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bstract

he effects of laser sintering parameters (laser power, scan speed and hatching space) and post sintering process (heating rate, sintering temperature
nd holding time) on the physical and mechanical properties of porcelain components have been investigated. The study has been carried out using
he Taguchi’s method for the experimental design. In the laser sintering process, lower laser energy density and higher hatching space will increase
he final mechanical properties of the porcelain components. A stress relief principle has been put forward to explain the different influence of the
actors. The appropriate laser sintering parameters are attained in this paper: laser power 50 W; scan speed 85 mm/s; and hatching space 0.6 mm.

intering temperature has been determined to be the most important factor in the post sintering process. Appropriate sintering temperature for the

aser sintered porcelain bodies is in the range of 1425–1475 ◦C regarding the mechanical properties of the porcelain components. The maximum
ending strength, 34.0 ± 4.9 MPa, is reached.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Ceramics have many outstanding physical and chemical
roperties and attract lots of researchers’ attentions to find new
ndustry applications for this kind of material such as compo-
ents resistant to the high temperature,1 piezoelectric sensor and
ctuators.2,3 However, ceramic components with complex struc-
ures cannot be shaped by the conventional formation process
uch as casting, forging and machining. Industrial applications
f ceramic materials are largely restricted by the lack of the net-
haping capability for the components with complex structures.

When rapid prototyping came into being at the end of last cen-
ury, the general purpose was just to make prototypes in order to

educe the time of product development by shortening the period
etween design and test. But now functional components, spe-
ially using metal or ceramic materials, are manufactured by the

∗ Corresponding author at: Department for Engineering Ceramics, Clausthal
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ermany.
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al application

apid prototyping process.4–8 Rapid prototyping provides sev-
ral processes to realize the net shaping of the ceramic functional
omponents such as stereolithography of the ceramic slurry,
elective laser sintering of ceramic powder and 3D printing.
elective laser sintering (SLS) is a more promising process than
ther methods because the ceramic bodies fabricated by this
ethod have a lower shrinkage and higher density after post

intering.
The fabrication process described in present paper is a kind of

LS which uses the layer-wise slurry deposition (LSD) instead
f ceramic powder.9,10 High density green layers are attained
fter drying because of the deposition of slurries. Consequently,
intering is more activated and the densities of the green bodies
s well as the post sintered ceramic bodies are higher than the
raditional SLS processes.

Porcelain slurry has been used in the present work to inves-
igate the laser sintering and post sintering processes. The laser

intering process using layer-wise slurry deposition has been
nvestigated only by Günster et al.9 and Gahler et al.10 The slurry
sed by Gahler was alumina and silica for the dental ceramic
omponents and porcelain slurry by Günster. Dental porcelain

mailto:leoxyt@mail.xjtu.edu.cn
dx.doi.org/10.1016/j.jeurceramsoc.2008.12.002
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Table 2
Values of each level for the factors in post sintering process.

Factors Level 1 Level 2 Level 3

Heating rate (◦C/min) 10 15 20
Sintering temperature (◦C) 1225 1275 1325
Holding time (min) 10 60 120

Table 3
Experimental scheme for the laser sintering process, L9 (34) orthogonal array.

Run Factors ea (J/cm2)

Laser
power (W)

Scan speed
(mm/s)

Hatching
space (mm)

R1 40 85 0.3 78.43
R2 40 100 0.45 66.67
R3 40 150 0.6 44.44
R4 50 85 0.45 98.04
R5 50 100 0.6 83.33
R6 50 150 0.3 55.56
R7 60 85 0.6 117.65
R8 60 100 0.3 100
R9 60 150 0.45 66.67
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lurry was also used by Shaw as the raw material in the multi-
aterial extrusion and laser densification process.11,12 But the

elationships between laser sintering process and properties of
he ceramic components were not mentioned in their studies. For
ceramic part in industrial applications, the mechanical proper-

ies are very important. So, the relationships between the process
arameters and the mechanical properties have been carefully
nvestigated in the present work.

