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Analysis of particle connection in a two-component powder compact by electrical
conductivity measurements 
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Department of Advanced Nanostructured Materials Science and Technology, Graduate School of Science and Engineering,
Kagoshima University, 1-21-40 Korimoto, Kagoshima 890-0065, Japan

Particle connection in a two-component powder compact was quantitatively evaluated by electrical conductivity
measurements. As a model system, an alumina powder (median size 0.33 µm, insulator) was mixed with an indium tin oxide
powder (ITO, In2O3-SnO2, median size 0.20 µm, electronic conductor) in aqueous solutions at pH 3.0-10.3 to make different
types of microstructures of the consolidated powder compacts. The rheological properties of the suspensions and the packing
density and electrical conductivity of the powder compacts consolidated by filtration were greatly dominated by the
dispersibility of the matrix phase particles (Al2O3) rather than by the dispersibility of the second phase particles (ITO). The
Al2O3-ITO compacts prepared from a well-dispersed suspension at pH 3, showed a high electrical conductivity which was
independent of the relative density (60-95%). Particle connection between ITO particles was formed in the consolidated green
compacts. The electrical conductivity of the powder compacts processed with a high viscosity suspension at pH 10, was low
and enhanced when the bulk density exceeded 60% relative density by sintering. The network of ITO particles was formed
by a decrease in the distance between ITO particles during the densification. 
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Introduction

The quantitative analysis of the degree of particle
mixing in two-component powder compacts is important
in order to understand the sintering behavior, mechanical
properties or electerical properties of composite materials
such as Al2O3-ZrO2 [1], Al2O3-TiC [2], Al2O3-Ni [3],
Si3N4-SiC [4] or 3Al2O3·2SiO2-ZrO2·SiO2 [5]. In a two-
component system of A-B, three types of particle
contact of A-A, A-B and B-B are formed in the micro-
structure of the powder compact [6, 7]. The particle
connection provides a geometrical feature of the micro-
domain. However, it is not easy to evaluate quantitatively
the particle connection in the microstructure. In this
paper, an evaluation technology using electrical con-
ductivity was studied for the analysis of particle
connection of two-component powder compacts. In this
study, a model system of Al2O3-ITO (Indium Tin Oxide,
In2O3-SnO2) was consolidated to understand the micro-
structure-electrical conductivity relationships. Alumina
particles are insulator and ITO particles have a high
electronic conductivity. A continuous connection of
ITO-ITO particles in the mixed powder compact results
in a high electrical conductivity of the powder compact
[8, 9]. A homogeneous dispersion of alumina particles
around ITO particles interrupts the connection of ITO-

ITO particles, resulting in a decreased electrical con-
ductivity. To make different types of microstructures of
Al2O3-ITO compacts, the two powders were mixed in
aqueous suspensions with different pH and consolidat-
ed by filtration through gypsum molds. In two-com-
ponent powder suspensions, (1) the difference of
surface characteristics (zeta potential) of each powder,
(2) the size ratio between the two kinds of particles and
(3) the particle number fraction of the second phase are
the main parameters affecting the consolidated micro-
structures [6, 7, 10]. The consolidated Al2O3-ITO com-
pacts were sintered at 1000°-1500 °C in air to under-
stand the influence of bulk density on the micro-
structure and electrical conductivity. 

Experimental Procedure

An ITO powder of 90 mass% In2O3-10 mass% SnO2

system with specific surface area 2.99 m2/g and primary
particle size 0.2 µm, was supplied by Sumitomo
Chemical Co., Ltd., Japan. Since particle aggregates
were formed in the ITO powder after drying at 100 °C
for 24 h, the powder was ground by Y2O3 (3 mol%)-
stabilized zirconia balls of 3 mm in diameter for 24 h
in a polyethylene container. The specific surface area of
the milled powder increased to 4.42 m2/g. An α-Al2O3

powder of a specific surface area of 10.5 m2/g (Al2O3 >
99.99 mass%, median size 0.33 µm) was supplied by
Sumitomo Chemical Co., Ltd., Japan. The surface
characteristics of ITO and Al2O3 in dilute aqueous
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suspensions were examined by measuring their zeta
potentials in 0.01 M-NH4NO3 solution (Zeta-Meter
Inc., U.S.A.). The pH of each suspension was adjusted
using HCl and NH4OH solutions. The ITO and Al2O3

