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The effect of copper oxide on sintering,

microstructure, mechanical properties and

hydrothermal ageing of coated 2.5Y-TZP ceramics
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Copper oxide dopants in amounts up to 1 wt % were added to 2.5 mol % yttria-coated
zirconia powders in studies of sintering, microstructure, mechanical properties and
hydrothermal ageing behaviour. High densities (>6 Mgm−3), high tetragonal phase content
(>95%), and phenomenal fracture toughness values (>17 MPam1/2), were obtained for
lower dopant levels. Grain sizes of 0.13 to 0.25 µm were measured for all samples sintered
at 1300 ◦C. Rounded pores in some doped samples indicated that a liquid phase was
involved during sintering. Copper oxide additions aid low temperature sintering and offer
potential for property enhancement with a particularly high toughness being measured
as well as improving resistance to structural degradation in 180 ◦C hydrothermal ageing.
C© 1999 Kluwer Academic Publishers

1. Introduction
Zirconia-based materials offer performance advan-
tages by alleviating many of the problems associ-
ated with other engineering ceramics. The properties
of 2.5 mol % yttria-stabilised zirconia include frac-
ture toughnesses of greater than 12 MPam1/2 and ten-
sile strengths of 1000–1500 MPa [1, 2]. In addition
zirconia-based ceramics possess good ionic conductiv-
ity [3]. Typically, stabilised zirconias are being utilised
for adiabatic diesel engine parts, as thermal barrier coat-
ings, oxygen sensors, fuel cells, heating elements, poly-
mer processing dies, extrusion dies, grinding media,
bioceramics components, cutting tools, scissors and
knives.

In order to utilise these materials for engineering ap-
plications, the avoidance of undesirable phase transfor-
mations and the retention to room temperature of high
amounts of the desirable tetragonal phase are neces-
sary. These are achieved by doping zirconia with yttria
to produce high density tetragonal zirconia polycrys-
talline ceramics known as Y-TZP.

Y-TZP ceramics possess high fracture toughnesses
as a result of the tetragonal (t) to monoclinic (m) phase
transformation which occurs in the vicinity of a crack
tip, the mechanism known as transformation tough-
ening. However, the effectiveness of this mechanism
is dependent on the processing history of the starting
powders (e.g. methods of yttria incorporation either
by a coating or co-precipitation technique) which has
a significant influence on the sintered microstructure
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and mechanical properties of the resulting body. It
was shown in previous work [4, 5], that 2.5 mol %
Y-TZP materials consisting of small tetragonal grains
and made from a coated powder exhibited high frac-
ture toughness (KIc) which was attributed mainly to
the inhomogeneous distribution of yttria in the tetrago-
nal grains resulting in enhanced transformability of the
grain core, (e.g. average grain sizes of 0.24 and 1.08µm
gave fracture toughness values of 12.2 and 6.7 MPam1/2

respectively). On the other hand the fracture tough-
ness of equivalent co-precipitated ceramics increased
with increasing grain size (e.g. for grains of 0.38 and
0.98µm fracture toughnesses of 5 and 10.2 MPam1/2,
respectively were measured).

One of the major limitations of Y-TZP ceramics
as engineering materials is the undesirable surface-
initiated tetragonal to monoclinic phase transformation,
accompanied by property degradation during exposure
to low temperature water or aqueous solutions [6]. The
underlying mechanism is still under debate but it is
generally understood to be associated with hydroxyl
ion incorporation in the zirconia lattice and the desta-
bilisation of the tetragonal grains.

The inclusion of additives which form liquids in
Y-TZP powders during sintering, in particular of tran-
sition metal oxides [2, 7, 8] is likely to affect hydrother-
mal ageing resistance if they aid sintering at relatively
low temperatures (i.e.≤1300◦C) and result in densifi-
cation without grain growth. In addition, these additives
have been shown to enhance superplasticity in Y-TZP
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[9] and other ceramics [10] behaviour which is believed
to be associated with the formation of a low viscosity
grain boundary film.

The aim of this present work was to identify the
optimum amount of copper oxide (CuO) addition to
coated 2.5Y-TZP powders. Evaluation of the materi-
als involved sintering studies conducted at a range of
temperatures, with compositions assessed in terms of
tetragonal phase retention, densification, grain sizes,
fracture toughness and hardness. The tetragonal phase
stability in hydrothermal conditions was also studied.

