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To reduce the emissions of greenhouse gases, the power generation industry is increasingly moving towards
higher operating steam temperatures (and pressures) andmore efficient ultra super critical (USC) boilers. How-
ever, higher operating temperatures coupledwith biomass derived fuel can lead to aggressive corrosion damage
to the superheater reheater tubes. This paper presents a systematic evaluation of high velocity oxy fuel (HVOF)
thermal sprayed FeCrAl coating onto a 9% Cr boiler steel. The coated samples were exposed in a series of
laboratory-based fireside corrosion tests in simulated coal-biomass co-fired combustion gases for 1000 h at
700, 750 and 800 °C. The testswere carried out using the deposit-recoat testmethod to simulate the environment
that anticipated from air-firing 20 wt.% cereal co-product (CCP) mixed with a UK coal. The exposures were
carried out using a screening deposit containing Na2SO4, K2SO4 and Fe2O3 to produce alkali-iron tri-sulphates,
which had been identified as being the principal cause of fireside corrosion on superheaters and reheaters in
pulverized fuel power plants. Pre- and post-exposure dimensional metrology was used to quantify the metal
damage in terms of metal loss distributions. The exposed samples were examined in an environmental scanning
electronmicroscope (ESEM) to characterize the oxide scales and damage. At 700 °C, FeCrAl coating provided suit-
able protection (median metal damage of ~ 85 μm) to the steel substrate; however, at 750 °C, the median metal
loss of the coating was ~260 μm and ~305 μm at 800 °C. Sulphur was detected at the coating-scale interface and
an aluminium-richmixed oxide formed at the outer scale and a chromium-rich mixed oxide formed in the inner
layer. The concentration of aluminium in the coating depleted to ~ 6 at.% following the 1000 h exposure.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Fireside corrosion (i.e.,metal loss of heat exchangers due to chemical
reactions with the combustion gases and deposits at high temperature)
has been a life-limiting factor for the pulverised fuel power plants.
Fireside corrosion can lead to tube failures through general metal loss
or by formation of cracks, which can allow failure to occur by mechani-
cal damage. These failures are difficult to repair and results in unsched-
uled plant shutdown. Fireside corrosion depends on the chemistry of
the fuel and the deposit formed on the heat exchanger surfaces. When
biomass is co-fired with coal, the combustion gases and the deposit
chemistry change significantly altering the corrosion mechanisms [1].
Biomass contains higher levels of elements such as K and Cl and much
less S compared to most coals [2,3]. The introduction of biomass can
adversely affect the fireside corrosion of the heat exchangers. Biomass
is considered a carbon neutral fuel and currently accounts for 70% of
electricity generation from renewable sources [4]. Co-firing low levels
of biomass in pulverised fuel power plants is an efficient way to
introduce biomass fuels into the electricity generation industry. The
ussain).
pulverised coal fired power plants are much larger in capacity and
more efficient than a dedicated biomass fired plant.

CO2 and other greenhouse gases from the fossil fuel power plants are
major contributors to global warming and resulting climate change. UK
government has an ambitious target of reducingCO2 emissions to 80% of
their 1990 levels by 2050 [5]. The EU targets for 2020 and 2050 require
major efficiency improvement of the pulverised fuel power plants.
Reduction in CO2 emissions from the pulverised coal-fired power plants
can be achieved by increasing the operating temperatures and pressures
of the steam system (hence increase in efficiency). Conventional
pulverised fuel power plants operate at an efficiency of 36% [6,7], and
1% increase in absolute efficiency can result in as much as 3% reduction
in CO2 emissions [8]. Tomeet these national and EU targets, supercritical
and ultra-supercritical power plants (~45% efficiency) are under
development, where metal temperatures will be in excess of 650 °C.
However, the increasedmetal temperatures will make the conventional
alloys unsuitable due to creep and fireside corrosion limitations and a
new generation of nickel-based alloys will be required. Alternatively,
corrosion-resistant overlay coatings, which are cheaper than nickel-
based substrates, can be used to provide suitable protection from the
aggressive fireside corrosion. High velocity oxy-fuel (HVOF) thermal
sprayed coatings can potentially protect the superheater and reheater
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Table 1
Nominal gas compositions used in the fireside corrosion tests.

