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Effect of CuO additives on the reversibility
of zirconia crystalline phase transitions

L. LEMAIRE, S. M. SCHOLZ, P. BOWEN, J. DUTTA, H. HOFMEISTER*,
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Powder Technology Laboratory, Swiss Federal Institute of Technology, CH 1015 Lausanne,
Switzerland

We have studied the influence of the differents atmospheres on the sintering of
CuO-doped-zirconia ceramics. After an annealing treatment in a reducing atmosphere, we
have found nanoparticles of metallic copper in triple points and in the grains of the sintered
zirconia. Furthermore, the influence of the intergranular Y,Cu,Og phase on the tetragonal to
monoclinic phase transition and the crystalline structure of zirconia is discussed with
respect to results obtained from X-ray diffraction, differential thermal analysis, Raman
spectroscopy and High Resolution Transmission Electron Microscopy. © 1999 Kluwer
Academic Publishers

1. Introduction reach the CuO solubility limit. It has also been reported
Zirconia and ZrQ containing materials find a wide in a study on the chemical analysis of sintered zirconia
range of applications in foundry refractories, ceramicsmicrostructures by XPS [10], that copper is present as
abrasives and paint pigments. Tough, wear resistanGu™™ in the grain-boundary glassy phase.

zirconia has been developed for applications such as In order to understand the role and whereabouts of
extrusion dies, piston caps, and machinery wear part€u in zirconia ceramics, we have studied both the sin-
amongst others [1]. Due to their excellent mechanitering additive system looked at the effects on the sin-
cal properties [2, 3] and high sinterability, yttria-doped tering of zirconia ceramics themselves. The character-
tetragonal zirconia polycrystalline materials are oftenization of the intergranular phases in zirconia ceramics
preferred in structural applications. Zr@ndergoes at is rendered difficult because of the low fraction and fine
least three crystallographic modifications upon cool-structure &3 nm); therefore in order to study effects
ing from a melt. At 2680C it is a cubic phase which of copper additions to the sintering additive mixture
crystallizes from the melt and transforms to a tetrago-Y 203, SiO,, Al,O3 work was initially carried out in
nal phase at 2300C which in turn transforms to the this system alone. After a heat treatment, the mixture
monoclinic form between 950 and 115Q [4]. The of oxides Y,O3, Si0,, Al,03 and CuO is transformed
insertion of Y,03, CaO, MgO or CgOs into the crys-  in a glassy phase.

tal structure is known to stabilize the high temperature Here we report on the effect of annealing of the sinter-
phases of zirconia even at low temperatures [5]. Théng additive (Y203, Si0O,, Al;03 and CuO) and CuO-
addition of a mixture of oxides to zirconia, which are doped-zirconia pellets in both oxidizing (air) and re-
transformed into a glassy phase after the heat treatmerdpcing (N/Hz) atmospheres. We discuss in detail the
further enhances densification of zirconia by wettingchanges in the valency of the copper ion upon vary-
the grains and by increasing the grain-boundary diffuing the annealing atmosphere. From the experimental
sion. Transmission Electron Microscopy (TEM) studiesresults we will discuss the question of the location of
[6, 7] of a zirconia microstructure show that the glassycopper in the zirconia ceramics and the influence of
phase is located in grain-boundaries and triple pointsthe copper containing crystalline phases present in the
the higher the amount of glassy phase in the mixturegrain boundaries and the triple points.

the larger are the triple points, while the thickness of the

grain-boundaries are relatively constant{1 (hm) <

3). The presence of copper oxide in the intergranula2. Experimental procedure

glassy phase also changes the crystalline structure dhe mixture of zirconia stabilized with 3 mol % of
zirconia. It has been proposed that zirconia reacts witty ;03 (TZ-3YS, Tosoh Co, Japan) with the sinter-
CuO to form a low melting point eutectic phase alonging additive (Y03, Al,O3, Si0,, CuO) was attrition
the grain boundaries which increases the overall formmilled in an alumina jar with zirconia milling media
ing rate of 3Y-TZP [8]. However Seidensticket al ~ in ethanol for half an hour. The percentage of sintering
[9] showed that the CuO reacts with theQ3 to form  additive mixed with zirconia is fixed at 1 wt % while

