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Abstract

Hot corrosion is one of the main destructive factors in thermal barrier coatings (TBCs) which come as a result of molten salt effect on the
coating–gas interface. Hot corrosion behavior of three types of plasma sprayed TBCs was evaluated: usual CSZ, layer composite of CSZ/Micro
Al2O3 and layer composite of CSZ/Nano Al2O3 in which Al2O3 was as a topcoat on CSZ layer. Hot corrosion studies of plasma sprayed thermal
barrier coatings (TBCs) were conducted in 45 wt% Na2SO4þ55 wt% V2O5 molten salt at 1050 1C for 40 h. The graded microstructure of the
coatings was examined using scanning electron microscope (SEM) and X-ray diffractometer (XRD) before and after hot corrosion test. The
results showed that no damage and hot corrosion products was found on the surface of CSZ/Nano Al2O3 coating and monoclinic ZrO2 fraction
was lower in CSZ/Micro Al2O3 coating in comparison with usual CSZ. reaction of molten salts with stabilizers of zirconia (Y2O3 and CeO2) that
accompanied by formation of monoclinic zirconia, irregular shape crystals of YVO4, CeVO4 and semi-cubic crystals of CeO2 as hot corrosion
products, caused the degradation of CSZ coating in usual CSZ and CSZ/Micro Al2O3 coating.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ceramic thermal barrier coatings (TBCs) are frequently used
in gas turbine engines to provide thermal insulation to the hot-
section metallic components (vanes, blades, shrouds, etc.) and
also to protect them from oxidation, hot corrosion and erosion,
extending the components thermo-mechanical life [1,2]. A
typical TBC system includes MCrAlY (M=Ni and/or Co)
metallic bondcoat as oxidation resistant layer and partially
stabilized zirconia topcoat as thermal insulation layer. The
metallic bondcoat is deposited between the metallic substrate
and ceramic topcoat to protect the underlying metal (Ni-based
superalloys) from oxidation and high temperature corrosion
and to enhance the adherence between the dissimilar substrate
and topcoat [3–6].

Nowadays, TBCs are usually produced by either atmo-
spheric plasma spraying (APS) or electron beam physical
vapor deposition (EB-PVD) [7–9]. However, due to the
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comparatively cost-effective deposition conditions and high
deposition efficiency, plasma spraying technology has enjoyed
widespread acceptance up to now [10,11].
Various attempts have been made to improve the coating

properties. One of the most important approaches is to
substitute Y2O3 with more acidic stabilizer elements for
partially stabilization of zirconia such as CeO2, Sc2O3, YTaO4

and In2O3 [12–14]. Among these TBC systems, ceria stabi-
lized zirconia (CSZ) TBCs have been intensively investigated.
Some investigators have reported that the CSZ coatings in
addition to high temperature stability, good corrosion resis-
tance and high fracture toughness, also have lower thermal
conductivity and higher thermal expansion coefficient than
YSZ coatings [15–18].
Partially stabilized zirconia coatings exhibit a poor hot

corrosion resistance to the molten salt contaminants such as
Na2SO4 and V2O5 etc, arising from the use of low-quality fuels
[19–22]. Stabilizers will leach out by the reaction with V2O5 or
NaVO3 to form corrosion products, resulting in the transfor-
mation of tetragonal (t) or cubic (c) zirconia to monoclinic (m)
zirconia accompanied by a destructive volume expansion
(3–5%), which finally leads to spallation of partially stabilized
ghts reserved.
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Table 1
Types of TBCs and thickness of layers (μm).

Type of TBC NiCrAlY CSZa Micro
Al2O3

Nano
Al2O3

Abbreviation

Usual 150 350 – – CSZ
Layer
composite

150 250 100 – CSZ/Micro
Al2O3

Layer
composite

150 250 – 100 CSZ/Nano
Al2O3

aCSZ: ceria stabilized zirconia.

Table 2
Parameters of air plasma spraying.

