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There are over 1000 biomass boilers in Europe, and the number is increasing due to actions for reducing green-
house gas emissions. Biomass boilers often experience strong corrosion due to harmful elements in fuels. In
biomass burning, detrimental components include especially chlorine, potassium and heavy metals, which can
cause chlorine-induced active oxidation or hot corrosion by molten phases even at fairly low temperatures. In
order to increase the corrosion resistance of heat exchanger components, eithermore alloyed steels or protective
coatings should be applied. High velocity oxy-fuel (HVOF) sprayed coatingsmay provide corrosion protection for
low alloy tube materials. Three nickel based thermal spray coatings (Ni–24Cr–16.5Mo, Ni–22Crb5Fe–9Mo–4Nb
and Ni–22Cr–10Al–1Y) were tested for two years in a 40MWcirculating fluidized boiler (CFB), which had expe-
rienced severe corrosion and a tube failure. The coated tubes were installed to the cold and the hot economizer.
After the exposure the coatings and the substrate materials were analyzed with SEM–EDX. The uncoated boiler
tubes corroded strongly, whereas the thermal spray coatings exhibited excellent corrosion performance. This
paper presents the tube failure at the cold economizer, exposure conditions, the analysis of the coated and
uncoated samples, and the corrosion mechanisms of the steel tubes.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Strong actions are needed to decrease the greenhouse gas emissions
globally. To prevent severe impacts of climate change, the international
community has agreed that global warming should be kept below 2 °C
compared to the temperature in pre-industrial times, which means a
temperature increase of maximum 1.2 °C above today's level. In
Europe, there are several EU initiatives to reduce the emissions: the
European Climate Change Programme (ECCP), which has led to the im-
plementation of dozens of new policies andmeasures; the EU Emissions
Trading System, which has become the EU's key tools for reducing the
emissions from the industry cost-effectively; and legislation to raise
the share of energy consumption produced by renewable energy
sources, such as wind, solar and biomass, to 20% by 2020 [1].

There are over 1000 power plant boilers for biomass combustion in
Europe, and the number is increasing [2]. Typical biomass fuels include
wood, consisting of energywood, forest residues andwastewood, black
liquor, agricultural biomass such as energy plants, various types of grass
or reeds, and residues/waste. Until today, wood is still the most impor-
tant fuel for generating electricity from solid biomass. However, strong
corrosion of boiler components can take place when burning biomass

due to corrosive elements in fuels. These include alkali chlorides, KCl
and NaCl, and elements forming low melting compounds e.g. zinc.
Commonly, corrosion mechanisms occurring in biomass combustions
are chlorine induced enhanced corrosion and hot corrosion by molten
compounds [3,4]. The so-called active oxidation occurs in the presence
of alkali chlorides as deposits and hydrogen chloride in the atmosphere
[5]. Chlorine or chloride penetrates into the oxide–metal interface,
where it reacts with the alloy components forming typically FeCl2. The
chloride evaporates and during its diffusion to the scale surface is
oxidized in the area with higher oxygen vapor pressure forming a
non-protective oxide scale. The chlorine is released in the reaction and
is able to continue the enhanced corrosion reaction. Active oxidation
induced by chlorine is presented in the reaction circuit, Fig. 1. The rate
of FeCl2 (g) outward diffusion through the oxide scale is rate controlling
for the active oxidation process [5]. The reactions are similar for high
chromium alloys. Chlorine reacts with FeCr2O4 or Cr2O3. However,
mainly FeCl2 is formed because of lower Gibbs free energy of FeCl2
compared to CrCl2 [5].

Molten phases in the deposits may result to oxide scale fluxing and
hence strong corrosion, when the protective oxide scale is damaged
and formation of the new scale is hindered. Elements in the combustion
process forming low-melting phases include calcium-, potassium-, and
sodium-sulfates and potassium- and sodium-chlorides containing
heavy metals such as zinc and lead [6,7]. Copper in the presence of
chlorine has also been reported to act detrimentally in boiler conditions
accelerating corrosion of iron and nickel based alloys strongly [8]. Some
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2.4. Sample preparation and analysis

The coated tubes were removed from the boiler after two years and
metallographic samples were prepared. The tubes were cut into thin
rings, which were cast using epoxy. The coated specimens were
cut into cross-sections with a wet cutter due to high hardness of the
coatings. Grinding and polishing were performed with ethanol in
order to prevent subsequent dissolution of water-soluble compounds.
The specimens were studied with an optical microscope and a scanning
electron microscope (SEM), and analyzed with an energy dispersive X-
ray analyzer (EDX). Optical micrographs were taken from the as-coated
specimens. The hardness of the coatings was tested with a Vickers
hardness tester (HV0.3) prior the testing from separate samples as well.

3. Results and discussion

The coatings were covered partly with ash deposits, the thickest
deposit being on the flue gas side. The endurance of the coatings
NiCr16Mo, NiCr9Mo and NiCr10Al against corrosion in the biomass
boiler exposure appeared superior compared to the uncoated tubes in

the visual inspection of the samples. Thorough analysis of the coatings
showed excellent corrosion resistance in the conditions. The carbon
steel St35.8 tubes had experienced severe corrosion during the test
period. Considerable material wastage had occurred and deep cavities
had been formed during the two year usage in the biomass boiler.

3.1. Tube failure in the cold economizer

A tube failure had occurred in the cold economizer of the biomass
boiler. In the damaged tube local thinning was detected besides the
leakage hole of about 5 mm in diameter, Fig. 3. The tube was covered
with a thin light/brown deposit. The reason for the tube failure was
severe corrosion with small erosion effect. The corrosion took place
under a deposit on the fireside of the tube. The microstructure was
typical for the St35.8 tube (ferrite–pearlite), so the overheating of the
tube was ruled out. A high amount of chlorine was detected in the
oxide–metal interface under the deposit in the corrosion pits, Fig. 4.
Corrosion induced by chlorine was the main reason for severe material
wastage of the tube. The chlorine from fuel and high amount of water
vapor had probably enhanced the corrosion, which is discussed in
Section 3.6 in more detail.

3.2. NiCr16Mo coating in the cold economizer

NiCr16Mo coating was dense with minor porosity. The coating had
typical lamellar structure of thermal spraying. The coating was well
adhered to the substrate, and only very little lamellar detachment was
detected in the coating surface. The thickness of the NiCr16Mo coating
was about 300 μm, and the hardness about 460 HV0.3. The cross-
section of the NiCr16Mo coating before and after the exposure is
presented in Fig. 5a) and d).

