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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 MPam'/2), were obtained for
lower dopant levels. Grain sizes of 0.13 to 0.25 um 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.
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1. Introduction and mechanical properties of the resulting body. It
Zirconia-based materials offer performance advanwas shown in previous work [4, 5], that 2.5 mol %
tages by alleviating many of the problems associ-Y-TZP materials consisting of small tetragonal grains
ated with other engineering ceramics. The propertiesind made from a coated powder exhibited high frac-
of 2.5 mol% yttria-stabilised zirconia include frac- ture toughnessK,.) which was attributed mainly to
ture toughnesses of greater than 12 MP3rand ten-  the inhomogeneous distribution of yttria in the tetrago-
sile strengths of 1000-1500 MPa [1, 2]. In addition nal grains resulting in enhanced transformability of the
zirconia-based ceramics possess good ionic conductiygrain core, (e.g. average grain sizes of 0.24 and /68

ity [3]. Typically, stabilised zirconias are being utilised gave fracture toughness values of 12.2 and 6.7 MPam
for adiabatic diesel engine parts, as thermal barrier coatespectively). On the other hand the fracture tough-
ings, oxygen sensors, fuel cells, heating elements, polyaess of equivalent co-precipitated ceramics increased
mer processing dies, extrusion dies, grinding mediawith increasing grain size (e.g. for grains of 0.38 and
bioceramics components, cutting tools, scissors an@.98m fracture toughnesses of 5 and 10.2 MP&m
knives. respectively were measured).

In order to utilise these materials for engineering ap- One of the major limitations of Y-TZP ceramics
plications, the avoidance of undesirable phase transfoas engineering materials is the undesirable surface-
mations and the retention to room temperature of highnitiated tetragonal to monoclinic phase transformation,
amounts of the desirable tetragonal phase are necegecompanied by property degradation during exposure
sary. These are achieved by doping zirconia with yttrigto low temperature water or aqueous solutions [6]. The
to produce high density tetragonal zirconia polycrys-underlying mechanism is still under debate but it is
talline ceramics known as Y-TZP. generally understood to be associated with hydroxyl

Y-TZP ceramics possess high fracture toughnessesn incorporation in the zirconia lattice and the desta-
as aresult of the tetragonal (t) to monoclinic (m) phasebilisation of the tetragonal grains.
transformation which occurs in the vicinity of a crack  The inclusion of additives which form liquids in
tip, the mechanism known as transformation tough-Y-TZP powders during sintering, in particular of tran-
ening. However, the effectiveness of this mechanisnsition metal oxides [2, 7, 8] is likely to affect hydrother-
is dependent on the processing history of the startingnal ageing resistance if they aid sintering at relatively
powders (e.g. methods of yttria incorporation eitherlow temperatures (i.e<1300°C) and result in densifi-
by a coating or co-precipitation technique) which hascation without grain growth. In addition, these additives
a significant influence on the sintered microstructurehave been shown to enhance superplasticity in Y-TZP
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[9] and other ceramics [10] behaviour which is believedTABLE | The compositions and characteristics of the starting pow-
to be associated with the formation of a low viscosity 4’
gre‘ll'lr?ebg?r?ldgfn{[r?ilsmbresent work was to identify the viwia content (mol%) 25 25 25 25 25 25

. . T CuO addition (wt %) 0 0.05 0.1 0.2 0.5 1
optimum amount of copper oxide (CuO) addition to average specific 1462 1482 1447 1433 14.00 12.23
coated 2.5Y-TZP powders. Evaluation of the materi- surface area (fig)
als involved sintering studies conducted at a range of¢ Monoclinic content  94.48 98.72 98.71 98.10 98.35 99.09
temperatures, with compositions assessed in terms of
tetragonal phase retention, densification, grain sizes,
fracture toughness and hardness. The tetragonal phaggain size was determined on thermally etched spec-
stability in hydrothermal conditions was also studied. jmens from scanning electron micrographs using the
line intercept analysis of Mendelson [15]. Hydrother-
mal ageing at 180C was conducted in steam in an
autoclave at 1 MPa pressure for up to 200 h. Phase
stability and bulk density changes were monitored.

