrared spectroscopy (FTIR) 

(Avatar 370, Thermo Optek, USA) confirmed that 

the polyamide doesn’t experience structural changes 
during the powder production process. Differential 
scanning calorimetry (DSC) and thermal gravimetric 
analysis (TGA) (Model-2920, TA instruments, USA) 
confirmed that the thermal properties of the compos-
ite powder are more or less the same as the thermal 
properties of the PA starting powder. The particle 
size of the composite microspheres is measured by 
laser diffraction (Mastersizer Plus, UK). The com-
posite powder, shown in figure 4 shows a monomo-
dal distribution with an average diameter of ~53 µm 
and a particle size ranging from 2 to 105 µm.  The 
morphology of the PA starting powder and produced 
composite powder is studied by scanning electron 
microscopy (SEM, XL30-FEG, FEI, The Nether-
lands). As depicted in figure 5a, the pure PA powder 
shows a honeycomb pattern. During the phase sepa-
ration process, the channels of this honeycomb pat-
tern are filled with the submicrometer alumina parti-
cles (figure 5b). The result of the powder production 
process are ~53 µm spherical alumina-PA composite 
particles. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Particle size distribution of composite microspheres. 
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(b) 
Figure 5. (a) Honeycomb pattern in pure PA powder. (b) Alu-
mina particles, filling the honeycomb pattern. 

 



4 SELECTIVE LASER SINTERING, 
DEBINDING AND FURNACE SINTERING 

4.1 SLS of the produced powder 

Green samples are fabricated using a Sinterstation 
2000 machine (DTM Corporation / 3DSystems, 
USA) equipped with a 100 W CO2 laser (f100, Syn-
rad, USA) with a wavelength of 10.6 µm and a laser 
beam diameter Ø1/e² of 400 µm. Powder layers are 
deposited by a counter current roller and irradiated 
with the laser beam. In order to avoid thermal oxida-
tion, SLS is performed in N2 atmosphere (Air Liq-
uide, Belgium, [O2] < 5 %). In order to improve the 
laser sinterability of the powder and to avoid thermal 
cracks, the parts are produced at elevated tempera-
ture of the powder bed (~175°C). These powder pre-
heating parameters are the standard preheating pa-
rameters for SLS of pure Duraform PA powder 
(without alumina addition). The energy required to 
melt PA is partly supplied by preheating of the pow-
der bed to a temperature slightly below the melting 
point of 179°C (distributed cylinder heating and sur-
face IR heating) and by extra laser irradiation which 
locally raises the temperature above the melting 
point.  
According the Quasi Isothermal Theory (Drummer 

D. et al., 2010), during the SLS process the compos-
ite powder is preheated to a temperature between the 
crystallisation and melting temperature of polyam-
ide. The laser energy is used to melt the PA and the 
PA-alumina remains at a melted state until all layers 
of the component are produced. The surrounding 
composite powder that is not melted, supports the 
generated melt. During the final cooling down stage 
of the process, the PA crystallizes and a solid alu-
mina-PA component is formed. 
Besides tests to investigate the powder preheating 

and cooling conditions, a parametrical study is per-
formed to investigate other crucial SLS parameters. 
In this parametrical study, parts of 15x15x10 mm³ 
are produced with a laser power ‘P’, scan speed ‘v’, 
scan spacing ‘s’ and layer thickness ’l’ varying be-
tween respectively 3-7 W, 300-1200 mm/s, 100-500 
µm and 80-150 µm. The laser energy density, e, 
combining these parameters is an important parame-
ter, and is defined as: 

                               
P

e =
s.v.l

                               (1) 

When scanning with low laser energy densities, 
the melted PA phase is too little to consolidate pow-
der particles (figure 6a). When scanning with too 
high laser energy densities, the PA degrades (figure 
6b). Both too low and too high laser energy densities 
result in fragile green parts, which cannot be used for 
further processing. During the SLS process, the 
scanned layers can delaminate (figure 6c). Delamina-
tion especially occurs when a too low layer thickness 
(e.g. ~80 µm) is used: during layer deposition, the  

 
     (a)                    (b)                               (c) 
Figure 6. Parts produced with too low (a) and too high (b) laser 
energy densities. Delamination of a part with a relatively low 
(~80 µm ) layer thickness (c). 

surface roughness peaks hit the roller which drags 
along the parts being produced. 