powders were mixed at a volume ratio of ITO/Al2O3 =
30/70 in aqueous solutions at pH 3, 6, 8 and 10. The
solid content of the suspensions was adjusted to 25
vol%. These suspensions were stirred for 24 h at room
temperature and then air bubbles in the suspensions
were eliminated for 40 minutes by a vacuum apparatus.
The rheological properties of the colloidal suspensions
were measured by a viscometer at 20-25 °C (Visconic
EHD, Tokimec Inc., Tokyo, Japan). The aqueous
suspensions were consolidated by filtration through
gypsum molds. The dried compacts were heated at
700 °C for 1 h in air to provide the strength for
handling of density measurement, electrical conductivity
measurement and microstructural observation. The
dried compacts prepared with suspensions at pH 3 and
10 were sintered at 1000°-1500 °C for 1 h in air. The
sintered density was measured by the Archimedes
method in kerosene. The surfaces of the samples
(diameter 10 mm, thickness 1 mm) were polished with
No. 2000 SiC abrasive paper and gold was sputtered on
the polished surfaces to form thin electrodes. The
electrical conductivity of the samples, which were in
contact with Pt plates, was measured at 25°-115 °C in
air using a two-probe impedance meter in the frequency
range from 100 Hz to 1 MHz (Model 4276A, 4277A,
Yokogawa Hewlett-Packard Co., Tokyo, Japan) and
potentiometer (HA-501G, Hokuto Densi Co., Tokyo,
Japan). The microstructures of the samples were observed
using a scanning electron microscope (SM-300, Topcon
Technologies, Inc., Tokyo, Japan) and electron probe
microanalyzer (JXA-8600SX, JEOL, Ltd., Japan). 

Experimental Results and Discussion

Surface properties of Al2O3 and ITO particles in
aqueous suspensions

Fugure 1 shows the zeta potentials of Al2O3 and ITO
particles as a function of suspension pH. The iso-
electric points were pH 8.0 for Al2O3 and pH 3.0 for
ITO. The suspensions were prepared at pH 3.0 (near
the isoelectric point of ITO), pH 6.0 (hetero-coagulation
region between Al2O3 and ITO), pH 8.0 (near the
isoelectric point of Al2O3) and pH 10.0 (co-dispersion
region of Al2O3 and ITO) [11]. Figure 2 shows the
possible interactions of Al2O3-ITO powder systems at
pH 3.0, 6.0, 8.0 and 10.0. The illustration reflects the
volume fractions of ITO (30 vol%) and Al2O3 (70
vol%) and the particles size ratio (Al2O3~0.33 µm,
ITO~0.20 µm). At near the isoelectric point of ITO (pH
3.0), ITO particles are flocculated due to van der Waals
attractive forces. Electrostatic repulsion acts among the
positively charged Al2O3 particles. The ITO particles
with little charge attract Al2O3 particles by van der

Waals forces. At pH 6.0, the positively charged Al2O3

particles are well dispersed by their strong repulsive
interaction. The negatively charged ITO particles are
adsorbed on the positively charged Al2O3 particles by
their electrostatic attractive forces. At pH 8.0, near the
isoelectric point of alumina, the Al2O3 particles become
agglomerated due to van der Waals attractive forces.
These Al2O3 agglomerates are attracted to the negatively
charged ITO particles due to the small electrostatic
repulsive forces. At pH 10.0, the ITO and Al2O3

particles have a similar zeta potential (Fig. 1). These
negatively charged particles are co-dispersed due to the
strong repulsive energy.

Figure 3 shows the apparent viscosity of the Al2O3

(70 vol%)-ITO (30 vol%) suspensions with solid content
of 25 vol% at pH 3.3-10.3. The apparent viscosity of
the non-Newtonian flow was lower for the acidic sus-
pensions at pH 3.3-6.2 than for the basic suspensions at
pH 8.1-10.3. These results were close to the rheological
behavior of monolithic alumina suspension, as reported
in our previous paper [12]. The rheological properties
of the Al2O3 (70 vol%)-ITO (30 vol%) suspensions are

Fig. 1. Zeta potentials of ITO and Al2O3 particles as a function of
suspension pH. 

