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Abstract Yttria-stabilized zirconia (YSZ) nano-clusters were synthesized by a
sol-gel process. The aim was to produce YSZ powders in order to prepare thick
coatings for thermal barrier to be applied on gas turbine engine components.
Yttrium nitrate hexahydrate and zirconium oxy-chloride octahydrate were used as a
source of zirconium, citric acid was taken as a chelating agent, and ethylene glycol
was used as a polysterification agent. The synthesized powders were characterized
by X-ray diffraction, transmission electron microscopy, thermo-gravimetric analysis
and differential scanning calorimetry, and Raman spectroscopy. Furthermore,
parameters were critically analyzed in order to synthesize non-transformable (t')
tetragonal crystal structure, which is the best zirconia phase for high temperature
thermal barrier coatings applications. In this regard, tetragonal YSZ nano-clusters
were heated in an alumina crucible at a temperature of 1200 °C for 100 h.

Keywords Ceramic - Nano-cluster - Yttria-stabilized zirconia - Thermal barrier
coating

Introduction

Yttria-stabilized zirconia (YSZ) ceramic nano-clusters have wide range of specific
important properties such as high strength, high ionic conductivity, low thermal
conduction, chemical inertness, high chemical and thermal stability, and high
refractive index [1-4], and are attractive for many applications such as high-
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temperature thermal barrier coatings (TBCs) applications [5], fuel cells [6, 7],
catalysis [8—10], sensors [11, 12], bioseparation [13], and chromatography [14-17].

Besides the all these applications, YSZ ceramic nano-clusters have considerable
attention for the high-temperature TBCs application (gas turbine engine application)
in the last 5 years. At room pressure, zirconia has three phases including cubic,
tetragonal, and monoclinic depending on the range of temperature [18]. For the
high-temperature TBCs application tetragonal phase is found to be most
suitable [19]. To keep the tetragonal phase metastable at room temperature is
different in terms of the undoped zirconia crystallite size. Tetragonal phase of
zirconia is thermodynamically a metastable phase at low temperatures and it
changes into equilibrium phases at elevated temperatures [20, 21].

The transformable (t) tetragonal zirconia phase shows high hardness and strength
which makes it appropriate material for use as engineering ceramic material because
the tetragonal (t) phase structure transforms into a monoclinic phase which gives it
high mechanical strength [22, 23]. This phase transformation could be helpful in
certain respects for engineering ceramic materials. However, because of this phase
transformation a number of static damages occurs in the results due to about 4.5 %
volume expansion at high temperatures, this phase transformation particularly limits
the usage of tetragonal (t) zirconia material at elevated temperatures such as a
thermal barrier coating (TBC), which depends on the durability, stability at high-
temperature and very low thermal conductivity [19]. However, the ‘non-trans-
formable’ metastable tetragonal YSZ phase (called t') [24] is perfectly resistant and
does not transform to the monoclinic phase under the physical stresses or thermal
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cycling stresses. The t' phase is recognized as the most suitable and used for TBC
applications due to the formation of a specific microstructure (called tweed) which
leads to increase the thermo-mechanical performances [25]. This microstructure
corresponds to a three-dimensional pseudo-periodic lattice of high Y,03 cubic
particles within all of the t' grains. However, as Miller et al. [26] first reported, t’
phase undergoes a phase separation by diffusion when aged at temperatures greater
than 1200 °C which can allow the tetragonal to monoclinic transformation upon
cooling.

In the case of YSZ, the volume of yttrium is an important factor for the
fabrication of the metastable tetragonal phases. According to the phase diagram
proposed by the Miller et al. [26] (Fig. 1), the domain of existence of the t phase, t,
is in the range 0-6 mol% YO, s. The more addition of the yttrium volume to the
zirconia permits to get the ‘t”” phase up to about 13 mol% YO, 5 [26]. A study has
been done in National Aeronautics and Space Administration (NASA) research
reports that the best spalling performance and thermal cycle life occurred at
6.8-9.0 wt% Y,05 [27, 28].

In this study, YSZ nano-clusters with metastable t' phase were synthesized by a
chemical route known as sol-gel method. The objective was to determine if the sol—
gel route was able to synthesize YSZ powders with the same metastable tetragonal
crystal structure (t') like conventional physical processes would be able to do so
[29]. In order to determine possible different crystal structures of the final product
precisely, investigations by X-ray diffraction and Raman spectroscopy were carried
out. The thermal behavior of the precursor gel was investigated by thermogravi-
metric analysis and differential scanning calorimetry. Finally, the morphology and
particle size of the final product were characterized by means of field emission
scanning electron microscope and transmission electron microscopy.