N2 (vol.%) O2 (vol.%) CO2 (vol.%) H2O (vol.%) SO2 (vppm) HCl (vppm)

73.8 4 14 8 1300 400
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components in power plants. The performance of nickel-based HVOF
thermal sprayed coatings in boiler environment has been reported in
literature [9–12], but so far no comprehensive study exists on iron-
based HVOF thermal sprayed coatings. FeCrAl thermal sprayed coatings
are of great interest to the power generation industry, as they are
commercially cheaper than the nickel-based coatings and have similar
co-efficient of thermal expansion.

The 9% Cr substrate used in this study is a ferritic martensitic steel,
which is typically used at 650 °C in the various sections of the heat
exchangers. Although, the material has good creep resistance, it suffers
from steamside oxidation at that temperature. Fireside corrosion
performance of this alloy is well established in various combustion en-
vironments in lab-scale accelerated tests from 600 to 750 °C [13–16].
In a power plant, the heat-exchanger materials have to survive around
100,000 h in operation. It is impractical to test the candidate materials
and coatings for that long in a lab-scale-controlled environment test.
There are two approaches to accelerate the tests: one is to increase
the test temperature and run it for a shorter time period and the second
is to use a more aggressive deposit by increasing the deposition fluxes.
In this study, the fireside corrosion performance of FeCrAl HVOF
thermal sprayed coating was tested with an aggressive screening
deposit for 1000 h at the potential operating temperatures of the ultra
supercritical (USC) power plant heat exchangers. A thermally sprayed
protective coating for power plant applications need to address two dis-
tinctive issues: deposit induced corrosion performance of the coating
and the coating–substrate interactions. The aim of this study was to
focus on the corrosion performance of the coating.

The samples were exposed in simulated co-fired combustion gases
at 700, 750 and 800 °C (metal temperatures anticipated in the USC
boilers) for 1000 h. The combustion environment was based on co-
firing a UK coal with a cereal co-product (CCP), and a synthetic deposit
was used to assess the corrosion performance. Theworkwas carried out
using the deposit-recoat test method that has been developed for high-
temperature corrosion [17–19]. Dimensional metrology has been used
as the primary route to quantify the metal damage occurring due to
the fireside corrosion. Following the exposure, the samples were
examined in an environmental scanning electron microscope (ESEM)
with energy dispersive x-ray (EDX)mapping to characterise the damage.

2. Experimental methods

2.1. Materials

FeCrAl coating was sprayed by Monitor Coatings Ltd. (Castolin
Eutectic Group, Tyne and Wear, UK) using feedstock powder sourced
from Sulzer Metco Inc. (USA). The nominal composition of the powder
provided by the manufacturer was as follows: Al 5.9, C 0.029, Cr 21.7,
Mn 0.76, P 0.013, S 0.005, Si 0.83 wt.% and Fe balance. The feedstock
powder had a size range of +15–45 μm. The coatings were sprayed
with Praxair TAFA JP5000 kerosene fuelled gun with optimised process
parameters, which were developed as a part of a commercially funded
project. The same optimised spraying parameters were used to manu-
facture samples for boiler probes and pilot-scale probes exposure
(N10,000 h). The coating was sprayed onto a 9% Cr (T92) boiler steel,
which is a candidate material for superheaters/reheaters in ultra-
supercritical pulverised fuel power plants. The nominal composition of
T92 was Ni 0.22, Cr 8.91, Mo 0.38, C 0.11, Si 0.37, Mn 0.45, P 0.009, S
0.002, V 0.2, Al b0.001, N 0.053, B 0.0037, Nb 0.06, W 1.53 wt% and Fe
balance. Each fireside corrosion test sample was 10 mm in diameter
and 10 mm long with chamfers on both ends to reduce the edge
corrosion attack.

