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Abstract: The conditions of ZnO-Al,03 aqueous suspensions and slip casting were optimized to obtain dense green compacts and
further to obtain high density ZnO-Al,O; ceramic composites. The Zeta potential of raw powders was measured. ZnO and Al,O3
powders have lower Zeta potential than —45 mV commonly at pH 8—-10.3 with polyacrylic acid (PAA) added. The influence of pH
and the mass fraction of the additives on the stability and fluidity of the suspensions added with PAA and polyethylene glycol (PEG)
was investigated by experiments of viscosity and sedimentation. The suspensions have the lowest viscosity and the best stability at
pH 9 with 0.2% PAA (mass fraction). The maximum density of green compacts is 66.6% of theoretical density (TD) with compacting
and homogeneous green particles. An ultrahigh density sintered compact (>>99.6% TD) could be obtained after pressureless sintering

at 1400 C for2h.
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1 Introduction

Aluminium-doped zinc oxide (AZO) thin films that
have more potential than indium-tin oxide (ITO) films
are increasingly used as the transparent and conductive
electrodes for several optoelectronic devices such as
photovoltaic solar cells, liquid crystal displays or light
emitting diodes[l-4]. Nowadays, many techniques for
the deposition of AZO thin films have been developed
but the most widely used commercial method is
magnetron sputtering, which is mainly owing to some of
its merits such as high deposition speed and good
adhesion. The metallic, alloyed, or ceramic targets have
been used for production by different modes including
continuous or pulsed direct current (DC) as well as
radio-frequency (RF) sputtering[5—9]. The metallic or
alloyed targets reacting in reactive atmosphere makes the
processes difficult to control and guarantee stable oxide
film formation at high deposition rates[7—8]. Therefore,
the sputtering of ceramic targets is one of the preferable
choices to be used for continuous or pulsed DC plasma
excitation, thus avoiding the need for reactive process
control equipment and also the complexity of RF
matching circuits[9].

The high density of ceramic targets of sputtering
plays an important role in the sputtering process and the
final quality of thin films[10], but in terms of the
authors’ knowledge, the most of ceramic targets of
sputtering have relative density less than 97.5% of
theoretical density (TD). The manufacturing of large-
sized fully dense ceramic targets is quite challenging for
commercial ceramic processing[10]. Slip casting is a
well-known forming method for ceramics, which is a
suitable consolidation process to obtain materials with
high green density and microstructure homogeneity[11].
The goal of dispersion in this process is to achieve a high
solid loading suspension with a high degree of stability.
Very high green densities are easily obtained with well
dispersed slips but the slip-casting green compacts are
very brittle, therefore, binders added are necessary. The
high green density and the microstructure homogeneity
are advantageous to reach the highest sintered
density[12]. The aim of this work is to optimize the
conditions of the well-dispersed suspensions in order to
produce dense and homogeneous green compacts of
Zn0O-Al,O; mixtures by a slip casting process, and then
to obtain ultrahigh density ZnO-Al,O; ceramic composite
targets after pressureless sintering. This technological
line is a low cost and environment-friendly process.
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2 Experimental

Commercial zinc oxide and alumina powders
(Sumitomo, Japan, 99.99% purity), which had specific
surface areas (BET) of 10.8 m%g and 89 mg
respectively and average particle sizes around 260 nm
and 320 nm respectively, were used. A polyacrylic acid
(PAA, MW5000) and a polyethylene glycol (PEG,
MW40000) were used as a deflocculant agent and a
binder agent respectively.

