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Diffusion Processes in the Sintering of Zirconia-Based Nanomaterials
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Abstract. In the present work, zirconia-based nanomaterials with various stabilizers were prepared
by a co-precipitation technique. Defects in these nanomaterials were characterized by positron
annihilation spectroscopy which is a non-destructive technique with a high sensitivity to open
volume defects and atomic scale resolution. It was found that zirconia-based nanomaterials contain
vacancies and also nano-scale and meso-scale pores. Diffusion processes which occur in the
nanomaterials sintered at elevated temperatures were investigated by depth sensitive positron
annihilation studies on a variable energy slow positron beam. It was found that sintering causes
intensive grain growth and residual porosity is removed from samples by diffusion to the surface.

Introduction

Zirconia (ZrO,) is an insulator which embodies a rare combination of advantageous thermal,
electronic, mechanical and chemical properties [1]. The melting point of ZrO, is as high as 2750 °C
and it exhibits a low thermal conductivity. Likewise, ZrO, is a very good high-k dielectric material
showing a low electronic conductivity, but it is a good oxygen ionic conductor at increased
temperatures. In addition, ZrO, features a high hardness combined with reasonable fracture
toughness and also good corrosion and wear resistance. Due to these properties, ZrO, has become
the base constituent of materials designed for a wide range of industrial applications, for example,
as functional ceramics, refractory materials, solid oxide fuel cells, dental implants and abrasives.

Three ZrO, polymorphs are known to exist. Such a polymorphism, however, considerably
restricts exploitation of pure zirconia. This is because pure ZrO,, which is monoclinic at room
temperature, transforms to the denser tetragonal phase at =1200°C temperature. Such a
transformation is accompanied with large volume changes and thus leads to creation of cracks
within the ZrO; structure. At temperatures higher than =1380°C, pure zirconia becomes cubic.
Obviously, a stabilization of high-temperature ZrO, phases is necessary to make full use of the
advantageous zirconia features. Phase stabilization of zirconia can be achieved by an addition of a
certain amount of the trivalent yttrium oxide (Y,0Os, yttria) to form a solid solution in the ZrO,
lattice. Such a system is termed as yttria-stabilized zirconia (YSZ). Addition of =3 mol. % of the
Y,0; stabilizer to zirconia stabilizes the tetragonal ZrO, phase.

Nowadays, ternary zirconia-based solid oxide solutions, containing beside zirconia and yttria a
third metal oxide ingredient, which is experiencing growing interest among researchers. Integration
of another metal oxide into the YSZ system need not necessarily magnify a phase-stabilisation
effect, but it may influence positively other characteristics of the material, e.g. mechanical
properties, ionic conductivity, thermal stability and sintering temperature. Ternary YSZ containing
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the trivalent chromium oxide (Cr,Os3, chromia) is currently one of the most interesting zirconia-
based ternary systems [2] because of the smaller ionic radius of Cr’* compared to Zr*" and a
possible multiple Cr valence which may influence e.g. the diffusivity of Cr ions and/or grain
growth.

Sintering is widely used for the manufacturing of ceramic materials from fine particle powders.
The sintering procedure is always connected with mass transfer leading to grain growth and
disappearance of pores. The key parameters controlling the sintering process are the sintering
temperature, 7Ts, the mean particle size of initial powder, and also the diffusivity of the constituents.

In the present work, binary YSZ nanopowders and ternary YSZ nanopowders modified by
addition of chromia were prepared and subsequently sintered at various temperatures. The diffusion
processes during sintering of these nanopowders leading to removal of porosity and grain growth
were investigated by variable energy slow positron annihilation spectroscopy (VEPAS) [3] which is
a non-destructive technique with high sensitivity to open-volume defects.