2. Experimental procedure
2.1. Sample preparation
Commercially available 2.5 mol % yttria-stabilised zir-
conia (2.5Y-TZP) powders were prepared [11] and sup-
plied by Tioxide Specialties Ltd., UK. 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, 0.1, 0.2, 0.5 and 1 wt %) were incorporated into
the Y-TZP in an attritor-mill [ 8].

Disc samples (19 mm diameter and weighing∼3 g)
were made by uniaxial pressing at 35 MPa followed
by cold isostatic pressing at 200 MPa. The sintering
behaviour of the doped materials was investigated over
the temperature range 1250 to 1500◦C at a furnace
ramp rate of 10◦C/min. and for holding times of 2 h.
All sintered samples were polished on one face to a
1µm surface finish prior to testing.

2.2. Characterisation
The specific surface areas of all the powders were deter-
mined using the single point BET method (nitrogen ab-
sorption and desorption) on a Micromeritics Flowsorb
II 2300 and Desorb 2300A instrument. The bulk densi-
ties of the sintered samples were measured by a water
immersion method. Phase analysis by X-ray diffrac-
tion of polished samples was carried out at room tem-
perature. The fraction of surface monoclinic content
was evaluated using the method of Torayaet al. [12].
Fracture toughness (KIc) and microhardness (Hv) were
measured on polished samples using the Vicker’s inden-
tation method at loads of up to 588 N. TheKIc values
were computed according to the equation derived by
Niiharaet al. [13]:

KIc = 0.035(a/`)1/2(E8/Hv)2/5(Hv/8)a1/2 (1)

where` is the average crack length,E the Young’s
Modulus, Hv the Vicker’s hardness,a the indent half
diagonal and8 the constraint factor (determined em-
pirically as∼3 [14]).

The hardness was obtained using the standard equa-
tion for Vickers geometry:

Hv = 0.4635P/a2 (2)

where P is the indentation load. Six measurements
were made for each sample and average values were
obtained. In addition, microstructural evolution was ex-
amined by scanning electron microscopy (SEM). The

TABLE I The compositions and characteristics of the starting pow-
ders

Yttria content (mol %) 2.5 2.5 2.5 2.5 2.5 2.5
CuO addition (wt %) 0 0.05 0.1 0.2 0.5 1
Average specific 14.62 14.82 14.47 14.33 14.00 12.23

surface area (m2/g)
% Monoclinic content 94.48 98.72 98.71 98.10 98.35 99.09

grain size was determined on thermally etched spec-
imens from scanning electron micrographs using the
line intercept analysis of Mendelson [15]. Hydrother-
mal ageing at 180◦C was conducted in steam in an
autoclave at 1 MPa pressure for up to 200 h. Phase
stability and bulk density changes were monitored.

3. Results and discussion
3.1. General characteristics
The physical properties of the resulting powders, used
in the work being reported, are presented in Table I. Spe-
cific surface areas were at a maximum of 14.82 m2/g
for 0.05 wt % CuO dopant but only for the 1 wt % ma-
terial was there really a significant change, down to
12.23 m2/g.

3.2. Tetragonal phase retention
The effects of sintering temperature on the tetragonal
phase retention of the undoped and CuO-doped Y-TZP
samples are shown in Fig. 1. The graph distinctively
shows that the additions of CuO (up to 0.2 wt %) to
these Y-TZP ceramics were beneficial in aiding the re-
tention of high tetragonal phase (>95%) when sintered
at relatively low temperatures (i.e. 1250◦C) if com-
pared to the undoped Y-TZP which only attained∼41%
tetragonal content for 1250◦C sintering.

The low tetragonal content in the low temperature
sintered body of the undoped ceramic can be attributed
to the fact that since the yttria distribution in the starting
powder was inhomogeneous, the ZrO2 grains would
not have achieved a sufficiently uniform yttria content
to stabilise the tetragonal phase to room temperature.
However, as the sintering temperature was increased by
50◦C, as shown in Fig. 1, the undoped ceramic showed
a sharp increase in the retention of tetragonal phase (i.e.
from∼41% at 1250◦C to∼97% at 1300◦C) which is
in good agreement with previous work on this material
[4, 5].

Higher sintering temperatures and the increased yt-
tria diffusion rates would have allowed greater tetrag-
onal phase stability to room temperature. However, it
has been shown that even for these higher sintering tem-
peratures an intragranular Y2O3 concentration gradient
exists in yttria-coated zirconia ceramics [4, 16, 17].