Zeta potential was measured on a Zeta-potential
analyzer (90Plus, Brookhaven Instruments Co., USA) to
determine the surface charge of the particles at a constant
temperature of 25 “C. Slurries mixed with de-ionized
water, additives, and mixtures of ZnO and AlO;
powders (the mass ratio is 98:2) were prepared at solids
content 70% (mass fraction, the same below if not
mentioned) (corresponding to 30% of volume fraction,
on the basis of dry powder mass). The pH was adjusted
with ammonia (25%). The slurries were treated by
ball-milling with zirconia grinding media for 36 h and
subsequently degasing under vacuum. Apparent viscosity
of the prepared slurries was measured using a digital
rotational viscometer (Brookfield RVDV-E, Brookfield
Engineering Laboratories, Inc.) at the shear rates of 9.3,
18.6, 46.5, and 93 s ' at 25 ‘C. Slurry stability was
evaluated in each sample of as-prepared slurry, by
measuring the particles settling rate inside glass test
tubes of 100 mL for 5 d. The as-prepared slurries were
taken out 10 mL suspension and the slurries settled for
36 h were taken out 10 mL suspension respectively from
their top, middle and bottom by a needle tube, and then
these specimens were dried and powdered. The
dispersion of alumina was examined by X-ray diffraction
analysis (XRD, X'Pert PRO, PANalytical B.V. Co. Ltd.)
with a Cu K, radiation (1=1.540 6 A) operated at 40 kV
and 40 mA.

The as-prepared slurries were poured into white
plaster molds for the production of two kinds of
specimens: cylindrical rods (d 16 mmx16 mm) for the
measurements of radial crushing strength and cubical bar
(12 mmx9 mmx45 mm) for sintering. After casting, the
specimens were sintered at 110 ‘C for 2 h and then fired
at 1 400 °C for 2 h with a heating rate of 5 “C/min. The
densities of green and sintered bodies were evaluated by
the Archimedes method using mercury displacement.
The radial crushing strength of the green compacts was
investigated by performing crushing tests in a
mechanical testing device (Instron3369, Instron Corp.,
USA), of which the values obtained are arithmetic mean
value of six measured specimens. The polished sintered
samples were thermal-etched at 1 150 ‘C for 10 min.
The fracture and thermal-etched surface of the samples

were analyzed using a scanning electron microscope
(SEM, FEI Quanta 200 microscope, Holland FEI Co.)
equipped with an energy-dispersive spectrometer (EDS).

3 Results and discussion

3.1 Zeta potential measurement

Zeta potentials of ZnO and AL,O; powders were
measured respectively without and with the addition of
polyacrylic acid (PAA) only or PAA+PEG (polyethylene
glycol). As shown in Fig.1, the Zeta potential of ZnO
without additives is low, which means that ZnO powders
could not be stable in aqueous solution only depending
on adjusting pH values without any additives. When the
dispersant of PAA is added to suspensions, isoelectric
point (IEP) of both ZnO and Al,O; are dramatically
shifted towards acidic values from pH 9.2 to 5.0 and
from pH 8 to 3.9 respectively, while the Zeta potentials
(absolute value) of both ZnO and Al,O; are augmented
in the alkaline range. On the other hand, when adding
PEG simultaneously, in contrast with only adding PAA,
the IEP of ZnO and Al,O; are not shifted and their Zeta
potentials are scarcely influenced. Since the carboxyl
groups can dissociate from PAA in aqueous solution
which bond with the particles mainly depending on
chemical interaction, the observed lowering of Zeta
potential results from the lowering of the surface charge
and the increase of negatively charged —COO  groups
distributed along the polymer chains. This change may
be also attributed to the blockage of active sites on the
particle surface and the influence of the slippage plane of
the electrical double layer away from the surface by
adsorption of polymer chain[13]. Whereas, the charge of
the particle surface is hardly affected by PEG because of
PEG bonding with particles surface mainly through
hydrogen bonding[14]. Nevertheless it is important that
these two kinds of powders have higher Zeta potential of
absolute value (=45 mV) in common basic range from
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Fig.1 Zeta potential of zinc oxide and alumina as function of
pH in absence and presence of PAA and PEG
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pH 8 to 10.3 when adding PAA, which makes it possible
that the mixed powders could be stabilized together in
the aqueous suspensions.