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 3 Results and discussion
2.5Y-TZP powder had a total impurity concentration of 3 1 General characteristics

about 1.7 wt%, with 0.08 wt% ADs and 1.6 Wt%  The physical properties of the resulting powders, used
HfO; as the major impurities. Varying amounts of CuO i, the work being reported, are presented in Table I. Spe-
(0.05,0.1,0.2, 0.5 and 1 wt %) were incorporated intogific surface areas were at a maximum of 14.8Zgm
the Y-TZP in an attritor-mill [ 8]. for 0.05 wt % CuO dopant but only for the 1 wt% ma-

Disc samples (19 mm diameter and weighir8 9)  terial was there really a significant change, down to
were made by uniaxial pressing at 35 MPa followedq o3 n/g.

by cold isostatic pressing at 200 MPa. The sintering

behaviour of the doped materials was investigated over

the temperature range 1250 to 18@at a furnace 3.2. Tetragonal phase retention

ramp rate of 10C/min. and for holding times of 2 h. The effects of sintering temperature on the tetragonal

All sintered samples were polished on one face to @hase retention of the undoped and CuO-doped Y-TZP

1 um surface finish prior to testing. samples are shown in Fig. 1. The graph distinctively

shows that the additions of CuO (up to 0.2 wt%) to

o these Y-TZP ceramics were beneficial in aiding the re-

2.2. Characterisation tention of high tetragonal phase 95%) when sintered

The specific surface areas of all the powders were detefy; re|atively low temperatures (i.e. 1250) if com-

mined using the single point BET method (nitrogen ab-pared to the undoped Y-TZP which only attainedi1%

sorption and desorption) on a Micromeritics Flowsorbieragonal content for 125 sintering.

112300 and Desorb 2300A instrument. The bulk densi-  The |ow tetragonal content in the low temperature

ties of the sintered samples were measured by a wat@fntered body of the undoped ceramic can be attributed
immersion method. Phase analysis by X-ray diffrac-yg the fact that since the yttria distribution in the starting
tion of polished samples was carried out at room teMpowder was inhomogeneous, the Zr@rains would
perature. The fraction of surface monoclinic contentyot have achieved a sufficiently uniform yttria content
was evaluated using the method of Torayal. [12]. o stabilise the tetragonal phase to room temperature.
Fracture toughnes(c) and microhardness+) Weré  However, as the sintering temperature was increased by
me;asured on polished samples using the Vicker’s mdergooQ as shown in Fig. 1, the undoped ceramic showed
tation method at loads of up to 588 N. THe: values 4 sharp increase in the retention of tetragonal phase (i.e.
were computed according to the equation derived by¥,om ~41% at 1250C to ~97% at 1300C) which is
Niiharaet al.[13]: in good agreement with previous work on this material
_ 12 2/5 12 (4, 5].

Kie = 0.035@/€)"“(E®/H)™>(Hy/ ®)a (@ Higher sintering temperatures and the increased yt-
tria diffusion rates would have allowed greater tetrag-
onal phase stability to room temperature. However, it

diagonal andb the constraint factor (determined em- 12S beenshownthateven forthese higher sintering tem-
pirically as~3 [14]). peratures an intragranulap®; concentration gradient

The hardness was obtained using the standard equ8XiSts in yttria-coated zirconia ceramics [4, 16, 17].

tion for Vickers geometry- _ In general., t_he addltlo_ns of CuO were observed to be
either beneficial or detrimental to the tetragonal phase

Hy, = 0.4635P/a? (2) stability ofthese coated 2.5Y-TZP specimens. The addi-

tions of CuO up to 0.2 wt % promoted higher tetragonal
where P is the indentation load. Six measurementsphase stability at room temperature than shown by the
were made for each sample and average values wersmdoped ceramics throughout the sintering regime em-
obtained. In addition, microstructural evolution was ex-ployed. In contrast, the additions of CuO above 0.2 wt %
amined by scanning electron microscopy (SEM). Thehad a detrimental effect on the tetragonal phase stability