Parameter NiCrAlY CSZ Nano Al2O3 Micro Al2O3

Current (A) 400 550 550 550
Voltage (V) 80 70 70 70
Primary gas, Ar (l/min) 55 38 38 38
Secondary gas, H2 (i/min) 17 17 17 17
Powder feed rate (g/min) 40 30 30 30
Spray distance (cm) 15 8 8 8
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zirconia topcoat [23]. In recent years, different attempts have
been made to improve the hot corrosion resistance of thermal
barrier coatings that one of the most promising approach is
reduce the infiltration of corrosive salts into TBCs structure via
deposition of a dense overlay coating over the partially
stabilized zirconia coating (that is called double ceramic
topcoat system) [24–29].

As regards that Al2O3 has a high melting point and is more
stable in chemical environment and considered as a oxygen
barrier structure in comparison with ZrO2 and also is not
soluble within ZrO2 [24,29,30], it seems that deposition of a
dense Al2O3 layer over the partially stabilized zirconia coating
in atmospheric plasma sprayed TBCs can significantly reduce
infiltration of molten salts into the TBC structure and results in
increasing of resistance to hot corrosion [25,28]. Alumina
undergoes several crystallographic modifications during ther-
mal spraying related to the cooling rate of the deposit.
Metastable transformations decrease the coating mechanical
properties, such as the fracture toughness, and reduce their
tribological applications [31] and these unstable phases will
transform into stable α-Al2O3 during thermal cycling, accom-
panied by a significant volume change (γ-α, �15%) which
results in micro crack formation in the coating [32].

In recent years, nanostructured coatings deposited by atmo-
spheric plasma spraying have attracted some research interest
because of some superior properties than that of conventional
coatings [33–36], however, few publications on plasma-
sprayed nanostructured TBCs have been released. The excep-
tional properties of nanostructured materials have been docu-
mented for both bulk materials and coatings. Proper deposition
of nanostructured plasma sprayed ceramic coatings by taking
advantage of properties associated with nanostructures, can
advance the performance and durability of conventional
plasma sprayed coatings that already have a wide variety of
applications [37]. Plasma sprayed nanostructured coatings
show improvement of resistance to wear, erosion, corrosion
and mechanical properties are also improved as compare their
conventional counterparts [38].

Therefore, the main purpose of this research is formation of
two types of alumina coatings from nano and micron size
powders to improve the hot corrosion resistance of usual TBC
by a dense alumina overlay as third layer in TBC system and
comparison of hot corrosion behavior of nanostructured and
conventional alumina overlay coatings. To this end, three types
of plasma sprayed TBC were produced: usual CSZ, layer
composite of CSZ/Micro Al2O3 and layer composite of CSZ/
Nano Al2O3. Then these three types of coatings have been
investigated by observation of microstructure and chemical
analysis before and after hot corrosion test.

2. Material and methods

2.1. As-received materials

Inconel 738LC superalloy which grit blasted with alumina
particles was used as the substrate with the dimension of
25 mm� 17 mm� 10 mm. Four types of commercial powders
were used: Amdry 962 (Ni–22Cr–10Al–1Y, �106þ52
μm) as bondcoat, Metco 205NS-G (ZrO2–24CeO2–2.5Y2O3,
�125þ11 μm), Metco 105NS (high purity alpha Al2O3,
�45þ15 μm) and US3008 (high purity nano alpha Al2O3,
80 nm) as TBC or ceramic layer. Three types of coatings were
produced by air plasma spray (APS) method, which included:
usual CSZ, layer composite of CSZ/Micro Al2O3 in which
micro Al2O3 layer was as a topcoat on the surface of CSZ and
layer composite of CSZ/Nano Al2O3 in which nano Al2O3

layer was as a topcoat on the surface of CSZ. Table 1 indicates
the characteristics of the coatings.
2.2. Granulation of nano Al2O3 powders