In general, the additions of CuO were observed to be
either beneficial or detrimental to the tetragonal phase
stability of these coated 2.5Y-TZP specimens. The addi-
tions of CuO up to 0.2 wt % promoted higher tetragonal
phase stability at room temperature than shown by the
undoped ceramics throughout the sintering regime em-
ployed. In contrast, the additions of CuO above 0.2 wt %
had a detrimental effect on the tetragonal phase stability
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Figure 1 The effects of sintering temperature on the tetragonal phase retention of undoped and CuO-doped Y-TZPs.

if compared to the undoped ceramics. The 0.5 wt %
CuO addition sample did not show significant improve-
ment in the stabilisation of tetragonal phase to room
temperature if compared to the undoped ceramic and
required a higher sintering temperature (i.e. 1350◦C)
before it could attain above 96% tetragonal content. The
samples containing 1 wt % CuO could not be sintered
to retain an acceptable amount of tetragonal phase in
the zirconia structure throughout the sintering regime
employed, see Fig. 1. In addition, all of the 1 wt % CuO-
doped samples cracked on cooling from the sintering
temperature due mainly to the high monoclinic phase.

Although the method of incorporating yttria into the
zirconia is referred to as ‘coating’, the pre-sintered
powders were monoclinic containing localised yttria
concentrations. For copper oxide contents of 0.05–
0.2 wt %, high tetragonal phase retention was due to
smaller grains from improved sinterability at lower tem-
peratures and to some yttria re-distribution from its dis-

Figure 2 The effects of CuO contents and sintering temperature on the bulk density of coated 2.5Y-TZP ceramics.

solution in a copper-rich liquid phase formed during
sintering. According to Mecartney [18] and Gustet al.
[19] greater amounts of grain boundary liquid phase,
such as would develop from higher CuO contents, are
incorporated at triple grain boundary junctions rather
than distributed along grain edges. Therefore the ef-
fect of this for the 1 wt % CuO addition samples in the
present work would have been for more yttria disso-
lution without improved re-distribution and tetragonal
phase destabilisation would have resulted.

3.3. Bulk density measurement
The bulk density variations with sintering temperatures
for the CuO-doped and undoped Y-TZPs are shown in
Fig. 2. The samples with 0.05, 0.10 and 0.2 wt % cop-
per oxide exhibited similar densification behaviour, (i.e.
bulk density increased for up to 0.05 wt % CuO addi-
tions then remained almost constant for CuO contents
up to 0.2 wt %). For the undoped samples and those
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with higher CuO contents there were decreased bulk
densities, see Fig. 2. Sintering at 1250◦C gave low val-
ues, (i.e. from 4.5 to 5.94 Mgm−3 for 1 and 0.2 wt %
copper oxide doping respectively), which could have
been due to a combined effect of the development of
monoclinic phase in the structure and the presence of
residual pores.

As the sintering temperature was increased beyond
1250◦C, there was a significant increase in density for
all compositions. The 1 wt % CuO-doped samples ex-
hibited an almost constant density of∼5.85 Mgm−3

only after 1400◦C sintering. The measured densities
of the CuO-doped (up to 0.5 wt %) ceramics when sin-
tered above 1300◦C were generally all above 6 Mgm−3,
higher than values exhibited by the undoped Y-TZP. On
the other hand, the 1 wt % CuO doping was detrimental
and samples exhibited low bulk densities throughout
the sintering regime employed as compared to the un-
doped ceramics.

The lower densities of the 1 wt % CuO-doped ma-
terials resulted from high porosity and high mono-
clinic content. This significant amount of porosity is
believed to have developed from the dissociation of
CuO at∼1026–1031◦C, to produce Cu2O and oxy-
gen. At higher sintering temperatures oxygen could es-
cape from the lower viscosity copper oxide-based liq-
uid, thus allowing the increased densification shown
in Fig. 2. The 5.85 Mgm−3 density measured for the
1500◦C sintering sample containing 1 wt % CuO do-
pant is concomitant with the high monoclinic content
of the sintered body.