where ¢ is the average crack lengtlk, the Young's
Modulus, Hy the Vicker’s hardness the indent half
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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 %solution in a copper-rich liquid phase formed during
CuO addition sample did not show significant improve-sintering. According to Mecartney [18] and Gestal.
ment in the stabilisation of tetragonal phase to roon19] greater amounts of grain boundary liquid phase,
temperature if compared to the undoped ceramic anduch as would develop from higher CuO contents, are
required a higher sintering temperature (i.e. 1350 incorporated at triple grain boundary junctions rather
before it could attain above 96% tetragonal content. Theéhan distributed along grain edges. Therefore the ef-
samples containing 1 wt% CuO could not be sinteredect of this for the 1 wt % CuO addition samples in the
to retain an acceptable amount of tetragonal phase ipresent work would have been for more yttria disso-
the zirconia structure throughout the sintering regimdution without improved re-distribution and tetragonal
employed, see Fig. 1. In addition, all of the 1 wt % CuO-phase destabilisation would have resulted.
doped samples cracked on cooling from the sintering
temperature due mainly to the high monoclinic phase.3.3. Bulk density measurement

Although the method of incorporating yttria into the The bulk density variations with sintering temperatures
zirconia is referred to as ‘coating’, the pre-sinteredfor the CuO-doped and undoped Y-TZPs are shown in
powders were monoclinic containing localised yttria Fig. 2. The samples with 0.05, 0.10 and 0.2 wt % cop-
concentrations. For copper oxide contents of 0.05-peroxide exhibited similar densification behaviour, (i.e.
0.2 wt%, high tetragonal phase retention was due tdulk density increased for up to 0.05 wt% CuO addi-
smaller grains from improved sinterability atlower tem- tions then remained almost constant for CuO contents
peratures and to some yttria re-distribution from its dis-up to 0.2 wt%). For the undoped samples and those

p
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& —o— 0,50 wi%
a —— 1 wi%
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Figure 2 The effects of CuO contents and sintering temperature on the bulk density of coated 2.5Y-TZP ceramics.
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with higher CuO contents there were decreased bulklecrease in grain sizes from low temperature sintering
densities, see Fig. 2. Sintering at 1280gave low val-  is only observed for coated Y-TZP ceramics [4, 5, 8]
ues, (i.e. from 4.5 to 5.94 Mgni for 1 and 0.2 wt% and is attributed to an inhomogeneous stabiliser distri-
copper oxide doping respectively), which could havebution resulting in yttria enrichment at the rim of the
been due to a combined effect of the development ofrain giving a core—shell structure [4, 16, 17]. Nor-
monoclinic phase in the structure and the presence ahally the centres of the grains are tetragonal but with
residual pores. little stabiliser present, in extreme cases the centres are
As the sintering temperature was increased beyonchonoclinic. This is clearly beneficial as the majority of
1250°C, there was a significant increase in density forthe grains with low yttria content is highly metastable
all compositions. The 1 wt% CuO-doped samples exieading to enhanced fracture toughness through trans-
hibited an almost constant density ©6.85 MgnT®  formation toughening.
only after 1400C sintering. The measured densities However, during sintering at higher temperatures
of the CuO-doped (up to 0.5 wt %) ceramics when sin-grain growth occurs with a concomitant increase in the
tered above 1300C were generally allabove 6 Mg, fraction of cubic phase which contained in excess of
higher than values exhibited by the undoped Y-TZP. Or8 mol % yttria and at the same time a reduction in yttria
the other hand, the 1 wt % CuO doping was detrimentafjradients across the tetragonal grains would have been
and samples exhibited low bulk densities throughouexpected in this coated Y-TZP i.e. the stabiliser becom-
the sintering regime employed as compared to the uning more homogeneously distributed. As a result, the
doped ceramics. tetragonal grains started to lose their metastable nature,
The lower densities of the 1 wt% CuO-doped ma-i.e. became more difficult to transform, with a reduced
terials resulted from high porosity and high mono-transformation toughening effect[8], see Fig. 4. Greater
clinic content. This significant amount of porosity is cubic contents would also have reduced transformabil-
believed to have developed from the dissociation ofity under stress.
CuO at~1026-1032C, to produce CxO and oxy- In the present work additions of small amounts of
gen. At higher sintering temperatures oxygen could es€uO (up to 0.2 wt %) could have caused redistribution
cape from the lower viscosity copper oxide-based lig-of yttria to occur thereby reducing the concentration of
uid, thus allowing the increased densification showrthe stabiliser in the shell of the Zg@rains relative to
in Fig. 2. The 5.85 Mgm? density measured for the that in the undoped material. The overall yttria content
1500°C sintering sample containing 1 wt% CuO do- inthe grains would have decreased as some yttria would
pant is concomitant with the high monoclinic contenthave been taken into solution with the Cu-rich liquid,
of the sintered body. the amount remaining not being below some critical
level required for stabilisation to occur.
Therefore, this small overall reduction in stabiliser
3.4. Fracture toughness & hardness contentsinthe low CuO-doped material would certainly
measurement have enhanced the transformability of the grains, i.e.
The fracture toughnesses of all compositions except foincreasing the transformation toughening effect. This
the highest CuO additions exhibited very similar trendstheory was supported by the high fracture toughness
as the sintering temperature increased, Fig. 3. It shouldalues calculated using Niihara’s equation and shown
be mentioned here that this trend of increadtagwith  in Fig. 3.

