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Abstract

Yttria-tetragonal zirconia polycrystal (ZrO, + 4.5 mol% Y,0s3) nanocrystalline powder was synthesized by two Pechini-type gel routes, the in
situ polymerized complex (IPC) method and the PEG/AF method. FTIR spectra confirmed coordination of metal ions with the polymer by different
routes, depending on the method used. The crystallite size of the powder increased from 5 nm to 8 nm when the temperature was increased from
450 °C to 600 °C and calcination times increased from 2 h to 24 h. The morphology of the powders differed only when the organic impurities were
not completely eliminated. After calcination, the morphology of the powders produced by the two methods showed porous agglomerates composed
of smaller particles. All the resulting microstructures were very similar, regardless of the method employed to obtain the powder or the calcination

times and temperatures.
© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Zirconia has attracted the attention of many scientists due to
its excellent mechanical and electrical properties [1-4]. Among
its possible applications, the one that has gained the greatest
attention is its use in solid oxide fuel cells (SOFC) [3,5,6]. The
dopant normally used in SOFC applications is Y,O3, due to the
jonic conductivity generated by the replacement of Zr** by Y
[6,7]. ZrO, compositions containing more than 8 mol% Y,03
stabilize the cubic phase at room temperature, while composi-
tions containing 2-3% stabilize the tetragonal phase, and
compositions between these values generate a mixture of
tetragonal and cubic phases [8]. In yttria-tetragonal zirconia
polycrystal (Y-TZP) and yttria-partially stabilized zirconia (Y-
PSZ), the presence of the tetragonal phase is responsible for
increasing the toughness of ceramics [4].
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With the advent of nanotechnology, several techniques have
been employed to obtain ceramic powders with nanometric
dimensions from chemical processes. Chemical synthesis
allows the manipulation of matter at the molecular level,
enabling good chemical homogeneity, and allows for the
control of particle size and shape [9].

The Pechini method [10] is a chemical route to produce
powder-based polymeric precursors (in situ polymerized
complex method—IPC). By this method, metal ions are
immobilized in a polymer resin composed of citric acid and
ethylene glycol. The metal ions are dispersed uniformly
throughout the polymer chain. Another method based on the
Pechini route is the PEG/AF method [11,12], which involves
the use of polyethylene glycol and formic acid to form
polymeric resin in which the metal ions are dispersed.

To obtain ceramic powders by the IPC and PEG methods
require the removal of organic impurities through calcination
[11-13]. The characteristics of the powder formed by these
processes are influenced by the way in which the ions are bound
to the polymer and by the calcination time and temperature.

This work involved a study of the effects of calcination time
and temperature on the production of Y-TZP powder, and the
effect of sintering on the grain morphology of sintered bodies.
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2. Experimental procedure

Nanosized powders were produced by two chemical
synthesis routes based on the Pechini method, the Pechini
(IPC) and the PEG/AF [11-13]. Powders with a ZrO, + 4.5 -
mol% Y,05; composition were prepared by these two methods.

Pechini method (IPC)—Zirconium oxychloride octahydrate
(ZrOCl,-8H,0) (VETEC) and yttrium nitrate hexahydrate
(Y(NOs)5-6H,0) (RIEDEL) were dissolved in ethylene glycol
(REAGEN) and anhydrous citric acid (SYNTH) was added.
The mixture was stirred for about 30 min while heating to 80 °C
in order to promote polyesterification.

Method PEG/AF-Zirconium oxychloride octahydrate
(ZrOCl,-8H,0) and yttrium nitrate hexahydrate (Y(NO3)s3
-6H,0) were dissolved in formic acid (REAGEN), followed
by the addition of polyethylene glycol (MW = 1500 g/mol)
(CRQ). After complete dissolution of the polymer, the mixture
was kept under agitation for about 30 min.

After synthesis, the two resins were held at 105 °C for 24 h
to remove water produced during the synthesis. The resins were
then analyzed by infrared spectroscopy. Prior to calcination, the
IPC resin was heated to 300 °C for 90 min. The resins were
calcined at 450 °C, 500 °C, 550 °C and 600 °C for 2 h, 10 h and
24 h.

