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The effects of Ni-50 mass% Cr alloy coating, that is plasma-sprayed onto the fire-side of steam gener-
ating tubes in a heavy oil-fired boiler, on the high temperature corrosion resistance were examined. One
of the severe environments in the industrial manufacturing facilities, where thermal sprayed coatings are
employed, is the high temperature corrosion such as the oxidation, sulfidation, and low melting fuel ash
corrosion in the fire-side of boiler tubes. In the fossil fuel-fired steam generating boiler facilities, the
degradation or failure of steam generating tubes that were derived from the contaminants in a lower
grade fuel have often occurred. The situation of degradation of the water evaporator and superheater
tubes and corrosion-preventing effects of plasma sprayed coating are described. The enhanced effects of
plasma sprayed Ni-50 mass% Cr alloy coating for the suppression of hot corrosion failure of the steam
generating tubes of boiler are summarized.

Keywords boiler, coating, high temperature corrosion, Ni-
Cr, plasma spray

1. Introduction

The failure of steam generating tubes employed in
heavy oil-fired boiler facilities is derived from the high
temperature corrosion caused by the contaminants in oil
such as alkaline metals (Na), vanadium (V), sulfur (S) and
has been experienced from early 1950�s (Ref 1). Recently,
the positive use of low grade heavy oil accompanied by the
soaring of crude oil has accelerated these failures. Eluci-
dation (Ref 1-3) and research for practical measures (Ref
4-8) of corrosion mechanism has been also executed
continuously. The typical cases are the studies on corro-
sion prevention measures such as the elucidation of
vanadium attack phenomena in the superheaters and re-
heaters through which the high temperature steam passes
(Ref 9), the addition of corrosion proof ingredient into
feedwater (Ref 10), and the corrosion resistant metallic
coating onto tubes (Ref 11). On the other hand, as the
mass fossil fuel is burned in the boiler facilities, the anti-
pollution measures has been devised positively. For a
typical case, the low excess air combustion operation has
spread in order to decrease expedient of thermal NOx

formation (Ref 12). However, the degradation of the part

of water evaporator tubes that constitutes the combustion
furnace by the severe high temperature sulfidation corro-
sion has been also experienced (Ref 13, 14). This phe-
nomenon is caused by the gas composition of low excess
air combustion atmosphere, which heterogeneously con-
tains not only oxidizing agents: CO2, H2O, but also
reducing agents: unburnt carbon, CO, H2, and sulfuric
compounds such as H2S, COS (Ref 13). The general use of
the corrosion resistant alloy coating employing the on-
boiler site thermal spray process has been utilized for the
damage countermeasures against fire-side high tempera-
ture corrosion (Ref 15). Thermal spray process has
performed much success in vanadium corrosion counter-
measures for superheaters (Ref 8, 10), and high temper-
ature sulfidation corrosion measures for steam generating
tubes.

In this paper, the corrosion degradation cases of steam
generating tubes in the heavy oil-fired boiler are intro-
duced, and the property change and corrosion-prevention
mechanism of sprayed coating onto the tubes, which the
authors have been engaged in development activities for
more than 20 years, are reported.

2. The Outline of Heavy Oil-Fired Boiler
Facilities

2.1 The General Specification and Structure of the
Boiler Facility

The boiler investigated is a steam-generating boiler of
natural circulation type equipped with a number of water
evaporator tubes made of carbon steel (JIS G3461
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STB410). Pre-boiler is also equipped with steel tube hea-
ter. The capacity of the boiler was 1100� 103 kg/h at
842 K (at outlet of superheaters). The maximum operat-
ing steam pressure is 16.8 MPa. The burning fuel was
usually a low grade heavy oil containing, for example, 1.5-
2.5 mass% S, 50-150 ppm V, 5-15 ppm Na, 10-25% carbon
residues. The combustion type was tangential firing. The
heat capacity was 350 MW. Boiler feedwater was
conditioned with ammonium volatile treatment (AVT).
Figure 1 illustrates the boiler and the tube locations that
were investigated. The combustion gas rises along the
furnace wall, and is further burned with secondary air. Hot
exhaust gas is passed through the inlet air preheater prior
to discharge from the stack. SOx and dust treatment
equipment is also installed. The calculated skin tempera-
ture of evaporator and superheater tube, derived from the
inner steam temperature, are 653-683 K, 863-883 K,
respectively.