25
—— 0 wit%
- 20 + —a— 0.05 wi%
—a—0.10 wt%
[ ——0.20 wt%
15 4 —o0—0.50 wt%
—e— 1 wi%

Fracture Toughness (VIPam **

0 t } } }
1250 1300 1350 1400 1450 1500

Sintering Temperature (°C)

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).
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TABLE |l Maximum measuret. values (MPa r2) at room temperature of undoped and CuO-doped Y-TZPs

K|c based on Palmqvist crack according to

Sintering
Compositions Equation 1 [20] Equation 3 [21] Equation 4 [22] temperatu@? (
0.05 wt% CuO 24.45-5.22 295+ 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 17.214+0.56 1300
Undoped 14.61 0.56 17.10+ 0.76 15.46+ 0.37 1300
0.5 wt% CuO 14.16t 0.47 17.40+ 0.58 15.18+ 0.36 1350
1wt% CuO 5.82+ 0.91 6.77+ 1.06 5.09+ 1.46 1500
As-received Resultant sintered
powders o microstructure
1300°C
Highest
Room
1200°C

Temperature Mmble and fine tetragonal |

grain having an inhomogeneous |<

yttria distribution. (i.e. higher 3

' yttria concentration on the shell §

while the core can either be “’?

tetragonal or monoclinic). s

Monoclinic particle Monoclinic core coated &

coated with yttria. with yttria-rich shell grain. 1500°C

v

Lowest

Stable and large tetragonal grain,
having less pronounced yttria gradient.

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 K| values were observed to peak for a sinter-where the usual notations still apply as in Equation 1
ing temperature of 1300 for the undoped and CuO- and 2. Other toughness values in Table Il were calcu-
doped (up to 0.2 wt%) samples and at 1360for  lated using the equation of Ant&t al.[21] which was
the 0.5 wt % CuO additions before decreasing with in-recently modified by Kaliszewsleit al.[22] to account
creasing sintering temperature. The reasons why valuder the effect of compressive stress due to the surround-
for 0.1 wt% CuO samples were lower than those foring transformation zone:

0.05 and 0.2 wt % materials are not clear but may have
been the result of variations between tough samples Kic = 0_019p(E/HV)1/2/C3/2 (4)
when small crack size differences produce noticeable

changes inKjc values. The maximum measuréde.  \herec is the radial crack dimension measured from
values at room temperature for each composition argne centre of the indent impression (ice=a + ¢) and
shown in Table II. ) all other notations remain unchanged as in Equation 1.
The equation proposed by Niihaet al. [13] for The results presented in Table Il show considerable
Palmqvist crack systems has a limitation, i.e. the ragjscrepancy among the three sets of results. For the first
tio of the crack length, to half the indent diagonal, two methods i.e. Equation 1 and 3, the high fracture
a, should be higher than 0.25 and not more than 2.55ghness values showed significant scattering. The re-
In the present work because of the high toughnessggtjonship of Shetty gavi values higher than aver-
of the low addition CuO-doped samples, thig ratio  age which were followed by those from using Niihara’s
was not readily satisfied, (in many cases it was |°We'équation whereas the Kaliszewski's equation gave a
than 0.25). Therefore thié,c calculation was repeated smaler scatter in the values. Nevertheless, itis apparent
for all samples using the relationships derived by Shettyatin all cases the CuO-doped samples (up to 0.2 wt %)

et al[20] and shown in Table II: exhibited higheiK . values than the undoped material.
Optical microscopy observations of Vickers inden-
Kic = 0.0937(H, P/4¢)Y/? (3) tations in CuO-doped samples frequently revealed that
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0.20 mm

