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Abstract The electrokinetic properties of Nd:YAG
nanopowder with particles of about 40 nm in diameter
were investigated by measuring the zeta potential of
a stable YAG (Y3Al50,,) aqueous slurry. Ammonium
poly(acrylic acid) polyelectrolyte was used as dispersant to
adjust the electrokinetic properties of the Nd:YAG slurry.
The effect of the pH of the slurry and of the polyelectrolyte
concentration on the stability of the suspension are dis-
cussed in this study. The optimal pH value and the amount
of dispersant needed to obtain a stable Nd:YAG nanopar-
ticle slurry were determined. Highly consistent Nd:YAG
nanoparticle slurries with optimal pH and dispersant con-
centration were prepared by ball milling. The rheological
behavior of Nd:YAG slip with different solid loading (60—
70 wt%) has been studied by measuring the viscosity and
shear stress as a function of shear rate. Slip with solid
loadings of 65 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 relation-
ship to the state of the slip induced by alternation of the pH
and the concentration of the dispersant as well as the solid
loading.

Introduction

Transparent yttrium aluminum garnet (Y3Als0;,) ceramic
is an important laser material with excellent chemical
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stability, good optical and thermal properties, and high
temperature creep resistance. It has proved to be one of the
most promising laser materials for many kinds of laser
devices, especially high power lasers [1-3]. Many factors,
such as the purity of the raw materials, grain boundary
thickness, ceramic porosity, etc., affect the transparency
and laser properties of the ceramic. Among these factors,
the number and size of micropores are the most important
factors governing the optical and laser properties because
of the scattering loss caused by the interface between the
air in the pores and the ceramic substrate. Lowering the
porosity of the ceramic is therefore the greatest challenge
to improving the laser properties of YAG. Although there
are three different YAG ceramic fabrication processes,
including nanoparticle preparation, green body formation,
and sintering, in attempting to control the porosity of the
ceramic, the effect of the formation process is often
ignored. The reported YAG formation methods are usually
dry-pressing [4-10], iso-static pressing [11, 12], and a few
reports that indicate using the slip casting method [13-18].
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 large
pores presents during the formation process under high
pressure [19]. Compared to the press formation method,
with a green body formed from the slip casting method it
should be easier to obtain a dense ceramic because all the
pores in the green body from the slip casting method
originate from discharge 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 formation method, has been intensively applied to
the fabrication of transparent and other advanced ceramics
[20-24]. If the goal is the fabrication of a pore-free
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transparent YAG ceramic, a uniform green body with high
density is necessary. However, because Nd:YAG particles
are of nanometer size, the slurry properties of the Nd:YAG
powder are quite different from the clay suspension, a
condition that presents a great obstacle to obtaining highly
loaded Nd:YAG slurries.

As is well known, slip casting is based on a traditional
formation process: a ceramic powder is dispersed in a
dispersion medium, forms a slurry and is poured into a
porous mold; the dispersion medium is expelled from the
slurry under the capillary action of the mold, and a solid
green body is obtained. Therefore, the characteristics of
the ceramic slurry are the most important factor for the
fabrication of a uniform high density green body. The
ceramic slurry must satisfy the following conditions to
obtain a highly dense green body: (1) high solid content,
(2) low viscosity, and (3) good dispersion [25-27]. A
satisfactory slurry can be obtained by choosing a suitable
dispersant of critical concentration and proper pH [28].
The principle of stabilization by electrostatic repulsion is
described by the Derjaguin—-Landau—Verwey—Overbeek
(DLVO) theory. Stabilization is possible only when the
repulsive forces are greater than the attractive forces. The
stabilization of electrostatic repulsion depends on both
the radius of the particles and their surface potential, .
This latter parameter depends directly on the surface
charges and is independent of the grain size of the
powder [29]. The =zeta potential corresponds to the
charge of a colloidal particle in the proximity of its
surface, and is generally used as a quantitative mea-
surement to predict suspension stability. The value zeta
potential = 0 is the isoelectric point (IEP), at which
repulsion forces disappear and flocculation occurs. On
the other hand, a higher zeta potential value results in
higher repulsive forces and a more stable suspension.
The value of zeta potential depends directly on the pH of
the slurry and on the dispersant concentration, as well as
on the nature of the particles in the slurry. Polyelectro-
lytes are usually added as dispersants to enhance slurry
stability and modify the rheology in the colloidal pro-
cessing of ceramics. The electrical double-layer thickness
(Debye length) in a suspension, which is one of the most
important processing parameters, is usually much smaller
than the polymer adsorption layer thickness [30]. Other
characteristic values, i.e., the Hamaker constant of the
particles, the radius of the particles, and the electrostatic
double-layer thickness, are thought to be changed by the
adsorption of the polymer. Therefore, the dispersant
concentration is assumed to have an extremely strong
effect on the value of the zeta potential. The effect of pH
and dispersant concentration on the zeta potential is the
basis of the research on the cast formation of advanced
ceramics.