2.2. Exposure conditions

The test conditions were determined following a detailed investiga-
tion of gaseous environments that could be found around superheaters/
reheaters in pulverised fuel power plants burning coal with biomass
[16]. The test conditions for the simulated fireside corrosion tests
were based on co-firing 80:20 wt.% of a typical UK coal (Daw Mill)
with cereal co-product. The fuel compositions can be found in ref.
[15]. The gas compositions produced from the fuel mix has been calcu-
lated usingpilot and plant-scale validatedmodels. The gas compositions
have been simplified to their active components for the purpose of this
study. The nominal gas compositions are shown in Table 1. The coatings
were tested using a standard screening depositmixture, which has been
widely used in developing new alloys and coatings for the power gener-
ation industry [1,14,20–22]. The composition of the screening deposits
is shown in Table 2. The mixture represents a composition of alkali-
iron tri-sulphate that has been identified as being themajormechanism
of fireside corrosion of superheaters/reheaters in pulverised fuel power
plants [1,23,24]. Each test was run for 1000 h using thewidely accepted
deposit-recoat testmethod [17–19]. In total, three tests were conducted
at 700, 750 and 800 °C, each lasting for 1000 h. The samples were
cleaned before the exposure using isopropanol in an ultrasonic bath
for 20 min. The cleaned samples were painted using a brush to apply
a deposit loading of ~20 mg/cm2. The screening deposit was mixed
with isopropanol to make a thick slurry before painting. The test was
cycled every 200 h and repainted with deposits to replenish any salts.
The samples were weighed every 200 h with and without crucibles as
well as before and after applying the deposits. As a part of the deposit
recoat process, the samples and crucibles were weighted before and
after each cycle. It provided a gravimetric check on their performance
and enabled the calculation of traditional net specific mass change data.

2.3. Experimental setup

The simulatedfireside corrosion testswere carried out in an alumina
lined vertical controlled atmosphere furnace where pre-mixed gases
were supplied through mass flow controllers to achieve the composi-
tion mentioned in Table 1. A schematic diagram of the test setup is
shown in Fig. 1. The gas containing CO2, O2 andN2was supplied through
a de-ionised water bottle to add the required amount of moisture. The
exhaust gases were passed through a moisture trap and a scrubber
solution (NaOH) before finally being released in the atmosphere. The
test environment (e.g., gas composition and deposits) used in this
study is well established and have been widely reported in literature.
A number of articles published in the last 5 years reported the perfor-
mance of various ferritic and (15Mo3,T22, T24) martensitic (T91, T92)
alloys, austenitic steels (HR3C, 347HFG), nickel-based alloys (263, 718,
617) and various HVOF and plasma sprayed coatings (NiCrAlY, Ni50Cr,
In625, etc.) in this test environment at various temperatures [12–14,
16,21,25].

2.4. Pre- and post-exposure measurements

The samples were vacuum impregnated using a low shrinkage cold
mounting resin filled with ballotini (to further reduce shrinkage). The
mounted samples were cross-sectioned, ground and polished to 1 μm
surface finish using non-aqueous lubricants. Field emission ESEM
(Philips XL30, Eindhoven, the Netherlands) was used to investigate the
microstructure of the coating and the corrosion product. Backscattered
electron imaging at 20 kV along with EDX (Oxford Instruments ISIS
Link, Oxford, UK) was used to identify the elemental compositions on
the cross-sections. EDX elemental mapping was also used to identify
the distribution of the corrosion products in the coatings. To protect
the scale and the corrosion product, the samples were mounted with



Table 2
Deposit composition (mol%) used in the fireside corrosion tests.

Na2SO4 K2SO4 Fe2O3

37.5 37.5 25
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cold mounting resin, which is not conductive; hence, environmental
scanningmodewas used during the analysis. The porosity of the coating
was measured on the polished cross-section of the BSE images using an
image analysis software (ImageJ, National Institute of Health, USA).
Three images each with an approximate area of 500 × 350 μm was
used to measure the porosity and an average value was reported with
standard error in mean.

Dimensional metrology of the samples before and after the tests
formed a key part of this study. The method has been detailed in previ-
ous articles [12,16,21,25]. The same samples used for the ESEM analysis
were used for the dimensional metrology resulting in an accurate
representation of the data. In summary, the samples were measured
to ± 1 μm using a micrometre prior to their exposure and were
measured again following the 1000 h exposure using an image analyser
connected to a microscope with a x–y coordinate stage. Post-exposure
metrology was performed on prepared cross-sections of the samples,
and co-ordinates from the post-exposure metrology were compared
with the pre-exposure measurements to determine remaining metal
thickness (metal loss). The measurement method is in accordance
with the draft standard methods for high-temperature corrosion
assessments [17–19].

