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1 |  INTRODUCTION

Many ceramics are fabricated by wet-shaping using a slurry. 
After mixing the base powder with a suitable medium, it 
undergoes shaping, sintering, and machining processes. 
Generally, it is well known that particle dispersion and aggre-
gation states affect the product characteristics, particularly its 
density; thus, the preparation of an optimal slurry for obtain-
ing a suitable product is required.1–7 Accordingly, it is neces-
sary to evaluate whether the prepared slurry is suitable or not; 
hence, the slurry evaluation plays a critical role in terms of 
the efficiency of the development process.

Currently, measurements of particle size distribution8–10 
and rheological properties1,11–14 as well as sedimentation 

tests13–15 are used to evaluate the particle dispersion state 
in a slurry, and the optimization of the slurry condition is 
managed using these methods. However, by comparison 
with these slurry evaluation results, some unexpected re-
sults suggested that the slurry conditions whose particles 
appeared to be most dispersed differed depending on the 
evaluation method.16,17 In addition, the densest green body 
was not necessarily obtained by the slurry with the most dis-
persed particles identified via the slurry evaluation.18–23 For 
example, Kim et al.16 investigated aqueous CMP slurry con-
taining silica particles; an apparent viscosity measurement 
and sedimentation test were conducted, and subsequently, 
the optimal slurry condition was specified; however, the vis-
cosity of the slurry and the result of sedimentation did not 
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The present study examined whether the optimum slurry conditions in which the 
green body with the highest packing fraction was fabricated were the same regard-
less of whether tape or slip casting methods were used. Additionally, we investigated 
the optimum slurry evaluation method to predict the packing fraction of each green 
body. Specifically, aqueous dense alumina slurries, whose particle dispersion state 
was changed by varying pH and the amount of dispersant additive, were prepared. 
After changing the pH, the optimum slurry conditions were achieved regardless of 
the casting method. The most suitable amount of additive dispersant differed due to 
the changing solution conditions during the casting and drying process; the medium 
of the slurry permeated into the plaster during slip casting and dried on the substrate 
during tape casting. Thus, in slip casting, non-adsorbed polymers could also be per-
meated. Hence, it is crucial for slurry evaluation to predict the packing fraction of the 
slip cast body. A sedimentation test, which involved particle condensation as well as 
casting, was valid for the green sheet. Conversely, it was experimentally shown that 
the constant pressure filtration test, which involved the permeation of the medium in 
addition to particle condensation, was suitable for slip casting.
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completely correspond, and the reason was not elaborated. 
Additionally, Davies and Binner19 studied the dispersant ad-
sorption behavior, particle dispersion state, and green body 
density obtained from aqueous alumina slurry. The authors 
reported that the apparent viscosity of the slurry and green 
body density were changed by adjusting the dispersant ad-
ditive amount; nevertheless, the densest green body was not 
obtained from the slurry with the lowest apparent viscosity. 
Furthermore, Xu et al.23 fabricated a slip cast body from an 
ethanol-based yttria slurry. In this study, the authors con-
ducted rheological characterization and discovered that the 
large/small relation of green body densities roughly corre-
sponded to its rheological properties; however, they could 
not obtain the densest green body from a slurry that had the 
lowest apparent viscosity. These findings imply that meth-
ods for interpreting the measurement result of various slurry 
evaluation methods were not methodical, and the prediction 
of green body density by slurry evaluation remains difficult 
currently.

We have proposed a slurry evaluation technique using a 
hydrostatic pressure method based on the particle sedimenta-
tion phenomena reported in several studies.24–32 Additionally, 
in a previous study, this technique was applied to an aqueous 
dense barium titanate slurry, which demonstrated that the re-
lationship between the measurement result and packing frac-
tion of green sheet had a better correlation than other slurry 
evaluations.32 In addition to highlighting the importance of 
direct measurement without dilution for tape casting slurry, 
this report32 showed that the evaluation of particle settling 
and the sedimentation process simulating the drying and con-
densation of green sheet was necessary.

The casting method involves techniques such as tape and 
slip casting. These techniques are used separately depending 
on the product shape. Their processes of formation of particle 
assembling layers are completely different. In a tape casting, 
the particle layer of the green body is formed through the dry-
ing process after a slurry is cast on a substrate with uniform 
thickness. By contrast, in a slip casting method, a slurry is 
poured into a product-shaped mold, and then the green body 
is formed on the mold by drawing a medium into the plaster. 
Even though these particle assembling processes are signifi-
cantly different, reports regarding their effects on green body 
density and the optimization of slurry preparation conditions 
are lacking. Moreover current studies have not demonstrated 
whether it is sufficient to use the common slurry evaluation 
method for predicting the green body density. Consequently, 
an appropriate method might be different for each casting 
process.

