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Yttrium-doped zirconia bicrystals with [001] symmetric tilt �5 grain boundaries were
fabricated by a diffusion bonding technique, and oxygen diffusion behavior across the
grain boundary was measured by secondary ion mass spectrometry (SIMS), tracing 18O
isotope. It was found that the 18O fraction across the boundary exhibited explicit decrease
around the boundary plane, indicating that the oxygen-diffusion is blocked by the presence
of the �5 grain boundary. This is the first experimental detection of oxygen diffusion
blocking at a single grain boundary in zirconia ceramics. From high-resolution transmission
electron microscopy observations and energy dispersive X-ray spectroscopy analysis,
neither amorphous layers nor Si impurity segregation were found at the grain boundary.
The grain boundary blocking effect of the �5 boundary must be an intrinsic feature arising
from its core structure and yttrium solute segregation of the grain boundary.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Zirconia (ZrO2) with the cubic fluorite structure, sta-
bilized with dopants such as Y3+and Sc3+, exhibits
high electrical conductivity, which is suitable for ap-
plications as solid electrolytes in fuel cells. Electri-
cal conductivity of ZrO2 materials mainly arises from
oxygen diffusion via vacancies, which are generated
by doped aliovalent cations due to maintaining charge
neutrality of the doped material system. It is known
that the oxygen ionic conductivity strongly depends on
dopant types and their concentrations, indicating that
detailed chemical interactions between oxygen vacan-
cies and dopants play a crucial role for oxygen-ion
diffusivity [1–3]. The overall oxygen ionic conduc-
tivity of ZrO2 is also affected by microstructures in
the polycrystalline state [4, 5]. In this case, it can be
speculated that grain boundaries have a great influence
on the motion of oxygen vacancies, due to particular
grain-boundary structures and/or dopant/impurity seg-
regation [5–7].

So far, a number of experimental studies have
been performed to understand the effects of grain
boundaries on the ionic conductivity of ZrO2. Aoki
et al. investigated a correlation between grain size and
ionic conductivity in 15 mol% CaO-stabilized ZrO2
with different grain sizes, and showed that oxygen
ionic conductivities across the grain boundaries readily
decreased with increasing grain sizes [8]. Their results
indicate that Si enrichment at the grain boundaries
gives rise to blocking of oxygen diffusion across the
grain boundaries. Also, Badwal et al. pointed out that
siliceous intergranular phases in YSZ act as barriers
for oxygen transport across the grain boundaries [4].
Therefore, Si impurities at zirconia grain boundaries
have been considered as a major reason to hamper fast
diffusion of oxygen ions through the microstructures.
In contrast, Guo et al. [9] showed a blocking effect
of silicate-free grain boundaries on oxygen diffusion
in 8 mol% YSZ, and explained their observed results
were based on the space charge effect [10], in which
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oxygen-vacancy depletion takes place around the grain
boundaries.

As mentioned above, oxygen diffusivity in polycrys-
talline ZrO2 is closely related to complicated factors
arising from grain boundary structures and chemistry.
Moreover, grain boundary geometries against a flow
of current are also important, because it is thought that
grain boundary resistance to oxygen diffusion in ZrO2
may be different for the cases that a grain boundary
plane lies parallel or perpendicular to a flow of current.
However, grain boundaries in usual polycrystalline
ZrO2 have various kinds of grain-boundary characters
and chemistry, forming grain boundary networks
through the microstructures. Therefore, it is difficult
to understand a detailed mechanism of grain boundary
effects on oxygen-ion conduction in ZrO2 materials
by conventional experiments using polycrystalline
materials. It is desirable to investigate oxygen dif-
fusion behavior at individual grain boundaries. For
this purpose, bicrystal experiments are advantageous,
since bicrystals have single grain boundaries with
well-defined grain boundary characters. In addition,
atomic structures and dopants/impurities segregation at
grain boundaries in bicrystals can also be quantitatively
revealed in combination with high-resolution trans-
mission electron microscopy (HRTEM) and chemical
analyses using nanometer-sized electron probes.

