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Determination of optimum slurry evaluation method for the prediction of
BaTiO3 green sheet density
Naoya Iwata a and Takamasa Morib,c

aGraduate School of Science and Engineering, Hosei University, Tokyo, Japan; bDepartment of Chemical Science and Technology, Faculty
of Bioscience and Applied Chemistry, Hosei University, Tokyo, Japan; cHosei University Research Institute for Slurry Engineering, Tokyo,
Japan

ABSTRACT
In this study, the particle dispersion state in a dense BaTiO3 slurry containing a dispersant andbinder
was assessed by various slurry evaluations such as particle size distribution measurement by laser
diffraction, viscosity measurement, dynamic viscoelasticity measurement, and hydrostatic pressure
measurement, which is a novel slurry evaluation technique developed by our group. Then, the
relationship between the slurry evaluation results and the packing fraction of green sheets fabri-
cated from these slurries was discussed. We found that the particle size distribution and the relative
viscosity and yield stress by dynamic viscoelasticity measurement could not properly estimate the
packing fraction of green sheets. In contrast, the hydrostatic pressure measurement was able to
distinguish the particle dispersion state, and the results show an acceptable correlation with the
packing fraction. The reason is that our developed method evaluates not only the initial particle
dispersion state, but also its change as the particle concentration increases.
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1. Introduction

The ceramic wet-shaping process uses a slurry containing
the base powder, medium, and several additives. The
prepared slurry is turned into green body through
the shaping and drying process. It is well known
that themicrostructure of the green body, which governs
the product characteristics, is affected by the state of
particle assembly in the slurry. Generally, a dense or
sparse structure is obtained from a dispersed or aggre-
gated slurry, respectively. Hence, the evaluation and con-
trol of particle dispersion state are very important for
predicting the green body density in the manufacturing
process [1–3]. For instance, Ryu et al. [1] investigated the
effect of slurry pHon thedispersibility of aqueous alumina
slurry and the properties of green and sintered bodies
produced from tape casting. They concluded that an
appropriate pH allows the particles to be well dispersed
to produce a dense sintered body with homogeneous
microstructure. Feng and Dogan [2] studied the effect of
organic additives on the stability and rheological behavior
of lanthanum-modified lead zirconate titanate slurry, as
well as the strength and density of the corresponding
green tapes. In that report, they determined the optimum
amount of dispersant additive, which is important to
characterize the particle dispersibility. Zhou et al. [3]
used barium titanate slurry and also examined the opti-
mum amount of dispersant for obtaining the highest
densities in the green and sintered bodies.

Currently, several slurry evaluation techniques
and apparatuses have been developed and adopted