3. Results

3.1. As-sprayed coating microstructure

Fig. 2a shows the as-sprayed microstructure of the FeCrAl coating
onto the substrate. The coating shows well-bonded interface with the
substrate without any sign of delamination. The nominal thickness of
the coating was around 250 μm. The darker contrast particles at the
coating-substrate interface were identified as embedded alumina
(identified by the ESEM/EDX), as the substrate was grit blasted using
alumina before coating deposition. The porosity of the coating
Fig. 1. Schematic diagram of a controlled en
measured on the cross-section images using the image analysis method
was 2.6 ± 0.1%.Fig. 2b shows the higher magnification image of the
coating microstructure. The microstructure contains semi-molten
particle (spectrum 1: 9 at.% O, 12% Al, 20% Cr, 3% Si and Fe balance)
and oxide inclusion (spectrum 2: 26 at.% O, 22% Al, 13% Cr, 2% Si and
Fe balance). Inter-particle porosities can be identified in themicrograph.
The composition of the semi-molten particle suggests little oxidation of
the particle core during in-flight and the solidification process. The Al
and Cr content of the coating were similar to those of the feedstock
powder (5.9 wt.% Al and 21.7% Cr). The darker phase (spectrum 2) is
due to in-flight oxidation of aluminium, which contained higher
amount of Al and O than the coating matrix, due to in-flight oxidation
of the Al. Aluminium has a higher affinity for oxidation out of all the
elements present in the coating. Spectrum 3 shows a region which
was molten during the spraying process, and the EDX spot analysis
shows the following composition 12 at.% O, 11% Al, 19% Cr, 3% Si and
Fe balance. The composition is similar to the composition at the core
of the semi-molten particle with slightly more oxygen content. The
samples were prepared with a non-aqueous oil-based lubricant, which
has trace amount of Si.

3.2. Post-exposure coating microstructure

Fig. 3 shows the post-exposure microstructure of FeCrAl coating
following 1000 h exposure in simulated co-fired combustion gases at
700, 750 and 800 °C. The microstructure of the coating at 700 °C
shows a mixed layer of scale and deposits at the top. A two-layered
deposit/scale morphology can be identified looking at the contrast of
the BSE image. The particle–particle boundaries in the coating are clearly
identifiable following the fireside corrosion tests. A line scan across
the coating scale was performed to detect the levels of aluminium,
chromium and oxygen in the coating exposed at 700 °C. The level of
oxygen in the coating was low with spikes associated with oxidation
at the inter-splat regions. It is interesting to note that the levels of iron
in the coating varied to some extent, which corresponds to the levels
of aluminium and chromium present in the coating. The regions,
which are rich in aluminium showed a drop in the concentrations of
iron in the line scan. The concentration of chromium increased towards
the coating-scale and coating-substrate interface. Looking at the
vironment fireside corrosion test setup.



Fig. 2. BSE images of the (a) as-sprayed FeCrAl coating onto the substrate and (b) a higher
magnification image showing detailed microstructural features. EDX spectra of the points
are discussed in the text.
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coating-scale interface, the inner region is rich is sulphur, which
indicates sulphidation attack mechanism. The scale closer to the
substrate (inner scale) has a higher concentration of chromium with
small amount of aluminium, and the outer scale is rich in aluminium
with small amount of chromium. Detailed EDX elemental maps of the
oxides are shown in Fig. 4. The post-exposure microstructure of the
FeCrAl coating exposed at 750 °C is shown in Fig. 3b. The coating
suffered from a broad pitting type attack as can be seen from a reduction
in thickness at the centre. The scale/deposit layer consisted of various
elements from the deposit and a mixed oxide phase consisting of alu-
minium and chromium oxides. The coating exposed at 800 °C showed
significant oxidation of the splats (the darker phases at the particle-
particle boundaries). A large pitting type attack of the coating can also
be identified in Fig. 3c (similar to the sample from 750 °C).