For YSZ, several researchers studied particular grain
boundaries in YSZ bicrystals, and found characteristic
atomic structures and Y segregation behavior around
grain-boundary cores, depending on grain boundary
characters [11–13]. In contrast, bicrystals have been
also used to investigate grain boundary diffusion in
oxides such as MgO and Al2O3 [14–18]. These results
showed substantial enhancement of ionic diffusion at
grain boundaries, and strong dependence of diffusion
on grain boundary characters. Therefore, bicrystal
experiments, in which grain boundary character is
systematically changed, can provide direct evidence of
grain-boundary blocking effects on oxygen diffusion
in ZrO2 materials.

In this study, yttrium-doped zirconia bicrystals with
the [001] symmetric tilt �5 grain boundary were fab-
ricated by a diffusion bonding technique, and the
grain-boundary atomic structure was investigated by
HRTEM. Furthermore, the behavior of oxygen diffu-
sion was directly examined across a single grain bound-
ary by SIMS measurements.

2. Experimental procedure
In this study, �5 symmetric tilt grain boundary with
a rotation axis of [001] was selected as a model grain
boundary. Fig. 1 shows the grain-boundary geometry of
YSZ bicrystals with a misorientation angle of 2θ . The
�5 boundary can be obtained by a tilt angle of 53.2◦
with respect to the [010] direction of adjacent crystals.
For bicrystal fabrication, single crystals of 10 mol%
Y2O3-doped cubic ZrO2 grown by the skull melting
process (Earth Chemical Co. Ltd., Tokyo, Japan) were
used. From ICP chemical analyses, it was found that
the YSZ single crystals contained the following impu-
rities: : HfO2 < 1.42 wt%, Na2O < 190 ppm, CaO

Figure 1 Schematic illustration of a YSZ bicrystal fabricated in this
study.

< 50 ppm, and SiO2 < 14 ppm. The single crystals
with the above-mentioned rotation axis and tilt angle
were mechanically cut, and all surfaces were mechano-
chemically polished by colloidal silica to obtain mirror
state. The two single crystals were set so as to face the
grain boundary planes with each other, and were joined
by diffusion bonding at 1873 K for 15 h. It was con-
firmed that YSZ bicrystals thus obtained did not contain
voids or cracks at the grain boundaries by optical mi-
croscope observations, indicating successful joining of
the bicrystals.

In order to characterize the atomic structure of the
YSZ grain boundary, TEM specimens were made from
the YSZ bicrystals by the standard sample preparation
techniques of mechanical grinding to a thickness of
0.1 mm, dimpling to 20 µm and Ar-ion beam milling
at about 4 kV to obtain electron transparency. HRTEM
observations were carried out with a JEOL 4010 oper-
ated at 400 kV with a point-to-point resolution of about
0.14 nm.

For SIMS measurements, YSZ bicrystals were cut
into thin plates, as shown in Fig. 2a. In this case, the
grain boundary plane was set about less than 20 µm
away from the nearest specimen surface. All surfaces

Figure 2 (a) The shape of the specimen for SIMS measurement and (b)
apparatus of 18O isotope exchange for YSZ bicrystals.
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of the thin plates were then polished by diamond paste
to obtain mirror finish. Subsequently, the samples were
annealed in the exchange apparatus (see Fig. 2b) at
550◦C for 60 min to introduce 18O isotopes from the
surfaces.

18O depth profiles were measured across the �5
boundary using a secondary ion mass spectrometry
(CAMECA IMS-4F) with 133Cs+ as the primary ion,
an accelerating voltage of 10 kV and a beam current
of 20 nA. To prevent charge-up at sample surfaces, Au
metals were coated and the normal induced electron
gun was used. Secondary ion intensities of 16O− and
18O− (I (16O−) and I (18O−)) in the direction perpen-
dicular to the grain boundary plane were measured, and
the 18O fraction (C) was calculated as

C = I (18O−)

I (16O−) + I (18O−)
. (1)

A final crater depth was determined using a Dektak
3030 profilometer.

3. Results and discussion
Fig. 3 shows the HRTEM image of the �5 grain bound-
ary fabricated in this study. White dots in this image
correspond to the Zr atomic columns along the [001] di-
rection, which was confirmed from HRTEM multi-slice
simulations for bulk cubic zirconia viewed along [001]
[11]. Neither disordered nor amorphous-like structures
were observed around the boundary, indicating that the
boundary is successfully joined at the atomic level.

