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Abstract

The complex moduli of 10–30 vol% aqueous suspensions of alumina particles of median size of 310 nm were measured at 1 Hz of

applied frequency in a temperature range of �100 to 100 1C at a heating rate of 1 1C/min. The storage modulus of distilled water as a

reference material showed a drastic decrease at 0 1C, where a phase transition occurred from solid ice to liquid water. The loss tangent of

water showed a sharp peak associated with the phase transition at 0 1C. In 10 vol% alumina suspensions at pH 3, 5 and 7, more

additional peaks of storage modulus and loss tangent appeared at 7�51 1C. The peaks at 30–51 1C represent the phase transition of

colloidal suspension from a dispersed state to a flocculated state. When the alumina content of the suspension was increased to 30 vol%,

little change of storage modulus and loss tangent were measured in the wide temperature range of �100 to 100 1C, reflecting little

change of dense packing structure of alumina particles after the melt of solid ice with increasing temperature. A similar dependence of

storage modulus and loss tangent on heating temperature was measured in the calcined alumina porous compact infiltrated with water in

the open pores.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Colloidal processing has been well recognized as a powder
processing to improve physicochemical properties of
advanced ceramics through the microstructural control of
green and sintered bodies. This processing involves the
dispersion of starting particles in a liquid medium and
subsequent consolidation using a gypsum mold, pressure
filtration or doctor blade method. The dispersion of colloidal
particles has been understood by the DLVO theory repre-
senting the interaction energy between charged particles [1,2].

Pressure filtration has some advantages to consolidate
densely colloidal particles in a short time [3–5]. We have
studied the pressure filtration of nanometer-sized ceramic
particles (20–800 nm diameter) in a wide pressure range up
to 19 MPa and proposed a new filtration theory for a
flocculated suspension [6–9]. When a high pressure was
applied to a dispersed suspension, a phase transition from
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A

g/10.1016/j.ceramint.2012.09.053

ing author. Tel.: þ81 99 285 8325; fax: þ81 99 257 4742.

ess: hirata@apc.kagoshima-u.ac.jp (Y. Hirata).
dispersed to flocculated particles occurred. Recently the
filtration behavior of a flocculated suspension of 150 nm
alumina particles was analyzed based on viscoelastic
models [10]. The viscoelastic properties of a flocculated
suspension were well fitted by the Voigt model. The
flocculated suspension behaved like a liquid at a low
particle concentration. The influence of solid element of
the Voigt model became stronger with decreasing suspen-
sion height (increasing solid content of the flocculated
suspension).
Otsubo and Watanabe [11] measured strain dependence

of dynamic viscoelastic properties of aqueous suspensions
containing silica particles of 15 nm diameter, polyacrlya-
mide and glycerin. The breakdown process of the floccu-
lated network of silica particles through polymer bridging
was analyzed by the measurement of storage modulus.
Garrido and Califano [12] studied the effect of polyelec-
trolyte on viscoelastic behavior of highly concentrated
suspensions of alumina–zirconia mixed particles. The well
dispersed suspensions exhibited a predominantly viscous
response, which changed to a slight elastic behavior at a
ll rights reserved.
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critical solid content. The elastic contribution increased
with increasing concentration of free polyelectrolyte in a
solution. On the other hand, the heterocoagulated suspen-
sions with an insufficient amount of dispersant showed a
predominantly elastic behavior. Belza et al. [13] investi-
gated the effects of electric field strength and temperature
on viscoelastic properties of electrorheological suspensions
of urea-modified silica nanoparticles. They suggest that the
increase of storage modulus with temperature reflects the
formation of a higher rigid structure due to the increased
particle polarization in agreement with the increased
permittivity. As mentioned above, the measurement of
storage modulus of a ceramic suspension is significantly
useful to interpret the suspension structure. The purpose of
this paper is to understand the viscoelastic properties of
alumina suspensions with heating temperature by the
measurement of complex moduli. The measured results
were compared with the elastic properties of calcined
alumina compacts.

