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a b s t r a c t

A stable aqueous slurry using ammonium polyacrylic acid polyelectrolyte as dispersant and a
neodymia–yttria–alumina mixture was prepared as the starting powder. The effect of the polyelectrolyte
concentration and the pH of the slurry on the stability of the suspension is studied, and the optimal pH
value and the amount of dispersant needed to obtain a stable slurry were determined. Highly consistent
slurries with optimal pH and dispersant concentration were prepared by ball milling. The rheological
eywords:
xide materials
eramics
icrostructure

canning electron microscopy

behavior of the slip with different solid loading (48–58 wt.%) has been studied by measuring the viscosity
and shear stress as a function of shear rate. Slip with solid loadings of 53 wt.% shows near-Newtonian
behavior but becomes non-Newtonian with typical shear-thinning behavior above this solid loading
value. The density and microstructure of the cast product bears a direct relationship to the state of the
slip induced by variation of the pH and the concentration of the dispersant as well as by solid loading.
Transparent Nd:YAG ceramics were obtained by sintering of compacts prepared from optimized slurries
at 1750 ◦C in vacuum.
. Introduction

Transparent yttrium aluminum garnet (Y3Al5O12) ceramic is an
mportant laser material with excellent chemical stability, good
ptical and thermal properties, and high temperature creep resis-
ance. It has proved to be one of the most promising laser materials
or many kinds of laser devices, especially high power lasers [1–3].

any factors, such as the purity of the raw materials, grain bound-
ry thickness, ceramic porosity, etc., affect the transparency and
aser properties of the ceramic. Among these factors, the number
nd size of micropores are the most important factors govern-
ng the optical and laser properties because of the scattering loss
aused by the interface between the air in the pores and the
eramic substrate. Lowering the porosity of the ceramic is there-
ore the greatest challenge to improving the laser properties of
AG. Although there are three different YAG ceramic fabrication

rocesses, including nanoparticle preparation, green body forma-
ion, and sintering, in attempting to control the porosity of the
eramic, the effect of the formation process is often ignored. The
eported YAG formation methods are typically dry-pressing [4–10],

∗ Corresponding author. Tel.: +86 531 88362807.
E-mail address: hongliu@sdu.edu.cn (H. Liu).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.12.016
© 2010 Elsevier B.V. All rights reserved.

iso-static pressing [6,9,11,12] and a few reports that indicate using
the slip casting method [13–16]. Generally speaking, using a green
body obtained from a press formation method makes it difficult to
obtain a pore-free ceramic with vacuum sintering because some
air is always trapped in the closed micro-cavities formed by the
tightly contacted particles in the green body during the high pres-
sure formation process. It is difficult to pump out the trapped air
in the furnace and so it forms micro-bubbles after vacuum sinter-
ing. It should be easier to obtain a dense ceramic formed with the
slip casting method than with the press formation method because
all the pores in the green body with the slip casting method origi-
nate from discharge channels in the dispersion medium. Therefore,
the air in the connected channels can be more easily pumped out
during vacuum sintering.

Based on this advantage, slip casting, which is an ancient for-
mation method, has been intensively applied to the fabrication
of transparent and other advanced ceramics, especially for multi-
component systems and composites [17–21]. If the goal is the
fabrication of pore-free transparent YAG ceramic, a uniform green

body with high density is necessary. However, because the pow-
der particles are of nanometer size, the slurry properties of the
mixed powder are quite different from that in a clay suspension, a
condition that presents a great obstacle to obtaining highly loaded
slurries.

dx.doi.org/10.1016/j.jallcom.2010.12.016
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:hongliu@sdu.edu.cn
dx.doi.org/10.1016/j.jallcom.2010.12.016
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As is well known, slip casting is based on a traditional formation
rocess: a ceramic powder is dispersed in a dispersion medium,
orms a slurry and is poured into a porous mold; the dispersion

edium is expelled from the slurry under the capillary action of
he mold, and a solid green body is obtained. The homogeniza-
ion and the rheological behavior of the suspensions have been
hown to play an important role in slip casting processing, and
n turn, on the microstructure and other properties of the final
roduct [13]. Therefore, the characteristics of the ceramic slurry
re the most important factor affecting the fabrication of a uniform
igh-density green body. The ceramic slurry, must satisfy the fol-

