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bstract

ayered manufacturing involves a range of techniques in which objects can be constructed in a laminated form. Therefore, the deposition technique
s a critical part of direct-layered fabrication technologies. In this paper, aerosol assisted spray deposition has been applied to generate spraying of
suspension to prepare powder beds for subsequent selective laser sintering. First, an investigation on preparation of the alumina suspension by

dding polyacrylic acid dispersant is presented. An emphasis has been given to identify the most effective dispersant to enhance the dispersibility

f alumina suspension for aerosol spraying deposition. Subsequently, a laser has been used to selectively densify the alumina powder beds to
roduce ceramics. The effects of the laser processing parameters such as scanning speed, power and beam size on the microstructural evolution of
he powder beds are investigated and discussed. Also, a laser densification mechanism is also proposed and discussed.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Alumina ceramics can be found in a wide variety of appli-
ations such as filters, thermal insulation components, and
ielectric and biomedical devices due to their excellent mechan-
cal, thermal and optical properties.1–4 Therefore, a number of
rocessing techniques have been developed for preparing alu-
ina ceramics with a desired shape, such as ink-jet printing,

aminated object manufacturing, fused deposition processing
nd selective laser sintering.5–8 Among these methods, selective
aser sintering is one of the main techniques involving the use of
laser for materials processing, which can generate a ceramic
art by densifying successive layers of powder materials. Den-
ification is obtained by fusing or sintering selected areas of the
owder layers using a laser beam. Short processing time, flexi-

ility in operation and economy are the main advantages of laser
intering.9,10
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Selective laser sintering requires a powder deposition pro-
ess, which can apply successively thin layers of powder before
he layers are sintered by a laser beam. Several studies have
een devoted to develop suitable methods to prepare smooth
owder layers.11–13 In this work, aerosol assisted spray depo-
ition with unique characteristics was used for the fabrication
f alumina powder beds; the laser was then used to densify
he powder beds to form ceramics. This technique is con-
idered as a promising method for the direct fabrication of
eramics because aerosol spray deposition is a well-developed
echnique for preparing uniform powder beds with controllable

icrostructures.14 Therefore, the study of laser densification of
owder beds is necessary in order to explore and broaden the
pplications of laser-assisted ceramic fabrication. The research
resented here includes the preparation of alumina powder beds
ia aerosol assisted spray deposition, laser densification of pow-
er beds and microstructure characterization.

In order to deposit uniform alumina powder beds the ceramic
uspension should be homogeneous, stable and well dispersed.

enerally, the suspension can be dispersed by electrostatic,

teric or electrosteric stabilization mechanisms.15–17 In this
aper, the stability of suspensions was primarily assessed using
V–vis absorption with an emphasis on identifying the most

mailto:yiquan.wu@duke.edu
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.219
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Fig. 3. XRD patterns of starting alumina powder.

Table 1
Chemical analysis of starting alumina powder (wt%)

Al2O3 >99.8
Na2O 0.04
SiO2 0.01
Fe2O3 0.01
C
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atomiser to generate a charged aerosol droplet. The deposition
temperatures were varied from 60 ◦C to 120 ◦C. Fig. 4 shows a
Fig. 1. SEM micrograph of starting alumina powder.

ffective dispersant necessary to enhance the dispersibility of
lumina suspensions suitable for use in the electrospraying pro-
ess. Laser densification of ceramics is a complicated process
nd the microstructure features are mainly influenced by the pro-
essing parameters, which include laser power, laser scanning
peed and laser beam size.18 This research aimed to understand
he effects of laser processing parameters on the microstruc-
ural evolution of laser-densified alumina powder beds, and to
ptimize the laser parameters for laser fabrication.