3.4. Fracture toughness & hardness
measurement

The fracture toughnesses of all compositions except for
the highest CuO additions exhibited very similar trends
as the sintering temperature increased, Fig. 3. It should
be mentioned here that this trend of increasingKIc with

Figure 3 The effects of sintering temperature on the average fracture toughness of undoped and CuO-doped coated 2.5Y-TZP ceramics according to
Niihara’s equation. (Indentation load= 490 N).

decrease in grain sizes from low temperature sintering
is only observed for coated Y-TZP ceramics [4, 5, 8]
and is attributed to an inhomogeneous stabiliser distri-
bution resulting in yttria enrichment at the rim of the
grain giving a core—shell structure [4, 16, 17]. Nor-
mally the centres of the grains are tetragonal but with
little stabiliser present, in extreme cases the centres are
monoclinic. This is clearly beneficial as the majority of
the grains with low yttria content is highly metastable
leading to enhanced fracture toughness through trans-
formation toughening.

However, during sintering at higher temperatures
grain growth occurs with a concomitant increase in the
fraction of cubic phase which contained in excess of
8 mol % yttria and at the same time a reduction in yttria
gradients across the tetragonal grains would have been
expected in this coated Y-TZP i.e. the stabiliser becom-
ing more homogeneously distributed. As a result, the
tetragonal grains started to lose their metastable nature,
i.e. became more difficult to transform, with a reduced
transformation toughening effect [8], see Fig. 4. Greater
cubic contents would also have reduced transformabil-
ity under stress.

In the present work additions of small amounts of
CuO (up to 0.2 wt %) could have caused redistribution
of yttria to occur thereby reducing the concentration of
the stabiliser in the shell of the ZrO2 grains relative to
that in the undoped material. The overall yttria content
in the grains would have decreased as some yttria would
have been taken into solution with the Cu-rich liquid,
the amount remaining not being below some critical
level required for stabilisation to occur.

Therefore, this small overall reduction in stabiliser
contents in the low CuO-doped material would certainly
have enhanced the transformability of the grains, i.e.
increasing the transformation toughening effect. This
theory was supported by the high fracture toughness
values calculated using Niihara’s equation and shown
in Fig. 3.
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TABLE I I Maximum measuredKIc values (MPa m1/2) at room temperature of undoped and CuO-doped Y-TZPs

KIc based on Palmqvist crack according to
Sintering

Compositions Equation 1 [20] Equation 3 [21] Equation 4 [22] temperature (◦C)

0.05 wt % CuO 24.45± 5.22 29.57± 6.31 19.20± 0.99 1300
0.2 wt % CuO 23.78± 8.27 28.96± 9.98 18.76± 1.38 1300
0.1 wt % CuO 17.64± 1.15 21.35± 1.38 17.21± 0.56 1300
Undoped 14.61± 0.56 17.10± 0.76 15.46± 0.37 1300
0.5 wt % CuO 14.16± 0.47 17.40± 0.58 15.18± 0.36 1350
1 wt % CuO 5.82± 0.91 6.77± 1.06 5.09± 1.46 1500

Figure 4 A schematic diagram depicting the behaviour of coated Y-TZP during sintering and the effect of sintering temperature on yttria distribution
and transformability of the tetragonal grain.

The KIc values were observed to peak for a sinter-
ing temperature of 1300◦C for the undoped and CuO-
doped (up to 0.2 wt %) samples and at 1350◦C for
the 0.5 wt % CuO additions before decreasing with in-
creasing sintering temperature. The reasons why values
for 0.1 wt % CuO samples were lower than those for
0.05 and 0.2 wt % materials are not clear but may have
been the result of variations between tough samples
when small crack size differences produce noticeable
changes inKIc values. The maximum measuredKIc
values at room temperature for each composition are
shown in Table II.

The equation proposed by Niiharaet al. [13] for
Palmqvist crack systems has a limitation, i.e. the ra-
tio of the crack length,̀ , to half the indent diagonal,
a, should be higher than 0.25 and not more than 2.5.
In the present work because of the high toughnesses
of the low addition CuO-doped samples, this`/a ratio
was not readily satisfied, (in many cases it was lower
than 0.25). Therefore theKIc calculation was repeated
for all samples using the relationships derived by Shetty
et al [20] and shown in Table II:

KIc = 0.0937(Hv P/4`)1/2 (3)

where the usual notations still apply as in Equation 1
and 2. Other toughness values in Table II were calcu-
lated using the equation of Antiset al. [21] which was
recently modified by Kaliszewskiet al.[22] to account
for the effect of compressive stress due to the surround-
ing transformation zone:

KIc = 0.019P(E/Hv)1/2/c3/2 (4)

wherec is the radial crack dimension measured from
the centre of the indent impression (i.e.c=a+ `) and
all other notations remain unchanged as in Equation 1.