owing conditions to obtain a highly dense green body: (1) high
olid content, (2) low viscosity, and (3) good dispersion [22–24]. A
atisfactory slurry can be obtained by choosing a suitable disper-
ant of critical concentration and proper pH [25]. Polyelectrolytes
re usually added as dispersants to enhance slurry stability and to
odify the rheology in the colloidal processing of ceramics. The

lectrical double-layer thickness (Debye length) in a suspension,
hich is one of the most important processing parameters, is usu-

lly much smaller than the polymer adsorption layer thickness [26].
ther characteristic values, i.e. the Hamaker constant of the parti-
les, the radius of the particles and the electrostatic double layer
hickness, are thought to be changed by the adsorption of the poly-

er. Therefore, the dispersant concentration is assumed to have
n extremely strong effect on the value of the zeta potenial. The
ffect of pH and dispersant concentration on the zeta potential is
he basis of this research on the cast formation of advanced ceram-
cs.

Esposito et al. [15] reported the formation of pore-free transpar-
nt Nd:YAG ceramic with neodymia–yttria–alumina powder using
he cold isostatic pressing (CIP) and slip casting (SC) methods. The
queous slip casting of transparent YAG ceramics with commercial
ttria–alumina mixed powder was discussed by Appiagyei et al.
16]. The purpose of the present work is to explore the optimal
onditions for preparing fully dense, nanostructured ceramics with
eodymia–yttria–alumina powder using the slip casting method.
he effort is focused on investigating the effect of pH and dispersant
oncentration on the zeta potential with neodymia–yttria–alumina
owder. Based on a determination of the optimal parameters,
he rheology of slurries with different solid content was investi-
ated. A uniform green body with high solid content was prepared
hat was appropriate for the preparation of transparent Nd:YAG
eramic. The green body was thoroughly characterized in terms of
ts microstructure and density.

. Experimental procedures

Homogeneous neodymia–yttria–alumina powder was purchased from Tianjin
inchun Chemical research institute. The dispersant used in this study was an NH4

+

alt of ployacrylic acid (NH4PAA) (30 wt.%, Shanghai Reagents Co.). Phase identi-
cation of the commercial powder was performed by X-ray diffractometry (XRD,
dvance D8, Germany) using Cu K� radiation (� = 1.5418 Å).

A Zeta potential analyzer (Zetapals, Brookhaven Instruments Corporation, USA)
as used to characterize the electrokinetic properties of the mixed powder. For the

eta potential measurement a powder suspension of 2 mg/ml concentration was
repared by dispersing the powder in deionized water under continuous magnetic
tirring. The effect of pH (in the range of 7–12) on the electrokinetic properties of
he mixed powder was investigated in measuring the zeta potential by adjusting the
H of the suspension with the addition of 0.1 M sodium hydroxide (NaOH) solution.
he effect of adding NH4PAA on the electrokinetic properties of the suspension was
xplored by measuring the zeta potential of the 2 mg/ml concentration suspension
ith different concentrations of NH4PAA at a fixed pH (10.5).

Rheological measurements are typically used to characterize the behavior of
uid materials subjected to deformation strain [27], defined as the shear rate, �̇ . The

heological behavior of a fluid is described by one of two flow curves: � (shear stress)
f (�̇) or � (viscosity) = f (�̇). Highly solid-loaded mixed powder slurries (48 wt.%,

3 wt.%, 58 wt.%) with optimal pH and an additional amount of NH4PAA were care-
ully prepared by adding a fixed amount of mixed powder into a fixed volume of
ater of optimal pH and an additional amount of NH4PAA. The mixture was then

all milled for rheological behavior measurements. The rheological behavior was
Fig. 1. XRD patterns of mixed powders.

studied by measuring the viscosity and shear stress as a function of shear rate on a
rheometer (HAAKE RheoStress RS75, Germany). The measurements were performed
at a constant temperature of 25 ◦C using a cylindrical configuration.

The suspensions with the highest solids content, while retaining low viscos-
ity, were subsequently slip cast in Plaster of Paris molds to form green bodies. The
density of the formed green bodies was measured by the Archimedes method using
kerosene. After being thermally etched at 1450 ◦C for 4 h, the fracture surfaces of the
green samples and the ceramic grain boundaries were examined using field emission
scanning electron microscopy (SEM, S-4800, Hitachi, Tokyo, Japan). The green body
that was obtained from the optimized slurries was sintered in a vacuum furnace.
Sintering was conducted at 1750 ◦C for 30 h in a tantalum mesh-heated vacuum
furnace under 1.0 × 10−3 Pa vacuum. A sample (0.5 mm thick) mirror-polished on
both surfaces was used to measure the optical transmittance with a Model U-4100
Spectrophotometer (Hitachi, Japan).