After manual inspecting the strength and the 
amount of delamination, four parts are selected to 
further investigate the geometrical accuracy by using 
a vernier caliper and the green density by using the 
geometrical method. Finally, the following parame-
ter set is chosen: 5W laser power, 600 mm/s scan 
speed, 150 µm scan spacing and 150 µm layer thick-
ness (table 1). As depicted in table 2, this parameter 
set resulted in a geometrical error of 9% and a rela-
tive green density of 54% of the theoretical density 
TD of the composite powder (=2,204 g/cm³). The 
optimized set of SLS parameters is used for all fur-
ther parts produced in this paper. The resulting parts 
have a mean green density of 55% of the TD 
 
 
Table 1.  SLS parameters of selected parts after manual inspec-
tion (optimized parameter set in bold). _____________________________________ 
               laser      scan      scan            layer  
    power    speed    spacing     thickness    _____  ______  _______   _________  
       W  mm/s     µm             µm _____________________________________ 
Part 1  3       600    150        150 
Part 2  5   600      150            150 
Part 3  5   1250   150            150 
Part 4  5    600    300            150 _____________________________________ 
 
 
Table 2.  Geometrical and density analysis of the selected parts 
(optimized parameter set in bold) _____________________________________ 
               volumetrical      green     relative green             
           error           density      density      ___________  ______  ____________  
            %           g/cm³       % of TD  _____________________________________ 
Part 1      11               1,18            54 
Part 2       9            1,20            54       
Part 3      11               1,16             52    
Part 4      11            1,17            53     _____________________________________ 
 

4.2 Debinding and furnace sintering 

In a debinding step, the polymer is removed from the 
green parts. A heating rate of 0.1°C/min is applied 
with a 2 hours dwell time at 275°C and 600°C, fol-
lowed by furnace cooling. The submicrometer alu-
mina particles are solid state sintered in a furnace 
sintering step. In this step a heating rate of 5°C/min 
is applied with a dwell time of 60 minutes at 
1600°C, followed by furnace cooling.  



After the furnace sintering step, the parts produced 
with optimized parameters have a mean density of 
about 50% of the TD of alumina (= 3.92 g/cm³). 
SEM images of the final parts (figure 7) show that 
the agglomerates do not collapse during the debind-
ing cycle. Instead, they are sintered together during 
furnace sintering. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7. SEM images of the final part. 

 
5 SLS AND REMELTING 

A first strategy to improve the densities of the green 
parts is to laser scan every powder layer two or more 
times instead of only once, i.e. remelting. During the 
performed remelting tests, every powder layer is 
scanned once with the optimized parameter set for 
SLS and also one or two times with different remelt-
ing parameters. The remelting parameters are the fol-
lowing: a laser power ‘P’ of 5-10W, a scan speed ‘v’ 
of 320-1280mm/s and a scan spacing ‘s’ of 150µm. 

As depicted in table 3 and table 4, applying the 
remelting scan strategy can increase the green densi-
ties of the parts up to 63%. However, the final den-
sity after debinding and furnace sintering is only in-
creased up to 51% of the theoretical density. This 
non significant increase in final density cannot be 
clearly observed by comparing the SEM images of 
figure 8 with the SEM images of figure 7. 
 
Table 3. Green densities after remelting (bold, top) and final 
densities after furnace sintering (bottom) of the parts which are 
remelted once. Densities are in % of TD. (green density before 
remelting =55%) 

 
 
 
 
 
 

 
 
 
 
 
 

Table 4.  Green densities after remelting (bold, top) and final 
densities after furnace sintering (bottom) of the parts which are 
remelted twice. Densities are in % of TD. (density before re-
melting = 55%)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. SEM images of a part produced by remelting twice. 
(P=10W, v=1280mm/s) 

 

6 COLD AND QUASI ISOSTATIC PRESSING 

6.1 Cold isostatic pressing (CIP) 

Another strategy to improve the final density is to 
CIP the green parts before debinding and furnace 
sintering. Samples, produced by SLSing with opti-
mized parameters, are vacuum packed in a rubber 
sheat or bag. The vacuum packed samples are placed 
in a pressure vessel (figure 1) and isostatically 
pressed at respectively 100MPa, 150MPa and 
200MPa. 
CIP can increase the relative green density of the 

parts from ~55% to ~76% (table 5), i.e. about 20%. 
Final densities up to 62%  are obtained. The in-
crease in final density can be observed by comparing 
the microstructure of the produced parts with (figure 
9) and without (figure 7) the CIP step. CIPing at 
higher pressures seems to give slightly higher green 
densities, but no influence of CIP pressure can be 
observed on the final densities of the parts. 
 