Fig. 2. Schematic illustration of possible interactions of colloidal
particles in the Al2O3-ITO suspension.
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greatly dominated by the dispersibility of alumina
particles. The low apparent viscosity in the acidic
suspensions is related to the high dispersibility of
alumina particles with high zeta potentials and suggests
that the particle connections of ITO-Al2O3 and ITO-
ITO, as shown in Fig. 2(a), are easily deformed by the
applied shear stress. In contrast to the weak agglome-
ration in the acidic suspensions, the interaction of
Al2O3-Al2O3 became stronger in the basic suspensions
as seen in Fig. 3. This phenomenon is explained by the
chemical reaction between the hydrated surfaces of
Al2O3 in the basic solution. The surfaces of alumina
particles are covered with hydroxyl units to form
Al(OH)3. The agglomeration of Al2O3 particles in the
basic suspensions proceeds through the chemical reaction
between hydrated surfaces, as expressed by Eq. (1)
[12],

Al(OH)3 + Al(OH)3 → Al(OH)2 − O − Al(OH)2 + H2O

Al(OH)2 − O − Al(OH)2 + Al(OH)2 − O − Al(OH)2 

→ Al(OH)2 − O − Al − O − Al − O − Al(OH)2 + H2O
|   | (1)

 OH  OH

Equation (1) is repeated to link three dimensionally.
The hydroxyl units remaining in the condensed net-
work provide the negative charge by a chemical reac-
tion with NH4OH : Al − OH + NH4OH → Al − O− +
NH4

+ + H2O. As a result, the formation of a particle
network through chemical reactions increases the apparent
viscosity. 

ITO particle connection in the Al2O3-ITO compact
Figure 4 shows the relative density of Al2O3 (70

vol%)-ITO (30 vol%) compacts consolidated by filtration
through gypsum molds as a function of suspension pH.
A similar packing property was measured in the
monolithic alumina suspensions [12]. The increased
density at low pH of the suspensions indicates that the
well-dispersed, positively charged alumina particles in

the acidic suspensions are densely packed. The decrease
of packing density with increasing pH results from the
formation of Al2O3 agglomeration, as shown in Fig. 3.
The formation of particle networks in the basic
suspensions reduced the packing density during the
filtration of the suspensions. 

Figure 4 also shows the electrical conductivity of
70% Al2O3-30% ITO compacts as a function of pro-
cessing pH. The conductivity decreased drastically for
the compacts processed with basic suspensions. This
result indicates that a continuous particle contact of
ITO-ITO was achieved in the compacts processed with
the acidic suspensions. As seen in Fig. 4, pH dependence
of compact density and conductivity showed a similar
tendency. That is, the increased packing density enhances
the degree of particle contact of ITO-ITO. The decrease
in the packing density expands the distance between
ITO and ITO particles. The measured result suggests
that the particle network of second phase (ITO) is
influenced by the dispersibility of matrix particles
(Al2O3) rather than the dispersibility of second phase
particles. 

Figure 5 shows the relative density of 70% Al2O3-

Fig. 3. Apparent viscosity of the Al2O3 (70 vol%)-ITO (30 vol%)
suspensions with solid content of 25 vol% as a function of shear
rate.

Fig. 4. Relative density and electrical conductivity of the Al2O3 (70
vol%)-ITO (30 vol%) compacts as a function of suspension pH.

Fig. 5. Relative density of the Al2O3 (70 vol%)-ITO (30 vol%)
compacts as a function of sintering temperature.
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30% ITO compacts formed with the aqueous suspen-
sions at pH 3.3 and 9.7, as a function of sintering
temperature. Both the bulk densities increased at
temperatures above 1200 °C [13, 14]. The sinterability
of Al2O3-ITO compacts was higher for the compact
processed at pH 3.3 than for that processed at pH 9.7.
Therefore the dispersibility of colloidal particles affects
both the green and sintered densities. 

Figures 6 and 7 show the sintered microstructures of
the 70% Al2O3-30% ITO compacts, processed with the
suspensions at pH 3.3 and 9.7, respectively. The
densification of ITO and Al2O3 particles proceeded
with grain growth in the temperature range from 1200°
to 1500 °C. The pore size was also enlarged by the
grain growth. However, it is difficult to distinguish ITO
particles from Al2O3 particles in these microstructures.
X-ray diffraction patterns of the sintered compacts
indicated no formation of the compound of the Al2O3-
ITO system [15].

