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Abstract

The variation of the z potential of BaTiO3 particles in aqueous suspension as a consequence of changing the pH and the con-

centration of ammonium polyacrylate (NH4PA) has been studied. An isoelectric point at pH �2.5 was found. The z potential
decreases upon addition of NH4PA up to 0.1 g of dispersant/g of powder. Using sedimentation tests, it was found that the stabili-
zation of suspensions is attained at pH greater than or equal to 8 and concentrations greater than or equal to 1.5�10ÿ3 g of dis-

persant/g of powder. By rheological measurements, a pseudoplastic behavior and little thixotropy was observed in the suspensions.
The maximum solid content attained during this work was 48 vol%. Infrared spectroscopy of the sedimented and dried powder was
carried out. It was observed the presence of BaCO3 and the change of ionization of the NH4PA molecules when the pH changes. High

green density values (up to�60% of the theoretical density) in BaTiO3 cakes were achieved at pH of 11.3, at 2.5�10ÿ3 g of dispersant/g
of powder and with a solid content between 40 and 48 vol%.# 2000 Elsevier Science Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

BaTiO3 is a widely used material in the electronic
industry. With this material, high-capacitance capaci-
tors, thermistors, and piezoelectric and humidity sensors
are fabricated [1]. The electrical properties of the ®nal
BaTiO3 devices depend on the microstructural char-
acteristics. It has been observed that the dielectric con-
stant increases when either the average grain size
decreases or the density increases [2]. On the other hand,
some porosity is necessary to maximize the PTCR e�ect
[3]. Then, a careful microstructural control is essential
when speci®c electric requirements have to be ful®lled. In
turn, the microstructure is a function of the manufactur-
ing process. Some common consolidation techniques
such as uniaxial pressing could render a non homo-
geneous microstructure due to frictional e�ects between
the powder and the die. Among the commercial con-
solidation techniques, colloidal processing along with

slip casting can provide a homogeneous microstructure
in the devices, which allows better quality control [4].
Colloidal processing consists in the preparation of sus-
pensions by mixing the ceramic powder, a solvent and
an organic agent used as dispersant. The technique is
focused to achieve the complete dispersion of the ceramic
particles in the liquid medium. However, the interaction
among the solvent, the powder and the dispersant is
rather complex, so a comprehensive study should be
carried out in order to understand the interaction
among these components and to ®nd the conditions
where the ceramic particles are well dispersed. Once
stable suspensions are prepared under the proper con-
ditions, the suspensions are cast into porous molds and
high green density pieces can be obtained [4]. In case of
BaTiO3, colloidal processing in aqueous media has been
studied [5±9]. Since colloidal processing is widely used in
tape casting, studies of BaTiO3 suspensions in organic
media have also been done [10±14]. The present work
focuses on the colloidal processing of BaTiO3 in aqu-
eous media using ammonium polyacrylate as dispersant
to determine the conditions where the powder is dis-
persed. The in¯uence of solid content on the green den-
sity of slip-cast bodies is also studied. Ammonium
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polyacrylate (NH4PA) is a commercial dispersant that
has been successfully used to disperse alumina and zir-
conia powders in water [15±17].

2. Experimental procedure

2.1. Characterization of the powder

2.1.1. Powder
The shape and size of the BaTiO3 (Merck 12048)

particles were analyzed by scanning electron microscopy
(JEOL 6300) and the chemical composition by wet che-
mical methods and energy dispersive spectroscopy
(EDS) (Noran 92).