. Experimental

Alumina suspensions were prepared by adding 5 wt% alu-
ina powder (Alcan Chemicals) to an ethanol solvent (Aldrich,

9.5%) with a different content PAA dispersant (Aldrich, Mw
000). Fig. 1 shows a SEM (scanning electron microscope,
hilips XL-30) image of the starting alumina powder. Particle
ize and distribution of alumina powder was analyzed using a
article size analyser (Malvern Zatasizer Nano S) and shown
n Fig. 2. It can be seen from Fig. 2 that the alumina pow-
er has a unimodal distribution with an average grain size of
bout 0.45 �m, which is in good agreement with the SEM micro-
raph analysis. An X-ray diffraction (XRD, Philips PW 1710)

pectrometer with Cu K� radiation was used to characterize
he starting materials. The XRD patterns in Fig. 3 shows that
he starting alumina powder is pure �-alumina phase. Table 1
ummarise the chemical composition of the alumina powder.

Fig. 2. Particle size distribution of starting alumina powder.

s

aO 0.01
gO 0.05

The suspensions were subjected to ultrasonic agitation for
0 min and then stirred with a magnetic stirrer for 24 h at room
emperature. The amount of PAA absorbed on the alumina parti-
les was analyzed using a UV–vis spectrophotometer (Biochrom
ibra S22). The absorbed amount was determined by calcu-

ating the difference between the original PAA concentration
n the suspension and the residual PAA concentration in the
upernatant. The viscosity of suspension was determined using
concentric cylinder viscometer at 25 ◦C (Rheostress RS150L,
aake, Germany). First, a uniform layer of alumina powder was
eposited using aerosol assisted spray deposition. Alumina sus-
ension was delivered at a controlled rate to the electrostatic
chematic diagram of aerosol spray deposition apparatus.

Fig. 4. Schematic illustrations of the aerosol deposition apparatus.
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of 0.2 wt%, the suspension height decreases with an increase
of PAA content. It confirms that the optimum PAA concentra-
tion is 0.2 wt% of alumina loading to obtain a well-dispersed
Fig. 5. Schematic diagram of setup of laser densification apparatus.

Subsequently a carbon dioxide laser was scanned on the
owder bed to produce ceramics. For laser processing of mate-
ials, three important processing parameters were studied: laser
ower P (W), scanning speed V (mm s−1) and laser beam size D
mm). Other criteria that were used were laser power density, E
W mm−2), defined as E = 4P/(πD2), and laser energy density, J
J mm−2), defined as J = P/VD. Fig. 5 shows a schematic diagram
f setup of the laser processing system. SEM was used to char-
cterize the microstructure of alumina powder beds prepared
ia aerosol spraying deposition and the laser-densified alumina
owder beds. The pore size and size distribution of powder beds
ere measured from the SEM micrographs.

. Results and discussion

.1. Preparation of alumina powder beds

In order to achieve well-dispersed alumina suspensions, a
V–vis spectrophotometer was used for the suspension analy-

is to obtain an optimum PAA content. The absorption of PAA
nto the alumina particle surface in the suspension can be cal-
ulated by determining the difference between the initial PAA
oncentration in suspension and the residual PAA concentra-
ion in supernatant. The concentration of PAA in supernatant is
elated to the intensity of UV absorption spectra of PAA at a
avelength of 267 nm. Fig. 6 shows the absorption spectra of
AA in a range of 0.0078–0.5 wt% as a function of the wave-
ength for 0 wt% alumina loading suspension. The intensities
f UV absorption spectra of PAA were decreased when the
AA concentration was diluted from 0.5 wt% to 0.0078 wt%.
hen the PAA concentration was 0.0078 wt%, the intensity

f the UV absorption spectrum was approximately zero. The
esults demonstrate that the intensities of UV absorption spectra
t a wavelength of 267 nm are linearly dependent on the PAA
oncentration in the solutions. Fig. 7 shows the UV absorption
pectra of the suspensions with an alumina loading of 5 wt% in

range of 0.2–0.5 wt% PAA. The absorption spectra show that

he intensity of UV at the wavelength of 267 nm is decreased
s the PAA content is decreased from 0.5 wt% to 0.2 wt%. The
pectra shows that when 0.2 wt% PAA is added into an alumina F
ig. 6. Absorption spectra of different PAA content for 0 wt% alumina loading.

uspension, the intensity of UV absorption at the wavelength of
67 nm in the supernatant is equal to zero, which demonstrates
hat the PAA concentration in the supernatant is approximately
qual to zero. It can be concluded that the PAA is absorbed on the
lumina particle surface completely at a content of 0.2 wt%. Full
bsorption is considered to be the condition for an optimal PAA
oncentration, corresponding to full monolayer coverage of the
article surface by PAA. The absorption of PAA on the parti-
le surface should be maintained when a repulsive interaction
s expected to stabilize the suspension. Therefore, the optimum
mount of PAA that produces a well-dispersed suspension is
.2 wt% of alumina loading.