After calcination, the powders were ground in an agate
mortar. Samples of the two powders were then characterized by
scanning electron microscopy (SEM) and X-ray diffraction
(XRD) to analyze their phase formation and measure their
crystallite size by the Scherrer method [14].

For the determination of the sample and standard, we used
the (1 1 1) peak, which is the most intense peak of yttria-doped
zirconia. The X-ray diffraction spectra were recorded at a rate
of 0.06° min~"' [15].

The milled powders were compacted into cylindrical test
specimens under 590 MPa. The powders obtained by the two
routes were sintered at 1600 °C for 2 h. The sintered bodies
were characterized by Fourier transform infrared spectroscopy
(FTIR), apparent density, X-ray diffraction (XRD) and
scanning electron microscopy (SEM).

3. Results and discussion

The FTIR spectra of resins produced by the Pechini (IPC)
and PEG/AF methods are shown in Fig. 1. These spectra
indicate that the metal ions coordinated with the polymer in
different ways, depending on the method used.

The spectrum of the IPC resin shows a band at 1741 cm ™!,
which can be attributed to C=0 [16] axial deformation
resulting from the ester formed by condensation reaction with
ethylene glycol and subsequent polymerization. Another band
is visible in the region between 1641 and 1592 cmfl, which,
according Silverstein [17], is characteristic of the group of
carboxylate ions, or a metal ion that reacts with the oxygen
adjacent to the citric acid anhydrous carboxyl used as reagent.
Thus, this full wavelength illustrates that coordination of metal
ions occurred during the synthesis of the polymer. Vibration of
C-0 axial deformation of the esters was detected in the band
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Fig. 1. FTIR spectra of resins (a) and IPC (b) PEG/AF.

from 1189 cm™', as well as two asymmetrically coupled
vibrations: C—C(=0)-0, between the bands at 1300 cm ! and
1000 cm ™', which characterize this type of vibration. A very
broad band with a peak at 3383 cm ' was also visible,
corresponding to symmetric and asymmetric stretching of the
O-H bonds of water molecules, as well as a peak at 2957 cm”!
corresponding to the axial deformation of the reference C-H.

The difference between the two spectra is demonstrated by
the presence or absence of the peak of formation of the ester
functional group, which is not formed in chemical reactions by
the PEG/AF method. Similarly, the PEG/AF spectrum shows a
broad absorption band with a peak at 1587 cm™', which
characterizes the absorption of carboxylate ions resulting from
the reaction of formic acid molecules with zirconia and yttria
salts. This spectrum also shows a band associated with the
asymmetric axial deformation observed at 1370 cm™ !, formed
by the vibrations between coupled C=0 and C-O [18]. The
PEG/AF spectrum of the resin also shows a low intensity peak
at 3246 cm™ ' corresponding to symmetric and asymmetric
stretching of O-H bonds of water molecules [19] and axial

deformation of the C—H at 2919 cm .
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Fig. 2. X-ray diffraction powder resins obtained by calcination at 600 °C for
24 h.
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Fig. 3. X-ray diffraction of powders, plane (1 1 1), comparing the evolution of crystallinity with increasing temperature and time by the IPC and PEG/AF methods.

The X-ray diffraction of the powders obtained by the two
synthesis methods indicates only the presence of cubic phase
of zirconia at all the calcination temperatures applied here.
Fig. 2 shows the X-ray diffraction pattern of powders obtained
by the PEG/AF and IPC methods and calcined at 600 °C for
24 h.

Fig. 3 shows the most intense (1 1 1) peak in the X-ray
diffraction patterns recorded at all the calcination temperatures
and times. This figure indicates that variations occurred in the
intensity and width at half height, depending on the calcination
temperatures and times. These variations were attributed to
differences in the crystallite sizes produced by each method.
Note that the most significant changes occurred when the
temperature was increased from 450 °C to 600 °C and
calcination time was 2 h, while the smallest variations occurred
in 24 h of calcination.

The crystallite sizes shown in Fig. 4 were determined from
an XRD analysis, while the heights of the peaks shown in Fig. 3
were determined using Scherrer’s equation. The crystallite size
of zirconia was found to increase with rising calcination
temperature, regardless of the method used. On average, the
PEG/AF showed larger crystallite sizes than the IPC at the same
calcination temperatures and times. The powders’ crystallite
size grew from 5nm to 8 nm when the temperature was
increased from 450 °C to 600 °C and calcination times
increased from 2 h to 24 h.