Figure 5 Normaski interference micrograph of typical Vicker's indents (leab88 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 venand the measured hardnesses of all the samples revealed
small and in extreme cases no cracks developed evenasimilar trend, i.e. increasing with higher sintering tem-
loads greater than 588 N. These effects were associatgeratures. The hardness of the undoped Y-TZP ceramic
with surface uplift, due to the volume increase for thewas low when sintered at 125Q (9.13 GPa) but in-
tetragonal-monoclinic phase transformation and consecreased with sintering temperature to a maximum value
quently toughening, which occurred around the indent®f ~12.3 GPa for 1500C sintering. In general, the in-
and which was revealed by Normaski lenses using poerease in hardness can be attributed to the increase in
larised light as shown in Fig. 5. However an increase irbulk density as shown in Fig. 2.

the indentation load beyond 588 N, (in order to obtain

an¢/aratio valid for Niihara’s equation), frequently re-

sulted in surface spalling around the indent which made&.5. Microstructural evolution

the determination oK. impossible. Typical microstructures of the undoped and CuO-doped
Vicker's hardness as a function of sintering temper-samples, sintered at 1300 and 15@)shown in Fig. 7,
ature is shown in Fig. 6. exhibited equiaxed small tetragonal grains with small

The additions of CuO up to 0.2 wt % exhibited higher amounts of larger cubic grains, which were more no-
hardness than the undoped ceramic throughout the siticeable for the higher sintering temperatures. One ef-
tering regime employed. Typical values measured fofect of CuO doping was to minimise the amount of cubic
the CuO-doped samples varied from 10.5 to 12.8 GP@hase and reduce the average grain size of the sintered

14

= 10%
S
g s+
7 —— 0 W%
E - -a—0.05 W%
< ——0.10 W%
g 4 ——0.20 Wt%
—0—0.50 wt%
) —— 1 wt%
2 -,
0 : : : :
1250 1300 1350 1400 1450 1500

Sintering Temperature (°C)

Figure 6 The effects of sintering temperature on the Vicker’s hardness of undoped and CuO-doped Y-TZPs.
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(1300°C sintering) (1500°C sintering)

(c) 1 wt% CuO additions ®) B
1 pm

Figure 7 Microstructural evolution of undoped and CuO-doped 2.5Y-TZP ceramics sintered a&t@3@@ 1500C respectively.

body as compared '[9 th_e undoped Y-TZP [5]. In 9€N-TABLE Il Comparison of the mean grain sizgsnf) of undoped
eral the average grain sizes for the doped material upnd cuo-doped Y-TzPs
to 0.5 wt% at a particular sintering temperature were

- : P . : : intering Undoped 0.05-0.5 wt% 1 wt% CuO

\?\;gquéa(;gsngr\l/ne(ge?;glselﬂ ISIZe with sintering temperaturéemperature"((?) 2.5Y-TZP  CuO additions  additions
However, large amounts of CuO additions (1 wt %) 1300 0.16 0.13-0.2 Porous structure

especially at low sintering temperature:1300°C) 1350 0.24 0.16-0.25 Porous structure

resulted in the development of a porous structure whic}ﬁgg g-gi 8-28‘8-22 g-gg

in part explains the low bulk density of this material, : e '

. " ) L 0.74 0.52-0.60 0.76
Fig 7c. In addition, occasionally rounded individual
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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 sinteretiGjt 1350

large pores were noticed on the surfaces of CuO-dope ~ 1250 4—————t L1 Lot 55
samples £0.5 wt %) for sintering above 130C (see 1 Y05+ ©
Fig. 8) which indicates the presence of a liquid phase ;200 J

during sintering. ]