There are already abundant literatures about the properties
f porcelain components fabricated by the conventional pro-
esses. The influence of firing conditions, filler grain size and
uartz content etc. on the microstructures, phase compositions
nd bending strength has been widely researched.13–17 But the
ost sintering process has been carefully reinvestigated again
n this paper because of the different formation processes of
he green bodies, uniaxial pressure in the conventional process
nd laser sintering in the present work. The distinct microstruc-
ures and properties of the green bodies will cause different post
intering process and final mechanical properties.

The main intention of the present work is to investigate the
aser sintering parameters and the post sintering process, and
hen to find out the relationships between all the factors in the
rocesses and microstructures and mechanical properties of the
nal ceramic components.

. Experimental procedure

.1. Experimental design

After the ceramic samples are fabricated by LSD and laser
intering, the samples are post sintered to eliminate the pores
n the green bodies and then improve their mechanical strength.
n LSD and laser sintering process, four parameters should be
nvestigated, laser power, scanning speed, hatching space and
ayer depth. But in present work the depth of each layer is con-
tant, 0.1 mm, for all the experiments. Three levels for other three
arameters are applied as shown in Table 1. The values of each
evel have been chosen according to the previous experiment
esults. In post sintering process, there are three main parame-
ers needed to be considered, heating rate, sintering temperature
nd holding time. Three levels for each parameter are applied as
hown in Table 2 within the ranges usually used in the industrial
ractice for the porcelain productions.
There are two basic statistical methods to design an exper-
mental investigation,18 namely full factorial and fractional
actorial experiment design. When the numbers of factors and
evels for each factor are large, full factorial experimental

able 1
alues of each level for the factors in laser sintering process.

actors Level 1 Level 2 Level 3

aser power (W) 40 50 60
can speed (mm/s) 85 100 150
atching space (mm)a 0.3 0.45 0.6

a Central distance between two parallel laser scanning lines.

E

R

R
R
R
R
R
R
R
R
R

a Laser energy density which can be calculated by Eq. (1).

esign is impractical. To reduce the experiment times, frac-
ional factorial experimental design is always adopted by many
esearchers.

Taguchi’s fractional factorial design method is one of the
ost widely used design methods.19,20 In Taguchi’s method, the

xperiments are limited to a special subset of the full factorial
xperimental array. In present work, a four by nine experimen-
al matrix, according to Taguchi’s method, is used. This array,
eferred in the literatures21,22 as the L9 (34) orthogonal array, is
resent in Tables 3 and 4. There are just three factors selected in
he laser sintering and post sintering processes, so there should
e a blank factor column in the L9 (34) array. In Tables 3 and 4,
he blank columns have been deleted. The laser energy density
e) is not the experiment factor and can be calculated by Eq.
1).
xperimental scheme for the post sintering process, L9 (34) orthogonal array.

un Factors

Heating rate
(◦C/min)

Sintering
temperature (◦C)

Holding time
(min)

1 10 1225 10
2 10 1275 60
3 10 1325 120
4 15 1225 60
5 15 1275 120
6 15 1325 10
7 20 1225 120
8 20 1275 10
9 20 1325 60
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LaserED (J/cm2) = P

D × V
(1)

where P is the laser power, D is the diameter of the laser beam
(0.6 mm in present work) and V is the laser scanning speed.
ig. 1. Fabrication process of porcelain components using LSD and laser sin-
ering.

.2. Materials and sample preparation

The porcelain slurry (PM905) used in present work was
rovided by Imerys (Tirschenreuth, Germany). The rheologi-
al properties of the slurry were characterized with a coaxial
ylinder shear rate-controlled viscosimeter (Haake VT550,
arlsruhe, Germany). The viscosity of the porcelain slurry was
.483 Pa s with the shear rate 100 s−1 at room temperature. It
as been proved in the following experiments that the slurry is
ppropriate for the layer-wise deposition. The solid composition
f the porcelain slurry was analyzed by using XRD.

The fabrication process of the ceramic components is shown
n Fig. 1. Similar to the tape-casting process, the slurry was
eposited via a doctor blade on a preheated (up to 200 ◦C)
ile. The slurry was supplied by a dispenser pump (Dispenser
NDP8, Netzsch, Germany). A worktable with a higher kine-
atic resolution, 6.25 �m/step for vertical motion and 12.5 �m

er step for horizontal motion, was used to achieve the slurry
eposition. A laser system with a Rofin Sinar SC10 CO2 laser
ube (100 W) (Hamburg, Germany) and a galvano-scanner (Hur-
yscan, Scanlab AG, Germany) had been introduced into the
xperiments.