3. Results and discussion

X-ray diffraction (XRD) patterns of the purchased powder are
shown in Fig. 1. The Y2O3 and Al2O3 phases were clearly detected
but no other phase was found, which indicates that the reaction
between Y2O3 and Al2O3 has not yet occurred in the starting pow-
der. Fig. 2 shows SEM micrographs of the neodymia–yttria–alumina
powder (Fig. 2(a)) and neodymia–yttria–alumina powder mixture
after milling for 3 h with high purity alumina media (Fig. 2(b)).
Based on visual inspection, after ball milling the powder appears to
be more homogeneous than the starting powder.

Fig. 3 shows the result of �-potential measurements for a series
of aqueous suspensions of different pH values. All the measured
potential values are positive at low pH, then decrease with increas-
ing pH, reach zero, and then become negative, and continue to
decrease with further increase in the pH of the suspension. It is clear
that the isoelectric point (IEP) (i.e. the pH at which the net charge on
the particle surface is zero) for the as-received suspension is about
pH 8.4, which is similar to the value reported in the literature [16].
This result is in agreement with the model for hydroxide groups
adsorbed onto the surfaces of the particles. According to the liter-
ature, metal ions on the surface oxide layer behave as a Lewis acid
[28]. In the case of aqueous slurries of oxides, a surface reaction
results in the formation of amphoteric hydroxide groups, such as
M–OH, which can dissociate as weak acids or bases [29]:

M–OH (surface) ↔ M–O− (surface) + H+ (inbasicslurries) (1)
M–OH (surface) + H+ ↔ M–OH2
+ (surface) (inacidslurries) (2)

Below the IEP, adsorption of H+ ions leads a positively charged sur-
face, whereas above the IEP, the adsorption of OH− ions produces
a negatively charged surface. Pure alumina, yttria and neodymia



3124 Y. Lv et al. / Journal of Alloys and Compounds 509 (2011) 3122–3127

powd

p
∼
a
a

O
d
p
t
t
t
a
t
t
s
b
c
f
p
f
b
p
r

F
(

Fig. 2. SEM pictures of the as-synthesized mixed

articles display isoelectric points in the pH range of ∼8.5–9.5,
10.5–11 and ∼8.3–8.8, respectively [30–32], which implies that
reasonable comparison of the surface of the powder with pure

lumina and neodymia can be made.
Generally, the zeta potential depends on the amount of H+ or

H− adsorbed on the particle surfaces and on the thickness of the
ouble electron layer on the particle in suspension. In the mixed
owder-water system, the starting positive value of the zeta poten-
ial is due to the adsorption of protons from the solution in which
hey are dispersed. With the increase in pH, due to the decrease in
he adsorption of protons from solution, the zeta potential gradu-
lly decreases and reaches the IEP at a pH of about 8.4. At the IEP,
he rate of adsorption of H+ approaches zero and the net adsorp-
ion of H+ and OH− ions on the particle surfaces are almost equal,
o the zeta potential is zero. At this point, the slurry is very unsta-
le, and agglomeration of the particles occurs even in a low load
ontent slurry. The adsorption of OH− on the powder surfaces
rom solution leads to a negative zeta potential value when the

−
H goes beyond the IEP. The amount of OH adsorbed on the sur-
ace of the nanoparticles increases with the increase in pH, which
rings about an increase in the zeta potential of the particles. At
H 10.5, the amount of OH− adsorbed on the particle surfaces
eaches a maximum, and the zeta potential reaches its minimum

ig. 3. Effect of pH on the �-potential of mixed powder in aqueous solution
T = 25 ◦C).
er (a) and mixed powder after milling for 3 h (b).

value (−34 mV). At this pH, the repulsive force on the particles is
caused by the negative charges adsorbed on the particle surfaces,
and the state is stable. To summarize, at a pH value of approximately
10.5, the particle-water system is in its most stable configuration.
It is empirically generally accepted that, below the critical value
of ±30 mV, suspensions of lyophobic particles undergo changes
in their dispersion state [33]. Therefore, the assessment of the
properties of the suspension on the amount of dispersant is made
at pH 10.5.