2.2 Combustion Gas Atmosphere and Chemical
Composition of Fuel Ash

The combustion gas, which was sampled from the
combustion chamber and the high temperature zone in-
stalled with superheaters during operation, was chemically
analyzed. Table 1 shows the results. The chemical com-
position of the gas sampled from the combustion chamber
shows almost reduction atmosphere. Namely atmosphere

was composed of less content of free oxygen, much con-
tent of CmHn, H2, and H2S, which are products of
incomplete combustion of the fuel. This is derived from
the low excess oxygen combustion operation. On the other
hand, in the vicinity of superheaters, the chemical com-
position of sampled gas shows more oxygen and CmHn,
H2, H2S were not detected. This is derived from the
complete combustion of fuel. The results of chemical
composition analysis and X-ray diffraction of ash, which is
deposited on the surface of evaporator tubes and super-
heater tubes, are shown in Table 2. The deposits on the
evaporator tubes were ferrous compounds mainly com-
posed of Fe2O3 and contain much sulfur compound (sul-
fides). As the Fe1)xS compound was identified by X-ray
diffraction analysis, the occurrence of sulfidation corrosion
was indicated. On the contrary, the deposits on the
superheater tubes was analyzed as the ash of V2O5-
Na2SO4 system contains more than 70 mass % of Na, S, V
compound. X-ray diffraction analysis identified Na2O Æ
V2O4 Æ 5V2O5, Na10V24O64, and Na2SO4. This result

Fig. 1 Example of cross-section of an oil-fired boiler: (1)
Combustion furnace, (2) burner zone and wall tubes (evaporator
tubes), (3) superheater tubes, (4) high temperature reheater
tubes, (5) high temperature superheater tubes, (6) low temper-
ature superheater tubes, (7) low temperature superheater tubes
and (8) economizer

Table 1 Analytical composition of the combustion gas

Gas, %

Combustion furnace
High temperature

zoneCenter Bottom

CO 4.5-6.0 6.5-8.0 4.0-5.6
CO2 11.0-12.0 9.7-11.0 12-13.0
H2 1.0-1.1 4.1-6.6 trace
H2S Trace 0.035-0.06 trace
O2 0.4-0.8 0.1-0.3 0.8-1.3
SOx 0.80-0.88 0.045-0.08 0.90-0.92
CmHn 0.04-0.09 0.120-0240 trace

Table 2 Analysis of deposits on the evaporator and
superheater tubes (mass%)

Fuel ash deposits

Evaporator tube

Superheater
tube

Intermediate
layer

Inner
layer

Water-soluble 46.4 16.3 3.5-6.5
Acid-insoluble 2.1 1.22 0.86-3.90
Na as Na2O 19.5 4.72 17.6-34.4
Fe as Fe2O3 8.81 75.1 4.7-13.0
V as V2O5 35.7 5.28 30-38
Cr as Cr2O3 <0.05 <0.05 0.9-1.5
Ni as NiO 4.15 0.85 3.84-6.42
Ca as CaO 0.36 <0.05 2.06-2.30
Mg as MgO 4.33 0.83 N/A
S as SO3 22.9 9.5 24.4-51.8
S as sulfide 0.12 16.3 N/A
C (carbon) 0.07 0.94 0.50-0.66
Composition by X-ray diffraction analysis
Na2O Æ V2O4 Æ 5V2O5 � N/A �
Na10V24O64 � N/A �
Na2SO4 � N/A �
a-Fe2O3 � � N/A
Na2Mg(SO4)2 � � �
Ni Fe2O4 N/A N/A N/A
Fe3O4 N/A � �
Fe1)xS N/A � N/A

�: detected; N/A: not detected
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showed that the main components were formed by vana-
dium-attack.

3. Corrosion Failure of Evaporator Tube
and Corrosion Proof/Anti-Corrosion
Effect of Sprayed Coating

3.1 Corrosion Damage/Degradation Situation of
Evaporator Tube

Figure 2 shows a typical cross-section of a corroded
tube without sprayed coating that has been employed for
8 years. The tube wall, which was directly exposed to the
combustion flame, was thinned significantly, a thickness of
1.40-2.86 mm thickness compared with 4.60 mm for the
original thickness while the wall side (facing downward in
the photograph) remained at its original thickness.
Assuming a maximum difference in thickness of 3.20 mm,
the corrosion rate is estimated to have been only from 0.3
to 0.5 mm a year. The microstructure of these deposits is
shown in Fig 3. Relatively thin and dense scale adhered to

the uncorroded steel substrate. On the other hand, the
corroded area was covered with coarse and cracked scale,
and its scale had partially dropped off, resulting in uneven
corrosion. The scale on the corroded area was composed
of sulfur, oxygen, sodium, and vanadium to a large extent,
and these elements were distributed almost uniformly
throughout the scale. As listed in Table 2, they existed as
metal oxide, sulfate and/or sulfide, depending on various
conditions. In contrast with the corroded area, sulfur was
concentrated near the boundary between the scale and the
substrate of the uncorroded area, while the outer surface
was enriched with oxygen. These results were obtained by
using electron probe micro analysis.

