International Journal of Minerals, Metallurgy and Materials
Volume 24, Number 7, July 2017, Page 842
DOI: 10.1007/s12613-017-1468-4

Phase transformation and crystal growth behavior of 8mol% (SmO, 5, GdO s,
and YO, ;s) stabilized ZrQO, powders

R. Mahendran, S.P. Kumaresh Babu, S. Natarajan, S. Manivannan, and A. Vallimanalan

Department of Metallurgical and Materials Engineering, National Institute of Technology, Tirchirappalli 620015, Tamil Nadu, India
(Received: 13 December 2016; revised: 20 January 2017; accepted: 15 February 2017)

Abstract: Nanocrystalline powders of ZrO,—8mol%SmO 5 (8SmSZ), ZrO,—8mol%GdO, 5 (8GdSZ), and ZrO,—8mol%YO,; s (8YSZ) were
prepared by a simple reverse-coprecipitation technique. Differential thermal analysis/thermogravimetry (DTA/TG), Fourier transform infra-
red spectroscopy (FTIR), X-ray diffraction (XRD), Raman spectroscopy, and high-resolution transmission electron microscopy (HRTEM)
were used to study the phase transformation and crystal growth behavior. The DTA results showed that the ZrO, freeze-dried precipitates
crystallized at 529, 465, and 467°C in the case of 8SmSZ, 8GdSZ, and 8YSZ, respectively. The XRD and Raman results confirmed the
presence of tetragonal ZrO, when the dried precipitates were calcined in the temperature range from 600 to 1000°C for 2 h. The crystallite
size increased with increasing calcination temperature. The activation energies were calculated as 12.39, 12.45, and 16.59 kJ/mol for 8SmSZ,

8GdSZ, and 8YSZ respectively.
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1. Introduction

The industrial applications of zirconia-based oxide ce-
ramics include fuel cells, oxygen sensors, refractory mate-
rials, and thermal barrier coatings (TBCs). Zirconia has
three polymorphs: at room temperature to 1400 K, it is mo-
noclinic; the tetragonal phase is stable between 1400 and
2570 K; and the high-temperature phase, which is stable to
its melting point, is cubic. The tetragonal and cubic phases
can be retained at room temperature by doping ZrO, with
different cations. Doping improves the mechanical and elec-
trical properties of ZrO,. Yttria is commonly used as a do-
pant at a concentration of 8mol% because the resulting
doped zirconia (8YSZ) exhibits outstanding thermophysical
and mechanical properties. However, 8YSZ cannot be used
in long-term applications because it undergoes diffu-
sion-controlled partitioning into tetragonal and cubic phases
at temperatures above 1473 K. The tetragonal phase trans-
forms to the monoclinic phase during cooling, accompanied
by an increase in volume of 3%—5%. This volume change
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leads to the formation of cracks and results in the failure of
coatings, thereby limiting the use of ZrO, as a structural
material [1-3].

Rare-earth co-doped zirconia compositions have been
studied as a potential replacement for conventional thermal
barrier coating (TBC) materials. Numerous researchers have
focused on using ZrO,-based materials with added
rare-earth oxide elements and with or without the addition
of yttria for improving the phase stability; the additions of
these oxide elements have resulted in nanostructured de-
fect clusters, which reduce the thermal conductivity of
TBC [3-9]. In recent years, the phase transformation and
crystal growth behavior of nanocrystalline powders have
become topics of interest for researchers because they
strongly affect thermal barrier coating applications. Zhou
et al. [10] synthesized 3YSZ, 5YSZ, 7YSZ, and 8YSZ
powders via a coprecipitation technique and investigated the
crystal growth behavior of powders using heat treated tem-
peratures between 400 and 1200°C. They found that the
activation energy was 7.65, 5.72, 5.77, and 5.76 kJ/mol at
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low temperatures from 400 to 800°C and that, at high
temperatures, it increased abruptly to 25.34, 32.16, 32.76,
and 34.30 kJ/mol, respectively. Kuo et al. [11] prepared
8YSZ, 9YSZ, and 10YSZ nanocrystalline powders by
sol—gel and reported activation energies of 5.75, 4.22, and
5.24 kJ/mol, respectively. Chen et al. [12] reported the acti-
vation energy for 2YSZ nanoparticles as 34 kJ/mol. In addi-
tion, Lee ef al. [13] obtained a crystallite growth activation
energy of 7.26 kJ/mol for 8YSZ through a sol-gel process.
The crystallization behavior of ZrO,-3Y,05-SrO nanosized
powders were studied by Chu et al. [14]; their reported acti-
vation energies for the crystal growth of 1mol%, 2mol%, and
3mol% of SrO were 9.98, 9.04, and 7.43 kJ/mol, respectively.