in research and industrial settings. Especially, there is
increasing use of particle size distribution measure-
ment based on the laser diffraction scattering
method, and slurry flow property evaluation by
using rheometer and rotational viscometer. In pre-
vious studies, however, there are instances when the
results of such measurements do not correlate with
the particle dispersibility in the slurry or the packing
fraction of the green body. Particularly for the cera-
mic wet-shaping process, the slurry tends to have
a high particle concentration and multicomponent
additives such as binders; consequently, proper eva-
luation of its behavior is not easy [4–7]. For example,
Singh et al. [4] investigated the colloidal stability of
alumina suspensions and determined the optimum
suspension pH. They demonstrated the effect of pH
on the particle size distribution and sedimentation
test results. However, the latter two properties were
not completely correlated to each other, and there
was no explanation for the mismatch. Yokoyama
et al. [6] used a dense aqueous titanium nitride slurry
containing 46.4 vol% of particles and studied the
effect of dispersant condition on the slurry and
green body characteristics. Those authors used rheo-
logical evaluations to confirm the slurry behavior
and found that the green body density changed
according to the dispersant type. Besides, they
reported that the measured viscosity did not com-
pletely correlate with the density of green body;
however, the cause was not clear. Davies and
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Binner [7] also used a dense alumina slurry to experi-
mentally investigate the rheological behavior and
the density of a green body produced from these
slurries containing different dispersant amounts.
Although they found the optimum additive amount
in terms of the rheological behavior and polymer
configuration, the apparent viscosity of the slurry
did not wholly correspond to the green body density
for reasons that were not completely explained.
Furthermore, dynamic viscoelasticity measurement
has been used in recent years for evaluating
the rheological characteristics of slurries [8–10].
Although this measurement is nondestructive and
can give useful information, there are different inter-
pretations of the measurement results, and there-
fore, it remains unknown whether the results
correlate with the particle dispersion state and the
density of the green body. In a previous study that
conducted dynamic viscoelasticity measurement,
Olhero and Ferreia [8] evaluated the dynamic prop-
erties of aluminum nitride slurry to investigate the
critical shear stress, and then confirmed the pre-
sence of an internal structure. Nevertheless, the rela-
tionship between this result and the slurry and green
body properties was not discussed. Komoda et al. [9]
carried out strain and frequency sweep tests for
a polymethylmethacrylate and graphite slurry to
investigate the structural change during the particle
dispersion process. Their results suggested that the
particle dispersion state could be revealed using
these tests; however, they did not compare the
green body characteristics. Bitterlich et al. [10] per-
formed dynamic measurement to characterize
changes in the internal structure of the slurry with
time and determine the strength of that internal
network. After comparing the result with the green
body measurements, they concluded that the high-
est density of the green body was obtained from the
slurry having the weakest internal structure.
Nevertheless, the two properties did not completely
correlate, and more work was needed to use this
evaluation.

On the other hand, our group has developed a
hydrostatic pressure measurement method based on
the particle sedimentation phenomenon. This method
can distinguish the difference in sedimentation rate that
depends on the particle dispersion state. It has also
been used to effectively measure dense slurries directly
[11–18]. However, it was not confirmed whether the
results are correlated with the green body density.

Therefore, in this study various slurry evaluation
methods were applied to slurries that were dense
and contained multicomponent additives, and the
obtained results were compared. Then, we investi-
gated whether the results correspond to the packing
fraction of green sheets fabricated from the same
slurries.

2. Experimental procedures

2.1. Slurry preparation

Slurries were prepared from barium titanate powder
(HPBT-1, Fuji Titanium Industry Co., Ltd.) with a density
of 6.0 g·cm–3, distilled water, polycarboxylic ammonium
(PCA; Ceruna D-305, Chukyo Yushi Co., Ltd.) as
a dispersant, polyvinyl alcohol (PVA; FUJIFILM Wako
Pure Chemical Corporation) as a binder, and Nopco
267-A (San Nopco Ltd.) as a defoamer. The particle
concentration was 45 vol%, the PCA dosage was
2–10 mg·g–1 for total particle mass, and the dosage of
PVA and defoamer together was 0.3 mass% for total
slurry mass.

First, a certain amount of PCA and distilled water were
mixed under ultrasonication for 3 min, then the PCA
solution and BaTiO3 powder were mixed in a ball mill
using zirconia balls (600 g, average size 4mm). After 23 h,
the PVA solution and defoamer were added, and ball-
milling was conducted again for 1 h. Subsequently, the
prepared slurry was degassed in vacuum for 5min before
use in the experiments. Each prepared slurry was 300 mL
in volume.

2.2. Slurry evaluations

2.2.1. Particle size distribution measurement by
laser diffraction method
The particle size distribution in the slurry was investi-
gated by a laser diffraction particle size analyzer (SALD-
2300, Shimadzu Corporation). To reduce the particle
density to within the measurable range, the slurry was
diluted by 50,000 times with distilled water, and stirred
at 300 rpm using a magnetic stirrer. Particle size distri-
bution of the raw powder was also measured. Figure 1
shows the pH dependency of zeta-potential for BaTiO3
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Figure 1. Zeta potential of BaTiO3 particles as a function of pH.
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particle measured by a zeta-potential analyzer (Model
502, Nihon Rufuto Co., Ltd.), confirming that the poten-
tial increased with increasing the pH. Therefore, an
exceedingly low particle concentration of 1.0 × 10–5

vol% was obtained using the ultrasonic homogenizer,
and its pH was adjusted at 10.4 using sodium hydroxide
solution to prepare a dispersed thin slurry with a high
potential of 50mV. Themeasurement result was used as
the primary particle diameter for this slurry.