Fig. 2. Schematic image of the CFB boiler design. The locations of the test coatings in the economizers and the tube failure are presented in the figure.

Table 3
Elemental analysis of some of the components in the fly ash and the bottom ash (dry solid
content).

Element

Fluoride,
F−

Chloride,
Cl−

Sulfate,
SO4

2−
Copper, Cu Lead,

Pb
Zinc,
Zn

Fly ash [mg/kg] b100 4400 44,000 160 100 1500
Bottom ash [mg/kg] b100 200 300 43 11 650
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reactions occurring in the presence of chlorine, heavy metals and
sulfates are presented in Eqs. (1)–(3).

ZnCl2 lð Þ þ 2Fe2O3 ¼ Zn; Feð ÞOþ Fe3O4 þ Cl2 þ½O2 ð1Þ

[6]

2CuCl2 þ O2→2CuOþ 2Cl2 ð2Þ

[8]

Na;Kð Þ2SO4 þ SO2 þ½O2 ¼ Na;Kð Þ2S2O7 ð3Þ

[5]
In biomass combustion, protection of metallic boiler components,

typically manufactured from carbon or low alloy steels, can be per-
formed by applying high alloy materials or protective coatings. High-
chromium alloy steels or nickel alloys have been tested in biomass
boiler conditions [9–11]. Applicable coatings for corrosion protection
in biomass boilers contain laser cladding [12], thermal spray coatings
[13–16] and thermal spray coatings with sealing treatment [17,18].
Thermal spraymethods have developed greatly during the last decades,
and especially high velocity oxy-fuel method has improved to produce
coatings with low porosity and high adhesion, which can be applied to
severe high temperature corrosion applications [19].

Strong corrosion and a tube failure had occurred in economizers
of a circulating fluidized bed boiler burning biofuel. To increase the
corrosion resistance of the heat exchanger surfaces, thermal spray
coatings were applied to the boiler tubes. The corrosion behavior of
these nickel based coatings has not been reported in similar real
biomass boiler conditions. The HVOF coatings with high chromium
content were tested for two years in the power plant boiler.

2. Experimental

The tube failure occurred in the biomass boiler was analyzed. Three
nickel based coatings with high amounts of chromium were thermally
sprayed on short boiler tube sections, which were welded to actual
tubes of a fluidized bed boiler. The duration of the exposure in boiler
conditions was two years. The corrosion resistance of the coatings
and the uncoated substrate material in the boiler conditions were
characterized.

2.1. Tube failure

Severe corrosion, tube thinning and renewal of tubing even every
second year had taken place in the circulating fluidized bed (CFB)
power plant. A leakage also had occurred in the cold economizer of
the boiler. The damaged tube, material St35.8, was removed from the
boiler, photographed, and made into a cross-section, with subsequent
analysis by an optical microscope, a scanning electron microscope, and
an EDX analyzer.

2.2. Coating manufacturing and materials for boiler exposure

The coating materials were commercial powders Alloy 59
(NiCr16Mo), Inconel 625 (NiCr9Mo) and NiCrAlY (NiCr10Al). The
HVOF sprayingwas performedwith a Sulzer Metco Diamond Jet Hybrid
2701 spray gun. The coatings were applied on a carbon steel tube
(St35.8, DIN 17175-79, size: 38 × 5.5 mm). The substrate material was
grit blasted with alumina particles (500–700 μm) before the spraying.
The goal was to produce sufficient corrosion and erosion resistance by
dense and well adhered coatings. The powders are presented in
Table 1. The two meter tube sections with coatings were welded to
the actual tubes in the boiler in cold and hot economizers. Parameters
for the spraying are presented in Table 2. Preheating of the substrate
materials was performed up to about 100 °C.

2.3. The boiler exposure

The coating testing took place in a 40 MW circulating fluidized bed
(CFB) boiler that burned solid biomass. The district heating power
plant had encountered severe problems with corrosion, and the econo-
mizer tubes had to be replaced every two years. The test coatings were
installed to the hot and the cold economizer, where strong corrosion
and a tube failure had occurred. The design of the boiler and locations
of the coatings are presented in Fig. 2. In this study, corrosion protection
performance by thermal spray HVOF coatings was investigated in the
real boiler conditions. The water in-let temperature to the economizers
was about 102–115 °C, and themaximumwater temperature in the hot
economizer was about 200 °C. The temperature of the flue gas before
the cold economizer was about 360–400 °C, and before the hot econo-
mizer about 520…800 °C. The coating testing in the boiler exposure
was for two years. The boiler burnedmainlywood-based fuels including
recycledwood,mixedwith small amounts of peat. Themoisture content
of the utilizedwoodwas high, over 50%. Analyses of the dry ash are pre-
sented in Table 3.

Fig. 1. A schematic illustration of the active oxidation reaction circuit caused by chlorine. The reactions are similar for NaCl.
Adapted from [5].

Table 1
Chemical composition of the tested HVOF coating powders and the carbon steel tube
material.

Code Powder Nominal composition

NiCr16Mo Alloy 59 Ni–24 Cr–16.5 Mo–1.5 Fe–0.5 Al
NiCr9Mo Inconel 625, AI-1625-TG Ni–20…23 Cr –b5 Fe–8…10 Mo–3.15…

4.15 Nb–Mn–Si–Ti–Al
NiCr10Al NiCrAlY, Amperit 413.1 Ni–21…23 Cr–9…11 Al–0.8…1.2 Y
St35.8 Substrate Fe – b0.17 C–0.10…0.35 Si–0.40…

0.80 Mn – b0.040 P – b0.040 S

Table 2
HVOF spray parameters. The spray gun was DJ Hybrid, nozzle 2701.

