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The effects of CuO additions on the grain interior and grain boundary resistivity in coated
2.5 mol % Y-TZP ceramics have been studied by using impedance spectroscopy. In addition,
the effects of hydrothermal ageing on the conductivities of the ceramics were evaluated.
The results showed that the grain interior and grain boundary resistivities increased with
increasing CuO content. In particular, the grain boundary resistivity was observed to
increase significantly in the doped ceramics, which could have been due to the formation of
compounds, and resulted in lower conductivity. Impedance spectroscopy performed on the
hydrothermally aged Y-TZPs revealed that the grain boundary regions were significantly
affected, i.e. the grain boundary resistivities of the undoped and CuO-doped samples were
increased by 65% and 45% respectively after ageing for 200 h. Thus, the indication is that
the ageing-induced tetragonal to monoclinic phase transformation is closely associated
with changes in the grain boundary regions. C© 1998 Kluwer Academic Publishers

1. Introduction
Impedance Spectroscopy (IS) is a relatively new and
powerful means of characterising materials to pro-
vide information that is not accessible by electron mi-
croscopy alone. It may be employed to investigate mo-
bile charges in the bulk or interfacial regions of any
kind of solid or liquid e.g. ionic, semi-conducting and
insulating [1].

There is considerable interest in zirconia materials
due to their high oxygen ionic conductivity, which is
required in applications such as oxygen sensors and
solid oxide fuel cells [2]. Most high ionic conductivity
research has concentrated on partially stabilised (PSZ)
or fully stabilised cubic zirconia (FSZ). Yttria tetrag-
onal zirconia polycrystalline ceramics (Y-TZP) have
received some attention due to their high conductivi-
ties at moderate temperatures, combined with excellent
mechanical properties [3, 4].

In Y-TZP ceramics, yttrium depletion of grain bound-
aries or at the external surface has been observed by var-
ious workers [5–10] to have an effect on the resistivity
and ionic conductivity of the material. Since the grain
boundaries in polycrystalline ceramic materials often
have a large impact on the properties of the material,
detailed knowledge of grain boundary behaviour is es-
sential for the optimisation of material properties. It is
for this reason that impedance spectroscopy is an impor-
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tant tool for the characterisation of zirconia ceramics.
Bauerle [11] was the first to introduce impedance spec-
troscopy as a technique for the determination of con-
ductivity in zirconia materials.

At moderate temperatures (<600◦C) the grain inte-
rior of Y-TZP has a lower resistivity when compared
to fully or partially stabilised zirconia [12]. However,
some Y-TZP materials have higher overall ionic resis-
tivities due to a continuous grain boundary glassy phase
which increases the grain boundary resistivity [13]. The
grain boundary resistivity in FSZ is often reduced by in-
creasing the grain size of the material (the grain bound-
ary area per unit volume is decreased) or by produc-
ing “easy paths” for conduction (no continuous grain
boundary phase). For Y-TZP, an increase in grain size
is less desirable as it leads to destabilisation of the ma-
terial [14] which decreases the ionic conductivity and is
deleterious to the mechanical properties due to the for-
mation of the monoclinic phase. However, a lowering
of grain boundary resistivity in Y-TZP can be achieved
by decreasing the level of impurities which segregate
at grain boundaries or by altering the composition of
the grain boundary [15].

A limitation of Y-TZP ceramics is the undesirable
surface tetragonal to monoclinic phase transformation
during ageing at low temperatures (60◦C–500◦C) in
humid environments [16]. The grain boundary region
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is thought to play an important part in determining
the hydrothermal or corrosive degradation of zirconia.
Therefore, additives (such as CuO [17, 18]) are often
used to change the grain boundary composition. As IS
can determine grain interior and boundary properties it
is a powerful tool in examining the effect of dopants
and ageing in Y-TZP.

The aim of this work was to examine the effects of
CuO additions on the grain interior and boundary prop-
erties of Y-TZP ceramics. In addition, the effects of hy-
drothermal ageing on the electrical conductivity of the
materials were also evaluated.

