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KEYWORDS Abstract This study aims to investigate the high-temperature phase stability and hot corrosion
SPileer behavior of zirconia with triple doping of Sc**, Ce** and Y** ions. FESEM result shows that
Nanoparticles; the mean particle size of ScCeYSZ nanoparticles was 80-90 nm. Next, optimal samples regarding
Sintering; the highest high-temperature phase stability (1.9%Sc8.3%Cel.8%YSZ, 1.1%Sc9.0%Cel.8%YSZ
Ceramics; and 0.5%8Sc9.6%Cel.8%YSZ) were consolidated at 1550 °C for 15 min via the spark plasma sin-
Phase stability; tering (SPS) method. A hot corrosion test was done in the presence of 45%Na>SOy4 + % 55V,0s5 salts
Hot corrosion test on three samples at 900 °C for 2 h. Also, the results of hot corrosion were compared with ceramic

resulting from the nanostructured YSZ bulk sample (nanoYSZ).

Based on the X-ray diffraction results, the formation of the non-transformable tetragonal phase
is confirmed in the synthesized nanopowders. Also, the phase and microstructural results after hot
corrosion of sintered samples show the formation of a monoclinic phase and destructive YVOy crys-
tals and quasi-cubic CeO, crystals on the surface of sintered samples. The results indicated that the
sample containing 1.8% scandia, 8.3% ceria, and 1.9% yttria had the highest phase stability and
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hot corrosion resistance (low monoclinic percentage and low leaching of stabilizer elements of S¢**:

Ce**:Y*" from zirconia lattice and low depth of molten salt).
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Zirconia stabilized with yttria (YSZ) is used in various applications
such as thermal insulation coatings, refractories in jet engines, and
dental veneers due to its high melting temperature, low thermal con-
ductivity, good chemical stability, and biocompatibility (Yuan et al.,
2018). The use of polluted fuels, including V and S elements, cause
hot corrosion of common 7% yttria-stabilized zirconia ceramics
(7YSZ). Vanadium oxide (V,0s), sodium sulfate (Na,SO,) and sodium
chloride (NaCl) are common impurities in the fuel used (Yuan et al.,
2018; Zhang et al., 2019). During hot corrosion (at around 900 °C),
yttria leached from the zirconia lattice, and the majority of the tetrag-
onal phase of the zirconia transformed to a monoclinic phase and
caused the failure of YSZ ceramics. Furthermore, zirconia has three
structures (cubic, monoclinic and tetragonal). The tetragonal phase
of YSZ (t-YSZ) transformed to a monoclinic phase at temperatures
above ~ 1180 °C (Jones et al., 1996; Sadeghi et al., 2022; Guo et al.,
2019; Khaki et al., 2022). Accheving non-transformable tetragonal
“t' phase” instead of transformable tetragonal ““t phase” of zirconia
are. important to have good mechanical and corrosion resistance prop-
erties for stabilized zirconia ceramics (Guo et al., 2019; Khaki et al.,
2022; Habibi and Guo, 2015). The t’' -phase has higher phase stability
than the t -phase due to the low leaching of the stabilizer agent from
the zirconia lattice and has good teragonality (c/a v/2) was close ~ 1).

Many attempts have been made to improve high-temperature
phase stability and corrosion resistance by doping ceramic oxides such
as CCOz, SC203, A1203, Yb203, Ti02, CdzOg, In203, MgO, etc. within
zirconia lattice (Guo et al., 2019; Khaki et al., 2022; Habibi and Guo,
2015; Chen et al., 2019; Bokov et al., 2021; Hajizadeh-Oghaz et al.,
2016; Liu et al., 2014; Dong et al., 2022; Radjehi et al., 2023; Jamali
et al., 2014).

Many methods, such as hot pressing, hot isostatic pressing and SPS
methods, are used to sinter metal oxide stabilized zirconia nanopow-
ders. Today, the SPS method is widely used because of advantages
such as short process time, smaller grain size, and preparation of sam-
ples with almost complete density at lower temperatures compared to
conventional hot-press, microwave sintering and pressureless sinter
(Ritasalo et al., 2013; Ahsanzadeh-Vadeqani and Razavi, 2016;
Grabis et al., 2018; Kikuchi et al., 2018; Bat-Ulzii et al., 2023; Zhao
et al., 2022; Jones et al., 1996; Huang et al., 2022). Extensive studies

have been reported on the preparation of yttria-stabilized zirconia
(Ahsanzadeh-Vadeqani and Razavi, 2016), ceria-stabilized zirconia
(Grabis et al., 2018), and other zirconia-based ceramics (Kikuchi
et al., 2018) via the SPS technique.