In the present work, the effort is focused on investi-
gating the effect of pH and dispersant concentration on the
zeta potential with an average grain size of 40 nm. Based
on a determination of the optimal parameters, the rheology
of Nd:YAG slurries with different solid content was
investigated. A uniform Nd:YAG green body with high
solid content was prepared that was appropriate for the
preparation transparent Nd:YAG ceramic. The green body
was thoroughly characterized in terms of its microstructure
and density.

Experimental

Nd:YAG powder of about 40 nm in diameter was synthe-
sized by a co-precipitation method [31]. In order to control
the dispersion of the nanopowder, an appropriate amount of
(NH,4),SO4 was added to the reactant solution during the
synthesis. The dispersant used in this study was an NH,*
salt of poly(acrylic acid) (NH4PAA) (30 wt%, Shanghai
Reagents Co.).The morphology of the precursor and the
Nd:YAG nanopowder was characterized by transmission
electron microscopy (TEM, 100CXII, JEOL, Tokyo,
Japan).

A Zeta potential analyzer, (Zetapals, Brookhaven
Instruments Corporation, USA) was used to characterize
the electrokinetic properties of the Nd:YAG nanoparticles.
For the zeta potential measurement a Nd:YAG suspension
of 2 mg/mL concentration was prepared by dispersing
Nd:YAG powder in deionized water under continuous
magnetic stirring. The effect of pH (in the range of 2—-12)
on the electrokinetic properties of the Nd:YAG powder was
investigated in measuring the zeta potential by adjusting
the pH of the suspension with the addition of 0.1 M HNO;
for the acidic range, and 0.1 M sodium hydroxide (NaOH)
solution for the alkaline range. The effect of adding
NH4PAA on the electrokinetic properties of the Nd:YAG
suspension was explored by measuring the zeta potential of
the suspension with different concentrations of NH,PAA at
a fixed pH (10.5).

To verify the relationship between the suspension
properties and the zeta potential of the Nd:YAG nano-
powder, the static settlement test was used to study the
effects of the addition of dispersant to a stable Nd:YAG
water slurry. 20 wt% solid-loaded Nd:YAG suspensions
with different dispersant concentrations were milled for 3 h
before allowing them to stand in a 25 mL graduated cyl-
inder. The initial height of the suspension in the graduated
cylinder was measured as H,. The graduated cylinders
were undisturbed for 7 days, and the height of the cloudy
suspensions was measured as Hy.

Rheological measurements are typically used to charac-
terize the behavior of fluid materials subjected to
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deformation strains [32], defined as the shear rate, j. The
rheological behavior of a fluid is described by one of two
flow curves: 7 (shear stress) = f(}) or 5 (viscosity) = f(7).
Highly solid-loaded Nd:YAG powder slurries (60, 65,
70 wt%) with optimal pH and an additional amount of
NH4PAA were carefully prepared by adding a fixed amount
of Nd:YAG powder into a fixed volume of water of optimal
pH and an additional amount of NH,PAA. The mixture was
then ball milled for rheological behavior measurements.
The rheological behavior was studied by measuring their
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 solid content while at
the same time retaining a low viscosity were subsequently
slip cast in Plaster of Paris molds to form green bodies
measuring 20 mm in diameter by 3 mm in thickness. The
density of the formed green bodies was measured by the
Archimedes method using kerosene. The fracture surfaces
of the green samples were examined by using field emis-
sion scanning electron microscopy (SEM, S-4800, Hitachi,
Tokyo, Japan).