Experimental Details

Binary ZrO; + 3 mol. % Y,03 (Z3Y) and ternary ZrO; + 3 mol. % Y,0; + 1 mol. % Cr,0;
(Z3Y1Cr) nanopowders were prepared by the co-precipitation technique from salt-in-water
solutions taken at stoichiometric compositions [2]. The initial nanopowders were calcined at
500°C/2 h in air and pressed by uniaxial pressure of 500 MPa into pellets with diameter of = 10 mm
and thickness of = 5 mm. The pellets were sintered at various temperatures gradually increasing
from 600 to 1350 °C. The sintering was always performed in air for 1 hour at each temperature.

VEPAS measurements were conducted using a magnetically guided variable energy slow
positron beam SPONSOR [4]. The energy of incident positrons was varied in the range from 0.03 to
36 keV. Doppler broadening of the annihilation peak was measured by a HPGe detector with energy
resolution of 1.03keV at 511keV. At least 0.5x10° counts were accumulated in each spectra in the
annihilation photo peak area. The S (sharpness) line shape parameter defined as the ratio of the
central area of the annihilation peak to the net peak area was used for evaluation of Doppler
broadening.

Positron lifetime (LT) measurements were carried out on a digital LT spectrometer [5] with
excellent time resolution of 145 ps (FWHM for **Na). The positron source of about 1.3 MBq was
made of carrier-free 22Na2C03 water solution (iThemba Laboratories) dried and sealed between 2
um mylar foils (DuPont). At least 10’ annihilation events were accumulated in each LT spectrum.

Results and Discussion

The TEM image of calcinated Z3Y powder prior to compaction into a pellet is shown in Fig. 1.
The Z3Y powder consists of nanocrystalline particles with size 10-20 nm. A similar result was
obtained also for the ternary nanopowder Z3Y 1Cr but it exhibits a slightly smaller size of particles.
X-ray diffraction investigations confirmed that calcined nanopowders as well as sintered ceramics
exhibit the tetragonal zirconia structure. The mean size of crystallites determined using the Scherrer
formula is (17.0 £ 0.9) nm and (13 £ 1) nm for Z3Y and Z3Y 1Cr nanopowder, respectively.

The lifetimes 7 and relative intensities /; of the exponential components resolved in LT spectra
of compacted Z3Y and Z3Y 1Cr nanopowders are listed in Table 1. In the compacted nanopowders
all positrons annihilate either from trapped states at defects (saturated trapping) or form
positronium (Ps), i.e. hydrogen-like bound state of electron and positron [6]. Since the size of
crystallites is significantly smaller than the positron diffusion length in defect-free zirconia (= 200
nm) virtually all positrons diffuse to grain interfaces and are trapped at open-volume defects there.
There are two kinds of positron traps at grain interfaces: (i) vacancy-like misfit distributed along
grain boundaries and (ii) larger defects with size comparable to small vacancy clusters located at
intersections of three of more grain boundaries (so-called triple points) [7]. The ternary Z3Y1Cr
nanopowder contains similar kinds of defects but characterized by slightly higher lifetimes. This is
due to Cr cations with a smaller radius than Zr ones segregating at grain boundaries and
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surrounding the defects at grain boundaries. Moreover, because of the smaller crystallite size the
ternary Z3Y 1Cr nanopowder exhibits a higher /,//; ratio than the binary Z3Y nanopowder [7].

Table 1 Results of LT measurements: lifetimes 7 and relative intensities /; of the components
resolved in LT spectra. In fitting of LT spectrum of Z3Y nanopowder containing o-Ps contributions
with lifetimes 73 and 7; a p-Ps contribution with lifetime of 125 ps and intensity 1/3 (I3 + 1,) was
considered. Errors in the units of the last significant digit are given in parentheses.