A study examined the effect of Sc,O3 content on the hot corrosion
behavior of ScYSZ ceramics (x% mol Sc,03-1.5% mol Y,03 doped
zirconia at 1000 °C (Chen et al., 2019). Experiments have shown that
the tetragonal phase stability of the samples would grow with an eleva-
tion of the Sc,O5 content. It was reported that the reaction between the
mixture of Na,SO,4 + V,05 molten salts and Y,Oj3 zirconia stabilizers
produces rod-like YVOy, crystals; indeed, it removes Y,O; from the zir-
conia lattice, causing the conversion of zirconia phase from tetragonal
to monoclinic (Jamali et al., 2014). Many studies have evaluated the
hot corrosion behavior of Ytrria stabilized zirconia (YSZ, including
one stabilizer agent), CYSZ (including two stabilizer agents: ZrO,-
25 wt% Ce0,-2.5 wt% Y»03), and ScYSZ (including two stabilizer
agent: ZrO,-4.5 wt% Sc,05-0.5 wt% Y,03) (Bokov et al., 2021;
Hajizadeh-Oghaz et al., 2016; Liu et al., 2014). However, so far, the
hot corrosion behavior of Scandia-Ceria-Ytrria stabilized zirconia
(ScCeYSZ, including three stabilizer agents) materials have not been
examined.

Since the sol-gel method is a simple, low-cost method with good
control of the stoichiometry of the final product, this method was con-
sidered for the synthesis of ScCeYSZ nanopowder. In this work, zirco-
nia stabilized with various weight percentages of Sc**:Ce**:Y?*
(ScCeYSZ) was synthesized via the sol-gel method. Then, three sam-
ples with the highest phase stability at annealing temperatures
(1600 °C) were selected and sintered through the SPS method. Ulti-
mately, the hot corrosion behavior of the sintered ScCeYSZ was exam-
ined. Further, the hot corrosion results were compared with ceramic
resulting from yttria-stabilized zirconia nanogranules (YSZ).

2. Experimental

2.1. Samples preparation

The ZrOC12-8H20, Y(NO3)36H20, CC(NO3)36H20 and Sc
(NO3);-6H,0 salts with a purity of 99.9% purchased from
Merck (Germany) were chosen as the raw materials. Further,

Table 1 Weight percentages used in the synthesized ScCeYSZ nanoparticles.

Composition wt% CeO, wt% Y,0;3 wt% Sc,053 Percentage of X, (%) Xt%
(ScCeYSZ), 8.3 1.9 1.8 0.14 99.82
(ScCeYSZ), 9.0 1.9 1.1 0.20 99.77
(ScCeYSZ); 9.6 1.9 0.5 0.29 99.69
(ScCeYSZ), 7.6 1.9 2.5 0.35 99.62
(ScCeYSZ)s 6.9 1.9 32 0.40 99.57
(ScCeYSZ), 6.3 1.9 3.8 0.42 99.55
(ScCeYSZ), 5.5 1.9 4.6 0.51 99.46
(ScCeYSZ)g 4.8 1.9 5.3 0.52 99.45
(ScCeYSZ)o 4.0 1.9 6.1 0.57 99.40
(ScCeYSZ) 1o 3.4 1.9 6.7 0.61 99.36
(ScCeYSZ)1; 2.8 1.9 7.3 1.04 98.93
(ScCeYSZ)» 2.2 1.9 7.9 1.42 98.55
(ScCeYSZ)3 1.4 1.9 8.7 2.21 97.76
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yttria-stabilized zirconia nanogranules (nano8YSZ) were pur-
chased from Sulzer Metko Co.

FiI'St, the ZrOC12~8H20, Y(NO3)36H20, CC(NO3)36H20
and Sc(NO3);-6H,0 salts were dissolved in 100 mL of distilled
water on a magnetic stirrer by maintaining a specific stoichio-
metric ratio (according to Table 1). Citric acid monohydrate
was separately dissolved in distilled water with a Zr: CA mole
ratio of 1:4. Next, citric acid solution was added to the zirconia
and stabilizer salt solution and heated for 30 min at 50 °C.
Thereafter, ethylene glycol with molar ratio (Zr:EG:
CA = 1:4:4) was added to the solution and heated for 1 h at
80 °C. Subsequently, the temperature was elevated up to
around 120 °C up to the desired gel would form. Next, to
obtain the dry gel, the temperature was elevated up to
250 °C. After that, the dried gel was annealed at 800 °C,
1000 °C, and 1600 °C for 2 h. Also, high-temperature anneal-
ing (1600 °C/5h) was selected to explore the phase stability of
zirconia and the monoclinic percentage of the samples.