This study examined whether the optimum slurry con-
dition was different in the tape and slip casting methods. 
Additionally, a suitable slurry evaluation method for each 
casting process was proposed using a new approach which 
was dependent on the particle assembling process.

2 |  EXPERIMENTAL PROCEDURE

2.1 | Slurry preparation

Two types of slurries were used for our experiments. They 
were prepared using the following procedure. All prepared 
slurries included a base powder of 40 vol%.

(a) pH adjusted slurry

An alumina powder with an average particle size of 0.48 µm 
(AES-11E, Sumitomo Chemical Co., Ltd.), distilled water, 
and HCl were used as the base material, medium, and pH ad-
juster, respectively. After preparing the HCl solution, it was 
mixed with the alumina powder in a polyethylene bottle, and 
then ball-milled for 1 h using alumina balls with an average 
size of 5  mm. The slurry was separated from the alumina 
balls using a sieve, and then a degassing operation was con-
ducted for 5 min. Finally, a slight adjustment of the slurry pH 
was conducted, and the sample slurry obtained. The particle 
dispersion state of the slurry was changed by adjusting the 
slurry pH to 3.7, 4.2, 4.3, 4.9, and 5.5. The prepared slurry 
obtained using the above process was denoted as slurry (a).

(b) Dispersant and binder-added slurry

The same alumina powder which was used to prepare 
slurry (a) was used for a base material. Polycarboxylic am-
monium (PCA; Ceruna D-305, Chukyo Yushi Co., Ltd.) with 
a molecular weight of approximately 8000, polyvinyl alcohol 
(PVA; FUJIFILM Wako Pure Chemical Corporation) with 
a molecular weight of approximately 73  +000, and Nopco 
267-A (San Nopco Ltd.) were used as dispersant, binder, 
and defoamer, respectively. The dispersant and distilled 
water were mixed in advance, and the dispersant solution 
was mixed with the alumina powder using the ball-milling 
technique with alumina balls for 24 h. The slurry was sep-
arated from alumina balls using a sieve, and degassing was 
conducted. Subsequently, the defoamer and binder solution 
were mixed with the slurry using ultrasonication for 5 min. 
Another degassing operation was conducted after the mix-
ing, and the final sample slurry was obtained. Each additive 
amount was 1.8–10, 5, 3 mg per alumina particle of 1 g for 
PCA, PVA, and defoamer, respectively. The slurry prepared 
using the above process was denoted as slurry (b).

2.2 | Slurry evaluation

2.2.1 | Zeta potential measurement

The zeta potential of the alumina particles at various pH was 
measured using a zeta potential analyzer (Model 502, Nihon 
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Rufuto Co., Ltd.). The pH of the sufficiently thin slurry was 
changed by adding HCl or NaOH, and its zeta potential was 
examined.

2.2.2 | Rheological characterization

The flow curve of the prepared slurry described in section 2.1 
was measured using a rheometer (MCR 302, Anton Paar). 
The shear rate was changed from 0 to 100  s−1 and 100 to 
0 s−1 within 180 s, and the shear stress was determined.

2.2.3 | Sedimentation test

The prepared slurry described in section 2.1 was poured into 
an acrylic cylinder with an inner diameter of 20 mm, and the 
particles allowed to settle. When the sediment height did not 
change for 1 week, the packing fraction of the sediment, �

∞
 

(−) was calculated using the following mass balance equation:

where h
0
 (m) is the initial height of the slurry, H

∞
 (m) is the 

sediment height, and �
0
 (−) is the initial particle volumetric 

concentration. The initial slurry height in the cylinder was set 
at 160 mm.

2.2.4 | Constant pressure filtration test

The prepared slurry described in section 2.1 was filtered under 
constant pressure; 30 ml of the slurry was poured into a cylin-
der with an inner diameter of 35 mm as shown in Figure 1, and 
filtration under a constant pressure of 400 kPa was conducted 
using a membrane filter with a pore diameter of 0.2 µm. The ob-
tained cake was completely dried and calcinated, and its pack-
ing fraction was determined using the Archimedes method.

2.3 | Shape forming

2.3.1 | Tape casting

The prepared slurry was cast on a stationary PET film with 
a doctor blade to a height of 1.5 mm. The casting speed was 
0.6 m·min−1. The fabricated tape was dried at room tempera-
ture of approximately 25°C more than 24 h, and the green 
sheet obtained. Four pieces were collected from one green 
sheet, and calcination was conducted for 2 h at 300°C and 
1 h at 1000°C. Subsequently, its packing fraction was deter-
mined using the Archimedes method.

