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bstract

ayer manufacturing for fabricating ceramic parts has been carried out by a wet process known as Ceramic Laser Sintering; the process employed
eramic slurry comprised of silica powder, clay, silica gel, and water. The aim of the present research is to establish a systematic method for
easuring the width and depth of the scan line on the ultra-thin layer sintered with the laser scanning. Besides laser power and scan speed,

aser beam diameter was also included as one of the significant scanning parameters. Furthermore, to optimize the scanning process, a ‘critical
oint’ was defined. The working temperature at the critical point is near the melting point of the silica powder. By varying the laser power, the
can speed, and the beam diameter, the optimized scanning parameter combinations can be obtained to produce a series of critical line depths

t the critical points. Based on the critical line depth, a proper layer thickness for fabricating sintering part can be determined. Parts possessed
nter-connective porous structure, better surface quality, and higher strength can be obtained by employing the optimized scanning parameter
ombinations.

2008 Published by Elsevier Ltd.

a
(

(
r
a
l
p
i
g
t
t
p

eywords: Sintering; Surfaces; Strength; SiO2; Rapid prototyping

. Introduction

Due to rapid increase of the need of functional parts, the
ocus of rapid prototyping technologies has been switched from
olymer to metal and ceramic. A variety of techniques, such as
tereolithography (SL),1–4 fused deposition modeling (FDM),5,6

aminated object manufacturing (LOM),7–9 selective laser sin-
ering (SLS),10–12 three-dimensional printing (3DP),13–15 is
apable of producing complex-shaped ceramic components.
ost processes employ a polymer to glue the ceramic pow-

ers together to fabricate a part. However, Wirtz12 fabricated
ceramic part by employing a laser to fuse zirconium silicate

ZrSiO4) powder without using any polymeric binder. In his

owder-based process, once the grain size of the powder is too
mall, movability of powder will deteriorate during layer cast-
ng; therefore, the layer thickness is hardly thinner than 50 �m
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nd the surface roughness of the fabricated part was 42–54 �m
Rz).

Tang16–19 invented two processes, Ceramic Laser Fusion
CLF) and Ceramic Laser Sintering (CLS), in 2001 and 2007,
espectively. Both processes have identical manufacturing steps
nd are capable of building ultra-thin layers.20,21 Instead of using
oose powder in SLS, CLF and CLS employ slurry which is com-
rised of ceramic powder, inorganic binders, and water. Fig. 1
llustrates the entire fabrication process of the ceramic parts. A
reen layer is formed after layer casting and drying. By tracing
he geometry of the cross-section of an object on the surface of
he green layer with a laser beam, the temperature of the ceramic
owder rises instantaneously to the melting point; the scanned
owder is fused and then solidified right after the laser scan-
ing. The steps of laser scanning and layer casting are repeated
ntil the ceramic part is completely fabricated by binding the
uccessive green layers. More details about the manufacturing

ystem and the process can be found elsewhere.18–21 CLF and
LS provide the advantages of building thin layer with slurry and
ithstanding the shear stress during the layer casting; moreover,

he dried green part can inherently form a strong solid support

mailto:hhtang@ntut.edu.tw
dx.doi.org/10.1016/j.jeurceramsoc.2008.08.035
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Fig. 1. The schematic representation of entire process of CLF and CLS in fabri-
cation of the ceramic part. (1) Slurry preparation and delivery; (2) layer casting;
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3) layer drying; (4) working platform descending; (5) selective laser scanning;
6) process repeating from step 1 to step 5 until part being completed; (7) green
art removal in solvent; (8) 3D part completing.

or overhanging geometries of an object. The strong binding
orce of the solid support can also prevent upward deforma-
ion of the built layer; therefore, a layer thinner than 10 �m can
e constructed. CLF is somewhat similar to SLS in the princi-
le; nevertheless, scanning with high energy density will lead to
epression causing rough surface. To avoid this drawback, CLS
pplies the principle of liquid phase sintering, and uses a lower
nergy density. Its working temperature is between the low melt-
ng point of the inorganic binder and the high melting point of
he structural ceramic powder. Binding is obtained by using the
elted inorganic binder to grasp the un-melted ceramic powder.
he surface roughness of the sintered part can be around 20 �m

Rz),21 which is much better than Wirtz’s work and parts made
y CLF.