According to Table 1, three samples (ScCeYSZ),
(ScCeYSZ), and (ScCeYSZ); with the highest phase stability
at high temperature were selected as the best samples and
the hot corrosion test were continued on these three samples.

2.2. Consolidation of (ScCeYSZ) ;.3 samples

Before sintering nanopowders, the samples ((ScCeYSZ),
(ScCeYSZ), and (ScCeYSZ); nanopowders calcined at a tem-

perature of 1000 °C) were deagglomarated with the ball milling
method. To ball mill, the powders obtained by the sol-gel
method, a zirconia ball-to-powder ratio of 1 to 10 and a rota-
tion speed of 300 rpm in zirconia chambers for 6 h were used.
Then the ground samples were passed through a 300-mesh
sieve.

The powder mixture obtained from the grinding stage was
loaded into a graphite mold covered with graphite foil, and the
spark plasma sintering process (SPS10Ton — 10,000 Amper,
Iran) was carried out. The parameters of pressure, temperature
and duration of sintering during the SPS process are 40 MPa,
1550 °C and 15 min, respectively. The temperature-increasing
rate was 50 °C/min. After the spark plasma annealing process,
disc-shaped samples with a diameter of 20 mm and a height of
10 mm were made. To remove the graphite layers from the sur-
face of the samples, the samples were polished using sandpaper
(Budi et al., 2022; Salahdin et al., 2022). The density of the
samples was measured by Archimedes method and using dis-
tilled water as an immersion solvent.

2.3. Hot corrosion tests

A mixture of 45%Na,SO,4 and 55% V,05 powders was chosen
as corrosive salts in this research (Jamali et al., 2014). The
properties of the corrosive salts are reported in Table S1 (see
supporting information) (Jamali et al., 2014). To evaluate the
hot corrosion resistance of corrosive powders with a concen-
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Fig. 1 XRD pattern of the (ScCeYSZ); powders at annealing temperatures of 800, 1000, and 1600 °C/2h.
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tration of 10 mg/em? (Hajizadeh-Oghaz et al., 2016), at a dis-
tance of 1 cm from the edge, on the surface of the sample num-
ber of (ScCeYSZ);, (ScCeYSZ), and (ScCeYSZ); with a
diameter of 20 mm and a height of 10 mm was done to spread
a uniform level of corrosive powders on the disc surface. The
corrosion test was performed at 900 °C for 2 h) (Hajizadeh-
Oghaz et al., 2016; Jamali et al., 2014). Further, the hot corro-
sion output was compared with sintered yttria-stabilized
zirconia (8YSZ, Sulzer Metko Co.). The percentage of holes
was measured from a polished cross-section SEM image of
ceramics by Image J software.

2.4. Characterization tests

The phase structure of the samples was analyzed through
X-ray diffraction (Al-Zuhairy et al., 2022; Kadhum et al.,
2022; Chupradit et al., 2022; Sivaraman et al., 2022; Obaid
et al., 2022; Raya et al., 2022b) (XRD, Bruker D8 Advance)
using Cu k, (A = 0.15406 nm, with a step size of 0.02° and
time per step of 1 S).

The width of the peak at half the height of the maximum
(FWHM) (Kadhim et al., 2022; Jasim, Hachem et al., 2022;
Jasim, Hadi et al., 2022) was considered from the peak with
the highest intensity located at 28 of 30°.

The amount of phase stability is calculated from the volume
fraction of the tetragonal phase (X;, Equation (1) and the

amount of phase transformation from the tetragonal to the
monoclinic phase (X,,, Equation (2) (Rocha et al., 2022;
Lughiw and Clarke, 2005; Jiang et al., 2018).

1,(220)

X =088 20) 1 1.009) "
_ L7114+ 1,(111) )
" L,(1711) + L,(111) + 1,(101) @)

where 7,, (1711) represents the intensity of the diffraction peak
at 20 = 28°, I, (111) shows the intensity of the diffraction
peak at 20 = 31° for the monoclinic phase, and 7, (101)
denotes the intensity of the diffraction peak at 26 = 30° for
the tetragonal phase. 1,(004) and I, (220) represents diffraction
intensity at 20 of 73° and 74° of the tetragonal phase. For fur-
ther analysis of the phase structure in the samples, Raman
spectroscopy (Plasmonic, Iran) was used with an excitation
wavelength of 532 nm via argon ion laser (Yumashev et al.,
2022).

