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Byla provedena srovnavaci studie nékolika materidli na bazi dioxidu zirkonu: (i)
unopradky tii polymorfnich forem dioxidu zirkonu kompaktizovanych pod vysokym tlakem —

_!_'denf;ch nanopradkl ZrO, stabilizovaného Y,O; a (iii) monokrystaly tetragonalni a kubické
'_rmy Z1r0,+Y,05. Jako zakladni experimentalni technika byla pouzita spektrometrie dob Zivota
zitront s vysokym rozliSenim. Pozitronové doby Zivota zméfené pro nanoprasky ukazaly, Ze
i€ nejkrat3i komponenty spektra, = 180 and = 370 ps, naleZeji anihilacim pozitront v defektech
ociovanych s hranicemi zrn, nejpravdépodobnéji po fadé defektim vakanéniho typu a
risecikm hranic zrn. Na druhé strané pozitronova spektra zmérena pro keramické vzorky jsou
pie podobna spektriim ziskanym pro monokrystaly, ¢imZ je dan dalsi argument pro uvedenou
':_rpr,etaci vysledkil na nanopraskovych vzorcich. Obecné viak dominuje zachyt pozitrond i pro
leamické a monokrystalické vzorky na bazi dioxidu zirkonu. S cilem osvétlit povahu moznych
enter zachytu pozitront byly provdeny 1 teoretickeé vypoéty dob Zivota se zahrnutim relaxaci
mﬁ v okoli defektu. Ty ukazaly, ze vhodnym kandidatem miize byt komplex kyslikova
ikance—yttrium. Ziskané vysledky rovnéz naznacuji, Ze udaje o dvou nejkratSich
lomponentach spektra dob Zivota pozitronii mohou byt uzite¢né i pro charakterizaci procesu

pekani a pfinést novou informaci o evoluci hranic zrn béhem spékani.
i
I

ibstract

A comparative study of several zirconia-based materials is reported: (i) the pressure-
wmpacted nanopowders of the three zirconia polymorphs — pure ZrO, (monoclinic), ytiria-
dbilized ZrO,+3 mol.% Y,0; (tetragonal) and yttria-stabilized ZrO,+8 mol.% Y,0; (cubic),
i) the ceramic materials obtained by sintering of the above two yttria-stabilized zirconia (YSZ)
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nanopowders and (iii) the tetragonal and cubic YSZ monoctystals. The high-resolution positrop
lifetime spectroscopy is employed as a principal experimental technique. Positron lifetime
observed on the nanopowders suggest that the two shortest components, exhibiting lifetime:
~ 180 and = 370 ps, arise from the annihilation of positrons trapped in defects associated
grain boundaries, presumably the vacancy-like defects and tripple points, respectively. On
other hand, the positron lifetime spectra observed on the ceramic materials resemble those fo
for the corresponding monocrystals, giving thus an additional support to the above interpreta
of the nanopowders results. Generally, it is argued that positron trapping dominates also in
sintered and monocrystalline zirconia-based specimens. Theoretical calculations of posi
lifetimes including atomic relaxation were performed with the aim to elucidate which defed
configuration may be responsible for trapping of positrons. The oxygen vacancy—yttium
complex seems to be a likely candidate. Present results also suggests that the positron lifef
data on the two shortest components can be useful in characterization of the sintering proces
and bring a new information about grain boundary evolution during sintering. '

Keywords: Yttria-stabilized zirconia, nanopowders, sintered ceramics, positron lifetime

