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Abstract

The distribution of the intergranular liquid phase during the sintering of 8 mol% Y2O3-stabilized ZrO2 containing 0.5 mol% of
SiO2 and Al2O3 was investigated using spatially resolved impedance spectroscopy. The variation in the grain-boundary resistivity as

a function of the distance from the specimen surface indicated that the liquid phase coagulates at the specimen center in the initial
stages of sintering, and spreads outward upon further sintering. The liquid redistribution was also examined by transmission elec-
tron microscopy. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

During the sintering of a ceramic material, the pre-
sence of a small amount of liquid phase, either inten-
tionally added or formed by impurities, is known to
enhance the sintering rate by providing a path for rapid
material transfer.1 Microstructural evolution during
liquid-phase sintering has been thoroughly investigated
and it has been shown that at the very early stage of
sintering, liquid agglomerates at the center of a speci-
men to reduce the liquid–vapor interfacial energy.2�4

Furthermore, the agglomerated liquid flows outward
upon further sintering and consequently the whole spe-
cimen recovers a uniform microstructure.2

In this respect, the liquid phase is dynamic during
sintering.5 This makes it imperative to know its dis-
tribution change in order to understand the sintering
process. For typical liquid-phase sintering with a rela-
tively abundant liquid, such a liquid rearrangement
process could be observed using scanning electron
microscopy (SEM).2�4,6,7 However, when the liquid
content is very small, SEM becomes inappropriate

because the liquid usually presents as an intergranular
film of a few nm in thickness.
The sintering of yttria stabilized zirconia (YSZ) is

usually carried out with a small amount of SiO2, whe-
ther it is included as an inevitable background impurity8

or is added on purpose,9 which becomes liquid at the
sintering temperature. Note also that the ionic con-
ductivity YSZ is very sensitive to the intergranular
liquid and the impedance values depend strongly on its
configuration.10,11 In this study, the rearrangement
process of the small amount of liquid phase during sin-
tering was investigated. For this purpose, the variation
in the local impedance of the 8 mol% yttria-stabilized
zirconia (8YSZ) specimens sintered at various condi-
tions was determined.

2. Experimental procedure

High purity 8YSZ powder (TZ-8Y, Tosoh Co. Ltd.,
Tokyo, Japan) was used as a raw material. The impurity
contents with regard to Al2O3, SiO2, Fe2O3, and Na2O
were, according to the manufacturer’s specification,
<0.1, 0.02, 0.01, and 0.12 wt.%, respectively. With the
addition of 0.5 mol% of Al2O3 powder (AKP3000,
Sumitomo Chemical Co., Tokyo, Japan) and 0.5 mol%
of SiO2 sol (MA-ST-M, Nissan Chemical Co., Tokyo,
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Japan), the mixture was ball-milled for 6 h in ethanol
using partially stabilized zirconia balls. After drying, 5.2
g of the powder was uniaxially pressed into a cylindrical
rod shaped specimen then isostatically pressed at 200
MPa. The compacts were sintered at 1450–1550 �C for
0–4 h in air. Sintering for 0 h means that the specimen
was cooled immediately after the sintering temperature
was reached. The heating and cooling rates were fixed to
200 �C/h. A pure 8YSZ specimen was also fabricated as
a comparison. The sample specifications, sintering con-
ditions, average grain sizes, and densities are shown in
Table 1.
Fig. 1 shows a schematic illustration of the electrode

configuration on the sintered specimen. A slab,
10.6�10.5�0.55 mm3, was obtained by cutting along
the diameter. The 6 electrodes were made from the sur-
face to the center with a 0.5 mm spacing by screen
printing a Pt paste (TR 7905, Tanaka Co., Tokyo,
Japan). The size of each rectangular electrode was
2�0.5 mm2. After drying, the specimen was heat-treated
at 1100 �C for 1 h. Spatially resolved impedance data
was measured at 400 �C in air by an AC two-probe
technique using a SI 1260 impedance/gain-phase analy-
zer (Model No. SI 1260, Solartron, Inc., Farnborough,
UK). The experimental setup for the impedance
measurement is reported elsewhere.12 The micro-
structure of the intergranular liquid was analyzed by
TEM (JEM 3000F, 300kV, Jeol Ltd., Japan). The aver-
age grain size of the specimen was determined by mul-
tiplying the average intercept length by 1.755.13

3. Results and discussion

Fig. 2 shows the complex impedance spectra of the
1450–0 specimen (sintered at 1450 �C for 0 h) as a
function of the distance from the surface, d. Three con-
tributions from the low frequency regime are those from
electrode polarization, the grain boundary, and the
grain interior, respectively. The grain-boundary resistiv-
ity (�gb) varied to a large extent with d while the grain-
interior resistivity (�gi) was a constant as 6 k�

.cm. Because
the electrode area and conduction length normalized
impedance, the deconvoluted �gb value does not repre-

sent the specific grain-boundary resistivity (�gb
sp). The

estimation of the �gb
sp value was difficult due to the var-

iation in the intergranular film thickness or the space
charge layer. Therefore, the resistance per unit grain-

Table 1

Specifications, starting materials, sintering conditions, densities and the average grain sizes of the specimens

Specimen Composition Sintering condition Densitya (g/cm3) dg
b (mm)

1450–0 8YSZ+0.5 mol% Al2O3+0.5 mol% SiO2 1450 �C for 0 h 5.83 4.5

1550–0 8YSZ+0.5 mol% Al2O3+0.5 mol% SiO2 1550 �C for 0 h 5.98 5.9

1550–4 8YSZ+0.5 mol% Al2O3+0.5 mol% SiO2 1550 �C for 4 h 6.02 29.4

P1450–0 8YSZ 1450 �C for 0 h 5.74 2.8

a Apparent density, as measured by Archemedes’ method.
b Average grain size, as determined by linear intercept method.