Several techniques have been proven for producing TBC
materials, including coprecipitation [10,15], hydrothermal
processes [16—17], and sol-gel process [18—19]. Among
these methods, coprecipitation is widely used to prepare
nanocrystalline powders with shorter operating periods.
Another advantage of coprecipitation over conventional
methods is that it is a simple and inexpensive process [10].

In this study, 8mol%SmO,s—ZrO, (8SmSZ),
8mol%GdO, s—Zr0O, (8GdSZ), and 8mol%YO;s—ZrO,
(8YSZ) ceramic powders were synthesized by the chemical
coprecipitation technique. The phase transformation and
crystal growth behavior of synthesized powders heat-treated
at different temperatures were investigated.

2. Experimental

The chemical coprecipitation technique was used to pre-
pare ceramic powders. Zirconium oxychloride octahydrate
(ZrOCl,'8H,0), gadolinium nitrate hexahydrate
(Gd(NO;);-6H,0) and
(Sm(NO»);:6H,0) were used as starting materials; they were

samarium nitrate hexahydrate

dissolved in deionized water to form a 0.3 mol/L concen-
trated solution. Ammonium hydroxide (NH4,OH) was used
as a precipitating agent. The mixed solution was slowly added
dropwise to the NH4OH solution. The resultant solution was
magnetically stirred, and its pH value was maintained be-
tween 10 and 11. During the process of ammonia addition,
white precipitates gradually formed. The white precipitates
were filtered and washed several times with deionized water
and ethanol. The precipitates were then dried in an oven at
100°C for 5 h. The powder mixture was ground in an agate
mortar and then calcined at different temperatures for deter-
mination of the phase transformation and activation energy.

2.1. Characterization of the powders

Thermal analysis was carried out on the as-prepared

dried precipitates using a simultaneous thermal analyzer
(STA 8000, Perkin Elmer); the samples were heated under a
nitrogen atmosphere at a heating rate of 5°C/min. FTIR
(Spectrum-II, Perkin Elmer) was used to characterize the
as-prepared dried precipitates and calcined samples (600°C)
over the wavenumber range from 1000 to 4000 cm'. The
phase analysis of the calcined powders was carried out by
X-ray powder diffraction (XRD; Rigaku Ultima III) with
Cu K, radiation (4 = 0.15406 nm) at a scanning rate of
2°/min and a step size of 0.05° over the scanning range from
20° to 80°. The average crystallite size (D) of the ceramic
powders was determined from broadening of the (011) dif-
fraction line of the tetragonal phase. It was calculated using
the Scherrer equation (Eq. (1)) [10-11]:
~0.894
' Bcosé
where D,, 4, f, and 0 are the crystallite size of the tetragonal
phase, the wavelength of the Cu K, radiation, the corrected
full-width at half-maximum (FWHM), and the Bragg angle
of the (011) reflection of the tetragonal phase, respectively.
Micro-Raman spectroscopy (Labram HR Evolution, Hori-
ba Jobin Yvon) was conducted; the spectra were recorded

M

for the calcined powders in the spectrum range of 100 to
700 cm ' at room temperature. An Nd:YAG laser was used
as an excitation source. The microstructure of the calcined
powders was observed by high-resolution transmission elec-
tron microscopy (HRTEM; JEOL, JEM 2100).

3. Results and discussion
3.1. Thermal and FTIR analyses

Fig. 1 shows the DTA/TG curves of 8SmSZ, 8GdSZ, and
8YSZ samples dried at 100°C. The TG curve in Fig. 1(a) shows
two weight losses. The first stage is associated with the evapo-
ration of water and ammonia present in the dried precipitates
(30 to 220°C), with a weight loss of 17%. A second weight loss
of 4% was observed and attributed to the decomposition of zir-
conium hydroxide formed during the precipitation process with
increasing annealing temperature. The peak at 529°C in the
DTA curve indicates the formation of nanocrystalline zirconia.

The curves in Fig. 1(b), showing a weight loss of 22%
and a crystallization temperature of 465°C, are similar to
those of 8SmSZ in Fig. 1(a). In the case of 8YSZ (Fig. 1(c)),
a weight loss of 25% occurs between the temperature range
from 30 to 467°C and a peak at 467°C in the DTA curve in-
dicates the formation of a crystalline phase. In a previous
report, Wang et al. [20] reported that the transformation of
nanocrystalline zirconia from ZrOH occurs near 470°C for
the precipitation process.
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The FT-IR spectra of the dried precipitates and samples
calcined at 600°C are shown in Fig. 2. In Fig. 2(a), the
bands appearing at 1548 and 1332 cm ™' are attributed to the
N—O asymmetrical stretches in N-O [21-22] and to —OH,
respectively. Another band at 1631 cm ' arises from the
H—O-H bending bonds [13]. In all cases, the wide peak
at 3349 cm ' corresponds to O-H stretching; the wide
nature of this peak is associated with hydrogen-bonded
chains [23—-24]. The FTIR spectra of powders calcined at
600°C for 2 h are shown in Fig. 2(b). The characteristic
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Fig. 1. DTA/TG curves of (a)
8SmSZ, (b) 8GdSZ, and (c) 8YSZ
dried precipitates at a heating rate
of 5°C/min.

