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Abstract.  Silica-doped (SiO, =0 — 1.0wt %) 3Y-TZP (3 mol % yttria-doped tetragonal zirconia polycrystal)
ceramics are prepared from hetero-coagulated aqueous suspension by colloidal processing. Consolidation of the
suspension was carried out by pressure filtration at 10 MPa followed by cold isostatic pressing (CIP) at 400 MPa.
Consolidated compacts are densified to a relative density over 99% by sintering at 1573 K for 2 h. The formation of
glass pockets at grain boundary multiple junctions was observed by SEM for > 0.5 wt % silica-doped samples.
Electrical conductivity measurements were performed to evaluate the modification of grain-boundaries by silica.
The apparent grain boundary conductivity decreased with an increase in silica content and became nearly constant

above 0.3 wt % of silica, while the bulk conductivity was constant with silica content.
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1. Introduction

Yttria-doped tetragonal zirconia polycrystal (Y-TZP)
is known as a material that demonstrates super-
plasticity [1-3]. This property is greatly affected by
the microstructure of the sintered body, and
becomes evident at small grain sizes of less than
1 ym. The extensive tensile elongation up to 800%
has been reported for 3Y(3 mol % Y,0;)-TZP, with
an initial grain size of about 0.3 um [4]. The
intergranular phase at grain boundaries promotes the
decrease in flow stress and the enhancement of
tensile ductility for TZP [5,6]. Silica-doping is very
effective in improving the superplasticity of TZP.
Kajihara et al. [7] have reported a maximum
elongation of over 1000% at 1673K for Swt%
Si0,-doped 2.5 Y-TZP. Hiraga et al.[8] have
investigated the tensile creep behavior of SiO,-
doped 3Y-TZP and reported that an increase in
fracture strain is observed for samples with >1 wt %
of SiO,, but a reduction in flow stress is observed
for <0.3wt% of SiO,. Their result shows that the
addition of small amounts (up to 0.3 wt %) of silica

determines the initial stage of superplasticity of
TZP.

Pore sizes and their distribution are very important
factors that determine the mechanical properties of
sintered ceramics. Large pores are often the starting
points for fracture. Therefore, a uniform particle
packing of green compacts is required. Colloidal
processing is a powerful method for controlling the
density and microstructure of a consolidated compact
[9-11]. Particle packing is influenced by interparticle
forces. These forces can be changed from attractive to
repulsive by adjusting the pH of the aqueous
suspension. Attractive potentials among particles
help to prevent segregation. On the other hand,
repulsive potentials contribute to a dense packing of
particles. Moreover, if the grain boundaries of TZP are
modified with silica uniformly and the defects in the
sintered body are minimized, then excellent super-
plasticity of TZP can be expected, even if the amount
of silica is less than 1 wt %.

Yttria-doped zirconia is an excellent solid electro-
lyte material and many studies have been reported on
the conductivity properties [6,12-21]. In typical
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polycrystalline stabilized zirconia, both the intragrain
and the grain boundaries contribute to the total
resistance. Impedance spectroscopy has been widely
used to separate the intragrain and grain boundary
contributions. It has been reported that silica
decreases the grain boundary conductivity of zirconia
[17]. Therefore, the measurement of the grain
boundary conductivity of 3Y-TZP is useful to
characterize the segregation of silica at grain
boundaries.

In the present work, silica-doped 3Y-TZP ceramic
with (1) uniform modification of zirconia with silica
and (2) homogeneous microstructure from nano-sized
powder was prepared by colloidal processing. The
electrical conductivity was measured for 3Y-TZP
with different silica contents by the complex
impedance method.

2. Experimental

The experimental work was performed using 3 mol%
yttria-doped tetragonal zirconia (3Y-TZ) powder
(Tosoh. Corp., TZ3Y; average particle size is 60 nm)
and colloidal silica (Nissan Chem. Ind., Ltd., Snowtex
O; particle size of 10-20nm). The impurities of the
3Y-TZ are 0.005wt% Al,O;, 0.004wt% SiO,,
0.002 wt % Fe,O; and 0.013 wt % Na,O. The main
impurity of the colloidal silica is 0.032 wt % Na,O.
The aqueous suspension of the zirconia-silica system

60

40 - —O— 3Y-TzZ

—— Si02
20

-20

Z -potential (mV)