3.2 Dispersion of slurries

Fig.2 shows the apparent viscosity and the sediment
height as functions of the additive amount of PAA for
the slurries with 0.2% PEG at pH 9. The apparent
viscosity was numerated at the shear rate of 93 s™'. The
lowest viscosity and the highest sediment are obtained at
0.2% PAA, indicating that the 0.2% PAA could equal to
the saturated adsorption amount. For w(PAA)<<0.2% the
increase in the viscosity and the decrease in the sediment
height are due to incomplete adsorption, which results in
lower electrostatic repulsion between particles, thereby
forcing particles together. On the other hand, for w(PAA)
>0.2%, a probably excess of PAA in solution could not
only increase the ionic strength of the solution to
compress the double layer, which results in the
electrostatic repulsion reducing between particles[15],
but also increase the bridging flocculation, which results
from polyelectrolyte macromolecule. In the latter two
cases above, the slip viscosity increases and the stability
of slurries decreases.
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Fig.2 PAA content as functions of viscosity and sediment
height of slurries

Fig.3 shows the relationship between the apparent
viscosity and the shear rate when different amounts of
PEG additions were used with 0.2% PAA at pH 9. The
apparent viscosity increases with the amount of PEG
increasing. At low PEG levels, the ZnO-AlLO; slurries
show a Newtonian behavior. And then, up to 0.2% PAA,
the slurries show near-Newtonian behavior, while the
viscosity increases a little. With the amount of PEG
further increasing, the viscosity increases dramatically
and the slurries turn to be non-Newtonian behavior. The
flow curves deviate Newtonian fluid, and that the
apparent viscosity descends while shear rate ascends,
which is the shear-thinning phenomenon in rheology.

The shear thinning behavior that is clearly observed at
high PEG level might due to the breakdown of the
entanglement of the polymer chains[16], and the
flocculation distinctly occurred in ZnO-AlLO; slurries.
Since the concentration of remainder PEG in the solution
increased when the amount of PEG increasing, the slurry
viscosity also increased. The remainder PEG in the
solution promoted flocculation through bridge action.
Especially when w(PEG)>0.2%, the apparent viscosity
and the flocculation increased remarkably. So this
condition in 0.2% PEG could be selected for further
work.
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Fig.3 Flow curves of viscosity vs shear rate as function of PEG
content

Fig.4 shows the apparent viscosity and the sediment
height as functions of pH for the slurries with 0.2% PAA
and 0.2% PEG. The apparent viscosity was numerated at
the shear rate of 93 s™'. In the region of pH 8—10.3, the
slurries are more stable and their viscosities are lower
than remainder regions of pH. At pH 9, the slurry
viscosity is the lowest (6.9 mPa's) and the sediment
height is the highest (95.3%). Since the change of pH can
influence not only the potential of particles surface but
also the ionization degree and adsorption configuration
of polymer[17]. The degree of ionization of PAA
increases from 0 to 1 when pH changes from 3 to 9[18].
The increasing pH results in the increase of the negative
charge of solid surface and PAA adsorbed on it almost
totally ionized at pH 8-10.3, which causes enlarging
Zeta potential and enhancing electrostatic repulsion. At
the same time, the loops and tails configurations of
polymer are so dominant that the steric repulsion is also
much stronger. However, the adsorption amount of PAA
decreases with pH increasing and then the remains of
PAA in solution would augment the slurry viscosity [19].
Besides, with pH further increasing, the ion
concentration in solution increases which results in the
double layer to be compressed and the Zeta potential
being reduced[15]. So the electrosteric repulsion between
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particles is reduced, which results in increasing the slip
viscosity and decreasing the slurry stability.
Consequently, the optimum dispersing condition is
reached for the slurries by the electrosteric repulsion at
pH 9. These results are consistent with the Zeta potential
analysis.
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Fig.4 Relationships between pH and apparent viscosity or
sediment height of slurries