The results presented in Table II show considerable
discrepancy among the three sets of results. For the first
two methods i.e. Equation 1 and 3, the high fracture
toughness values showed significant scattering. The re-
lationship of Shetty gaveKIc values higher than aver-
age, which were followed by those from using Niihara’s
equation whereas the Kaliszewski’s equation gave a
smaller scatter in the values. Nevertheless, it is apparent
that in all cases the CuO-doped samples (up to 0.2 wt %)
exhibited higherKIc values than the undoped material.

Optical microscopy observations of Vickers inden-
tations in CuO-doped samples frequently revealed that
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Figure 5 Normaski interference micrograph of typical Vicker’s indents (load= 588 N) observed for 0.05 wt % CuO-doped Y-TZP, displaying
significant transformation-induced surface uplift around indents at room temperature.

cracks, emanating from the indent corners, were very
small and in extreme cases no cracks developed even at
loads greater than 588 N. These effects were associated
with surface uplift, due to the volume increase for the
tetragonal-monoclinic phase transformation and conse-
quently toughening, which occurred around the indents
and which was revealed by Normaski lenses using po-
larised light as shown in Fig. 5. However an increase in
the indentation load beyond 588 N, (in order to obtain
an`/a ratio valid for Niihara’s equation), frequently re-
sulted in surface spalling around the indent which made
the determination ofKIc impossible.

Vicker’s hardness as a function of sintering temper-
ature is shown in Fig. 6.

The additions of CuO up to 0.2 wt % exhibited higher
hardness than the undoped ceramic throughout the sin-
tering regime employed. Typical values measured for
the CuO-doped samples varied from 10.5 to 12.8 GPa

Figure 6 The effects of sintering temperature on the Vicker’s hardness of undoped and CuO-doped Y-TZPs.

and the measured hardnesses of all the samples revealed
a similar trend, i.e. increasing with higher sintering tem-
peratures. The hardness of the undoped Y-TZP ceramic
was low when sintered at 1250◦C (9.13 GPa) but in-
creased with sintering temperature to a maximum value
of ∼12.3 GPa for 1500◦C sintering. In general, the in-
crease in hardness can be attributed to the increase in
bulk density as shown in Fig. 2.

3.5. Microstructural evolution
Typical microstructures of the undoped and CuO-doped
samples, sintered at 1300 and 1500◦C, shown in Fig. 7,
exhibited equiaxed small tetragonal grains with small
amounts of larger cubic grains, which were more no-
ticeable for the higher sintering temperatures. One ef-
fect of CuO doping was to minimise the amount of cubic
phase and reduce the average grain size of the sintered
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Figure 7 Microstructural evolution of undoped and CuO-doped 2.5Y-TZP ceramics sintered at 1300◦C and 1500◦C respectively.

body as compared to the undoped Y-TZP [5]. In gen-
eral the average grain sizes for the doped material up
to 0.5 wt % at a particular sintering temperature were
similar and increases in size with sintering temperature
were observed, Table III.

However, large amounts of CuO additions (1 wt %)
especially at low sintering temperature (<1300◦C)
resulted in the development of a porous structure which
in part explains the low bulk density of this material,
Fig 7c. In addition, occasionally rounded individual

TABLE I I I Comparison of the mean grain sizes (µm) of undoped
and CuO-doped Y-TZPs

Sintering Undoped 0.05–0.5 wt % 1 wt % CuO
temperature (◦C) 2.5Y-TZP CuO additions additions

1300 0.16 0.13–0.2 Porous structure
1350 0.24 0.16–0.25 Porous structure
1400 0.33 0.30–0.35 0.66
1450 0.51 0.40–0.45 0.72
1500 0.74 0.52–0.60 0.76
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Figure 8 Typical pore morphology observed for CuO-doped Y-TZP. (In this case was 0.5 wt % CuO-doped sample sintered at 1350◦C).

large pores were noticed on the surfaces of CuO-doped
samples (≤0.5 wt %) for sintering above 1300◦C (see
Fig. 8) which indicates the presence of a liquid phase
during sintering.