Y 2Cw,Os after the composition in the grain boundariesthe percentage of CuO was varied, 0; 0.1; 0.18; 0.25
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and 0.45 wt% of TZ-3YS. The milled slurries were [ T T '
dried and uniaxially cold pressed. Dilatometric mea- |
surements (Setaram 2050) were carried out on eact|
composition at 1500C for 1 h in air. Anannealing
treatment under MH, (92/8) atmosphere was made on
all the sintered samples. -
The phase identification and the measurement of the[
lattice parameters were determined by X-ray diffrac-

tion (Kristalloflex 805, Siemens) and by Raman spec- [ ]’;‘ lr(‘)’f % CuO
troscopy (Dilor XY 800). The determination of phase c 183:‘72 cﬂo
transformations of the glassy phase doped with cop- [ D 25wi% CuO

per were made by differential thermal analysis (Se-
taram 2050). Microstructures were characterized by - L L
SEM (Cambridge Instruments, S360) and by TEM O 500 1000 1500
(JEM 100 C). Chemical composition analysis of the mi- Température (°C)

crostructure were characterized by XPS (Perkin ElmerFi ure 2 Thermal analvsis of the alassy phase $i0>0x-Y »O- doped
PHI 5500) and HRTEM (JEM 4000 EX). For the XPS Wi?h various amounts (})/f CuO (0,910, 1>épand 25§Wt2‘%))3. Zaeep
studies, both polished surfaces and fractured surfaces

of samples with a high dopant concentration (0.9 wt %

CuO) were prepared in order to be above the detectioﬂlass’ where distinct regions related to a vitreous tran-
limit of the apparatus for copper sition Ty, a crystallization and melting can be observed.

Differential thermal analysis (DTA) studies were car- For phases doped with 18 wt% CuO or higher, we ob-
ried out exclusively with the glassy phase i.e. $iO serve several pe'aks related to the crystalhzatlpn and
Al,03-Y,0s, with varying concentrations of CuO meltlng_, suggesting the presence of _several different
dopant under similar conditions utilized for the prepara-C'YStalline phases. They are still evolving even after 4
tion of CuO-doped-zirconia ceramic samples’fbdin cycles indicating neither a steady (equnlbrlum) state
until 1500°C (1h) and 10°C/min until 20°C] in or-  ©" glassy phase composition has been achieved. As

der to study the influence of CuO on the intergranulallh? Cu? concegtrzlation increases, the pfeakslsthif(t) sig-
vitreous phase in zirconia ceramics. The concentratioff icantly towards lower temperatures (from 1250 to
of CuO in the glassy phase was chosen such so as S0 C_ for the crystalllzat!on) as shown n .F'g' 2.
keep the proportion of copper as used for the sinterin -rallyhdlffractlon of :{h‘gseéilfferents compositions re-
additive mixture. Thermal analysis were also made or/¢2 the presence ol L,05.

the results obtained from the doped samples. ne” )

P P pared with different CuO (0, 0.1, 0.18, 0.25, 0.45 wt %)

concentrations (Fig. 3). As shown in Fig. 3, no sub-
3. Results and discussion stantial change in the lattice parameters were observed.
3'1 Location of CuO in sintered zirconia XPS analysis was carried out on a fractured copper
Formation of the glassy phase from the oxide mixtureox'd(.:" QOped Zirconia samplg. Supposmg that the frac-
does not take place in the initial thermal cycle but seylurels mtergranular_, we studied the mtergranularglassy
eral thermal treatments need to be carried out befor hase. The analy3|s_ reveals_ the presence of copper in
1e glassy phase (Fig. 4). Similar measurements on a

the characteristic peaks of the glassy phase can be ob-. ; . i
served in the DTAp curve (Fig gl) .thz shape of thepollshed ceramic sample (CuO-doped-zirconia) does
g not reveal the presence of any copper.

curves are very similar to a typical DTA curve for a ) N
ur very simi yp! urv The constant lattice parameters with different dopant
concentrations and the XPS results, suggest that copper
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Figure 1 Cyclic thermal analysis of the glassy phase S&b,03-Y 203 Figure 3 Lattice parameters of zirconia doped with differents amount
doped with 25 wt % CuO. of CuO (0.1, 0,18, 0.25 and 0.45 wt %).
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L L the grain boundaries as well as in the grains. We assume
0 that ZrG is not dissolved in the triple points or grain
B boundaries after the sintering. The only thermodynam-
- ically stable phase of O3 and CuO in air at ambient
- temperature is ¥Cw,Os [13]. Since a certain amount of
7 Y 203 is necessary for reaction with all the CuO avail-
- Zr Cu ey able in the ceramic, this yttria may be obtained from the
I vitreous phase in the triple points. Thus, when the CuO
B C dopant concentration is greater thagO§ (concentra-
tion needed for the XCu,Os formation in the glassy
| Y { phase), the deficiency in the yttria is fulfilled by the mi-
M gration of Y,O3 from the zirconia grains. If the amount
of Y,03 lost from the grains to react with the CuO is
L sufficiently high there may no longer be enougsO¢§
0 200 400 600 800 1000 to stabilize the tetra_gonal phase and monoclinic grains
can appear on cooling.
Binding Energy (ev) TEM was carried out on a sample with 0.45 wt%
CuO doped zirconia ceramic. The contrast features in
Figure 4 XPS dataanalysis of a fractured 0.9 wt % CuO-doped-zirconia.the grains are due to strain arising from the thermal
treatment and inhomogenities in localized chemical
T v T T compositions within the grains (Fig. 6a). The marten-
T sitic transformation 7> M of CuO-doped-zirconia is
indicated in the micrograph (Fig. 6b) characterized by
the presence of typical twins that arise from the shear-
ing displacement of zirconium ions during the phase
transformation. Irrespective of the amount of vitreous
phase of additives in the CuO-doped-zirconia ceramics,
the thickness of the grain boundary region remains un-

(b) changed (2 to 3 nm) while the triple points increase in
M | M size with increasing vitreous phase content. A typical
triple point is shown in Fig. 6c.