2. Experimental procedure

2.1. Viscoelastic properties of alumina suspensions

A high purity alpha-alumina powder with isoelectric point
pH 8.6 (Al2O3 purity499.99 mass%, median size 310 nm,
specific surface area 10.2 m2/g, Sumitomo Chemical Co.,
Ltd., Tokyo, Japan) was dispersed in double distilled water
to make 10, 20 and 30 vol% solid suspensions at pH 3, 5 and
7. The particle size distribution in a dilute alumina suspension
at pH 3.5 was measured by centrifugal particle size analyzer
(CAPA-700, Horiba Ltd., Kyoto, Japan) and the particle
sizes at cumulative 10%, 50% and 90% were 210, 310 and
580 nm, respectively. After the suspensions were stirred for
12 h, dynamic viscoelastic properties (storage modulus and
loss tangent) of alumina suspensions were measured with a
dynamic mechanical analyzer (DMA 8000, Perkin Elmer,
MA, U.S.A.). A small amount of alumina suspension was
put into a stainless steel container (30 mm length, 15 mm
width, 2 mm thickness). This container was clamped in a
dynamic mechanical analyzer to measure the dynamic
viscoelastic properties by single cantilever configuration
method (0.05 mm dynamic displacement, 1 Hz applied fre-
quency). The stainless steel container including alumina
suspension was cooled at �100 1C using liquid nitrogen.
The viscoelastic measurement was carried out in the tem-
perature range from �100 to 100 1C at a heating rate of
1 1C/min.

2.2. Elastic properties of alumina compacts

Aqueous 20 vol% alumina suspensions at pH 3 were
consolidated by pressure filtration at a constant pressure of
1 MPa using a glass filter of 20 mm pore diameter and three
sheets of a membrane filter of 0.1 mm pore diameter,
which were attached to the bottom of the piston (Tensilon
RTC-1350A, A&D Co., Ltd, Tokyo, Japan) [4,7,10]. The
consolidated alumina compacts of 20 mm diameter were
taken out of the cylinder and dried at 100 1C in air for
24 h. The dried compacts were heated at 700 1C in air for
1 h. The calcined compacts contained 36.4% open pores
and 3.84% closed pores. The sizes of alumina compact for
the measurement of dynamic viscoelastic properties were
9.1 mm length, 5.6 mm width and 7.0 mm height. The
elastic properties under compression mode were measured
for dried compact and wet compact including distilled
water in the open pores, in the temperature range from
�100 to 100 1C at a heating rate of 1 1C/min and at 1 Hz
of applied frequency.

3. Results and discussion

3.1. Viscoelastic properties of alumina suspensions

The zeta potential of the alumina particles in a
0.01 MNH4NO3 solution was 50.2, 25.1 and 19.7 mV at
pH 3.0, 5.0 and 7.0, respectively, and the isoelectric point
was pH 8.6 [14]. The rheological properties and packing
density of the alumina suspensions were greatly influenced
by the surface potential of the charged particles. In our
previous experiment [14], the apparent viscosity decreased
when the surface potential of positively charged particles
was increased at a low pH. The increased repulsive energy
between charged alumina particles leads to the high
packing density during the filtration of alumina suspension
in gypsum mold. According to our recent study [8], the
critical surface potential of submicrometer-sized particles
causing a colloidal phase transition (dispersed particles-
flocculated particles) is calculated to be 18.2 mV for
100 nm diameter and 12.8 mV for 500 nm diameter at
1 atm. That is, the surface potential of alumina particles
with a particle size distribution of 150–700 nm at pH 3.0
(50.2 mV) and pH 5.0 (25.1 mV) was higher than the
critical surface potential. However, the surface potential
at pH 7.0 (19.7 mV) was comparable to the critical surface
potential for the phase transition, increasing the probabil-
ity of flocculation of colloidal alumina particles due to
their thermal energy.
Fig. 1 shows the influence of suspension pH on (A)

storage modulus and (B) loss tangent of 10 vol% alumina
suspensions. The data of blank test represent the elastic
properties of stainless steel container as a function of
heating temperature. The storage modulus decreased
slightly at a high temperature and loss tangent was less
than 0.01. On the other hand, the storage modulus of the
container with distilled water was high below 0 1C and
dropped suddenly at 0 1C, where the loss tangent showed a
sharp peak. This change of storage modulus and loss
tangent is attributed to the phase transition from solid ice
to liquid water at 0 1C. The temperature dependence of
storage modulus and loss tangent of 10 vol% alumina
suspensions was similar to that of distilled water.
The steep drop of storage modulus and the sharp peak

of loss tangent at 0 1C are basically explained by the phase
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Fig. 1. Influence of suspension pH on (A) storage modulus and (B) loss