In the CLS process, the depth of the scan line (property trans-
ormation depth, Dpt) should vary with layer thickness to avoid
he presence of fusion. According to the previous experimental
esults, the overlap of the line depth to bind two adjacent layers
ust be around 50%; therefore, with regard to a layer thickness

f 10 �m, which is the minimum layer thickness feasible to fab-
icate a part by CLF or CLS, the corresponding line depth should
e about 20 �m. In other words, if the layer is very thin, the line
epth should also be very small. Such thin layer embedded in the
olid green part is considerably weak and hard to be taken out
rom the green part without damage. In order to study the laser
canning process of CLS, it is indispensable to design and build
proper specimen for correctly measuring the width (property

ransformation width, WL) and the depth of the scan line.
Although fabricating a ceramic sintering part with CLS brings

everal advantages, methods for measuring the dimensions of the
canned thin layer have not yet to be developed. Consequently,
he present article concentrates on the process of laser scanning
o establish a systematic method for fabricating thin property
ransformation layers and for measuring the geometry of the
can line (WL and Dpt). We have also investigated the relation-

hip between the scanning parameters (laser power (PL), scan
peed (Vs) and beam diameter (d0)) of the liquid phase sintering
nd the geometry of the scan line. Afterwards, an optimization
f the laser scanning parameters used to obtain a stronger part
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as conducted. The present study is especially helpful in con-
tructing a laser scanning knowledge base for the fabrication of
eramic sintering parts.

. Experiment

.1. Slurry preparation

In order to fulfill the requirements of liquid phase sinter-
ng, the slurry used in CLS consisted of high melting point
ilica powder (melting point ∼ 1720 ◦C) as a structural mate-
ial, low melting point clay (Wyoming Bentonite clay, melting
oint ∼ 1200 ◦C) and silica sol (Nissan Chemical SNOWTEX®

T-40, melting point ∼ 1700 ◦C) as inorganic binders, and water
s a solvent. After laser scanning, clay particles are melted
nd flows into pores formed by the un-melted silica powder;
he melted clay bridges particles together to build an inter-
onnective porous structure.

A specified proportion of silica sol to clay should be main-
ained. Although the silica sol enhances the strength of the layers,
he dried silica sol is insolvable, and therefore only a minimal
mount can be contained in the green part. On the other hand,
he dried clay retained in the green part is easily dissolved in
ater; this characteristic is useful in weakening the binding of

he green part which consists of clay and silica sol. Consequently,
he proper proportion of silica sol to clay must be maintained. In
he present study, the slurry composition was 52.63 wt% silica,
.68 wt% clay, 1.58 wt% silica sol, and 42.11 wt% water.

.2. Laser scanning

Preliminary experiments involving laser scanning process
n CLS have been reported.19,20 Besides laser power and scan
peed, beam diameter, which varies with the distance between
he scanning surface and lens focus (de-focus distance (Ddf)),
s also characterized as a significant parameter in the present
rticle.

If the part is fabricated at a temperature between the melting
oint of the silica powder and the melting point of the clay,
he molten clay particles will bind the solid silica powder. The
art fabricated with this principle is defined as a liquid phase
intering part. In this paper, the word sintering is used instead
f liquid phase sintering for simplification.

Moreover, the present study also defines a ‘critical point’
n the working curve built by varying the scanning parameter
ombination. Fig. 2 represents the working curve constructed
y varying the scan speed in conjunction with a constant-
eam-diameter and a constant-laser-power. The point, which
epresents a small part of silica powder at the center of the laser
eam begins to melt when a certain scan speed is reached, is
alled the ‘critical point’. The working temperature at this point
s quite close to the melting point of the silica powder. When
he scan speed slows down further, more silica powder is melted

nd the working curve entering a range called the “partial fusion
hase”, because part of the silica powder is fused. The parts
abricated at the working points located on the right side of the
ritical point are in the “sintering phase”; the silica powder is
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ig. 2. The working curve built by varying the scan speed in conjunction with
constant-beam-diameter and a constant-laser-power.

ot melted but bound by the melted clay. The line depth varies
ith the scan speed; the slower the scan speed is, the greater the

ine depth and the higher the scanning surface temperature will
e.

After scanning, the green part that transfers to be a sinter-
ng or partial fusion part can be observed by a SEM. From
he surface and the cross-section of the scanned green part, the
inding mechanism can be recognized by observing the melting
ondition of the silica powder and the clay.

The scanning experiments were designed to measure the line
idth and the line depth on the specimens fabricated with the

ollowing different parameter combinations.
The laser power was increased from 7 W to 18 W at intervals

f 1 W; three beam diameters (0.12 mm, 0.17 mm, and 0.19 mm)
nd three scan speeds (370 mm/s, 580 mm/s, and 870 mm/s)
ere selected. Each parameter combination was employed to

abricate six specimens. The line width and the line depth rep-
esent the average of the measured line width and line depth.