2.2. Stabilization conditions

2.2.1. � Potential
The aim of this study was to ®nd the conditions for a

possible electrostatic stabilization in the suspensions,
and to observe the dispersant in¯uence on the particle
surface electric charge. In a polypropylene matrass, 1 l
of 1 wt% mixture of deionized water and BaTiO3, add-
ing 10ÿ3 molar of KCl as electrolyte was prepared. The
pH was ®xed using either NH4OH or HNO3. The con-
centrations of these reactives were chosen in such a way
that the minimum volume of reactive was used, then,
the reactives were sometimes diluted and sometimes
concentrated. The mixture was stirred with a magnetic
stirrer for 24 h, during this time, the pH was adjusted
until the desired value (1.5, 2.7, 6.3, 10.3 and 11.3) did
not change. After conditioning, the mixture was divided
in 5 aliquots in polypropylene matrasses. A determined
amount (10ÿ4, 10ÿ3, 2�10ÿ3 and 10ÿ2 g of dispersant/g
of powder) of NH4PA (A-6114 Chukyo Yushi Co.,
Nagoya, Japan, 39.41 vol% in water) was added in each
aliquot and the mixtures were stirred with a magnetic
stirrer for 5 h, then the z potential was measured in a
Zetasizer 4 (Malvern Instruments). 30 measurements
were made for each sample.

2.2.2. Sedimentation
In the z potential studies it is not possible to observe

the steric stabilization due to the NH4PA hence, sedi-
mentation tests were performed. In this case, aqueous
suspensions of 3 vol% of powder were prepared. The
suspensions (100 ml) were milled during 1 h in a poly-
ethylene ball mill (250 ml) with zirconia balls. During
this hour of milling, the pH was ®xed by adding either
NH4OH or HNO3. Then the NH4PA was added,
and the milling continued for 23 h more. After con-
ditioning for 24 h, the suspensions were poured in
100 ml glass test tubes that were sealed in the upper part
to minimize the liquid lost by water evaporation. When
the sedimentation of the powder in suspension started,

an interface between a clear water layer and a cloudy
region appeared. The height of such interface was mea-
sured as a function of the elapsed time.

2.2.3. Rheology
In the slip cast technique, high solid contents (�50±60

vol%) are used but sedimentation tests cannot be rea-
lized at these concentrations. For this reason, several
suspensions were prepared at conditions where they
could be cast and the rheological characteristics were
studied. Rheological tests permit to identify the conditions
where the suspensions are better dispersed. For these tests,
suspensions were prepared with solid contents from 40 to
48 vol%; these suspensions were ball-milled as indicated
above. After conditioning, the suspensions were degassed
in a bell jar using a mechanical vacuum pump, during
30 min. Then the suspensions were poured in a rhe-
ometer of concentrical cylinders (Haake, RV-20, RC-
20) which is able to control the shear rate and measure
the corresponding shear stress. The shear rate was
applied from 0 to 100 sÿ1 in 3 min, then 100 sÿ1 during
3 min and ®nally from 100 to 0 sÿ1. This program had
the following intention: in the shear rate plateau, the
structures that formed during the increment of the shear
rate have the opportunity to change to di�erent con®g-
urations, i.e. it is possible to observe a dependence of
viscosity with time (thixotropy). The rheological studies
were carried out at pH of 8.5, 10 and 11, at 30, 40 and
45 vol% of solids, and 10ÿ3, 2.5�10ÿ3, and 2�10ÿ2 g of
dispersant/g of powder.

2.2.4. Infrared spectroscopy
An infrared spectroscopy study was carried out to

observe the interactions among the components of the
suspensions. Samples for infrared spectroscopy studies
were taken from the sediment formed during the sedi-
mentation tests. The supernatant water was extracted
with a pipette and the test tubes were introduced in a stove
at 75�C. The powders were milled in an agate mortar once
they were dry, and were then introduced in an Infrared
Spectrometer (Perkin±Elmer, System 2000, FT-IR).

2.3. Slip casting

2.3.1. Slip casting
When the dispersion conditions were known from the

above described studies, slip casting of the suspensions
followed. The suspensions to be cast were prepared in
the same manner as those used in the rheology studies.
The suspensions were cast in small bores (1.5� conic)
made in a Lucite plate (25 mm thick) which was ®xed on
a Plaster of Paris plate. Once the water of the suspen-
sions was ®ltered, the cakes were calcined at 1000�C
during 1 h using a heating rate of 10�C/min. To char-
acterize the green structure of the cast pieces, mercury
porosimetry (Micromeritics 9410) was used.
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3. Results

3.1. Powder characterization

3.1.1. Powder
In Fig. 1 a micrograph of the BaTiO3 particles is pre-

sented. Their shape is rounded and the average particle
size is 0.45 mm. A compositional Ba/Ti ratio of 0.88 was
found by EDS.

