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bstract

he effects of the co-doping and the resultant co-segregation of 2 mol% TiO2 and 2 mol% GeO2 on the ionic conductivity and on the chemical
onding state in a tetragonal ZrO2 polycrystal were investigated. The conductivity data and grain boundary microstructure showed that the doped
i4+ and Ge4+ cations segregate along the grain boundary, and this segregation causes a reduction in the conductivity of both the grain interior and
rain boundary and an increase in the activation energy of the grain boundary conductivity. Overall, the data indicate that the segregation retards

he diffusion of oxygen anions. A first-principle molecular orbital calculation explains the retarded diffusion of the oxygen anion from a change in
he covalent bonds around the dopant cations; an increase in the strength of the covalent bond between the oxygen and doped cation should work
o suppress the diffusion of the oxygen anion.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Recent studies1–4 on yttria-stabilized tetragonal zirconia
olycrystals (Y-TZP) have shown that grain boundary matter
ransport in TZP is highly sensitive to a small amount of cation
oping on a level of only a few mol% or less. A typical exam-
le is the high temperature superplastic flow in TZP.1–4 Studies
howed that the flow stress in the superplastic TZP strongly
epends on the type of doping cations, and the co-doping of TiO2
nd GeO2 is particularly effective for enhancing the superplas-
icity, namely, reducing the level of flow stress and increasing
he tensile ductility.3 Such a doping effect can be explained by
he increase in the grain boundary diffusivity of the Zr4+ cation,
ecause a couple of grain boundary sliding and grain switch-
ng accommodated by the grain boundary diffusion of the Zr4+

ation can be regarded as the main mechanism of the superplastic
ow in TZP.5–7

In order to know the origin of the doping effect on the grain
oundary diffusion, the combination of the experimental studies

n properties related to the diffusion and a first-principle molec-
lar orbital calculation for cation-doped structures is effective.
ecent studies on the TiO2- or GeO2-doped TZP showed that
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he superplastic flow stress correlates with the effective ionic
onding strength.3,4 This result suggests that the grain bound-
ry diffusivity of the Zr4+ cation in TZP may be closely related
o the ionicity. However, the information is still limited, and
urther investigation is necessary to elucidate the origin of the
oping effect on the grain boundary diffusion from an atom-
stic point of view. For this purpose, an ionic conductivity
tudy by impedance spectroscopy should be adequate, because
mpedance spectroscopy may provide information on the matter
ransport through the grain interior and grain boundary.

The present study aims to investigate the effect of the 2 mol%
iO2 and 2 mol% GeO2 co-doping on the ionic conductivity of
ZP. The doping effect on the chemical bonding state around the
opant cations was also investigated by a first-principle molecu-
ar orbital calculation in order to discuss the relationship between
he atomic diffusion and chemical bonding state in the doped
ZP.

. Experimental procedures

.1. Specimen preparation
The materials used were tetragonal ZrO2 polycrystals (TZP)
o-doped with 2 mol% TiO2 and 2 mol% GeO2. The start-
ng powders were tetragonal ZrO2 powders containing 3 mol%

mailto:YOSHIDA.Hidehiro@nims.go.jp
dx.doi.org/10.1016/j.jeurceramsoc.2008.06.016
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Table 1
Chemical compositions, sintering temperatures and average grain sizes of the undoped TZP, GeO2-doped TZP and (TiO2–GeO2)-doped TZP

Specimen Sintering temperature (◦C) Composition (mol%) Grain size (�m)

TZP TiO2 GeO2
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bor from the two yttrium cations. The [Y4Zr16Ti2O86]−88,
[Y4Zr16Ge2O86]−88 and [Y4Zr16TiGeO86]−88 model clusters,
in which the Ti and/or Ge cations are substituted at the Zr1 and
ZP 1400
ZP + 2 mol% (TiO2–GeO2) 1300

2O3 (TZ3Y; Tosoh), TiO2 (titanium (IV) oxide nanopowder,
urity >99.9%, Aldrich) and GeO2 (purity >99.999%, Rare
etallic). The TZP powders were mixed with the TiO2 and
eO2 powders and ball-milled for 24 h. The green compacts
f TZP and the mixed powders were sintered at 1400 ◦C and
300 ◦C, respectively, for 2 h in air. The chemical compositions
nd sintering temperatures of the present materials are listed in
able 1.