Fig. 4 shows a higher magnification image of the coating cross-
section, which was exposed at 750 °C with detailed microstructural
features. EDX spot analysis was performed at the centre of the
splat and the inter-plat oxides. Compared to the as-sprayed coating
microstructure (Fig. 2), the exposed coatings show thickening of the
inter-splat oxides and a darker phase within the splats. The centre of
the splat (spectrum 3) had the following composition (14 at.% O,
2% Na, 6% Al, 4% Si, 1% S, 16% Cr and Fe balance). The level of aluminium
has depleted in the exposed coating from 11 to 12 at.% (as-sprayed) to
6 at.%, and the level of chromium has depleted from the as-sprayed
coating level of 20 at.% to 16 at.%. Themigration of aluminium and chro-
mium towards the coating-scale boundary has resulted in this decrease
in the bulk of the coating. It is promising that the coating following a
1000 h exposure was not fully depleted in aluminium. The darker
spots within the splat were identified as an aluminium-rich phase
with the following composition at spectrum 2 (14 at.% O, 1% Na, 16%
Al, 4% Si, 1% S, 14% Cr and Fe balance). The levels of oxygen in spectrum
2 and 3 are the same, but the main difference is in the concentration of
aluminium. This phase is possibly an intermetallic phase of Fe3Al, which
according to the Fe-Al phase diagram can form at the test temperatures.
The inter-splat oxide at spectrum 1 has thickened following the 1000 h
exposure and has the following composition (29 at.% O, 1% Na, 17% Al,
3% Si, 1% S, 15% Cr and Fe balance).

To identify the mode of corrosion attack on the FeCrAl coating, EDX
elemental mapping was performed. As an example, Fig. 5 shows the
elemental maps of the FeCrAl coating, which was exposed at 700 °C
for 1000 h. Iron is found in the coating as well as in the deposit. A thin
band of aluminium-rich mixed oxide was found at the outer edge of
the coating (which can also be identified as the darker contrast region
in the BSE image). Underneath this layer, a mixed chromium-rich
oxide was detected from the elemental maps. Sulphur was detected in
the chromium-rich mixed oxide layer, suggesting the scales were not
protective to stop inward migration of sulphur in the tests.

Fig. 6 shows a higher magnification BSE image of the FeCrAl coating
following exposure at 800 °C. Looking at the elemental map, a network
of chromium-rich oxide developed around the initial splats (spectrum
2: 48 at.% O, 8% Al, 19% Cr, 1% Si, 23% Fe and 1% Na). EDX spot analysis
was also performed at the inter-splat region, which had a darker con-
trast (spectrum 3: 50 at.% O, 14% Al, 13% Cr, 1% Si, 21% Fe and 1% Na).
The smaller size of this phasemakes it very difficult to identify it reliably
using the EDX spot analysis. This oxide at the inter-splat boundary is
predominantly a chromium-rich oxide network with small inclusions
of aluminium oxide. The aluminium-rich phase appeared darker in
contrast in the BSE image.

From the elemental maps, it can be seen that the chromium is
enriched on the outside of the coating at the coating-scale interface.
EDX spot analysis of spectrum 1 has the following composition:
56 at.% O, 7% Al, 19% Cr, 1% Si, 16% Fe and 1% Na. The composition
suggests it is a chromium-rich mixed oxide with Na, which came from
the deposit. Moreover, from the EDX maps it can be seen that an alu-
minium-rich mixed oxide has grown on top of the chromium-rich
mixed oxide layer.

3.3. Measurements of metal damage through dimensional metrology

Mass change data are the most conventional and frequently reported
method of observingmetal oxidation and corrosion at high temperatures
[26,27]. There are many well-known drawbacks of using mass change
data, and hence it limits the use of mass change data in many practical
situations, which also complicates its interpretation. However, the gener-
ation of mass change data is still part of the draft standards for high-tem-
perature corrosion testing and provides a means to compare with the
published literature. The “deposit-recoat”method used in this study gen-
erates the necessary mass change data on each recoat cycle, and Fig. 7
shows the specific net mass change data for FeCrAl coated samples,
which were covered with deposits in simulated combustion gases. In
general, higher net specific mass gain was observed with increasing the
test temperature. It is should be noted that no decrease in mass change
was noticed during the exposure for 1000 h, suggesting no scale or
coating spallation occurred during the exposure of the samples.