3.2. Stabilization conditions

3.2.1. � potential
In Fig. 2 the z potential of the BaTiO3 particles as a

function of the pH is presented. An isoelectric point was
found at pH�2.5. The surface of the BaTiO3 particles
are positively charged at lower pH values and negatively
at higher pH values. The highest z potential value is
presented in the basic pH region. Therefore, stabiliza-
tion is probable at these pH values.
The change of the z potential when the dispersant is

added at constant pH is shown in Fig. 3. The z potential
decreases with an increment of dispersant and the e�ect
is minimum at basic pH.

3.2.2. Sedimentation
Sedimentation curves for pH of 1.5, 8 and 10 are shown

in Fig. 4(a)±(c). Some time after pouring the suspensions
into the test tube, an interface was evident between a per-
fectly clear water region, at the top of the tube, and a
cloudy region. The suspensions were considered stabilized
when such interface was at 2 cm or more from the bot-
tom of the test tube after 104 min (�7 days). As
observed in Fig. 4(a), the dispersant did not contribute

Fig. 1. Micrograph of the BaTiO3 powder.

Fig. 2. z Potential against pH in aqueous suspensions of BaTiO3

without dispersant.

Fig. 3. z Potential against ammonium polyacrylate concentration at

di�erent pH values.

Fig. 4. Sedimentation curves for aqueous suspensions of BaTiO3 using

ammonium polyacrylate as dispersant at pH of (a) 1.5, (b) 8 and (c) 10.
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to the stabilization of the suspension at pH=1.5 and
this lack of in¯uence was also observed at pH of 3 and
6. However, stabilization was achieved at pH of 8 and at
concentrations of dispersant higher than or equal to
10ÿ2 g of dispersant/g of powder [Fig. 4(b)]. At higher
pH [Fig. 4(c)] a smaller amount of dispersant was nee-
ded to stabilize the suspension. It is word to notice that
even at high pH it was necessary to add dispersant to sta-
bilize the suspension in spite of the high z potential values
displayed by the powder, i.e. electrostatic stabilization was
not possible in these suspensions.
Once the height of the cloudy layer did not change,

this height was taken as the ®nal sediment height. The
®nal sediment height for each sample is presented in
Fig. 5. Since the amount of powder was the same in all
tubes, a small ®nal sediment height means a more com-
pact packing, which in turn indicates a high degree of
dispersion in the suspension. As observed in Fig. 5, the
smallest ®nal sediment heights were obtained at high pH
and high concentrations of dispersant.
Using the sedimentation curves and the z potential

results, a stability map was constructed in terms of pH
and dispersant concentration (Fig. 6). When a relatively
high concentration of dispersant (0.01 and 0.1 g dis-
persant/g powder) was used in some suspensions, it was

observed that an additional layer formed very fast (less
than 5 min after pouring), below the cloudy layer men-
tioned above. In Fig. 6, these conditions were marked
with a square symbol. The map presented in Fig. 6
shows a relatively narrow region of dispersion in the
suspension. In this region then, the rheology studies
were made and slip cast was attempted.

3.2.3. Rheology
An example of the typical shear stress vs. shear rate

curves displayed by the suspensions prepared in this
work is shown in Fig. 7. The curve is presented for the
increment and decrement of the shear rate. The beha-
vior observed denotes shear thinning, i.e. the viscosity
decreases as the shear rate increases. In Fig. 8(a)±(c), it
is observed how the viscosity changes when the pH, the
concentration of dispersant and the solid content vary.
To make comparisons, the value of viscosity at a shear
rate of 10 sÿ1 was taken, which is approximately the
shear rate applied in manual slip casting.