3.2 Thermal Spraying Process for Steam
Generating Tubes

A Ni-Cr binary alloy system has features like the fol-
lowing. First, easy alloying to produce as an industrial
material because Ni and Cr give the eutectic reaction with
the mutually wide solid solubility limit, and Ni-Cr binary
alloy has a simple eutectic reaction near at 1600 K. Sec-
ond, the fluctuation of the alloy composition hardly affects
the corrosion resistance of the alloy system. By the way
the environment of boiler operation often changes with
fuel or combustion condition, which causes the changes of
dominant corrosion reaction. Even though in such a case,
the Ni-Cr alloy sprayed coating has the advantage that
follows for the change of the corrosion reaction. In a
heavy oil-fired boiler combustion, high temperature oxi-
dation, high temperature sulfuration, and molten salt at-
tack (vanadium attack) are typical corrosion degradation
factors for the heat exchange tubes. In this field the molten
salt reacts chemically with metals. Ni, Ni compounds, and
Cr are durable to molten salt attack, and chromium oxide
such as Cr2O3 is good for oxidation barrier formation in
the coating. Ni and Cr are considered to be complemen-
tary to each other. The Ni-50 mass% Cr alloy powder
manufactured by the atomizing method was used for
coating. This powder was utilized to form a sprayed
coating of about 300-500 micrometer thickness on the
boiler tube wall by using the atmospheric plasma spray

Fig. 2 Typical cross-section of a corroded tube without sprayed
coating employed for 8 years. (a) Macro structure and (b) dis-
tribution in thickness of wall tube

Fig. 3 Microstructure of the corroded and uncorroded area on the evaporator tube without sprayed coating
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process. Boiler tubes have been installed to the boiler
inner wall in the form of a panel. The plasma spray was
performed on the boiler site. Figure 4 shows the flow chart
of on-site plasma spray process.

3.3 Corrosion Proof/Anti-Corrosion Effects
of Plasma Sprayed Coating

The cross-section of removed portion of plasma spray
coated evaporator tube, which was employed in the boiler
combustion chamber for 72,000 h, was inspected. The
metallographic result was shown in Fig. 5. The cross-sec-
tional image of the coating shows good adhesion to steel
substrate and sufficient thickness. The excellent corrosion
resistance was observed and the continuous employment
for longer time was presumed. The magnified image of
outer surface of sprayed coating is shown in Fig. 6. The
constituent materials for the corrosion layer denoted in

Fig. 6 are mainly vanadium, sodium, and sulfur com-
pounds as described in Table 2. The result shows that the
combustion ash penetrated into the grain boundaries of

Fig. 5 Cross-section of removed portion of plasma spray coated
evaporator tube employed in the boiler combustion chamber for
72,000 h

Fig. 6 Magnified image of outer surface of sprayed coating of
removed portion of plasma spray coated evaporator tube em-
ployed in the boiler combustion chamber for 72,000 h

Fig. 4 Flow chart for plasma spray process on the job site
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Ni-50 mass% Cr to exfoliate alloy grains from the coating
lamellar structure. Even with the sprayed coating, which
has the porosity of several percent, the corrosion reaction
with ash tends to progress with the consecutive peeling off
of the alloy particles of the coating surface section. This
phenomenon suggests that the corrosion rate could be
determined nondestructively by the measurement of
coating thickness. Moreover, the phenomenon that the
reduction of corrosive action of ash penetrated into the
pores of sprayed coating and grain boundaries of alloy
particles was prominently observed in the sprayed coating
for superheater tubes. This result suggests that the pores
or grain boundaries in the sprayed coating have no ad-
verse effects. As mentioned above, the chemical compo-
sition of the ash penetrated into the pores and grain
boundary has no great difference from that of ash that
covers the sprayed coating surface (Ref 15, 16). The ash
penetrated into the narrow labyrinth path of the sprayed
coating, for instance, grain boundary between alloy par-
ticles limit the supply of O2), S2), and the reaction of ash
with the sprayed coating increases the melting point to
promote the solidification of ash (Ref 16). It is considered
that as the solidification tends to interfere the mobility of
metallic ions and corrosive ions, the corrosion rate inside
the sprayed coating is remarkably decreased.