Results and discussion

Figure l1a shows that the precursor particles are well-dis-
persed and nearly spherical with an average size of about
30 nm. The particle size of the as-synthesized Nd:YAG
powder is about 40 nm (Fig. 1b). The particles are well
dispersed probably because of the use of (NH4),SO, as a
dispersant during the synthesis and calcining process [33].

Figure 2 shows the result of zeta potential measure-
ments for a series of aqueous Nd:YAG suspensions of
different pH values. All the measured potential values are
positive at low pH, then decrease with increasing pH, reach
zero, and then become negative, and continue to decrease

Fig. 1 TEM photograph of the
precursor powder (a) and
as-synthesized Nd:YAG powder
(b) by co-precipitation method
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Fig. 2 Effect of pH on the zeta potential of Nd:YAG nanopowder in
aqueous solution (7' = 25 °C)

with further increase in the pH of the suspension. It is clear
that the IEP (i.e., the pH at which the net charge on the
particle surface is zero) for the as-received suspension was
about pH 8.5, which is similar to the value reported in the
literature [34]. This result is in agreement with the model
for hydroxide groups adsorbed onto the surfaces of the
particles. According to the literature, metal ions on the
surface oxide layer behave as a Lewis acid [35]. 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"
(in basic slurries)

(1)

M—OH(surface) + H* < M—OHj (surface)
(in acid slurries)

(2)

Below the IEP, adsorption of H" ions leads a positively
charged surface, whereas above the IEP, the adsorption of
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OH™ ions produces a negatively charged surface. Pure
alumina and yttrium oxide particles display isoelectric
points in the pH range of ~85-9.5 and ~10.5-11,
respectively [36-38], which implies that a fruitful com-
parison of the surface of the synthesized Nd:YAG powder
can be made with pure alumina.

Generally, the zeta potential depends on the amount of
H™' or OH™ adsorbed on the particle surfaces and on the
thickness of the double electron layer on the particle in
suspension. In the Nd:YAG nanoparticle—water system,
the starting positive value of the zeta potential is due to
the adsorption of protons from the solution in which they
are dispersed. At pH = 2, the overabundant adsorption of
H™" on the particle surfaces causes a compression of the
double electron layer, which in turn produces a smaller
zeta potential. The double electron layer decreases with
the increase of the pH of the suspension, and reaches a
maximum at a pH of about 4. At this point, the zeta
potential is at its maximum value (48 mV). In such a
system, the repulsive force between the particles caused
by the positive surface charges reaches a maximum, and
the suspension is in a very stable situation. With the
increase of the pH, due to the decrease in the adsorption
of protons from solution, the zeta potential gradually
decreases and reaches the IEP at a pH of about 8.5. At
the IEP, the amount of adsorption of H' is zero or better,
and the adsorption of H" and OH™ ions on the particle
surfaces are almost equal, so the zeta potential is zero. At
this point, the slurry is very unstable, and agglomeration
of the particles occurs even in a low load content
Nd:YAG slurry. The adsorption of OH™ from solution on
the nanopowder surfaces leads to a negative zeta poten-
tial value when the pH goes beyond the IEP. The amount
of OH™ adsorbed on the surface of the nanoparticles
increases with the increase in pH, which brings about an
increase in the zeta potential of the particles. At
pH = 10.5, the amount of OH™ adsorbed on the nano-
particle surfaces reaches a maximum, and the zeta
potential reaches its minimum value (—43 mV). At this
pH, the repulsive force on the particles is caused by the
negative charges adsorbed on the particle surfaces. This
state is also stable. Above a pH of 10.5, the compression
of the double electron layer leads to a slight increase in
the zeta potential because of the overabundant adsorption
of OH™ on the particle surfaces.

To summarize, at pH values of approximately 4 and
10.5, the Nd:YAG particle-water system is in its most
stable configuration. It is empirically generally accepted
that, below a critical value of +30 mV, suspensions of
lyophobic particles undergo changes in their dispersion
state [39]. Therefore, the assessment of the electrokinetic
properties of the Nd:YAG nanoparticle suspension on the
amount of dispersant is based at pH = 10.5.