In order to verify the dispersion of alumina, the
mixed ZnO-AL,O; powders were measured by X-ray
diffraction analysis. Fig.5 shows the XRD patterns of
mixed ZnO-Al,O3 powders derived from the as-prepared
slurry and the top, middle, and bottom of the slurries
settled for 36 h respectively with 0.2% PAA and 0.2%
PEG at pH 9. As shown on the left of Fig.5, the main
peaks are almost the same in position and relative
intensity as those of the ZnO raw powder. The figures on
the right of Fig.5 show magnified profiles around the
a-Al, O3 (113) peak, which has the highest intensity in
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Fig.5 XRD patterns of mixed ZnO-Al,0; powders (Magnified
patterns around a-Al,O; (113) peak are shown on the right)

a-Al,O3 powder diffraction. It is obvious that the position
and relative intensity of the a-Al,O; (113) peaks are
scarcely changed in the all specimens, The peak intensity
ratios of Al,O; (113) to ZnO (101) + ALO;3 (113) of the
top, middle, and bottom layers are 3.3962x107, 3.0423x
107, 3.6065x10~ respectively. It is clearly seen that the
a-Al,O; particles could be equably distributed in each
layer of the slurry during process time.

3.3 Green and sintered compacts

In our previous study, the theoretical densities of the
green and sintered compacts of the 98% ZnO-2% Al,O3
ceramics are 5.671 g/em® and 5.673 g/em® respectively
[20]. Fig.6(a) shows the green compact density and
strength versus the amount of PAA added at pH 9 with
0.2% PEG. The better slip dispersion has achieved for
about 0.2% PAA and results in the highest green density
value. At PAA contents of 0.2% the adsorbed amount is
sufficient to enhance the electrosteric repulsion between
particles that assisted to obtain a more efficient packing
of the particles. In general, dispersant
concentrations are not adequate to fully deflocculate the
slurry and maintain the colloidal particles in suspensions.
On the other hand, the high dispersant concentrations
result in an increase in viscosity as well. For PAA
additions lower than 0.2%, a remarkable decrease in the

small

green compact density can be found in accordance with
the increase in the slip viscosity (Fig.4 and Fig.6(a))
owing to incomplete adsorption of PAA. GARRIDO et
al[12] explained that an incomplete coverage of particles
surface at low dispersant levels reduce the net negative
surface charge of the mixtures. Therefore, this result is
due to low electrostatic repulsion between particles. On
the contrary, the decrease in the green compact density
for PAA additions higher than 0.2% is consistent with
the increase in the slip viscosity (Fig.4 and Fig.6(a))
owing to excess of PAA. However, the density of green
compacts prepared from suspensions containing excess
of PAA show a relatively slower decrease than that
produced from suspensions containing an insufficient
amount of PAA. Since large amounts of free PAA in
solution enhancing an additional steric contribution due
to higher adsorbed amounts and a change in
configuration of the adsorbed molecule. The additional
steric repulsion may prevent close contact between
particles as the interparticle distance decreased during
consolidation[12]. In this weakly flocculated suspensions
the presence of short-range repulsive potentials between
particles may reduce interfacial friction, facilitating
particle sliding and arrangement. Nevertheless, to sum up,
a correlation between the green compact density and the
viscosity could be found, as the slip viscosity is
decreased, a denser packing sample is obtained.
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Fig.6 Relationship among green compact density, compact
strength and PAA (a) and PEG (b)

Fig.6(b) shows the green compact density and
strength versus the amount of PEG added at pH 9 with
0.2% PAA. The highest green density has obtained with
about 0.2% PEG. In general, the lower the viscosity is,
the higher the green density is. But the viscosity of the
suspensions with 0.2% PEG is slightly higher than that
with 0.1% PEG. A possible explication is that some PEG
absorbed on the particles could produce some steric
repulsion and then these repulsive potentials between
particles could reduce interfacial friction also, facilitating
particle sliding and arrangement. With the amount of
PEG further increasing (>>0.2%), the viscosity of the
suspensions increases dramatically, the slurries turn to be
non-Newtonian fluid, the flocculation distinctly occurs in
Zn0-Al,0; slurries, and then the green density deceases
as well.