-40 -

'60 T T T T T T

pH

Fig. 1. Effect of pH on the {-potential of 3Y-tetragonal zirconia
and colloidal silica in aqueous suspensions.

was prepared at pH = 5.3. The solid content of the
suspension was fixed at 7 vol %. For pH adjustment,
IN HNO; and IN NH,OH solutions were used.
Figure 1 shows the {-potential versus pH of 3Y-TZ
and silica powders measured by a laser electro-
phoresis {-potential analyzer (Otsuka Electronics Co.,
LEZA-600) [22]. The isoelectric points of the zirconia
and silica are at pH = 7.2 and 2.6, respectively. The
{-potential represents the interparticle potential in a
suspension. At pH = 5.3, the interparticle forces
between ZrO,-ZrO, and SiO,-SiO, are repulsive,
but those for ZrO,-SiO, are attractive. Therefore a
heterocoagulated condition, i.e., uniform modification
of zirconia particles by silica particles, is expected.
The suspensions were ultrasonicated for 10 min and
stired by a magnetic stirrer for 12h at room
temperature. The silica content was varied between
0-1.0 wt % against zirconia.

The consolidation of the suspension was performed
by pressure filtration (PF) [10,11,23,24] at 10 MPa.
Before the consolidation, the suspension was evac-
uated in a vacuum desiccator to eliminate air bubbles.
The details of the pressure filtration process have been
reported elsewhere [23]. A Teflon membrane with
pores of 0.1 um was used as a filter. CIP treatment at
400 MPa was carried out to improve the packing
density of the green compacts after the consolidation
by pressure filtration. The green compacts were disc
shaped and the diameter and thickness were 50 mm¢
and 3—4 mm, respectively. The compacts were dried
overnight at 393 K, and sintered in air at 1573 K for
2 h. The relative green density of the sintered bodies
was measured by the Archimedes’ method to be above
99% for all the samples.

The microstructure of the sintered bodies was
observed by SEM (JEOL JSM-840F) for polished and
chemically and thermally-etched surfaces. Chemical
etching was performed by soaking the polished
surface in a mixture of HF: H,SO,:H,0 =1:4:20
for 2min. Thermal etching was performed in air at
1523 K for 20 min after the chemical etching.

Conductivity measurements were carried out
using an impedance analyzer (Hewlett Packard HP
4194A) in air over the frequency range of 100 Hz to
I5MHz. Rectangular parallelepiped samples, 4-
Smm long, 4-5mm wide and 1-2mm thick, were
cut out from the sintered bodies. Platinum electrodes
were applied to the samples using a conductive
platinum paste and were sintered onto the surface at
1273K for 1h.
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3. Results and Discussion
3.1. Microstructure

Figure 2 shows the microstructure of the compacts
sintered at 1573 K for 2h. The average grain size,
determined by the linear intercept method [25], is
shown in Table 1. The grain sizes of the sintered
compacts are almost the same regardless of the
amount of silica. The intergranular phase promotes
the sintering of TZP ceramics at high temperatures
because of the formation of a liquid phase [26]. On the
contrary, solid phase sintering of TZP at 1473K is
suppressed by silica-doping [22]. Though the sin-
tering temperature of 1573 K must be lower than the

temperature of liquid phase formation, no obvious
data were obtained for the suppression of TZP
sintering. For those compacts with silica con-
tent > 0.5 wt %, some pores were observed at grain
multiple junctions. Those pores were observed only
for surfaces chemically etched by hydrofluoric acid.
Therefore, the pores are traces of the excess amount of
silica segregated at grain boundary multiple junctions.

To clarify the mechanism of superplasticity of
silica-doped TZP, the characterization of the grain
boundaries is very important. The presence or absence
of continuous amorphous layers at grain boundaries
has been one of issue that must be settled. Earlier
studies supported the presence of the intergranular
glassy phase [18,28], whereas some recent studies by

Tem

Fig. 2. Microstructure of silica-doped 3Y-TZP sintered at 1573 K for 2 h: (a) undoped, (b) 0.1 wt % SiO,, (c) 0.3 wt% SiO,, (d) 0.5wt%

Si0,, (e) 0.7 wt % SiO, and (f) 1.0wt % SiO,.