Seidensticker and Mayo [23] suggested that pressure
build-up within closed pores would occur as a result of
the decomposition of CuO to Cu2O and oxygen, with
the latter being evolved during sintering. These authors
noticed that a sudden large weight loss took place at
1300◦C due to the evolution of half the oxygen from
the decomposed CuO and the release of pressure build-
up resulted in the formation of open pores. Zhanget al.
[24] also noted that a weight loss caused by the reaction
of CuO to Cu2O increased with CuO content.

This development of spheroidal pores, Fig. 8, fre-
quently observed for samples containing CuO addi-
tions and the porous structure, Fig. 7c, exhibited by the
1 wt % CuO addition Y-TZP at≤1300◦C, support the
observations of Seidensticker and Mayo about a liquid
phase formation, the weight losses and gas evolution.

The porosity of the 1 wt % CuO doped samples, how-
ever, was noticed to diminish when the sintering tem-
perature was increased above 1300◦C and a more dense
structure formed as shown in Fig. 7c and f. Although
some grain growth had occurred in the 1 wt % CuO-
doped sample for the 1500◦C sintering, the average
grain size of 0.76µm was well below the critical grain
size for high tetragonal phase retention for Y-TZP ce-
ramics as shown in earlier research [5].

Therefore because of the large amount of monoclinic
phase present in the structure accompanied by macro-
cracking, it is postulated that the high concentration of
CuO would have lead to destabilisation of the tetragonal
phase through a mechanism involving dissolution of
yttria from the grains into a CuO-based grain boundary
liquid.

It has been reported previously that CuO dissoci-
ates either at 1026◦C [24, 25] or 1031◦C [23] to form
oxygen and Cu2O which then melts at between 1134–
1144◦C [26]. However, prior to the Cu2O melting a
eutectic occurs at 1130◦C [25] in the CuO-Cu2O-ZrO2
system and at 1110◦C [26] or 1120◦C [24] in the

Figure 9 Pseudo-binary phase diagram of the Y2O3-CuO system in air.
(After Gadalla and Kongkachuichay [26]).

Y2O3-CuO-Cu2O system respectively. Zhanget al.
[24] and Gadallaet al. [26] have reported the forma-
tion of Y2Cu2O5 compound as a result of the reaction
between Y2O3 and CuO but are in disagreement re-
garding the temperature at which this occurred. Nev-
ertheless, both sets of authors agree that above the
eutectic point, the Y2Cu2O5 compound will melt to
form Y2O3 and Cu-rich liquid. Besides the existence
of Y2Cu2O5 compound, Gadallaet al. found that an
intermediate phase with the composition Y2Cu4O5 co-
exists between 990–1105◦C and they constructed the
pseudo-binary phase diagram of the Y2O3-CuO in air
as shown in Fig. 9. This intermediate phase will also
dissociate to form Y2O3 and liquid when heated above
1110◦C as shown schematically in Fig. 9.

Assuming in the present work that any one of these
reactions occurred during the sintering of CuO-doped
Y-TZP, then Fig. 9 indicates that as the sintering tem-
perature increases there would have been more Y2O3
taken into solution by the Cu-rich liquid. For the lower
CuO samples when the tetragonal phase was retained
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to room temperature any removal of yttria into a grain
boundary phase would act to enhance the transforma-
tion toughening and result in the very highKIc values
observed in this work.

However, the role of this liquid phase is not un-
equivocally resolved as TEM examination [4, 8] of the
CuO-doped samples has not revealed significant quan-
tities remaining in grain boundary regions. The rem-
nant Cu-rich liquid may have been too small to be de-
tected or it may have had a solubility limit allowing
diffusion into the zirconia grains. Hartmanovaet al.
[27] have proposed that CuO can dissolve in zirconia
via substitutional doping due to the comparable ionic
radius of both metal ions, i.e.rZr(IV) = 0.084 nm and
rCu(II)= 0.073 nm respectively [28]. They also found
that the grain size of the CuO-doped YSZ was larger
than for the undoped ceramic. This solid solution be-
haviour may be more prevalent for the higher sintering
temperatures. Further examination would be required
to elucidate this phenomenon.

The additions of small amounts (0.3–1.0 mol %) of
copper oxide to these ceramics were reported by some
researchers to greatly enhance superplastic behaviour
[9, 29, 30]. Hwanget al.[29] have shown clear evidence
of the presence of a Cu-rich grain boundary layer (∼1–
2 nm thick) to which they attributed the improved su-
perplastic deformation at temperatures<1200◦C. This
amorphous phase apparently melts at∼1130◦C which
is in good agreement with temperatures found by other
researchers [23].