C3H8

[l/min]
O2

[l/min]
Air
[l/min]

N2

[l/min]
Ratio Powder feed

[g/min]
Stand-off
[mm]

56 200 392 20 0.345 25 250
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2.4. Sample preparation and analysis

The coated tubes were removed from the boiler after two years and
metallographic samples were prepared. The tubes were cut into thin
rings, which were cast using epoxy. The coated specimens were
cut into cross-sections with a wet cutter due to high hardness of the
coatings. Grinding and polishing were performed with ethanol in
order to prevent subsequent dissolution of water-soluble compounds.
The specimens were studied with an optical microscope and a scanning
electron microscope (SEM), and analyzed with an energy dispersive X-
ray analyzer (EDX). Optical micrographs were taken from the as-coated
specimens. The hardness of the coatings was tested with a Vickers
hardness tester (HV0.3) prior the testing from separate samples as well.

3. Results and discussion

The coatings were covered partly with ash deposits, the thickest
deposit being on the flue gas side. The endurance of the coatings
NiCr16Mo, NiCr9Mo and NiCr10Al against corrosion in the biomass
boiler exposure appeared superior compared to the uncoated tubes in

the visual inspection of the samples. Thorough analysis of the coatings
showed excellent corrosion resistance in the conditions. The carbon
steel St35.8 tubes had experienced severe corrosion during the test
period. Considerable material wastage had occurred and deep cavities
had been formed during the two year usage in the biomass boiler.

3.1. Tube failure in the cold economizer

A tube failure had occurred in the cold economizer of the biomass
boiler. In the damaged tube local thinning was detected besides the
leakage hole of about 5 mm in diameter, Fig. 3. The tube was covered
with a thin light/brown deposit. The reason for the tube failure was
severe corrosion with small erosion effect. The corrosion took place
under a deposit on the fireside of the tube. The microstructure was
typical for the St35.8 tube (ferrite–pearlite), so the overheating of the
tube was ruled out. A high amount of chlorine was detected in the
oxide–metal interface under the deposit in the corrosion pits, Fig. 4.
Corrosion induced by chlorine was the main reason for severe material
wastage of the tube. The chlorine from fuel and high amount of water
vapor had probably enhanced the corrosion, which is discussed in
Section 3.6 in more detail.

3.2. NiCr16Mo coating in the cold economizer

NiCr16Mo coating was dense with minor porosity. The coating had
typical lamellar structure of thermal spraying. The coating was well
adhered to the substrate, and only very little lamellar detachment was
detected in the coating surface. The thickness of the NiCr16Mo coating
was about 300 μm, and the hardness about 460 HV0.3. The cross-
section of the NiCr16Mo coating before and after the exposure is
presented in Fig. 5a) and d).

Fig. 2. Schematic image of the CFB boiler design. The locations of the test coatings in the economizers and the tube failure are presented in the figure.

Table 3
Elemental analysis of some of the components in the fly ash and the bottom ash (dry solid
content).

Element

Fluoride,
F−

Chloride,
Cl−

Sulfate,
SO4

2−
Copper, Cu Lead,

Pb
Zinc,
Zn

Fly ash [mg/kg] b100 4400 44,000 160 100 1500
Bottom ash [mg/kg] b100 200 300 43 11 650
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reactions occurring in the presence of chlorine, heavy metals and
sulfates are presented in Eqs. (1)–(3).

ZnCl2 lð Þ þ 2Fe2O3 ¼ Zn; Feð ÞOþ Fe3O4 þ Cl2 þ½O2 ð1Þ

[6]

2CuCl2 þ O2→2CuOþ 2Cl2 ð2Þ

[8]

Na;Kð Þ2SO4 þ SO2 þ½O2 ¼ Na;Kð Þ2S2O7 ð3Þ

[5]
In biomass combustion, protection of metallic boiler components,

typically manufactured from carbon or low alloy steels, can be per-
formed by applying high alloy materials or protective coatings. High-
chromium alloy steels or nickel alloys have been tested in biomass
boiler conditions [9–11]. Applicable coatings for corrosion protection
in biomass boilers contain laser cladding [12], thermal spray coatings
[13–16] and thermal spray coatings with sealing treatment [17,18].
Thermal spraymethods have developed greatly during the last decades,
and especially high velocity oxy-fuel method has improved to produce
coatings with low porosity and high adhesion, which can be applied to
severe high temperature corrosion applications [19].

Strong corrosion and a tube failure had occurred in economizers
of a circulating fluidized bed boiler burning biofuel. To increase the
corrosion resistance of the heat exchanger surfaces, thermal spray
coatings were applied to the boiler tubes. The corrosion behavior of
these nickel based coatings has not been reported in similar real
biomass boiler conditions. The HVOF coatings with high chromium
content were tested for two years in the power plant boiler.

2. Experimental

The tube failure occurred in the biomass boiler was analyzed. Three
nickel based coatings with high amounts of chromium were thermally
sprayed on short boiler tube sections, which were welded to actual
tubes of a fluidized bed boiler. The duration of the exposure in boiler
conditions was two years. The corrosion resistance of the coatings
and the uncoated substrate material in the boiler conditions were
characterized.

2.1. Tube failure

Severe corrosion, tube thinning and renewal of tubing even every
second year had taken place in the circulating fluidized bed (CFB)
power plant. A leakage also had occurred in the cold economizer of
the boiler. The damaged tube, material St35.8, was removed from the
boiler, photographed, and made into a cross-section, with subsequent
analysis by an optical microscope, a scanning electron microscope, and
an EDX analyzer.

2.2. Coating manufacturing and materials for boiler exposure

The coating materials were commercial powders Alloy 59
(NiCr16Mo), Inconel 625 (NiCr9Mo) and NiCrAlY (NiCr10Al). The
HVOF sprayingwas performedwith a Sulzer Metco Diamond Jet Hybrid
2701 spray gun. The coatings were applied on a carbon steel tube
(St35.8, DIN 17175-79, size: 38 × 5.5 mm). The substrate material was
grit blasted with alumina particles (500–700 μm) before the spraying.
The goal was to produce sufficient corrosion and erosion resistance by
dense and well adhered coatings. The powders are presented in
Table 1. The two meter tube sections with coatings were welded to
the actual tubes in the boiler in cold and hot economizers. Parameters
for the spraying are presented in Table 2. Preheating of the substrate
materials was performed up to about 100 °C.