2. Experimental
Commercially available 2.5 mol % yttria co-coated zir-
conia powders (2.5Y-TZP) supplied by Tioxide Spe-
cialties Ltd., UK., were prepared by synthesis of ZrO2
in a plasma reactor, rapid cooling and coating with yttria
in a process described elsewhere [19]. The as-received
2.5Y-TZP powder had a total impurity concentration of
about 1.7 wt %, with 0.08 wt % Al2O3 and 1.6 wt %
HfO2 as the major impurities. Varying amounts of CuO
(0.05, 0.2 and 1 wt %) were mixed with the 2.5Y-TZP
powder matrices by a wet-milling technique [20]. Disc
samples were made by uniaxial pressing at 35 MPa fol-
lowed by cold isostatic pressing at 200 MPa. All the
samples were sintered at 1300◦C for 2 hours at a ramp
rate of 10◦C/min. The sintered samples were polished
on one face to a 1µm surface finish prior to testing.

Densities of the samples were measured using a water
immersion method. Phase analysis by X-ray diffraction
of polished samples was carried out at room tempera-
ture using CuKα as the radiation source. The fraction
of surface monoclinic content was evaluated using the
method of Torayaet al. [21]. Microstructural evolution
was examined by scanning electron microscopy (SEM).
The grain size was determined on thermally etched
specimens from scanning electron micrographs using
the line intercept analysis of Mendelson [22]. Com-
plex electrical impedance measurements were made on
pellets 14 mm diameter and 3 mm thick which had Pt
electrodes fired on to each surface. Impedance mea-
surements were carried out in the frequency range 0.1
Hz to 500 kHz using a Solatron 1260 Frequency Re-
sponse Analyser at temperatures of 250, 275, 300, 330,
360, 400 and 450◦C.

The resistive and capacitive components of the grain
interior (Rgi and Cgi) and grain boundary (Rgb and
Cgb) were extracted from the impedance spectra us-
ing an equivalent circuit as proposed by Bauerle [11]
(see Fig. 1). Resistance measurements were converted
to resistivity values by normalising with respect to sam-
ple size [1].

Selected samples were hydrothermally aged at
180◦C and 1 MPa for 200 hours and tested to examine
ageing effects on the grain interior and grain boundary
properties.

3. Results and discussion
3.1. Properties of as-sintered samples
In Table I, the measured room temperature properties
of the samples are presented. The results clearly shows

TABLE I Room temperature properties of as-sintered (1300◦C)
Y-TZPs

CuO Tetragonal Bulk density Ave. grain size
content content (%) (Mgm−3) (µm)

0 wt % (undoped) 97 5.91 0.16
0.05 wt % 98 6.03 0.13
0.20 wt % 98 6.03 0.15
1.0 wt %a ∼ 20 ∼ 4.86 Porous structure

aSurface cracks were evident after sintering.

Figure 1 Equivalent circuit used to interpret impedance spectroscopy
results (After Bauerle [11]).

the beneficial effects of incorporating small amounts
(0.05 and 0.2 wt %) of CuO in 2.5Y-TZP ceramics.
These doped samples exhibited higher bulk densities
(>6 Mgm−3) and finer grain sizes if compared to the
undoped ceramics.

In contrast, the 1 wt % CuO doped material could not
be tested accurately as the large amount of monoclinic
(m) zirconia present in the sample induced cracking in
the material.

3.2. Effects of CuO on resistivity
It was found that in the temperature range 250 to 450◦C,
the grain interior and grain boundary resistivities were
clearly resolved in the impedance spectrum as there
was a large enough difference in the time constants of
the regions. Typical experimental complex impedance
spectra obtained for samples tested at 330◦C are shown
in Fig. 2.

It can be observed from Fig. 2, that as the frequency
was reduced, these plots show a small grain interior arc,
a large grain boundary arc and part of an electrode arc
which extends below the frequency range employed.
The existence of the electrode arc in all of the sam-
ples suggests that the conductivity was essentially ionic
[3].

The results in Fig. 2 also clearly indicate that the
resistivities of the Y-TZP were significantly affected
by the additions of CuO. Relative to the CuO-doped
samples, the undoped ceramics (profile 1) had a lower
grain interior resistivity (ρgi) and grain boundary resis-
tivity (ρgb), hence an overall lower total resistivity, see
Table II.