Table 1. Density, average grain size, activation energies of the total bulk and the total grain boundary conductivities

Sample Density (g/cm3) Grain size (um) E, (eV) Ey, (V)
Undoped 3Y-TZP 6.03 0.23 0.91 1.02
3Y-TZP-0.1% SiO, 6.04 0.23 0.93 1.10
3Y-TZP-0.3% SiO, 6.03 0.24 0.90 1.07
3Y-TZP-0.5% SiO, 6.01 0.23 — —
3Y-TZP-0.7% SiO, 6.00 0.24 — —
3Y-TZP-1.0% SiO, 5.95 0.23 0.92 1.06
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HREM observation support the absence of the glassy
phase [20,27]. Ikuhara et al. [27] have reported that no
continuous amorphous phase is observed at the grain
boundaries even in 5 wt % pure silica-doped 3Y-TZP.
They have also reported that silicon and yttrium
segregate across the grain boundaries over a width of
several nm. Hiraga et al. [8] observed the grain
boundaries of silica-doped 3Y-TZP by TEM and
reported the existence of paired Fresnel fringes at
most of the two grain junctions by over- or under-
focused imaging operation. They did not find the
paired Fresnel fringes in the undoped 3Y-TZP.
Therefore, assuming that the paired fringe appeared
at the places where the inner potential is lower than
that of matrix grains, they have estimated the
thickness of the intergranular phase to be 0.8 nm by
Clarke’s method [29]. Considering those studies, it is
probable that the solute-segregated phase is formed at
grain boundaries.

Solute coverage is calculated in terms of equiva-
lent monolayers [20,30]. For tetrakaidechahedral (14-
sided polyhedral) grains of longnormal grain-size
distribution, the total grain boundary area per unit
volume of sample (S,) is given by

S, =3.11/d, (cm?) (1)

where d, is the average grain size (cm). The total
number of silicon atoms in a unit volume of SiO,-
doped 3Y-TZP is given by

N, = N, x (p[Si0,]/60.08)

= 1.00 x 10*?p[Si0,] (atoms) (2)

where p is the density (g/cm?), [SiO,] the overall
concentration of silica in weight fraction. If it is
assumed that there is no bulk solubility of silica and
the coverage of silica at a grain boundary is uniform,
the silicon coverage at a grain boundary is obtained as

I, =3.22x 10%'p[SiO,]d, (atoms/cm’) (3)

Figure 3 shows the silicon coverage versus the
amount of doped silica. A silica content of
0.004 wt % is used for the undoped 3Y-TZP.

One monolayer of cation segregation at grain
boundaries, assuming each cation site to be available
for substitution by the solute, is calculated as NE/ 3,
where N, is the lattice cation site density [20,30]. N,
for 3 mol % Y,0Os-stabilized ZrO, is calculated as
1.48 x 10?2 (atoms/cm®) using @, = 0.5102nm and
¢o = 0.5175nm for the lattice constants of 3Y-TZP

[31]. Therefore one monolayer of cation site is
estimated as 6.04 x 10'*(atoms/cm?). The monolayer
level of silicon is also indicated in Fig. 3. If it is
assumed that the width of the grain boundary layer is
0.8 nm [8] and all the sub-grain boundary cation sites
are occupied with silicon atoms, the equivalent
silicon-segregated layer is roughly estimated as
0.8/(cy/2) = 2.8 monolayers and the equivalent
Si0O, content is estimated to be 0.37 wt % from Fig. 3.

3.2.  Conductivity Measurement

Figure 4 shows the complex impedance spectra at
670K for the samples with different silica contents.
Two clear semicircles are obtained for all the samples.
The equivalent circuit is also shown in this figure.
Generally, the impedance Z(= Z' — jZ") of polycrys-
talline ceramics is given as the sum of the impedances
of domains i, bulk (and surface) and grain boundary.

2=%"7,=Y (R X) )

where, R, X and j are resistance, reactance and
imaginary number unit, respectively. The first
semicircle at higher frequency and the second
semicircle at lower frequency are attributed to the
bulk and the grain boundary contributions, respec-
tively. Therefore, the intersections of the extrapolated
lines of the semicircles with the Z' axis in Fig. 4 give
the resistivities originating from the bulk grains and

1076 5

e

one monolayer

1015_

1014 4

Silicon coverage (atoms/cm?2)

. —— .
0 02 04 06 0.8 1 1.2
wt% SiO,

Fig. 3. Average silicon coverage at grain boundaries versus silica
content.
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Fig. 4. Complex impedance spectra of the samples with various silica contents. The equivalent circuit of the spectra is shown as inset.
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Fig. 6. Arrhenius plot of the total bulk conductivity.

the grain boundaries of the sample. The Z' and Z”
values in Fig. 4 are normalized by the division of /S,
where [/ is the thickness of the sample and S the
electrode area. Therefore the bulk and the grain
boundary resistivity obtained from the intersection of
the arcs with Z' axis in Fig. 4 are the total bulk and
grain boundary resistivities (R, and R,,).