2.3. The boiler exposure

The coating testing took place in a 40 MW circulating fluidized bed
(CFB) boiler that burned solid biomass. The district heating power
plant had encountered severe problems with corrosion, and the econo-
mizer tubes had to be replaced every two years. The test coatings were
installed to the hot and the cold economizer, where strong corrosion
and a tube failure had occurred. The design of the boiler and locations
of the coatings are presented in Fig. 2. In this study, corrosion protection
performance by thermal spray HVOF coatings was investigated in the
real boiler conditions. The water in-let temperature to the economizers
was about 102–115 °C, and themaximumwater temperature in the hot
economizer was about 200 °C. The temperature of the flue gas before
the cold economizer was about 360–400 °C, and before the hot econo-
mizer about 520…800 °C. The coating testing in the boiler exposure
was for two years. The boiler burnedmainlywood-based fuels including
recycledwood,mixedwith small amounts of peat. Themoisture content
of the utilizedwoodwas high, over 50%. Analyses of the dry ash are pre-
sented in Table 3.

Fig. 1. A schematic illustration of the active oxidation reaction circuit caused by chlorine. The reactions are similar for NaCl.
Adapted from [5].

Table 1
Chemical composition of the tested HVOF coating powders and the carbon steel tube
material.

Code Powder Nominal composition

NiCr16Mo Alloy 59 Ni–24 Cr–16.5 Mo–1.5 Fe–0.5 Al
NiCr9Mo Inconel 625, AI-1625-TG Ni–20…23 Cr –b5 Fe–8…10 Mo–3.15…

4.15 Nb–Mn–Si–Ti–Al
NiCr10Al NiCrAlY, Amperit 413.1 Ni–21…23 Cr–9…11 Al–0.8…1.2 Y
St35.8 Substrate Fe – b0.17 C–0.10…0.35 Si–0.40…

0.80 Mn – b0.040 P – b0.040 S

Table 2
HVOF spray parameters. The spray gun was DJ Hybrid, nozzle 2701.

C3H8

[l/min]
O2

[l/min]
Air
[l/min]

N2

[l/min]
Ratio Powder feed

[g/min]
Stand-off
[mm]

56 200 392 20 0.345 25 250
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closed porosity. The average coating thickness was 300 μm, and the
hardness of the NiCr9Mo coating was 506 HV0.3. The structure of the
coating is presented in Fig. 5b) and e) before and after the exposure.
The corrosion resistance of the NiCr9Mo coating was satisfactory. Only
traces of chlorine and potassium were detected in the outer surface
of the coating down to some tens of micrometers. There was a thick
deposit on the flue gas side of the tube and a thinner one on the leeward
side. The NiCr9Mo coatingwas intact and showed no signs of corrosion,
Fig. 7. The thick deposit contained mainly oxygen, calcium, sulfur,
potassium, silicon and iron. Corrosive elements such as potassium,
chlorine, zinc and sodium were detected in the deposits, especially in
the thin layer on the leeward side, Fig. 8.

3.4. NiCr10Al coating in the hot economizer

NiCr10Al coating had high corrosion performance in the biomass
boiler conditions and protected the underlying carbon steel tube
excellently. The coating was sufficiently dense with low porosity. The
thickness of the coating was about 280 μm. The NiCr10Al coating had
the highest hardness of these three coatings, about 530 HV0.3. The
coating had also a thick deposit on the flue gas side. The composition
of the deposit was similar to that of the other two coatings. The cross-
section of the coating is presented in Fig. 9.

3.5. Carbon steel St35.8 in the cold and hot economizers

Severe deterioration of the uncoated carbon steel tubes had taken
place in the biomass boiler in both the cold and the hot economizer.
The tube leakage and stronger tube wall thinning had taken place in
the cold economizer. A high amount of chlorine was detected at the
metal–scale interface near the leakage. Similar corrosion morphologies
have been presented by Spiegel [6] in experiments beneath heavy-
metal rich sulfate melts and Montgomery et al. [11] in a reheater of a
straw co-firing plant. Spiegel et al. [20] have also reported that the

presence of eutectic melts on heat exchanger tubes, e.g. KCl-ZnCl2 and
PbCl2, can lead to catastrophic corrosion rates even at relatively low
temperatures of 250 °C. Due to low condensation temperature of zinc
chlorine (144–302 °C), ZnCl2 may have condensed on the tube surfaces
in the upper part of the cold economizer, which has led to severe corro-
sion and further to leakage [21]. Several millimeters had been lost from
the tube wall thickness of St35.8 tubes after the two-year exposure, the
thinnest sections being only about 0.9 mm thick, Fig. 10. Thick deposits
containing mainly oxygen, calcium, sulfur, potassium and silicon were
formed on the tubes. Slightly more zinc was detected in the deposits
of the cold economizer than of the hot economizer tubes. Both even
and pitting types of corrosion were detected on the samples. Thick,
multi-layered porous oxide scales were formed on the leeward side of
the tubes. The oxide layers were composed mainly of iron oxide, with
small amounts of sulfur, aluminum, manganese, silicon and calcium.
Chlorine and potassium were detected in the oxide scale–metal inter-
face. Thick deposits were detected in few locations of the carbon steel
tube, mainly on the leeward side. A thin oxide layer was formed
below the deposits. In those areas, tube wall had not thinned from the
original wall thickness. Minimal corrosion with thin oxide scale on the
metal surface observed below the thick deposits is presented in
Fig. 11. In the deep corrosion cavities with loose oxide, chlorine was
detected together with copper in the oxide–metal interface in the cold
economizer, Fig. 12. Salmenoja and Mäkelä and Salmenoja et al. [22,
23] have reported serious corrosion that had occurred in a power boiler
firing biofuels. Corrosion scales had layered structure and high chlorine
concentrations were detected at the metal–scale interface, which
corresponds to the findings in this study. The suggested corrosion
mechanism in that case was related to the sulfation of alkali chloride
containing deposits by gaseous SO2. A similar mechanism due to high
amounts of potassium and chlorine in the deposits may have enhanced
corrosion in this studied case, even though the temperature in the
economizer is much lower. Therefore a more apparent mechanism
may be related to the presence of zinc and lead chlorides. Severe

Fig. 6. SEM images of the outer surface of NiCr16Mo coating, which showed excellent corrosion resistance after the two year biomass boiler exposure. Some detachment of the outer
lamellas was detected.

Table 4
EDX analyses of the deposits on the coatings and carbon steel [w. %].