The microstructural properties of the samples were exam-
ined through field emission scanning electron microscopy
(FESEM) (FEI model, USA) (Seyyedi et al., 2021; Dmytro,
2020; Kadhum et al., 2021) equipped with Energy Dispersive
X-ray Spectroscopy (EDS) (Chen et al., 2023; Zhang et al.,
2023; Kartika et al., 2022).
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Fig. 2 XRD pattern of three powders (ScCeYSZ),; at an annealing temperature of 1000 °C for 2 h.
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3. Results and discussion

3.1. XRD analysis of nanoparticles

The XRD pattern of (ScCeYSZ); sample annealed at 800,
1000, and 1600 °C is shown in Fig. 1. The JCPDS card number
and its standard peak list are specified under the XRD pat-
terns. It is seen that no impurity, including Sc,03, Y,03, and
CeO,, was detected in the XRD pattern. This suggests that
all stabilizers have been successfully doped within the zirconia

500 nm
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Fig. 3 FESEM images of (ScCeYSZ),.; nanopowders at an
annealing temperature of 1000 °C for 2 h.

lattice. The main diffractions of the tetragonal phase have
occurred at 20 = 30°, 35°, 50°, 60°,73°,74°, which are related
to the reflection of (101), (002), (200), (211), (004), and
(400) planes respectively. The XRD patterns of tetragonal
and cubic zirconia phases are similar, and it is difficult to dis-
tinguish between tetragonal and cubic zirconia (Srinivasan
et al., 1991). Typically, the bifurcation of the (002/004) diffrac-
tions at 26 = 50°, 60°,73° is related to the tetragonal phase (t-
phase) (Li et al., 2022; Zhao et al., 2020). The larger the dis-
tance between the two peaks at 20 = 73°,74°, which are related
to (004) and (400) planes, the greater the tetragonality param-
eter will be, where the tetragonal phase will have greater stabil-
ity (Yuan et al., 2018; Zhang et al., 2019; Jones et al., 1996;
Sadeghi et al., 2022; Guo et al., 2019; Li et al., 2022; Zhao
et al.,, 2020; Chen et al., 2022; Song et al., 2023; Jalil
Abduladheem et al., 2021; Li et al., 2021; Viazzi et al., 2000).
As seen in Fig. 1, with an elevation of annealing temperature
from 800 °C to 1600 °C, the distance between the two peaks
at 74° will increase, and the tetragonal phase in the sample
with an annealing temperature of 1000 °C is higher than at
800 °C. Due to the higher tetragonal phase volume percent
at 1000 °C, this temperature was selected for the calcination
of other samples. In all (ScCeYSZ) samples annealed at
800 °C, full width at half of the maximum peaks (FWHM)
was lower than at 1000 °C and 1600 °C. This suggests that
the crystallite size of the sample annealed at 800 °C is smaller
than that of the sample annealed at 1000 °C and 1600 °C (ac-
cording to Table S2, see supporting information). Further-
more, with increasing annealing temperature from 800 °C to
1000 °C, the crystallintty of ScCeYSZ was improved due to
higher intensity of diffraction patterns. The rectangle below
the XRD patterns belongs to matched standard peak list.

The tetragonality (c/av/2) for the non-transformable tetrago-
nal phase (f phase) tends to be 1.01, while for the trans-
formable tetragonal phase, it is larger than 1.01 (Viazzi
et al., 2006). Tetragonality for the (ScCeYSZ); sample with
an annealing temperature of 800 °C has been 1.02, while for
the (ScCeYSZ); sample at annealing temperatures of 1000 °C
and 1600 °C, it has been 1.01.

Fig. 2 displays the XRD pattern of (ScCeYSZ);.;3 samples
with an annealing temperature of 1000 °C. As seen, the main
phase in all samples is tetragonal, with no monoclinic phase
identified in the samples. The value of the parameter (c/av/2)
in (ScCeYSZ);, (ScCeYSZ),, and (ScCeYSZ); have been
1.0039, 1.0083, and 1.0063 respectively. This confirms the for-
mation of the phase in all three samples. The XRD pattern of
the nanogranule (Fig. S1, see supporting information) also
confirms its tetragonality.

Fig. 3 depicts the FESEM images of ScCeYSZ nanoparti-
cles obtained at 1000 °C after 2 h. In all nanopowders,
quasi-spherical particles have been synthesized. The particle
size synthesized in (ScCeYSZ),; sample is between 80 and
90 nm. According to spot-size EDS analysis (Fig. 4), cerium,
yttrium, zirconium, and oxygen exist in the EDS analysis of
the three samples.

The stability of the tetragonal phase at 1600 °C for
(ScCeYSZ),.3 samples is shown in Fig. 5. It is seen that even
at 1600 °C, a phase transition has not occurred.