.3. Line width and line depth measurement

Fig. 3 shows the schematic view of the specimen for mea-
uring the line width. A green layer with a thickness of 20 �m

as fabricated on a pre-fabricated solid base with a thickness
f 0.5 mm. At a specified de-focus distance, four separated scan
ines with assigned laser power and scan speed were built. After
emoving the green part surrounding the scan lines, the speci-

ig. 3. The schematic view of the specimen for measuring the line width.
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ig. 4. The schematic view of the specimen for measuring the line depth.

ens were dried at room temperature, and then placed on an X–Y
latform equipped with two digital micrometer heads (Mitutoyo
50, resolution 0.001 mm) to measure the width of each scan line
y an optical microscope (Nikon SMZ1500). By varying the de-
ocus distance to change the beam diameter, other specimens
an be fabricated accordingly.

Fig. 4 is the schematic view of the specimen for measuring the
ine depth. In order to obtain the line depths at different scanning
arameter combinations, a specimen having two 1 mm over-
angs was fabricated. The specimen was made layer by layer;
he layer thickness was 50 �m. To ensure that each layer could be
ound to the previous layer, layers in zone B were fused; how-
ver, zone A was still retained the green state. Two separated
bserving layers (zone C) were fabricated at a specified scan-
ing parameter combination as mentioned in Section 2.2. The
hickness of each observing layer was 10 �m. Most line depths
n the present study was between 20 �m and 50 �m; therefore,
ased on the 50% overlap, the thickness of the observing layer
hould not be greater than 10 �m to ensure a good binding to the
revious layer at each scanning parameter combination. After
emoving the green part (zone A), the specimen was dried and
laced on an X–Y platform to measure the depth of overhang (the
epth of scan line) by using an optical microscope. By varying
he parameter combination, other specimens can be fabricated
ccordingly.

. Results and discussion

.1. Microscopic topography of specimens

We observed the surfaces of specimens fabricated for the
easurement of the line width (Fig. 3) with a scanning electron
icroscope (SEM). The surfaces had different topographies as

hown in Fig. 5 and implied that they were produced by differ-
nt binding mechanisms. The micrographs shown in Fig. 5(a–c)
ere taken from the specimens fabricated with constant-laser-
ower, constant-beam-diameter, and a decrease in scan speed.
he micrograph in Fig. 5(a) was taken from a specimen fab-

icated with the highest scan speed. The silica powder did not

elt and the specimen did not collapse in water; therefore, it is

easonable to infer that the surface working temperature is above
he melting point of the clay but much lower than the melting
oint of the silica powder. The specimen of Fig. 5(a) had the
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Fig. 5. (a–c) Topographies of the scanned surface obtained from different sc

mallest line depth and the weakest binding strength among the
hree specimens in Fig. 5.

In Fig. 5(b), some of the silica powder in the middle of the
urface was melted and bridged. The micrograph in Fig. 5(d),
hich is similar to the micrograph in Fig. 5(a), reveals the cross-

ection of the specimen of Fig. 5(b); the silica powder did not
elt and there were a lot of pores. Apparently, the surface of

he specimen shows that some of the silica powder was melted
ut the material underneath the surface retained a state of sinter-
ng. In Fig. 5(b), obviously, the temperature at the center of the
can line was higher than the melting point of the silica powder.
owever, the remaining area did not contain the melted silica
owder, so its temperature should be close to but lower than the
elting point of silica powder. In the present article, Fig. 5(b) is

efined as the result of scanning at the critical point. Scanning
t this point, as illustrated in Section 2.2, the highest working
emperature at the center of the scan line will be close to the

elting point of the silica powder.
The micrograph in Fig. 5(c) reveals that more silica powder

n the specimen surface was melted when the scan speed was
ecreased further. The working temperature on most part of the
ayer surface was over the melting point of the silica powder and
he melted powder obstructed most pores between the layers.

The sintering part has more advantages than the fusion part.
lthough the latter provides a higher binding strength and a

reater line depth than the former, it also leads to micro-cracks
hich reduce the strength. Moreover, the inter-connections
etween the pores may be obstructed by fused material dur-
ng the scanning period. Therefore, the part may not be well

t
t
c
t

g parameter combinations, and (d) the cross-section of the specimen of (b).

onsolidated by infiltration because the infiltrator will not flow
nto the closed pores in the partial fusion part. On the contrary,
he liquid phase sintering does not lead to micro-cracks, and
he inter-connections between the pores will not be obstructed.
herefore, the sintered parts with inter-connective structure can
enefit a successful infiltration. Furthermore, the roughness of
intering surface is much better than that of fusion surface. Con-
equently, the main objective of this paper is to study the laser
canning parameter for the fabrication of ceramic parts by liquid
hase sintering.