2.2.2. Rheological characteristics evaluation
The flow curves of the prepared slurry were measured by
a coaxial double-cylinder rotational viscometer (Rheolab
QC, Anton Paar) with the shear rate changed from 0 to
200 s–1 and from 200 to 0 s–1 for 360 s. Moreover, strain
sweep test was also conducted by using a viscoelasticity
measurement apparatus (MCR 302, Anton Paar) with the
amplitude from 10–5 to 10–1% at a constant frequency of
1 Hz. Then, the shear stress, storage modulus (G0), and
loss modulus (G00) of the slurry were investigated.

2.2.3. Hydrostatic pressure measurement
The hydrostatic pressure change with time at the
bottom of cylinder containing the prepared slurry
was measured by a hydrostatic pressure measure-
ment apparatus (HYSTAP, JHGS Co., Ltd., Figure 2).
Immediately after placing the slurry, the maximum
hydrostatic pressure (Pmax) is obtained since all the
particles are suspended in the medium. As the parti-
cles settle and sediment, the hydrostatic pressure
gradually decreases, reaching a minimum value
(Pmin) when all the particles are in the sediment as
mentioned by Tsubaki et al. [11]. Since the settling
and sedimentation rate depends on the particle size
in the slurry, the particle assembly state can be dis-
tinguished by examining the decreasing slope of the
hydrostatic pressure vs. time plot, as shown on the
right side of Figure 2. The prepared slurry was put into
an acrylic cylinder with an inner diameter of 40 mm,
and the tip of transmission tube was fixed at the
position of 10 mm from the bottom of the cylinder.
Pmax and Pmin could be calculated theoretically by
using the following equations:

Pmax ¼ ρl þ ϕ0ðρp � ρl
� �

g H� 0:01ð Þ (1)

Pmin ¼ ρlg H� 0:01ð Þ (2)

where ρl is the medium density (kg·m–3), ρp is the
particle density (kg·m–3), g is the gravitational accelera-
tion (m·s–2), ϕ0 is the initial particle volumetric fraction
(dimensionless), and H is the slurry height (m). The
initial slurry height was 110 mm.

2.3. Tape casting

The slurries prepared in Section 2.1 were cast onto
a stationary carrier film with a doctor blade setting at
a height of 0.5 mm and a width of 150 mm. The casting
speed was 0.6 m·min–1 over a length of 300 mm. The
fabricated tapes were dried under room temperature to
produce the green sheets. After calcining four pieces of
the green sheet for each condition, their packing frac-
tions were investigated by Archimedes’ method.

3. Results

3.1. Slurry evaluations

3.1.1. Particle size distribution measured by the
laser diffraction method
The particle size distribution measured by the laser
diffraction particle size analyzer is shown in Figure 3.
The particle size distributions of the different slurries
are almost the same as the primary particle size dis-
tribution regardless of the PCA additive dosage.
Therefore, the particles in these slurries were highly
dispersed for all PCA dosages.

3.1.2. Rheological characteristics evaluation
The flow curves of the prepared BaTiO3 slurry are shown
in Figure 4. These slurries were non-Newtonian fluids
since the curves are non-linear. Then, the apparent visc-
osities at a shear rate of 20 s–1 calculated from Figure 4
are shown in Figure 5. From this figure, it was found that
the slurry with 2 mg·g–1 PCA had the lowest apparent
viscosity, while that with 6 mg·g–1 PCA had the highest.
As mentioned in the previous study [19], it was already

Figure 2. Schematic of hydrostatic pressure measurement and the different particle dispersion states: [a] gelation, [b] aggregation,
[c] dispersion.
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confirmed that this apparent viscosity change with PCA
additive dosage was occurred by changing particle dis-
persion state and viscosity of medium. Therefore, it was
found that the PCA 2 mg·g–1 added slurry was most
dispersed within the range of these PCA additive
dosages from this result.