In the doped samples, the resistivity values were
found to increase with CuO content. The relatively
high total resistivity of the 0.2 wt % CuO-doped sam-
ple as indicated in Table II was mainly due to the
high grain boundary resistivity. Similar results were
obtained for the range of temperatures employed in
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Figure 2 Complex impedance plot for undoped and CuO-doped Y-TZPs measured at 330◦C. Similar trends were noted throughout the temperature
range investigated.

TABLE I I A comparison of the resistivity values for grain interiors
(ρgi), grain boundaries (ρgb) and total resistivity (ρt) for Y-TZPs mea-
sured at 330◦C

Resistivity (× 103Äm)
Y2O3 content CuO content
(mol %) (wt %) ρgi ρgb ρt

2.5 0 1.2 2.6 3.8
2.5 0.05 1.5 4.3 5.8
2.5 0.20 1.9 8.1 10.0

the present work. In general, the high resistivity of the
CuO-doped samples, in particular for grain boundaries
as indicated by the impedance spectra confirmed the
existence of a resistive grain boundary phase, which
was CuO-rich. Moreover, the grain size in these sam-
ples was small (<0.15µm) resulting from low tem-
perature sintering. Thus the grain boundary length was
much higher and combined with the presence of CuO,
could have accounted for the higher grain boundary
resistivity.

In order to obtain the activation energies for grain
interior and grain boundary conduction, the equation

corresponding values for Y-TZP, Y-PSZ and Y-FSZ reported by Bonanos et al. [3] are also included for comparison purposes

Pre-exponential (× 102 Ä−1 m−1 K) Activation energies (eV)

Sample Agi Agb 1Hσgi 1Hσgb

Undoped 2.5Y-TZP 3.8 × 106 7.7 × 106 1.06 1.14
0.05 wt % CuO-doped 2.8 × 106 5.1 × 106 1.06 1.14
0.20 wt % CuO-doped 2.6 × 106 4.3 × 106 1.07 1.17
3 mol % Y-TZP [3] 5.5 × 105 3.7 × 106 0.92 1.09
4.7 mol % Y-PSZ [3] 6.1 × 106 6.8 × 107 1.07 1.15
6 mol % Y-FSZ [3] 6.8 × 106 5.2 × 107 1.07 1.12

T AB L E I I I Calculated parameters for the conductivity equations for the grain interiors and grain boundaries of Y-TZPs in the present work. The

for the ionic conductivity usually applied to a doped
oxide conductor is given by [23]:

σT = Aσ exp

[−1Hσ

kT

]
(1)

where,σ = conductivity of the material at tempera-
ture T (Ä−1 m−1), 1Hσ = activation energy for con-
duction (eV), T = temperature (K),k=Boltzmann’s
constant (eV K−1) and Aσ = pre-exponential factor
(KÄ−1 m−1). The process enthalpy (1Hσ ) usually con-
tains the true activation energy for charge migration as
well as associate energy terms for defect formation [23].

The Arrhenius plots of ln(ρ/T) versus (1/T) for ρgi
andρgb were constructed as shown in Fig. 3. In addi-
tion, calculated values ofAσ and1Hσ , respectively, in
the present work and those reported by Bonanoset al.
[3, 24] for TZP, PSZ and FSZ are compared in Table III.

It has been found that the activation energies for grain
interior and grain boundaries in the present Y-TZPs
showed a small increase with increasing CuO addi-
tions, see Table III. However, in general the calculated
activation energies for conduction of grain boundaries
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Figure 3 Arrhenius plots of the grain interior and grain boundary resistivity for undoped and CuO-doped Y-TZPs. Note thatρgi andρgb increases
with increasing CuO content.

are higher than that of the grain interior. These results
are in agreement with those reported in literature for
TZP ceramics [3, 25, 26].

The fact that the activation energies for grain interior
and grain boundary are consistently different implies
that the “brick layer” model [27, 28] is appropriate for
this material, i.e. the material has acontinuousand ho-
mogeneous grain boundary phase layer with a much
higher specific resistivity than that of the bulk material
[11, 24, 29].

A comparison of the activation energies results ob-
tained in the present Y-TZPs with those reported by
Bonanoset al., in Table III, reveals some differences.
In all cases, the calculated values for1Hσgi and1Hσgb
in the present work were slightly higher than those
reported by Bonanoset al. for Y-TZP. This discrep-
ancy in results could be attributed to the differences
in processing conditions, compositions, yttria content
and distribution, sintering conditions and the resultant
microstructure [30].