.3. Sample characterization
TG/DT analysis for the green and laser sintered bodies were
arried out with a Netzsch STA 409 apparatus (Germany).
ensity and porosity of the post sintered ceramic specimens
ere measured using Archimedes’s technique in water. Bend-

F
o

ramic Society 29 (2009) 1903–1915 1905

ng strength of 10 specimens for each experiment group was
etermined using a 4-point bending method. The specimens
or the bending strength test were fabricated into a standard
ize (45 mm × 4 mm × 3 mm) without polishing. Crystal phases
dentification was performed by X-ray diffraction (Siemens
iffractmeter D 5000, Siemens AG, Germany). The microstruc-
ures of the post sintered ceramic bodies were studies by means
f optical microscopy (KP-50 color digital, Hitachi, Japan) and
canning electron microscopy (SEM, CamScan CS4 Cambridge,
K), both on polished and etched surfaces of the specimens.

.4. Statistical analysis

Data analysis and interpretation were performed by using
NOVA (ANalysis of VAriance) method.22 The significance

ests of each factor were carried out. The insignificant factors
ere ignored in the following experiments by using middle or
reset values.

. Results and discussion

.1. Laser sintering process

Before the investigation of the laser sintering process, the
anges of each experiment parameters were pre-selected. There-
fter, the influence of these parameters on the properties of the
orcelain samples was investigated.

.1.1. Pre-selection of the laser sintering parameters
The laser energy density (LaserED) applied on the surface of

he dried slurry can be defined23 as
ig. 2. Influence of laser energy density and hatching space on the temperature
f the laser sintering zone.
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he values of P and V are adjustable in the laser sintering pro-
ess. According to Eq. (1), the energy density increases with an
ncrease in laser power and a decrease in laser scanning speed.

A pyrometer was installed in the laser sintering equipment
o simultaneously measure the temperature of the laser sintering
one. The specimens with different sintering temperature were
nvestigated according to the delamination of two adjacent layers
r cracks on the surface. An isothermal map of sintering temper-
ture on hatching space and laser energy is plotted in Fig. 2. It
hows that higher laser energy density and lower hatching space
roduce higher sintering temperature.

In the inadequate sintering region of Fig. 2 (T < 1050 ◦C),
he green bodies delaminated just because of the lower sinter-
ng temperature. In the inordinate sintering region of Fig. 2 the
racks (Fig. 3b) appear in the surface of the sintered bodies due
o the higher temperature (T > 1400 ◦C). On the contrary, in the
ppropriate laser sintering temperature range (1050–1400 ◦C in
ig. 2), the laser sintered surface is homogenous and there are

o cracks in it (Fig. 3a).

The experiment parameters were chosen according to the
esults in Fig. 2. Laser energy density is determined by the laser
ower (P) and scanning speed (V). The appropriate values of the

ig. 3. Optical micrographs of laser sintered surface treated with different laser
nergy density (laser scanning parameters: laser power 45 W, hatching space
.6 mm, scan speed: (a) 60 mm/s, 125 J/cm2 and (b) 30 mm/s, 250 J/cm2).

h
T
p
i

F
s

ig. 4. Average effect of each laser sintering factor upon the shrinkage of the
eramic samples during the post sintering process.
atching space, laser power and scan speed are listed in Table 3.
he relationships between these experiment parameters and the
roperties of the post sintered porcelain bodies will be discussed
n the following sections.

ig. 5. Microstructures of fresh fracture surfaces in the samples after laser
intering without post treatment (a, R3; b, R5) (SEM).
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.1.2. Dimension retention
The linear and volume shrinkage, �L/L and �V/V, between

aser sintered green bodies and post sintered porcelain parts, have
een measured and the statistical results are shown in Fig. 4.
here is a noticeable increasing trend of shrinkage with the

ncrease of scan speed or hatching space and decreasing one
ith increase of laser power. In no case the average effect of the
olume shrinkage exceed 40%. But just for one single experi-
ent result, the volume shrinkage of Run3 in Table 4 reached
maximum value, 43%, and the maximum linear shrinkage
ere 12.26%, 17.09%, and 22.37%, in length, width and height,

espectively.
The value of linear shrinkage was close to the results of Maity

nd Sarkar’s, max 20%,15 but much higher than the results of
artin-marquez’s, max 5.0%.24 Contrast with the laser sinter-

ng process in the present work, the porcelain samples were
niaxially pressed in these references.
From Eq. (1), the laser energy density is in direct proportion
o the laser power and inverse proportion to the scan speed. In
ig. 4 lower laser power as well as higher scan speed increases

he shrinkage of the porcelain bodies when being post sintered.