Micro alumina powder could be fed directly in the air
plasma spray system. However, it is impossible for nano Al2O3

powder due to its lower inertia force; the nano powder cannot
penetrate the hot gas downstream. Even if it can penetrate into
the plasma plume, particles will be easily vaporized because of
the low mass. This is the reason why the nano powder particles
need to be granulated. The spray drying technique is used to
granulate the nano powder. A specific amount of hydro soluble
polyvinyl alcohol (PVA) (Junsel Chemical Co. Ltd., Japan) as
binder was first added to distilled water and stirred for 20 min
at 40 1C until PVA was completely soluble. Then the nano
Al2O3 powder was gradually added and the suspension was
stirred again for an additional 15 min and dispersed slurry.
After granulation, granules dried for 12 h at 200 1C and could
be fed in the air plasma spray system.
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2.3. Air plasma spraying

Plasma spraying was carried out with a Plasma Technique
AG; Metco 3 MB gun in air. Argon gas was the primary
plasma gas and hydrogen gas was added as the secondary gas.
The powders were sprayed based on the standard parameters
suggested by the Sulzer-Metco. Spraying parameters are
shown in Table 2. In order to increase the surface roughness
and coating adhesion, the substrates were grit blasted with
alumina particles. They were also degreased and cleaned with
acetone and preheated with plasma gun prior to spraying. The
sprayed coating, which was formed directly on the substrate,
was cooled by air blowing onto the surface.
2.4. Microstructure analysis

The microstructure and chemical composition of the coat-
ings before and after hot corrosion test were analyzed by
Table 3
Physical specifications of corrosive salts.

Type of salt Manufacturer Melting point (1C) Density (g/cm3)

Na2SO4 Merck (Germany) 888 2.70
V2O5 Merck (Germany) 690 3.36

Fig. 1. (a) Morphology of granulated nano Al2O3 powders after gran
scanning electron microscopy (SEM: VEGA//TESCAN-XMU,
Russia) equipped with energy dispersive spectrometer (EDS).
For such analysis, selected samples were sectioned with a low-
velocity diamond saw and cross-section was cold-mounted in
vacuum in epoxy resin, then polished. The samples were dried
and gold coated using a Sputter Coater System. The phase
analysis of coatings was performed by using an X-ray
diffractometer (XRD: unisantis MD300, Germany), operating
with Cu Kα radiation at 45 kV and 1 mA. The analyzed range
of the diffraction angle (2θ) was between 201 and 801, with a
step width of 0.021.
2.5. Hot corrosion test

In order to evaluate corrosion behavior of coatings, a
mixture of 55 wt% V2O5 and 45 wt% Na2SO4 powders was
selected as a corrosive salt. Some specifications of each salt are
presented in Table 3. The corrosive salt was strewed over the
surface of coatings in a 30 mg/cm2 concentration leaving
approximately 3 mm from the uncoated edge to avoid edge
effect. The specimens were set in an electric furnace with air
atmosphere at 1050 1C for 40 h and then cooled down inside
the furnace. The specimens were visual inspected periodically
every 4 h.
ulation, and (b), (c) higher magnification of surface of a granule.
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3. Results and discussion

3.1. Microstructure of the granulated nano Al2O3 powders

Fig. 1(a) shows the morphology of nano Al2O3 powders
after granulation process. As can be observed in Fig. 1(b)
and(c), a granulated particle which can be considered as a
plasma spray able powder in APS method, is composed of a
large number of nano Al2O3 particles. The diameter of nano
powder after granulation has become 65 to 80 μm. Comparing
with original powder, it would possess the better flow ability
since the weight of single particle is increased.