Figure 8 shows the electrical conductivity of 70%
Al2O3-30% ITO compact as a function of sintering
temperature. The Al2O3-ITO compact prepared with the
suspension at pH 3.3, showed a high electrical conduc-
tivity, which was almost independent of the relative
density (60-95%). On the other hand, the low electrical
conductivity of the powder compact processed at pH
9.7 was enhanced when the bulk density exceeded 60%
relative density. This result indicates that the densifi-
cation of particles shortens the distance between ITO

particles and leads to a continuous particle connection
of ITO-ITO. The above results in Figs. 4, 5 and 8
indicate that (1) the high dispersibility of matrix
particles (Al2O3) in an aqueous suspension enhances
the packing density of the Al2O3-ITO powders, (2) the
increased packing density effectively leads to a connec-
tion between second-phase particles (ITO) (3) densi-
fication of a low packing density compact by sintering
gradually shortens the distance between the second-
phase particles, and (4) grain growth during the
sintering provides no significant influence on the
particle connection of the second phase. 

Fig. 6. Microstructures of the Al2O3 (70 vol%)-ITO (30 vol%)
compacts consolidated from the suspension at pH 3.3 and sintered
at (a) 1000 °C, (b) 1100 °C, (c) 1200 °C, (d) 1300 °C, (e) 1400 °C
and (f) 1500 °C in air. 

Fig. 7. Microstructures of the Al2O3 (70 vol%)-ITO (30 vol%)
compacts consolidated from the suspension at pH 9.7 and sintered
at (a) 1000 °C, (b) 1100 °C, (c) 1200 °C, (d) 1300 °C, (e) 1400 °C
and (f) 1500 °C in air. 

Fig. 8. Electrical conductivity of the Al2O3 (70 vol%)-ITO (30
vol%) compacts as a function of sintering temperature. 
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Figures 9 and 10 show (a) microstructures and the
elemental distribution maps of (b) Al, (c) In and (d) Sn
by electron probe microanalyzer for the 70% Al2O3-
30% ITO compacts processed with the suspensions at
pH 3.3 and pH 9.7, respectively, and sintered at
1500 °C in air. The concentrations of the elements are
expressed in terms of brightness in (b), (c) and (d). The
Al element was mainly measured on the gray grains
and the In element was distributed over the black
regions in the microstructure (a). These results indicate
that the gray regions correspond to Al2O3 grains and
the black regions correspond to ITO grains and pores.

The ratio of surface area of gray regions (Al2O3) to
black regions (ITO and pores) (64.2:35.8 for Fig. 9(a),
60.3:39.7 for Fig. 10(a)) and the ratio of surface area of
grains (Al2O3 and ITO) to pores in Fig. 6(f) (87.2:12.8)
and Fig. 7(f) (84.8:15.2) were coupled to determine the
Al2O3 content in Figs. 9(a) and 10(a): 73.6% Al2O3-
26.4% ITO for Fig. 9(a), 71.2% Al2O3-28.8% ITO for
Fig. 10(a). These compositions were close to the
mixing volume ratio of the starting Al2O3 (70%) and
ITO (30%) powders. Therefore, the ITO grains were
continuously connected in the black regions in Figs. 9
(a) and 10(a).

Fig. 9. Microstructure (a) and elemental distribution maps of (b) Al, (c) In and (d) Sn for the Al2O3 (70 vol%)-ITO (30 vol%) compacts
consolidated from the suspension at pH 3.3 and sintered at 1500 °C in air.

Fig. 10. Microstructure (a) and elemental distribution maps of (b) Al, (c) In and (d) Sn for the Al2O3 (70 vol%)-ITO (30 vol%) compacts
consolidated from the suspension at pH 9.7 and sintered at 1500 °C in air.
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Conclusions

(1) An alumina powder with an isoelectric point at
pH 8.0 was mixed with an ITO powder with an
isoelectric point at pH 3.0 at 30 vol% ITO fraction. The
rheological properties of the suspensions were greatly
dominated by the dispersibility of alumina particles,
depending on the suspension pH.

(2) The Al2O3 (70%)-ITO (30%) suspensions were
consolidated by filtration through gypsum molds. The
particle network of second phase (ITO) in the green
compacts, which was evaluated by the packing density
and electrical conductivity, was influenced by the
dispersibility of matrix particles (Al2O3) rather than the
dispersibility of the second-phase particles.

(3) The densification of the Al2O3-ITO compact
proceeded at temperatures above 1200 °C. The Al2O3-
ITO compact prepared with the well-dispersed suspen-
sion at pH 3.3, showed a high electrical conductivity
which was independent of the relative density (60-
95%), indicating the particle connection of ITO.

(4) The low electrical conductivity of the powder
compact processed with a high viscosity suspension at
pH 9.7, was enhanced when the bulk density exceeded
60% relative density. The particle network of ITO was
gradually formed with a decrease in the distance
between ITO particles by sintering. 
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