s
7
e
T

ig. 6. SEM micrographs of microstructures in fresh fracture surfaces of the post sint
R1) 78.43 J/cm2, 0.3 mm; (R2) 66.67 J/cm2, 0.45 mm; (R3) 44.44 J/cm2, 0.6 mm; (R4
R7) 117.65 J/cm2, 0.6 mm; (R8) 100.0 J/cm2, 0.3 mm; (R9) 66.67 J/cm2, 0.45 mm.
ramic Society 29 (2009) 1903–1915 1907

t means that in the post sintering process lower laser energy
ensity will produce the larger shrinkage of the porcelain bodies.
rom Fig. 2, with lower laser energy density and larger hatching
pace, the temperature in the laser sintering zone is lower. So the
onclusion can be drawn that lower laser sintering temperature
ill cause larger shrinkage and higher densification during the
ost sintering process.

.1.3. Microstructures
In order to understand how the different changing trends of

he shrinkage appeared, it is useful to investigate the change
f microstructures before (Fig. 5) and after being post sintered
Fig. 6).

The surface morphology of post sintered specimens was care-
ully investigated on fresh fracture surfaces (Fig. 6) by SEM. In
ig. 6, obvious delaminations are found in R1 and R8. The com-
on feature of these two groups is the same value of hatching
pace, 0.3 mm. The laser energy densities of R1 and R8 are
8.43 and 100 J/cm2, respectively. In Fig. 2, these two groups of
xperiments fall in the inordinate sintering region (T > 1400 ◦C).
he delaminations between two adjacent layers are due to the

ered (1425 ◦C) samples with different laser energy density and hatching space:
) 98.04 J/cm2, 0.45 mm; (R5) 83.33 J/cm2, 0.6 mm; (R6) 55.56 J/cm2, 0.3 mm;
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sintered samples without surface polishing. So the value of the
bending strength still can be improved by surface treatment.
ig. 7. Average effect of each laser sintering factor upon the bending strength
f the ceramic samples.

esidual thermal stress produced by the laser inordinate sinter-
ng. The residual stress cannot be freely released during the post
intering process, and then the cumulation of the stress finally
auses the delamination between adjacent layers and cracks in
he sintering surface.

On the contrary, the most densified microstructure in Fig. 6 is
3 which has a hatching space of 0.6 mm and laser energy den-

ity of 44.44 J/cm2 which belongs to the inadequate sintering
egion in Fig. 2. The samples in this group actually delami-
ated after the laser sintering process and it is consistent with
he description of Fig. 2. The microstructure of the laser sin-
ered body in R3 is shown in Fig. 5a. Because of the inadequate
aser sintering, there are lots of unsintered regions between two
djacent layers and the combination of the two adjacent layers
s loose. When the samples are post sintered, these remained
oose regions freely release the residual stress and then tightly
ombine the two layers with each other producing a most den-
ified microstructure (Fig. 6R3). These can be considered as a
tress relief principle which influences the microstructure and
he mechanical properties of the ceramic specimens after being
ost sintered.

In contrast to the loose combination of the samples in group
3 (Fig. 5a), the microstructure of R5 is more compact (Fig. 5b),
ut after post sintering samples in group R3 have a more homo-
eneous and dense microstructure than the samples in group
5. This is also consistent with the stress release function of the

oose unsintered regions between two adjacent layers.

.1.4. Bulk density and bending strength
Bulk density and bending strength were measured to judge

he importance of laser sintering parameters, hatching space,
can speed and laser power.