Based on the present observations and evidence pro-
vided in the literature, it is proposed that a liquid
phase is present during sintering of the CuO-doped
Y-TZP ceramics. The following sintering model is ten-
tatively proposed as one of mechanisms for the present
CuO-doped coated 2.5Y-TZP powders: On heating to
>1100◦C, CuO will dissociate and form a molten
cuprous oxide, Cu2O based liquid phase at grain bound-
aries and the amount present is dependent on the CuO
content in the powder. This Cu2O liquid will dissolve
Y2O3 to form either Y2Cu2O5 or Y2Cu4O5. For higher
dopant levels, greater amounts of Cu2O-rich liquid will
be formed during sintering, resulting in more yttria be-
ing taken into solution. Therefore in the present work
for the 1 wt % CuO additions, the amount of yttria
remaining in the zirconia structure would have been
reduced below the minimum limit for stabilisation to
occur and on cooling after sintering, the tetragonal to
monoclinic phase transformation would proceed.

Small amounts of CuO (i.e. below∼0.2 wt %) form
a liquid phase which can act as a conduit allowing yt-
tria re-distribution. Dissolution into the Cu-rich liquid
will facilitate the re-distribution by diffusion of Y3+
into the zirconia grains resulting in the stabilisation of
tetragonal phase in the ZrO2 grains being achieved at
low sintering temperatures, (≤1300◦C). In this way an
yttria gradient across grains is established giving easy
stress-induced phase transformation, hence accounting
for the high toughness of this material.

3.6. Hydrothermal ageing
The phase stabilities of the undoped coated 2.5Y-TZP
(0 wt %) and CuO-doped (up to 0.2 wt %) coated 2.5Y-

TZP materials, all sintered at 1300◦C, were studied by
exposure in superheated steam at 180◦C in an autoclave
operating at 1 MPa for up to 200 h.

A comparison was also made with undoped co-
precipitated 3 mol % Y-TZP material (TZ-3Y) manu-
factured by the Tosoh Corporation of Japan which was
sintered at 1400◦C. The co-precipitated 3Y-TZP was
chosen for this work instead of 2.5Y-TZP since it has
been found in the past that the latter ceramic was more
susceptible to hydrothermal ageing and failed catas-
trophically in the early stages of exposure [31].

The measured room temperature properties of the
sintered TZ-3Y samples at the start of this work were
as follows: 100% tetragonal phase content, bulk density
of 6.07 Mgm−3, average grain size of 0.33µm, KIc of
5.1 MPam1/2 and Hv of 13.9 GPa respectively. The
coated and doped 2.5Y-TZP materials were of similar
density to the Tosoh specimens but had lower grain
sizes, 0.16–0.20µm.

The development of monoclinic phase with time in
these zirconias when exposed to high pressure steam at
180◦C is shown in Fig. 10. Both of the undoped sam-
ples (coated 2.5Y-TZP and TZ-3Y) exhibited inferior
resistance to ageing when compared to the lower CuO-
doped materials and the ageing-induced tetragonal to
monoclinic phase transformation proceeded at differ-
ent rates. TZ-3Y ceramics degraded almost immedi-
ately when exposed to water and attained a monoclinic
saturation level of∼89% within 9 h before breaking
into pieces after ageing for 24 h. In contrast, the un-
doped coated 2.5Y-TZP ceramic was more resistant to
degradation than the TZ-3Y and exhibited slower age-
ing kinetics, acquiring a monoclinic saturation level of
∼80% after 100 h of exposure and surviving throughout
the test.

The better ageing resistance of coated Y-TZP is at-
tributed to the inhomogeneous yttria distribution in the
ZrO2 grains. The enrichment of stabiliser at the rim
of the grain would have overstabilised these regions
creating stable tetragonal (or cubic) shells surrounding
metastable grain cores. During ageing monoclinic nu-
cleation would have initiated in the central regions of
surface grains due to their low yttria content. Once ini-
tiated, further ageing would allow the growth of these
monoclinic nuclei until the core regions were almost
completely transformed. The shell of a grain being more
stable (with a higher yttria content) would have required
longer exposure times to water attack before it started to
transform. The fact that the coated Y-TZP ceramics still
remained intact even after autoclaving for up to 200 h
while TZ-3Y degraded quickly, supports this view. It
should be noted that although coated Y-TZP powder
possessed better ageing resistance than co-precipitated
powders, the initiation of monoclinic nuclei resulting
from hydroxyl attack was not totally prevented.