Gravity sedimentation tests were also performed by pour-
ng the as-prepared suspensions into glass cylinders and leaving
hem to stand undisturbed for 24 h. A profile of the suspension
eight from cylinder bottom with PAA content in a range of
.1–0.5 wt% for different alumina loading is shown in Fig. 8.
he height indication is the height of alumina suspension from

he cylinder bottom. The suspension height from bottom is high-
st at a PAA concentration of 0.2 wt%. Above a concentration
ig. 7. Absorption spectra of different PAA content for 5 wt% alumina loading.
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ig. 8. Sedimentation of alumina suspensions with different PAA contents.

uspension. Excessive PAA slightly decreases the dispersion of
he suspension. It is attributed to that the bridge flocculation is
he main reason for the decreased dispersion of suspension.19,20

he experimental results also reveal that the suspension height
rom bottom is decreased with an increased alumina loading
rom 5 wt% to 20 wt%. This is believed to the reason that the
istance between the particles become short in the alumina sus-
ension with a high alumina concentration, which easily results
n a bridge flocculation.21 The bridge flocculation causes the
edimentation of alumina particles, which is revealed through
he variation of suspension height. By adding an optimum con-
ent of PAA, a well-dispersed alumina suspension with different
lumina loading can be obtained.

Fig. 9 shows the viscosities of alumina suspensions with
wt% loading as a function of PAA concentration. The PAA con-
entrations are varied from 0 wt% to 0.5 wt% of alumina loading.
he results show that the viscosities of suspensions apparently
epend on the PAA concentration. At a low concentration,
he viscosity decreases with increasing the PAA concentration,
eaching a minimum value at approximately 0.2 wt% of alu-
ina loading. However, addition of excess PAA increases the
iscosity of suspension linearly with increasing PAA concen-
ration. It is believed that a bridging flocculation is formed in
uspension and become significant at high PAA concentration,

o

p

Fig. 10. SEM micrographs of alumina powder bed prepared using 5 wt% alumi
ig. 9. Viscosity of 5 wt% alumina suspension as a function of PAA concentra-
ion.

ecause a network structure develops by the bridging effect
etarding the sliding of particles and increasing the viscosity
f suspension.19,21 From Fig. 9, it is concluded that an opti-
um concentration of PAA was 0.2 wt%. The absorption of

AA on the particle surface should be maintained if a repul-
ive interaction is expected to stabilize the suspension. At a
ow content of dispersant, the surfaces of the particles is par-
ially covered by PAA and an electric charge is formed to act as
epulsive force, which then repels the particles from each other.
his in turn causes a decrease in the viscosity of suspension.
hen the PAA concentration increases over the equilibrium con-

entration, the excessive PAA dispersant also absorbs onto the
urface of particles already fully covered by PAA. In this case,
he excessive PAA easily forms bridging between neighbouring
articles, which in turn increases the viscosity of suspension.
ull absorption is considered to be the condition for maximum
AA concentration, corresponding to full monolayer coverage of
he particle surface by PAA. Therefore, the optimum amount of
AA that produces the lowest viscosity of suspension is 0.2 wt%

f alumina loading in this experiment.