The average effect of laser sintering parameters upon the
ending strength is shown in Fig. 7. The change trend of bending

trength is similar with the shrinkage in Fig. 4. Larger hatching
pace and lower laser energy density (lower laser power and
igher scan speed) increase the bending strength of the ceramic
pecimens. The change pattern of the bending strength is consis-

F
c

ig. 8. Average effect of each laser sintering factor upon the bulk density of the
eramic samples.

ent with the microstructures and the stress relief principle. The
ulk density is shown in Fig. 8. With increasing bulk density the
ending strength increases.

The maximum value of the bending strength is 29.3 ±
.0 MPa in group R3 which has a most densified microstructure
Fig. 6R3). But because the green bodies in group R3 delam-
nated after the laser sintering process and had a lower green
trength, the laser sintering parameters in this group cannot be
dopted in the following experiments.

By the contrary to R3, samples in R5 have relative
ensified microstructure in the green bodies (Fig. 5b) and rel-
tive high bending strength (23.8 ± 1.6 MPa, higher than R9
9.5 ± 2.5 MPa, Fig. 9) after post sintering, so the laser sintering
arameters in the group R5, power 50 W, scan speed 85 mm/s
nd hatching space 0.6 mm, are more appropriate than others.

The bending strength was directly measured using the post
ig. 9. Relation between laser energy density and the bending strength of the
eramic samples.
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Fig. 11. Average effect of each factor upon the shrinkage of the ceramic samples.

Fig. 12. Average effect of each factor upon the porosity of the ceramic samples.
ig. 10. Range analysis for the effect of three factors on the shrinkage and
ending strength of the ceramic samples.

Because bending strength is greatly influenced by hatching
pace, the relation between laser energy density and bending
trength is not obvious, shown in Fig. 9. The maximum bending
trength is still achieved when the laser energy density got a
inimum value (44.44 J/cm2, R3).

.1.5. Range analysis
The influence degree of each laser sintering parameter on the

roperties of ceramic samples is plotted in Fig. 10. Hatching
pace has the strongest influence on the shrinkage and bending
trength among these three factors. Scan speed has a bigger influ-
nce on the shrinkage than laser power, but lower than hatching
pace. In case of bending strength, the laser power and scan
peed are less significant than the hatching space.

Considering the properties of the green bodies, the laser
nergy density should be chosen as low as possible with lower
aser power and higher scan speed under the condition that the
reen bodies will not delaminate and have some green strength
nough for the handling. The hatching space should be as high
s possible, but lower than the diameter of the laser beam.

.2. Post sintering process

The specimens used in the post sintering process were pro-
uced using these parameters, laser power 45 W, scan speed
0 mm/s, hatching space 0.6 mm and layer depth 0.1 mm.

.2.1. Significance evaluation for each process parameter
The results of experiments designed in Tables 2 and 4 were

nalyzed using ANOVA method. Shrinkage, porosity and den-
ity are considered as the important properties of the porcelain
odies. The average effect for the influence of the factors on
he shrinkage, porosity and density are plotted in Figs. 11–13,
espectively.
Heating rate has little influence on the properties of the
eramic samples. The porosity has a small but obvious increase
ith the raise of the heating rate (Fig. 12). At a higher heat-

ng rate, the gases entrapped in the porcelain bodies cannot Fig. 13. Average effect of each factor on the density of the ceramic samples.
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Fig. 15. Effect of sintering temperature on the shrinkage.
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e expelled from the inside as soon as possible. This proba-
ly causes the increase of the porosity. The influence of heating
ate on the shrinkage and density is more insignificant.

Sintering temperature has large influence on the properties of
he ceramic samples. Porcelain is a complicated triaxial system
hich has been studied by many researchers.13–17 In the present
ork, the initial composition is composed of relatively large
uartz and feldspar grains in a fine-grained clay (kaoline) matrix
XRD results in Fig. 19 green body). The changes that occur in
he structure of triaxial porcelain during firing depend to a great
xtent on the particular composition and conditions of firing.
uring firing the feldspar grains melt about 1140 ◦C. Around
250 ◦C feldspar grains which are smaller than about 10 �m
ave disappeared by reaction with the surrounding clay. Fine
ullite needles appear at about 1000 ◦C. With further increases

f temperature mullite crystals continue to grow.27 Accompa-
ying the transformation of the phases, the shrinkage increases
ith the rise of the sintering temperature, and a corresponding