As in the work of Bonanoset al. [24] and Jurado
et al.[25], the pre-exponential factors for grain interior
conductivity in the present Y-TZP ceramics were lower
than that in PSZ of FSZ although the activation energies
of all these ceramics were almost similar, see Table III.

In general, the higher ionic conductivities in TZP ce-
ramics reported in literature are related to the lower
activation energy for conduction [25, 31]. Bonanos
et al. [24] explained that in doped fluorite oxides such
as ZrO2, the oxygen vacancies are trapped by the
dopant cations hence reducing the free vacancy con-
centration. Therefore the activation enthalpy for con-
duction,1Hσ , in Y3+ doped ZrO2, is the sum of the
true activation enthalpy of migration1Hm and the en-
thalpy of association1Ha due to defect formation (i.e.
1Hσ =1Hm+1Ha). Both, the enthalpy of migration

and association can vary depending on cation type and
size [23]. For instance it has been reported that the val-
ues of1Hm and1Ha in FSZ are 0.6 to 0.7 eV and
0.4 to 0.5 eV respectively [23, 32], thus giving1Hσ of
approximately 1.1 eV.

However, in many cases it is difficult to ascertain
which of these parameters,1Hm and1Ha, vary with
changing compositions. Badwal and Swain [31] found
that the enthalpy of migration1Hm is more sensitive
than the enthalpy of association1Ha, i.e. 1Hm in-
creases significantly with yttria content.

In the present work, from the temperature range
investigated both the activation energies1Hσgi and
1Hσgb of the undoped coated 2.5 mol % Y-TZP and
both the CuO-doped samples were almost similar (see
Table III). Therefore, it can be assumed that the intro-
duction of CuO in Y-TZP did not cause additional lattice
defects (i.e. oxygen vacancies) in the ZrO2 lattice but
rather altered the grain boundary phase making it more
resistant to charge transport resulting in lower conduc-
tivity. Although more in-depth studies are required to
understand these results, it can be inferred that the pro-
cessing technique of the present Y-TZP powder, result-
ing in an inhomogeneous yttria distribution (i.e. higher
yttria concentrations near grain boundary regions [19])
was responsible for the results obtained.

3.3. Specific grain boundary resistivity (ρsp)
and grain boundary thickness (δgb)

In the present work an attempt was also made to deter-
mine the grain boundary thickness of the Y-TZPs from
the impedance data. Table II shows that as the CuO
content increased, the resistivity of the grain boundary
region increased significantly. However, the undoped
and CuO-doped Y-TZPs had different grain sizes and
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TABLE IV Specific grain boundary resistivity (ρsp) as a function of
temperature

Specific grain boundary resistivity,ρsp (× 10−4Äm2)
Temperature
(◦C) 0 wt % CuO 0.05 wt % CuO 0.20 wt % CuO

250 156.76 137.40 318.10
275 52.61 45.80 104.37
300 19.17 16.79 36.95
330 6.40 5.63 12.17
360 2.35 2.08 4.39
400 0.67 0.61 1.27

the grain boundary resistivity is affected by impurity
segregation at the grain boundaries and the size of the
grain. Therefore, to compare the effect of grain sizes
on the resistivity, the value ofρgb was corrected for
grain size. This was achieved by determining the grain
boundary resistivity per unit surface area (ρsp) [33]:

ρsp= Rgb ·
[

A

t

]
· Dg = ρgb · Dg (2)

where,Dg= grain size,A= sample surface area and
t = thickness of the material. The results are presented
in Table IV.

It can be seen from Table IV, that when the grain size
of the material was considered the value ofρsp for the
0.05 wt % CuO-doped sample was not significantly al-
tered if compared to the undoped Y-TZP for the range of
temperatures investigated. However, as the CuO con-
tent increased to 0.20 wt % a larger value ofρsp was
observed. This increase inρsp could be attributed to
higher amounts of CuO segregated at grain boundary
regions.

