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Managing high temperature corrosion problems in biomass firing boilers has been challenging especially due to
high amounts of chemically active compounds, in particular alkali chlorides. Thermally sprayed coatings with
high chromium content can offer a solution for protecting low alloyed substrate materials in locations prone
to high temperature corrosion. Two thermally sprayed (HVOF — high velocity oxy-fuel) iron based coatings
(Fe–27Cr–11Ni–4Mo and Fe–19Cr–9W–7Nb–4Mo) were exposed to biomass boiler conditions for two years.
The fluidised bed boiler for district heating used mainly wood-based fuels mixed with small amounts of peat.
The coated tubes were located at the hot economiser of the boiler, where the estimated material temperature
was about 200 °C maximum. After the exposure the coatings and the carbon steel St35.8 substrate material
were analysed with SEM–EDX. It was detected that corrosion due to elements such as chlorine, potassium,
zinc, lead and copper had caused severematerialwastage in the biomass boilerwith relatively lowheat exchang-
er surface temperatures. The low alloyed boiler tubes had suffered severely with a corrosion rate as high as
2 mm/year, whereas dense thermal spray coatings offered excellent protection during the exposure.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Application of biomass as fuel for power production has been in-
creasing due to legislation in Europe. To avoid severe impacts of climate
change, the EU has committed to reduce its greenhouse gas (GHG)
emissions to 20% below 1990 levels. Several initiatives to reduce green-
house gas emissions are applied in the EU, including the European Cli-
mate Change Programme (ECCP), EU emission trading system and
legislation to raise the share of energy consumption produced by re-
newable energy sources, such as biomass, to 20%by2020. However, bio-
mass can be very corrosive to boiler heat-exchanger components during
combustion. Several corrosion mechanisms prevail in biomass combus-
tion, including corrosion induced by chlorine as amajor drawback to the
exploitation of the technology [1]. Corrosion failures may lead to severe
operational problems such as unexpected plant shutdowns, high main-
tenance costs and reduced availability of the plant. Wood derived fuels
are the most utilised biomass type in Finland. Even though the Cl con-
tent in wood can be low, combustion of wood based fuel, markedly
recycled wood, may accelerate corrosion rates in power plants [2].

High temperature corrosion is a severe problem in power plant
boilers burning difficult biomass fuels with varying quality. Main com-
ponents in ash of wood and woody biomass including bark are CaO,

SiO2, K2O, MgO, Al2O3, P2O5, Fe2O3, MnO, SO3 and Na2O [3,4]. According
to Obernberger and Thek [5], bark briquettes can contain 499 mg/kg
sulphur, 375 mg/kg chlorine, 2410 mg/kg potassium, 10.1 mg/kg lead,
170 mg/kg zinc and 7.1 mg/kg copper, and the water content can be
9.6 wt.%. The water content has an influence on the combustion effi-
ciency, the temperature of combustion and the corrosion mechanisms
within the boiler. Typically fly ash and deposits in biomass combustion
contain high amounts of potassium and chlorine. Corrosion mechanism
in biomass firing or co-firing biomass include e.g. active oxidation by
chlorine, selective chlorine corrosion, hot corrosion by eutectic melts
and sulphidation [1,6,7]. A lot of emphasis has been laid to superheater
area corrosion research at temperature ranges of 300…600 °C depending
on the burnt fuel (waste–biomass-co-firing) [7–9], especially on corro-
sion caused by chlorine [6,7,10], but there are only few studies in biomass
conditions at lower temperatures (b300 °C), where e.g. economisers op-
erate [11].

During combustion, chlorine is typically released from the fuel al-
most completely. Also sulphur is readily released. In the fuel gases, chlo-
rine is usually present as HCl, gaseous alkali metal chlorides (KCl, NaCl),
or as fine alkali metal chloride particles. Themain sulphur compound in
the gas face is SO2, and in the condensed phase it is typically found as al-
kali metal and calcium sulphates [12,13]. Fly ash may form detrimental
ash deposits on tube surfaces in the economiser area of theflue gas duct,
as well as condensing alkali vapours may enhance the fouling and cor-
rosion of the cooled heat-exchanger surfaces [4]. Chlorine is especially
detrimental to the heat exchanger surfaces because it forms compounds
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2.2. The boiler exposure

The 40MW fluidised bed boiler burned solid biomass,mainlywood-
based fuels including recycledwood,mixedwith small amounts of peat.
The wood derived fuel consisted of 4–18% bark, 2–7% of recycled wood
and 3–6% of peat. The main part of the fuel consisted of logging residue
chips, sawdust, stump hog fuel and wood chips. Analysis of the fuel was
not available. A schematic figure of the boiler design is presented in
Fig. 1. The boiler produced hot water for district heating and hence
contained only economisers, not superheaters. In the boiler, there had
been serious problems with corrosion leading to tube leakage, and the
economiser tubes had to be replaced every two years. By this study, fea-
sibility of thermal spray coatings for corrosion protection instead of
using higher alloyed boiler tubes was investigated.

The test coatings were installed to the hot counter-flow economiser,
where severe corrosion had occurred. The goal was to investigate the
possibility of corrosion protection by thermal spray coatings in the boil-
er. Temperature of the flue gas before the hot economiser was about
520…800 °C, water in-let temperature to the cold economiser was
about 102–115 °C, and the maximum water temperature in the hot
economiser was 200 °C. The boiler exposure duration for the coatings
was two years. The moisture content of the utilised wood was high,
over 50%. Analyses of detrimental elements in the dry ash are presented
in Table 3. Other elements were not analysed. Sandberg et al. [33] have
conducted a long-term measurement period analysing biomass fuels.
Some of these results are presented in Table 3, as the wood derived
fuels in Sweden are comparable to wood-based fuels in Finland.

2.3. Sample preparation and analysis

The tube sections with coatings were removed from the boiler
after the two years of exposure and cut into rings, which were cast
into epoxy. The specimens were prepared into metallographic cross-
sections. The grinding and polishing were performed with ethanol in
order to prevent subsequent dissolution of water-soluble compounds.
The specimenswere studiedwith an optical microscope and a scanning
electronmicroscope (SEM), and analysedwith an energy dispersiveX-ray
analyser (EDX). Separate samples were characterised in an as-coated
state with an optical microscope and a Zwick ZHU 0.2 hardness tester
using the cross-sections of the coating samples.

3. Results

3.1. The two-year biomass boiler exposure

The carbon steel St35.8 had experienced severe corrosion during the
2-year exposure in wood firing circulating fluidised bed boiler. Consider-
ablematerial wastage had occurred and deep cavities had been formed in

the biomass boiler conditions. The coatings Fe–27Cr and Fe–19Cr had en-
dured very well under the boiler conditions. The coatings were covered
mostly with ash deposit on the leeward side. In a visual inspection the
coatings showed no sign of deterioration.

3.2. Carbon steel St35.8

The uncoated carbon steel tubes had suffered severe material wast-
age during the exposure. In worst cases, several millimetres had been
corroded from the tube thickness, the thinnest sections being only
about 1.5 mm thick. Both even and pitting types of corrosion were de-
tected on the samples. Chlorine was detected on some of the corrosion
layers, and hence the strong deterioration may have been induced by
active oxidation. Uncoated tube samples are shown in Fig. 2. Strong ori-
entation of the material wastage can be observed. The flue gas side, es-
pecially ±45°, had lost as much as two thirds of the nominal tube wall
thickness. Because thick, porous, multi-layered oxide scales, which are
often detected on low alloy steel in the case of chlorine corrosion,
were not present in some areas, some erosion due to the fluidised bed
sand may have occurred. In some areas a thick deposit was left on the
carbon steel tubes. Below the deposit, only a very thin oxide layer was
detected on themetal surface, includingmanganese, silicon and alumin-
ium (Fig. 3). Thick deposit, thin oxide and low metal degradation rates
were mainly present together. In certain areas deep corrosion cavities
(up to 400 μm)were formed into the carbon steel tube (Fig. 4). Chlorine,
sodium and sulphur were present in the corrosion products within the
cavity. Severe pitting was detected principally in the side against the
flue gasflow. Another example of strongmaterial wastage of the carbon
steel is presented in Fig. 5. Several hundred micrometre deep pits with
partly detached oxide layers on the surface were formed on the tube
surface. Below the oxide layer, smaller pits were detected, which
contained e.g. potassium, sodium, copper and chlorine. Even

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

Code Particle size Chemical composition

Fe–27Cr −52 + 22 μm Fe27.2Cr10.7Ni3.9Mo1.4Si2C
Fe–19Cr −53 + 15 μm Fe18.6Cr8.6W7.1Nb3.6Mo b5 Ba

2.1C1.1Mn1.6Si
St35.8 Substrate Fe 0.17 max. C 0.10–0.35 Si 0.40–0.80 Mn

0.040 max. P 0.040 max. S

a Could not be analysed with EDX.