3.2.4. Infrared spectroscopy
The infrared spectra of the sedimented and dried

powders appear in Fig. 9(a)±(c). The purpose of this
study was to analyze the interaction among the compo-
nents of the suspension, for this reason the analysis was
limited in the range 1520±1800 cmÿ1 of wave numbers.
In this region of the spectrum, ®ve peaks appear. The
peak appearing at �1751 cmÿ1 [Fig. 9(a)±(c)] coincides
with one of the peaks of the BaCO3 spectrum [8,18]. The
origin of this BaCO3 is controversial. It has been said
that some ionic Ba2+ is produced by the marginal dis-
solution of BaTiO3, and since the reaction between the
ionic Ba2+ in aqueous suspension and the CO2 of the
atmosphere at high pH value has been demonstrated,
BaCO3 is formed [19]. Other interpretation establishes
that the BaCO3 is normally present as contaminant in
BaTiO3 [6,7]. What is clear is that the presence of
unreacted ionic Ba2+ increases at low pH [7,20]; at high
pH the concentration of ionic Ba2+ should be low

Fig. 6. Stability map of aqueous suspensions of BaTiO3 in terms of

pH and concentration of ammonium polyacrylate.

Fig. 7. Typical shear rate against shear stress curve of the aqueous

suspensions of BaTiO3 found during this work. This particular curve

was obtained with 45 vol% of solid content, pH=11, and 2.5�10ÿ3 g
dispersant/g powder.

Fig. 5. Final sediment heights in sedimentation tests of BaTiO3 aqu-

eous suspensions using ammonium polyacrylate as dispersant. A solid

content of 3 vol% was used.
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therefore the present results suggest that the BaCO3 is a
contaminant. When the HNO3 is added to the suspen-
sions with the purpose of changing the pH, Ba(NO3)2 is
formed, then the peak at �1751 cmÿ1 disappears and
the peak at �1774 cmÿ1 appears, which corresponds with
the spectrum produced by the radical NO3

ÿ1 [18]. The
band centered at 1636 cmÿ1 is related to the vibration of
H±O of the water [21] in which the NH4PA is dissolved.
Two more peaks appear at �1716 and �1558 cmÿ1 that
are not present in the spectrum without dispersant;
therefore these peaks must be produced by the dispersant.
The peak at �1716 cmÿ1 is present at low pH while the
peak at�1558 cmÿ1 is more noticeable at high pH.

3.3. Slip casting

Information relevant to the cast pieces is presented in
Table 1. All these casting conditions are located within
the stable region identi®ed in the stability map (Fig. 6)
Suspensions prepared at pH lower than 9.5 and with
solid content higher than 48% were too thick to be cast.
According to Table 1, when 10ÿ2 g of dispersant/g of

Fig. 8. Viscosity of the BaTiO3 suspensions as a function of (a) pH,

(b) dispersant concentration and (c) solid content.

Fig. 9. Infrared spectra of the BaTiO3 powder from suspensions pre-

pared at di�erent ammonium polyacrylate concentrations: (a) without

dispersant, (b) 10ÿ2, and (c) 10ÿ1 g of dispersant/g of powder.
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powder is used, lower green densities are attained, than at
smaller amounts of dispersant. With lower concentration
of dispersant, higher green densities are obtained, but
the tendency of the density as a function of either the
solid content or the concentration of dispersant is not
clear. The mean pore diameter values are between 0.14
and 0.32 mm. Three samples cast at the same conditions
showed that there is at least a variability of �0.05 mm in
the mean values.

4. Discussion

4.1. Stabilization conditions

4.1.1. � Potential
Since BaCO3 has been found in this kind of suspen-

sions, the interpretation of Fig. 2 is rather di�cult. In
the studies of aqueous suspensions of BaTiO3 several
isoelectric points have been reported; at pH�7 [6], at
pH�3 [22] and pH�4 [9], and some researchers have
not found any isoelectric point [5]. In this work, as can
be seen in Fig. 2, the isoelectric point is at pH�2.5,
which is close to that reported in Ref. [22]. On the other
hand, the compositional ratio Ba/Ti=0.88 implies that
there is an excess of Ti. In case that this excess is present
as TiO2, which is not soluble in water, the expected
e�ect on the isoelectric point could be a shifting to
higher pH [23]. When HNO3 is added to the suspension,
the pH decreases and H3O

