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The hot-corrosion behavior of thermal barrier coatings (TBCs) has been studied by comparing double-layer
coatings and graded coatings. Two types of oxide ceramics, 2CaO�SiO2-15mass%CaO�ZrO2 (C2S-15CZ)
and 8 mass% Y2 O3�ZrO2 (8YSZ), with a bond coating of NiCrAlY, were applied to metallic substrates in this
study. After hot-corrosion testing with V2O5-Na2SO4 corrosive ash for 3 h at 1273 K, the TBCs were inves-
tigated by visual inspection, a scanning electron microscope, x-ray diffraction, and electron probe micro-
analysis. The findings for the resulting coating of C2S-15CZ reacted with V2O5 only where it was in direct
contact with the corrosive ash. The affected area from the reaction was limited to the coating surface where
V2O5 was present. The coating showed adequate hot-corrosion resistance against V2O5-Na2SO4 corrosive
ash for 3 h at 1273 K. The findings for the 8YSZ coating were that Y2O3, the stabilizing component, particu-
larly reacted with V2O5 and lost its function, which led to partial spalling of the coating. It was observed that
the hot-corrosion resistance of the double-layer TBC was largely influenced by the performance of a corro-
sion-resistant NiCrAlY bond coat, which provided protection against corrosive components penetrating
through the ceramic topcoat. Last, the graded coating degraded due to the oxidation of NiCrAlY particles
that existed near the topcoat surface and affected the durability of the TBC.
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1. Introduction

Industrial gas turbine (IGT) inlet temperatures have risen
year by year. Increasing the operating temperature has proven to
be the most effective method of directly improving the fuel ef-
ficiency of these power turbines. Due to the high combustion
temperatures, cooling systems and materials with greater heat
resistance and corrosion resistance have been studied exten-
sively (Ref 1, 2). Thermal barrier coatings (TBCs) are widely
used as thermal barriers to resist high temperatures and to protect
the base metal from exposure to high temperatures, even when
thin coatings are used (Ref 3). Thermal barrier coatings are also
applied to critical hot sections of the IGT, namely, turbine
blades, vanes, and combustion chambers (Ref 4). Most TBCs are
sprayed with partially stabilized ZrO2 and provide excellent per-
formance with high-temperature stability and thermal-barrier
protection. In addition to the heat resistance, TBCs are required
to have hot-corrosion resistance with the use of low-quality fu-
els, which may contain corrosive constituents (Ref 2). The ther-
mal-sprayed TBCs in this study consisted of graded and double-
layer structures using a bond coat to improve the adhesion to the
substrate and to assist in relieving the residual stress that may be
produced during the thermal spray-coating process. However, in
the double-layer coating, there is a difference in thermal expan-
sion between the oxide ceramic topcoat and the metal bond coat,

which can lead to spalling in high-temperature environments. To
resolve this problem, a graded coating was designed to relieve
thermal expansion mismatch stress (Ref 5-8).

The authors report here the results of a hot-corrosion study
comparing TBCs. In this study, the topcoat ceramics materials
for the TBCs were conventional 8 mass% Y2O3�ZrO2 (8YSZ)
and 2CaO�SiO2-15mass%CaO�ZrO2 (C2S-15CZ, where C =
CaO, S = SiO2, and Z = ZrO2), the latter being originally devel-
oped by Tocalo, Co. Ltd. (Kobe, Japan), and Nippon Steel Corp.
(Tokyo, Japan) (Ref 9-11). A NiCrAlY bond coat was used for
all of the TBCs. These ceramics and NiCrAlY coatings were
applied by air plasma spraying.

2. Spraying of the Test Piece and
Experimental Method

2.1 Thermal Spray Material

The TBCs were produced with a ceramic oxide topcoat using
8YSZ or C2S-15CZ powders with a mean particle size of
−44/+10 µm and a bond coat of Ni-22Cr-10Al-1Y (mass%) with
a mean particle size of −44/+10 µm. Figure 1 shows the scanning
electron microscope (SEM) images of C2S-15CZ powder mate-
rial produced with both fine particles of �C2S (melting point:
2403 K) and CZ (melting point: 2618 K) by the spray-drying
process and conventional 8YSZ (melting point: 2988 K) by the
fused-and-crushed method.