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

Coating C3H8 [l/min] O2 [l/min] Air [l/min] N2 [l/min] Fuel ratio Sweeps Powder feed [g/min] Stand-off [mm] IR [°C]

Fe–27Cr 56 200 392 20 0.345 20 25 250 160
Fe–19Cr 56 200 392 20 0.345 22 25 250 160

Fig. 1. Schematic drawing of the 40MW circulatingfluidised bed boiler and the location of
the test coatings.
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with a low melting point and a high volatility in the boiler conditions.
Chlorine plays an important role in the fine particle and deposit forma-
tions. Alkali metal chlorides of biomass combustion have high vapour
pressures and therefore they condensate at low temperatures in
the flue gas. On the other hand, sulphur reacts with alkali metal
(sodium or potassium) chlorides and hydroxides by sulphation re-
actions (Eqs. (1)–(2)) [14].

2 Na=Kð ÞOHþ SO2 þ
1
2
O2↔ Na=Kð Þ2SO4 þH2O ð1Þ

2 Na=Kð ÞClþH2Oþ SO2 þ
1
2
O2↔ Na=Kð Þ2SO4 þ 2 HCl: ð2Þ

Bramhoff et al. [15] showed that an addition of 250–3000 vppmHCl
(g) into oxidising atmosphere leads to accelerated catastrophic corro-
sion of a low alloy steel.

Zinc plays a detrimental role in particular when waste wood is used
for combustion [6]. In biomass burning or waste incineration low melt-
ing compounds are for instance ZnCl2, FeCl2 and FeCl3 with melting
points of 318 °C, 676 °C and 303 °C, accordingly [16,17]. According to
thermodynamic equilibrium calculations by Otsuka [18], vapour con-
densation of KCl, NaCl and Na2SO4, as well as lead and zinc salts takes
place on the tube surfaces at a temperature lower than 350 °C. Pitting
corrosion at low temperatures (300 °C) due to chlorides and sulphates
that present as heavy metal salts in a melt or semi-melt phase has
been reported by Montgomery [19]. Catastrophic corrosion rates can
occur in the presence of molten chlorides on heat exchanger surfaces
even at low temperatures of 250 °C [11]. Skrifvars has shown that
enhanced corrosion can occur below the first melting point of alkali
sulphate–alkali chloride salt [20]. It is assumed that water vapour accel-
erates the passive-layer breakdown. Chlorine, HCl and chlorides are es-
pecially detrimental on iron and low alloy steels as they prevent the
formation of protective oxide layers [17]. Ehlers et al. [21] has shown
that under the conditions of high H2O(g)/O2 ratios the penetration of
water vapour molecules triggers the enhanced oxidation and sustains
the high growth rates of the poorly protective Fe-rich oxide scale
formed in the atmospheres. At very low temperatures, below 140 °C,
condensing of flue gases containing H2O, SO3, NOx or HCl can cause for-
mation of acids either in small fog droplets or as a film on to the surface,
which leads to dewpoint corrosion [22]. The dewpoint temperature of
the specific compound depends on the pressures of the compound
and water vapour. However, in typical economiser temperatures the
dewpoint or downtime corrosion should not take place.

There is a need to tackle the corrosion problems in power plant
boilers induced specially due to chlorine [2]. Efforts to limit corrosion
caused by chlorine and alkali metals in boilers burning difficult fuels
have led to the addition of sulphates into the boiler. The corrosion is
reduced by capturing alkalis from their chlorides before deposition on
the tube surfaces. Themethod is based on the reaction between sulphur
trioxide and chlorides by sulphation of the alkali chlorides. Spraying of
either ammonium sulphate solution or sewage sludge with iron and
addition of aluminium sulphate into the boiler have been shown to
decrease superheater corrosion both in wood and waste fired boilers
[2,9,23]. The corrosion reduction of heat exchanger surfaces, e.g.
economisers and superheaters that are exposed to the corrosive species
has been performed by development of high alloyed steels and nickel
alloys, but due to the high price of the materials, their use is limited.
Coatings offer an option to prolong the lifetime of heat exchanger sur-
faces by corrosion protection of economical carbon or low alloy steels
[24,25]. Present technological know-how on thermal spray techniques
brings the coatings a promising solution for high temperature corrosion
protection in the extreme conditions. Thermal spraying is a coating
method, in which often metallic or ceramic raw material is heated up
and sprayed in a molten or semi-molten form onto the substrate

material. There are different spray methods, such as arc, plasma, and
high velocity oxy-fuel (HVOF) spray, which all form a lamellar coating
structure, the thickness of the coating being typically 200–500 μm,
and coating density, lamellar structure and amount of oxidation varying
dependently on the spraymethod, spray parameters and the rawmate-
rial [26].

Thermal spray coatings, mainly metallic HVOF sprayed coatings can
be applicable for high temperature erosion and corrosion protection ap-
plications, but performance of these coatings needs to be investigated in
aggressive environments [27].

HVOF spraying is a suitable coatingmethod for boiler applications, as
it produces dense and well adhered protective coatings [28]. However,
optimisation of the composition and the structure of thermal spray
coating are especially important in the case of corrosion protection in
extreme conditions, such as power plant boilers. Splat boundaries, in-
terconnected voids and pores can act as a fast diffusion path to the cor-
rosive species [29]. HVOF spraying can be performed in-situ in a boiler
depending on the boiler design and arrangement of the tubes. However,
due to the complex nature of thermal spraying, the best quality can be
achieved in a workshop, with subsequent installation and welding of
the coated tubes and local coating of the joint areas. Ceramic coatings
are typically applied as TBCs (thermal barrier coatings) on gas turbines
with a metallic bond coat, MCrAlY (M = Ni, Co) [30]. These mainly
stabilised zirconium oxide ceramic coatings as an outer, porous layer,
to protect blades from high temperature exposure and softening of
the nickel superalloy. However, in boiler conditions, their application
is not suitable due to differences in coefficient of thermal expansion
(CTE) between the ceramic coating and a metallic boiler tube, as well
as their harmful effect on thermal conductivity of heat exchanger sur-
faces due to their high thermal insulation properties.

Nickel based coatings have been reported to give satisfactory high
temperature corrosion protection in biomass fuelled andwaste to ener-
gy boiler [31,32], but iron based coatings can offer a more economical
solution. Iron based thermal spray coatings with high chromium con-
tent were tested for two years in a power plant boiler, which had previ-
ously experienced heavy corrosion.

2. Materials and methods

Two iron based coating materials were thermally sprayed on boiler
tube sections, which were welded into actual boiler tubes for two
years of exposure in real boiler conditions. The power plant was a
fluidised bed boiler burning mainly wood-based fuels. The district
heating boiler did not include superheaters and the economisers were
components with the shortest life in the boiler.

The tested HVOF coatings had high chromium content. The corro-
sion resistance of the coatings and the uncoated substrate material in
the boiler conditions were analysed.