.2. Microstructure analysis

The microstructures of the present materials were observed
y scanning electron microscopy (SEM), conventional trans-
ission electron microscopy (TEM) and high-resolution

ransmission electron microscopy (HRTEM). The average grain
izes of the present materials were measured by the linear inter-
ept method using SEM photographs. The TEM specimens
ere prepared using standard techniques involving mechani-

al grinding to a thickness of less than 0.1 mm, and ion beam
illing to an electron transparency at about 4 kV. For analysis

f the Ti and Ge cation distributions in the TZP, scanning trans-
ission electron microscopy (STEM) and an energy-dispersive
-ray spectroscopy (EDS) element mapping were also per-

ormed using the Noran Voyager system attached to a JEOL
EM-2010F field emission microscope with a focused beam size
f about 1 nm.

.3. Ionic conductivity

The ionic conductivity of the undoped and 2 mol%
iO2–2 mol% GeO2 co-doped TZP was measured by an AC

mpedance method (two-terminal).8 The specimen sizes for the
mpedance measurements were 2.5 × 2.5 mm2 in electrode area
and 7 mm in length l, and platinum paste electrodes were joined
n each end of the samples by firing at 930 ◦C for 15 min. The
mpedance spectra were obtained in air at temperatures ranging
rom 250 ◦C to 1000 ◦C over the frequency range from 0.1 MHz
o 12 MHz at an applied voltage of 1 V using an impedance
nalyzer (Solartron SI 1260) with a resistance-heated furnace
perated by zero-crossing power controls. The Z′ and Z′′ val-
es in the complex impedance spectrum (Cole–Cole plot) are
ormalized by the division of l/s.

.4. Molecular orbital calculation
A first-principle molecular orbital calculation was performed
y self-consistently solving the Hartree–Fock–Slater equations
sing the discrete-variational (DV)-X� method developed by
00 0 0 0.38
96 2 2 0.35

dachi et al.9 In the DV-X� method, numerical atomic orbitals
btained by solving the Schrödinger equation for atoms were
sed as the basic function. Fig. 1 shows the model cluster
Y4Zr18O86]−88 used for the calculation. In this cluster, two
ttrium ions were substituted at the third nearest neighbor
rom a zirconium site Zr1 as indicated in this figure. Based
n the previous experimental and theoretical analyses,10–14 an
xygen vacancy for maintaining electronic neutrality is intro-
uced at the mutual second nearest neighbor sites from the
wo yttrium cations. Two other yttrium cations are also located
t the third nearest neighbor sites from the Zr2 site, and an
xygen vacancy is introduced at the second nearest neigh-
Fig. 1. Atomic structure of model cluster [Y4Zr8O86]−88.
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r2 sites, were made for the model clusters of the TiO2-doped,
eO2-doped and (TiO2–GeO2) co-doped TZPs, respectively.
he model clusters were embedded in a field of Madelung poten-

ials composed of 6000 point charges. Based on the Mulliken
opulation analysis,15 we can obtain information on the chemi-
al bonding state, such as the bond overlap population between
toms (BOP), namely, the summation of the effective electron
ensity in overlapping molecular orbitals between two atoms,
nd the electronic net charge for each atom (NC).9 BOP and
C are regarded as indicators of the covalency between atoms

nd the effective ionic charge for each atom, respectively. In this
tudy, we focused on the electronic state of the doped cations
nd the surrounding ions on the (1 1̄ 0) plane, namely, the nearest
eighbor zirconium cation sites from Zr1 and Zr2 (Zr3 and Zr4,
espectively), and the oxygen anions, O1 and O2, at the neigh-
or sites from the Zr1 and Zr3 cations and from the Zr2 and Zr4
ations, respectively, as indicated in Fig. 1.