1. Introduction :

Tetravalent zirconium oxide (ZrO; , zirconia) is the base ingredient of a variety of
materials designated for industrial applications: refractory ceramics, solid oxide fuel ce
oxygen sensors, abrasive and grinding media, etc. Zirconia may crystallize in the three differes
forms: monoclinic, tetragonal and cubic [1]. Pure ZrO, (melting point of =2700 °C)
monoclinic at room temperature. However it undergoes phase transition to the more d
tetragonal structure at =1100 °C. Such a transition limits high-temperature applications of
zirconia because of volume shrinkage and cracks are introduced. This is why aph
stabilization of zirconia-based materials intended for use at higher temperatures is stro
desired. A formation of a solid solution of zirconia with a certain amount of trivalent yttr
oxide (Y,0; , yttriz) is a way how to improve phase stability of these materials. Such a proe
gives rise to yttria-stabilized zirconia (YSZ) materials. When =8 mol.% of yitria is adde
ZrO, , the cubic structure of the resulting solid solution is obtained which exhibits no pi
change up to =2500 °C. Such an YSZ system exhibits, moreover, some improved featur
a high oxygen ion conductivity, an increased hardness and a high thermal shock resistivity.li
case of =3 mol.% yttria admixture, the tetragonal phase of the solid solution is formed w
metastable below =1100 °C and a coexistence of a mixture the zirconia polymorphs may oc

The stabilization of zirconia by the yttria addition results in a non-stoichiometry of
YSZ systems. As a consequence, a substantial amount of defects is introduced into the la
(mainly oxygen vacancies, vacancy—impurity complexes). These defects may in turn infl
properties of YSZ's. It is not surprising, therefore, that non-stoichiometry-induced defeets %
addressed in many experimental and theoretical investigations of YSZ’s.

The zirconia-based materials made of nanoparticle composites represents a modi
trend of development, since exhibit improved features compared to the materials of ordi
coarse-grained origin. In this case, further small-sized open-volume structures (of 1 to 100
size) can be introduced into the material and deserve detailed investigations, too: (i) de
associated with grain boundaries (GB’s) — the GB-related vacancy-like defects, the larger opa
volumes at GB intersections, and (ii) intra- and/or intergranular pores. '

Thus YSZ nanomaterials represent systems of rather complicated microstructure wif
a variety of open-volume structures of sizes ranging from 1 to hundreds of nanometers. Man!
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liese features are not satisfactorily understood yet although they apparently influence
entialities of their industrial use. Such a situation is a challenge for positron annihilation
ctroscopy (PAS). :

PAS is an efficient non-destructive tool of microstructure studies [2]. PAS relies upon
observation of annihilation of positron probes with electrons condensed matter. When
getic positrons are implanted into the material studied, they quickly reach thermal
ibrium (typically within 10™"' s in metals), then continue to move through the medium via
antum mechanical diffusion and, eventually, annihilate an environmental electron. The
mihilation event is accompanied by the emission of hard y-quanta which convey useful
rmation. During the diffusion stage, positrons may get trapped in defects, i.e., the initially
m-localized positron wave obtains a strongly localized pattern concentrated in the defect. The
o wide-spread PAS techniques are positron lifetime (PL) measurements and Doppler
oadening of annihilation radiation. The measured PL (the inverse of annihilation rate) reflects
local electron density at the positron annihilation site. Hence, annihilations from different
tron states (delocalized/trapped positrons, different defect sites) lead to a multicomponent
spectrum. According to the lifetime spectrum measured, occurrence of positron trapping can
detected and the defects type and concentrations can be deduced. The PL technique is

arily capable to detect small-sized open-volume defects with a high sensitivity, e.g.,
mnovacancies of a concentration as low as 10°at.” in metals what is difficult or even
ossibie to be done by other observations.

Apart from several PAS investigations on YSZ nanomaterials performed so far [3-6],
fhere is still a lack of a reliable knowledge and unambiguous interpretation of PAS data. The
zason is in the above stated complexity of the microstructure of YSZ nanomaterials probed by
wsitrons as well as in an unsufficient quality of experimental data.

| In the present work, the pressure-compacted YSZ nanopowders, differing in phase,
been investigated by means of high-resolution positron lifetime (PL) spectroscopy.
climinary results obtained on YSZ nanopowders have recently been reported as a Conference
ntribution [7]. The goal this investigation consists in making use from a comparison of
unopowder data with those obtained for similar systems of less complex structure. Therefore,
f-'.-measuremcnts on sintered powders as well as on respective monocrystalline YSZ were
aformed. The PL data observed in these materials are discussed from the point of defects

molved. For this purpose, PL measurements were also supplemented with the theoretical
lations on the respective systems.