J (a) 3.2. Effects of annealing in a reducing
- atmosphere
; ! 1 A cyclic thermal analysis of the glassy phase SiO
28 30 32 Al 2C_)3—Y20_3 doped with 25 wt % CuO has been cgrried
out in forming gas atmosphere at 1200 for 30 min.
20 The annealing conditions were chosen similar to the
Figure 5 X-ray diffraction of sintered CuO-doped-zirconia showing the COI’]QItIOﬂS used for annealed.CuO-doped-zwcoma ce-
transformation from (a) tetragonal to some (b) monoclinic + tetragonall&@MIC samples. Upon successive heattreatment, the typ-
form with higher dopant content. ical peaks {, crystallization and melting) all shift to-
wards higher temperature until it is comparable to the
spectra of an undoped Si\l,03-Y,03 glassy phase
is not dissolved in the zirconia grains but is present(the reference sample) (Fig. 7). XPS and XRD analysis
in the grain boundary region and reacts with theof the annealed glassy phase i€l ,03-Y 03 doped
grain boundary glassy phase consisting of SAD,O3-  with 25 wt% CuO reveals the presence of metallic
Y ,03. X-ray diffraction measurements of sintered zir- copper.
conia doped with different amounts of CuO show that Sintered CuO-doped-zirconia were annealed in a
for a small amount of copper oxide:0.3 wt %), only  reducing atmosphere (forming gas) at 120D for
the tetragonal (T) phase is observed, while for a higheBO min. These samples and an undoped sintered zirco-
amount of dopants, a small amount of the monoclinicnia ceramic (in air at 1500C for 1 h) that serves as a
form (M) can also be observed (Fig. 5). Chaghal. reference, were characterized by Raman spectroscopy.
[11] have argued that yttria migrates from grains intoBecause of reasons cited in the above discussion,
grain-boundaries by various diffusion processes dur.45 wt% CuO doped zirconia sintered at 1380for
ing sintering. The grains which are deficient in yttria 1 h in air and the same sample subsequently annealed
transform into the monoclinic phase, while the yttriaat 1200°C for 30 min in N/H, were chosen for this
rich grains become cubic. The same conclusion wastudy to localize CuO in the ceramic microstructure.
reached by Nauer [12] while studying the role of impu- As expected the Raman spectra of undoped zirconia
rities on the migration of yttria in grain boundaries of is typical for a crystalline tetragonal phase (Fig. 8) as
zirconia during sintering. In the present study, the cop-as also been observed in the X-ray diffraction spectra
per dopant may influence the concentration of yttria inin the preceding section. The sintered CuO-doped-
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(b)

Figure 6 Transmission Electron Micrographs of CuO-doped-zirconia. (a) Typical microstructure. (b) Twins in a grain due to the typical martensitic
transformation > M. (c) Typical triple point in a zirconia doped with 0.45 wt % CuO.
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Figure 6 (Continued.
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Figure 7 Cyclic thermal analysis of the glassy phase $&),03-Y 203
doped with 25 wt % CuO in a reducing atmosphere £&éfwt % CuO).
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Figure 8 Typical Raman spectra of a sintered undoped 3Y-TZP (refer-
ence).
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Figure 9 Typical Raman spectra of a sintered CuO-doped-zirconia.

200 300 400 500 600
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Figure 10 Typical Raman spectra of CuO-doped-zirconia annealed in a
reducing atmosphere showing interesting features attributed to metallic
copper.

nia matrix. The characteristic feature of CuO in Ra-
man spectra~220 cnt?) is however masked by the
strong broad peak from the tetragonal phase of zirco-
nia which is centered around 265 thi The annealed
CuO-doped-zirconia shows similar spectra as we ob-
serve for the undoped sample with some additional in-
teresting features observed at 160, 270 and 520'cm
attributed to metallic copper (Fig. 10). The fact that no
monoclinic phase is detected after annealing of these
CuO doped samples is interesting.