2.1. Coating manufacturing and materials for boiler exposure

The HVOF coating was performed with a Sulzer Metco Diamond Jet
Hybrid 2700. The coating powders were an experimental Fe–27Cr
(Fe–27Cr–11Ni–4Mo) and a commercial SHS9172HV1 (Fe–19Cr–9 W–

7Nb–4Mo) from Nanosteel (The Nanosteel Company, Providence, RI,
USA). The coatings were applied on a carbon steel tube (St35.8, DIN
17175-79, size 38 × 5.5 mm). Prior to the deposition, the base material
was grit blasted with alumina particles (500–700 μm) to produce a
surface with good adherence. The surface roughening is essential to
guarantee good bonding between the base material and the coating.
The aim was to manufacture dense and well adhered coatings, which
could provide satisfactory protection to the base material against corro-
sion and erosion. The powder compositions are presented in Table 1.
The coating was performed on short tube sections (about 2 m), which
were welded to the actual tubes in the boiler. Spray parameters for
the coatings are presented in Table 2, as well as themeasured hardness.
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2.2. The boiler exposure

The 40MW fluidised bed boiler burned solid biomass,mainlywood-
based fuels including recycledwood,mixedwith small amounts of peat.
The wood derived fuel consisted of 4–18% bark, 2–7% of recycled wood
and 3–6% of peat. The main part of the fuel consisted of logging residue
chips, sawdust, stump hog fuel and wood chips. Analysis of the fuel was
not available. A schematic figure of the boiler design is presented in
Fig. 1. The boiler produced hot water for district heating and hence
contained only economisers, not superheaters. In the boiler, there had
been serious problems with corrosion leading to tube leakage, and the
economiser tubes had to be replaced every two years. By this study, fea-
sibility of thermal spray coatings for corrosion protection instead of
using higher alloyed boiler tubes was investigated.

The test coatings were installed to the hot counter-flow economiser,
where severe corrosion had occurred. The goal was to investigate the
possibility of corrosion protection by thermal spray coatings in the boil-
er. Temperature of the flue gas before the hot economiser was about
520…800 °C, water in-let temperature to the cold economiser was
about 102–115 °C, and the maximum water temperature in the hot
economiser was 200 °C. The boiler exposure duration for the coatings
was two years. The moisture content of the utilised wood was high,
over 50%. Analyses of detrimental elements in the dry ash are presented
in Table 3. Other elements were not analysed. Sandberg et al. [33] have
conducted a long-term measurement period analysing biomass fuels.
Some of these results are presented in Table 3, as the wood derived
fuels in Sweden are comparable to wood-based fuels in Finland.

2.3. Sample preparation and analysis

The tube sections with coatings were removed from the boiler
after the two years of exposure and cut into rings, which were cast
into epoxy. The specimens were prepared into metallographic cross-
sections. The grinding and polishing were performed with ethanol in
order to prevent subsequent dissolution of water-soluble compounds.
The specimenswere studiedwith an optical microscope and a scanning
electronmicroscope (SEM), and analysedwith an energy dispersiveX-ray
analyser (EDX). Separate samples were characterised in an as-coated
state with an optical microscope and a Zwick ZHU 0.2 hardness tester
using the cross-sections of the coating samples.

3. Results

3.1. The two-year biomass boiler exposure

The carbon steel St35.8 had experienced severe corrosion during the
2-year exposure in wood firing circulating fluidised bed boiler. Consider-
ablematerial wastage had occurred and deep cavities had been formed in

the biomass boiler conditions. The coatings Fe–27Cr and Fe–19Cr had en-
dured very well under the boiler conditions. The coatings were covered
mostly with ash deposit on the leeward side. In a visual inspection the
coatings showed no sign of deterioration.

3.2. Carbon steel St35.8

The uncoated carbon steel tubes had suffered severe material wast-
age during the exposure. In worst cases, several millimetres had been
corroded from the tube thickness, the thinnest sections being only
about 1.5 mm thick. Both even and pitting types of corrosion were de-
tected on the samples. Chlorine was detected on some of the corrosion
layers, and hence the strong deterioration may have been induced by
active oxidation. Uncoated tube samples are shown in Fig. 2. Strong ori-
entation of the material wastage can be observed. The flue gas side, es-
pecially ±45°, had lost as much as two thirds of the nominal tube wall
thickness. Because thick, porous, multi-layered oxide scales, which are
often detected on low alloy steel in the case of chlorine corrosion,
were not present in some areas, some erosion due to the fluidised bed
sand may have occurred. In some areas a thick deposit was left on the
carbon steel tubes. Below the deposit, only a very thin oxide layer was
detected on themetal surface, includingmanganese, silicon and alumin-
ium (Fig. 3). Thick deposit, thin oxide and low metal degradation rates
were mainly present together. In certain areas deep corrosion cavities
(up to 400 μm)were formed into the carbon steel tube (Fig. 4). Chlorine,
sodium and sulphur were present in the corrosion products within the
cavity. Severe pitting was detected principally in the side against the
flue gasflow. Another example of strongmaterial wastage of the carbon
steel is presented in Fig. 5. Several hundred micrometre deep pits with
partly detached oxide layers on the surface were formed on the tube
surface. Below the oxide layer, smaller pits were detected, which
contained e.g. potassium, sodium, copper and chlorine. Even

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

Code Particle size Chemical composition

Fe–27Cr −52 + 22 μm Fe27.2Cr10.7Ni3.9Mo1.4Si2C
Fe–19Cr −53 + 15 μm Fe18.6Cr8.6W7.1Nb3.6Mo b5 Ba

2.1C1.1Mn1.6Si
St35.8 Substrate Fe 0.17 max. C 0.10–0.35 Si 0.40–0.80 Mn

0.040 max. P 0.040 max. S

a Could not be analysed with EDX.

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

Coating C3H8 [l/min] O2 [l/min] Air [l/min] N2 [l/min] Fuel ratio Sweeps Powder feed [g/min] Stand-off [mm] IR [°C]

Fe–27Cr 56 200 392 20 0.345 20 25 250 160
Fe–19Cr 56 200 392 20 0.345 22 25 250 160

Fig. 1. Schematic drawing of the 40MW circulatingfluidised bed boiler and the location of
the test coatings.
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with a low melting point and a high volatility in the boiler conditions.
Chlorine plays an important role in the fine particle and deposit forma-
tions. Alkali metal chlorides of biomass combustion have high vapour
pressures and therefore they condensate at low temperatures in
the flue gas. On the other hand, sulphur reacts with alkali metal
(sodium or potassium) chlorides and hydroxides by sulphation re-
actions (Eqs. (1)–(2)) [14].

2 Na=Kð ÞOHþ SO2 þ
1
2
O2↔ Na=Kð Þ2SO4 þH2O ð1Þ

2 Na=Kð ÞClþH2Oþ SO2 þ
1
2
O2↔ Na=Kð Þ2SO4 þ 2 HCl: ð2Þ

Bramhoff et al. [15] showed that an addition of 250–3000 vppmHCl
(g) into oxidising atmosphere leads to accelerated catastrophic corro-
sion of a low alloy steel.

Zinc plays a detrimental role in particular when waste wood is used
for combustion [6]. In biomass burning or waste incineration low melt-
ing compounds are for instance ZnCl2, FeCl2 and FeCl3 with melting
points of 318 °C, 676 °C and 303 °C, accordingly [16,17]. According to
thermodynamic equilibrium calculations by Otsuka [18], vapour con-
densation of KCl, NaCl and Na2SO4, as well as lead and zinc salts takes
place on the tube surfaces at a temperature lower than 350 °C. Pitting
corrosion at low temperatures (300 °C) due to chlorides and sulphates
that present as heavy metal salts in a melt or semi-melt phase has
been reported by Montgomery [19]. Catastrophic corrosion rates can
occur in the presence of molten chlorides on heat exchanger surfaces
even at low temperatures of 250 °C [11]. Skrifvars has shown that
enhanced corrosion can occur below the first melting point of alkali
sulphate–alkali chloride salt [20]. It is assumed that water vapour accel-
erates the passive-layer breakdown. Chlorine, HCl and chlorides are es-
pecially detrimental on iron and low alloy steels as they prevent the
formation of protective oxide layers [17]. Ehlers et al. [21] has shown
that under the conditions of high H2O(g)/O2 ratios the penetration of
water vapour molecules triggers the enhanced oxidation and sustains
the high growth rates of the poorly protective Fe-rich oxide scale
formed in the atmospheres. At very low temperatures, below 140 °C,
condensing of flue gases containing H2O, SO3, NOx or HCl can cause for-
mation of acids either in small fog droplets or as a film on to the surface,
which leads to dewpoint corrosion [22]. The dewpoint temperature of
the specific compound depends on the pressures of the compound
and water vapour. However, in typical economiser temperatures the
dewpoint or downtime corrosion should not take place.