tangent of 10 vol% alumina suspensions. The data of blank test represent

the elastic properties of stainless steel container.
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transition of solution in an alumina suspension. Further-
more, additional small peaks were measured at 7–51 1C in
the storage modulus and loss tangent, depending on
suspension pH. These types of peaks were not observed
in distilled water. In a colloidal suspension, the dispersed
particles collide to form flocculated particles. The molar
fraction (a) of dispersed particles to the total colloidal
particles (dispersed and flocculated particles) depends on
settling time, surface potential of particle, particle size and
concentration of electrolyte. In the suspension with a lower
zeta potential at pH 7.0, the relatively wide peaks of loss
tangent and the corresponding two step change in storage
modulus were measured at 0–7 1C of heating temperature.
This result may be associated with the melting of (1) the
solid ice of free bulk solution (at 0 1C) distributed between
dispersed particles and (2) the solid ice of solution trapped
in flocculated particle clusters (at 7 1C). A similar shift to a
higher temperature was also measured in the pyrolysis of
organic compound (tetrapropylammonium bromide)
trapped in ZSM-5 zeolite in air [15]. The H2O molecules
strongly bonded in the narrow spaces among flocculated
alumina particles below 0 1C need a higher temperature to
melt. Furthermore, the peaks measured at 30–51 1C in Fig.
1(A) and (B) in the alumina suspensions at pH 3, 5 and 7
indicate the change in the structure of colloidal suspension
with heating. This result is discussed in the next section.
3.2. Phase transition of colloidal suspension with heating

The peaks of storage modulus and corresponding loss
tangent at higher temperature (30–51 1C) represent the
phase transition of colloidal suspension from a dispersed
state to a flocculated state. The collision rate between
dispersed particles to form flocculated particles is acceler-
ated at a high temperature because the diffusion coefficient
of dispersed particles increases at a high temperature and
the viscosity of solution decreases with increasing tem-
perature [16]. The chemical potential of dispersed (md) and
flocculated particles (mg) in a colloidal suspension is
expressed by the following equations [6,9]:

dld ¼ VddP�SddT ð1Þ

dlg ¼ VgdP�SgdT ð2Þ

where Vand S are the partial molar volume and partial
molar entropy of particles in a suspension, respectively,
and P is the applied pressure and T the temperature.
Integration of Eqs. (1) and (2) at a constant pressure
(dP=0) yields Eqs. (3) and (4), respectively, under the
constant S value:

ld ¼ md0�SdðT�T0Þ ð3Þ

mg ¼ mg0�SgðT�T0Þ ð4Þ

The md0 and mg0 represent the chemical potential of
particles at a temperature of T0 (=298 K). The phase
transition temperature (Tc) is solved under the condition
md=mg at T=Tc for Eqs. (3) and (4).

Tc ¼ T0þ
lg0�ld0

Sd�Sg

¼ T0þ
Dl0

DS
ð5Þ

Fig. 2 shows the schematic relation for Eqs.(3)–(5). The
md, mg and the difference of md�mg decrease with increasing
temperature and the md value becomes equal to the mg
value at the temperature (Tc) of the intersection of both the
lines. As seen in Fig. 2, Sd (slope of the md line) is larger
than Sg and Tc depends on the ratio of Dm0/DSg, where
Dm0¼md0�mg0 and DS¼ Sd�Sg. The dispersed particles
have a tendency to change to flocculated particles at
ToTc and the flocculated particles formed at T¼Tc have
a tendency to change to dispersed particles at T4Tc,
depending on the phase transition rate. The activity of
dispersed particles (ad), which controls the md value, is
expressed by Henry’s law and equal to the product of the
molar fraction (a) of dispersed particles in a suspension
containing both dispersed and flocculated particles and the
activity coefficient (g1) expressed as C0/Cmax (C0: total
volume fraction of dispersed and flocculated particles,
Cmax: maximum packing density of particles) [8,9,17].
For a random closed packing model, Cmax is 0.637. The
g1 value is 1 for C0=Cmax. That is, ad is defined as a ratio
of volume of dispersed particles (Cd) to the maximum
volume packed, ad=C0a/Cmax=Cd/Cmax. The activity of
flocculated particles (ag) follows Raoult’s law and is
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dispersed and flocculated alumina suspensions.
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expressed as (1�a) using the Gibbs-Duhem equation. The
difference of chemical potential (Dm0) of both the particles
at T=T0 is expressed by Eq.(6),