  
Table 5. Relative densities during a PM process, which uses a 
CIPing step with varying amount of pressure (100-200 MPa). _____________________________________________ 
                               CIP pressure       _______________________________ 
      100 MPa  150 MPa  200 MPa _____________________________________________ 
after SLS      55%         55%              54% 
after CIP      74%         77%              78% 
after deb. and FS   62%         53%              59% _____________________________________________ 
 
 



 
 
 
 
 
 
  
        (a) CIP: 100MPa                        (b) CIP: 200MPa 

 
 
 
 
 
 
 
         (c) CIP: 100MPa                       (d) CIP: 200MPa 

Figure 9. SEM images of CIP parts after furnace sintering.  

6.2 Quasi isostatic pressing (QIP) 
 

The difference between QIPing and wet-bag CIPing, 
is that during QIPing powder particles are used in-
stead of a liquid as pressure transmitting medium 
(see figure 2). Moreover, QIPing can be performed 
at elevated temperatures. QIPing tests at 100°C and 
160°C are performed for 5 and 30 minutes. 
Compared to QIPing at 100°C, QIPing at 160°C 

clearly results in higher green densities (table 6). At 
160°C PA has a higher plasticity and therefore the 
green part can be compressed to higher densities. 
QIPing for a short period of time (5 minutes) seems 
to result in higher green densities, compared to QIP-
ing for longer time periods (30 minutes). Finally, 
densities up to 64% of TD are reached by a PM 
process which uses a QIP step. This increase in final 
density again can be observed by comparing the mi-
crostructure of the produced parts with (figure 10) 
and without (figure 7) the QIP step. 
 

Table 6. Relative densities during a PM process which uses a 
QIPing step with varying temperature (100°C and 160°C) and 
varying amount of time (5 and 30 minutes). __________________________________________________ 
                               QIP temperature-time     ____________________________________________ 
    100°C-5min | 100°C-30min |160°C-5min | 160°C-30min __________________________________________________ 
after SLS 54%          56%                 59%                55% 
after QIP 64%          63%                 81%                72%  
after FS      64%          54%                 64%                57%  _________________________________________________ 
 
 
 
 
 
 
 
 
 
 

        (a) QIP: 100°C                       (b) QIP: 160°C 

 
 
 

 
 
 
 
 
 
 
 
         (c) QIP: 100°C                       (d) QIP: 160°C 

Figure 10. SEM images of QIP parts after furnace sintering.  

7 INFILTRATION 

A last method investigated to improve the green 
density is to infiltrate green parts with a suspension 
containing submicrometer alumina particles (grade 
SM8, Baikowski, France). As well water as ethanol 
are used as suspension fluida, but only a significant 
increase in green density could be established by us-
ing the ethanol suspensions. The infiltration behav-
iour of two ethanol suspensions with different alu-
mina contents (10vol% and 20vol%) is investigated. 
Moreover the infiltration time is varied between 2 
and 12 hours.  
As illustrated in table 7, infiltrating with a 20vol% 

alumina suspension results in higher green densities 
compared to infiltrating with a 10vol% alumina sus-
pension. Infiltrating for longer periods of time seems 
to result in slightly higher green densities. Final den-
sities up to 55% of the TD of alumina are reached 
after furnace sintering. No clear correlation between 
the final density of the parts and the alumina concen-
tration in the suspension or infiltration time can be 
observed. Moreover, no microstructural changes can 
be clearly observed by comparing the SEM images 
of figure 11 with the SEM images of figure 7. 
 