From the magnified image in Fig. 3b, it can be seen
that white dots at the boundary are arranged in a rel-
atively symmetric manner with respect to the bound-
ary plane. Therefore, this boundary is a symmetric one
even at the atomic level, and the boundary core can
be described by repeated arrangement of the symmet-
ric structural units. Fig. 3c shows a rigid atomic struc-
ture model of the boundary, which was obtained by

Figure 3 (a) HRTEM image of the �5 grain boundary viewed along the [001] direction. (b) the magnified image of the core structure of the grain
boundary, and (c) the rigid structure model for the �5 boundary.

superpositioning the atomic columns of c-ZrO2 on the
observed image. Although the rigid model was con-
structed from the fact that white dots in the experimen-
tal image mean Zr columns, it should be noted here that
ZrO2 is consisted of Zr and O sublattices, which results
in the situation that two O columns are located closely
within the structural unit. Such close proximity of like-
charge ions should make the grain boundary unstable
due to significant electrostatic repulsion between like-
charge ions, and thus structural relaxation is expected
to occur at the boundary core. In addition, the real �5
boundary observed here contains substitutional Y3+
ions, which may affect the detailed core structure. In
order to address this issue, atomistic or first-principles
calculations should be applied to this boundary, which
is beyond the scope of this study and will be reported
elsewhere.

Since Y3+ ions are doped in the ZrO2 lattice by sub-
stituting for Zr ions, they may segregate at the bound-
ary, and affect oxygen diffusivity across the boundary.
In order to investigate Y3+ segregation behavior at the
�5 boundary, energy-dispersive X-ray analyses (EDS)
were performed, using an electron probe of about 1 nm.
Fig. 4 shows EDS spectra taken (a) at the grain boundary
and (b) from the grain interior. Relative intensities of
Y-Kα and Zr-Kα lines (= I (YKα)/I (ZrKα)) was found
to be 0.41 at the �5 boundary, which was larger than
that (I (YKα)/I (ZrKα) = 0.31) in the grain interior, This
indicates that the amount of Y3+ ion content is higher at
the boundary than in the bulk. Y3+ segregation actually
takes place at the �5 boundary. According to previ-
ous experimental studies by Aoki et al., Si segregation
may have a significant effect on oxygen diffusion across
grain boundaries of zirconia, but Si segregation was not
explicitly detected in the present study.

In order to investigate oxygen diffusion behavior
across the �5 boundary, 18O penetration profiles
across the boundary plane were measured by the
SIMS technique. For comparison, the 18O profile in
YSZ single crystals was also investigated in the same
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Figure 4 EDS spectra taken from (a) the grain boundary and (b) the grain interior.

Figure 5 (a) 18O depth profiles for the YSZ single crystals and the �5 bicrystals, and (b) the magnified profiles in the depth <3 µm, showing a abrupt
decrease of 18O fraction at the grain boundary plane. The interpolated curves in (b) are obtained by fitting the data to analytical equations for grain
boundary diffusion (see details in the text).

manner. Fig. 5a shows the thus obtained 18O profiles in
a YSZ single crystal and across the �5 boundary, and
(b) the magnified plots in the vicinity of the surface. In
the single crystal, the 18O fraction profile smoothly de-
creased with increasing penetration depth. In contrast,
the profile for the �5 boundary exhibits a similar curve
in the depth range <0.4 µm with the one in the single
crystal case, whereas the 18O fraction drops abruptly at
around the depth of 0.4 µm (Fig. 5). This is considered
to be due to the presence of the �5 boundary, indicating
blocking of oxygen diffusion across the grain boundary.

In order to quantitatively estimate the grain boundary
blocking effect, oxygen diffusion coefficients across
the �5 boundary were evaluated by analyzing the mea-
sured 18O profiles based on mathematical treatments for
grain boundary diffusion. Fig. 6 displays a schematic il-
lustration representing 18O penetration behavior across
the �5 grain boundary. In this case, the region A cor-
responds to a single crystal area with a thickness of d,
while C is also a single crystal area with an infinite
thickness. 18O is introduced from the surface of the
region A, and diffuses into the region C through the re-
gion B with the �5 boundary. It was assumed here that
the A and C regions have the same oxygen diffusion
coefficient DO, while an oxygen diffusion coefficient
is D′

O in the region B with a thickness of δ.