& A

3 a

1 1
L

}

(4]

o
1

Zeta potential/mV
& &
(L] o
1 1
/ .

/
/

/

S
o

T T T T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5
w (Dispersant-PAA-NH,) %

Fig. 3 Zeta potential for the Nd:YAG slurry as a function of
NH,4PAA concentrations with pH = 10.5

Figure 3 shows the effect of concentration of the poly-
mer NH,PAA (w) on the zeta potential of the Nd:YAG
particles in aqueous suspension with pH = 10.5. The
addition of NH,PAA lowers the zeta potential of the
Nd:YAG nanoparticles 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 = 2.6, it increases with additional
amounts. The observation that dispersant addition increases
the absolute value of the zeta potential indicates that the
anion from the dissociated NH4PAA is specifically absor-
bed on the particle surfaces. The functional groups of
NH4PAA are carboxylic acid (COO™) groups in an aque-
ous solution as illustrated below:

—{-CHz—Cl T
(ljoo -
NH}

The ammonium carboxylate groups dissociate according
to the reaction RCOONH,=RCOO~ + NH,*, which
begins at pH >3.5; at pH >8.5 the polymer charge is
negative with the degree of ionization approaching 1 [40].
Yu and Somasundaran [41] reported that at a pH of 10,
NH4PAA is fully ionized and adsorption is dominated by
electrostatic interactions between the ionized sites on the
polymer and the surface charged sites on the solid. In our
experiment, the lowest zeta potential of the Nd: YAG slurry
is about —80 mV when the concentration of NH,PAA is
2.6 wt%, which indicates that this concentration is optimal
for the addition of NH4PAA in the YAG—water system. At
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this concentration, the adsorbed polymer layer on the
Nd:YAG nanoparticles is close to a monolayer. This dis-
persant amount is considered the optimum one for stabi-
lizing the suspension. Any further addition would not be
adsorbed and would negatively affect the stability of the
suspension with depletion and/or flocculation. Adding
dispersant beyond what gives maximum coverage of the
particles surfaces can lead to an excess of dispersant in
solution, which in turn would exert a detrimental effect on
the rheology for two possible reasons [16]: (1) acting as a
free electrolyte, the ionic strength increases and thus
screens the electrostatic forces on the particles, and (2)
forming a complete monolayer or even a second adsorbed
layer on the surface of particles with opposite orientation,
thus completely reversing the surface charge. The former
may lead to depletion flocculation as a result of the osmotic
pressure created by the exclusion of unadsorbed polymer
chains between two approaching particles that are coated
by the dispersant. The latter, on the other hand, may lead to
repulsive electrosteric particle interactions at higher dis-
persant concentrations.

Observation and measurement of sedimentation is
another way of examining colloidal stability. A good dis-
persant will enable suspensions to maintain a cloudy state.
Figure 4 shows the sedimentation behavior of 20 wt%
Nd:YAG suspensions with various amounts of NH,PAA
added. For suspensions without any dispersants present,
two distinct layers were observed after sedimentation.
These two layers are a transparent aqueous layer on the top
and a sediment layer at the bottom of the test tube. The
relative height of the sediment layer (H¢Hg) is 65.21%.
The relative height of the sediment layer (H¢/H,)) increases
with an increase in the amount added, reaches a maximum
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Fig. 4 The relative height of the sediment layer (H¢/H,) as a function
of NH4PAA concentrations with 20 wt% solid content and pH = 10.5

@ Springer

at a w value of about 2.6, and decreases with a further
increase in the amount added. This result indicates that the
optimal amount of NH4PAA to be added for stabilizing the
Nd:YAG nanoparticle slurry is about 2.6, which agrees
with the results obtained from the zeta potential measure-
ments (Fig. 3).