ise of the bulk density and decrease of the open porosity value.
ptimum densification was achieved when the open porosity

eached a minimum value.15

The results here show a little difference with the literatures
hich studied the sintering process of porcelain. The open poros-

ty slightly rises and then decreases with the increase of the
intering temperature (Fig. 12b), instead of the direct decrease
ith the temperature just like the results in the literatures.14,15,24

he same situation happens to the bulk density (Fig. 13).
The primary reason for this distinction is the significant dif-

erence in the fabrication process between the present work and
he literatures. In the literatures14–16 the samples were prepared
y uniaxial pressure process, but in present work, the samples
ere prepared by the layer-wise slurry deposition and laser sin-

ering. Different processes cause different microstructures and
roperties. In the laser sintering process, there are lots of pores
etween two single layers (Fig. 5). The gases entrapped between

wo layers will bloat and then split the adjacent layers at the
ower temperature, causing the porosity increasing (Fig. 12) and
he bulk density decreasing (Fig. 13) from 1225 to 1275 ◦C.

ig. 14. Range analysis for the effect of three factors on the properties of the
eramic samples.

W
t
A
W
i

F
s

Fig. 16. Effect of sintering temperature on the density.

ith the further rise of temperature, the glass phase appears and
he cracks are diminished by the amalgamation of glass phase.

nd then, the porosity decreases and the bulk density increases.
hereas the linear shrinkage of the porcelain samples are not

nfluenced by the cracks between the adjacent layers, the shrink-

ig. 17. Effect of sintering temperature on the water absorption and bending
trength.
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ge changes with sintering temperature just like the descriptions
f the conventional porcelain ceramic in the literatures.14–17

Holding time has an analogous but small influence on the
roperties of porcelain bodies in contrast to the sintering tem-
erature. The general equilibrium conditions for the porcelain
ystem do not change at temperature above about 1200 ◦C so that
ong holding time at this temperature give results that are very
imilar to the shorter times at higher temperature.27 The volume
hrinkage just increases 1.2% when the holding time changes
rom 60 to 120 min. The same value for the sintering temper-
ture is 4.5% (Fig. 11). It means that the influence of holding
ime on the shrinkage slightly decreases when the holding time

s up to 120 min.

The results of the range analysis are shown in Fig. 14. The
ange can obviously reflect the significance of each factor. Heat-
ng rate holds the minimal value among the three factors. Heating

fi
p
a
a

ig. 18. SEM micrographs of the ceramic samples microstructures in different sinte
325 ◦C.
ramic Society 29 (2009) 1903–1915 1911

ate will be ignored and the middle value 15 ◦C/min will be
dopted as an invariant in the following experiments. The range
f holding time is larger than heating rate’s but smaller than
intering temperature’s. The maximal value of holding time
20 min will be used in the following sintering process.

.2.2. Selection of the sintering temperature
As discussed previously, sintering temperature has a pro-

ounced effect on the properties of the ceramic samples. Under
he normal firing conditions equilibrium is only achieved at tem-
eratures above 1400 ◦C, and the structure consists of a mixture
f siliceous liquid and mullite. In all cases the liquid at the

ring temperature cools to form a glass so that the resulting
hases present at room temperature are normally glass, mullite,
nd quartz.27 The relationship between sintering temperature
nd properties should be further investigated to find an appro-

ring temperature: (a) 1525 ◦C, (b) 1475 ◦C, (c) 1425 ◦C, (d) 1375 ◦C, and (e)
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riate value by raising the sintering temperature to 1525 ◦C.
ix batches of porcelain bodies were fired between 1250 and
525 ◦C. The linear shrinkage, volume shrinkage, bulk density,
elative density, water absorption and bending strength of the
orcelain bodies were measured to characterize the densification
ehaviors. Results are shown in Figs. 15–17. All the properties
asically show the similar trend which is typical for conven-
ional porcelain parts except that the curves of bending strength
nd density are shifted for about 100 ◦C to a higher temperature.