There is a need to tackle the corrosion problems in power plant
boilers induced specially due to chlorine [2]. Efforts to limit corrosion
caused by chlorine and alkali metals in boilers burning difficult fuels
have led to the addition of sulphates into the boiler. The corrosion is
reduced by capturing alkalis from their chlorides before deposition on
the tube surfaces. Themethod is based on the reaction between sulphur
trioxide and chlorides by sulphation of the alkali chlorides. Spraying of
either ammonium sulphate solution or sewage sludge with iron and
addition of aluminium sulphate into the boiler have been shown to
decrease superheater corrosion both in wood and waste fired boilers
[2,9,23]. The corrosion reduction of heat exchanger surfaces, e.g.
economisers and superheaters that are exposed to the corrosive species
has been performed by development of high alloyed steels and nickel
alloys, but due to the high price of the materials, their use is limited.
Coatings offer an option to prolong the lifetime of heat exchanger sur-
faces by corrosion protection of economical carbon or low alloy steels
[24,25]. Present technological know-how on thermal spray techniques
brings the coatings a promising solution for high temperature corrosion
protection in the extreme conditions. Thermal spraying is a coating
method, in which often metallic or ceramic raw material is heated up
and sprayed in a molten or semi-molten form onto the substrate

material. There are different spray methods, such as arc, plasma, and
high velocity oxy-fuel (HVOF) spray, which all form a lamellar coating
structure, the thickness of the coating being typically 200–500 μm,
and coating density, lamellar structure and amount of oxidation varying
dependently on the spraymethod, spray parameters and the rawmate-
rial [26].

Thermal spray coatings, mainly metallic HVOF sprayed coatings can
be applicable for high temperature erosion and corrosion protection ap-
plications, but performance of these coatings needs to be investigated in
aggressive environments [27].

HVOF spraying is a suitable coatingmethod for boiler applications, as
it produces dense and well adhered protective coatings [28]. However,
optimisation of the composition and the structure of thermal spray
coating are especially important in the case of corrosion protection in
extreme conditions, such as power plant boilers. Splat boundaries, in-
terconnected voids and pores can act as a fast diffusion path to the cor-
rosive species [29]. HVOF spraying can be performed in-situ in a boiler
depending on the boiler design and arrangement of the tubes. However,
due to the complex nature of thermal spraying, the best quality can be
achieved in a workshop, with subsequent installation and welding of
the coated tubes and local coating of the joint areas. Ceramic coatings
are typically applied as TBCs (thermal barrier coatings) on gas turbines
with a metallic bond coat, MCrAlY (M = Ni, Co) [30]. These mainly
stabilised zirconium oxide ceramic coatings as an outer, porous layer,
to protect blades from high temperature exposure and softening of
the nickel superalloy. However, in boiler conditions, their application
is not suitable due to differences in coefficient of thermal expansion
(CTE) between the ceramic coating and a metallic boiler tube, as well
as their harmful effect on thermal conductivity of heat exchanger sur-
faces due to their high thermal insulation properties.

Nickel based coatings have been reported to give satisfactory high
temperature corrosion protection in biomass fuelled andwaste to ener-
gy boiler [31,32], but iron based coatings can offer a more economical
solution. Iron based thermal spray coatings with high chromium con-
tent were tested for two years in a power plant boiler, which had previ-
ously experienced heavy corrosion.

2. Materials and methods

Two iron based coating materials were thermally sprayed on boiler
tube sections, which were welded into actual boiler tubes for two
years of exposure in real boiler conditions. The power plant was a
fluidised bed boiler burning mainly wood-based fuels. The district
heating boiler did not include superheaters and the economisers were
components with the shortest life in the boiler.

The tested HVOF coatings had high chromium content. The corro-
sion resistance of the coatings and the uncoated substrate material in
the boiler conditions were analysed.

2.1. Coating manufacturing and materials for boiler exposure

The HVOF coating was performed with a Sulzer Metco Diamond Jet
Hybrid 2700. The coating powders were an experimental Fe–27Cr
(Fe–27Cr–11Ni–4Mo) and a commercial SHS9172HV1 (Fe–19Cr–9 W–

7Nb–4Mo) from Nanosteel (The Nanosteel Company, Providence, RI,
USA). The coatings were applied on a carbon steel tube (St35.8, DIN
17175-79, size 38 × 5.5 mm). Prior to the deposition, the base material
was grit blasted with alumina particles (500–700 μm) to produce a
surface with good adherence. The surface roughening is essential to
guarantee good bonding between the base material and the coating.
The aim was to manufacture dense and well adhered coatings, which
could provide satisfactory protection to the base material against corro-
sion and erosion. The powder compositions are presented in Table 1.
The coating was performed on short tube sections (about 2 m), which
were welded to the actual tubes in the boiler. Spray parameters for
the coatings are presented in Table 2, as well as themeasured hardness.
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products such as small amounts of chlorine and potassium (see
Fig. 11a). However, there were few perpendicular cracks reaching down
to the substrate material, which had led to some corrosion in the coat-
ing–substrate interface on these areas. Small amounts of sulphur and
chlorine were detected under the coating near the crack (Fig. 11b).

4. Discussion

4.1. Corrosion mechanisms in biomass boiler exposure

4.1.1. Corrosion mechanisms of carbon steel
Carbon steel St35.8 had experience extremely strong corrosion in

some parts of the hot economiser. Solid and thick deposit formed on
the tube surface had protected the metal, and a thin iron oxide layer
was present. However, some areas of the tubes had corroded severely
and the tubes had thinned over 2/3 of the wall thickness. Erosion due
to circulating bed sand (CFB boiler) may have increased the corrosion
rate with uncoated carbon steel tubes in some areas, but mainly the

material wastage was caused by corrosion. No erosion effect was seen
in the coated tubes. The thick and dense deposit on the leeward side
had remained intact only in a few areas. Especially on the windward
side, the carbon steel tubes had deep corrosion cavities, which
contained multi-layered, porous and poorly adherent iron oxide scale
together with e.g. potassium, chlorine, sulphur, copper, sodium and
zinc. In some cavities, the scale next to the metal surface had beenmol-
ten (Fig. 6). Turbulence of the flue gases and local low melting com-
pounds with chlorine have probably been the cause for the irregular
material wastage in the tube circumference. Similar corrosion has
been reported in biomass and waste boilers by e.g. [6–8]. Montgomery
et al. [19,38] has reported pitting corrosion in the presence of heavy
metal and chlorides/sulphates in melt or semi-melt phase at 300 °C,
and the presence of Zn–K–Clmelt inwaterwall at lowwater/steam tem-
perature (285 °C) with high flue gas temperature, which support the
findings in this study.

Chlorine corrosion mechanism is caused by the attack of gaseous
chlorine, which reacts with iron and chromium forming volatile metal

Fig. 3. Corrosion of St35.8 below the thick deposit in the hot economiser. The corrosion was minimal with thin oxide layers under the thick solid deposit layer. EDX analyses [wt.%] of the
deposit and oxide layers are presented within the images.

Fig. 4. Severe corrosion of the St35.8 steel tube in the hot economiser, EDX map analysis. Chlorine was found within the oxide of the corrosion cavity.
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stronger corrosion pitting can be seen in Fig. 6, where almost a 2 mm
wide and 1 mm deep pit with a porous multi-layered oxide scale is
presented. Near the metal surface there was a corrosion product
scale, which included sulphur, potassium, copper, chlorine and zinc.