Experimental
Synthesis of YSZ Nano-Clusters

Based on simple sol—gel method [30], the YSZ nano-clusters were synthesized using
citric acid chelates with a wide range of cations. After the addition of ethylene
glycol and heating, the chelate was transformed into a polymer with a homogeneous
cation distribution. Yttrium nitrate hexahydrate and Zirconium oxychloride were
used as raw materials. Yttrium salt, zirconium salt and citric acid solutions were
prepared by using the raw materials with distilled water. Further mixing and heating
on a hot plat stirrer and adding ethylene glycol with an aqueous concentrate under
heating and stirring. Quit enough quantities of Y and Zr solutions were mixed and
make homogeneous concentration by stirring at 100 and 200 °C. The molar ratios as
1:4 were used of citric acid: ethylene glycol and citric acid: metal, respectively. The
pure YSZ was synthesized from the metal citrate complex polyesterified in
ethyleneglycol. By the heating at temperature 300 °C most of the organic materials
were subsequently eliminated, and a brown residue containing reactive oxides with
well-controlled stoichiometry was formed. The formed porous product was crushed
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and heated in an alumina crucible to 1200 °C for 100 h to crystallize the YSZ nano-
clusters.

Characterization of YSZ Nano-Clusters

By the two techniques, Differential scanning calorimetry (DSC, Netzsch STA 449C)
and the thermogravimetric analysis (STA NET-ZSCH409 PC/PG), the thermal
behavior of YSZ nano-clusters gel was examined using 5 mg powder of the dried
clusters heating from the room temperature to 600 °C under the air atmosphere at
the rate of 10 °C/min.

The Fourier transform infrared spectroscopy (FT-IR) spectra were recorded
between 4000 and 400 cm ™' with a resolution of 17! c¢m using KBr pellets that had
25 wt% of YSZ nano-clusters.
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Fig. 2 TGA (a) and DSC (b) curves for YSZ burned nano-clusters at the rate of 5 °C/min

@ Springer



Synthesis and Characterization of Yttria-Stabilized... 1101

Phase analysis of the YSZ nano-clusters was done by an X-ray diffraction XRD
(D8 ADVANCE, Bruker, Germany) using Cu ka radiation (A = 0.15406 nm)
produced at 40 kV and 40 mA. The analyzed range of the diffraction angle 26 was
between 20° and 90°, by step width of 0.03° and a time per step equal to 1 s.
Crystalline size of the nano-clusters was estimated by the Scherrer formula, as given
in the following equation [31].

D =K/’/bcos0 (1)

where D is the crystallite size of the YSZ nano-clusters, b is the width at half
maximum (FWHM) of a Bragg peak, K is the X-ray wavelength and A is the Bragg
angle.

Raman spectra were measured on YSZ nano-clusters at 100-800 cm™' by Raman
Microscope (BRUKER, SENTERRA, Germany). The spectral excitation was
provided by an Ar* laser, using the 785 nm line.

The morphology and particle size of YSZ nano-clusters were determined using
transmission electron microscopy (TEM, H700H, Hitachi), which operated at
200 kV voltage conditions.

Results and Discussion
Thermal Analysis

The TGA and DSC curves of YSZ nano-clusters are presented in Fig. 2.
Crystallization, oxidation, dehydration, combustion and are the most significant
thermal reactions perceived [32]. In four stages the overall total weight loss was
about 85 % of the total mass.

The first weight loss was noted at the temperature range of 100-128 °C that
corresponded to the first endothermic peak shown by DSC curve. That could be
because of the evaporation of the absorbed water. The second weight loss was noted at
the temperature range of 200—330 °C. The third and fourth stages, which were noted in
the temperature ranges of 330-440 and 430-528 °C respectively, could be attributed
to the degradation of organic compounds. The third weight loss, in the range of
330-440 °C shown by TGA curve, corresponding DSC curve at 440 °C could be
related to the decomposition of the organo-metallic compounds that were formed by
hydrolysis and condensation of the nano-clusters and/or could be related to the carbon
dioxide removal and the destruction of the polymeric nano-clusters network [33, 34].
The forth weight loss, corresponding to the DSC curve (endothermic peak) at the
temperature range of 430-528 °C might be attributed to the carbonization or bond
breaking of residue organic moieties in precursors [33-35].