Sample a(ps) L(%) n@ps) L@ ms) (%) 7,ms) 1,(%)
Z3Y nanopowder 1743) 27(2) 373(3) 63(2) 1.6(1) 1.4(1) 30(2) 5.9(3)
Z3Y 1Cr nanopowder 190(4) 21(1) 387(2) 79(1) - - - -
Z3Y sintered Ts= 1200°C 185(5) 98(1)  374(4) 2(1) - - - -
Z3Y1Cr sintered 75 = 180(4) 96(1) 380(4) 4(2) - - - -
1200°C
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Figure 1 TEM image of calcinated Z3Y nanopowder prior to compaction into pellet.
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Figure 2 Results of LT measurements of the binary Z3Y sample: lifetimes (a) and relative
intensities (b) of the components resolved in LT spectra plotted as a function of the sintering
temperature 7;. Open circles — free positron component; open squares — contribution of positrons
trapped at vacancy-like defects; open triangles — positrons trapped at triple points.

One can see in Table 1 that a portion of = 7 % of positrons form Ps in binary Z3Y nanopowder.
One can distinguish between singlet para-Ps (p-Ps) and triplet ortho-Ps (o-Ps) states which are
formed in the ratio 1:3 [6]. The p-Ps decays quickly via self-annihilation — the lifetime of o-Ps in
vacuum is 125 ps only. On the other hand, the self annihilation rate of o-Ps is roughly three orders
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of magnitude lower compared to p-Ps and the lifetime of 0-Ps in vacuum is 142 ns [6]. In solids o-
Ps may annihilate with an electron of opposite spin from the surrounding media. This so-called
pick-off annihilation significantly shortens the lifetime of o-Ps in solids [8-10]. The principal o-Ps
component (7 = 30 ns) detected in the binary YSZ nanopowder corresponds to mesopores with
diameter of = 3 nm estimated on the basis of the semi-empirical correlation between the o-Ps pick-
off lifetime and the cavity size [8]. Since compacted nanopowders usually contain some residual
porosity the principal o-Ps component can be attributed to o-Ps localized in big cavities between
crystallites. The shorter and weaker o-Ps component with lifetime (73 = 1.6 ns) can be attributed to
smaller voids with diameter = 0.6 nm estimated using the Tao-Eldrup model [9,10]. These sub-
nanometer voids are probably situated at intersections of crystallite interfaces.

No Ps contribution was detected in the ternary Z3Y1Cr compacted nanopowders containing
chromia since Ps formation is inhibited by paramagnetic Cr’" cations acting as donors and
introducing which free electrons at grain boundaries. As a consequence, any bound state between a
positron and an electron localized at grain boundary is immediately broken in collisions with these
quasi-free electrons introduced by Cr’" ions [11].
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Figure 3 The dependence of the S parameter on positron energy for the binary Z3Y nanopowder
sintered at various temperatures 7.

Removal of residual porosity during sintering requires mass transport which is limited by the
diffusion of Zr cations to open pores, i.e. porosity is replaced by diffusing atoms and pushed
towards the surface. To investigate this process depth sensitive VEPAS technique was employed.
The dependences of the S parameter on positron energy for the binary Z3Y and the ternary Z3Y1Cr
nanopowder sintered at various temperatures T, are plotted in Figs. 3 and 4, respectively. At very
low energies almost all positrons annihilate at the surface. With increasing energy positrons
penetrate deeper and deeper into the sample and the fraction of positron diffusing back to the
surface decreases. This is reflected by a change of the S parameter from the surface value to the
bulk value corresponding to the situation when all positrons are annihilated inside the sample. From
inspection of Figs. 3 and 4 it becomes clear that the positron diffusion length in both nanopowders
is very short and S reaches the bulk value already at the energy of = 2 keV corresponding to the
depth of = 20 nm. This testifies that both nanopowders contain a very high concentration of defects
leading to saturated positron trapping which is in accordance with LT investigations. Moreover,
from comparison of Figs. 3 and 4 one can conclude that S parameters for the binary Z3Y
nanopowder are higher than those for the ternary Z3Y1Cr sample. The enhanced S parameter in
Z3Y is due to the contribution of p-Ps self-annihilation which has a very narrow momentum
distribution and makes the annihilation peak narrower leading to increase of the S parameter [6].
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The dependence of the S parameter on positron energy E for the binary Z3Y sample can be
expressed as:

S(E) = Ssurmerf

1

p—Ps Z

3

(E)+S,-n FrE)+ S, Fr(E)+ S, B (E) + S, 1 (E), (M

where Sy, Sv, St, Sp-ps and S,.pg stand for the § parameters for positrons annihilating at the surface,
positrons trapped at vacancy-like defects, positrons trapped at triple points and positrons forming p-
Ps and o-Ps, respectively. The relative fractions of positrons annihilated at various states always
satisfy the normalization condition:

F

surf

(E)+ F, (E)+ F, (E)+ F(E)=1. (2)

The ternary Z3Y 1Cr sample exhibits lower S parameters because the Ps contribution is absent (i.e.
Fp,=0) since Ps formation is inhibited.
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Figure 4 The dependence of the S parameter on positron energy for the ternary Z3Y1Cr
nanopowder sintered at various temperatures 7s
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Figure 5 (a) The dependence of the bulk S parameter on the sintering temperature; (b) the
difference of the bulk § parameters for binary Z3Y and ternary Z3Y 1Cr nanopowders plotted as a
function of the sintering temperature 7.



30 Journal of Nano Research Vol. 26

Fig. 5a shows the dependence of the bulk S parameter corresponding to positron energy £ = 35
keV on the sintering temperature for Z3Y and Z3Y1Cr. For positron energies high enough the
fraction of positrons diffusing back to the surface becomes negligible, i.e. F,,r= 0. Hence, the bulk
S parameter for the binary Z3Y nanopowder can be written as:

S,=S lF +S_PS%FPS+SVFV+STFT, 3)

—Ps Ps o
r=rs g

while for the ternary Z3Y 1Cr nanopowder the bulk S parameter is given by a simpler expression:
S 2= Sy Fy + 81 F7. 4)

The fractions F; in Egs. (3) and (4) correspond to the energy £ = 35 keV. The characteristic S
parameters for various positron states satisfy the following relation S,.p; > St > Sy and Sy.ps = ST.
Hence, in the binary Z3Y nanopowder the bulk S parameter is determined by three contributions (i)
positrons trapped at vacancy-like defects, (ii) positrons trapped at triple points and (iii) positrons
forming Ps. The contribution (ii) depends on the volume fraction of grain boundaries, i.e. on the
grain size, while the contribution (iii) depends on the concentration of porosity in the sample. In the
7Z3Y 1Cr nanopowder Ps is not formed and the bulk S parameter depends on the grain size only.

Sintering leads to a decrease of the S parameter due to two processes: (1) grain growth which
diminishes the concentration of triple points; (2) removal of porosity leading to disappearance of the
Ps contribution. Both processes can be observed in the binary Z3Y sample, while in the ternary
Z3Y 1Cr only the process (1) can de observed due to lack of Ps contribution. Hence, the difference
of the bulk S parameters Sz;y- Sz3vicr plotted in Fig. 5b is a measure of the porosity in the sample.
Fig. 5b shows that the porosity is completely removed by sintering at 1000°C. Decrease of the S
parameter during sintering at higher temperatures is caused solely by the grain growth.

Summary

Compacted YSZ nanopowders contain vacancy-like misfit defects at grain boundaries, larger point
defects located at triple points and meso-pores with a mean size of = 3 nm. Two processes occur
during sintering: (i) porosity is gradually removed by diffusion to surface leading to disappearance
of Ps component, (ii) significant grain growth diminishes concentration of triple points. Both
processes (i) and (ii) can be observed in the binary Z3Y, while in the ternary Z3Y1Cr sample
formation of Ps is inhibited and only the process (i) can be observed. By comparison of results for
samples one can conclude that porosity is removed completely by sintering at 1000°C.
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