 

Table 7. Relative densities during a PM process, which uses an 
infiltration step with varying amount of time (2-12hours) and 
concentration of the ethanol suspension (10vol% and 20vol%). _____________________________________________        
                after SLS  after infiltration  after FS _____________________________________________ 
2h-10vol%      51%                55%                  47% 
4h-10vol%      53%                58%                  48% 
6h-10vol%      53%                60%                  50% 
8h-10vol%      53%                59%                  48% 
10h-10vol%  54%                63%                  55% 
12h-10vol%  55%                62%                  47% 
2h-20vol%      52%                63%                  48% 
4h-20vol%      54%                65%                  48% 
6h-20vol%      53%                65%                  55% 
8h-20vol%      52%                64%                  49% 
10h-20vol%  54%                64%                  52% 
12h-20vol%  53%                65%                  51% _____________________________________________ 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
        (a) 4h-10vol%                          (b) 12h-10vol% 

 
 
 
 
 
 
 
         (c) 4h-20vol%                          (b) 12h-20vol% 
Figure 11. SEM images of infiltrated parts after furnace sinter-
ing.  

8 GEOMETRICAL ASSESSMENTS 

The investigated PM process enables the production 
of freeform parts with a good geometrical accuracy 
through indirect SLS (see figure 12). The production 
of parts with a good geometrical accuracy is possible 
since the particle size of the starting powder is rela-
tively low (~50µm). Moreover, due to the spherical 
shape of the powder, the small particles can be well 
deposited by the counter current roller system which 
is used during SLS. 

 

 

 
 
  (a) dental crown        (b) gear          (c) two rings 

 

 

      
 
 (d) lightweight cube       (e) turbine blades        

Figure 12. Complex shaped alumina parts produced by the PM 
process. 

8.1 Dimensional error introduced during SLS 

The dimensional error introduced during the SLS 
process is investigated by producing 10 identical 
parts (15x15x10 mm³) with the optimized SLS pa-
rameters. The the x-, y- and z- dimensions of the 
parts are measured by a vernier calliper and used to 
calculate the procentual error according to the fol-
lowing formula: 

error = |measured value - expected value|           (2) 
                        expected value 

Table 8 shows that the procentual dimensional er-
rors in the scan directions (i.e. x- and y-directions) 
have more or less the same magnitude, but are rela-
tively small compared to the dimensional error of 

about 10% in the build direction (z-direction). This 
means that there is a non-uniform deformation of the 
part during the sinter process. 
 
Table 8. Dimensional error of SLSed parts. _____________________________________ 
                  error in           error in        error in             
     x-direction     y-direction    z-direction      __________ __________ _________  
            %               %                %  _____________________________________ 
Part 1      0%             1%              9% 
Part 2      1%             2%            11%    
Part 3      1%             1%            11%    
Part 4      1%             3%              5% 
Part 5      1%             4%             10% 
Part 6      1%             1%             10% 
Part 7      5%             3%             10% 
Part 8      3%             1%             15% 
Part 9      2%             5%             10% 
Part 10      1%             1%             13%     _____________________________________ 

8.2 Dimensional change during debinding and 
furnace sintering 

Figure 13 represents the famous Belgian statue 
‘Manneken Pis’ as a green and final part. The figure 
illustrates that the produced green parts undergo a 
large but seemingly uniform shrinkage during de-
binding and furnace sintering. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 13. Seemingly uniform shrinkage of part during debind-
ing and furnace sintering.  

8.3 Dimensional change during the whole PM 
process 

A benchmark part is produced in order to investigate 
the roughness, the dimensional accuracy and the 
shrinkage in the x- and y-directions during the PM 
process. After the SLS step and after the debinding 
and furnace sintering step, roughness values are ob-
tained by a Talysurf-120L device (Taylor-Hobson, 
UK). Multiple dimensions of the green and final 
benchmark part (figure 14) are measured by a coor-
dinate measuring machine (CMM, FN905, Mitutoyo, 
Japan).  
 



 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 14. Benchmark part. 