3.2. Characterization of as-sprayed coatings

Fig. 2 shows the polished cross-section of the three types of
TBCs. In Fig. 2(a), usual TBC is observed which includes
bondcoat and CSZ layers. In Fig. 2(b) and (c), the topcoat is
Al2O3 layer and CSZ coating is between alumina layer and
bondcoat. Fig. 2(d) indicates that the nano Al2O3 overlay in
CSZ/Nano Al2O3 coating, after plasma spraying shows a
bimodal microstructure that containing the fully molten and
semi-molten nanostructured granules. The image analysis
results indicated that the porosity of CSZ, micro Al2O3 and
Fig. 2. SEM micrograph of polished cross section of the as-sprayed TBCs: (a) usu
Nano Al2O3; (d) higher magnification of “A” region in Fig. 2(c).
nano Al2O3 coatings are 10.6%, 3.2% and 4.4% respectively.
All of the coatings showed the lamellar structure which is a
characteristic of plasma sprayed coatings [24]. Fig. 3 shows
the top surface of the three types of TBCs. As shown in Fig. 3,
the top surfaces of the coatings are very rough because it
includes of splats that deposited on surface with different
flattening parameters. Microcracks, porosity and occasional
unmelted particles are also visible on the top surface of
coatings. These defects are common characteristics of plasma
sprayed TBCs that play an important role in hot corrosion
behavior of TBC system as effective penetration paths of
molten salts [15]. Fig. 3(d) shows the high magnification view
of top surface of nano Al2O3 layer that exhibit a semi-molten
nanostructured feedstock particle embedded in the coating
microstructure. The XRD analysis was performed on the top
surface of the coatings before hot corrosion. Fig. 4 illustrates
the XRD patterns of as-sprayed CSZ, CSZ/Micro Al2O3 and
CSZ/Nano Al2O3 TBCs. According to these patterns, CSZ
consisted of no transformable tetragonal (t') phase and Al2O3

coatings include rhombohedral (α) and cubic (γ) phases. The
t' phase is a kind of no equilibrium phase which has lower c
and c/a compared with the normal tetragonal (t) phase (where
a, c denote the lattice parameters) and resulted from the high
temperature cubic phase by a diffusionless transformation at
al CSZ; (b) layer composite of CSZ/Micro Al2O3; (c) layer composite of CSZ/



Fig. 3. SEM micrograph of top surface of the as-sprayed TBCs: (a) usual CSZ; (b) layer composite of CSZ/Micro Al2O3; (c) layer composite of CSZ/Nano Al2O3;
(d) higher magnification of “A” region in Fig. 3(c).
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high quenching rate of 106 k/s [39]. Therefore, presence of
zirconia in the t' phase after plasma spraying is a common
subject [39,40].

The XRD patterns of alumina layers in top surface of layer
composite coatings showed that some of α-Al2O3 in the
feedstock alumina powders was converted into γ-Al2O3 in
effect of plasma spraying process, as presented in Fig. 4(b) and
(c). It is well established that the preferential formation of
γ-Al2O3 is attributed to the high cooling rate (about 106 K/s) of
the molten particles during plasma spraying and easy nuclea-
tion of γ-Al2O3 from the melt superior to α-Al2O3 thanks to
lower interfacial energy between crystal and liquid [41–43].
The relative amount of the major phases in alumina coatings
after plasma spraying was calculated from the XRD intensity
data by the following equation [42]:

R %¼
IY�AI2O8
ð400Þ

Iα�AI2O8
ð118Þ þ IY�AI2O8

ð400Þ
� 100 ð1Þ

where Ihkl is the intensity of peak diffraction for the corre-
sponding plane of the α-Al2O3, and γ-Al2O3 phases. It was
obtained that the γ-Al2O3 phase content (R) in the micro and
nano Al2O3 coatings are 65.46% and 9.71%, respectively. The
presence of α-Al2O3 in the alumina plasma sprayed coatings
has been attributed to both unmelted feed particles and solid-
state γ-to-α phase transformation [37]. The differences in the
phase composition of micro and nano-alumina coatings after
plasma spraying process according to the same plasma spray
parameters for both layers can be attributed to the differences
in morphology and particle size in feedstock powders before
spraying. Micro Al2O3 powder with dense and irregularly
shaped morphology has a particle size of 15–45 μm while
reconstituted nano Al2O3 with spherical morphology has a
granule size of 65–80 μm. Micro Al2O3 powder due to smaller
and denser particles has lower heat capacity than coarser and
porous granules of nano Al2O3 powder. The smaller granules
will be melted faster that the big one, also the smaller granules
can be easily accelerated and heated by the surrounding gas in
the hot core of plasma. Meanwhile the larger particles tend to
penetrate the core and travel around the periphery of plasma jet
[42,43]. Thus the larger particles need more time to melting at
same plasma spray parameters compared to smaller one. So,
when exposed to the same parameters during plasma spray, it
is expected that an entire micro Al2O3 powder particle can
reach the melting point while an granule of nano Al2O3