. Results

.1. Microstructure

A relative density of about 99% and an average grain size
f about 0.4 �m were obtained in the sintered materials. The
verage grain sizes of the present materials in the as-sintered con-
ition are listed in Table 1. Fig. 2 shows an example of the SEM
mages in the as-sintered (a) undoped TZP and (b) 2 mol% TiO2
nd 2 mol% GeO2 (2 mol% (TiO2–GeO2))-doped TZP. Uni-
orm and equiaxed grain structures without residual pores were
btained in the present materials. As compared to the undoped
ZP, the (TiO2–GeO2)-doped TZP reached the same relative
ensity at the lower sintering temperature of 1300 ◦C. This fact
uggests that the atomic diffusion in TZP was enhanced by the

TiO2–GeO2)-doping at the sintering temperature. The materi-
ls doped with TiO2 and GeO2 had a monolithic microstructure
onsisting of equiaxed zirconia grains in the SEM images.
he monolithic microstructure in the (TiO2–GeO2)-doped TZP

h
F
2
s

Fig. 3. A high-resolution transmission electron microscopy image of a
ig. 2. Scanning electron microscopy images of (a) the undoped TZP and (b)
mol% TiO2 and 2 mol% GeO2 co-doped TZP.
as also been confirmed by high-resolution TEM observations.
ig. 3 shows a typical HRTEM image of a grain boundary in
mol% (TiO2–GeO2)-doped TZP. The lattice fringes can be

een for two grains, and no second phase particle or amorphous

grain boundary in 2 mol% TiO2–2 mol% GeO2 co-doped TZP.
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Fig. 4. (a) A bright field TEM image, and (b) Ti K� and (c) Ge K� mapping
14 H. Yoshida et al. / Journal of the Euro

ayer exists along the grain boundary; the two grains are directly
onded at the boundary. The monolithic microstructure indi-
ates that the doped cations segregate along the grain boundaries
nd/or dissolved in the matrix grains.

EDS elemental mapping using STEM with a focused electron
eam size of about 1 nm was performed to examine the distribu-
ion of the dopant cations in the (TiO2–GeO2)-doped TZP. Fig. 4
hows (a) a bright field image, (b) Ti K� and (c) Ge K� mapping
mages for the grain boundaries in the 2 mol% (TiO2–GeO2)-
oped TZP. While the (TiO2–GeO2)-doped TZP exhibits a
ingle-phase microstructure, the Ti and Ge cations exist in a
igh concentration along the grain boundaries of the TZP as
hown in Fig. 4(b) and (c). The present HRTEM observations
nd STEM–EDS measurements indicate that the doped cations
end to segregate along the grain boundaries in the TZP, and not
orm an amorphous layer or second phase particle. The present
esults are consistent with the previous studies that revealed the
rain boundary segregation of the dopant cations.1,2,16–18

.2. Ionic conductivity

Fig. 5 shows examples of the complex impedance spec-
ra (Cole–Cole plots) at 450 ◦C for the undoped and 2 mol%
TiO2–GeO2)-doped TZPs. The spectrum for the (TiO2–GeO2)-
oped TZP can be resolved into two semicircles and part of
n electrode arc which extends below the employed frequency
ange. The left semicircle at the higher frequency and the right
emicircle at the lower frequency are attributed to the grain
nterior and grain boundary contributions, respectively.18,19 The
ntersections of the extrapolated lines of the semicircles with
he Z′-axis give the resistivities originating from the grain inte-
ior and the grain boundary of the sample. The results in Fig. 5
lso clearly indicate that the resistivity of TZP was significantly
ncreased by the (TiO2–GeO2)-doping. The existence of the
lectrode arc in the present samples suggests that the conductiv-
ty was essentially ionic.20

In order to obtain the activation energy for the conductivity,
he equation for the ionic conductivity usually applied to a doped
xide conductor is given by