2.3.2 | Slip casting

Figure 2 shows the slip casting apparatus. A mold made of 
vinyl chloride was placed onto the plaster plate, and the pre-
pared slurry poured into it, to a height of 8 mm. Subsequently, 
it was dried at room temperature of approximately 25°C more 
than 24 h, and the green body was obtained. Four green bodies 
were fabricated from one slurry condition. The obtained green 
body was calcinated for 2 h at 300°C and 1 h at 1000°C, and 
its packing fraction determined using the Archimedes method.

3 |  RESULTS

3.1 | Zeta potential measurement

The pH dependence of the alumina particle's zeta potential 
is shown in Figure 3. This figure shows that the isoelectric 

(1)�
∞
=

h
0

H
∞

�
0

F I G U R E  1  Schematic diagram of the experimental apparatus 
for the constant pressure filtration test

F I G U R E  2  Schematic diagram of slip casting
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point was approximately pH 9, and the zeta potential in-
creased with a decrease in its pH. Therefore, the alumina par-
ticle was dispersed in low pH conditions.

3.2 | Rheological characterization

The flow curves of slurry (a) and slurry (b) measured using 
a rheometer are shown in Figure 4. This figure shows that 
these slurries were non-Newtonian fluids as their curves 
were not linear. In addition, as the yield stresses were 
present, Figure 4 shows that the particulate structure was 
formed due to their high particle concentration. Table 1 
lists the apparent viscosity (at a shear rate of 7 s−1) cal-
culated from Figure  4. In slurry (a), the slurry with pH 
5.5, which was the closest to the isoelectric point, had the 
highest apparent viscosity, while the slurries with a lower 
pH had a relatively low apparent viscosity. However, the 
high/low relation did not completely correspond to the 

magnitude of the zeta potential. This contradiction was 
examined in Supramental materials using the DLVO 
theory.

By contrast, the viscosity of the medium (PCA-PVA-
defoamer solution) in slurry (b) should be considered 
because it was confirmed that the viscosities of these medi-
ums were different for each PCA additive dosage as shown 
in Table 1. Therefore, the relative viscosity (apparent vis-
cosity of the slurry/viscosity of the medium) is considered 
to be better for comparing the particle dispersion state. This 
index has been used frequently in past studies.33–36 The 
results are also shown in Table  1. Figure  4b and Table  1 
indicate that the slurry with PCA 1.8 mg·g−1 was the most 
aggregated because of its high relative viscosity and large 
thixotropic property. By contrast, the slurry with PCA 
4  mg·g−1 was the most dispersed as its relative viscosity 
was the lowest.

F I G U R E  3  pH dependence of zeta potential for the alumina 
particle

F I G U R E  4  Flow curves of alumina 
slurries (a) and (b)

T A B L E  1  Rheological properties of slurry (a) and (b)

Slurry pH 
(−)/PCA 
additive 
dosage 
(mg·g−1-
Al2O3)

Apparent 
viscosity of 
slurry at a 
shear rate 
of 7 s–1, �

s
 

(Pa·s)

Viscosity 
of 
medium, 
�

m
 

(mPa·s)

Relative 
viscosity, 
�
∗
=

�
s

�
m

 
(−)

Slurry (a) 3.7 0.49 － －
4.2 0.41 － －
4.3 0.34 － －
4.9 0.37 － －
5.5 0.57 － －

Slurry (b) 1.8 2.99 3.2 934

2 1.06 3.4 312

4 0.78 3.5 223

6 1.26 3.4 371

8 1.00 2.5 400

10 0.98 2.2 445
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3.3 | Sedimentation test

The sediment obtained, as described in section 2.2.2, is 
shown in Figure 5. This figure shows that in slurry (a), the 
slurry with pH 3.7 formed the lowest sediment and had the 
most densely packed particles. Additionally, the sediments in-
creased with increasing slurry pH, and the sedimentations of 
slurries with pH 4.3, 4.9, and 5.5 were completed with little 
particle settling. This result corresponded to the magnitude of 
the zeta potential relation (Figure 3). Figure 6a shows that the 
packing fraction of sediments calculated using Equation  1, 
and the highest packing fraction of 0.568 (−) was obtained 
from slurry with pH 3.7. In slurry (b), sediments decreased 
with an increase in PCA additive dosage. Figure  6b shows 
that the most suitable condition to obtain the densest sediment 
was with a PCA additive dosage of 8 mg·g−1 (0.427 (−)).