powder may only partially melted or in other words it can
be said that the degree of particles melting in micro Al2O3

layer is more than nano Al2O3 layer that justifies difference in
the amount of gamma phase of as-sprayed micro and nano
Al2O3 coatings.



Fig. 4. XRD patterns of the as-sprayed TBCs: (a) usual CSZ; (b) layer
composite of CSZ/Micro Al2O3; (c) layer composite of CSZ/Nano Al2O3.

Fig. 5. Macroscopic images of coatings during hot corrosion test after: (a) 8 h;
(b) 16 h; (c) 24 h; (d) 32 h; (e) 40 h.
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Studies on nanostructured air plasma sprayed coatings have
shown that it is paramount to carefully control the spray
parameters in order to avoid the complete melting of the
nanostructured granules in the plasma jet, thus preserving and
embedding part of the nanostructure of granules into the
coating microstructure. By controlling the amount of pre-
viously molten and porous semi-molten particles embedded in
the coating microstructure, it was possible to change consider-
ably the mechanical response of the coating. Therefore, this
bimodal microstructure (caused by the coexistence of fully
molten and semi-molten nanostructured granules) affected the
behavior of the coating [32]. If all powder particles are fully
molten in the plasma spray jet, all the nanostructural character
of the powder particles will disappear, and therefore the
plasma spray coating will not exhibit any nanostructural
characteristics related to that of the original feedstock [44].
Finally it can be said that to achieve nanostructured coatings
from nano powders required granulation for the production of
porous and micron-sized granules.

3.3. Characterization of coatings after hot corrosion

Fig. 5 shows the macroscopic images of coatings during hot
corrosion test. Micro alumina layer on top surface of CSZ/
Micro Al2O3 coating and CSZ layer on top surface of usual
CSZ coating spalled after 16 h and 40 h exposed to hot
corrosion, respectively while no damage was found in CSZ/
Nano Al2O3 coating.
Fig. 6 shows the SEM micrographs of top surface of

coatings after 40 h hot corrosion. All three coatings revealed
a porous surface. Besides CSZ/Nano Al2O3 coating, many
crystals deposited on the surface of coatings that the shapes of
these crystals are irregular shape and semi-cubic (Fig. 6(b)
and (d)). In the CSZ/Micro Al2O3 coating, these detrimental
crystals in terms of size and quantity are smaller and fewer
than usual CSZ coating.
Fig. 7 illustrates the XRD patterns of coatings after 40 h hot

corrosion. In usual CSZ coating, (Fig. 7(a)), zirconia is present
only in the phase of monoclinic. It means that all of tetragonal
zirconia phase in as-sprayed CSZ coating transformed to
monoclinic phase. In CSZ/Micro Al2O3 coating (Fig. 7(b))
zirconia is present in tetragonal and monoclinic phases. XRD
patterns of layer composite coatings after hot corrosion test
(Fig. 7(b) and (c)) showed that alumina overlays did not any
reaction with corrosive salts and alumina is only present in
rhombohedral (α) phase. As mentioned earlier, as-sprayed
Al2O3 overlays showed the γ and α-phases structure, and the
γ-Al2O3 phase transformed to α-Al2O3 phase after exposure to
hot corrosion. According to Fig. 7(a) and (b), formation of
YVO4, CeVO4 and CeO2 crystals on the surface of usual CSZ
and CSZ/Micro Al2O3 coatings, during the hot corrosion test,
is illustrated.
Fig. 8 shows the EDS analysis of B, C, D, E, F and G points