Dimensional metrology provides the most reliable measurement of
corrosion damage to materials at high temperature, as it produces a
distribution of metal damage data for each exposed samples [28,29].
The results are plotted as change in metal vs cumulative probability
according to the draft standards for high-temperature corrosion mea-
surements [17,18]. Fig. 8 shows the metal damage vs cumulative prob-
ability of FeCrAl coatings exposed in simulated co-fired combustion
gases with screening deposits at 700, 750 and 800 °C for 1000 h. The



Fig. 3. BSE images of the FeCrAl coating following exposure in the simulated combustion gases with deposit at (a) 700 (with line scans showing elemental distribution), (b) 750 and
(c) 800 °C.
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Fig. 4. BSE image showing inter-splat oxides and degradation of the FeCrAl coating after
the exposure at 750 °C. EDX spectra of the points are discussed in the text.
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least damage out of all three temperatures was observed at 700 °C with
a median metal loss of ~85 μm. The median metal damage (i.e., metal
damage at 50% cumulative probability) is a useful measure to compare
coating performance. Fig. 9 shows the median metal losses of the
coating at all three exposure temperatures with the minimum and
maximum metal loss values as error bars. Typically, the thickness of
the coating before the exposure was around 250 μm. At both 750 and
800 °C, the median metal damages were more than ~250 μm. The
most aggressive damage was observed at 750 °C with a maximum
metal damage of 770 μm. According to Fig. 8, 55% of the sample surface
had no coating left after exposure at 750 °C (metal damage more than
250 μm). The sharp steps in the metal loss curves indicate non-
uniformmetal damage. For example at 750 °C, 10% of the sample surface
suffered from a damagemore than ~550 μm and 90% of the sample sur-
face suffered from a damage more than ~57 μm. The sample surface
after 1000 h exposure at 800 °C showed a median metal loss of
~300 μm. It should be noted that the screening deposit is an aggressive
O S

Fig. 5. BSE image and corresponding EDX elemental maps s
deposit that is used to accelerate superheaters/reheaters corrosion
damage in laboratory exposures.

4. Discussion

Typically, metal damage to the alloys or coatings increases with
increasing temperature, although the rate of damage depends on the
kinetics. In this study, the damage to FeCrAl coating at 750 and 800 °C
increased by a factor of ~3.5 times compared to that of 700° (comparing
the median metal loss values). Traditional target corrosion values for
superheater/reheater materials in conventional coal fired power plants
are ~40–50 μm/1000 h. The metal loss values in this study are well in
excess of those target values. However, it should be noted that the
screening deposit used in this study is an aggressive deposit, which
accelerates the corrosion used in laboratory corrosion tests. In service
conditions, the flux of the alkali salts will be less due to clay minerals
and ash in the deposits. For comparison, in similar combustion gases
with a screening deposit, a bare T92 substrate at 700 °C shows amedian
metal loss of ~850 μm with a maximum metal loss of ~950 μm and a
minimum metal loss of ~800 μm [16]. There is no doubt that the use
of FeCrAl provided considerable protection to the substrate at 700 °C
(e.g., the median metal loss of FeCrAl was ~85 μm). The corrosion
damage to the coating is believed to be due to the formation of molten
complex alkali-iron tri-sulphates. Possible series of reactions of forming
alkali-iron tri-sulphates are [30]

SO2 þ 1=2O2↔SO3 ð1Þ

Fe2O3 þ 3SO3↔Fe2ðSO4Þ3 ð2Þ

3ðNa=KÞ2SO4 þ Fe2ðSO4Þ3↔2ðNa=KÞ3FeðSO4Þ3 ð3Þ
The alkali-iron tri-sulphates melt at a much lower temperature than

alkali-sulphates, with aminimummelting point of ~550 °C [30–33]. The
deposit needs SO3 to be stabilised at high temperatures. In this study,
Cr

Fe Al

howing the FeCrAl coating after the exposure at 700 °C.



Fe Cr

O Al

Fig. 6. Higher magnification BSE image showing individual splats and EDX maps of the FeCrAl coating after the exposure at 800 °C.
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the test conditions were above this melting point and hence the
deposits were molten.

In fireside corrosion, typically the austenitic steels show a characteristic
bell-shaped curve, where the material damage increases with increasing
temperature and after reaching a peak decreases with increasing tem-
perature. In a previous study with the same combustion environment
and the same screening deposits, the peak was found to be at around
650 °C. This was due to de-stabilisation of the molten complex alkali-
iron tri-sulphates with increasing temperature [16]. It another study
with HVOF sprayed FeCrAl coating, it was found that the median
metal loss of at 650 °C under similar conditions was ~140 μm at
650 °C with a maximum damage of ~185 μm and a minimum damage
of ~105 μm [12]. In this current study, the median corrosion damage
of the FeCrAl coating at 700 °C was ~ 85 μm,which follows the decreas-
ing trend of the so-called bell-shaped curve. However, above 700 °C, the
corrosion damage increased rapidly with increasing temperature,
suggesting a different corrosion mechanism is taking place, which is
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not related to the de-stabilisation of the deposits. It is believed that
the oxidation damage is dominating over the corrosion damage beyond
700 °C, resulting in an overall change in degradation mechanisms. Sim-
ilar behaviour was observed in nickel-based alloys (263, 617, 718),
where a change in degradation mechanism occurred above 700 °C
with significant internal damage [34].