Seidensticker and Mayo [23] suggested that pressur_ 20295 8 cuos + s
build-up within closed pores would occur as a result ofg, h \ Cuy0 + @) [ 1134eC
the decomposition of CuO to GO and oxygen, with g 1 1110°C _ - i
the latter being evolved during sintering. These author§ % NN I e
noticed that a sudden large weight loss took place ag 1 77 T hcuosranol
1300°C due to the evolution of half the oxygen from = 1050 - S % -
the decomposed CuO and the release of pressure buil 1 vor s vaono > = © 1026°C
up resulted in the formation of open pores. Zhangl. weo 2 T ¥5Cuy05 + CuO
[24] also noted that a weight loss caused by the reactio ] 7 r 9rc
of CuO to CyO increased with CuO content. 050 1 . Yf‘“‘l"f M os0

This development of spheroidal pores, Fig. 8, fre- o 20w o s 100
quently observed for samples containing CuO addi- % (Y,0,) CuO Content (mol%) Cu0

tions and the porous structure, Fig. 7c, exhibited by the

1 wt% CuO addition Y-TZP a&1300°C, support the Figure 9 Pseudo-binary phase diagram of thgOg-CuO system in air.
observations of Seidensticker and Mayo about a liquidafter Gadalla and Kongkachuichay [26]).

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-Y ,03-CuO-CyO system respectively. Zhangt al.
perature was increased above 130@nd a more dense [24] and Gadallzet al. [26] have reported the forma-
structure formed as shown in Fig. 7c and f. Althoughtion of Y,Cuw,Os compound as a result of the reaction
some grain growth had occurred in the 1 wt% CuO-between %Oz and CuO but are in disagreement re-
doped sample for the 150Q sintering, the average garding the temperature at which this occurred. Nev-
grain size of 0.7¢.m was well below the critical grain ertheless, both sets of authors agree that above the
size for high tetragonal phase retention for Y-TZP ce-eutectic point, the ¥Cu,Os compound will melt to
ramics as shown in earlier research [5]. form Y,03 and Cu-rich liquid. Besides the existence

Therefore because of the large amount of monocliniof Y,CwOs compound, Gadallat al. found that an
phase present in the structure accompanied by macriatermediate phase with the compositiopC(,Os co-
cracking, it is postulated that the high concentration ofexists between 990-1108 and they constructed the
CuOwould have lead to destabilisation of the tetragonapseudo-binary phase diagram of theO§-CuO in air
phase through a mechanism involving dissolution ofas shown in Fig. 9. This intermediate phase will also
yttria from the grains into a CuO-based grain boundarydissociate to form ¥O3 and liquid when heated above
liquid. 1110°C as shown schematically in Fig. 9.