As observed in Fig. S2 (see supporting information),
(ScCeYSZ)4 and (ScCeYSZ)s samples contain a tetragonal
phase. The larger the distance between two peaks at 20 = 7
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3°,74°, which are related to the reflection of (400) and (004)
planes, the greater the tetragonality parameter will be, and
the tetragonal phase will have greater stability. Indeed, the dis-
tance of the two peaks at 74° among the (ScCeYSZ),.s samples
has been the maximum inter-peak distance (see Fig. 5 and
Fig. S2-S4, see supporting information). This suggests that
the tetragonal phase in (ScCeYSZ),.s samples has been more
stable than other samples. Further, the (ScCeYSZ)e 13 samples
(Figs. S5 and S6) have a cubic phase.

Fig. 6 reveals the XRD pattern of samples synthesized at
1550 °C under a pressure of 40 MPa for 15 min. As seen, in
all samples (ScCeYSZ),; and nanoYSZ, the major phase is
tetragonal, and there is a little monoclinic phase in
(ScCeYSZ),.; samples. After SPS treatment, some Ce*™ lea-
ched from the ScCeYSZ sample, especially (ScCeYSZ), and
thus caused the transformation of the t-to-m phase (mono-
clinic phase) of zirconia. The peaks at 26 = 28° and 31° are
related to the monoclinic phase. In the samples sintered at
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Fig. 4 EDS analysis of (ScCeYSZ),.3 powders at an annealing temperature of 1000 °C for 2 h.
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Fig.7 Raman spectra of (ScCeYSZ); powders at an annealing temperature of 800 °C, 1000 °C, and 1600 °C for 2 h (a) at a wavenumber

of 100-4500 cm ™" (b) 100-1000 cm ™.

Table 2 Raman shift of different modifications in zirconia
Raman analysis (Lughiw and Clarke, 2005; Jiang et al., 2018;
Bakhshkandi and Ghoranneviss, 2019).

Zirconia Raman Shift (cm™") Mode

Phase

Amorphous 550-600 (broad) -

Monoclinic  98-102, 180-189, 220, 178,  9A;g + 9Bg
189, 225, 300, 335, 380, 475.
535, 555, 615, 635

Tetragonal  131-155, 240-266, 290-330, 1A;g + 2B;g + 3Eg
410475, 550-615, 616-645

Cubic 250-280, 464-490, 530640  T,g

1550 °C, some of the tetragonal phase has been converted to a
monoclinic phase. The volumetric percentage of the tetragonal
phase calculated through Eq. (1) in (ScCeYSZ),, (ScCeYSZ),,
(ScCeYSZ)3, and nanoYSZ has been 93.09, 86.34, 73.58, and
92%, respectively. With increasing the amount of scandia in

the (ScCeYSZ),.s sample, the percentage of the monoclinic
phase was reduced, and the dominant phase in the sample is
tetragonal. On the other hand, upon enhancing ceria in the zir-
conia lattice stabilized with yttria-ceria-scandia, the percentage
of the monoclinic phase was increased. This issue is probably
because the effective radius of the Ce** ion in ScCeYSZ cera-
mic is larger than Zr*" and the zirconia lattice expands
towards the monoclinic structure (this result was confirmed
by Raman spectroscopy). Moreover, the effective radius of
Sc** ion in ScCeYSZ ceramic is smaller than Zr*™, and the
zirconia network change to the cubic phase for (ScCeYSZ)s.
13 (confirmed by Raman spectroscopy).

3.2. Raman spectroscopy

Raman spectroscopy is employed for identifying and confirm-
ing different polymorphs of zirconia structure. Since the peaks
of the cubic phase coincide with the tetragonal zirconia in
XRD patterns, Raman analysis was taken (Nakamoto,
2006). Fig. 7 indicates the Raman spectra of (ScCeYSZ); sam-
ples annealed at 800 °C, 1000 °C, and 1600 °C. Table 2 shows
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various Raman scattering peaks of zirconia phases (Dayal
et al., 1992; Rashad and Baioumy, 2008; Kanade et al.,
2008; Davar and Loghman-Estarki, 2014; Jasim et al.,
2022b; Zhao et al., 2022; Raya et al., 2022a). The peaks at
153, 263, 467, and 637 cm~! are related to the 2Bg, Ag,
and 3Eg vibrational modes of the zirconia tetragonal phase,
respectively. The results of Raman analysis are in line with
XRD findings. The cubic structure of zirconia has some bands
at a larger wavelength at 4400 cm ™! (anti-stock peak), attribu-
ted to the fluorescence peaks, while for the tetragonal phase,
no peak is seen in this region (Davar and Loghman-Estarki,
2014). In (ScCeYSZ)4 and (ScCeYSZ)s samples, no peak is
observed at 4400 cm ™! (Fig. S5, see supporting information),
confirming the formation of the tetragonal phase. On the other
hand, the (ScCeYSZ)4.13 samples (Fig. S6, see supporting
information) have a cubic phase. According to the results of
XRD and Raman spectrum of samples calcined at 1000 °C,