Element O Ca S K Si Fe Mg Al P Na Mn Zn Cl Ti Pb

NiCr16Moa 46.2 21.3 15.1 6.1 3.3 1.4 0.8 1.4 1.9 0.6 0.8 0.5 0.5 … 0.2
NiCr9Moa 44.4 21.9 11.9 1.8 6.1 3.3 1.5 2.9 2.6 0.6 1.0 0.8 0.4 0.4 0.5
NiCr10Alb 36.2 25.1 13.6 8.5 4.9 1.9 2.1 1.8 2.3 0.6 1.3 0.7 0.5 0.3 0.3
St35.8a 36.5 24.6 8.3 7.3 4.5 4.2 4.3 2.4 3.3 0.7 1.9 1.0 0.5 0.4 0.2
St35.8b 40.2 20.8 6.3 3.9 8.1 6.2 3.5 4.5 3.0 0.8 1.5 0.4 0.4 0.3 0.2

a Cold economizer.
b Hot economizer.
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The corrosion resistance of the NiCr16Mo coating was excellent in
the two year biomass boiler testing. The coating showed no sign of
corrosion, Fig. 6. The outer layer of the coating consisted of nickel,
chromium, molybdenum, oxygen and a small amount of aluminum.
Some detachment of the outer lamellas was found in the coating
surface, but it had no effect on the corrosion performance. The thick
deposit on the coating contained e.g. oxygen, calcium, sulfur, potassium,
silicon, phosphorus, iron, aluminum and magnesium. Also manganese,
zinc and chlorine were detected in small amounts. Sodium was not

found in the deposit. EDX analyses of the deposits on the coatings
and uncoated carbon steel are presented in Table 4. The share of the
elements indicates thatmain components in thedepositswere probably
CaSO4 and K2SO4.

3.3. NiCr9Mo coating in the cold economizer

NiCr9Mo coating had similar coating quality as NiCr16Mo with
dense structure and sufficient adherence to the substrate with some

Fig. 3. Photograph of the tube failure, which had caused leakage in the cold economizer of a biomass boiler.

Fig. 4. a) Optical image and b) SEM image of the cross-section near the tube leakage area. EDX analyses of the corrosion product revealed high amount of chlorine at the metal–oxide
interface [w. %].

Fig. 5.Optical images of the coating cross-sections before the exposure:HVOF sprayed a) NiCr16Mo, b) NiCr16Mo, and c)NiCr16Mo. SEM images of the coating cross-sections after the two
year exposure: d) NiCr16Mo, e) NiCr16Mo, and f) NiCr16Mo.
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NiCr10Al coating had high corrosion performance in the biomass
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thickness of the coating was about 280 μm. The NiCr10Al coating had
the highest hardness of these three coatings, about 530 HV0.3. The
coating had also a thick deposit on the flue gas side. The composition
of the deposit was similar to that of the other two coatings. The cross-
section of the coating is presented in Fig. 9.
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The tube leakage and stronger tube wall thinning had taken place in
the cold economizer. A high amount of chlorine was detected at the
metal–scale interface near the leakage. Similar corrosion morphologies
have been presented by Spiegel [6] in experiments beneath heavy-
metal rich sulfate melts and Montgomery et al. [11] in a reheater of a
straw co-firing plant. Spiegel et al. [20] have also reported that the
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chlorine (144–302 °C), ZnCl2 may have condensed on the tube surfaces
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sion and further to leakage [21]. Several millimeters had been lost from
the tube wall thickness of St35.8 tubes after the two-year exposure, the
thinnest sections being only about 0.9 mm thick, Fig. 10. Thick deposits
containing mainly oxygen, calcium, sulfur, potassium and silicon were
formed on the tubes. Slightly more zinc was detected in the deposits
of the cold economizer than of the hot economizer tubes. Both even
and pitting types of corrosion were detected on the samples. Thick,
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the tubes. The oxide layers were composed mainly of iron oxide, with
small amounts of sulfur, aluminum, manganese, silicon and calcium.
Chlorine and potassium were detected in the oxide scale–metal inter-
face. Thick deposits were detected in few locations of the carbon steel
tube, mainly on the leeward side. A thin oxide layer was formed
below the deposits. In those areas, tube wall had not thinned from the
original wall thickness. Minimal corrosion with thin oxide scale on the
metal surface observed below the thick deposits is presented in
Fig. 11. In the deep corrosion cavities with loose oxide, chlorine was
detected together with copper in the oxide–metal interface in the cold
economizer, Fig. 12. Salmenoja and Mäkelä and Salmenoja et al. [22,
23] have reported serious corrosion that had occurred in a power boiler
firing biofuels. Corrosion scales had layered structure and high chlorine
concentrations were detected at the metal–scale interface, which
corresponds to the findings in this study. The suggested corrosion
mechanism in that case was related to the sulfation of alkali chloride
containing deposits by gaseous SO2. A similar mechanism due to high
amounts of potassium and chlorine in the deposits may have enhanced
corrosion in this studied case, even though the temperature in the
economizer is much lower. Therefore a more apparent mechanism
may be related to the presence of zinc and lead chlorides. Severe

Fig. 6. SEM images of the outer surface of NiCr16Mo coating, which showed excellent corrosion resistance after the two year biomass boiler exposure. Some detachment of the outer
lamellas was detected.

Table 4
EDX analyses of the deposits on the coatings and carbon steel [w. %].

Element O Ca S K Si Fe Mg Al P Na Mn Zn Cl Ti Pb

NiCr16Moa 46.2 21.3 15.1 6.1 3.3 1.4 0.8 1.4 1.9 0.6 0.8 0.5 0.5 … 0.2
NiCr9Moa 44.4 21.9 11.9 1.8 6.1 3.3 1.5 2.9 2.6 0.6 1.0 0.8 0.4 0.4 0.5
NiCr10Alb 36.2 25.1 13.6 8.5 4.9 1.9 2.1 1.8 2.3 0.6 1.3 0.7 0.5 0.3 0.3
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The corrosion resistance of the NiCr16Mo coating was excellent in
the two year biomass boiler testing. The coating showed no sign of
corrosion, Fig. 6. The outer layer of the coating consisted of nickel,
chromium, molybdenum, oxygen and a small amount of aluminum.
Some detachment of the outer lamellas was found in the coating
surface, but it had no effect on the corrosion performance. The thick
deposit on the coating contained e.g. oxygen, calcium, sulfur, potassium,
silicon, phosphorus, iron, aluminum and magnesium. Also manganese,
zinc and chlorine were detected in small amounts. Sodium was not

found in the deposit. EDX analyses of the deposits on the coatings
and uncoated carbon steel are presented in Table 4. The share of the
elements indicates thatmain components in thedepositswere probably
CaSO4 and K2SO4.