The difference in activation energies (1Hgb and
1Hgi) (see Table III) implies a continuous grain bound-
ary phase is present in the ceramics. For the “brick
layer” tetragonal ceramics, the grain boundary capaci-
tance may be used to calculate the grain boundary thick-
ness (δgb) [11, 27, 28]:

δgb = ε0εr
Dg

Cgb
· A

t
(3)

where ε0= electric constant or permittivity of free
space,εr= relative permittivity of the grain boundary
phase, andCgb= grain boundary capacitance (F).

One of the major difficulties in using this equation
to calculate grain boundary thickness is to determine
the appropriate value for the relative permittivity of the
grain boundary phase,εr, since the composition of this
phase differs considerably from one powder to another
and is dependent on the quantity and type of impurities
present. Several authors have reported anεr value of 22
to 30 [34, 35] for stabilised zirconia while others had
considered a higher value, e.g. 70 [36]. However in the
present workεr= 30 has been applied. Table V shows
the outcome of the calculations for the three materials
investigated. For the undoped Y-TZP a grain boundary
thickness of 2 nm has been calculated which agrees well
with published work on other Y-TZPs [27, 37–40].

TABLE V Estimated grain boundary thickness (δgb) for Y-TZPs

Composition 0 wt % CuO 0.05 wt % CuO 0.20 wt % CuO

Cgb(F m−1) 3.05× 10−8 2.30× 10−8 2.86× 10−8

εr 30 30 30
Dg (× 10−6 m) 0.24 0.13 0.15
δgb (× 10−9 m) 2.08 1.50 1.40

In contrast, the additions of CuO to Y-TZP ceram-
ics resulted in a decrease in grain boundary thickness,
see Table V. The grain boundary thicknesses of both
the 0.05 wt % and 0.2 wt % CuO-doped ceramics were
found to be similar. This is in fact in agreement with
the initial results on sintering which showed no signifi-
cant change in properties with increasing CuO content
up to 0.2 wt % [20]. It should be noted, however, that
these measurements assume that the grain boundary
permittivity remained constant as CuO was added to
the Y-TZP. Therefore, an accurate comparison ofδgb
as a function of CuO content is difficult as the grain
boundary composition was different for each material.
The calculation of smallerδgb values for the copper
oxide doped samples is surprising as it was anticipated
that more grain boundary glassy phase would be present
when the dopant concentration was higher.

3.4. Effects of hydrothermal ageing on
resistivity of CuO-doped Y-TZPs

In order to confirm the speculation that during age-
ing monoclinic phase nucleates near grain boundary
regions, impedance spectroscopy (IS) was employed to
investigate the changes in resistivity of the hydrother-
mally aged samples (180◦C and 1 MPa, after 200 h
exposure). The results obtained for grain interior,ρgi
and grain boundary resistivity,ρgb of the aged samples
were compared with those of the unaged samples. Fig. 4
shows the impedance spectra comparing the unaged and
hydrothermally aged materials.

As shown in Fig. 5, the least ageing resistant material
was the undoped Y-TZP and the most ageing resistant
material was the 0.05 wt % CuO-doped Y-TZP. The
greatest change in the spectra occurred in the undoped
Y-TZP (see Fig. 4) while the CuO-doped materials ex-
hibited the lowest changes, which was consistent with
the fact that small additions of CuO enhanced the age-
ing resistance.

3.4.1. Grain interior resistivity changes
The percentage changes in grain interior resistivities
measured at 330◦C for the aged samples when com-
pared to the unaged Y-TZPs are presented in Table VI.

A large change in grain interior resistivity was ob-
served for the undoped Y-TZP, which was due to the
formation of a (m)-ZrO2 layer on the surface of the
sample after the ageing test (i.e. the m-layer thickness
measured was 750µm for 200 h ageing). In contrast,
for the CuO-doped Y-TZPs, no significant changes in
ρgi was observed. These results correlate well with the
detection of small amounts of surface (m) phase content
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Figure 4 Comparison of the impedance spectra of the as-received and hydrothermally aged (180◦C and 1 MPa, 200 h) Y-TZPs.

Figure 5 The effects of CuO additions on the ageing behaviour (180◦C and 1 MPa) of Y-TZPs.