(a-c) FESEM images (d) EDS analysis of the commercial 8YSZ nanogranule powders with different magnifications.

it was found that the synthesized samples (ScCeYSZ),.s have
a tetragonal phase. To check the stability of the tetragonal
phase at high temperature, these samples were calcined at
1600 °C, and according to the XRD results, the synthesized
samples (ScCeYSZ);_s have a tetragonal phase. Among sam-
ples (ScCeYSZ).s, three samples (ScCeYSZ);, (ScCeYSZ),
and (ScCeYSZ); which had the lowest percentage of mono-
clinic phase and the highest stability of tetragonal phase at
high temperature (1600 °C) were selected as optimal samples.
Furthermore, as-synthesized (ScCeYSZ)s.13 have a cubic
phase.

3.3. Morphology of sintered sample before hot corrosion

FESEM images of the purchased powders can be seen in
Fig. 8. The nanoYSZ powder contains spherical granules with
an average size of 50-60 um (Fig. 8a, b). The image with a lar-
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Fig. 9 SEM image from the surface of sintered (a) (ScCeYSZ),, (b) (ScCeYSZ),, (¢) (ScCeYSZ)3, and (d) nano8YSZ ceramics samples

after annealing etching at 1400 °C for 4h.

ger magnification of this sphere shows that any sphere is an
aggregation of 60—80 nm nanoparticles (Fig. 8c). Also, based
on EDS analysis in Fig. 8d, zirconium, yttrium, and oxygen
elements exist in the YSZ nanogranule.

Fig. 9 reveals the SEM image of the surface of sintered sam-
ples. According to Fig. 9, the particle size of all nanopowders
was increased from 80 to 90 nm to micrometer size. The image
also shows aggregated particles across the surface of the sam-
ple. As seen, the sintered areas are discrete and are interlinked
to each other with closed pores.

According to fractured cross-sectional FESEM images of
sintered (ScCeYSZ),_3 sample, the grain size of (ScCeYSZ);.3
was between 200 and 300 and the grain size of nanoYSZ
ceramics was 400-500 nm (Fig. S7, see supporting information
file).

Fig. 10 exhibits the EDS analysis of the sintered samples
before the hot corrosion test. According to this test, the stabi-
lizer percentages are different from the experimentally added
percentages.

The density for the nanoYSZ, (ScCeYSZ);, (ScCeYSZ),,
and (ScCeYSZ); samples were obtained at 98, 98.9, 100, and
100%, respectively.

3.4. Hot corrosion behavior

Fig. 11 depicts the XRD pattern of the samples after hot cor-
rosion in Na,SO,; + V,05 molten salts at 900 °C for 2 h. The
volume fraction of monoclinic phase in samples (ScCeYSZ),,
(ScCeYSZ),, (ScCeYSZ); and nano YSZ is equal to 20.24%,

23.68%, 79.56% and 89.0%, respectively. The monoclinic
phase content in the nanoYSZ sample has more than the other
one, indicating that most Y** leached from the zirconia lattice
after the hot corrosion test.

Based on the XRD results of samples pre-corrosion, the
(ScCeYSZ); sample has had a greater monoclinic phase com-
pared to other samples, and thus the greatest extent of corro-
sion is seen in this sample. The volumetric fraction of the
monoclinic phase functions as a criterion for the instability
of bulk samples along the hot corrosion test (Table 3).

According to Table 3, the ScCeYSZ show the lowest volu-
metric percentages of the monoclinic phase before and after
the hot corrosion test.

In the nanoYSZ sample, after the hot corrosion, it is evi-
dent that the tetragonal peak at 20 = 30° has diminished,
and the main product of YVO, has been produced at
20 = 26°. Among the samples, (ScCeYSZ); sample has shown
the minimum extent of the corrosion, while (ScCeYSZ)3 has
indicated the greatest extent of corrosion. Based on the results,
it can be confirmed that in the presence of Na,SO; + V,Os
molten salts, the (ScCeYSZ), sample shows better phase stabil-
ity compared to other samples and is more resistant to corro-
sion. Hot corrosion occurs when Na,SO,4 + V,Os5 molten salts
react with the stabilizers in zirconia and lead to the outflow of
stabilizers from within the zirconia structure. This causes a
reduction of the tetragonal phase and its conversion to the
monoclinic phase, eventually resulting in surface corrosion.
The amount of YVO, corrosion product has increased in the
nanoYSZ sample. The reaction of vanadium oxide and sodium
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Fig. 10 EDS of spark plasma sintered bodies of (a) (ScCeYSZ),, (b) (ScCeYSZ),, (c) (ScCeYSZ)3, and (d) nano8YSZ samples.
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Table 3 The calculated volume percentage of the monoclinic
phase of the samples before and after the corrosion test.