3.4 | Measuring the packing fraction of 
green bodies

Figure 7 shows the results of measuring the packing fraction of 
the green body fabricated from slurries (a) and (b). The bars in 
Figure 7 indicate the maximum and minimum measured values. 
This result demonstrates that the packing fraction of the slip cast 
body exceeded that of the green sheet in both slurries (a) and 
(b). This difference was presumed to be caused by the particle 
packing process; in slip casting, the particle was more easily 
packed due to capillary forces caused by water adsorption of the 
plaster, whereas the particle layer in tape casting formed only 
through drying and condensation. The highest packing fraction 
of the green body was obtained from a slurry with pH 3.7 in 
slurry (a) (the packing fraction of green sheet: 0.61 (−), slip cast 
body: 0.62 (−)), and this decreased with an increase in the slurry 
pH. By contrast, in slurry (b), the optimum slurry conditions for 
fabricating the densest green body were different in each casting 
method; the PCA additive dosage was 8 mg·g−1 for tape casting 
(0.56 (−)), whereas it was 4 mg·g−1 for slip casting (0.60 (−)).

4 |  DISCUSSION

4.1 | Relationship between apparent 
viscosity and packing fraction of sediment

The packing fraction of sediments shown in Figure  6 and 
the apparent/relative viscosity shown in Table 1 were com-
pared, and the results shown in Figure 8. Figure 8 shows that 
these results did not correspond. Generally, a slurry whose 
particles are well dispersed has low apparent/relative viscos-
ity and is assumed to form a dense sediment; however, our 
study demonstrates different results. Some findings reported 
in previous studies indicated that the apparent viscosity of 
the just-prepared slurry did not completely correlate with the 
packing fraction of the sediment, or the particle dispersion 
state changed over time.24,25,32,37–39 These authors reported 
that this was caused by insufficient inter-particle repulsion 
forces, the interaction between the dispersant and the binder, 
and the degradation of the dispersant by the dispersing pro-
cess. In our past studies, which examined pH-controlled alu-
mina slurry24,25 and slurry containing PCA and PVA,32,39 the 
change of particle dispersion state in the slurry during sedi-
mentation had already been confirmed; so it was expected 
that this phenomena would also occur in the current study. 
Consequently, a verification test to confirm it was conducted, 
and the changes of particle dispersion state were demon-
strated, as shown in Figure S2.

4.2 | Relationship between slurry 
characteristics and packing fraction of each 
green body

Figure 9 illustrates the relationship between the apparent/rel-
ative viscosity and the packing fraction of green bodies. This 
figure shows that neither slurry (a) nor (b) correlated with the 
packing fraction of each green body. Typically, the packing 
fraction of the green body rises so that the apparent/relative 

F I G U R E  5  Photograph of sediments obtained from alumina slurries (a) and (b)
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viscosity diminishes; however, such a result is not apparent 
in this figure. The cause of this contradiction was assumed to 
be related to the particle behavior mentioned in section 4.1, 
considering that particle dispersion changes were necessary 
for both the tape and slip casting processes, since these in-
cluded the drying and particle condensation processes.

The relationship between the packing fraction of sedi-
ments and green bodies is shown in Figure  10. The pack-
ing fraction of the green sheet and slip cast body fabricated 
from slurry (a) and the green sheet fabricated from slurry 
(b) exhibited a good correlation with the packing fraction 
of the sediments. Since the tape and slip casting processes 

F I G U R E  6  Packing fraction of sediments obtained from alumina slurries (a) and (b) as functions of slurry pH and PCA additive dosage

F I G U R E  7  Packing fraction of various green bodies obtained from alumina slurries (a) and (b) as the functions of slurry pH and PCA additive 
dosage

F I G U R E  8  Relationship between apparent/relative viscosity of slurries and packing fraction of sediments obtained from slurries (a) and (b)
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comprised the particle condensation as well as the sedimen-
tation test, these results were considered to be substantially 
appropriate.

By contrast, in the slip casting of slurry (b), the densest 
green body could not be obtained from the densest sediment. 
Therefore, we concluded that considering only the parti-
cle condensation process was insufficient for the appropri-
ate prediction of the packing fraction of the slip cast body, 
whereas the sedimentation test was adequate for the tape 
casting process. Hence, another factor, the forming processes 
of the particle assembling layer for each casting method, 
were examined, and the additional results are presented in 
the next section.