The result of strain sweep test by dynamic viscoe-
lasticity measurement is given in Figure 6, showing the
storage modulus (G0) which represents the elastic por-
tion of viscoelastic body as a function of shear stress. In
the actual measurement, although the loss modulus
(G00) representing its viscus portion was also measured,
these plots were omitted to make the difference of G0

clear. At low shear stress, it was confirmed that the
elastic behavior was dominant since G0 > G00 for any
PCA dosage and these moduli remained nearly con-
stant. This result indicates that a microstructure was
formed by the particles or binder. As the shear stress
increased, G0 suddenly decreased and crossed G00. At
this point, the microstructures were broken down at
the yield stress, and then these slurries began to
behave like a fluid. Therefore, the yield stresses for
each PCA additive dosage are taken from Figure 6 as
shown in it, and then the variation depending on PCA
additive dosage is shown in Figure 7. As can be seen
from this figure, the yield stress variation had a similar
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trend with Figure 5; hence, this behavior may be
caused by changing of particle dispersion state and
rheological characteristic of the medium.

3.1.3. Hydrostatic pressure measurement
Figure 8 shows the measurement result of hydrostatic
pressure in the slurry. From this figure, it was found that
these results had large fluctuation and became hard to
show the difference of slurry with each PCA additive
dosage; however, it was reasonably considered to take
the bottom of fluctuation because the hydrostatic pres-
sure decreases by particle depositing in this method as
shown in Figure 9. Consequently, it can be recognized
that the negative slopes of hydrostatic pressure chan-
ged according to the PCA dosage, in particular, the

slopes were the smallest for the slurries with 4 and
6 mg·g–1 PCA, which means that these particles were
well dispersed. On the other hand, the slope of the
slurry with 2 mg·g–1 PCA changed drastically 100
h after the start of measurement. It is considered that
the particles flocculated and formed gelation structure
due to the sedimentation concentration at that point,
after maintaining the same dispersion state from the
beginning. The same phenomena were confirmed in
previous works [11–13,16–18]

3.2. Properties of green sheets

The measured packing fractions of the green sheets
are shown in Figure 10. The bars in this figure indicate
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the maximum and minimum values. The slurry with
4 mg·g–1 PCA produced the highest packing fraction
of 0.63, whereas that with 2 mg·g–1 PCA had the low-
est packing fraction of 0.54. Figure 11 shows the
image of the green sheet surface observed by
a scanning electron microscope. The white arrows
indicate the pore. From these pictures, the green
sheets obtained with 2 and 10 mg·g–1 PCA added
into the slurry had some large pores, while those
with 4 and 6 mg·g–1 PCA were homogeneously and
densely packed. Hence, the particle dispersion state
changed with the PCA additive dosage.

4. Discussion

4.1. Correlation between slurry evaluation results
and packing fraction of green sheet

Figure 12 shows the relationship between the median
diameter measured by laser diffraction scattering
method and packing fraction of green sheet. The bars
in this figure indicate standard deviation. In this figure,
there is no correlation between the median diameter
and packing fraction of green sheet. In particular, the
median diameter of particles in the slurries with 2 and
10 mg·g–1 PCA (considered to be aggregated particles
from Figure 10) was equal to that of 4 mg·g–1 PCA, while
the corresponding green sheets have significantly dif-
ferent packing fractions. Therefore, this method could
not properly evaluate the particle dispersion state in the
slurry. This may be caused by the dilution operation,
since the obtained median diameters for all PCA
dosages correspond reasonably well with the primary
particle size of 0.79 µm. In other words, even if these
particles were aggregated in the original slurry, the
aggregates were not strong enough and disintegrated
following 50,000 times dilution and stirring at 300 rpm.
Additionally, the dilution dramatically decreased the
particle concentration and enlarged the inter-particle
distance, and the resultant low collision frequency pre-
vented the re-formation of aggregates.