Fig. 10 shows a SEM micrograph of alumina powder beds
repared via aerosol assisted spray deposition at 60 ◦C using

na loading suspension: (a) low magnification and (b) high magnification.
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wt% alumina suspension. The SEM image shows that the
owder bed had a uniform and smooth surface, which is very
mportant for laser densification. A high-magnification SEM

icrograph in Fig. 10 indicates that the particles with an aver-
ge size of approximately 0.45 �m were closely packed together
o form a uniform powder bed with a relatively high den-
ity. The average pore size was approximately 0.9 �m and the
ores were distributed in the powder beds homogeneously. The
erosol assisted spray deposition is a process where the precur-
or at the tip of an electrostatic atomiser breaks into sprayed
harged aerosol droplets. Spraying of alumina suspension in
stable cone-jet mode can produce mono-dispersed droplets

n a controllable way, which is advantageous for obtaining
he desired powder beds with a uniform and well-controlled

icrostructure.22

.2. Laser densification of alumina powder beds

.2.1. Effect of laser power
Fig. 11 shows SEM micrographs for the microstructures of

aser-densified alumina powder beds at a scanning speed of
.0 mm/s and a laser beam size of 2.0 mm using various laser
owers from 10 W to 60 W. At a laser power of 10 W, the SEM

icrograph in Fig. 11(a) shows that the laser-densified powder

ed consisted of small grains with an average size of 0.5 �m.
he average pore size was approximately 1.0 �m. The grains
ere partially bonded to each other to form the sintering neck.

d
t
l
m

Fig. 11. SEM micrographs of alumina powder beds densified usin
amic Society 27 (2007) 4727–4735 4731

t a laser power of 20 W, the agglomerated clusters were sin-
ered further and coarsened significantly to form irregular grains
n a size range of 0.5–1.0 �m, as shown in Fig. 11(b). Fig. 11(c)
hows that large grains with irregular and spherical morpholo-
ies were formed on the laser-scanned powder bed when a laser
ower of 40 W was used indicating an increase in the densifica-
ion of powder beds. It is believed that at a laser energy density of
.0 J mm−2 obtained using a laser power of 40 W a liquid-phase
ith a low viscosity was formed, which resulted in the formation
f dense microstructure and spherical grains.23 The SEM micro-
raph in Fig. 11(d) shows that further increasing the laser power
o 60 W caused the powder bed to be densified dramatically
nd a smooth microstructure with small pores was formed. The
iquid-phase sintering was dominant and the alumina particles
ecrystallized into larger grains, which had an irregular shape
ue to the fast melting–crystallization–solidification process in
he laser densification.

.2.2. Effect of laser scanning speed
Fig. 12 shows SEM micrographs for the morphologies of

aser-sintered powder beds using a laser beam size of 2.0 mm,
laser power of 65 W and a laser scanning speed of 2 mm/s

nd 4 mm/s, respectively. To increase the densification of pow-

er beds, a low scanning speed of 2 mm/s was chosen in order
o obtain a high laser energy density. Laser densification at a
aser scanning speed of 4.0 mm/s produced a sintered and dense

icrostructure. The initial stage of sintering occurred and sin-

g laser powers of (a) 10 W, (b) 20 W, (c) 40 W and (d) 60 W.
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Fig. 12. SEM micrographs of powder beds densified

ering necks of powder particles were formed. The grains, with
n average size of 1.2 �m and small pores with an average size
f approximately 0.15 �m around the grains, could be identified
rom Fig. 12(a). The laser scanning speed of 4 mm/s resulted
n a laser energy density of 8.2 J mm−2, which can improve the
aser densification but was not high enough to fully densify the
owder bed. The interface between the laser-sintered part and
he unsintered part can clearly be seen from the SEM images and

he surface of both parts was smooth. With a decrease of laser
canning speed to 2.0 mm/s, melting phenomena occurred in the
aser-scanned powder bed and the particles were fused together
o that the individual particles could not be clearly identified

a
w
t
u

Fig. 13. SEM micrographs of alumina powder beds densified using
laser scanning speeds of (a) 4 mm/s and (b) 2 mm/s.

rom Fig. 12(b). A low laser scanning speed would result in a
igh laser energy density and a high temperature accordingly,
hich promoted the laser densification of powder beds.