It has been reported previously that CuO dissoci- Assuming in the present work that any one of these
ates either at 1026C [24, 25] or 1032C [23] to form  reactions occurred during the sintering of CuO-doped
oxygen and C¢O which then melts at between 1134— Y-TZP, then Fig. 9 indicates that as the sintering tem-
1144°C [26]. However, prior to the G melting a  perature increases there would have been moef@;Y
eutectic occurs at 113@ [25] in the CuO-CpO-ZrO,  taken into solution by the Cu-rich liquid. For the lower
system and at 111 [26] or 1120°C [24] in the  CuO samples when the tetragonal phase was retained
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to room temperature any removal of yttria into a grainTZP materials, all sintered at 1300, were studied by
boundary phase would act to enhance the transformaxposure in superheated steam at’ 8 an autoclave
tion toughening and result in the very higly. values  operating at 1 MPa for up to 200 h.
observed in this work. A comparison was also made with undoped co-
However, the role of this liquid phase is not un- precipitated 3 mol % Y-TZP material (TZ-3Y) manu-
equivocally resolved as TEM examination [4, 8] of the factured by the Tosoh Corporation of Japan which was
CuO-doped samples has not revealed significant quarsintered at 1400C. The co-precipitated 3Y-TZP was
tities remaining in grain boundary regions. The rem-chosen for this work instead of 2.5Y-TZP since it has
nant Cu-rich liquid may have been too small to be de-been found in the past that the latter ceramic was more
tected or it may have had a solubility limit allowing susceptible to hydrothermal ageing and failed catas-
diffusion into the zirconia grains. Hartmanoe& al.  trophically in the early stages of exposure [31].
[27] have proposed that CuO can dissolve in zirconia The measured room temperature properties of the
via substitutional doping due to the comparable ionicsintered TZ-3Y samples at the start of this work were
radius of both metal ions, i.€zv) =0.084 nm and asfollows: 100% tetragonal phase content, bulk density
rcuay = 0.073 nm respectively [28]. They also found of 6.07 MgnT3, average grain size of 0.3am, K¢ of
that the grain size of the CuO-doped YSZ was large5.1 MPant/? and H, of 13.9 GPa respectively. The
than for the undoped ceramic. This solid solution be-coated and doped 2.5Y-TZP materials were of similar
haviour may be more prevalent for the higher sinteringdensity to the Tosoh specimens but had lower grain
temperatures. Further examination would be requiredgizes, 0.16—0.20m.
to elucidate this phenomenon. The development of monoclinic phase with time in
The additions of small amounts (0.3—1.0 mol %) of these zirconias when exposed to high pressure steam at
copper oxide to these ceramics were reported by som&80°C is shown in Fig. 10. Both of the undoped sam-
researchers to greatly enhance superplastic behavioptes (coated 2.5Y-TZP and TZ-3Y) exhibited inferior
[9, 29, 30]. Hwanget al.[29] have shown clear evidence resistance to ageing when compared to the lower CuO-
of the presence of a Cu-rich grain boundary layet{ doped materials and the ageing-induced tetragonal to
2 nm thick) to which they attributed the improved su- monoclinic phase transformation proceeded at differ-
perplastic deformation at temperatures200°C. This  ent rates. TZ-3Y ceramics degraded almost immedi-
amorphous phase apparently melts-a4tL30°C which  ately when exposed to water and attained a monoclinic
is in good agreement with temperatures found by othesaturation level 0f~89% within 9 h before breaking
researchers [23]. into pieces after ageing for 24 h. In contrast, the un-
Based on the present observations and evidence prdoped coated 2.5Y-TZP ceramic was more resistant to
vided in the literature, it is proposed that a liquid degradation than the TZ-3Y and exhibited slower age-
phase is present during sintering of the CuO-dopedng kinetics, acquiring a monoclinic saturation level of
Y-TZP ceramics. The following sintering model is ten- ~80% after 100 h of exposure and surviving throughout
tatively proposed as one of mechanisms for the preseithe test.
CuO-doped coated 2.5Y-TZP powders: On heating to The better ageing resistance of coated Y-TZP is at-
>1100°C, CuO will dissociate and form a molten tributed to the inhomogeneous yttria distribution in the
cuprous oxide, GO based liquid phase at grain bound- ZrO, grains. The enrichment of stabiliser at the rim
aries and the amount present is dependent on the Cu@ the grain would have overstabilised these regions
content in the powder. This GO liquid will dissolve  creating stable tetragonal (or cubic) shells surrounding
Y ;03 to form either %.Cw,Os or Y,CwOs. For higher  metastable grain cores. During ageing monoclinic nu-
dopant levels, greater amounts of Qurich liquid will cleation would have initiated in the central regions of
be formed during sintering, resulting in more yttria be- surface grains due to their low yttria content. Once ini-
ing taken into solution. Therefore in the present worktiated, further ageing would allow the growth of these
for the 1 wt% CuO additions, the amount of yttria monoclinic nuclei until the core regions were almost
remaining in the zirconia structure would have beencompletely transformed. The shell of agrain being more
reduced below the minimum limit for stabilisation to stable (with a higher yttria content) would have required
occur and on cooling after sintering, the tetragonal tdonger exposure times to water attack before it started to
monoclinic phase transformation would proceed. transform. The fact that the coated Y-TZP ceramics still
Small amounts of CuO (i.e. below0.2 wt%) form  remained intact even after autoclaving for up to 200 h
a liquid phase which can act as a conduit allowing yt-while TZ-3Y degraded quickly, supports this view. It
tria re-distribution. Dissolution into the Cu-rich liquid should be noted that although coated Y-TZP powder
will facilitate the re-distribution by diffusion of ¥+ possessed better ageing resistance than co-precipitated
into the zirconia grains resulting in the stabilisation of powders, the initiation of monoclinic nuclei resulting
tetragonal phase in the Zg@rains being achieved at from hydroxyl attack was not totally prevented.
low sintering temperatures<(300°C). In this way an For the CuO doped materials, the best ageing re-
yttria gradient across grains is established giving easgistance was exhibited by the 0.05 wt % addition sam-
stress-induced phase transformation, hence accountimges (exhibiting<40% monoclinic content after 200 h).