Table 1 shows the apparent viscosity at the shear rate
of 20 s–1 for the slurries in Figure 4, and the viscosity of the
respective medium containing PCA, PVA, defoamer, and
deionized water but no BaTiO3 particles. Generally, only
the apparent viscosity is commonly used for distinguish-
ing the particle dispersion state in flow property charac-
terization. In past studies, Song et al. [20], Jean andWang
[21], and Jin et al. [22] optimized the particle dispersion
state by using the apparent viscosity for barium titanate
and yttria slurries, respectively. However, Table 1 confirms
that the viscosity of the medium changed with the PCA
dosage. To take this into account, the result was analyzed
in terms of relative viscosity (the ratio of the slurry viscos-
ity to that of medium), which is an effective way to
compare the particle dispersion state when the viscosity
of medium changes. In their previous works, Nagata [23]
and Nagata and Takase [24] adopted the relative viscosity
for comparing the particle dispersion state of alumina
slurries. Smay and Lewis [25] performed a similar analysis

Figure 11. SEM photos of BaTiO3 green sheet surface with various PCA additive dosages: (a) 2, (b) 4, (c) 6, (d) 8, and (e) 10 mg·g–1.
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for lead zirconate titanate slurries, taking into account the
different viscosity of the medium. Comparison between
the packing fraction of green sheet and the calculated
relative viscosity is shown in Figure 13. It is thought that
the relative viscosity decreases when particles in a slurry
are dispersed, and then the packing fraction of green
sheet should increase. However, Figure 13 shows the
reverse correlation. In particular, the green sheet with
the lowest packing fraction was obtained from the slurry
with 2 mg･g–1 added PCA, which had the lowest relative
viscosity of 58.5. Hence, the viscosity measurement could
not correctly predict the packing fraction of green sheet.

Next, we compare the slurry properties evaluated
by dynamic viscoelasticity measurement and the pack-
ing fraction of green sheet. As it previously mentioned
in the introduction, Bitterlich et al. [10] had concluded
that the densest green body was obtained from
a slurry with the lowest yield stress as measured by
strain sweep test. Therefore, we investigated whether
the packing fractions were correlated with the yield
stress in this study. From the results in Figure 14, there
is no such correlation, as the lowest packing fraction
corresponded to the lowest yield stress of 0.05 Pa,
being the opposite of previous work. Hence, this
method could not properly estimate the particle dis-
persion state in this study.

Regarding the hydrostatic pressure measurement,
since the sedimentation rate is dependent on the

particle dispersion state, the time corresponding to
Pmin is denoted as t� (h), and its measured values are
182, 930, 817, 623, and 495 h for the PCA contents of 2,
4, 6, 8, and 10 mg·g–1, respectively. These t� values
were used for comparison with the packing fraction
of green sheets. Besides, the medium viscosity differs
according to the PCA dosage (Table 1). In general, the
particle settling velocity is in inverse proportion to the
viscosity of the medium (μs). Thus, t

�=μs (Pa–1) was
used as the dispersion index and compared to the
packing fraction of green sheet (Figure 15). In this
figure, the packing fraction of green sheet increases
with increasing t�=μs.

According to the above results, the hydrostatic pres-
sure measurement could distinguish the particle disper-
sion state more precisely than other slurry evaluation
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Table 1. Apparent viscosities of BaTiO3 slurries and the med-
ium with various PCA additive amounts.
PCA additive dosage
(mg･g–1)

2 4 6 8 10

Apparent viscosity of slurry
at a shear rate of 20 s–1

(mPa･s)

256 447 508 469 380

Viscosity of medium, μs
(mPa･s)

4.38 3.72 3.24 3.74 3.10
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methods, as well as estimate the packing fraction of
green sheet fabricated from the slurry.