T = A exp

[−�H

kT

]

here σ is the conductivity at absolute temperature T, A is
he pre-exponential factor, �H is the activation energy for the
onductivity, and k is Boltzmann’s constant.21 Fig. 6 shows
he Arrhenius plot of the total conductivity in the undoped
ZP and 2 mol% (TiO2–GeO2)-doped TZPs. In Fig. 6, previ-
us data for the 3 mol% Y2O3-stabilized TZP are also plotted
or comparison.22 The data for the TZP in the present study
gree well with the previous ones. On the other hand, the
otal conductivity of TZP decreases due to the (TiO2–GeO2)-
oping. It has been reported that the ionic conductivity in
ir of TZP decreases with a 1–20 mol% TiO2 addition.22,23
he present result indicates that the (TiO2–GeO2)-doping also
ecreases the conductivity. The present data for the TZP do
ot show a single linear relationship, but consists of two lin-
ar regions with slightly different slopes; the total conductivity

images obtained by STEM-nanoprobe EDS technique for grain boundaries in
2 mol% TiO2 and 2 mol% GeO2 co-doped TZP.
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Fig. 5. Complex impedance spectra at 450 ◦C of the un

n the TZP exhibits a lower value for the slope at temperatures
ver 800 ◦C. High temperature bending has also been observed
n the literature.24

In the ZrO2–Y2O3 system, the contribution of the oxy-
en anion to the total conductivity of a solid electrolyte is
igher than 99%; the ion transference number is greater than
.99.25 The conductivity of the present materials can therefore
e regarded as the oxygen anion conductivity. The activation
nergy for the ionic conduction is expressed as the summa-
ion of the binding enthalpy of the association of an oxygen
acancy and a cation (Y ′

ZrV
··
O)·, and the enthalpy of the oxygen

nion vacancy motion.21,26–28 The effect of the binding enthalpy
f the associate can significantly influence the population of
ree vacancies at temperatures below 800 ◦C, but the complex
f (Y ′

ZrV
··
O)· completely dissociates to free V ··

O and Y ′
Zr at the
igher temperatures.27,28 Therefore, the migration enthalpy of
he oxygen anion can be estimated from the slope of the tem-
erature dependence for conduction over 800 ◦C. The values
f the activation energy in the undoped TZP at high (>800 ◦C)

ig. 6. Arrhenius plots of the total conductivity of the undoped and 2 mol%
TiO2–GeO2) co-doped TZP. The previous data for 3 mol%Y2O3-stabilized
ZP22 are also plotted for comparison.
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TZP and 2 mol% TiO2–2 mol% GeO2 co-doped TZP.

nd low (<750 ◦C) temperatures are 76 kJ/mol and 93 kJ/mol,
espectively. On the other hand, the slope of the data in the
TiO2–GeO2)-doped TZP slightly decreases over 850 ◦C, and
he activation energies for the total conductivity at high and
ow temperatures are 98 kJ/mol and 108 kJ/mol, respectively.
n other words, the values of the binding enthalpy of the asso-
iation in the undoped TZP and (TiO2–GeO2)-doped TZP are
7 kJ/mol and 10 kJ/mol, respectively. It has been reported that
he association enthalpy in the 4.8 mol% Y2O3-doped ZrO2 con-
isting of tetragonal and cubic phases is about 12 kJ/mol.29 The
resent association enthalpy data for the TZP is close to the
eported value. The increased migration enthalpy values indi-
ate that the retarded oxygen anion’s diffusion occurs due to the
TiO2–GeO2)-doping, which corresponds to a lower conductiv-
ty of the (TiO2–GeO2)-doped TZP than that of the undoped
ZP.
Fig. 7 shows the Arrhenius plot of the grain interior and
rain boundary conductivity in the undoped TZP and 2 mol%
TiO2–GeO2)-doped TZP. Because the semicircles attributed to

ig. 7. Arrhenius plots of the grain interior (bulk) and grain boundary (gb)
onductivity of the undoped TZP and 2 mol% (TiO2–GeO2) co-doped TZP.
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Table 2
The activation energy values of grain interior conductivity Ebulk and grain boundary conductivity Egb in TZP and (TiO2–GeO2)-doped TZP

Sample Ebulk (kJ/mol) Egb (kJ/mol) Reference

TZP 85 94 Present work
(TiO2–GeO2) co-doped TZP 88 112 Present work
3 mol% Y2O3-stabilized TZP 88.8 105 Bonanos et al.20