Figure 6 Schematic geometry used for analytical treatments of oxygen
diffusion across the grain boundary.

18O is initially introduced from the surface by iso-
tope exchange with 16O, and goes into the region A.
Assuming rapid surface exchange reactions, the 18O
penetration profile in the region A can be represented
by the following equation [19].

C ′(x) = C(x) − Cbg

C(x = 0) − Cbg
= erfc

(
x

2
√

DOt

)
, (2)
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where x is a penetration depth from the surface, Cbg is
a natural background level of 18O, and t is an annealing
time. At x = d (the boundary between the regions A
and B), the concentration of 18O can be thus represented
by

C ′(x = d) = erfc

(
d

2
√

DOt

)

= erfc

(
d
√

D′
O/DO

2
√

D′
Ot

)
. (3)

Even in the region B, the 18O concentration should
change in the same manner as Equation 2, and thus
C ′(x) in the range of d ≤ x ≤ d+ δ is expressed as

C ′(x) = erfc

(
d
√

D′
O/DO + (x − d)

2
√

D′
Ot

)

= erfc

(
d + (x − d)

√
DO/D′

O

2
√

DOt

)
. (4)

Also, from the boundary condition between B and C
regions, C ′(x) in the range of x ≥ d + δ is given by

C ′(d + δ) = erfc

(
d + δ

√
DO/D′

O

2
√

DOt

)
, (5)

C ′(x ≥ d + δ)= erfc

(
d + δ

√
DO/D′

O + {x − (d + δ)}
2
√

DOt

)

= erfc

(
x + s

2
√

DOt

)
, (6)

where

s = δ(
√

DO/D′
O − 1). (7)

From Equations 2 and 6, it can be seen that C ′(x ≥
d + δ) corresponds to C ′(x ≤ d) shifted by s.

DO and D′
O values for the �5 boundary can be evalu-

ated, by fitting the 18O fraction data from the �5 bicrys-
tal to Equation 6. As can be seen in Fig. 5b, however,
18O fractions in the vicinity of the specimen surfaces
drastically decreased, and it was difficult to obtain DO
by accurate fitting of the data in the narrow range of
x ≤ 0.4 µm by Equation 2. In order to obtain DO and
C(x = 0) more accurately, the 18O profile for the single
crystal in the depth range of 1 to 8 µm were fitted to
Equation 2, where DO and C(x = 0) are considered as
variables. It was confirmed that the profile data were
well fitted by the analytical curve of Equation 1, and
C(x = 0) = 0.12 and DO of 6.91×10−3 µm2/sec were
obtained (Fig. 5a).

In the similar way, the 18O fraction data in the depth
range of 1 to 8 µm from the �5 bicrystal, which
correspond to the region C in Fig. 6, were fitted by
Equation 6 to obtain the value of s in Equation 7. Here,
the C(x = 0) value of 0.12 obtained from the single
crystal data was used. It was also well fitted by the the-
oretical curve (Fig. 5a), and the DO value was found to

be 6.79 × 10−3 µm2/sec, which agrees well with that
obtained above for the single crystal. Also, the profile
shift scalculated was 0.74 µm. When δ was assumed
to be 1.0 nm, the conventional G.B. thickness, a D′

O
value of 1.24 × 10−8 µm2/sec was calculated, which is
smaller than DO by about 5 orders of magnitude.

4. Summary
YSZ bicrystals with the �5 grain boundary were fabri-
cated by diffusion bonding, and its atomic structure and
Y3+ segregation were investigated by HRTEM-EDS
analyses. The results obtained can be summarized as
follows.

(1) HRTEM observations showed that the �5 bound-
ary formed specific repeated structural units along the
boundary without any voids and amorphous layers.
From EDS analyses, it was found that Si impurities,
which may play an important role for the grain bound-
ary blocking of oxygen diffusion, were not detected
around the grain boundary.

(2) SIMS measurements were performed for the �5
bicrystals to study oxygen-diffusion behavior across the
grain boundary plane. It was found that the oxygen pro-
file exhibited an abrupt decrease around the boundary
plane, indicating the oxygen-diffusion blocking of the
�5 grain boundary. Since the present �5 boundary was
a Si-free boundary, its grain boundary blocking effect
must be an intrinsic feature arising from its core struc-
ture and/or yttrium segregation at the grain boundary.
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