Figure 5 shows the total bulk and the grain
boundary conductivity changes versus silica content.
The total grain boundary conductivity o,,(= 1/R,)
of TZP decreased steeply for <0.3wt% of silica
doping and became nearly constant between 0.3—
1.0wt % of silica, while the total bulk conductivity
o,(=1/R;,) was constant between 0-1.0wt% of
silica. This result indicates that the grain boundary
modification with silicon is completed by 0.3 wt % of
silica doping. This result corresponds to the glass
pocket formation, which was observed by SEM for the
samples whose silica content is > 0.5 wt %.

Figures 6 and 7 show the Arrhenius plots of the
total bulk and grain boundary conductivities, respec-

tively. The absolute values and slopes of the total bulk
conductivity curves are similar for all the samples.
Total grain boundary conductivity varies system-
atically with the amount of doped-silica, but the
slopes of the Arrhenius plots of the grain boundary
conductivity are similar for all the samples. The
activation energies calculated from the Arrhenius
plots are summarized in Table 1. These results are
similar to the values reported by Godickemeier (0.91—
0.94eV for the bulk conductivity and 1.10-1.18 eV
for the grain boundary conductivity) for the silica-
doped 3Y-TZP prepared by dry processing [18].

When the brick layer model is applied for the
sintered samples, the specific bulk conductivity o}
and the specific grain boundary conductivity az,’,’) are
given by [16]

ol =0, (5)
and

O-;I])a = agb : (5gb/a) (6)
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Fig. 7. Arrhenius plot of the total grain boundary conductivity.

where d,, is the effective electrical thickness of the
grain boundary and a (= 0.806d,) is the edge length
of the cubic grains. Using the total grain boundary
capacitance C,,(= 1/(2nfR,,)) and the relative
dielectric constant of the grain boundary &g, 0, is
given by

Ogp = €0Egha/Cp (7)

where ¢, is the permittivity of free space. Figure 8
shows &, /¢, versus silica content. d,,/¢,, is almost
saturated to ~5.7x 10~''m above ca. 0.3wt% of
Si0,. This value is consistent with the value reported
(4.8~7.5 x 10~"'m) for silica-doped 3Y-TZP [18]. If
the thickness of the grain boundary 4, is given, the
relative dielectric constant of the grain boundary can
be estimated. Assuming that 6, = 0.8 nm, then it can
be estimated that &y, = 14.0 for the silicon-segre-
gated grain boundary of 3Y-TZP. This value is higher
than the relative dielectric constant of silica glasses
(ca. 4~6) [32], which suggests that the grain

boundary phase must be different from a silica
glass phase. At grain boundaries of 3Y-TZP, yttrium
might be cosegregated with the silicon atoms [20,27].

The mechanical properties of the silica-doped 3Y-
TZP prepared by colloidal processing are under
investigation. The tensile elongation of the colloid-
ally-processed samples is superior to that of the
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Fig. 8. The ratio of dgb/egb versus silica content
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conventionally produced material. The superiority of
the superplasticity of colloidally-processed samples is
attributed to the homogeneous distribution of SiO,
and the fine grain size. The true fracture strain of TZP
prepared by colloidal processing was found to be
more than 40% higher than TZP prepared by dry
processing [33].

4. Conclusions

The grain boundaries of 0—1.0 wt % silica-doped 3Y-
TZP, prepared by colloidal processing, was studied by
SEM observation and electrical conductivity mea-
surements by complex impedance spectroscopy. The
formation of glass pockets at multiple junctions was
observed for > 0.5 wt % silica-doped samples. The
apparent grain boundary conductivity of TZP
decreased steeply by the addition of <0.3wt% of
silica and became nearly constant between 0.3—
1.0 wt % of silica. This result indicates that the grain
boundary modification with silicon is saturated for
silica contents over 0.3 wt %. The bulk conductivity
was found to be constant between 0—1.0 wt % of silica
doping.
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