3.3. Deposits on the coatings

Thick deposits had formed on the flue gas side of both coated tubes,
shown in Fig. 7. Based on the EDX analysis, the deposits formed on hot
economiser tubes consisted mainly of oxygen (O), calcium (Ca), sulphur
(S), potassium (K), silicon (Si), iron (Fe), phosphorus (P), and aluminium
(Al). Also smaller amounts of e.g. magnesium (Mg), manganese (Mn),
zinc (Zn) and chlorine (Cl) were present. Main components of the de-
posits are presented in Fig. 7. Detailed EDX analyses of the deposits on
both coatings are presented in Table 4. Similar results have been

presented by Obernberger and Thek [5] and Åmand et al. [34] at bio-
mass fired boilers, where main components in deposits have been
K2SO4, Ca3(PO4)2, NaCl, KCl, CaSO4 and K2CO3.

3.4. Fe–27Cr and Fe–19Cr HVOF coatings

Fe–27Cr and Fe–19Cr coatings were sprayedwith HVOF for high tem-
perature corrosion protection of biomass fired boiler tubes. Thicknesses of
the tested coatings were about 300 μm for Fe–27Cr and 375 μm for
Fe–19Cr. Both coatings were dense and well adhered to the sub-
strate. However, the outer surface of the coating showedweak cohesion
and detachment of lamellas. Both coatings had a typical lamellar struc-
ture of thermally sprayed coatings with some porosity and non-molten
particles in the structure, Fe–19Cr having a higher melting state. Hard-
ness of the coatings was 658 HV0.3 for Fe–27Cr and 935 HV0.3 for Fe–
19Cr, which is considerably higher than hardness of the carbon steel.
Corrosion resistance of the coatingswas excellent in the boiler exposure
compared to the uncoated steel tubes (Fig. 8). SEM images of the coat-
ings before and after the exposure are presented in Fig. 9.

Coating Fe–27Cr had endured the exposure well and showed excel-
lent corrosion resistance in the boiler conditions. Corrosion products
were not detected in the coating (Fig. 10). Fe–27Cr coatingwith alloying
elements chromium (27%),molybdenum (4%) and silicon (1%) had high
protection ability against high temperature corrosion induced by bio-
mass burning. With sufficient oxygen partial pressures chromium can
form a protective oxide layer on the coating surface, which prevents re-
action with chlorine and hence the detrimental active oxidation [10].
Molybdenum has been shown to act favourable for the corrosion resis-
tance in oxidising–chloridising environments by reacting slowly and
behaving rather inertly [35]. Similar protective behaviour has been de-
tected by alloying a small amount of silicon into steels [36].

Fe–19Cr coating had sufficient corrosion resistance in the boiler con-
ditions. The overall corrosion performancewas good and no severe cor-
rosion was detected. Fe–19Cr powder has a nanoscale microstructure
and the coating is partly amorphous, which have both been reported
to act beneficially for corrosion resistance [24,37]. Only some thin sur-
face areas, about 10 μm deep, of the Fe–19Cr coating had corrosion

Table 3
Elemental analysis of detrimental elements in the fly ash and the bottom ash (dry solid
content) and the wood derived fuels in [mg/kg] [33].

Element [mg/kg] Fly ash Bottom ash Forest
residue

Bark Recycled wood

Organic carbon, TOC 21,000 b1000 51.7a 52.5a 49.4a

Fluoride, F− b100 b100 … … …

Chloride, Cl− 4400 200 0.031a 0.019a 0.09a

Sulphate, SO4
2− 44,000 300 0.01b 0.03b 0.07b

Arsenic, As b15 b15 0.11 0.11 69
Barium, Ba 5300 3700 67 120 583
Cadmium, Cd 6.8 b0.1 0.26 0.38 1.8
Chromium, Cr 52 15 21 35 90
Copper, Cu 160 43 2.4 3.9 50
Mercury, Hg 0.47 b0.03 0.022 0.033 0.11
Molybdenum, Mo 6.9 2.7 0.74 1.3 0.41
Nickel, Ni 71 11 6 11 1.2
Lead, Pb 100 11 0.64 1 213
Antimony, Sb b10 b10 … … …

Selenium, Se 17 b15 … … …

Zinc, Zn 1500 650 85 150 1950

a Percentage of dry fuel weight.
b Elemental S, percentage of dry fuel weight.

Fig. 2. Macroimage and cross-section of a St35.8 steel tube and optical microscope images of the cross-sections of the carbon steel tube after the exposure in hot economiser. Strong
material wastage can clearly be seen in the tube samples mainly on the windward side.
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products such as small amounts of chlorine and potassium (see
Fig. 11a). However, there were few perpendicular cracks reaching down
to the substrate material, which had led to some corrosion in the coat-
ing–substrate interface on these areas. Small amounts of sulphur and
chlorine were detected under the coating near the crack (Fig. 11b).

4. Discussion

4.1. Corrosion mechanisms in biomass boiler exposure

4.1.1. Corrosion mechanisms of carbon steel
Carbon steel St35.8 had experience extremely strong corrosion in

some parts of the hot economiser. Solid and thick deposit formed on
the tube surface had protected the metal, and a thin iron oxide layer
was present. However, some areas of the tubes had corroded severely
and the tubes had thinned over 2/3 of the wall thickness. Erosion due
to circulating bed sand (CFB boiler) may have increased the corrosion
rate with uncoated carbon steel tubes in some areas, but mainly the

material wastage was caused by corrosion. No erosion effect was seen
in the coated tubes. The thick and dense deposit on the leeward side
had remained intact only in a few areas. Especially on the windward
side, the carbon steel tubes had deep corrosion cavities, which
contained multi-layered, porous and poorly adherent iron oxide scale
together with e.g. potassium, chlorine, sulphur, copper, sodium and
zinc. In some cavities, the scale next to the metal surface had beenmol-
ten (Fig. 6). Turbulence of the flue gases and local low melting com-
pounds with chlorine have probably been the cause for the irregular
material wastage in the tube circumference. Similar corrosion has
been reported in biomass and waste boilers by e.g. [6–8]. Montgomery
et al. [19,38] has reported pitting corrosion in the presence of heavy
metal and chlorides/sulphates in melt or semi-melt phase at 300 °C,
and the presence of Zn–K–Clmelt inwaterwall at lowwater/steam tem-
perature (285 °C) with high flue gas temperature, which support the
findings in this study.

Chlorine corrosion mechanism is caused by the attack of gaseous
chlorine, which reacts with iron and chromium forming volatile metal

Fig. 3. Corrosion of St35.8 below the thick deposit in the hot economiser. The corrosion was minimal with thin oxide layers under the thick solid deposit layer. EDX analyses [wt.%] of the
deposit and oxide layers are presented within the images.

Fig. 4. Severe corrosion of the St35.8 steel tube in the hot economiser, EDX map analysis. Chlorine was found within the oxide of the corrosion cavity.
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stronger corrosion pitting can be seen in Fig. 6, where almost a 2 mm
wide and 1 mm deep pit with a porous multi-layered oxide scale is
presented. Near the metal surface there was a corrosion product
scale, which included sulphur, potassium, copper, chlorine and zinc.

3.3. Deposits on the coatings

Thick deposits had formed on the flue gas side of both coated tubes,
shown in Fig. 7. Based on the EDX analysis, the deposits formed on hot
economiser tubes consisted mainly of oxygen (O), calcium (Ca), sulphur
(S), potassium (K), silicon (Si), iron (Fe), phosphorus (P), and aluminium
(Al). Also smaller amounts of e.g. magnesium (Mg), manganese (Mn),
zinc (Zn) and chlorine (Cl) were present. Main components of the de-
posits are presented in Fig. 7. Detailed EDX analyses of the deposits on
both coatings are presented in Table 4. Similar results have been

presented by Obernberger and Thek [5] and Åmand et al. [34] at bio-
mass fired boilers, where main components in deposits have been
K2SO4, Ca3(PO4)2, NaCl, KCl, CaSO4 and K2CO3.