2.2 Spraying Conditions

In this study, two oxide ceramics were air plasma sprayed to
form test pieces of double-layer and graded coatings on type 304
austenitic stainless steel. The spraying conditions are shown in
Table 1. The C2S-15CZ material was sprayed with the same
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spray parameters as the 8YZ material to completely melt par-
ticles. The double-layer TBC was fabricated by spraying a 100
µm thick NiCrAlY bond coat and a 300 µm thick oxide ceramic
top coat. The graded TBC coating consisted of intermediate lay-
ers with NiCrAlY alloy and oxide ceramics formed using four
100 µm thick layers; each layer increased in oxide ceramic con-
tent by 20 mass% toward the topcoat. A 100 µm thick oxide
ceramic topcoat was sprayed on the intermediate layers (Table 1).

Scanning electron micrographs of the cross sections of the
C2S-15CZ/NiCrAlY coatings and the line analysis are shown in
Fig. 2, which indicates the nickel component of the metal and the
calcium component of the C2S-15CZ ceramics.

The C2S-15CZ topcoating exhibited many vertical micro-
cracks within the single flattened ceramic particle, and no cracks
through the topcoat. Figure 3 represents the x-ray diffraction
(XRD) pattern of the C2S-15CZ topcoating. The broad peak
shown in the XRD signifies amorphouslike behavior within the
microstructure. It has been previously reported by authors that
the amorphouslike behavior and many fine microcracks are dis-
tinctive in the C2S-15CZ coating (Ref 9-11).

2.3 Hot-Corrosion Test

The hot-corrosion properties of the TBC on the type 304 aus-
tenitic stainless steel substrate (100 × 50 × 5 mm) were tested.
The test coupon was halved, and 10 mg/cm2 corrosive ash was
placed onto the center of each half in a 5 mm2 area, as repre-
sented in Fig. 4. Two types of corrosive ash, namely, 85%V2O5-
15Na2SO4 and 15V2O5-85NaSO4 (mass%), were used for the
test. Test pieces were placed into an air atmospheric electric fur-
nace, which was heated up to 1273 K and held for 3 h. Subse-
quently, the samples were removed from the furnace and were
cooled to room temperature.

The TBCs hot-corrosion behavior was evaluated by visual
inspection, SEM micrographs of the coating cross sections,
XRD, and electron probe microanalysis (EPMA).

3. Results and Discussion

3.1 Visual Inspection After the Hot-Corrosion
Test

Table 2 shows the appearance of the double-layer coating and
the graded coating after the hot-corrosion test using V2O5-

Table 1 Thermal barrier coating materials and spray
parameters

Item

Materials and spray parameters

Composition, mass%
Thickness,

µm

Structure of TBC
Double layer coating

Bond coat 22Cr-10Al-1Y-balNi
(NiCrAlY)

100

Topcoat 8Y2O3�ZrO2,C2S-15CZ 300
Graded coating

Bond coat 22Cr-10Al-1Y-balNi 100
Intermediate coat 80NiCrAl6-20 (oxide ceramic) 100

60NiCrAlY-40 (oxide ceramic) 100
40NiCrAlY-60 (oxide ceramic) 100
20NiCrAlY-80 (oxide ceramic) 100

Topcoat 8Y2O3�ZrO2,C2S-15CZ 100

Spraying parameters

Spray process Atmospheric plasma spray
Spray gun Plasma technik type F4
Plasma gas Ar/H2

Power, kW Topcoat (48), intermediate coat (46-47), bond
coat (45)

Spray distance, mm 120

Table 2 Appearance of coated surface after hot corrosion
test with corrosive ashes at 1273 K for 3 h