Fig. 15 clearly displays differential changes in linear shrink-
ge and volume shrinkage through the firing temperature. The
hrinkage increases to a maximum value at 1325–1375 ◦C and
hen decreases like the general behaviors of all conventional
orcelain bodies.15,16,24 In Fig. 16 the bulk density reaches the
aximum at 1425 ◦C and relative density achieves the maxi-
um at 1475 ◦C. There is a temperature shift of about 100 ◦C

etween the maximum shrinkage and density. This is different
ompared with the conventional porcelain firing behaviors in
hich the shrinkages reached a maximum value at the exactly

ame temperature with the maximum density.15

Every single layer in laser sintering porcelain bodies is den-
ified at 1325–1375 ◦C, but there are still interstices between
wo layers, as shown in Fig. 18e. The shrinkage decreases
ith increasing firing temperature to 1425 ◦C. The decrease of

he shrinkage from 1325 to 1425 ◦C is probably due to forced
xpulsion of entrapped gases, resulting in blister and bloating
n the single layer. The pores in the single layer expand with
he increasing temperature (Fig. 18). The interstices completely
isappear when the sintering temperature increases to 1425 ◦C
Fig. 18c). At the same temperature, the bulk density achieves
ts maximum. Disappearance of the interstices between adjacent
ayers causes the increase of the bulk density even though the
ores in the single layer expand. But, from macroscopic per-
pective, the decrease of shrinkage conflicts with the increase
f bulk density from 1325 to 1425 ◦C. This should be carefully
tudied again in the future work.

The bulk density reaches its maximum value at 1425 ◦C.
he relative density reaches a maximum value just behind the
ulk density about 50 ◦C due to the decrease of the absolute
ensity, as shown in Fig. 16. The maximum bending strength,
4 ± 4.9 MPa, is achieved when the relative density reaches a
aximum value at 1475 ◦C. Optimum densification is achieved
hen the water absorption, which is directly related to the
pen porosity, reaches a minimum value tending to be nearly
ero. Firing above densification range results in a drastic fall
f the mechanical properties (Fig. 17) due to the expulsion
f the entrapped gases, resulting in blister and bloating. From
igs. 16 and 17, it can be concluded that laser sintered porcelain
odies’ appropriate post sintering temperature is in the range of
425–1475 ◦C.

Fig. 19 shows the X-ray diffractograms of the porcelain
odies, green, laser sintered and post sintered bodies with differ-
nt sintering temperature in the 1250–1525 ◦C interval. Quartz,

aolinite, potassium feldspar and illite phases were detected in
he green bodies (Fig. 19f).

The changes taking place during post sintering occur at a rate
epending on time, temperature, and particle size. The slowest

p
p
i
t

ig. 19. XRD of the porcelain green, laser sintered and post sintered bodies in
he 1250–1525 ◦C interval.

rocess is the quartz solution. No change is observed in the
uartz phase after being treated by laser (Fig. 19e). By 1325 ◦C
ost of the quartz grains small than 20 �m27 are completely

issolved; above 1400 ◦C little quartz remains and the porcelain
onsists almost entirely of mullite and glass. Usually the quartz
orms only glass, but for the composition in this paper sintered
t 1525 ◦C there is a transformation into cristobalite (Fig. 19a).
fter the melt at about 1140 ◦C and reaction with the kaolin

t about 1250 ◦C, feldspar phase disappears in Fig. 19d. The
ullite phase was detected at 1250 ◦C. With further increase of

emperature mullite crystals continue to grow. After sintering
t temperature above 1400 ◦C, mullite is present as prismatic
rystals up to about 0.01 mm in length (Fig. 20c).

There are three major theories that have been developed to
xplain the porcelain strength.17 Mullite hypothesis, first pro-
osed by Zoellner,25 posits that the strength of a porcelain body
s solely dependent on the felt-like interlocking of fine mullite
eedles. Matrix reinforcement hypothesis26 suggests that the dif-
erence in thermal expansion coefficients between the matrix and
ispersed particles (such as quartz and alumina) or crystalline
hases formed during firing (such as mullite and cristobalite)

roduces strong compressive stress on the glassy phase. Such
nduced “thermal” compressive stress due to the mismatch of
hermal expansion leads to strength reinforcement in the porce-
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dehydroxylation reaction has been almost finished after the laser
sintering process. An exothermic peak at ∼1022 ◦C is attributed
to mullite crystallization both for green and laser sintered bodies.
ig. 20. SEM micrographs of the mullite in the cross-section of a sample sintered
t 1475 ◦C, Sample was polished and then etched using a 10% HF solution for
5 s.