for the high toughness of this material. The 0.1 wt % CuO dopant sample exhibited reasonably
good resistance in the early stages of exposu® ()
3.6. Hydrothermal ageing if compared to the undoped Y-TZPs (see Fig. 10). Al-

The phase stabilities of the undoped coated 2.5Y-TZRhough the 0.2 wt% CuO addition sample exhibited
(0wt %) and CuO-doped (up to 0.2 wt %) coated 2.5Y-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 180C and 1 MPa pressure.

Y-TZP ceramic during the first 24 h of exposure, both17 to 29 MPar/2. The enhanced transformability of
the samples attained monoclinic saturation levels athe tetragonal grains as a result of small amounts of yt-
aboutthe sametime, i.e. after 50 h. The final monoclinigria dissolution into the Cu-rich liquid during sintering
contents attained in the undoped, 0.1 and 0.2wt % CuGs in part responsible for the high fracture toughness of
doped samples after 200 h of exposure were almost thgis material. Although no other methods were used to
same, i.e~~80-82%. confirm the fracture toughness of the lower CuO-doped
The benefits of CuO dopants in suppressing theamples, the results reported in this work provide a good
ageing-induced phase transformation in other environindication of one of the beneficial effects of CuO addi-
ments have been revealed and these results are prgons to coated 2.5 mol % Y-TZP powders.
sented elsewhere [8, 32, 33]. (5) The hardnesses of the CuO-doped samples con-
The role of the CuO dopant in retarding the ageingtaining <0.5 wt % are generally higher than for the un-
kinetics of Y-TZP ceramics is still debatable but is in doped ceramics for all sintering temperatures. In gen-
part attributed to the small grain size of the sinterederal, the increase in hardness can be attributed to the
material resulting from low temperature sintering andincrease in bulk density of the sintered body.
grain boundary modification. The presence of CuO at (6) A sintering mechanism involving a liquid phase
grain boundaries has been found to be beneficial imesulting from the reaction between CuO angO¥
retarding the propagation of monoclinic nuclei [8] and forming a liquid at the sintering temperature has been
this will be reported in a subsequent paper. proposed for the CuO-doped coated Y-TZP system.
Although a considerable effort has been directed toThis model is consistent with the phenomenological
wards resolving the ageing phenomenon of Y-TZP cegbservations of sintering behaviour in terms of densifi-
ramics, no consensus has been reached regarding thgtion, mechanical properties and microstructural evo-
ageing mechanism which is still the subject of debateytion.
(7) The addition of CuO as dopant in coated Y-TZP
4. Conclusions ceramics can have two extremes: Low additions of CuO
(1) The incorporation of copper oxide can eitherare beneficial in aiding densification for low temper-
be beneficial or detrimental to the sintering of coatedature sintering and to develop a tough material. High
2.5 mol % Y-TZP depending on the dopant level. additions of CuO are detrimental to the sintered proper-
(2) Additions of up to 0.2 wt% CuO are beneficial ties mainly due to greater amounts of yttria dissolution
in achieving high levels of densificatios-6 Mgm~3), resulting in destabilisation of the tetragonal phase.
high tetragonal phase retentiond5%) and smallgrain ~ (8) Low temperature degradation associated with
sizes £0.25,m) at sintering temperatures lower than ageing-induced tetragonal-monoclinic phase transfor-
those required for the undoped Y-TZP. mation of Y-TZP ceramics can be suppressed with low
(3) An optimum CuO dopant addition ef0.5wt%  additions of CuO attributable in part to the small grain
exists above which there can be detrimental effects fogize developed in the sintered body resulting from low
Y-TZP ceramics, with low bulk densities and high mon- temperature sintering and grain boundary modification
oclinic phase content. via the presence of CuO dopant.
(4) The measure® . for the CuO-doped samples
containing less than 0.2 wt % using a conventional in-Acknowledgements
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