4. Corrosion Failure of Superheater Tube
and Corrosion Proof/Anti-Corrosion
Effect of Sprayed Coating

4.1 Corrosion Damage Behavior of Superheater
and Reheater Tube

Figure 7 shows the typical high temperature corrosion
situation of superheater tubes (a, d) and reheater tubes (b,
c) installed in high temperature zone in boiler. In the case
of superheater tubes, the overheating damage caused by
the yield to high-pressure steam is derived from the
remarkable decrease in thickness in the corrosive envi-
ronment of elevated temperature of superheaters. On the
other hand, in reheaters tubes with thickness like a sheet
of paper are often discovered. This damage is obviously
derived from the corrosion by vanadium (vanadium at-
tack), because the ash, which deposited on the surfaces of
the superheater and reheater tubes includes vanadium
compounds from 30 to 50 mass% and it is low-melting
eutectics. The fundamental corrosion reaction is consid-
ered that the accelerated oxidation corrosion reaction by
vanadium complex contained in combustion ash, is dom-
inant as follows (Ref 17, 18):

mNa2O � nV2O5 ! mNa2O � (n� p)V2O5 � pV2O4

+ 1/2 pO2

Here m, n, and p are integers. Also, Na2SO4 coexisted in
V2O5, SO3, and O2 is formed in corrosion reaction, and the
lower melting point than V2O5 (melting point is 963 K)
such as 5Na2O Æ V2O4 Æ 11V2O5 (melting point is 808 K)
might accelerate the corrosion reaction.

4.2 Corrosion Damage Behavior of Superheater
Tube and Corrosion Proof Effect of Sprayed
Coating

The cross-sectional micrograph of Ni-50 mass% Cr
alloy sprayed coating onto superheater tubes for corrosion
prevention employed for 20,000 and 87,000 h are shown in
Fig. 8. Though the remaining thickness of sprayed coating
is less than that onto evaporator tubes, the consumption of
coating caused by corrosion reaction was proceeding
equally from surface to inside. The corrosion rate of this
superheater tube without sprayed coating was from 0.3 to

Fig. 7 Typical high temperature corrosion situation of super-
heater tubes (Type 321) and reheater tubes (Type 304) installed
in high temperature zone. (a) Outside of superheater tube, Type
321 (b) Outside of reheater tube, Type 304 (c) Cross-section of
reheater tube, Type 304 (d) Cross-section of superheater tube,
Type 321
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0.5 mm a year, however, that of sprayed coating was only
from 0.1 to 0.2 mm a year. The decreasing of corrosion
degradation rate of superheater tubes is recognized. As
shown in the cross-sectional micrograph of Ni-50 mass%
Cr alloy sprayed coating, the penetration of ash through
pores or grain boundaries of the sprayed coating is
observed regarding this environment. Vanadium complex,
which is a major constituent of ash inside sprayed coating,
chemically reacts with nickel and chromium. The vana-
dium complex is reduced to form low complex oxide that
is less corrosive. For example,

3V2O5 + 4Cr ! 2Cr2O3 + 3V2O3 (melting point 2173 K)

V2O5 + 2Ni ! 2NiO + V2O3 (melting point 2173 K)

Furthermore in this case, chromium or nickel oxide
(formed by plasma spray heat source), which is contained
in sprayed coating, is considered to operate as a mass-
transfer barrier against corrosion reaction of ash. The re-
sults indicate that the corrosion degradation phenomenon
is confined to the surface area of the sprayed coating,
where oxygen is easily supplied from outside atmosphere.
As described above, Ni and Cr react with vanadium
complex ash to form low melting point and higher melting
point complex oxide. The pores of sprayed coating and
grain boundaries of sprayed particles are impregnated
with this vanadium compounds. Due to the impregnation
effect, the supply of O2), S2) is restricted to the surface of
the sprayed coating. In the environment of poor O2), S2),
the high temperature corrosion by vanadium compounds
is obviously suppressed. This is the mechanism of the ex-
hausion of the coating layer. Such a corrosion product or
layer tends to peel-off and break away from the coating.
Due to this, corrosion product is not observed in the
coating specimen for microscopy.

5. Conclusions

The use of a lower grade heavy oil as the fuel of boiler
for power generation is not always preferable because of
the hot corrosion of heat exchange tubes and environ-
mental pollution by the smoke. In the past several years,
the price of crude oil has been soaring and the production
of light oil in petroleum processing has generated large
amount of heavy oil residue. This has become a seriously
socioeconomic condition. Hence, there is a strong need for
the development of energy recovery so that the combus-
tion energy from heavy oil in the boiler facilities can be
recovered as electric power or steam. In this paper, the
high temperature corrosion behavior of evaporator and
superheater in the heavy oil-fired boiler was summarized,
and the typical examination result in actual facility of the
effect of plasma sprayed Ni-50 mass% Cr alloy coating
was reported. The plasma sprayed Ni-50 mass% Cr alloy
coating applied on steam generating tubes has been re-
mained for more than 20 years (about 140,000 h) and
demonstrated the corrosion resistant effect. Moreover, the
number of boilers in Japan that Tocalo Co., Ltd. has
carried out the coating job for corrosion protection has
reached more than 80 facilities.
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