3.4. Fe–27Cr and Fe–19Cr HVOF coatings

Fe–27Cr and Fe–19Cr coatings were sprayedwith HVOF for high tem-
perature corrosion protection of biomass fired boiler tubes. Thicknesses of
the tested coatings were about 300 μm for Fe–27Cr and 375 μm for
Fe–19Cr. Both coatings were dense and well adhered to the sub-
strate. However, the outer surface of the coating showedweak cohesion
and detachment of lamellas. Both coatings had a typical lamellar struc-
ture of thermally sprayed coatings with some porosity and non-molten
particles in the structure, Fe–19Cr having a higher melting state. Hard-
ness of the coatings was 658 HV0.3 for Fe–27Cr and 935 HV0.3 for Fe–
19Cr, which is considerably higher than hardness of the carbon steel.
Corrosion resistance of the coatingswas excellent in the boiler exposure
compared to the uncoated steel tubes (Fig. 8). SEM images of the coat-
ings before and after the exposure are presented in Fig. 9.

Coating Fe–27Cr had endured the exposure well and showed excel-
lent corrosion resistance in the boiler conditions. Corrosion products
were not detected in the coating (Fig. 10). Fe–27Cr coatingwith alloying
elements chromium (27%),molybdenum (4%) and silicon (1%) had high
protection ability against high temperature corrosion induced by bio-
mass burning. With sufficient oxygen partial pressures chromium can
form a protective oxide layer on the coating surface, which prevents re-
action with chlorine and hence the detrimental active oxidation [10].
Molybdenum has been shown to act favourable for the corrosion resis-
tance in oxidising–chloridising environments by reacting slowly and
behaving rather inertly [35]. Similar protective behaviour has been de-
tected by alloying a small amount of silicon into steels [36].

Fe–19Cr coating had sufficient corrosion resistance in the boiler con-
ditions. The overall corrosion performancewas good and no severe cor-
rosion was detected. Fe–19Cr powder has a nanoscale microstructure
and the coating is partly amorphous, which have both been reported
to act beneficially for corrosion resistance [24,37]. Only some thin sur-
face areas, about 10 μm deep, of the Fe–19Cr coating had corrosion

Table 3
Elemental analysis of detrimental elements in the fly ash and the bottom ash (dry solid
content) and the wood derived fuels in [mg/kg] [33].

Element [mg/kg] Fly ash Bottom ash Forest
residue

Bark Recycled wood

Organic carbon, TOC 21,000 b1000 51.7a 52.5a 49.4a

Fluoride, F− b100 b100 … … …

Chloride, Cl− 4400 200 0.031a 0.019a 0.09a

Sulphate, SO4
2− 44,000 300 0.01b 0.03b 0.07b

Arsenic, As b15 b15 0.11 0.11 69
Barium, Ba 5300 3700 67 120 583
Cadmium, Cd 6.8 b0.1 0.26 0.38 1.8
Chromium, Cr 52 15 21 35 90
Copper, Cu 160 43 2.4 3.9 50
Mercury, Hg 0.47 b0.03 0.022 0.033 0.11
Molybdenum, Mo 6.9 2.7 0.74 1.3 0.41
Nickel, Ni 71 11 6 11 1.2
Lead, Pb 100 11 0.64 1 213
Antimony, Sb b10 b10 … … …

Selenium, Se 17 b15 … … …

Zinc, Zn 1500 650 85 150 1950

a Percentage of dry fuel weight.
b Elemental S, percentage of dry fuel weight.

Fig. 2. Macroimage and cross-section of a St35.8 steel tube and optical microscope images of the cross-sections of the carbon steel tube after the exposure in hot economiser. Strong
material wastage can clearly be seen in the tube samples mainly on the windward side.
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stainless steel in environments containing O2 and O2 + H2O. The
sulphation reaction at the presence of water is presented in Eq. (3) [45]:

2 KCl sð Þ þ SO2 gð Þ þ 1
2
O2 gð Þ þH2O→K2SO4 sð Þ þ 2 HCl gð Þ: ð3Þ

The high amount of water vapour may have played a strong role in
the corrosion process, as after the test period the burnt wood was
changed into fuelwith lowermoisture content (wood from theprevious
year), which lowered the corrosion damage of the tubes.

It is proposed that the corrosion of carbon steel has been chlorine
induced corrosion, which has been enabled by low melting phases
with chlorine, potassium, zinc and copper. A non-protective iron oxide
layer formed on the metal surface has cracked due to reactions with
water vapour and corrosive elements in the deposits. Chlorine and
other elements have penetrated through the oxide layer into the
oxide–metal interface, where suitable conditionswith high chlorine va-
pour pressure have formed for active oxidation. Enhanced corrosion has
led to the formation of porous oxide layers, which have spalled off from
the metal and caused severe material wastage to the boiler tubes. The
heavy metals present in the deposits have taken part into reactions
with chlorine and in some places molten phases have formed.

4.1.2. Corrosion mechanisms of thermal spray coatings
Fe–27Cr and Fe–19Cr coatings showed no or negligible corrosion

after the two years of exposure in a circulatingfluidised bed boiler burn-
ing biomass. Both coatings were iron based with a high chromium con-
tent. Fe–27Cr coating contained also nickel, molybdenum and silicon.
Coating Fe–19Cr contained alloying elements such as tungsten, niobi-
um, molybdenum, boron, manganese and silicon. Both coatings were

alloyed alsowith carbon for carbide formation to give resistance against
fly-ash and bed-ash erosion in boiler conditions. The Fe–19Cr coating
partly was amorphous and the powder contained a nanoscale micro-
structure according to themanufacturer. A prior tube failure in the boil-
er was caused by severe corrosion due to chlorine, which was detected
in the metal–oxide interface of a 13CrMo44 boiler tube in the cold
economiser. Analyses of the deposits demonstrated the presence of
e.g. potassium, chlorine and zinc in the boiler surroundings. Chlorine
was not detected on the Fe–27Cr coating, which was dense, well ad-
hered to the substrate and did not contain open or interconnecting po-
rosity and therefore was an excellent protection for carbon steel tube in
the exposure. The metallic coating was partly oxidised (about 6 wt.%)
during the coating process, and it was able to form sufficient protection
against corrosion in the boiler conditions. Coating Fe–19Cr showed
minor corrosion in the outer layer of the coating (20 μm), but was also
dense and contained a small amount of porosity. However, the coating
had few perpendicular cracks, which had allowed corrosion to proceed
to the substrate. Iron oxide containing also sodium, sulphur, chlorine
and small amounts of potassium and zinc was detected on the coat-
ing–substrate interface. The nature of the corrosion scale indicated
that it had been molten during the exposure (Fig. 11).

4.2. Coating mechanical integration

Coating Fe–19Cr had about 20 perpendicular cracks around the pe-
rimeter of the studied cross-section (Fig. 12). This had led to corrosion
in the substrate material under the coating near the crack. It is assumed
that the cracks were formed during the coating process, as later studies
have revealed the problem [28]. The cracking was probably due to a

Fig. 7. SEM images of the thick deposits and their main chemical composition by EDX [wt.%] on the coated tubes: a) Fe–27Cr and b) Fe–19Cr.

Table 4
EDX analysis of the deposits on the Fe–27Cr and Fe–19Cr coatings [wt.%].

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

Fe–27Cr 33.7 23.9 13.8 7.0 6.8 2.8 2.2 2.5 2.1 1.3 1.0 0.8 0.6 0.6 0.4 0.3 0.3
Fe–19Cr 37.3 24.5 16.5 4.1 4.1 2.3 1.6 1.4 2.0 1.3 1.3 0.9 0.7 0.6 … 0.2 0.1

Fig. 8. A coated boiler tube after the exposure. Severe material wastage of the uncoated tube can be detected in the right side of the picture.
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chlorides in the interface. It is proposed that high partial pressure of
chlorine close to the metal is caused by a rapid sulphation of KCl to
K2SO4 in a melt formed adjacent to the metal surface. When the KCl/
K2SO4/Fe system becomes molten, the KCl sulphates quickly in the
melt and generates a high partial pressure of Cl2/HCl. This causes accel-
erated oxidation and can explain the internal corrosion of the metal,
which is detected in Fig. 11. Chlorine induced corrosion has been sug-
gested to occur in high temperatures, above 320…500 °C [8,16,17].
Therefore, the extremely severe corrosion must have been caused also
by other elements. The material temperature in the hot economiser
was estimated to be only about 10° higher than the water temperature
due to the high cooling effect of the flowing water. Therefore, the max-
imum material temperature during operation was only about 210 °C,
the flue gas temperatures being in the range of 520–800 °C.