of Fig. 6, that indicated porous areas with fine particles “B”
contains Zr, Ce, Y and O, the irregular shape crystals “C”
contain Y, Ce, V and O, the semi-cubic crystals “D” contain
Ce and O, “E”, “F” and “G” areas contain Al and O elements.
Thus, according to SEM micrographs, EDS and XRD patterns,
it is demonstrated that the porous areas with fine particles “B”
is CSZ, irregular shape crystals “C” were mixture of YVO4

and CeVO4, semi-cubic crystals “D” were CeO2, “E”, “F” and
“G” areas were Al2O3.
Monoclinic ZrO2 and YVO4 crystals are as hot corrosion

products in YSZ coatings that caused the degradation of
coating [24] while monoclinic ZrO2, YVO4, CeVO4 and
CeO2 crystals are as hot corrosion products in CSZ (ZrO2–

25%CeO2–2.5%Y2O3) coatings [15,40]. As hot corrosion



Fig. 6. SEM micrograph of top surface of TBCs after 40 h exposure to hot corrosion: (a) usual CSZ; (b) magnification of “A” region in Fig. 6(a); (c) layer
composite of CSZ/Micro Al2O3; (d) magnification of “A” region in Fig. 6(c); (e) layer composite of CSZ/Nano Al2O3; (f) magnification of “A” region in Fig. 6(e).
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products cause the degradation of coatings it can be concluded
that hot corrosion products growth rate somehow can be
indicate the rate of progress in hot corrosion process, hence,
comparison the amount of hot corrosion products as the criteria
for coatings destabilization during hot corrosion test in the
following will be discussed.

The lack of hot corrosion products on the surface of CSZ/
Nano Al2O3 coating after 40 h hot corrosion, indicating a
better resistance to hot corrosion of this coating compared to
CSZ/Micro Al2O3 and usual CSZ coatings.
Monoclinic ZrO2 and irregular shape crystals of CeVO4,
YVO4 were formed on usual CSZ and CSZ/Micro Al2O3

coatings after exposing to molten salts for 40 h at 1050 1C, but
the intensity of their peaks was different.
The volume fractions of monoclinic ZrO2 (M%) in TBCs,

after hot corrosion test was estimated by the following
equation [24,26,40]:

M % ¼ M2þM2

M2þM2þT
� 100 ð2Þ



Fig. 7. XRD patterns of top surface of TBCs after 40 h exposure to hot
corrosion: (a) usual CSZ; (b) layer composite of CSZ/Micro Al2O3; (c) layer
composite of CSZ/Nano Al2O3.
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where M1 and M2 are the intensity of monoclinic ZrO2 ð111Þ
and ð111Þ peaks, respectively, and T is the intensity of
tetragonal ZrO2 ð101Þ peak in XRD patterns after hot corrosion
test. The quantities of destabilized zirconia phase (M%) have
been compared in Fig. 9. This figure shows that the volume
fraction of M%-ZrO2 decreased from 100% in usual CSZ to
75% in CSZ as inner layer of CSZ/Micro Al2O3 coating. This
result indicates that transformation of zirconia from tetragonal
to monoclinic phase in usual CSZ coating during cooling was
much higher than CSZ/Micro Al2O3 coating.

The comparison of XRD patterns after hot corrosion (Fig. 7
(a) and (b)) shows the intensity of the main peak of CeVO4 and
YVO4 in usual CSZ are significantly higher than CSZ/Micro
Al2O3. Also this phenomenon can be corroborated by measur-
ing the length of the irregular shape crystals according to Fig. 6
(a) and (c). Fig. 10 shows that the average length of irregular
crystals of CeVO4, YVO4 in CSZ as inner layer of CSZ/Micro
Al2O3 coating are considerably less than usual CSZ coating.