Coating

Corrosive ashes, mass%

85V2O5-15Na2SO4 15V2O5-85Na2SO4

8YSZ Double layer Spalling Slightly light brown;
no crack

Graded coating Significantly dark
brown; no crack

Slightly light brown;
no crack

C2S-15CZ Double layer Whitened; no crack Slightly whitened;
no crack

Graded coating Whitened; no crack Slightly whitened;
no crack

Fig. 1 Powder morphologies. (a) 8YSZ (fused and crushed powder).
(b) C2S-15CZ (agglomerated powder)
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NaSO4 corrosive ash for 3 h at 1273 K. The 8YSZ coating re-
acted slightly to the corrosive ash containing a small quantity of
V2O5, and the result was a color change to light brown. In con-
trast, a significant color change to dark brown was observed on
the 8YSZ coating when the corrosive ash was used with a high
density of V2O5; especially for the 8YSZ double-layer TBC
where the coating peeled away at the applied area of 85%V2O5-
15%NaSO4. As for the graded 8YSZ TBC, although the 8YSZ
coating surface was corroded with 85%V2O5-15%Na2SO4 and
the surface color was changed significantly to dark brown, no
cracking or spalling was found.

A slight reaction to the corrosive ash containing V2O5 can be
seen on the C2S-15CZ coating, where the color of the reacted
area changed to white. However, cracking and peeling were not
visible on either the double-layer coating or the graded coating.
The differences between the 8YSZ and the C2S-15CZ coatings
were observed to be significant, indicating that the latter coating
material may have better corrosion resistance.

3.2 Cross-Sectional Observation After
Hot-Corrosion Testing

Cross-sectional observation at the area applied with corro-
sive ash (15%V2O5-85%Na2SO4) revealed no defects on the
8YSZ double-layer coating. In the area with the 85%V2O5-
15%Na2SO4 ash (Fig. 5), partial peeling and large cracks formed
parallel to the substrate on the boundary between the 8YSZ top-
coat and the bond coat. Figure 6 shows the cross-sectional SEM
micrographs of the 8YSZ graded TBC after the hot-corrosion

Fig. 2 SEM micrographs of the cross sections of as-sprayed C2S-15CZ/NiCrAlY coatings and line analysis. (a) Double-layer coating. (b) Graded coating

Fig. 3 XRD pattern of the C2S-15CZ top coating

Fig. 4 Configuration of the TBC specimen
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test performed with 85%V2O5-15%Na2SO4 ash. The damage
caused by the corrosive ash was restricted to the upper part of the
intermediate layers and did not penetrate deeply.

Also, cross-sectional SEM and x-ray imaging of vanadium in
the C2S-15CZ-graded coating was observed (Fig. 7). The reac-
tion between the topcoat and the corrosive ash was limited to the
surface, with no reaction occurring within the coating.

3.3 Result of XRD

Many fine cracks and pores exist on the as-sprayed surfaces
of the TBCs (Fig. 8). The authors believe that the corrosive ash
easily penetrates these defects. However, although the pores re-

duce thermal conductivity, which improves the TBC function
and provides stress relief, the pores and defects become the
method of transport for the penetrating corrosive ash. X-ray dif-
fraction on the TBC coatings after hot-corrosion testing with
85%V2O5-15%Na2SO4 ash was used to investigate the reaction
behavior of TBC ceramics and corrosive ash (Table 3).

Due to the combustion process, it would be normal to find the
presence of sulfur. Test results showed that no sulfur compound
was found in the 8YSZ coating, but the authors did observe that
Y2O3 reacted with the corrosive ash of V2O5 to form YVO4 and
Y8V2O17. It was also observed that the corroded ZrO2 existed in
three kinds of crystal structures: cubic, tetragonal, and mono-
clinic. At temperatures between 1170 and 1370 K, the 8YSZ

Fig. 5 SEM micrograph of a cross section of the 8YSZ double-layer coating after the hot-corrosion test with 85%V2O5-15%Na2SO4 ash at 1273 K
for 3 h

Fig. 6 SEM micrograph and x-ray image of a cross section of sulfur in the 8YSZ graded coating that was corroded with 85%V2O5-15%Na2SO4 at
1273 K for 3 h
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coating with V2O5 lost its stabilizing component, Y2O3, accord-
ing to the chemical reaction (Ref 12):

2ZrO2�Y2O3 + V2O5 → 2YVO4 + ZrO2 + ZrO2�Y2O3

�ZrO2 = monoclinic, ZrO2�Y2O3 = tetragonal and cubic�

As a result, a large volume change due to the phase transfor-
mation between monoclinic and tetragonal structures took place,
resulting in spalling (Ref 12). The peeling of the 8YSZ coating
after the hot-corrosion test was attributed to this phase transfor-
mation.