Besides, it is obvious that the green compact
strength increases with the amount of added polymers
increasing, both for PAA and PEG (Figs.6(a) and 6(b)).
However, a poor characteristic of slurries and a decrease
of green density occur when only using PAA added to
improve the green compact strength, so that PEG added
is necessary. When adding with 0.2% PEG, the
characteristics of slurries are not influenced remarkably,

but the green compact strength is increased to 12.5 MPa.
This is advantageous to the conditions of actual
operation because the green compact without binders has
quite a low strength and is easily broken. For example,
adding with 0.2% PAA at pH 9 but without PEG, the
green compact strength is only 3.1 MPa or so.

The fracture surface of the green compact with
0.2% PAA and 0.2% PEG at pH 9 is shown in Fig.7. It
can be seen that the green particles are packed in a
compacting and homogeneous case. The maximum
density of green compact is obtained using the
Zn0-Al,0; mixture powders, which is close to the value
corresponding to an optimum particle packing. The
maximum green density value is 66.6% of TD. In our
case, the viscosity of ZnO-Al,O; mixture slurries reaches
minimum after ball milling for 36 h and that the shear
thinning or the shear thickening characteristics become
less evident. These results could be attributed to the
deagglomerating/ milling effect, leading to a more
favorable particle size distribution[21]. The less
resistance offered by the suspensions to flow means that
the packing ability of the systems has improved[22].

Fig.7 SEM image of fracture surface of green compact with
0.2% PAA and 0.2% PEG at pH 9

The green compacts prepared from the suspensions
containing 0.1%—0.5% of PAA and PEG at pH 8§, 9, and
10 were selected to sinter at 1 400 ‘C for 2 h. The
density of sintered samples is compared with the green
density in Fig.8. The correlation coefficient (0.862)
indicates that the density after sintering is related to the
green density, in other words, the high green density
gives the highest sintering density. According to WEI et
al[23] the highest sintering density is obtained when the
microstructure has the smallest most frequent pore
diameter and the smallest pore size distribution. In our
case, since the concentration of Al,O3; powders is small
(2%) in the mixtures and the average size of Al,O3
powders is close to ZnO powders, after milling for 36 h,
the ALO; particles distributed in the slurry were

homogeneous and stable. Thus, the consolidation
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mechanism during slip-casting depends primarily on the
slurry viscosity[24]. The different additives or different
amount of additives added would influence the rheology
of slurries and the consolidation mechanism during
slip-casting, and cause different sizes and distributions of
pores by agglomeration or flocculation in green
compacts. The more the flocculation is, the bigger the
average size of pores is and the worse the pore size
distribution is. Thereafter, the sintering of ceramic
materials depends principally on the pore size
distribution and the homogeneity of sample porosity. In
the sintering of homogeneity of samples of uniform
particles, the uniform interstices that are smaller than the
grains retract quite rapidly and evenly[25]. Therefore, the
green compacts of high density with small and uniform
pores would give the high sintered density.
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Fig.8 Comparison of density after sintered in relation to green
density

Fig.9 shows the SEM micrographs of fracture
surfaces of the samples with 0.1% or 0.2% PAA and
with 0.2% PEG at pH 9 after sintering at 1 400 C for
2 h. It can be seen from the SEM images, the presence of
some closed pores entrapped at the grain boundaries and
located at the triple points. These pores are well
distributed in the both specimens, but the size of pores is
1.5 pm or less in Fig.9(a) and 1 um or less in Fig.9(b).
The amount of pores in Fig.9(a) seems also more than in
Fig.9(b). Since the slurry with 0.1% PAA is slightly
flocculated and its green density is only 54.8% of TD,
and then its final sintered density is lower (99.1% of TD).
Consequently in this specimen the pores are bigger and
their amount is more than the other one. The grains
cleavage can be seen in the SEM images that the
fractures occur through the grains in both sintered
specimens.