Transmission Electron Microscopy was carried out
on an annealed CuO-doped-zirconia with 0.45 wt%
CuO. The only observable difference between the mi-
crostructure of sintered CuO-doped-zirconia before and
after annealing treatments is the presence of spherical
particles, with a typical size of a few nanometers in the
grain boundaries and in the grains (Fig. 11). HRTEM
and chemical analysis of these nanoparticles would be
able to throw more light on the nature of these nanopar-
ticles, which in all probability are metallic copper as
suggested from the Raman data. Also in the annealing
of the glassy phase metallic copper was produced. The
formation of metallic nanoparticles in a glassy phase
during a heat treatment in a reducing atmosphere is
well known. Numerous studies have been carried out
on metal inclusions in glass especially for non linear
optical applications [14]. During this annealing treat-
ment, which is often carried out in presence of a reduc-
ing agent and/or in a reducing atmosphere, the metal-
lic ions migrate and precipitate as metallic clusters or
nanoparticles [15, 16]. The metallic nanoparticles in
the zirconia grains are due to the migration of grain
boundaries during the annealing treatment. Intergranu-
lar particles become intragranular.

In the present case, during the annealing treatment,

zirconia shows tetragonal phases as well as some peaktse dissociation of YCu,Os in the grain boundaries and

characteristic of monoclinic zirconia (Fig. 9), which

in the triple points may lead to the formation of ionic

are in excellent agreement with the results obtainedopperwhich could then agglomerate into clusters lead-

from the X-ray diffraction. However, CuO cannot be

ing to the formation of metallic copper nanoparticles.

observed in the X-ray diffraction spectra. Since RamarThis would lead to an excess of yttriain the grain bound-
spectroscopy is more sensitive to the vibrational modesaries resulting in the migration of yttria into the zirco-
we had hoped to observe traces of CuO in the zirconia grains. Upon reaching a critical concentrations, this
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(b)

Figure 11 Transmission Electron Micrograph of CuO-doped-zirconia annealed in a reducing atmosphere. (a) Typical microstructure of zirconia doped
with 0.45 wt % CuO showing the presence of particles in the grain boundaries and in the triple point. (b) Detail of a zirconia grain showing the inclusion
of spherical particles. (c) Detail of a triple point with the presence of a spherical particle.
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Figure 11 (Continued.

©

would influence the monoclinic to tetragonal transition CuO influences the transformation of the zirconia from
and would explain the disappearance of the monoclinithe tetragonal to the monoclinic form. From observa-
features in the Raman spectra after the annealing treations made with the model system $i@I1,03-Y 203
ment. and CuO, we propose that it is the formation of the
phase ¥Cuw,Os in the grain boundaries and the triple
points which is responsible for the change of crystalline
4. Conclusion structure by depleting the;03 concentration in certain
DTA analysis of the sintering additives Si@l,03-  grains.
Y03 and CuO have shown that during the heat treat- During annealing in a reducing atmosphere a re-
ment in air, the sintering additive transforms into com-verse process occurs. Dissociation 6CY,LO0s allows
plex glassy phases, and crystallineCt,Os is ob-  the migration of %Oj3 in grain boundaries toward the
served on cooling. We have studied the influence ofirconia grains. Then, the concentration ofO4 in-
the percentage of CuO on Si@\l,03-Y,03 during  creases in the zirconia grains and the monoclinic phase
the heat treatment in air. With increasing CuO con-is no longer observed on cooling. The dissociation
centrations, the typical DTA peak$y crystallization, of Y>Cw,Os in the studies on the glassy phase alone
melting) of the sintering additive shift towards lower leads to the formation of metallic copper nanoparticles.
temperatures. During an annealing treatment in a reFor the CuO-doped-zirconia ceramics, Raman spec-
ducing atmosphere, the dissociation of the complexroscopy indicates that metallic copper is formed and
glassy phases, especiallgQu,Os, occur and the typ- TEM micrographs show that small spherical nanopar-
ical DTA peaks of the sintering additive shift towards ticles are present in the triple point and in the zirco-
higher temperature until they are comparable to thosaia grains. HRTEM and chemical analysis of these
of an undoped Si@AI,03-Y 03 glassy phase (the ref- nanoparticles would be able to confirm the nature of
erence sample) (Fig. 11). XPS and XRD analysis ofthese nanoparticles, which in all probability are metal-
the annealed sintering additive reveal the presence dic copper.
metallic copper embedded in a glassy phase matrix.
XPS analysis on sintered CuO-doped-zirconia shows
that copper is not dissolved in the zirconia grains but isAcknowledgement
present in the grain boundary region and reacts with th&V/e are grateful to J. Castano and M. Fuchs for the
grain boundary glassy phase consisting of SKD0,O3-  SEM analysis, P. Moeckli for the X-ray analysis and
Y 203. XRD analysis on CuO-doped-zirconia with vari- N. Xanthopoulos for XPS analysis. This work has been
ous percentages of CuO reveal that the concentration glupported by the PPM project 3.1B.
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