Additionally, 2CaO�V2O5 and CaSO4 were detected on the
corroded area of the C2S-15CZ coating, as shown in Table 3.
Among these compounds, the vanadium-base corrosion sub-

stance was formed in a reaction between vanadium corrosive ash
and the calcium component in the C2S-15CZ coating at high
temperatures:

2CaO �in C2S-15CZ� + V2O5 → 2CaO�V2O5

�melting point: 1051 K, Ref 13)

The heat resistance of the corroded C2S-15CZ ceramics has
probably been compromised, since the melting point is much
lower than that of CaO (2845 K). It is, however, recognized that
Y2O3 partially stabilized ZrO2 involves the leaching of Y3+

when reacted with V2O5 (Ref 14):

Y2O3 + V2O5 → 2Y3+ + 2VO4
3�

Fig. 7 Cross-sectional SEM micrograph and x-ray image of vanadium in the C2S-15CZ-graded TBC after the hot-corrosion test with 85%V2O5-
15%Na2 corrosive ash at 1273 K for 3 h

Fig. 8 Surface morphology of the as-sprayed 8YSZ and C2S-15CZ coatings
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Compared with Y3+ leaching, it is considered that the reaction
between CaO and V2O5 is advantageous from the viewpoint of
reaction kinetics.

Moreover, it was expected that the amorphous SiO2 phase

contained in the C2S-15CZ coating decreased the corrosion (Ref
9). As for the Na2SO4 corrosive ash, this generates SOx at high
temperatures, which reacts with the calcium component. Conse-
quently, stable CaSO4 (melting point 1723 K) is formed and so-
lidified, which aids in the corrosion resistance (Ref 11).

3.4 Structure of TBC and Hot-Corrosion Behavior
of NiCrAlY

The cross-sectional SEM micrograph of the double-layer
8YSZ coating after the hot-corrosion test with 85%V2O5-
15%NaSO4 is shown in Fig. 5. The parallel crack is connected to
the top of the NiCrAlY bond coat in the damaged area of the
8YSZ coating. The destruction of the 8YSZ coating may start in
these regions. Considering these results, the large cracks on the

Table 3 X-ray diffraction results of thermal barrier
coatings corroded with 85%V2O5-15%Na2SO4 at 1273 K
for 3 h

Coating Corrosion products Coating structure

8Y2O3-ZrO2 YVO4,Y8V2O17 c-ZrO2, t-ZrO2, m-ZrO2

C2S-15CZ 2CaO�V2O5,CaSO4 �-C2S, CaZrO3

Note: c, cubic; t, tetragonal; m, monoclinic

Fig. 9 Cross-sectional SEM of C2S-15CZ/NiCrAlY contact region before and after the hot-corrosion test at 1273 K for 3 h with 85%V2O5-
15%Na2SO4 corrosive ash
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double-layer coating were caused not only by the difference in
thermal expansion between the topcoat and the bond coat, but
also by the reduction in corrosion resistance and strength of the
bond coat at high temperatures. These findings indicate that the
durability of a TBC depends on two factors: (a) using the opti-
mum topcoat and bond coat materials and (b) the processing
method that is used for depositing a thermal spray bond coat,
since the bond coat had a great deal of influence on the damage
to the TBC (Ref 15, 16).

Graded coatings can prevent the progression of cracks to in-
termediate layers because concentrations of thermal stresses are
reduced due to the absence of a clear boundary between the bond
coat and topcoat, as shown in Fig. 6 (Ref 17-20). As a result, the
damage to graded TBC by hot corrosion was likely to occur in
limited areas. The 3 h hot-corrosion test caused limited damage
due to differences in thermal expansion rates between metal and
oxide ceramics. The coefficient of thermal expansion of C2S-
15CZ, 8YSZ, and NiCrAlY coatings and type 304 stainless steel
are 12.5 × 10−6/K, 10.5 × 10−6/K, 15 × 10−6/K, and 18 × 10−6/K,
respectively (Ref 21).