It is understandable that the behavior of the slurry also
depends on the concentration of the solid phase. The rhe-
ological behavior of YAG-NH4PAA slip was studied by
measuring the viscosity and shear stress at varying shear
rates while maintaining different solid content (60, 65,
70 wt%) values at pH 10.5 with 2.6 wt% dispersant as
shown in Fig. 5a, b. From the figure, it is clear that nearly
Newtonian behavior was exhibited at the lower solid
loadings of 60 and 65 wt%; whereas typical shear-thinning
behavior that implies that no yield point exists [42—45] was
observed at a solid loading of 70 wt%. The flow curves
highlight the observation that the suspensions measured are
“non-Newtonian systems”, and present pseudo-plastic
behavior. The flow curves at a solid loading of 70 wt%
show the characteristics of a highly flocculated suspension
with a yield stress of about 46 Pa and display a shear-
thinning behavior. This is because liquid is immobilized in
the inter-particulate pore spaces of the flocs and of the floc
network of the suspension, resulting in an increased
effective solid loading relative to the well-dispersed sus-
pension. On application of a shear stress, shear-thinning
flow results due to the breakdown of the flocculated
structure and the release of entrapped liquid [46]. The
viscosity value (solid content 60 wt%) is 33 mPa s at the
maximum shear rate (y = 1000 sfl). From the above
results, suspensions based on a solid content of 60 wt%
seem to have the best rheological behavior. Given the
relationship between solid content and compact density, a
solid content 65 wt% slurry is observed to be optimum.

Detailed characteristics of the nanosuspensions 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 of 57.7% of theoretical value
(2.6254 g/em™?) was obtained under optimum dispersion
conditions. This result indicates that the addition of
2.6 wt% of the dispersant into the suspension with 65 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.

Figure 6 shows the microstructure of the fracture sur-
faces of green bodies under a range of different conditions.
The condition of the various samples is identical to those in
Table 1. A well-defined and more uniform microstructure
can be observed as shown in Fig. 6a. Some flocculation
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Fig. 5 Rheological behavior of concentrated (60, 65, 70 wt%) Nd:YAG suspensions at pH 10.5 with 2.6 wt% dispersant: a shear stress and

b apparent viscosity versus shear rate

Table 1 Summary of the characteristics of the nanosuspensions
prepared under a range of different conditions

Sample Solid content pH Dispersant Density
(Wt%) (Wt%) (g/em®)

a 65 10.5 2.6 2.6254

b 65 12.5 2.6 2.4934

c 50 10.5 2.6 2.3025

d 50 10.5 0 Body cracks

among the particles can be observed again when the pH of
the slurry is further increased (Fig. 6b). More pores were
observed in the green body (Fig. 6c¢), indicating that a low
solid content (50 wt%) is not sufficient to obtain a compact
green body. Comparing the microstructure of the green
bodies under a range of different conditions, an obvious
difference in the compact density was observed among
these samples. These results are in good agreement with
the density measurement of the green bodies.

Conclusions

The investigation of the effect of pH on the electrokinetic
properties of well-dispersed Nd:YAG nanopowder slurries
shows that the zeta potential of the Nd:YAG nanoparticles
depends on the pH of the slurry. At pH values of about 4,
8.5 and 10.5, the zeta potential takes on its maximum
positive value, zero, and the maximum negative value,
respectively. This variation indicates that at pH values of 4
and 10.5, the Nd:YAG nanoparticle slurry is very stable
because of the great repulsive force between the nanopar-
ticles caused by abundant H" or OH™ adsorbed on the
nanoparticle surfaces. At pH = 8.5, the slurry is destabi-
lized and easily agglomerates. The effect of adding
NH4PAA on the electrokinetic properties of the Nd:YAG
nanoparticle slurry with pH = 10.5 illustrates that
NH4PAA can improve the stability of the slurry, and that
the optimal amount is about 2.6 wt%. The rheological
behavior of the Nd:YAG slip for different solid loading

Fig. 6 SEM micrographs of fracture surfaces of slip cast Nd:YAG green bodies under a range of different conditions

@ Springer



712

J Mater Sci (2010) 45:706-712

(60-70 wt%) shows that slip with a solid loading of
65 wt% exhibits near-Newtonian behavior, whereas with
higher solid loading the behavior changes to a shear-thin-
ning mode. At the optimum pH value of 10.5 and at a
dispersant concentration of 2.6 wt%, a 65 wt% solid loa-
ded Nd:YAG slip was successfully slip cast to produce a
dense and homogeneous microstructure ceramic.
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