3.3. NiCr9Mo coating in the cold economizer

NiCr9Mo coating had similar coating quality as NiCr16Mo with
dense structure and sufficient adherence to the substrate with some

Fig. 3. Photograph of the tube failure, which had caused leakage in the cold economizer of a biomass boiler.

Fig. 4. a) Optical image and b) SEM image of the cross-section near the tube leakage area. EDX analyses of the corrosion product revealed high amount of chlorine at the metal–oxide
interface [w. %].

Fig. 5.Optical images of the coating cross-sections before the exposure:HVOF sprayed a) NiCr16Mo, b) NiCr16Mo, and c)NiCr16Mo. SEM images of the coating cross-sections after the two
year exposure: d) NiCr16Mo, e) NiCr16Mo, and f) NiCr16Mo.
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of elements forming low-melting compounds, such as alkali metals K
and Na, zinc, chlorine and lead, were deposited on the tube surfaces,
Table 4. Erosion caused by fly-ash and bed-ash had caused enhanced
corrosion leaving the metal surface bare of oxide layer. Thick multi-
layered oxide scales as well as deep corrosion pits were on the metal
surface in other areas. Potassium, copper and chlorine were detected
in the oxide–metal interface in the deep corrosion cavities below the

porous oxide layers, Fig. 14. The appearance of the corrosion products
next to the metal surface implies that molten phases may have been
present during the corrosion process, Fig. 12.

The multi-layered non-protective oxide indicates the strong role of
chlorine in the corrosion process, which produced loose and porous
oxide scales unable to heal in the repeating corrosion circuit. Potassium,
chlorine and copperwere detected at themetal–scale interface and zinc

Fig. 10. Images of a cross-section of the St35.8 tube after the exposure in a) the hot economizer and b) the cold economizer. The extremely strongmaterial wastage can clearly be detected
in the figures, as the nominal thickness of the tube wall had been 5.5 mm.

Fig. 11. a) Thin oxide layer penetrating into metal on the St35.8 tube below the thick deposit in the cold economizer. b) Composition of the thin oxide layer under the thick deposit in the
hot economizer [w. %]. In both cases, corrosion is minimal under the thick solid deposit layer.

Fig. 12. Deep corrosion cavities on the St35.8 tube in the cold economizer. Both chlorine and copper were detected on oxide–metal interface in EDX analysis [w. %].
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material wastage occurred especially on the windward side, which
implies that alkali chloride–zinc/copper chloride condensation from
flue gases on the tube surface may have been the probable cause for
the enhanced corrosion. Thin layers containing e.g. sodium, sulfur,
potassium and chlorine were present in the oxide–metal interface
below the thick oxide scale, Fig. 13. In the hot economizer, similar
damage had taken placewith deep corrosion pits and loose oxide scales
containing chlorine, Fig. 14. An enhanced amount of sulfur was also
detected near the oxide–metal interface of the thick oxide layer, Fig. 15.

3.6. Corrosion mechanisms

Severe corrosion had taken place in the economizers of the fluidized
bed boiler burning wood based biomass. A tube leakage had also
occurred in the cold economizer. The carbon steel St35.8 tubes had
thinned strongly up to 78% of the original tubewall thickness. However,
only minor oxidation of the metal surface had taken place under the
thick, solid deposits, Fig. 11. The boiler atmosphere contained sulfates,
chlorides, zinc, copper, lead and fluorides, Table 3. Ash layers consisting

Fig. 7. SEM figures of a) the NiCr9Mo coating under the deposit on the leeward side, and b) outer surface of the NiCr9Mo coating under the thick deposit on the flue gas side of the tube.

Fig. 8. EDX analyses of a) the coating surface of NiCr9Mo, and b) thin deposit on the coating on leeward side, which contained e.g. potassium, chlorine, zinc and sodium.

Fig. 9. SEM figures of the cross-section of the NiCr10Al coating below the thick deposit.
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next to the metal surface implies that molten phases may have been
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chlorine in the corrosion process, which produced loose and porous
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in the figures, as the nominal thickness of the tube wall had been 5.5 mm.

Fig. 11. a) Thin oxide layer penetrating into metal on the St35.8 tube below the thick deposit in the cold economizer. b) Composition of the thin oxide layer under the thick deposit in the
hot economizer [w. %]. In both cases, corrosion is minimal under the thick solid deposit layer.

Fig. 12. Deep corrosion cavities on the St35.8 tube in the cold economizer. Both chlorine and copper were detected on oxide–metal interface in EDX analysis [w. %].
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material wastage occurred especially on the windward side, which
implies that alkali chloride–zinc/copper chloride condensation from
flue gases on the tube surface may have been the probable cause for
the enhanced corrosion. Thin layers containing e.g. sodium, sulfur,
potassium and chlorine were present in the oxide–metal interface
below the thick oxide scale, Fig. 13. In the hot economizer, similar
damage had taken placewith deep corrosion pits and loose oxide scales
containing chlorine, Fig. 14. An enhanced amount of sulfur was also
detected near the oxide–metal interface of the thick oxide layer, Fig. 15.

3.6. Corrosion mechanisms

Severe corrosion had taken place in the economizers of the fluidized
bed boiler burning wood based biomass. A tube leakage had also
occurred in the cold economizer. The carbon steel St35.8 tubes had
thinned strongly up to 78% of the original tubewall thickness. However,
only minor oxidation of the metal surface had taken place under the
thick, solid deposits, Fig. 11. The boiler atmosphere contained sulfates,
chlorides, zinc, copper, lead and fluorides, Table 3. Ash layers consisting

Fig. 7. SEM figures of a) the NiCr9Mo coating under the deposit on the leeward side, and b) outer surface of the NiCr9Mo coating under the thick deposit on the flue gas side of the tube.

Fig. 8. EDX analyses of a) the coating surface of NiCr9Mo, and b) thin deposit on the coating on leeward side, which contained e.g. potassium, chlorine, zinc and sodium.