+1 ions are formed. These
ions could nullify some negative charges on the surface
of the BaTiO3 particles so the z potential shows a more
positive value. On the contrary, when NH4OH is added
the pH increases and the OHÿ1 ions formed could neu-
tralize positive charges on the surface of the BaTiO3

particles increasing the negative trend of the z potential.
Fig. 2 indicates a z potential of about ÿ60 mV at high
pH, however this potential is not enough to cause sta-
bilization in the suspension as can be seen in Fig. 4(c).

On adding NH4PA as dispersant, the z potential
decreases when concentrations less than or equal to
2�10ÿ3 g of dispersant/g of powder are used (Fig. 3),
the decrement is more pronounced when the pH is
acidic. It has been observed [24] that at low pH, the
NH4PA molecule is not ionized in an aqueous medium.
The few ionized molecules have a negative charge in
some of their monomers and they could be ®xed on the
positive sites in the surface of the BaTiO3 particles. In
this way, some positive points are neutralized and the z
potential becomes more negative. When the pH is
increased, the NH4PA molecules are more easily
ionized, therefore they repel each other and the adsor-
bed molecules become more rigid [24]. At high pH, the
surface of the particles is highly negative so that
adsorption of dispersant on the particles surface is more
di�cult, therefore the high pH curves in Fig. 3 do not
decrease as much as they do at low pH. It should be
noted, however that stabilization takes place at high pH
(Fig. 6). This suggests that in spite of the net negative elec-
tric charge of the particles and dispersant molecules, there
is some adsorption of the dispersant molecules on the par-
ticle surface, which is su�cient to cause stabilization.

4.1.2. Sedimentation
The sedimentation tests showed that the suspensions

are stable at high pH and relatively high concentrations
of dispersant. When the pH is increased, less dispersant
is necessary to stabilize the suspension (Fig. 6). At high
pH values (10 and 11.3) and using concentrations equal
to or higher than 1.5�10ÿ3 g dispersant/g powder, the
®nal sediments are dense (Fig. 5) which indicates that
the suspended particles can accommodate themselves in
a compact manner, i.e., at these conditions the particles
are better dispersed than in another conditions. An
interesting feature is that at pH6 a small ®nal sediment
height is obtained (Fig. 5) which would indicate disper-
sion, however the sedimentation curves showed that
there is not stabilization at this pH.

Table 1

Characteristics of green pieces cast at di�erent conditions

PH Conc. of

dispersant

(g disp./g powder)

Solid

content

(vol%)

Relative

density a

(% �th)

Open

porosity

(vol%)

Closed

porosity

(vol%)

Mean

pore size

(mm)

Minimum

pore size

(mm)

Maximum

pore size

(mm)

9.5 10ÿ2 45 51.91 47.14 0.95 0.32 0.07 0.50

10.5 53.74 45.69 0.55 0.25 0.07 0.30

11.3 51.86 47.14 0.58 0.31 0.06 0.40

11.3 10ÿ3 45 57.41 41.90 0.70 0.20 0.05 0.25

2.5�10ÿ3 59.79 37.81 2.40 0.14 0.06 0.20

10ÿ2 51.86 47.14 0.58 0.31 0.06 0.40

11.3 2.5�10ÿ3 40 57.79 42.31 0.00 0.25 0.07 0.30

45 59.79 37.81 2.40 0.14 0.06 0.20

48 57.99 40.47 1.54 0.21 0.07 0.30

a Theoretical density (�th) of BaTiO3=6.01 g/cm3.
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4.1.3. Rheology
Several programs for application of shear rate on

suspensions can be used, however the advantages and
disadvantages of using either program are not clear [25].
In Fig. 7 it is evident that the ¯uid has a pseudoplastic