Fig.10 shows the ESEM micrographs of thermal-
etched surfaces of the sintered specimen with 0.2% PAA
and 0.2% PEG at pH 9. It can be seen in Figs.10(a) and

Fig.9 SEM images of fracture surface of sintered samples with
0.2% PEG at pH 9: (a) With 0.1% PAA; (b) With 0.2% PAA

10(b), the microstructure of the sintered specimen is very
homogeneous without abnormal grain growth and free of
defects. The average grain sizes of the thermally etched
specimen are between 4 and 8 pm. The backscattered
electron images and energy dispersive X-ray spectrogram
of the specimen are also given in Fig.10. It is clear that
the off-white regions are ZnO phases and the dark
regions are Al-rich phases in Fig.10(c). A homogeneous
distributed Al-rich phase is clearly visible as dark
patches in sizes of 1-3 um or so at the ZnO grain
boundaries and in the ZnO grains, predominantly located
at the triple points. As shown in Fig.10(d), the result of
the EDS analysis reveals that the Al content in the
Al-rich phase was 5.16% (mole fraction). The
homogeneous distribution of Al species in the
microstructure of ZnO-Al,O; ceramics is of paramount
importance to the final quality of sputtering thin films. It
should be noted that a near-to-theoretical compact (>
5.66 g/cm®) can be obtained, which is the samples
prepared with 0.2% PAA and 0.2% PEG at pH 9 after
sintering at 1 400 °C for 2 h. The relative density is
confirmed to be more than 99.6% of TD.

4 Conclusions

1) Zeta potential analysis shows that ZnO and Al,O5



630 SUN Yi-hua, et al/Trans. Nonferrous Met. Soc. China 20(2010) 624631

=

Fig.10 ESEM images of thermal-etched surface of sintered samples with 0.2% PAA and 0.2% PEG at pH 9: (a), (b) In secondary
electron mold; (c) In backscattering mold; (d) EDS pattern of dark region

powders have lower Zeta potential than —45 mV
commonly at pH 8-10.3 after polyelectrolyte PAA was
added, which pave the way for the simultaneous
dispersion of ZnO-Al,O; mixtures in aqueous solution.

2) Aqueous suspensions of ZnO-Al,O; mixtures
have been prepared at solid loadings of 30% (volume
fraction) by dispersing with 0.2% PAA and 0.2 % PEG
at pH 9. Under these conditions, the slurry viscosity is
the lowest (6.9 mPa‘s) and the sediment height is the
highest (95.3%). Since 0.2% PAA could equal to the
saturated adsorption amount for the ZnO-Al,O3; mixtures
which results in well-dispersed slurry. On the other hand,
it is advantageous to subsequent process as compared
with without binder that the green compact strength
increased to 12.5 MPa with 0.2% PEG. XRD analysis
shows that Al,O; particles are stably distributed in each
layer of the slurries.

3) Slip casting of the optimized suspensions leads to
the maximum green density greater than 66.6% of TD
and the green particles of ZnO-Al,O; mixtures are
packed in the compactly homogeneous state. After
pressureless sintering at 1 400 ‘C for 2 h, an almost full
density compact (>=>99.6% of TD) can be obtained. The
microstructure  observations  reveal that  very
homogeneous materials are obtained without abnormal

iy L

2 4 6 8 10
Energy/keV

grain growth and free of defects and with homogeneous
distribution of Al species. Slip casting allows the
manufacturing of defect-free, homogeneous, and
near-to-theoretical density of ZnO-Al,O53 ceramics.
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