FTIR Analysis

Infrared vibrational spectra of burned YSZ nano-clusters and the final product after
heat treatment at 1200 °C for 100 h are shown in Fig. 3a, b respectively. These
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absorption spectra of the infrared rays are used to identify the functional groups of
the organic compounds. Several peaks at resin or burned gel were observed in the
FTIR spectrum (Fig. 3a). The observed bands at 1800, 1650 and 1400 cm ™' could
be assigned to the carboxylate stretching vibrations. Bands in 1800 cm™" could be
related to the stretching mode of C=O esteric groups made by polymerization of
citric acid and ethylene glycol. Bands at 1400 and 1650 cm™' might be the
symmetric and asymmetric stretching vibrations of the carboxylate group. The
difference between symmetric and asymmetric stretching vibration (V,; — V) was
equal to 250 cm ™', indicates that there was a complex formed by a reaction between
citric acid and metal ions (Zr and Y ions) [36]. Bands in 1150 cem~! could
correspond to the COH group and bands lower than the 800 cm™' might be the

metal-oxygen stretching mode caused by the connection between citric acid and
1

metal ions. The broad peak in the 3500 cm™
mode of O-H [37].

could be assigned to the stretching
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Fig. 3 FT-IR spectra of a burned YSZ nano-clusters and b the final product after heat treatment at
1200 °C for 100 h
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According to Fig. 3b, after heat treatment of YSZ nano-clusters at the
temperature of 1200 °C, the peaks related to the carbon skeletons and carboxylate
anions in the nano-clusters gel were almost eliminated. Nonetheless, the very low
band peaks related to symmetric and asymmetric stretching vibrations of the
carboxylate groups (at 1500 and 1200 cm™') which might be assigned to the
presence of the organics obtained from the YSZ nano-clusters gel decomposition
that could be adsorbed on the particles surface and prevent the aggregation of the
nano-clusters. The band at 3750 cm™' could be related to the asymmetric
vibrational frequencies of the Zr—OH [38—40].

XRD Analysis of YSZ Nano-Clusters

YSZ nano-clusters were annealed at 1200 °C for period of 100 h in air using an
alumina crucible. Nano-clusters were then cooled overnight at 10 °C min~" cooling
rates (or lower) and then sample was characterized by XRD. The obtained XRD
patterns are shown in Fig. 4 indicated the formation of a single-crystalline
tetragonal phase. Even after a period of 100 h at 1200 °C, the tetragonal phase was
still pure and no monoclinic (cubic) phase was observed under the detection level.
Furthermore, the crystallite size of YSZ nano-clusters was calculated by Sherrer
equation and found to be 30 nm.

Raman Spectroscopy of YSZ Nano-Clusters

The monoclinic symmetry of zirconia has four molecules per unit cell and eighteen
Raman active modes and the tetragonal symmetry of zirconia has two molecules per
unit cell and six Raman active modes [45, 46]. The cubic symmetry with fluorite
symmetry has four molecules per unit cell and only one Raman active mode [45,

(SN

= (400),

(004),
(004),.

Intensity

27 28 29 30 31 3

A N

20 40 60 80 100
Position [°2 Theta]

Fig. 4 XRD patterns of YSZ nano-clusters after heat treatment at 1200 °C for 100 h
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Fig. 5 Raman spectra of YSZ nano-clusters showing tetragonal (t') structure
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Fig. 6 a TEM micrographs and b electron diffraction patterns of YSZ heat treated at 1200 °C for 100 h
showing tetragonal ZrO,

46]. Raman spectrum of the YSZ nano-clusters is shown in Fig. 5, clearly indicating
six bands confirming that the structure of zirconia was tetragonal. Same kind of
results have been reported by other authors, as most of the bands were observed near
at 250 and 640 cm™ ! and used as an indication of the tetragonal structure [41-46].

YSZ Nano-Clusters Characterization by TEM

TEM micrographs, as shown in Fig. 6, clearly indicated that the sizes of the
synthesized YSZ nano-clusters were in the nano range. It can be observed that the
agglomerated nano-clusters, also have a fine crystallites and all are uniform in
the size and shapes. From the TEM images (Fig. 6a), the average particle size for
the YSZ nano-clusters was found to be 40 nm. The electron diffraction patterns
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(Fig. 6b) clearly revealed the ring patterns of polycrystalline tetragonal zirconia
phase.

Conclusions

YSZ nano-clusters were successfully fabricated by the simple chemical sol-gel
method in order to prepare thick coatings for thermal barrier to be applied on gas
turbine engine components. The synthesized YSZ nano-clusters were characterized
by TG, DSC, FT-IR XRD, Raman spectroscopy and TEM in order to evaluate the
crystal structure, thermal behavior and morphological assessment of the final nano-
clusters produced by this method. Crystal structure investigations by XRD and
Raman spectroscopy showed that non-transformable tetragonal crystal structure of
zirconia, which was desirable for TBC’s, could be fabricated by this approach.
Transmission electron microscopy of YSZ nano-clusters confirmed the average
particle size was 40 nm with broad particle size distribution. The synthesis approach
of nano-clusters by this method might be used to achieve the better thermal
insulation to the gas turbine engine components at the higher operating temperature
by developing a TBC.
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