Fig. 4 shows the effect of concentration of the NH4PAA (w)
polymer on the zeta potential of the mixed particles in aqueous
suspension with pH 10.5. The addition of NH4PAA lowers the zeta
potential of the mixed powder in suspension in conformity with
other oxide slurry systems. The zeta potential decreases with an
increase in the amount of NH4PAA. After reaching a minimum value
at w = 5.2, it increases with additional amounts. The observation
that dispersant addition increases the absolute value of the zeta
potential indicates that anions from dissociated NH4PAA are specif-

ically absorbed on the particle surface. The NH4PAA functional
groups are carboxylic acid (COO−) groups in an aqueous solution,
as illustrated below:

Fig. 4. Zeta potential of the slurry as a function of NH4PAA concentrations with pH
10.5.
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Table 1
Summary of the characteristics of the microstructured suspensions prepared under
different conditions.

Sample Solid content (wt.%) pH Dispersant (wt.%) Density (g/cm3)

a 53 10.5 5.2 2.5851

F
r
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The ammonium carboxylate groups dissociates
ccording to the reaction RCOONH4 = RCOO−+NH4

+, which begins
t a pH >3.5; at pH ≥8.5 the polymer charge is negative with the
egree of ionization approaching 1 [34]. Yu and Somasundaran [35]
eported that at a pH of 10, NH4PAA is fully ionized and adsorp-
ion is dominated by electrostatic interactions between the ionized
ites on the polymer and the surface charged sites on the solid.
n our experiment, the lowest zeta potential of the mixed slurry
s about −85 mV when the concentration of NH4PAA is 5.2 wt.%,

hich indicates that this concentration is optimal for the addition
f NH4PAA in the mixed powder–water system. At this concentra-
ion, the adsorbed polymer layer on the mixed powder is close to a

onolayer. This dispersant amount is considered optimum for sta-
ilizing the suspension. Any further addition would not be adsorbed
nd would negatively affect the stability of the suspension with
epletion and/or flocculation. Adding dispersant beyond what gives
aximum coverage of the particle surfaces can lead to an excess

f dispersant in solution, which in turn would exert a detrimen-
al effect on the rheology for two possible reasons [16]: (1) acting
s a free electrolyte, the ionic strength increases and thus screens
he electrostatic forces on the particles, and (2) forming a com-
lete monolayer or even a second adsorbed layer on the surface of
articles with opposite orientation, thus completely reversing the
urface charge. The former may lead to depletion flocculation as
result of the osmotic pressure created by the exclusion of unad-

orbed polymer chains between two approaching particles that are
oated by the dispersant. The latter, on the other hand, may lead
o repulsive electrosteric particle interactions at higher dispersant
oncentrations.

It is understandable that the behavior of the slurry also depends
n the concentration of the solid phase. The rheological behavior of
mixed powder–NH4PAA slip was studied by measuring the shear

tress and viscosity at varying shear rates, while maintaining differ-

nt solid content (48 wt.%, 53 wt.%, 58 wt.%) values at pH 10.5 with
.2 wt.% dispersant, as shown in Fig. 5(a) and (b). The flow curves
ighlight the observation that the suspensions measured are “non-
ewtonian systems”, and exhibit plastic behavior. From Fig. 5(a),

t is clear that the slurry for 48 wt.% and 53 wt.% loading exhib-

ig. 5. Rheological behavior of concentrated (48 wt.%, 53 wt.%, 58 wt.%) suspensions at pH
ate.
b 53 12.5 5.2 2.2467
c 40 10.5 5.2 1.6649
d 40 10.5 0 Body cracks

ited characteristics close to Newtonian behavior, although a slight
shear thinning was observed. This behavior is typical of a stable col-
loidal slurry. When the solid loading was increased to 58 wt.%, the
slurries showed typical shear thinning behavior over the applied
shear rate range. At the same time, the viscosity increased with
increasing solid loading. The shear thinning behavior has been
interpreted to be the result of the gradual breaking down of the
structures formed while the fluid was in repose, indicating that a
high shear stress is necessary to break them. At low shear rates, the
slurry structure is close to equilibrium, and thermal motion domi-
nates over viscous forces. At higher shear rates, the viscous forces
affect the slurry structure more, causing it to become distorted,
hence leading to shear thinning [36]. In addition, a low viscosity
value (solid content 48 wt.%) of 15 mPa s at the maximum shear
rate (� = 1000 s−1) is observed in Fig. 5(a), thus confirming the good
dispersing ability of the NH4PAA for mixed powder aqueous slur-
ries. From the above results, the suspensions based on solid content
48 wt.% seem to exhibit the best rheological behavior. Given the
relationship between solid content and compact density, the solid
content 53 wt.% slurry is considered to be the optimum.