3 N/A Colomer and Jurado22

3 97.4 Durán et al.23

3 98.3 Sakka et al.31
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Fig. 8. Average values of net charges in (a) Zr, Ti and/or Ge cations at either the
(Zr1, Zr2) sites or (Zr2, Zr4) sites and (b) O anions at the O1 and O2 sites for the
four model clusters.
mol% Y2O3-stabilized TZP 82
mol% Y2O3-stabilized TZP 82.9
mol% Y2O3-stabilized TZP 86.3

he grain interior and grain boundary contributions cannot be
learly identified at high temperatures, the data are plotted in the
emperature range of 300–700 ◦C. The data for the undoped TZP
re close to the reported ones.30,31 Both the grain interior and
rain boundary conductivities are lower in the (TiO2–GeO2)-
oped TZP than in the undoped TZP. The activation energy
alues for the grain interior conductivity (Ebulk) and grain bound-
ry conductivity (Egb) in the undoped and co-doped TZPs are
ummarized in Table 2. The corresponding values for the previ-
usly reported 3 mol% Y2O3-stabilized TZP20,22,23,31 are also
ncluded for comparison. The values of the activation energy of
he grain interior and grain boundary are in good agreement with
hose reported for TZP. The slightly higher Egb value reported
y Bonanos et al. may be due to differences in the impurity
evel and/or the relative density; for instance, the value of Egb
ncreases due to the presence of residual pores at the grain bound-
ry. On the other hand, the activation energy is increased by
he (TiO2–GeO2)-doping. The data in Fig. 7 indicate that the
TiO2–GeO2)-doping results in a decreasing conductivity within
he grains and along the grain boundaries, leading to an over-
ll conductivity reduction of about one order of magnitude in
omparison to the TZP. Because the association enthalpy is rel-
tively low when compared to the migration enthalpy (Fig. 6),
he decreasing conductivity and increasing activation energy
re caused by retardation of the oxygen anion’s diffusion. The
educed grain boundary conductivity of the oxygen anion and
he increased activation energy in the (TiO2–GeO2)-doped TZP
re ascribed to the intergranular segregation of the Ti and Ge
ations.

.3. Molecular orbital calculation

Fig. 8 shows the average NC values of (a) the Zr, Ti or Ge
ations at the Zr1 and Zr2 sites (open circles), Zr cations at the
r3 and Zr4 sites (closed circles), and (b) the neighboring O
nions from the Zr1 and Zr3 sites (O1) and from the Zr2 and
r4 sites (O2) for the four model clusters. Due to the oxygen
acancies for the neighbors of the Zr1 and Zr2 sites, the NC
alues of Zr1 and Zr2 are lower than those of Zr3 and Zr4. The
C values of Zr1 and Zr2 in the Ti- and/or Ge-doped clusters are

ower than those of the Zr cations in the TZP cluster, whereas
hose of Zr3 and Zr4 are almost unchanged in the Ti- and/or Ge-

oped clusters. On the other hand, the NC values of the O anions
n the Ti- and/or Ge-doped clusters are higher than those in the
ndoped TZP cluster; that is, the ionicity of the oxygen anions
s decreased in the neighborhood of the Ti and Ge cations.

Fig. 9. Average values of bond overlap populations of either the (Zr1–O1,
Zr2–O2) bonds or (Zr3–O1, Zr4–O2) bonds for the four model clusters.
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Fig. 9 shows the average BOPs of the (Zr1–O1, Zr2–O2)
onds (closed circles) and (Zr3–O1, Zr4–O2) bonds (open cir-
les) for the four model clusters. In the (Zr1–O1, Zr2–O2) bonds,
he Ti–O and Ge–O bonds of the Ti- and/or Ge-doped clus-
ers have higher BOPs than the (Zr1–O1, Zr2–O2) bonds in
he TZP cluster, whereas the BOPs of the (Zr3–O1, Zr4–O2)
onds are only slightly changed by the Ti and/or Ge-doping.
he Ge-doping significantly increases the BOP value for the

Zr1–O1, Zr2–O2) bonds. This result indicates that the Ti–O and
e–O bonds have a higher covalency than the Zr–O bonds. The

ower ionicity of the Ti- and/or Ge-doped TZPs is due to the
ormation of stronger covalent bonds with the oxygen anions.
he substitution of the Ti and/or Ge cations for the Zr cations
trongly influences the chemical bonding states of, in particular,
he nearest neighbor oxygen anions.