The hot corrosion of NiCrAlY under the C2S-15CZ coating
is not macroscopically visible after the hot-corrosion test.
However, the magnified observation by cross-sectional SEM
micrographs shows the difference in the hot-corrosion beha-
vior of NiCrAlY between the double-layer coating and the
graded coating. The NiCrAlY corrosion damage in the double-
layer coating started with contact with corrosive components
(O2,V2O5,Na2SO4) that flowed into the coating through pores
within the topcoat. The NiCrAlY contained large amounts of

chromium and aluminum with low energy of formation and yt-
trium, which improved the spalling resistance of the protective
oxide coating by pegging (Ref 22). For these reasons, NiCrAlY
coatings are generally regarded as a bond coat (Ref 23). Differ-
ent features at the boundaries between the topcoat and the bond
coat were observed, as shown in Fig. 9. This difference was ob-
served in the double-layer coatings by EPMA in Fig. 10. Nickel
is mainly visible, and a little aluminum is seen in the bond coat.
The protective film of Al2O3 was not clearly distinguished.
Large quantities of chromium were detected outside the bound-
ary between the topcoat and the bond coat, where there was an
overlap with the calcium-rich region of the topcoat. These re-
sults indicate that the protective oxide film of Al2O3 did not form
sufficiently at the boundary area between the topcoat and the
bond coat; that is, chromium seemed to have oxidized (Ref 24-
26).

Figure 11 shows the EPMA micrographs of NiCrAlY par-
ticles included in a graded C2S-15CZ coating after the hot-
corrosion test. Aluminum exists with nickel and chromium in
the element map, although significant formation of a protective
Al2O3 film was not recognized. It is likely that NiCrAlY par-
ticles and C2S-15CZ particles exist independently at the inter-
mediate coat in the graded coating. Therefore, the independent
NiCrAlY particles are oxidized at the surface by the corrosive
component. The oxidized surface area of independent particles
is much larger than that of the double-layer coating. Volume
expansion rates of the NiCrAlY component due to oxidation are
large; that is, Ni/NiO = 1.52, Cr/Cr2O3 = 1.99, and Al/Al2O3 =
1.28 (Ref 13). Volume expansion may cause the failure of the

Fig. 10 EPMA image of the C2S-15CZ/NiCrAlY contact region of the double-layer TBC after the hot-corrosion test at 1273 K for 3 h with 85%V2O5-
15%Na2SO4 corrosive ash
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TBC, originating at the particle boundary between C2S-15CZ
and NiCrAlY. Considering these situations, it is estimated that
hot corrosion of the graded TBC begins with the oxidation of the
NiCrAlY blended into the C2S-15CZ, and the volume expansion
causes destruction of the C2S-15CZ boundary. This resulting
phenomenon gradually proceeds to the inner layers.

4. Conclusions

The hot-corrosion behavior of a double-layer TBC and a
graded TBC was examined by comparing the differences in the
coating structure between C2S-15CZ/NiCrAlY and 8YSZ/
NiCrAlY while performing hot-corrosion tests at 1273 K for 3 h
with 85%V2O5-15%Na2SO4 corrosive ash. The results are sum-
marized:

• C2S-15CZ, which forms the TBC topcoat, reacts with cor-
rosive V2O5 and generates 2CaO�V2O5. It also forms
CaSO4 by reacting with Na2SO4. These reactions occur
only at the contact regions with the corrosive component.

• The 8YSZ coating is corroded by V2O5 corrosive ash. The
stabilizer, Y2O3, reacts with V2O5 and loses its function.
This leads to the failure of the coating.

• With regard to the double-layer TBC, the hot-corrosion re-
sistance was remarkably influenced by the performance of
the NiCrAlY bond coat because the corrosive components
penetrated through the ceramic topcoat.

• The durability of the graded TBC is affected by partial dam-

age due to the oxidation of NiCrAlY particles in the graded
area.
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