Fig. 5 shows micrographs of the powders produced by the
IPC and PEG methods, calcined at 450 °C and 600 °C for 2 h
and 24 h.

The powders produced by the IPC method showed porous
agglomerates or clusters composed of small particles. This
morphology remained unchanged at all the calcination times
and temperatures applied. After 2 h of calcination, the clusters
displayed a rough surface, but the definite shape of the particles
in these clusters remained indeterminate. However, after 24 h of
calcination, the clusters clearly showed smaller particles
tending toward a spherical shape. These results indicate that
even at a calcination temperature of 600 °C, 2 h of calcination
was still insufficient to remove all the organic impurities,
generating these clusters with rough surfaces.
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Fig. 4. Crystallite size according to the synthesis route, calcination time and
temperature, calculated by the Scherrer method.
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Fig. 5. Comparison of SEM micrographs of the powders produced by the IPC and PEG methods, showing the extremes of calcination temperature applied for 2 h and
24 h: (a) IPC 450 °C/2 h, (b) IPC 600 °C/2 h, (c) PEG 450 °C/2 h, (d) PEG 450 °C/2 h, (e) IPC 450 °C/24 h, (f) IPC 600 °C/24 h, (g) PEG 450 °C/24 h, and (h) PEG

600 °C/24 h.

The PEG powders calcined for 2 h showed a structure of
particles with smooth surfaces and spherical sponge-like pores.
This morphology resulted from the partial release of organic
impurities. After calcination at 450 °C for 24 h the morphology
still looked spongy, but with a larger quantity of spherical pores.
Calcination at 600 °C for 2 h resulted in a morphology of

particles with rougher surfaces and numerous spherical pores.
PEG powders calcined at 600 °C for 24 h displayed a
morphology similar to that of the IPC powder.

The powders were pressed into pellets under a pressure of
590 MPa and sintered at 1600 °C for 2 h. It was found that the
presence of clusters prevented the densification of the samples.
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Fig. 6. Comparison of SEM micrographs of the IPC and PEG powders calcined at 1600 °C for 2 h: (a and b) PEG, (c and d) IPC; calcined at 500 °C for 2 h, (e and f)

PEG, and (g and h) IPC; and calcined at 600 °C for 2 h.

The densified pellets were practically devoid of pores,
However, the pores between the clusters were not eliminated,
as indicated in Fig. 6, which shows that the microstructures
obtained by the two methods and at every calcination time and
temperature were very similar.

The grain size was not affected by either the method or the
calcination conditions. Although the crystallites, which were

measured by the Scherrer method, presented nanometric sizes,
the grains showed micrometric sizes.

All the sintered samples contained both coarse and small
grains, possibly associated with cubic and tetragonal phases,
respectively.

The XRD patterns of the sintered samples produced by the
two methods showed tetragonal-cubic phase. Fig. 7 shows a
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Fig. 7. Diffractogram of the IPC compacted powder calcined at 500 °C for 2 h,
in the sintering schedule of 1550 °C/0 h-1300 °C/2 h.

diffractogram of the phases. All the sintered samples showed
similar diffratograms, regardless of calcination temperature and
time and the powder synthesis method.

4. Conclusion

FTIR spectroscopy revealed that coordination of metal ions
with the polymer occurred in different ways, depending on the
powder synthesis process.

The morphology of the powders differed only when organic
impurities were not completely eliminated. After the complete
elimination of organic impurities during calcination, the
powders tended to form clusters of spherical-like particles,
regardless of the synthesis method used. The powder synthesis
method, calcination temperature and time changed the size of
the resulting crystallites, and the most significant variation in
crystallite size occurred when the calcination temperature was
increased.

During sintering, the pellets densified and were practically
devoid of pores, but the pores between clusters were not
eliminated. The final grain size after sintering was in the order
of 1 wm, remaining unaffected by the method of synthesis or
the calcination conditions to which the powders were subjected.
The presence of cubic and tetragonal phases of zirconia was
observed by X-ray diffraction.
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