Detailed characteristics of the suspensions prepared under a
range of different conditions are summarized in Table 1. From this
table, it is clear that with the various casting parameters employed,
the green density is different. It should be pointed out that the
green body cracked when no dispersant was added in the process
of ball milling. The highest green density at 56.8% of the theoreti-
cal limit (2.5851 g/cm−3) was obtained under optimum dispersion
conditions. This result indicates that the addition of 5.2 wt.% of the
dispersant into the suspensions with 53 wt.% solid content leads
to a green body with smaller pore diameter and one that is more

compact. These results are in good agreement with the theoretical
discussion above.

Fig. 6 shows the microstructure of the fracture surfaces of green
bodies under different conditions. The condition of the various
samples is identical to those in Table 1. A well-defined and more

10.5 with 5.2 wt.% dispersant: (a) shear stress and (b) apparent viscosity vs. shear
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Fig. 6. SEM micrographs of fracture surfaces of slip cast green bodies under different conditions: (a) 53 wt.%, pH 10.5; (b) 53 wt.%, pH 12.5; (c) 40 wt.%, pH 10.5.

nt Nd:YAG ceramic sintered at 1750 ◦C for 30 h in a vacuum furnace.
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Fig. 7. Photograph (a) and SEM microstructure (b) of transpare

niform microstructure can be observed as shown in Fig. 6(a).
ome flocculation among the particles can be observed again when
he pH of the slurry is further increased (Fig. 6(b)). Further pH
ncrease renders poor slurry rheology, leading to a more inhomo-
eneous microstructure. More pores were observed in the green
ody (Fig. 6(c)), indicating that a low solid content (40 wt.%) is not
ufficient to obtain a compact green body. The pH value and solid
ontent play an important part in preparing fully dense, nanostruc-
ured ceramics with neodymia–yttria–alumina powder using the
lip casting method. Comparing the microstructure of the green
odies under a range of different conditions, an obvious difference

n the compact density was observed among these samples. These
esults are in good agreement with the density measurement of the
reen bodies.

Fig. 7(a) displays a photograph of the vacuum-sintered Nd:YAG
eramic sample. It can be seen that the sample is transparent. The
ixed powders can be sintered to high transparency at 1750 ◦C by

he slip casting method without SiO2 addition [37,38] or MgO addi-
ion [39,40], which were used as sintering additives. An SEM image
f the thermal-etched ceramics sample is shown in Fig. 7(b). From
his figure, we can see that the materials are dense without evi-
ent pores in the sintered sample, and the microstructure is quite
niform. Most grains in the microstructure are around 5–10 �m in
ize.

Fig. 8 shows the straight-line light transmission curve of Nd:YAG

ransparent ceramic. From this curve, we can see that the optical
ransmittance of the sample is 72.1% at the lasing wavelength of
064 nm, which is lower than that of single crystal Nd:YAG [41].
he characteristic absorption peak of neodymium ions at 808 nm
s evident. In order to improve the optical quality of transparent
Fig. 8. Light transmission curve of Nd:YAG transparent ceramics.

ceramics prepared by this method, the effects of the sintering aids,
such as TEOS alone, MgO alone, TEOS combined with MgO, on the
optical quality of the ceramic will be investigated in the future.

4. Conclusions
It is revealed in the present studies that high density and
homogeneous microstructure Nd:YAG ceramic green bodies can be
prepared with well-dispersed neodymia–yttria–alumina particles
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y using the slip casting method. The Zeta potential of mixed pow-
ers in deionized water was studied over the pH range of 7–12.
ood dispersion was observed at a pH of 10.5 and at a NH4PAA
oncentration of 5.2 wt.%, as revealed by a minimum in the zeta
otential for the slip. The rheological behavior of the slip for dif-
erent solid loading shows that slip with a solid loading of 53 wt.%
xhibits near-Newtonian behavior, whereas with higher solid load-
ng the behavior changes to a shear thinning mode. At the optimum
H value of 10.5 and at a dispersant concentration of 5.2 wt.%, a
3 wt.% solid loaded slip was successfully slip cast to produce a
ense ceramic with homogeneous microstructure. Uniform and
ully dense transparent Nd:YAG ceramics were obtained by sin-
ering of compacts prepared from optimized slurries at 1750 ◦C in
acuum with no additional sintering aids.
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