Potassium, chlorine, sulphur, copper, sodium and zinc were detected
in the corrosion products of carbon steel tubes. Enestam [39] has reported
that the condensation temperature of ZnCl2 is in the range 144–302 °C
depending mainly on the chlorine content in the fuel, which can explain
the presence of ZnCl2 in the corrosion pits. Pb was not detected, but it
was present in the boiler according tofly ash and the bottomash analyses.

Both zinc and copper have been shown to increase the corrosion rate of
steels and nickel-based alloys in the presence of alkali chlorides. First
melting point of a NaCl–KCl–CuO salt is already at 387 °C, and NaCl–KCl–
ZnO at 400 °C, and for ZnCl2–KCl eutectic it can be as low as 250 °C [16,
40]. Galetz [41] has also shown that the eutectic mixture of NaCl–KCl–
Na2SO4–K2SO4 + addition of heavy metal heavy metal chlorides (Pb,
Zn, Cu) can decrease the melting point below 300 °C. The chemical com-
position of themolten phases could not be fully revealed. The compounds
for formation of the molten salt may have contained FeCl2–KCl–CuCl–
ZnCl2 (Fig. 6).

The corrosion has probably been enhanced bywater vapour, as a large
amount ofwater vapour influe gases has been reported to accelerate cor-
rosion processes at elevated temperatures [42–44]. With Cr containing
steels, the water vapour causes evaporation of chromium from the sur-
face in the form of chromate CrO2(OH)2 (g) [45,46]. However, in the
case of iron, the water vapour has increased the iron oxide formation,
and cracking and spalling off the iron oxide layers. Ehlers [21] has report-
ed breakaway oxidation of P91 steel (Fe–9Cr), associated with formation
of large amounts of porous Fe3O4, and development of continuous gap in
the scale. KCl has also been reported to be strongly corrosive towards

Fig. 5. Severe corrosion of St35.8 carbon steel material. EDX point analyses 1–2 [wt.%] from the corrosion pit are presented in the small SEM image.

Fig. 6. Corrosion mechanism of St35.8 in the opposite side of the thick deposit in the hot economiser. Chlorine can be found in the oxide in the corrosion cavity according to EDX analyses
[wt.%].
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stainless steel in environments containing O2 and O2 + H2O. The
sulphation reaction at the presence of water is presented in Eq. (3) [45]:

2 KCl sð Þ þ SO2 gð Þ þ 1
2
O2 gð Þ þH2O→K2SO4 sð Þ þ 2 HCl gð Þ: ð3Þ

The high amount of water vapour may have played a strong role in
the corrosion process, as after the test period the burnt wood was
changed into fuelwith lowermoisture content (wood from theprevious
year), which lowered the corrosion damage of the tubes.

It is proposed that the corrosion of carbon steel has been chlorine
induced corrosion, which has been enabled by low melting phases
with chlorine, potassium, zinc and copper. A non-protective iron oxide
layer formed on the metal surface has cracked due to reactions with
water vapour and corrosive elements in the deposits. Chlorine and
other elements have penetrated through the oxide layer into the
oxide–metal interface, where suitable conditionswith high chlorine va-
pour pressure have formed for active oxidation. Enhanced corrosion has
led to the formation of porous oxide layers, which have spalled off from
the metal and caused severe material wastage to the boiler tubes. The
heavy metals present in the deposits have taken part into reactions
with chlorine and in some places molten phases have formed.

4.1.2. Corrosion mechanisms of thermal spray coatings
Fe–27Cr and Fe–19Cr coatings showed no or negligible corrosion

after the two years of exposure in a circulatingfluidised bed boiler burn-
ing biomass. Both coatings were iron based with a high chromium con-
tent. Fe–27Cr coating contained also nickel, molybdenum and silicon.
Coating Fe–19Cr contained alloying elements such as tungsten, niobi-
um, molybdenum, boron, manganese and silicon. Both coatings were

alloyed alsowith carbon for carbide formation to give resistance against
fly-ash and bed-ash erosion in boiler conditions. The Fe–19Cr coating
partly was amorphous and the powder contained a nanoscale micro-
structure according to themanufacturer. A prior tube failure in the boil-
er was caused by severe corrosion due to chlorine, which was detected
in the metal–oxide interface of a 13CrMo44 boiler tube in the cold
economiser. Analyses of the deposits demonstrated the presence of
e.g. potassium, chlorine and zinc in the boiler surroundings. Chlorine
was not detected on the Fe–27Cr coating, which was dense, well ad-
hered to the substrate and did not contain open or interconnecting po-
rosity and therefore was an excellent protection for carbon steel tube in
the exposure. The metallic coating was partly oxidised (about 6 wt.%)
during the coating process, and it was able to form sufficient protection
against corrosion in the boiler conditions. Coating Fe–19Cr showed
minor corrosion in the outer layer of the coating (20 μm), but was also
dense and contained a small amount of porosity. However, the coating
had few perpendicular cracks, which had allowed corrosion to proceed
to the substrate. Iron oxide containing also sodium, sulphur, chlorine
and small amounts of potassium and zinc was detected on the coat-
ing–substrate interface. The nature of the corrosion scale indicated
that it had been molten during the exposure (Fig. 11).

4.2. Coating mechanical integration

Coating Fe–19Cr had about 20 perpendicular cracks around the pe-
rimeter of the studied cross-section (Fig. 12). This had led to corrosion
in the substrate material under the coating near the crack. It is assumed
that the cracks were formed during the coating process, as later studies
have revealed the problem [28]. The cracking was probably due to a

Fig. 7. SEM images of the thick deposits and their main chemical composition by EDX [wt.%] on the coated tubes: a) Fe–27Cr and b) Fe–19Cr.

Table 4
EDX analysis of the deposits on the Fe–27Cr and Fe–19Cr coatings [wt.%].

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

Fe–27Cr 33.7 23.9 13.8 7.0 6.8 2.8 2.2 2.5 2.1 1.3 1.0 0.8 0.6 0.6 0.4 0.3 0.3
Fe–19Cr 37.3 24.5 16.5 4.1 4.1 2.3 1.6 1.4 2.0 1.3 1.3 0.9 0.7 0.6 … 0.2 0.1

Fig. 8. A coated boiler tube after the exposure. Severe material wastage of the uncoated tube can be detected in the right side of the picture.
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chlorides in the interface. It is proposed that high partial pressure of
chlorine close to the metal is caused by a rapid sulphation of KCl to
K2SO4 in a melt formed adjacent to the metal surface. When the KCl/
K2SO4/Fe system becomes molten, the KCl sulphates quickly in the
melt and generates a high partial pressure of Cl2/HCl. This causes accel-
erated oxidation and can explain the internal corrosion of the metal,
which is detected in Fig. 11. Chlorine induced corrosion has been sug-
gested to occur in high temperatures, above 320…500 °C [8,16,17].
Therefore, the extremely severe corrosion must have been caused also
by other elements. The material temperature in the hot economiser
was estimated to be only about 10° higher than the water temperature
due to the high cooling effect of the flowing water. Therefore, the max-
imum material temperature during operation was only about 210 °C,
the flue gas temperatures being in the range of 520–800 °C.

Potassium, chlorine, sulphur, copper, sodium and zinc were detected
in the corrosion products of carbon steel tubes. Enestam [39] has reported
that the condensation temperature of ZnCl2 is in the range 144–302 °C
depending mainly on the chlorine content in the fuel, which can explain
the presence of ZnCl2 in the corrosion pits. Pb was not detected, but it
was present in the boiler according tofly ash and the bottomash analyses.

Both zinc and copper have been shown to increase the corrosion rate of
steels and nickel-based alloys in the presence of alkali chlorides. First
melting point of a NaCl–KCl–CuO salt is already at 387 °C, and NaCl–KCl–
ZnO at 400 °C, and for ZnCl2–KCl eutectic it can be as low as 250 °C [16,
40]. Galetz [41] has also shown that the eutectic mixture of NaCl–KCl–
Na2SO4–K2SO4 + addition of heavy metal heavy metal chlorides (Pb,
Zn, Cu) can decrease the melting point below 300 °C. The chemical com-
position of themolten phases could not be fully revealed. The compounds
for formation of the molten salt may have contained FeCl2–KCl–CuCl–
ZnCl2 (Fig. 6).