ain bodies. The third hypothesis is dispersion-strengthening,
hich proposes that the dispersed particles limit the size of
riffith flaws, leading to increased strength.
The SEM micrographs of polished and etched cross-section

n a sample sintered at 1475 ◦C are shown in Fig. 20. Mul-
ite, glass matrix, pores and quartz powders etc. constitute
he microstructures of the cross-section. The pores distributed

etween layers are the major faults and will drastically decrease
he mechanical strength of the porcelain bodies. Dense matrix
as been observed in one single layer, just between two layers
f pores in Fig. 20a, which consists of the mullite and glass F
ramic Society 29 (2009) 1903–1915 1913

hases. The morphological structures of the phases are shown
n Figs. 20b and c.

According to Fig. 20, the first two mechanical hypotheses of
he porcelain bodies can be used to explain the strength of the
amples in the present work. The mullite needles are inlayed into
he glass matrix perfectly consistent with the second hypothesis
Fig. 20b). The second mullite in Fig. 20c is interlocked improv-
ng the mechanical strength just similar to the first hypothesis.
ut in the present work, the morphological structures are more

imilar to the short fiber reinforced resin matrix composite, a
ypical composite pattern. The mullite needles act like the short
ber and resin is replaced by the glass matrix. The reinforcement
echanism of matrix reinforcement is different with short fiber

einforcement. The former is due to the thermal compressive
tress from the thermal expansion mismatch leading to strength
mprovement. The mechanism of the short fiber reinforcement
s that the short fiber could limit the flaws spread and absorb the
racture energy to realize the mechanical strength improvement.
f the reinforcement of glass matrix (instead of resin matrix)
ith mullite crystalline (the short ceramic fiber) is tenable, the
echanical strength of the porcelain bodies would be influenced

y the size and the content of the mullite crystalline. According
o the SEM micrographs in Fig. 20, this mechanism is true only
n certain areas of the microstructures. More experiments should
e conducted in the future work to investigate the influence of
he mullite crystalline size and distribution on the mechanical
trength to validate this new hypothesis.

.2.3. TGA/DTA results and suitable post sintering process
Fig. 21 depicts the TG/DT analysis results for the green (green

ines) and laser sintered (red lines) porcelain bodies. For the
reen body, a broad endothermic band centered at ∼580 ◦C is
ue to both kaolinite dehydroxylation reaction and quartz phase
ransformation. The mass loss associated to this endothermic
rocess is about 5.75%, which is much lager than the mass
oss for the laser sintered body, just 0.61%. It means that the
ig. 21. TGA/DTA curves for porcelain green body and laser sintered body.
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Fig. 22. Suitable post sintering process.

According to all the experiment results, the suitable post sin-
ering process is plotted in Fig. 22. The state of art has been
emonstrated by the laser sintered (Fig. 23a) and post sintered

Fig. 23b) porcelain components which were fabricated by the
ppropriate laser sintering parameters and then post sintered
sing the process in Fig. 22.

ig. 23. Demonstration of the state of art, diamond structure, fractal struc-
ures and blade wheel; laser sintering parameters: power 50 W, scanning speed
5 mm/s, and hatching space 0.6 mm. (a) Green bodies after laser sintering and
b) post sintered at 1425 ◦C.
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. Conclusion

Laser energy density and hatching space have different influ-
nce on the properties of ceramic bodies. Higher hatching space
nd lower laser energy density produce higher final mechani-
al strength. A stress relief principle has been proposed in this
aper to explain the influence of laser energy density and hatch-
ng space on the microstructure and mechanical properties of
eramic samples.

Heating rate and holding time have an insignificant influence
n the properties of the porcelain bodies during the post sintering
rocess. Sintering temperature is the most important factor and
as been chosen to the range of 1425–1475 ◦C in the present
ork. Maximum bending strength, 34 ± 4.9 MPa, was achieved
sing the selected post sintering process.

According to the properties of the ceramic bodies, appropriate
aser sintering parameters, power 50 W, scan speed 85 mm/s and
atching space 0.6 mm, have been attained in the present work.
ome components with complex structures have been fabricated

o validate the state of art at the end of this paper.
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