Composition Percentage of X, (%)

before corrosion

Percentage of X, (%)
after corrosion

(ScCeYSZ); 691 20.24
(ScCeYSZ), 13.66 23.68
(ScCeYSZ); 26.42 79.56
Nano 8YSZ 8 89

sulfate leads to the formation of sodium vanadate at 900 °C.
Since this salt has a low melting point of 610 °C, at 900 °C
along the hot corrosion test, NaVO; ions have excellent mobil-
ity and diffusivity. As such, they can diffuse into the ceramics
through the microcracks and pores present in the surface, and
react with Y,Oj3 present in the zirconia structure, thus produc-
ing YVO4 (Chen et al., 2019). This reduction of stabilizers
from inside the zirconia structure results in a reduction of
the tetragonal phase and accelerates the course of corrosion.
It is seen that although the third sample has had the largest
theoretical density (100%), its hot corrosion resistance has
been minimum. This suggests that sodium vanadate, depend-
ing on the compositional phase resistance of the three stabiliz-
ers, has shown a different extent of reaction with the three
sintered samples.

3.5. Morphology of sintered sample after hot corrosion test

Fig. 12 displays a FESEM image from the surface of sintered
samples after the corrosion test.

XRD pattern of the three samples (ScCeYSZ),.3 and nano 8YSZ bulk samples after hot corrosion test.

According to the EDS results, the rod-shaped corrosion
products are seen resulting from YVOy, crystals plus pseudocu-
bic crystals with varying sizes resulting from CeO, exiting from
the zirconia lattice on the surface of the sintered pellet form.
According to Fig. 12a, the length of rod-shaped YVO, formed
in nanoYSZ and (ScCeYSZ), was higher than in other samples
due to more leaching of Y element from both samples.

EDS analysis (Fig. 12) has been done to confirm the chem-
ical compounds of corrosion products. EDS results obtained
from the specified region (Fig. 12d) from the (ScCeYSZ); sam-
ple show that the rod-shaped crystals formed on the surface of
the sintered pellet have mostly been composed of V, Y, and O
elements with atomic percentages of 25.92%, 11.55%, and
3.88% respectively. XRD analysis also confirmed the forma-
tion of the YVO, phase.

EDS results obtained from the specified region in Fig. 13
from (ScCeYSZ),; samples show that the cubic crystals
formed on the surface of the sintered pellets mostly consist
of Ce elements.

Also, based on the EDS results regarding the substrate of
this sample (Fig. 13c), it consists of Zr and O elements. The
SEM image of the sintered samples (ScCeYSZ), and
(ScCeYSZ); also shows rod-shaped crystals similar to the
(ScCeYSZ), sample on the surface of the sample. The corro-
sion products are mostly present in the nanoYSZ sample with
larger dimensions, while the extent of corrosion has diminished
in the (ScCeYSZ); sample. The FESEM image of the
nanoYSZ sample shows the formation of corroded crystals.
The results reveal that the length and diameter of the rod-
like particles formed in the nanoYSZ sample have been larger
than that of (ScCeYSZ);.; samples.
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Fig. 13 Spot-EDS analysis from cubic morphology of (a) (ScCeYSZ),, (b) (ScCeYSZ),, and (ScCeYSZ); disc-shaped samples after hot

corrosion test.

Fig. 14 shows the cross-section of the samples after the hot
corrosion test. As it is clear in the pictures, all samples
(ScCeYSZ),.3 and nanoYSZ have corroded areas. The cor-
roded and reacted areas with molten salt are more in the
nanoYSZ samples than in other samples. Also, the rod-
shaped crystals of yttrium vanadate can be seen in the cross-
section of the nanoYSZ sample. The reason for it can be the
fact the rod-shaped crystals are larger than.

(ScCeYSZ),; samples. The formation of holes and cracks is
the result of corrosion products. Furthermore, the depth of
molten salts for (ScCeYSZ), (100-150 pm) was lower than in
other samples. According to Fig. 14, the percentage of holes
in the nanoYSZ body (45%) was higher than (ScCeYSZ);3
sample ((ScCeYSZ);: 15%, ((ScCeYSZ),: 34% and
(ScCeYSZ)3: 25%).
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Fig. 14  Cross-sectional FESEM image (Back scattering mode) of sintered samples after the hot corrosion test.