.2.3. Effect of laser beam size
Fig. 13 shows the microstructural development of powder

eds densified with a laser scanning speed of 4.0 mm/s and a laser
ower of 68 W using different laser beam sizes: 2.5 mm, 2.0 mm

nd 1.5 mm, respectively. From the SEM image in Fig. 13(a), it
as observed that spherical particles were formed and bonded

o each other when a laser beam with a size of 2.5 mm was
sed. Coalescence of particles was thermally activated when

laser beam sizes of (a) 2.5 mm, (b) 2.0 mm and (c) 1.5 mm.
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Table 2
Optimized laser parameters for preparing alumina ceramics

D (mm) 2.0
V (mm/s) 4.0
P
P
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(W) 72
/VD (J mm−2) 9.0

aser energy of 6.8 J mm−2 was obtained at a laser beam size of
.5 mm, but the laser energy density was not sufficient to den-
ify powder beds fully. When the laser beam size was reduced to
.0 mm the laser energy density was increased to 8.5 J mm−2 and
he laser densification of powder beds was promoted as shown in
ig. 13(b). From the SEM micrograph it can be seen that small
rains became spares and large grains dominate the image. The
verage grain size was approximately 1.2 �m. The formation of
mall spherical, regular particles and the smooth grain surface
ndicated a liquid-phase was formed.24 The microstructure of
owder beds after laser densification using a laser beam size
f 1.5 mm is shown in Fig. 13(c). The SEM micrograph shows
hat plate-like grains were formed in the powder beds densified
y laser irradiation at a laser energy density of 11.3 J mm−2.
t is concluded that laser densification of powder beds can be
ncreased by decreasing the laser beam size from 2.5 mm to
.5 mm, because the laser energy density is increased from
.8 J mm−2 to 11.3 J mm−2.

.3. Fabrication of alumina ceramics

Fig. 14 shows a digital image of the alumina ceramics
abricated using a laser-assisted fabrication method, in which
aser densification was performed on the powder beds prepared
sing aerosol assisted spray deposition. The selected processing
arameters based on the results are listed in Table 2. The SEM
icrographs of surface and cross-section microstructure of the

aser-densified alumina ceramics are shown in Fig. 15. The alu-
ina prepared using laser-assisted fabrication was very dense,

hich revealed that the green layer was fully densified by the

aser. The grain sizes were in the range of 0.3–2.0 �m, with an
verage grain size of 1.5 �m. Very few pores occurred in the
riple grain-boundary.

s
i
b
i

Fig. 15. SEM micrographs of ceramic alumina prepared by lase
Fig. 14. Digital image of laser-densified alumina ceramic.

.4. Laser densification mechanism of alumina powder bed

In laser densification of alumina powder beds the energy
s delivered point-by-point in a short period of time, and the
nteraction between laser beam and particles depends on the
aser scanning speed. Under a short laser-irradiation of the pow-
er bed, the particle bonding and sintering must be rapid and
hus solid-phase sintering, which requires a long diffusion time,
oes not seem to be feasible in selective laser sintering.25,26

elting/solidification and liquid-phase sintering are the fea-
ible mechanisms for laser densification of alumina powder
eds. In practice, laser sintering of alumina powder beds may
e considered in three stages27: (1) initial sintering up to a
utectic formation of liquid-phase. The eutectic phase systems
nclude Al2O3–SiO2, CaO–Al2O3–SiO2, Fe2O3–Al2O3–SiO2
nd Na2O–Al2O3–SiO2, which result from the impurities in the
tarting alumina powder listed in Table 1; (2) liquid-phase sinter-
ng allowing the liquid-phase to spread; (3) liquid–solid phase

onding and sintering during the period of cooling after laser
rradiation.

r-densified powder bed: (a) surface and (b) cross-section.
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ig. 16. Cross-section SEM micrographs of alumina powder beds densified usi

The laser processing parameters have an influence on the laser
nergy density and are helpful in understanding the laser den-
ification mechanism because the densification of powder beds
s a function of laser energy density. The SEM cross-section

icrographs of the alumina powder beds densified using differ-
nt laser energy densities are shown in Fig. 16(a)–(c). The laser
rocessing parameters are listed in Table 3. At a laser energy
ensity of 4.0 J mm−2, the alumina particles are sintered and
onded together at points of contact. The individual particles
nd the sintering necks at points of contact between particles
an be identified from the SEM image in Fig. 16(a). A small
mount of liquid-phase resulted from the low eutectic impurities
s believed to be formed at a measured temperature of 1123 ◦C
nder a laser energy density of 4.0 J mm−2, because the forma-
ion of spherical grains is an indication of liquid-phase formation
uring the sintering process. Fig. 16(b) shows that as the laser