. Discussion

The results in Figs. 6 and 7 indicate that the grain boundary
iffusion of oxygen anions in the TZP is retarded by the grain
oundary segregation of TiO2–GeO2. In addition, the molecular
rbital calculation indicates that the substitution of the Ti and
e cations for Zr cations increases the covalent bond strength
etween the dopant cations and the nearest neighbor oxygen
nions. The molecular orbital calculation provides a reasonable
stimation of the change in the electronic state due to the Ti-
nd Ge-doping. Because the energy levels of the outer shells
f electrons are lower in a Ti atom and are much lower in a
e atom as compared to those in a Zr atom,32 the polarity of

he cation–anion bonds decreases, and therefore their covalency
hould increase33 when compared to that of the undoped TZP.

According to an X-ray absorption spectroscopy (XAS) analy-
is of the atomic configuration in 5 mol% or 10 mol% TiO2-TZP
olid solution,23 the Ti–O bond is shorter than the Zr–O bond in
he TZP. The earlier studies of the TiO2-added TZP concluded
hat the ionic conductivity reduced by the 5–20 mol% TiO2
ddition results from a loss of centrosymmetry in the TZP.23

n addition, an XAS analysis of the 5–15 mol% GeO2-added
rO2 also indicates that the Ge–O bond is shorter than the Zr–O
ond.10 From a classical point of view, an undersized cation such
s Ge4+ and Ti4+ in ZrO2 must draw neighboring oxygen anions
oward the dopant cation itself, and thereby suppresses the oxy-
en anion diffusion. This corresponds to the formation of the
trong covalent bond between the Ti/Ge cations and O anions.
ig. 10 is a schematic illustration of the chemical bonding state

n the TZP doped with the Ge4+ or Ti4+ cation. On the basis of
auling’s electronegativity scale, the fraction of ionic character
f the Zr–O bond is about 60%.34 This estimation means that the
onic bond is probably a major part of the binding force of ZrO2,
ut the covalency also provides a significant contribution. The
olecular orbital calculations indicate that the Ti/Ge cations and

he surrounding O anions form strong covalent bonds, whereas
he covalent bonds between the Zr cations and O anions are

nchanged. The formation of the strong covalent bonds must
etard the oxygen anion diffusion. Since the covalent bond is
trong with a spatial anisotropic binding in comparison to an
onic bond,33 the increased covalent bonding strength due to

R

ig. 10. A schematic illustration of chemical bonding state in Ti- or Ge-doped
ZP.

he grain boundary segregation of the Ge cations, in particular,
ffectively reduces the value of the oxygen anion’s diffusivity.
n the other hand, the ionicity of the neighboring oxygen anions

s reduced by the Ti and Ge cations, whereas the ionicity of the
r cations at the Zr3 and Zr4 sites is only slightly changed. The

eduction in the ionic bonds between the oxygen anion and zir-
onium cation probably causes the enhanced diffusion of the Zr
ation, which has been suggested by the data for the superplastic
ow in the (TiO2–GeO2)-doped TZP.3

. Conclusions

In yttria-stabilized tetragonal zirconia, the co-doping of
mol% TiO2 and 2 mol% GeO2 causes the segregation of Ti4+

nd Ge4+ cations along the grain boundaries. This segregation
auses a reduction in the conductivity of both the grain interior
nd grain boundary and an increase in the activation energy for
he grain boundary conductivity. The conductivity data indicate
hat the segregation retards the diffusion of oxygen anions. The
rst-principle molecular orbital calculation for a doped model
luster suggests that the retarded oxygen diffusion along the
rain boundary can be ascribed to the change in the covalent
onds around the doped cations; the formation of the strong
ovalent bond between oxygen and the doped cation should
uppress the diffusion of the oxygen anion.
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