behavior and that the thixotropy is very small since the
increasing and decreasing shear rate curves coincide fairly
well. This kind of ``shear thinning'' behavior has been
interpreted as a result of the gradual breaking of the
structures formed while the ¯uid was in repose, in such a
way that a high shear stress is necessary to break them [26].
In order to observe the e�ect of the suspension para-

meters on the viscosity, the viscosity at a shear rate of
10 sÿ1 was chosen because this is approximately equal
to the value applied during manual slip casting. As
shown in Fig. 8(a), when the pH increases the viscosity
decreases because the powder is better dispersed. On the
other hand, by means of increasing the dispersant con-
centration, the adsorption of the NH4PA molecules on
the particles surface is incremented improving the pow-
der dispersion and the viscosity also decreases [Fig.
8(b)]. Finally, on increasing the solid content [Fig. 8(c)]
the tra�c of particles during the ¯ux increases so the
viscosity also increases.

4.1.4. Infrared spectroscopy
In the region from 1520 to 1800 cmÿ1 of the spectrum,

the NH4PA used in this work shows two peaks, one at
1716 cmÿ1 which is produced by the stretching vibra-
tional mode of the C�O bond. The radical NH+

4 is
initially bonded to the C�O but when the NH4PA is in
aqueous solution, NH3 evaporates leaving an H+ bon-
ded to C�O [24] in such a way that electrical neutrality
is maintained, so the peak at 1716 cmÿ1 has been inter-
preted as non ionized polymer [24]. The other peak is a
band centered at 1558 cmÿ1. This peak is produced by
the vibrational stretching mode of the CÿO bond that
comes from the COOÿ ion hence, this peak is inter-
preted as ionized polymer [24]. In fact, the NH4PA
shows another peak at �1420 cmÿ1 [24] but in this case
this peak is overlapped by one of the strongest peaks of
BaTiO3 centered at �1450 cmÿ1. It can be observed in
Fig. 9(b)±(c) that the peak at 1716 cmÿ1 is very clear at
low pH indicating a non ionized state whereas the peak
at 1558 cmÿ1 is more visible at high pH which indicates
an ionized state. During adsorption of NH4PA mole-
cules onto the surface of BaTiO3 particles, the NH4PA
molecules could form a bidentate chelating or bidentate
bridging with the Ba atoms on the particle surface [27].

4.1.5. Slip casting
According to the stabilization map (Fig. 6), there is

probably an excess of dispersant when a concentration
of 10ÿ2 g dispersant/g powder is used. Then, the dis-
persant molecules could act as obstacles to achieve an
e�cient accommodation of the powder particles during

casting, resulting in a low green density. Relative green
densities of 62% have been reported using polyacrylic
acid as dispersant with 45 vol% of solids [5], whereas in
the present work, �60 % was the highest average green
density obtained using also 45 vol% of solid content.

5. Conclusions

1. Utilizing NH4PA as dispersant, aqueous suspen-
sions of BaTiO3 are dispersed at pH greater than or
equal to 8, and dispersant concentrations greater
than or equal to 1.5�l0ÿ3 g of dispersant/g of pow-
der. Electrostatic repulsion is not enough to cause
dispersion.

2. An isoelectric point at pH�2.5 was found.
3. The viscosity of the suspensions decreases when the

solid fraction diminishes and when the concentra-
tion of dispersant (between 0 and 0.1 g dispersant/g
powder) or the pH are increased.

4. Aqueous BaTiO3 suspensions behave as pseudo-
plastic ¯uids.

5. The presence of BaCO3 was observed in sedimented
powders of BaTiO3 and it was concluded that it is
present as a contaminant.

6. Ammonium polyacrylate adsorbs at the surface of
BaTiO3 particles at high pH. It was veri®ed that
the polyelectrolyte is ionized at these pH levels.

7. The use of 10ÿ2 g dispersant/g powder caused a
reduction of the relative green density as compared
to the pieces prepared with 2.5�10ÿ3 g of dispersant/
g of powder.

8. The highest green density (60%) was obtained at
45 vol% of solid content, pH=11.5 and 2.5�10ÿ3
g dispersant/g powder.
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