For the CuO doped materials, the best ageing re-
sistance was exhibited by the 0.05 wt % addition sam-
ples (exhibiting<40% monoclinic content after 200 h).
The 0.1 wt % CuO dopant sample exhibited reasonably
good resistance in the early stages of exposure (<50 h)
if compared to the undoped Y-TZPs (see Fig. 10). Al-
though the 0.2 wt % CuO addition sample exhibited
lower initial ageing kinetics than the undoped coated
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Figure 10 The surface monoclinic content development with ageing time for undoped and CuO-doped Y-TZP ceramics when exposed in superheated
steam at 180◦C and 1 MPa pressure.

Y-TZP ceramic during the first 24 h of exposure, both
the samples attained monoclinic saturation levels at
about the same time, i.e. after 50 h. The final monoclinic
contents attained in the undoped, 0.1 and 0.2 wt % CuO-
doped samples after 200 h of exposure were almost the
same, i.e.∼80–82%.

The benefits of CuO dopants in suppressing the
ageing-induced phase transformation in other environ-
ments have been revealed and these results are pre-
sented elsewhere [8, 32, 33].

The role of the CuO dopant in retarding the ageing
kinetics of Y-TZP ceramics is still debatable but is in
part attributed to the small grain size of the sintered
material resulting from low temperature sintering and
grain boundary modification. The presence of CuO at
grain boundaries has been found to be beneficial in
retarding the propagation of monoclinic nuclei [8] and
this will be reported in a subsequent paper.

Although a considerable effort has been directed to-
wards resolving the ageing phenomenon of Y-TZP ce-
ramics, no consensus has been reached regarding the
ageing mechanism which is still the subject of debate.

4. Conclusions
(1) The incorporation of copper oxide can either

be beneficial or detrimental to the sintering of coated
2.5 mol % Y-TZP depending on the dopant level.

(2) Additions of up to 0.2 wt % CuO are beneficial
in achieving high levels of densification (>6 Mgm−3),
high tetragonal phase retention (>95%) and small grain
sizes (<0.25µm) at sintering temperatures lower than
those required for the undoped Y-TZP.

(3) An optimum CuO dopant addition of<0.5 wt %
exists above which there can be detrimental effects for
Y-TZP ceramics, with low bulk densities and high mon-
oclinic phase content.

(4) The measuredKIc for the CuO-doped samples
containing less than 0.2 wt % using a conventional in-
dentation method and calculated using three different
equations gave very high average values ranging from

17 to 29 MPam1/2. The enhanced transformability of
the tetragonal grains as a result of small amounts of yt-
tria dissolution into the Cu-rich liquid during sintering
is in part responsible for the high fracture toughness of
this material. Although no other methods were used to
confirm the fracture toughness of the lower CuO-doped
samples, the results reported in this work provide a good
indication of one of the beneficial effects of CuO addi-
tions to coated 2.5 mol % Y-TZP powders.

(5) The hardnesses of the CuO-doped samples con-
taining<0.5 wt % are generally higher than for the un-
doped ceramics for all sintering temperatures. In gen-
eral, the increase in hardness can be attributed to the
increase in bulk density of the sintered body.

(6) A sintering mechanism involving a liquid phase
resulting from the reaction between CuO and Y2O3
forming a liquid at the sintering temperature has been
proposed for the CuO-doped coated Y-TZP system.
This model is consistent with the phenomenological
observations of sintering behaviour in terms of densifi-
cation, mechanical properties and microstructural evo-
lution.

(7) The addition of CuO as dopant in coated Y-TZP
ceramics can have two extremes: Low additions of CuO
are beneficial in aiding densification for low temper-
ature sintering and to develop a tough material. High
additions of CuO are detrimental to the sintered proper-
ties mainly due to greater amounts of yttria dissolution
resulting in destabilisation of the tetragonal phase.

(8) Low temperature degradation associated with
ageing-induced tetragonal-monoclinic phase transfor-
mation of Y-TZP ceramics can be suppressed with low
additions of CuO attributable in part to the small grain
size developed in the sintered body resulting from low
temperature sintering and grain boundary modification
via the presence of CuO dopant.
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