Fig. 9. SEM figures of the cross-section of the NiCr10Al coating below the thick deposit.
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copper chloride melts are extremely corrosive, and might be one factor
in the corrosion process.

The wood based fuel had high moisture content in the combustion.
The high amount of water vapor in flue gases has been found to
accelerate corrosion processes at elevated temperatures [25,26]. With
carbon steel, water vapor has enhanced the iron oxide formation and
detachment of the iron oxide layers. Breakaway oxidation has been
reported on Fe–9Cr steel, with strong development of porousmagnetite
Fe3O4 scale and formation of extended gap in the scale [27].

The HVOF coatings NiCr16Mo, NiCr9Mo and NiCr10Al provided
excellent protection for the carbon steel St35.8 in the fluidized bed
biomass boiler conditions. After the two year exposure the coatings
showed no corrosion. In the relatively low temperature with corrosive
atmosphere the coatings were intact with some oxidation on the
outer surface, Fig. 6. Small amounts of potassium, chlorine, zinc and
sodium were observed on the coating–deposit interface. The deposit
appears to have been melted next to the coating surface, Fig. 8. The
composition of the coatings was nickel-base with high amounts of
chromium alloying. NiCr16Mo contained also molybdenum, NiCr9Mo
molybdenum and niobium, and NiCr10Al aluminum. The alloying of
the coatings favors high corrosion performance even in an atmosphere
with high chlorine and water vapor content and below the deposits
containing chlorine, zinc and copper, which had caused severe corro-
sion to the St35.8 steel. Erosion by fly-ash and bed-ash had no effect
on the coatings because of their high hardness and stable structure.

Iron and its oxides have been reported to be completely unable to
withstand HCl attack, test conditions starting from 400 °C, whereas
both chromium and nickel can resist corrosion against HCl [28]. The
severe corrosion of carbon steel St35.8 compared to excellent perfor-
mance of nickel-based coatings with high chromium content follows
these findings. Severe corrosion of carbon steel compared to the coating
materials can be explained also by higher solubility of iron chloride in
the ZnCl2–KCl melt than the solubility of nickel chloride and chromium
(III) chlorine [29]. According to thermodynamic stability calculations,
iron forms a liquid phase with chlorine at 310 °C, whereas reactions
with chromium produce solid reaction products, Fig. 16a). Copper and
zinc can form liquid phases at 430 °C and 320 °C, respectively, Fig. 16b).

3.7. Effect of protective coatings

The thermal spray coatings with high amounts of protective alloying
elements showedexcellent corrosion performance in the biomass boiler
exposure. In the relatively low operation temperatures the iron based
tube material corroded severely, whereas the e.g. chromium containing
coatings outperformed in the conditions. The coatings had negligible
reactions with the prevailing atmosphere due to their ability of forming

protective oxide on the coating surface. The nickel-based coatings were
sprayed with HVOF, which produced coatings with dense structure and
good adherence to the substrate material. The coatings had lamellar
structure with splats typical to thermally sprayed coatings. The
NiCr10Al coating had the highest melting state, whereas some partly
or un-molten particles were detected within the NiCr16Mo and
NiCr9Mo coatings. Interconnecting porosity, which would allow the
corrosive elements to diffuse into the coating and to the substrate
material, was not detected. Corrosion attacks thermal spray coatings
typically through oxidized lamellar boundaries and pores in the coating
[13]. Therefore, in order to minimize porosity with sufficient melting of
the powder particles and to produce excellent cohesion and minimized
oxidation of the splats with satisfactory speed of the powder particles,
optimization of the coating structure is extremely important.

4. Conclusions

A tube leakage had occurred in a cold economizer of a circulating
fluidized bed (CFB) boiler burning mainly wood-based biomass. To
increase the corrosion resistance of boiler components thermal spray
coatings were tested in the boiler for two years. The coatings were
high velocity oxy-fuel (HVOF) sprayed on carbon steel St35.8 tube
sectionswhichwerewelded to theboiler tubes in the cold andhot econ-
omizers. Despite the low temperatures of the economizers, severe cor-
rosion took place on the St35.8 carbon steel tubes. However, the
tested HVOF coatings had endured the boiler exposure well, and all
the nickel based coatings offered excellent corrosion and erosion pro-
tection to the substrate material.

• The tube failure was caused by chlorine induced corrosion. Corrosion
was probably enhanced by the presence of KCl–ZnCl2 and high water
vapor content of the fuel.

• The carbon steel tube St35.8 corroded strongly during the two year
exposure in the biomass boiler burning mainly wood with high
moisture content. Several millimeters of the tube wall thickness
was consumed in two years with a maximum corrosion rate of
2.3 mm/year.

• Below the thick deposits, carbon steel St35.8 was relatively intact
with a thin oxide layer on the metal surface.

• Cl, Cu, and K were detected below the thick, multi-layered, loose
oxide scales at the metal–scale interface. Zn and Pb were identified
in the deposits. It is suggested that the extremely severe corrosion
of carbon steel was caused by chlorine induced corrosion together
with the effect of potassium, copper, zinc and lead in the deposits.

• HVOF sprayed NiCr16Mo, NiCr9Mo and NiCr10Al coatings showed
excellent corrosion resistance in the biomass boiler conditions
during the two year exposure.

Fig. 16. a) Thermodynamic stability of iron and chromium at 310 °C in the presence of chlorine and oxygen. b) Phase diagramof Cu–Cl2–O2 and Zn–Cl2–O2 systems at 430 °C and at 320 °C,
respectively. Calculated with FactSage 6.4.
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and lead in the deposits. Therefore it is suggested that in the relatively
low material temperature of the economizer tubes, the extremely
strong material wastage of the carbon steel tubes was caused by
chlorine that formed corrosive compounds with potassium, copper,
zinc and lead. Similar corrosion enhanced by volatile FeCl2 (g) at around

400 °C in a boiler condition has beenpublished byPersson et al. [10] and
in laboratory tests under ZnCl2–KClmixture by Spiegel [6]. Copper oxide
can be chlorinated to copper chloride by a reaction with HCl in the so-
called Deacon reaction. Formation of metal chloride is exothermic and
can take place in the temperature range 250–475 °C [24]. The forming

Fig. 13. Thick oxide scales had formed on the St35.8 steel tube in the cold economizer. EDX analysis of themulti-layered oxide showed high amount of chlorine in the scales near themetal
interface [w. %].