O-H bands disappeared, and other less-intense bands ap-
peared with increasing heat-treatment temperature.

3.2. Phase development of ZrO,-doped powders after
calcination

The XRD patterns of as-prepared powder samples of
8SmSZ, 8GdSZ, and 8YSZ calcined at different tempera-
tures for 2 h are shown in Figs. 3(a), 3(b), and 3(c), respec-
tively. At the lowest temperature (300°C), the samples were
amorphous; after calcination at 600°C, the samples were
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Fig. 2. FTIR spectra of 8YSZ, 8GdSZ, and 8SmSZ dried precipitates (a) and the samples calcined at 600°C for 2 h (b).
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completely crystallized, and a broad pattern was observed in
all cases. The (011), (110), (020), (121), (022), and (220)
peaks correspond to tetragonal zirconia, indicating that do-
pants had been dissolved into ZrO, crystals and that no other
phases were present. When the calcination temperature was
increased to 1000°C, the reflection peaks of the tetragonal
phase became sharper and stronger. A decrease in FWHM
and an increase in nanocrystallites’ size occurred in all cases
as a result of increasing calcination temperature [10,25]. The
Raman spectra, which are shown in Fig. 4, also confirm the
single tetragonal phase. The monoclinic phase is the most
thermodynamically stable phase at room temperature for
undoped ZrO, because it favors 7-fold coordination. Partial
substitution of lower-valent atoms such as Sm*", Gd*", or
Y*" would create oxygen vacancies in the ZrO, lattice for
charge compensation. According to kinetics, ZrO, favors
7-fold coordination; meanwhile, because of the larger ionic
radii of the dopants, the created oxygen vacancies tend to
associate with Zr*". Hence, ZrO, changes the lattice struc-
ture to 8-fold coordination, which leads to the formation of
the tetragonal structure [25—27]. The tetragonal-to-monoclinic
phase transformation is a size-dependent transformation [28],
and the critical crystallite size for the transformation to oc-
cur has been calculated as 30 nm [29]. These results are
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Fig. 3. XRD patterns of (a) 8SmSZ,
(b) 8GdSZ, and (c) 8YSZ powders
heat treated at various temperatures
(t represents tetragond phase).

consistent with the previous discussions because the crystal-
lite size of ZrO, doped with various dopants is well below
30 nm; thus, the tetragonal-to-monoclinic phase transforma-
tion did not occur.

3.3. Raman spectral analysis

The Raman spectra of 8SmSZ calcined at 600, 700, and
900°C, 8GdSZ calcined at 600 and 700°C, and 8YSZ cal-
cined at 800°C are shown in Fig. 4. The five peaks at (1)
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Fig. 4. Raman spectra of (a) 8YSZ, 800°C, (b) 8SmSZ, 900°C,
(c) 8SmSZ, 700°C, (d) 8SmSZ, 600°C, (e) 8GdSZ, 600°C, and (f)
8GdSZ, 700°C.
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143 cm ™, (2) 257 cm ', (3) 322 em ', (4) 465 cm ™', and (5)
638 cm ' are Raman modes of t-ZrO,[18,30-31]. No vibra-
tion modes corresponding to the monoclinic phase were ob-
served, consistent with the XRD results. The mode at E,
(142) is the mode of Zr-O—Zr and O—Zr—O bending, those
at £, (260), E, (467), and B, (638) are the modes of Zr-O
stretching, and that at B, (322) is the Zr-O bending mode.
Raman shifts were observed in the spectra of all the doped
samples because of the lattice disorder and the lattice strain
developed within crystals as a result of the substitution of
cations [32-33].

3.4. Crystal growth behavior of doped ZrO, powders

The average crystallite size of various doped ZrO,
powders calcined at temperatures from 600 to 1000°C for
2 h is shown in Fig. 5(a). The average crystallite size was
calculated by the Scherrer equation; and the results are listed
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in Table 1. An increase in calcination temperature was found
to increase the crystallize size in all of the doped samples.
We observed that the crystallite size of 8SmSZ was the
smallest, whereas that of 8YSZ was the largest. Initially, in
the case of 8SmSZ, calcination at a temperature of 600 to
800°C resulted in an increase of the crystallite size from 9 to
12 nm. When the calcination temperature was further in-
creased to 1000°C, the crystallite size reached a value of
16.83 nm; this increase was attributed to the effect of
heat-treatment temperature on crystal growth [10,18]. By
contrast, the average crystallite size of 8YSZ increased from
13.97 to 20.17 nm as the calcination temperature was in-
creased from 600 to 800°C and then increased to 28.15 nm
when the calcination temperature was increased to 1000°C.
A similar trend was observed for 8GdSZ, where the crystal-
lite size increased from 12.13 to 14.69 nm at low tempera-
tures and then to 21.29 nm at 1000°C.
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Fig. 5. Relation between average crystallite size and heat-treatment temperature (a) and InD; vs. 1/T (b).