4.2. Difference between hydrostatic pressure
measurement and viscosity measurement

Now,why is thepacking fractionof green sheet correlated
with the hydrostatic pressure measurement result,
instead of that from the rheological evaluation (especially
the relative viscosity of slurry)? In Figure 13, the correla-
tion between the packing fraction and relative viscosity
was poor, especially that the slurry with 2 mg·g–1 added
PCA did not fit the trend. In previous works, Tsubaki et al.
[11], Mori et al. [12,16] and Ohtsuka et al. [26] gave some
exampleswhen the apparent viscosity of a slurry does not
correspond to the result of gravitational sedimentation
test, and observed the phenomenon of time-dependent
viscosity change in an alumina slurry due to change in the
particle dispersion state. Furthermore, Hotta et al. [27] also
reported that the change of particle dispersion state with
time was caused by the degradation of the dispersant
during the ball-milling process. These were explained in
terms of the agglomeration mechanism due to insuffi-
cient repulsive forcebetweenparticles, and the increasing
particle collision frequency with time by sedimentation
concentration or stirring. Hence, the same phenomenon
is considered to have occurred in the slurry containing
2 mg·g–1 PCA in this study. When using hydrostatic pres-
sure measurement in systems displaying the sedimenta-
tion process, comparing the hydrostatic pressure change
could distinguish the transition of particle assembly state.
On the other hand, the green sheet was fabricated from
the slurry through a drying process, in which particle
concentration similarly occurred. In other words, the
hydrostatic pressure measurement, which can show the
transition of particle assembly state causedby sedimenta-
tion concentration, is more suitable for estimating the
packing fraction of green sheet than the viscosity mea-
surement in which the particle concentration is not chan-
ged. However, the product of the initial slope of
hydrostatic pressure and themediumviscosity represents
the particle dispersion state immediately after the pre-
paration (before aging), so this value is expected to corre-
late to the relative viscosity of the slurry. Then, the initial
slope denoted as mi (Pa·h

–1) is obtained from Figure 8,
and a comparison between its value multiplied by the
mediumviscosity,mi � μs (Pa2) and the relative viscosity of
slurry are shown in Figure 16. Consequently, a full correla-
tion between mi � μs and the relative viscosity was con-
firmed. Moreover, after one full measurement, the
sediments were broken by the stirring rod, and then the
flow curves were measured again (Figures 17 and 18).
From Figures 4, 17, and 18, it was found that the flow
curves of slurries with 4, 6, 8, and 10 mg·g–1 added PCA
showed almost no change with time owing to the

sufficient repulsion force, whereas that apparent viscosity
with 2mg·g–1 PCAwas significantly increased at any shear
rate. Thus, the change of particle dispersion statewas also
confirmed in this method.

The result of dynamic viscoelasticity measure-
ment is considered to be similar to the viscosity,
namely, the main cause for decrease in the packing
fraction of green sheet could not be determined,
since the slurry with 2 mg·g–1 added PCA showed
no gelation immediately after preparation. While the
viscosity and dynamic viscoelasticity measurements
differ from each other by being destructive or not,
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however, neither includes a concentration process.
As a result, we found that these evaluation methods
could not properly predict the packing fraction of
green sheet.

From the above, it was shown that the hydrostatic
pressure measurement is a valid technique for pre-
dicting the packing fraction of green body fabricated
by tape casting, because such measurement includes
the particle concentration process.

5. Conclusion

The particle dispersion state of dense aqueous BaTiO3

slurry was evaluated by various methods, and the
results were compared with the packing fraction of
green sheets fabricated from these slurries. The follow-
ing results were obtained.

(1) The particle size distribution measurement by
laser diffraction scattering method does not cor-
respond to the packing fraction of green sheet,
since the dilution prior to measurement affects
the particle dispersion state in the slurry.

(2) Evaluation by viscosity and dynamic viscoelas-
ticity measurements, especially the yield stress
using strain sweep test, could not estimate the
packing fraction of green sheet properly when
the particle dispersion state of prepared slurry
is changed by aging with sedimentation
concentration.

(3) On the other hand, the value of t�=μs obtained
from hydrostatic pressure measurement is corre-
lated with the packing fraction of green sheet,
since this index takes into account the concentra-
tion process.
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