Fig. 14. a) Porous and loosemulti-layered oxide scale on St35.8material in the hot economizer. b) Strong corrosion of the carbon steel tube in the hot economizer. Chlorinewas present in
the oxide layers [w. %].

Fig. 15. EDX map analysis of a deep corrosion cavity on St35.8 steel tube in the hot economizer.
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copper chloride melts are extremely corrosive, and might be one factor
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reported on Fe–9Cr steel, with strong development of porousmagnetite
Fe3O4 scale and formation of extended gap in the scale [27].
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biomass boiler conditions. After the two year exposure the coatings
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atmosphere the coatings were intact with some oxidation on the
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sodium were observed on the coating–deposit interface. The deposit
appears to have been melted next to the coating surface, Fig. 8. The
composition of the coatings was nickel-base with high amounts of
chromium alloying. NiCr16Mo contained also molybdenum, NiCr9Mo
molybdenum and niobium, and NiCr10Al aluminum. The alloying of
the coatings favors high corrosion performance even in an atmosphere
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containing chlorine, zinc and copper, which had caused severe corro-
sion to the St35.8 steel. Erosion by fly-ash and bed-ash had no effect
on the coatings because of their high hardness and stable structure.

Iron and its oxides have been reported to be completely unable to
withstand HCl attack, test conditions starting from 400 °C, whereas
both chromium and nickel can resist corrosion against HCl [28]. The
severe corrosion of carbon steel St35.8 compared to excellent perfor-
mance of nickel-based coatings with high chromium content follows
these findings. Severe corrosion of carbon steel compared to the coating
materials can be explained also by higher solubility of iron chloride in
the ZnCl2–KCl melt than the solubility of nickel chloride and chromium
(III) chlorine [29]. According to thermodynamic stability calculations,
iron forms a liquid phase with chlorine at 310 °C, whereas reactions
with chromium produce solid reaction products, Fig. 16a). Copper and
zinc can form liquid phases at 430 °C and 320 °C, respectively, Fig. 16b).
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The thermal spray coatings with high amounts of protective alloying
elements showedexcellent corrosion performance in the biomass boiler
exposure. In the relatively low operation temperatures the iron based
tube material corroded severely, whereas the e.g. chromium containing
coatings outperformed in the conditions. The coatings had negligible
reactions with the prevailing atmosphere due to their ability of forming

protective oxide on the coating surface. The nickel-based coatings were
sprayed with HVOF, which produced coatings with dense structure and
good adherence to the substrate material. The coatings had lamellar
structure with splats typical to thermally sprayed coatings. The
NiCr10Al coating had the highest melting state, whereas some partly
or un-molten particles were detected within the NiCr16Mo and
NiCr9Mo coatings. Interconnecting porosity, which would allow the
corrosive elements to diffuse into the coating and to the substrate
material, was not detected. Corrosion attacks thermal spray coatings
typically through oxidized lamellar boundaries and pores in the coating
[13]. Therefore, in order to minimize porosity with sufficient melting of
the powder particles and to produce excellent cohesion and minimized
oxidation of the splats with satisfactory speed of the powder particles,
optimization of the coating structure is extremely important.

4. Conclusions

A tube leakage had occurred in a cold economizer of a circulating
fluidized bed (CFB) boiler burning mainly wood-based biomass. To
increase the corrosion resistance of boiler components thermal spray
coatings were tested in the boiler for two years. The coatings were
high velocity oxy-fuel (HVOF) sprayed on carbon steel St35.8 tube
sectionswhichwerewelded to theboiler tubes in the cold andhot econ-
omizers. Despite the low temperatures of the economizers, severe cor-
rosion took place on the St35.8 carbon steel tubes. However, the
tested HVOF coatings had endured the boiler exposure well, and all
the nickel based coatings offered excellent corrosion and erosion pro-
tection to the substrate material.

• The tube failure was caused by chlorine induced corrosion. Corrosion
was probably enhanced by the presence of KCl–ZnCl2 and high water
vapor content of the fuel.

• The carbon steel tube St35.8 corroded strongly during the two year
exposure in the biomass boiler burning mainly wood with high
moisture content. Several millimeters of the tube wall thickness
was consumed in two years with a maximum corrosion rate of
2.3 mm/year.

• Below the thick deposits, carbon steel St35.8 was relatively intact
with a thin oxide layer on the metal surface.

• Cl, Cu, and K were detected below the thick, multi-layered, loose
oxide scales at the metal–scale interface. Zn and Pb were identified
in the deposits. It is suggested that the extremely severe corrosion
of carbon steel was caused by chlorine induced corrosion together
with the effect of potassium, copper, zinc and lead in the deposits.

• HVOF sprayed NiCr16Mo, NiCr9Mo and NiCr10Al coatings showed
excellent corrosion resistance in the biomass boiler conditions
during the two year exposure.

Fig. 16. a) Thermodynamic stability of iron and chromium at 310 °C in the presence of chlorine and oxygen. b) Phase diagramof Cu–Cl2–O2 and Zn–Cl2–O2 systems at 430 °C and at 320 °C,
respectively. Calculated with FactSage 6.4.
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and lead in the deposits. Therefore it is suggested that in the relatively
low material temperature of the economizer tubes, the extremely
strong material wastage of the carbon steel tubes was caused by
chlorine that formed corrosive compounds with potassium, copper,
zinc and lead. Similar corrosion enhanced by volatile FeCl2 (g) at around

400 °C in a boiler condition has beenpublished byPersson et al. [10] and
in laboratory tests under ZnCl2–KClmixture by Spiegel [6]. Copper oxide
can be chlorinated to copper chloride by a reaction with HCl in the so-
called Deacon reaction. Formation of metal chloride is exothermic and
can take place in the temperature range 250–475 °C [24]. The forming

Fig. 13. Thick oxide scales had formed on the St35.8 steel tube in the cold economizer. EDX analysis of themulti-layered oxide showed high amount of chlorine in the scales near themetal
interface [w. %].

Fig. 14. a) Porous and loosemulti-layered oxide scale on St35.8material in the hot economizer. b) Strong corrosion of the carbon steel tube in the hot economizer. Chlorinewas present in
the oxide layers [w. %].

Fig. 15. EDX map analysis of a deep corrosion cavity on St35.8 steel tube in the hot economizer.
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