TABLE VI Change in grain interior (ρgi) and specific grain boundary
(ρsp) resistivity measured at 330◦C for the aged Y-TZPs

Undoped Y-TZP 0.05 wt % CuO-doped

1ρgi +48% −3%
1ρsp +65% +45%

Note: +ve= an increase and−ve= a decrease.

using the XRD method and microscopic examination
of the transformed layer thickness e.g. 4µm after 200 h
ageing of the 0.05 wt % CuO-doped sample.

3.4.2. Specific grain boundary resistivity
changes

The grain boundary area is thought to play an impor-
tant role in governing the ageing of Y-TZP ceramics.
This is indicated by the large changes in the specific
grain boundary resistivity (ρsp) of the aged materials
shown in Table VI. It can be observed that the intro-
duction of CuO in Y-TZP decreases the change inρsp.
The largest change ofρsp was observed in the undoped
Y-TZP, which was the least ageing resistant material.
On the other hand, an increase of over 40% inρsp

was also observed in the 0.05 wt % CuO-doped sam-
ple, which was unusual as there were no significant
changes in grain interior resistivity, see Table VI. This
increase inρsp could have been due to some develop-
ment of monoclinic phase adjacent to grain boundaries
or a reaction in the boundary. This large increase in-
dicates that even though the aged (m)-layer layer in
this sample is of the order of a few microns after age-
ing, the grain boundary regions seemed to be greatly
affected.

Therefore, based on these results, it can be concluded
that during ageing (m) nucleation initiated near grain
boundaries, which in turn explained the increase inρsp
observed for the 0.05 wt % CuO-doped sample. No sig-
nificant change inρgi was observed in the 0.05 wt %
CuO doped sample which suggests that the presence of
CuO at the grain boundaries had retarded the propaga-
tion of monoclinic phase to grain interior by preventing
the formation of either Zr–OH or Y–OH bonds. This
was confirmed by the extreme slow (m) layer prop-
agation rate as indicated in Fig. 6 for the 0.05 wt %
CuO-doped sample i.e. the addition of 0.05 wt % CuO
was effective in retarding the (m) layer propagation rate
by a factor of more than 300 as shown in parentheses
in Fig. 6.
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Figure 6 The effects of ageing (superheated steam, 180◦C and 1 MPa) on the (m) layer propagation rate.

4. Conclusions
1. Impedance spectroscopy has been used to estimate
the effects of CuO additions and of ageing on coated
2.5 mol % Y-TZP ceramics.

2. The grain interior resistivity decreased with in-
creasing CuO content. This may have been due to
grain interior yttria dissolution into the CuO glassy
phase along the grain boundaries. Activation energies
for grain interior conduction are similar and agree with
other reported data on Y-TZP.

3. Calculated grain boundary thicknesses for the un-
doped Y-TZP was approximately 2 nm which is con-
sistent with other observations on high purity Y-TZP
materials.

4. The specific grain interior resistivity decreased
when 0.05 wt % CuO is added to Y-TZP, which was
possibly due to the decrease in grain size so that impu-
rities were segregated over a wider area. This correlated
with the observed decrease in the grain boundary thick-
ness.

5. The highest specific grain boundary resistivity and
smallest grain boundary thickness were observed in the
0.20 wt % CuO-doped sample. An increase in the in-
trinsic grain boundary resistivity or errors in assuming
a constant grain boundary permittivity with large CuO
contents may explain this discrepancy.

6. The consistent difference in grain interior and grain
boundary activation energies implies that the brick layer
model is appropriate for this material.

7. After hydrothermal ageing, the grain interior re-
sistivity increased for the undoped Y-TZP. This is due
to the formation of a large monoclinic layer which has
lower ionic conduction. For the CuO-doped materials,
no significant change inρgi was observed indicating the
enhanced ageing resistance of CuO-doped Y-TZP.

8. An increase in the grain boundary resistivity was
observed in the undoped and 0.05 wt % CuO-doped
Y-TZPs after treating in superheated steam for 200 h.
This phenomenon was also attributed to the formation
of monoclinic phase adjacent to grain boundaries.

9. Since, there was no significant change in grain
interior resistivity as compared to the specific grain
boundary resistivity in the CuO-doped Y-TZP, it can
be inferred that grain boundary regions are active sites
for monoclinic nucleation during ageing.
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