3.6. Mechanism analysis

In the first stage, a mix of sodium sulfate and vanadium oxide
molten salts reacted at high temperatures, whereby the inter-
mediate product of NaVO; (Reaction # 1), which has a low
melting point of about 610 °C is formed (Jalil Abduladheem
et al., 2021; Li et al., 2021).

Nast4(1> + V205(1) — 2NaVO3(1) + SO3(g) (1)

The reaction between NaVO; and the stabilizers present in
the zirconia is based on the Lewis acid-base law. Among stabi-
lizers (Sc”, Ce™, Y3 as a Lewis acid element), V,Os (as a
Lewis acid compound) preferably reacts with Y3, causing
leaching of stabilizers from inside the zirconia structure. Thus,
it forms the corrosion products of YVOy (reaction # 2) and (m-
ZrQ,) ZrO, monoclinic product (Raya et al., 2022a; Jones,
1997; Park et al., 2005). Sc,O5 has more acidic nature proper-
ties and causes less reactivity with the Lewis acidic metal oxide,
such as the V,0O5 compound. Experimental research has shown
that CeO,, due to greater acidity over Y,Oj3_ is more resistant
to reaction with NaVO;. However, reports (Park et al., 2005;
Ahmadi-Pidani et al., 2012; Habibi et al., 2012; Zhong et al.,
2010; Yasuda et al., 2004; Liu et al., 2023; Fu et al., 2020;
Abosaooda et al., 2021; Yuhua et al., 2017; Chen et al.,
2020; Qiu et al., 2023; Jones and Williams, 1987; Zhao, 2022;

Liu et al., 2022; Park et al., 2005) showed that NaVOs; reacts
with the Ce™* present in zirconia to form CeVO, (reaction #
3).

ZrOz.Y203 + NaVO3 — m-ZrOz + YVO4 + Nazo
2

7r0,.CeO, + NaVO; — m-ZrO, + CeVO,; + Na,O
A3)

Park et al. conducted research on the corrosion resistance
of zirconia with one stabilizer agent (ceria stabilized zirconia
(CSZ) and yttria-stabilized zirconia YSZ compounds). Their
study showed that the CSZ has a higher corrosion resistance
than YSZ (Park et al., 2005).

Jones et al. investigated the corrosion resistance of different
stabilizer agents doped in zirconia lattice. In their research,
they compared the reactivity of Sc,0; Y,0; CeO, and
Ta,Os5 stabilizing elements. Among several introduced oxides,
Sc,03 has the least reactivity with corrosive salts (Jones and
Williams, 1987).

According to the obtained results, zirconia stabilized with
yttria-ceria-scandia (ScCeYSZ) has higher corrosion resistance
than other works with one or two stabilizer agents. The per-
cent of YVO,4 and monoclinic phase in the (ScCeYSZ), sample
was lower than in other works (Song et al., 2023; Jalil
Abduladheem et al., 2021; Li et al., 2021; Viazzi et al., 20006).
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It was probably due to the higher Lewis acid nature of the mix-
ture of Sc®>*:Ce* Y3 element (ScCeYSZ) and better tetrag-
onality percent than YSZ ceramics and reports were done
about CYSZ, CSZ and ScSZ ceramics (Khaki et al., 2022;
Habibi and Guo, 2015; Chen et al., 2019; Bokov et al., 2021;
Hajizadeh-Oghaz et al., 2016; Jamali et al., 2014; Park et al.,
2005; Ahmadi-Pidani et al., 2012; Habibi et al., 2012).

4. Conclusion

Zirconia samples stabilized with Sc,03, Y,03, and CeO, samples were
synthesized with various weight percentages through the sol-gel
method. FESEM images confirmed the nanoscale nature of the synthe-
sized particles with an average particle size of 80-90 nm. XRD pattern
showed that with increasing scandium oxide and reducing ceria con-
tent, the percentage of the tetragonal phase of zirconia was increased.
Among 13 samples in Table 1, Sc; gCes 3Y | 9SZ nanopowders had the
highest phase stability at 1600 °C. The C/av/2 the parameter in these
samples showed that the (ScCeYSZ), sample had the highest t phase.

Results of the hot corrosion test show that the sample with a higher
amount of acidic oxide (scandia) has more resistance to stabilizer
leaching from the zirconia lattice. Despite more porosity (theoretical
density of 98.9%) in (ScCeYSZ); body than (ScCeYSZ),, 3 samples,
the amount of ceria and yttria leaching in the form of polygonal and
rod-like shapes was lower than other samples.

Furthermore, due to the larger rod size of YVO, crystals in the
nanoYSZ body and more leaching of yttria from the YSZ sintered
body, YSZ ceramics show less hot corrosion resistance than
(ScCeYSZ), 5 samples.
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