As mentioned earlier, spallation of micro Al2O3 layer on top
surface of CSZ/Micro Al2O3 coating during hot corrosion
occurred. Formation of hot corrosion products at the CSZ-
micro Al2O3 interface and transformation of γ to α-Al2O3

caused stress and spallation of micro Al2O3 layer however,
considering that in the nano Al2O3 layer with higher porosity
and lower γ phase, no spallation has occurred after 40 h hot
corrosion it can be said that stress arise from transformation of
γ to α-Al2O3 is the main factor in spallation of micro Al2O3

layer during hot corrosion test. Thus, higher stability of nano
Al2O3 layer compared to micro Al2O3 layer during hot
corrosion cycles can be attributed to the lower γ phase in as-
sprayed nano Al2O3 layer and consequently the lower stresses
due to from γ-α-Al2O3 transformation.

3.4. Investigation of possible reactions

Comprehension of hot corrosion mechanism of CSZ coat-
ings by corrosive salts (55 wt% V2O5 and 45 wt% Na2SO4),
requires analysis of the reactions. Therefore, in the following
investigation of the possible reactions are discussed:
In the beginning, NaVO3 was formed after the reaction of

sodium sulfate and vanadium oxide at high temperature by the
following reactions [45]:

Na2SO4 (l)-Na2O (l)þSO3 (g) (3)

Na2O (l)þV2O5 (l)-2NaVO3 (l) (4)

Then NaVO3 reacted with stabilizer of ZrO2 (Y2O3) to form
monoclinic ZrO2, YVO4 and Na2O [46]:

ZrO2 (Y2O3) (s)þ2NaVO3 (l)-ZrO2 (monoclinic) (s)þ2Y
VO4 (s)þNa2O (l) (5)

In EDS analysis which was performed on different points of
coating surface, Na was not detected. It seems that Na2O is
sublimated due to high temperature in hot corrosion consider-
ing that this result is in agreement with previous investigations
[24,40]. Also it has been reported [45,47] that V2O5 can react
directly with Y2O3 to form YVO4 and monoclinic ZrO2 by the
following reaction:

ZrO2 (Y2O3) (s)þV2O5 (l)-ZrO2 (monoclinic) (s)þ2Y
VO4 (s) (6)

Laboratory tests confirmed that CeO2 (presumably because
of its greater Lewis acidity) is more resistance to chemical
reaction with NaVO3 than Y2O3 [21] or other laboratory tests
indicated that CeO2 is not chemically reacted with molten
NaVO3 salt [48]. However, Park et al. [15] demonstrated that
both the free CeO2 precipitates and CeO2 stabilizers remaining
in zirconia reacted with the NaVO3 salt to form CeVO4.
Other laboratory tests reported that the destabilization of

CSZ by pure molten NaVO3 is therefore evidently a miner-
alization effect. In contrast, when CSZ is destabilized by V2O5

or NaVO3–V2O5 mixtures, the reaction product, CeVO4, is
found, which indicates destabilization in this case to be
occurring by chemical reaction [45].
No evidence from XRD patterns was found to indicate that

the chemical reaction between Na2SO4 and CSZ had taken
place. Zhong et al. [27] also confirmed that Na2SO4 had no
chemical effect on YSZ coating at the elevated temperature of
1000 1C.
Chen et al.'s investigation [49] on hot corrosion of plasma

sprayed ZrO2 coating with Al2O3 overlay in molten salt



Fig. 8. EDS analysis of (a) B; (b) C; (c) D; (d) E; (e) F; (f) G points as shown in Fig. 6.
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mixtures (Na2O4þ5%V2O5) showed that NaAlO2 can be
formed on the surface of Al2O3 particles as a protective
against hot corrosion by the following reactions:
Na2SO4 (l)-Na2O (l)þSO3 (g) (7)

Al2O3 (s)þNa2O (l)-2NaAlO2 (s) (8)



Fig. 9. Volume fraction of monoclinic zirconia in the coatings after hot
corrosion.

Fig. 10. The average length of irregular shape crystals of YVO4, CeVO4 in
TBCs after 40 h hot corrosion test at 1050 1C.
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In the present study, NaAlO2 was not detected by XRD
analysis, thus it cannot be said that Al2O3 overlays are
protected by NaAlO2 compound during hot corrosion.