Dl0 ¼ l�dþRT0ln
C0a

Cmax

� �
� l�gþRT0 lnð1�aÞ
h i

¼ ðl�d-l
�
gÞþRT0ln

C0

Cmax

� �
þRT0 ln

a

1-a

� �
ð6Þ

where m�d and m�g values represent the chemical potential of
dispersed particles for a¼1 and g1¼1 and flocculated
particles for a¼0, respectively. The Dm0 increases with
increasing C0 and a values. That is, the Tc values shift to a
higher temperature for a suspension with a high solid
concentration of well dispersed particles. The above dis-
cussion was compared with the experimentally measured
Tc values in Fig. 1(A) and (B). As seen in Fig. 1(A), no
significant difference of Tc (E31 1C) was observed in the
alumina suspensions at pH 3 and 7, suggesting a small
influence of a value in Eq. (6) on Dm0 value. The Tc value in
the suspension at pH 5 was measured at a higher
temperature (41 1C). This result is not well understood at
this moment. When the suspensions are heated, the
included solution evaporates into steam, resulting in the
increased concentration of alumina particles. This effect of
evaporation of solution may increase the C0 value in Eq.
(6) and shift the Tc value in Eq. (5) to a higher tempera-
ture. Recently our group has measured the influence of
heating temperature on shear stress of 20 vol% alumina
suspension (pH 3.0) at 192 s�1 of shear rate [18]. Little
change of shear stress was measured for 1 h at 28�40 1C,
indicating a small change of alumina concentration during
the measurement of rheology. However, a rapid increase of
shear stress within 10 min was measured at 60�80 1C,
indicating a high evaporation rate of the solution. The Tc
values measured in a high temperature range 460 1C
include the additional effect of evaporation of solution to
C0 value in Eq. (6).
3.3. Influence of alumina concentration on viscoelastic

properties

Fig. 3 shows the influence of solid content on storage
modulus and loss tangent of alumina suspensions at pH 3.
The 10 and 20 vol% suspensions showed a sudden change
of storage modulus and loss tangent at 0 1C associated with
the phase transition of included solution. Furthermore,
additional peaks of storage modulus and loss tangent were
measured at 31 and 57 1C in 10 and 20 vol% suspensions,
respectively. However, the storage modulus and loss tan-
gent of 30 vol% alumina suspension were not sensitive to
the heating temperature. The shift of the peak temperature
in Fig. 3(A) and (B) to a higher temperature with increasing
alumina content (10-20 vol%) is explained by the increase
of Dm0 in Eq. (6), resulting in the increased Tc in Eq. (5).
However, little change of suspension structure occurred with
heating in the 30 vol% alumina suspension. The distance (H)
between two particles (diameter D) in a random close packing
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structure is expressed by Eq. (7) [4]

H

D
¼

1

3 p C0
þ

5

6

� �1=2

�1 ð7Þ

where C0 is the solid content of suspension. Fig. 4 shows the
H/D ratio as a function of solid content of alumina suspen-
sion. The increased solid content decreases drastically the H/D
ratio, accelerating the touching of dispersed particles. The H/D
ratio approaches 0 at 63.7 vol% solid. Little change of
suspension structure may occur when the dispersed particles
touch. The H/D ratio is calculated to be 0.168 and 0.090 for 20
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Fig. 4. Ratio of distance (H) between two spherical particles to diameter

(D) in a random close packing structure.
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porosity 36.4%) under compressive mode.
and 30 vol% suspensions, respectively. The above calculation
indicates that it is difficult to change the position of dispersed
particles to form flocculated particle clusters when the H/D
ratio becomes smaller than 0.1.
Fig. 5 shows the storage modulus and loss tangent of

dried and wet alumina compacts under compressive mode.
The temperature dependence of storage modulus and loss
tangent of both the compacts was small, and was similar to
that of 30 vol% alumina suspension (Fig. 3(e)). That is, the
solution included in the concentrated suspension (solid
content430 vol%) provided little influence on the visoe-
lastic properties in the wide temperature range.
4. Conclusions

The storage modulus of distilled water decreased sud-
denly at 0 1C, where a phase transition from solid ice to
liquid water occurred. The loss tangent of water showed a
sharp peak associated with the phase transition at 0 1C.
In 10 vol% alumina suspensions at pH 3, 5 and 7, the steep
drop of storage modulus was also observed at 0 1C. More
additional peaks of storage and loss tangent appeared at
7–51 1C. The peak at 7 1C may be associated with the
melting of solid ice of solution trapped in flocculated
particle clusters. The peaks at 30–51 1C represent the phase
transition of colloidal suspension from a dispersed state to
a flocculated state. This phase transition temperature shifts
to a higher temperature for a suspension with a high solid
concentration of well dispersed particles. When the alu-
mina content of the suspension was increased to 30 vol%,
little changes of storage modulus and loss tangent were
measured in the wide temperature range of �100 to
100 1C. Since the ratio of distance between two particles
to particle diameter is less than 0.1 in a 30 vol% suspen-
sion, it is difficult to change the position of dispersed
particles to form flocculated particles. In addition, the
phase change of solution included in the highly concen-
trated suspension provides little influence on the viscoe-
lastic properties. A similar dependence of storage modulus
and loss tangent on heating temperature was measured in
dried and wet alumina porous compacts.
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