Fig. 1. Schematic diagram of the electrode configuration on the spe-

cimen for measuring the spatially resolved impedance (d: distance

from the surface).

Fig. 2. Spatially resolved impedance spectra of the specimen sintered

at 1450 �C for 0 h (1450–0 specimen) as a function of the distance

from the surface, d (measured at 400 �C in air).
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boundary area (Rgbs) was calculated in this study by the
following equation14

Rgbs ¼ �gb=D ð1Þ

Here, D is the grain-boundary density (number of
grain boundaries per unit length), which is the reciprocal
of the average grain size.
Fig. 3(a) and (b) shows SEM microstructures of the

surface and the center of the 1450–0 specimen, respec-
tively. No significant difference in the grain size was
found, which suggests that the variation in the �gb
values in Fig. 2 does not emanate from the difference in
the grain-boundary density. Further detailed informa-
tion regarding the intergranular film such as its presence
or absence, its thickness and configuration was difficult
to obtain by SEM.
All the other specimens in this study showed no var-

iation in grain size between the surface and the center.
The Rgbs values were calculated from the local �gb
values and are plotted in Fig. 4. The Rgbs variation with
d changed significantly with the sintering conditions.
For the 1450–0 specimen [Fig. 4(a)], the Rgbs value
increased with d and was saturated at d>2 mm. As
shown in Fig. 4(b), the Rgbs profile for the specimen
sintered at 1550 �C for 0 h showed no variation with d.
This tendency was kept after sintering for 4 h at 1550 �C
but the overall Rgbs values increased [Fig. 4(c)]. These
results were confirmed by repetitive measurements.
Fig. 4(d) shows the Rgbs profile for the pure 8YSZ

specimen that was sintered at 1450 �C for 0 h (P1450–0
specimen). The Rgbs values were uniform and approxi-
mately 4.5 �.cm2. For the same specimen, the Rgbs pro-
file was also uniform after sintering at 1550 �C. Note
that the Rgbs values of the P1450–0 sample are approxi-
mately 1% of those of the 1550–4 sample. This points to
the intergranular liquid as the main cause of grain-
boundary resistance. Therefore, the change in the Rgbs
profile with the sintering conditions should be found in
the framework of the intergranular-liquid distribution.

Fig. 3. SEM microstructures of the (a) surface and (b) center of the 1450–0 specimen.

Fig. 4. The variation in the resistance per unit grain-boundary area

(Rgbs) as a function of the distance from the surface, d, of the (a) 1450–

0, (b) 1550–0, (c) 1550–4 and (d) P1450–0 specimens (measured at

400 �C in air).
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The higher Rgbs values at the center of the 1450–0
specimen, which compare to those of the surface, are
expected to be a consequence of liquid coagulation at
the center. On the other hand, the uniform Rgbs values
in the 1550–0 and 1550–4 specimens suggest the liquid
phase is again uniformly distributed. Liquid coagulation
at the initial stages of liquid-phase sintering and its
subsequent homogenization has been reported in several
systems.2�4 For example, when mixtures of W and 1
wt.% of Ni powders were sintered, liquid Ni was
observed to agglomerate initially at the specimen center
to decrease the total liquid–vapor interface area then
spread outward with further densification.2 As shown in
the Table 1, the 1450–0 specimen showed the lowest
density compared to the 1550–0 and 1550–4 specimens.
The 1450–0 specimen is believed to be in the initial
stages of sintering.
Fig. 5(a) and (b) shows the intergranular liquid con-

figuration observed by TEM at the surface and in the
center of the 1450–0 specimen, respectively. For each
region, more than 30 liquid pockets and grain bound-
aries were examined. At the surface of the specimen,
approximately all the liquid was confined to the triple
junctions. In contrast, the size of liquid pocket is larger
in the specimen center than at the specimen surface and
the penetration of liquid along the grain boundaries is
frequently noted. This observation supports the premise
that the liquid content at the center of the 1450–0 spe-
cimen is higher than at the surface. Therefore, the
higher Rgbs values at the center of the 1450–0 sample are
a natural consequence of such liquid coagulation. The
results show that the liquid phase is dynamic and rear-
ranges during sintering even when its amount is quite
small.

4. Conclusions

The rearrangement process of the intergranular liquid
during sintering of an 8 mol% Y2O3-stabilized zirconia

specimen was estimated by measuring the local impe-
dance. The analysis showed that the intergranular liquid
coagulated in the center of the specimen in the initial
stages of sintering then spread outward as densification
proceeded. The local impedance measurements were
sensitive enough to predict the change in the spatial
distribution of the small amount of liquid in the stabi-
lized zirconia.
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