Different roughness values (Ra, Rt and Rz) are ob-
tained in x- and y- direction. A gaussion filter with a 
lower (Ls) and higher (Lc) cutoff value of respec-
tively 0,008mm and 2,5mm is used to process the 
measured data. 
As depicted in table 9, there seems to be no sig-

nificant directional dependency between the rough-
ness values in the x- and y- dirction. On the other 
hand, the roughness values of the final parts are 
somewhat lower as the roughness values of the green 
parts. This may be due to the shrinkage of part dur-
ing debinding and furnace sintering. 
 
Table 9. Mean roughness values of green and final benchmark 
part. _________________________________________ 
                                     x-direction     y-direction   _________________________________________ 
Green part: Ra [µm]  17µm             17µm 
Green part: Rt [µm]    140µm           140µm 
Green part: Rz [µm]       110µm           112µm 
Final part: Ra [µm]       16µm             15µm 
Final part: Rt [µm]      112µm          104µm 
Final part: Rz [µm]           98µm             88µm _________________________________________ 

Figure 15 compares different dimensions of the 
CAD design of the benchmark part with the corre-
sponding CMM measurements of the green and final 
part. The green part dimensions are slightly smaller 
compared to the dimensions of the designed part, but 
during debinding and furnace sintering a larger 
shrinkage occurs. The larger the size of the dimen-
sion, the more the absolute amount of shrinkage. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15. Discrepancy between designed x-y-dimensions and 
x-y dimensions of green and final part. 

From the measurements with the CMM, the pro-
centual shrinkage of the parts during the SLS process 
and during debinding and funace sintering are calcu-
lated, together with the 95% confidence intervals 
(figure 16). A distinction is made between internal 
and external geometries.  
After the SLS process, the x- and y-dimensions of 

the benchmark part are generally some percentages 
smaller than the corresponding CAD dimensions. On 
the other hand, the x- and y- dimensions of the final 
part are about 75%-80% of the original CAD dimen-
sions. Finally, the 95% confidence intervals are 
much smaller for the external as for the internal di-
mensions. This means that the part accuracies are 
better for external geometries. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. Shrinkage of internal and external geometries during 
the PM process (95% confidence levels are shown). 

9 SUMMARY & CONCLUSIONS 

A PM process is presented to produce freeform alu-
mina parts through indirect SLS. An innovative 
phase inversion technique is used to produce spheri-
cal alumina-PA composite starting powder of 
~50µm. Different strategies are investigated to in-
crease the green and final densities of the produced 
parts: remelting, CIP, QIP and infiltration (table 10). 
Applying a remelting strategy can increase the green 
densities of the parts after SLS, but not significantly 
the final densities. Using CIP and QIP can increase 
the final density of the alumina part up to 62% or 
64% of the TD. By applying the infiltration tech-
nique, the green and final density of the produced 
parts can be increased up to respectively 65% and 
55% of the TD. 

 

Table 10. Evolution of densities during different PM processes. _______________________________________________ 
                                  mean            maximal           maximal   
                   density after    density after          final 
                                   SLS        post processing      density                   __________ _____________ _________  
                           %           %                      %  _______________________________________________ 
Only SLS               55%             - %                   50% 
SLS & remelting        - %             63%               51%    
SLS & CIP                  55%              78%                 62% 
SLS & QIP           55%             81%               64% 
SLS & infiltration       55%             65%               55%     ________________________________________________ 



Notice that the remelting and infiltration technique 
can be applied on any geometry, whether CIPing 
cannot be applied on e.g. parts with internal struc-
tures. QIPing has the disadvantage to deform the 
green part non-uniformly. A suggestion for further 
research is to investigate further the influence of re-
melting and infiltration (or maybe a combination of 
both) on the final densities of the parts. Also work-
ing with other binder materials which have a lower 
viscosity during the SLS process seems a promising 
strategy to improve the green and final densities of 
the parts. 
As depicted in figure 12 and figure 13, the pre-

sented PM process allows the production of freeform 
and complex alumina geometries with relatively low 
roughness values. During the SLS process, the di-
mensional error in the scan directions is more or less 
the same, but much lower as the dimensional error of 
about 10% in the build direction. The produced parts 
seem to undergo a uniform shrinkage of about 75%-
80% during the debinding and furnace sintering step. 
Also the assessed roughness values decrease during 
debinding and furnace sintering. Finally, it is ob-
served that external geometries can be produced 
more accurately than internal geometries. 
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