−2
nergy density is increased to 7.0 J mm , the alumina particles
re sintered to form larger grains through liquid-phase sinter-
ng, which is confirmed by the formation of a smooth surface
f grains and the sintering necks.28 The sintering necking phe-

able 3
ifferent laser energy densities used for densifying alumina powder beds

arameters D (mm) V (mm/s) P (W) P/VD (J mm−2)

2.0 4.0 32 4.0
2.0 4.0 56 7.0
2.0 4.0 68 8.5

i
m
s
o
b
f

4

i
e

er energy densities of (a) 4.0 J mm−2, (b) 7.0 J mm−2 and (c) 8.5 J mm−2.

omenon between the grains is obvious, because a laser energy
ensity of 7.0 J mm−2 results in an increase of sintering tem-
erature on alumina powder beds, and thus more liquid-phase
s formed. The rounding of the edges of individual particles
lso indicates that liquid-phase sintering has occurred during
he laser densification of powder beds. Fig. 16(c) shows that
hen the laser energy density is increased to 8.5 J mm−2, the

lumina powder bed is densified completely. The morphology
f the particles evolves into a spherical shape and the surface
ecome smoother after the laser sintering process has occurred,
hich reveals the existence of liquid-phase. From the viewpoint
f sintering, the densification rate in a liquid-phase sintering
hrough viscous flow and rearrangement is mainly determined
y the wetting and viscosity of a body composed of solid par-
icles held together by a liquid-phase. Therefore, the sintering
ate during liquid-phase sintering is determined by the kinet-
cs of liquid–solid transformation, which are several orders of

agnitude faster than the solid-phase diffusion which occurs in
olid-phase sintering.24 It has been concluded that the advantage
f liquid-phase sintering during laser densification of powder
eds is a fast initial bonding and sintering caused by capillary
orces of liquid-phase in the alumina powder beds.

. Conclusions
The properties of alumina suspensions were character-
zed with regard to viscosity and PAA concentration in this
xperiment. PAA was an effective dispersant for preparing
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well-dispersed alumina suspension by introducing an elec-
rosteric stabilization to prevent particle agglomeration. The
ptimum content of PAA was 0.2 wt% of alumina loading when
full coverage of particles without bridging was achieved. The

ddition of excessive PAA would form bridging between the
lumina particles, which accelerated powder agglomeration and
ncreased the suspension viscosity. The aerosol assisted spray
eposition via an electrostatic atomiser has been used to gener-
te droplets of alumina suspension to prepare alumina powder
eds. Laser densification of alumina powder beds was stud-
ed using laser powers of 10–70 W, laser scanning speeds of
–4 mm/s and laser beam sizes of 1.5–2.5 mm. With increas-
ng laser power, the microstructure of laser-sintered alumina
owder beds varied from open/closed pores to a fully densified
icrostructure. Decreasing laser scanning speed or laser beam

ize would promote the laser densification of alumina powder
eds due to an increase in the laser energy density. During the
aser densification of alumina powder beds, submicron particles
n the starting materials were melted to form liquid-phase under
he laser irradiation at a laser power of 40 W. The liquid-phase
acilitates the sintering and densification of alumina powder beds
hrough liquid-phase sintering because the liquid-phase flows
nd fills the pores between the micrometer alumina particles
nd then solidifies to form a dense microstructure. The experi-
ental results showed that the final microstructure and quality

f the laser-sintered alumina powder beds depended strongly on
he laser parameters, such as laser power, laser scanning speed
nd laser beam size. The optimum laser densification parame-
ers include using a laser beam of 2 mm, a laser scanning speed
f 4 mm/s and a laser power of 70 W in order to avoid under-
ensification and over-densification of the alumina powder beds.
he established laser processing parameters and procedures will
ave a way for making three-dimensional ceramic parts with
ontrollable microstructures through solid freeform fabrication.
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