4.3 | Effect of medium condition changes 
on slip casting and investigation of a suitable 
method to predict its packing fraction

Regarding a lack of correlation between the packing fraction 
of the sediment and the slip cast body in slurry (b), the dif-
ferences between each green body formation process were 
examined. Figure  11 shows the particle assembling layer 

formation processes for both tape and slip casting. In the 
tape casting, the cast slurry on a career film was dried and 
condensed. In the slip casting, the medium in the slurry was 
drawn up by the capillary pressure of the plaster, and the par-
ticles were deposited with the flow. Accordingly, the poly-
mers (such as the non-adsorbed dispersant and binder) left 
the particle layer along with the medium. In a previous study, 
Iwata and Mori39 reported that barium titanate particles in an 
aqueous slurry were aggregated by the interaction of PCA as 
a dispersant and PVA as a binder; furthermore, the degree of 
aggregation depended on the amount of non-adsorbed PCA. 
In the present study, it was confirmed that the aggregation 
effect was similar to the previous study39 by comparing the 
adsorbed amount of PCA to alumina particle (Figure S3) and 
the aggregation behavior during particle condensation. This 
result suggested an aggregation mechanism; however, if the 
amount of polymers that led to particle aggregation were 
different in the casting methods, the effect would be varied. 
Hence, the optimal slurry conditions for obtaining a dense 
green body should be different for tape and slip casting.

The optimal slurry conditions corresponded regardless of 
the casting method using slurry (a). Although these mediums 
were also drawn into the plaster by slip casting, the slurry pH 

F I G U R E  9  Relationship between apparent/relative viscosity and packing fraction of various green bodies obtained from slurries (a) and (b)

F I G U R E  1 0  Relationship between packing fraction of sediments and packing fraction of various green bodies obtained from slurries (a) and 
(b)
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that controlled the particle dispersion state should not change; 
hence, these results demonstrated the correspondence of the 
optimum slurry conditions in each casting method.

Therefore, to verify the above hypothesis, the remaining 
polymer amount in the green body was identified by mea-
suring the weight of the green body before and after calcina-
tion. Figure 12 shows the result, the dotted line indicating all 
polymers remaining in the green body. This figure shows that 
the green sheet contained almost all of the added polymers. 
By contrast, the polymers contained in the slip cast body 
were significantly less than in the green sheet. Thus, it was 
confirmed that a part of the polymer was transferred into the 
plaster during the slip casting process.

Based on the above results, a constant pressure filtration 
test, which includes the particle condensation and perme-
ation of the medium, was proposed to predict the packing 
fraction of the slip cast body, and an investigation of its avail-
ability was attempted. The packing fraction of the obtained 
cake using this test was compared with the packing fraction 

of the slip cast body, and the results shown in Figure  13. 
The packing fraction of the slip cast body rose with an in-
crease in the packing fraction of the cake; therefore, the 
constant pressure filtration test demonstrated the particle 
condensation and permeation process of the medium, and 
was confirmed as a suitable evaluation method to predict 
the packing ability of the slip cast body. Since the optimal 
condition of the filtration test should be determined by the 
slurry and casting conditions, more detailed experiments on 
optimization are needed for the practical application of this 
evaluation method.

5 |  CONCLUSION

Aqueous dense alumina slurries were prepared by changing 
their pH or dispersant additive dosage. The prepared slur-
ries were evaluated using rheological characterization, a 

F I G U R E  1 1  Schematic diagram of the particle assembling layer formation process for tape and slip casting

F I G U R E  1 2  Polymer amount included in various green bodies

F I G U R E  1 3  Relationship between the packing fraction of cake 
obtained by the constant pressure filtration test and the packing 
fraction of the green body obtained by slip casting for slurry (b)
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sedimentation test, and a constant pressure filtration test, and 
the results were compared with the packing fraction of the 
green body fabricated using tape and slip casting methods. 
On the basis of the result, the following conclusions were 
made.

In a slurry with changing pH, the optimal slurry condi-
tions for fabricating the densest green body corresponded in 
both tape and slip casting. By contrast, in the slurry contain-
ing dispersant and binder, the optimal slurry conditions did 
not correspond. This was caused by the medium condition 
changes in slip casting as the polymer was removed from the 
particle layer via water permeation flow. Hence, the polymer 
amount required to control the particle dispersion state dif-
fered from the tape casting process.

A comparison of the slurry evaluation results with the 
packing fraction of the green body showed that the sedimen-
tation test could predict the packing fraction of the green 
sheet as this test included the particle condensation process.

In addition to the condensation process, the medium 
conditions required changing for the slip casting process. 
Therefore, a constant pressure filtration test was suggested, 
and it was demonstrated that the packing fraction of the cake 
corresponded with that of the slip cast body.
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