Table 1. Average crystallite sizes of nanopowders heat-treated at various temperatures for 2 h and the corresponding activation

energy for crystal growth

Average crystallite size of doped ZrO, nanopowders / nm

Temperature / °C
8YSZ 8SmSZ 8GdSZ
600 13.97 9.68 12.13
700 16.14 10.71 13.12
800 20.16 12.37 14.69
900 25.14 13.88 17.06
1000 28.15 16.83 21.29
Activation energy / (kJ-mol™") 16.95 12.45 12.39

The activation energy for crystal growth was calculated

by the Arrhenius equation:

AE
D, =kexp| —
t p(RTj

@

where D is the average crystallite size estimated from Eq. (1),

k is a constant, R is the ideal gas constant, 7 is the
heat-treatment temperature, and AE is the activation energy.
Taking the natural logarithm of both sides of Eq. (2)

gives
InD, — Ink =—AE/RT)

€)
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Therefore, the activation energy for crystal growth of var-
ious doped nanocrystalline zirconia powders was deter-
mined from a linear fitting of a plot of the logarithm of the
average crystallite size versus the reciprocal of the
heat-treatment temperature, as shown in Fig. 5(b). The acti-
vation energies of 8YSZ, 8SmSZ, and 8GdSZ for the crystal
growth of doped samples, as calculated from Eq. (3), are
16.95, 12.39, and 12.46 kJ/mol, respectively. On the basis of
previous works, the activation energies obtained in this work
were lower than the result of 13 kJ/mol [25] in the cases of
8SmSZ and 8GdSZ and the results of 34 [12], 29.2 [34], and
24.79 kJ/mol [35] reported for 8YSZ. The lower activation
energies in the present work are associated with the presence
of a large amount of oxygen-ion vacancies within the nano-
crystalline lattices [25]. A large number of oxygen vacancies
can be created in nanocrystalline powders via two different
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mechanisms: (1) doping with lower-valence atoms such as
Sm*", Gd*, and Y** can create huge oxygen vacancies and (2)
the concentration of oxygen vacancies can increase in nano-
crystalline ceramic particles when the nanoparticle size is less
than 20 nm [10,25]. These combined effects increase the
number of oxygen vacancies, which reduces the activation
energy for the crystal growth in the present study.

3.5. Microstructure of doped ZrO, powders after calcina-
tion

Figs. 6(a), 6(c), and 6(e) show the bright-field TEM images
of 8SmSZ, 8GdSZ, and 8YSZ, respectively, which reveal that
the particles are agglomerated and crystallized. Figs. 6(b), 6(d),
and 6(f) show the corresponding SAED patterns of 8SmSZ,
8GdSZ, and 8YSZ. The SAED patterns confirmed the existence
of single-phase tetragonal ZrO,, consistent with the XRD results.

:

- (011)
\ <t (011)
< (020)
e (121)
< (022)

<— (220)

Fig. 6. HRTEM micrographs and the corresponding SAED patterns of doped samples calcined at 800°C for 2 h: (a) bright-field image
of 8SmSZ; (b) SAED pattern of 8SmSZ; (c) bright-field image of 8GdSZ; (d) SAED pattern of 8GdSZ; (e) bright-field image of 8YSZ; (f)

SAED pattern of 8YSZ.

4. Conclusion

Nanocrystalline 8SmSZ, 8 GdSZ, and 8YSZ powders were
synthesized by the coprecipitation technique. The DTA re-
sults indicate that nanocrystalline tetragonal zirconia crystal-
lized at 529°C for 8SmSZ, at 465°C for 8GdSZ, and at 467°C
for 8YSZ. The XRD results confirmed that ZrO, was present

as tetragonal-phase ZrO,. It exhibited excellent phase stability,
and the crystallite size increased when the samples were cal-
cined at temperatures between 600 and 1000°C. The activa-
tion energies for the crystal growth of 8SmSZ, 8GdSZ, and
8YSZ nanocrystalline tetragonal zirconia were calculated as
12.45, 12.35, and 16.95 kJ/mol, respectively. The SAED pat-
terns also confirmed the presence of tetragonal zirconia.
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