The corrosion has probably been enhanced bywater vapour, as a large
amount ofwater vapour influe gases has been reported to accelerate cor-
rosion processes at elevated temperatures [42–44]. With Cr containing
steels, the water vapour causes evaporation of chromium from the sur-
face in the form of chromate CrO2(OH)2 (g) [45,46]. However, in the
case of iron, the water vapour has increased the iron oxide formation,
and cracking and spalling off the iron oxide layers. Ehlers [21] has report-
ed breakaway oxidation of P91 steel (Fe–9Cr), associated with formation
of large amounts of porous Fe3O4, and development of continuous gap in
the scale. KCl has also been reported to be strongly corrosive towards

Fig. 5. Severe corrosion of St35.8 carbon steel material. EDX point analyses 1–2 [wt.%] from the corrosion pit are presented in the small SEM image.

Fig. 6. Corrosion mechanism of St35.8 in the opposite side of the thick deposit in the hot economiser. Chlorine can be found in the oxide in the corrosion cavity according to EDX analyses
[wt.%].
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oxidation were mainly in the leeward side and severe pitting in the
windward side. In comparison, the thermally sprayed coatings had en-
dured in the boiler exposurewell, and Fe–27Cr coating offered excellent
protection to the substrate material. Fe–19Cr coating had sufficient cor-
rosion resistance in the boiler conditions. However, the Fe–19Cr coating
had few perpendicular cracks and hence the underlying material had
corroded slightly.

• Wood based biomass with high moisture content had caused severe
corrosion to the St35.8 carbon steel tubes in a circulating fluidised
bed; several millimetres in two years.

• As there were corrosion products in thewindward side pits, the effect
of erosion has not beenmajor in thematerialwastage. It is more prob-
able that the formation of non-protective loose oxides has led to con-
tinuous spalling off the oxide layers and high corrosion rate.

• Corrosion mechanism of St35.8 carbon steel is proposed to have been
corrosion induced by chlorine together with low melting phases of
potassium, copper and zinc.

• Fe–27CrHVOF coating had excellent corrosion resistance in the condi-
tions and could be used to increase the lifetime of carbon steel or low
alloy steel substrate material in biomass fired boilers.

• Fe–19Cr material showed sufficient corrosion resistance in the boiler
conditions, but due to perpendicular cracks the coating did not protect
the substrate material.

• Structure and quality of the coating, such as adhesion, cohesion, den-
sity, interconnecting porosity and amorphous phases can be influ-
enced by the optimisation of thermal spray process parameters. The
coating structure is very important on corrosion resistance of thermal
spray coatings in order to prevent the transport of corrosive elements
towards the substrate.

• Thermal spray process parameters should be optimised for coating
material Fe–19Cr to prevent the perpendicular cracking.
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Fig. 11. SEM figures and EDX analyses [wt.%] of a) the coating surface showing corrosion on the outer lamella of the Fe–19Cr coating, and b) corrosion in the coating–substrate interface
caused by cracking of the Fe–19Cr coating.

Fig. 12. SEM image of the Fe–19Cr coating cross-section showing the perpendicular crack-
ing that propagates into the substrate.
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thermal mismatch between the substrate and the coating, which had
caused thermal stresses during the coating solidification. Either a bond
coat tominimise the stresses due to themismatch of CTEs between sub-
strate and the Fe–19Cr coating should be applied, or the coating process
should be optimised. Process parameter variation has a strong effect on
the coating structure, e.g. residual stresses, density, porosity, melting
state, cohesion and lamellar boundaries. Diagnostic tools, such as ICP,
an in-situ coating property measurement device, and SprayWatch, a
sensor for particle temperature and velocity, can be applied in process
optimisation to measure the stresses formed during and after the coat-
ing, and spray jet properties.

5. Conclusions

Two iron-based thermally sprayed high velocity oxy-fuel (HVOF)
coatings were exposed for two years in a circulating fluidised bed
(CFB) biomass boiler, which used mainly wood as fuel. The coatings
were sprayed on short tube sections, which were welded to the actual
tubes in the boiler. The coatings were installed into the hot economiser.
Even though the material temperatures on the boiler were low, the
corrosion conditions caused severe damage to the carbon steel tubes.
During the two years of exposure, the actual boiler tubes had lost even
several millimetres of their thickness. Thick deposits with minor

Fig. 9.Optical images of the coating cross-sections before the exposure: a) HVOF sprayed Fe–27Cr, and b) HVOF sprayed Fe–19Cr. SEM images of the coating cross-sections after the boiler
exposure: c) Fe–27Cr, and d) Fe–19Cr.

Fig. 10. SEM images of the Fe–27Cr coating. The coating showed no signs of corrosion.
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oxidation were mainly in the leeward side and severe pitting in the
windward side. In comparison, the thermally sprayed coatings had en-
dured in the boiler exposurewell, and Fe–27Cr coating offered excellent
protection to the substrate material. Fe–19Cr coating had sufficient cor-
rosion resistance in the boiler conditions. However, the Fe–19Cr coating
had few perpendicular cracks and hence the underlying material had
corroded slightly.

• Wood based biomass with high moisture content had caused severe
corrosion to the St35.8 carbon steel tubes in a circulating fluidised
bed; several millimetres in two years.

• As there were corrosion products in thewindward side pits, the effect
of erosion has not beenmajor in thematerialwastage. It is more prob-
able that the formation of non-protective loose oxides has led to con-
tinuous spalling off the oxide layers and high corrosion rate.

• Corrosion mechanism of St35.8 carbon steel is proposed to have been
corrosion induced by chlorine together with low melting phases of
potassium, copper and zinc.

• Fe–27CrHVOF coating had excellent corrosion resistance in the condi-
tions and could be used to increase the lifetime of carbon steel or low
alloy steel substrate material in biomass fired boilers.

• Fe–19Cr material showed sufficient corrosion resistance in the boiler
conditions, but due to perpendicular cracks the coating did not protect
the substrate material.

• Structure and quality of the coating, such as adhesion, cohesion, den-
sity, interconnecting porosity and amorphous phases can be influ-
enced by the optimisation of thermal spray process parameters. The
coating structure is very important on corrosion resistance of thermal
spray coatings in order to prevent the transport of corrosive elements
towards the substrate.

• Thermal spray process parameters should be optimised for coating
material Fe–19Cr to prevent the perpendicular cracking.
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thermal mismatch between the substrate and the coating, which had
caused thermal stresses during the coating solidification. Either a bond
coat tominimise the stresses due to themismatch of CTEs between sub-
strate and the Fe–19Cr coating should be applied, or the coating process
should be optimised. Process parameter variation has a strong effect on
the coating structure, e.g. residual stresses, density, porosity, melting
state, cohesion and lamellar boundaries. Diagnostic tools, such as ICP,
an in-situ coating property measurement device, and SprayWatch, a
sensor for particle temperature and velocity, can be applied in process
optimisation to measure the stresses formed during and after the coat-
ing, and spray jet properties.

5. Conclusions

Two iron-based thermally sprayed high velocity oxy-fuel (HVOF)
coatings were exposed for two years in a circulating fluidised bed
(CFB) biomass boiler, which used mainly wood as fuel. The coatings
were sprayed on short tube sections, which were welded to the actual
tubes in the boiler. The coatings were installed into the hot economiser.
Even though the material temperatures on the boiler were low, the
corrosion conditions caused severe damage to the carbon steel tubes.
During the two years of exposure, the actual boiler tubes had lost even
several millimetres of their thickness. Thick deposits with minor

Fig. 9.Optical images of the coating cross-sections before the exposure: a) HVOF sprayed Fe–27Cr, and b) HVOF sprayed Fe–19Cr. SEM images of the coating cross-sections after the boiler
exposure: c) Fe–27Cr, and d) Fe–19Cr.

Fig. 10. SEM images of the Fe–27Cr coating. The coating showed no signs of corrosion.
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