.2. Relationship between the laser scanning parameter
nd the geometry of the scan line

Fig. 6(a) and (b) reveal the trends of the line width and the
ine depth, respectively when the laser power and the scan speed
re varied. Points marked with ‘�’ and ‘©’ on the constant-
can-speed curves in Fig. 6(a) and (b) are the critical points. The
urface temperatures at these points are close to the melting point
f silica powder. Increasing the power will lead to the melting of
ore silica powder and will obtain a scan line containing part of

usion. The line depth is greater than depth achieved at the critical
oint, so the part is a partial fusion part. Decreasing the power
ill induce a layer surface temperature lower than the melting
oint of the silica powder and will obtain a line depth smaller

han that achieved at the critical point, so the part fabricated at
he critical point will have a maximum sintering depth on the
orresponding constant-scan-speed curve. In accordance with
he principle of sintering, a higher sintering temperature can
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ig. 6. (a) Influence of the laser power and the scan speed on the line width. (b)
nfluence of the laser power and the scan speed on the line depth.

nduce a higher sintering strength; therefore, owing to the highest
intering temperature, fabricating the part at the critical point
hould provide the highest sintering strength.

.3. Relationship between the critical line depth and the
canning parameter

According to the definition of liquid phase sintering men-
ioned above and the SEM observation, the eight scanning
arameter combinations listed in Table 1 have been taken as
he working parameter combinations of the critical points. The

ine width and the line depth are also shown in Table 1. In this
aper, the line width and the line depth obtained at the critical
oint are defined as the critical line width and the critical line
epth. Table 1 reveals a significant increase in the critical line

able 1
he critical line depths corresponding to the different scanning parameter
ombinations.

0 (mm) PL (W) Vs (mm/s) Dpt (�m) WL (mm)

0.19

12 370 53 0.29
15 580 47 0.29
18 870 41 0.31
11 370 44 0.25

0.17
12 580 40 0.23
13 870 35 0.21

0.12
7 580 26 0.13
9 870 21 0.12

s
d

4
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ig. 7. Relationship between the critical line depth and the scanning parameter.

epth upon decreasing the scan speed, but the critical line width
oes not show any significant change. However, both of them
ncrease obviously upon increasing the beam diameter.

Fig. 7 shows two constant-laser-power curves and three
onstant-beam-diameter curves that are built on the additional
nterpolation and extrapolation of the data listed in Table 1. The
onstant-beam-diameter curve reveals a linear relation between
he critical line depth and the scan speed.

These constant-beam-diameter curves and constant-laser-
ower curves can be applied to predict the corresponding critical
canning parameter combinations for a specific critical line
epth. For instance, corresponding to the critical line depth of
5 �m, many scanning parameter combinations can be obtained
rom Fig. 7. A horizontal line is plotted from the point of the
ritical line depth of 45 �m; it intersects the constant-laser-
ower curves of 12 W and 13 W, respectively. Two vertical
ines are plotted from the two intersecting points individually,
nd they intersect the axis of the scan speed at 475 mm/s and
45 mm/s. By interpolation, the intersecting points occur at
he beam diameters of 0.175 mm (Ddf = 4.15 mm) and 0.18 mm
Ddf = 4.35 mm), respectively. Consequently, the critical line
epth of 45 �m can be generated by scanning at one of these two
canning parameter combinations (PL = 12 W, Vs = 475 mm/s,
0 = 0.175 mm or PL = 13 W, Vs = 545 mm/s, d0 = 0.18 mm).

. Conclusion

The present study has established a method to fabricate spe-
ially designed specimens for measuring the line depth and the
ine width of the ultra-thin sintering layer. The feasible mini-

um line depth is around 20 �m, which can be used to fabricate
part with the layer thickness of 10 �m. By reducing the layer

hickness, the stair stepping effect of the part will be improved.
Laser scanning parameters have been optimized for obtaining

part with higher strength. Fabricating a part with the scan-

ing parameter combination of the critical point can achieve
he largest sintering depth without melting silica to possess

stronger sintering. The constant-laser-power curves and the
onstant-beam-diameter curves can be integrated in a diagram to
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escribe the relationship between the critical scanning parameter
ombination and the critical line depth. Besides the laser power
nd the scan speed, this diagram illustrates that a wider varia-
ion range of the critical line depth can be obtained by adjusting
he beam diameter. By applying this diagram to fabricate sin-
ering parts, a better surface roughness with higher sintering
trength may be achieved. It is helpful in improving the quality
f parts made by the process of Ceramic Laser Sintering. The
echanical properties of the sintering part will be examined in

he future. Inter-connective porous structure formed during the
intering period may benefit the infiltration of the low melting
oint glass to enhance the strength of the part. The post-treatment
f infiltration is one of the most important works of the future.
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