FeCrAl coating has traditionally been used for high-temperature
oxidation applications, and the published literature lacks information
on the coating in fireside corrosion environments. FeCrAl alloys typically
formprotectiveα-Al2O3 at around900 °C, butmetastableγ-Al2O3 (some-
times θ and δ) sub-layers can bedetectedwhenexposed at lower temper-
atures [35]. The lowest amount of Al required to form an alumina layer
is ~ 3.2 wt.% at around 900 °C in air [36]. Alloys with less than 3 wt.% Al
usually form a three layered oxide layer consisting of an outer iron
oxide, intermediate chromium oxide and an inner aluminium layer. The
oxide growth involves transportation of ions through the oxide layer,
which is controlled by diffusion mechanisms. During the migration
mechanisms, metal ions diffuse from the oxide/metal interface to the
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oxide/gas interface while the oxygen ions diffuse the opposite direction.
The alumina oxide growth canbe inwardwhen it is predominating by ox-
ygen diffusion or outwards when the diffusion of aluminium is faster
through the layer. This mechanism is widely accepted for the wrought
or cast alloys, but the complex nature of the HVOF sprayed coating,
which contains oxides, voids and segregated phases, makes it very
difficult to identify the mechanism. In this study, an outer mixed oxide
layer rich in aluminium was formed in the test temperatures, and an
inner mixed oxide layer rich in chromium with aluminium was formed.
Sulphur was found underneath the chromium-rich layer, suggesting
the mixed oxides were not protective or gas tight in nature. Also, the
concentration of aluminium in the coating decreased during the 1000 h
exposure. The average concentration of the as-sprayed aluminium
coatingwas 11–12 at.%,which decreased to 6 at.% following the exposure.
The decrease in aluminium concentration is due to migration of
aluminium towards the coating-scale interface. Although this is above
the threshold required to form protective alumina scale (at appropriate
temperatures,) the gaseous environment with deposits was not
favourable to form such an oxide scale—a mixed aluminium-rich oxide
with other elements formed instead of the protective alumina.

Significant coating damage was observed at several places at the
higher two test temperatures. The mass change data of the samples do
not suggest any spallation during the 1000 h exposure, which indicated
that the coatings suffered from gradual aggressive corrosion damage
with time and eventually, the whole coating thickness was consumed
at various sections.

5. Conclusions

The effect of simulated co-fired combustion gases on thefireside cor-
rosion of the HVOF thermal sprayed FeCrAl coating has been investigat-
ed with a synthetic deposit for 1000 h at 700, 750 and 800 °C. The tests
were conducted in line with deposit-recoat test method for high-tem-
perature corrosion and dimensional metrology formed a critical part
of this study. The sampleswere examined in anESEMwith EDXelemen-
tal mapping, and traditional mass change measurements were also
performed. The following conclusions can be drawn from this study:

• The FeCrAl coatingperformedbest at 700 °C (~85 μmmedianmetal loss
after 1000h) but suffered fromaggressive corrosion damage at 750 and
800 °C. Median metal losses of the coating were ~260 and ~305 μm at
750 and 800 °C, respectively. The coating in all three temperatures
suffered from progressive metal losses with exposure time and no
spallation of the coating was observed from the mass change data.
• The coating produced an aluminium-richmixed outer oxide layer and a
chromium-rich mixed inner oxide layer underneath the synthetic
deposit in the simulated combustion gases. Sulphur was detected
underneath the inner mixed oxide layer suggesting a sulphidation at-
tack; however, no chlorine was detected at the coating-scale interface.

• The bulk concentration of aluminium within the coating following the
1000 h exposure decreased to 6 at.% (from as-sprayed 11–12 at.%).
The inter-splat oxides in the coating consisted of chromium oxides
with aluminium-rich phases. Aluminium in the coating acted as a reser-
voir during the exposure; however, no gas tight protective alumina
layer was formed at the coating-scale interface.
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