3.5. Hot corrosion mechanism of CSZ coatings

The hot corrosion behavior and failure mechanism of CSZ
coating in the present study involve the following steps that are
in agreement with previous investigations [45,50]:
(1)
 Infiltration of molten salts through coating's defects (micro
cracks, open pores and inter splat voids).
(2)
 Interaction of molten salts with stabilizers of zirconia
(Y2O3 and CeO2):
(I) Chemical reaction of V2O5 or NaVO3–V2O5 mixtures

with stabilizers to formation of YVO4, CeVO4 irre-
gular shape crystals.

(II) Mineralization of CeO2 by pure NaVO3 to formation
of semi-cubic crystals.
(3)
Phase transformation of t-ZrO2 to m-ZrO2 due to stabi-
lizers depletion, which is accompanied by a large destruc-
tive volume expansion of the coating.
(4)
 Formation of monoclinic ZrO2, semi-cubic CeO2 crystals
and irregular shape crystals of YVO4, CeVO4 with out-
ward growth in usual CSZ coating as hot corrosion
products that caused creation of additional stresses and
cracks in the coating.
In addition, this investigation illustrates the following
procedures during degradation of three types of TBCs by hot
corrosion:
-
 Formation and growth of semi-cubic CeO2 crystals, irre-
gular shape YVO4, CeVO4 crystals up to average lengths of
5 and 30 μm respectively and formation of monoclinic ZrO2

in usual CSZ as hot corrosion products.

-
 Spallation of CSZ layer on top surface of usual CSZ after
40 h hot corrosion due to stresses arise from formation of
hot corrosion products.
-
 Delaminating of micro Al2O3 layer on top surface of CSZ/
Micro Al2O3 coating after 16 h hot corrosion due to
transformation of γ to α-Al2O3 phase.

In plasma sprayed TBCs, existence of some porosity is
necessary to provide thermal insulation and thermal shock
resistance [51]. These porosities provide the possibility of
infiltration of corrosive salts into TBCs structure and then
these corrosive salts reacts with stabilizers of partially stabi-
lized zirconia coating and caused destabilization of zirconia
coating, therefore, it can be said that porosities play an
important role in hot corrosion behavior of TBCs.
In this research plasma spraying of nano and micro Al2O3

layer with porosity of 3.2% and 4.4% respectively, were
produced on top surface of CSZ coating with 10.6% porosity.
The chemically inertness and dense Al2O3 overlay on usual
CSZ coating reduced the infiltration of molten salts into CSZ
layer and considerably decreased depletion of stabilizers (Y2O3

and CeO2) from this layer and consequently improved hot
corrosion resistance of usual CSZ coating, although achieving
this improvement was higher by nano Al2O3 overlay in
comparison with micro Al2O3 overlay due to greater stability
of nano than micro Al2O3 layer during hot corrosion test.

4. Conclusion
(1)
 After 40 h exposure to hot corrosion, no damage and hot
corrosion products was found on the surface of CSZ/Nano
Al2O3 coating and monoclinic ZrO2 fraction was lower in
CSZ/Micro Al2O3 coating in comparison with usual CSZ.
(2)
 In hot corrosion test, reaction of molten salts with
stabilizers of zirconia (Y2O3 and CeO2) that accompanied
by formation of monoclinic zirconia, irregular shape
crystals of YVO4, CeVO4 and semi-cubic crystals of
CeO2 as hot corrosion products, caused the degradation
of CSZ coating.
(3)
 Nano Al2O3 coating showed higher stability in hot corro-
sion cycles than micro Al2O3 coating that can be attributed
to the lower γ phase in as-sprayed nano Al2O3 coating.
(4)
 In the layer composite coatings, the presence of a dense
Al2O3 overlay on CSZ reduced the infiltration of molten
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salts into CSZ coating and had a significant effect on
increasing of hot corrosion resistance of TBCs.
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