xperimental
Specimens

The three zirconia-based nanosize powders were used in the present investigation: (i)
pure ZrO, (monoclinic phase, further referred to as Z0Y), (i1) the ZrO,+3 mol.% Y,0;
agonal, Z3Y) and (iii) the ZrOy+8 mol.% Y,0; (cubic, Z8Y). XRD and TEM
erizations revealed the mean grain size of the starting powders as 23.2, 17.6 and 15.6 nm,
ectively. The powder preparation procedure has been described in details elsewhere [8].
- calcination at 700 °C, powders were pressure-compacted under 250 MPa at room
erature into taplets of 15 mm diameter and =5 mm thickness. The Z3Y and Z8Y ceramic
ens, were obtained by sintering the compacted nanopowders at 1200°C/1 h and
°C/1 h, respectively. The YSZ monocrystals of tetragonal (3 mol.% Y,0;) and cubic
0l.% Y>0;) phase were involved in the present PL study, too.
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2.2 Measurements :

The fast-fast version of a PL spectrometer descubed in Ref. {9] was employed in t_;
present investigation. A positron source contained a 1.3 MBq of a carrier-free #Na,CO; water
solution (1iThemba Labs), dried and sealed between two 4 pm MylarC foils (Dupont). The source
was sandwiched with two pieces of the material studied. Using this source, the PL spectrometer
exhibited the time resolution of 163+168 ps (FWHM) for the 1274 — 511 keV Na coincideuces‘é’
At least 107 counts were accumulated in each PL spectrum at a rate of typically =80 coincidenc
events per second. All the PL measurements were performed in air at room temperature.

accumulatcd PL spectra were decomposed into the dlsmete components by means of \

a well-annealed a-iron S[I)L.C.ll'llﬂll.

3. Results and discussion

Resulting PL’s and relative intensities of the individual components (z; , /; , i=1,. ,"
were summarized in Table 1. Not shown in the Table arc the source+foils and para-positroniunl
(pPs) components. Besides pPs, up to four components belonging to positron annihilations in the
studied samples could be resolved in the measured PL spectra. The pPs component (7,p fixe
0.125 ns) was assumed to contribute by one third of the total ortho-positronium (oPs) intensitf
observed. - i

Table 1 Positron lifetime results on zirconia-based materials studied in the present work (positron lifetimes g3
intensities £, ¥ =100 %—{,ps). The ervors (standard deviations) are shown in parentheses in the units of thel £

LA

significant digit. Samples are abbreviated in the I* column in the same manner as in the text.

Sample 7 [ns] I [%] 7 [ns] (%) | wns) 15 [%] nns] | LR
powd. ZOY | 0.1892) | 451) | 03734) | 4401) | 2001 1.54(5) 342) | 740
powd. Z3Y 0.184(3) | 3501) | 03833) | s50) | 2.10) 0.96(5) 342) | 6400
powd. Z8Y 0.184@) | 2091) | 03713) | ol | 2.002) 0.99(6) 322) | 6@

sint. Z3Y 0.157¢5) | 4709 | 021965) | 5309) 1

sint Z8Y 0.180(1) 100
mono. Z3Y 0.168(1) 85(2) 0.26(1) 15(3)
mono. Z9Y 0.175(1) 100

There were two different interpretations of the two shortest lifetime components,
and 1, , reported for the nanopowder samples in the earlier literature [4-6]. While Wang et al.
suggested the shorter components to arise mainly from the annihilation of positrons i
nanograins, authors [5,6] related these components to the GB’s rather than to the grain infe
In our paper [7], the latter interpretation was given further support by the apparent correlation
I>: 1, ratios with the mean particle size. The observed behaviour of the ratios then can
understood assuming that positrons in nanopowders annihilate predominantly either in|
vacancy-like defects at grain surface (the t,-component) or in larger open-volume defed
associated probably with triple points at GB intersections (the 7,-component).

A further support of this concept for nanopowders has come in this work from thelk
measurements on the sintered ceramic materials and monocrystalline specimens. The datao
sintered specimens shown in Table | exhibit a pattern which is significantly different from
for the nanopowder materials and resembles more the results obtained for the correspond
monocrystalline specimens, see Table 1. This is pronounced especially for the cubic polymorp
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i can be regarded as another argument favouring our above interpretation of the two shortest
gtime components in the nanopowder materials. The GB’s contribution is indeed suppressed
ler sintering and positron annihilation in the grain interior, which microstructure is naturally
re similar to that of the respective monocrystals, become dominating. On the other hand, the
erpretation of lifetime 71, observed for the monocrystalline specimens, is far not
aightforward. As shown in our recent study [10], slightly shorter bulk lifetimes are suggested
theoretical calculations for zirconia polymorphs. A more open structure of the lattice due to
e non-stoichiometry-introduced oxygen vacancies in the YSZ system can hardly be taken as
ossible cause of this discrepancy. Moreover, very short positron diffusion lengths observed in
w-positron beam experiments [11] suggest dominating role of positron trapping. A likely
ndidate for positron trapping centre may appear the oxygen vacancy-yttrium (¥5-Y) complex.
leed, the overall picture may become much more complex due to the possible contributions of
er defect configurations [10] and to traping/detrapping of positrons from the oxygen
yicancies and the other shallow defects, which cannot be fully excluded.

1 In order to have a more definite idea about the positron lifetime corresponding to V-
¥ complexes, we relaxed atomic positions of the V-Y defect in the second nearest neighbour
tonfiguration using the VASP code [12] (Vienna ab initio simulation package) considering
meutral charge state of the defect. The resulting atomic configuration served as input for atomic
perposition calculations [13]. The positron lifetime amounted to 166 ps when considering
ctron-positron correlations in the form [14]. This lifetime is not so far from the measured
perimental value and indicate that Vo-Y complexes could be responsible for the component
ected in experimental PL spectra in YSZ systems.

1 The nature of the 7,-components observed in the tetragonal monocrystal and sintered
pecimens remains also yet unclear. It seems obvious, that contrary to the cubic monocrystal, the
tfragonal monocrystal contains open volume defects, which can trap positrons and are not
pccurring in the corresponding specimens with the cubic structure. Due to the above mentioned
metastability of the tetragonal phase, however, the thermal history of the specimens is an
portant factor in this kind of studies. Misﬁt defects at phasa bouudaries can be tentatively

, An appramable amount of pores is indicated by the oPs 7;-component observed in the
opowder specimens, shown Table 1. On the other hand, similar components were found to be
bsent in the sintered materials. Indeed, the sintering process of ceramics, in which the surface
jtergy 1s to be lowered, is accompanied by a volume shrinkage connected with the
disappearance of pores. Our observations are consistent with such a picture.

i A behaviour of the long lifetime components during sintering process resembling the
differences between the nanopowder and sintered materials shown in Table 1 was observed by
Yagi et al. [5] on the system of a slightly different composition: ZrO,+2 mol.% Y,0s. In their
work, sintering i1s seen by PAS as a gradual transformation of the two components in the
1< 0.5 ns region into the single-component lifetime spectrum (z =~ 170 ps) and a vanishing of the
.._DPS components above 1100 °C.

4. Conclusions

Positron lifetime (PL) spectra exhibited by the pressure-compacted nanopowders and
smtcred ceramics of yttria-stabilized zirconia polymorphs were measured with a high time
resolution and a high counting statistics in the present work. PL data on corresponding
| monocrystalline specimens were collected for comparison, too. It is concluded that positrons
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annthilate mainly as trapped in defect structures associated with grain boundaries (vacancy-like|
defects, triple points) in the nanopowder materials, whereas annihilation in grain interiors
becomes gradually dominate in the sintered specimens. Finally, a remark can be made on utili
of PAS for obsevation of sintering. Beside a'traditional' approach utilizing the ortho-
positronium porosity components, the sintering process of zirconia-based nanoceramics may be
followed also via the shorter lifetime components (< 0.5 ns) if a sufficiently high-resolution PL
spectrometer is imnvolved and alarge counting statistics is acquired. Generally, the latier
approach is interesting and deserves a more attention in the future because it might bring a new |
information about the details of grain boundary evolution during the sintering ceramic materials.
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