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Modelling fireside corrosion of thermal sprayed coatings
in co-firing of coal/biomass
T. Hussain*, N. J. Simms and J. R. Nicholls
This paper presents a development and evaluation of coating materials for

advanced fossil fuel plants and addresses issues related to coal/biomass-derived

flue gases. A selection of candidate coatings: 625, NiCr and NiCrAlY were

deposited on superheater/reheater materials (T91) using high velocity oxy-fuel

(HVOF) spraying. A series of laboratory-based fireside corrosion exposures have

been carried out on these coated samples in controlled atmosphere furnaces for

1000h. The tests were carried out with the ‘‘deposit-recoat’’ test method to

generate the exposure conditions; the gaseous environment simulated that

anticipated from air-firing 20wt% cereal co-product (CCP)mixedwith a UK coal.

The exposures were carried out using various mixtures of Na2SO4, K2SO4, Fe2O3

and kaolinite to produce different deposition fluxes at a test temperature of

650 8C. After the exposures, the samples were examined by environmental

scanning electron microscope/energy dispersive X-ray analysis to characterise

the damage. Pre- and post-exposure dimensional metrology was used to

quantify the metal damage in terms of metal loss distributions. In all three

coatings, the deposit targeted at forming undiluted alkali-iron tri-sulphate was

found to be themost aggressive, causing themost corrosion damage to all alloys

in simulated air-fired combustion gases. A corrosion model was proposed to

predict the incubation time at different alkali deposition fluxes. The transition

from incubation to propagation was found to be dependent on the chromium

content of the alloys.The HVOF NiCr coating, with 46wt% chromium, was found

to be the best performing coating with the longest incubation times in these

tests.
1 Introduction

The UK Government has an ambitious target of reducing CO2

emissions to 80% of their 1990 levels by 2050 and generating 20%

of the energy from renewable sources by 2020 [1, 2]. Tomeet these

targets renewable fuel such as biomass will play a significant role.

Co-firing biomass with coal is a near term option to reduce CO2

emissions from the utility boilers and to increase the energy

output from renewable sources [3, 4]. At present, conventional

fossil fuel-fired power plants are believed to be significant

contributors to the enhanced greenhouse effect/global warming

[1, 5]. Co-firing low levels of biomass in conventional pulverised

coal-fired power plants has proved to be a successful way to

introduce carbon neutral biomass fuels into the electricity

generation market. Biomass is a major contributor to renewable
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energy production, accounting for approximately 70% of world-

wide renewable energy production [6]. In addition, increasing the

efficiency of boilers by increasing the operating steam tempera-

tures (and pressures) is an attractive option for power plant

operators to reduce the greenhouse gas production and to meet

increasingly stringent legislations. However, the superheaters/

reheaters in such system may encounter very aggressive fireside

corrosion at the operating temperatures required to improve

plant efficiency and make CO2 capture systems viable. The use of

biomass and higher operating temperature are dependent on the

development of high temperature corrosion resistance alloys.

Fireside corrosion is defined as the loss of heat exchanger

metal due to chemical reactions with the combustion gases and

deposits at high temperatures [7–9]. Fireside corrosion is the

single most reason for tube failures for pulverised fuel-fired

power plants [8–11]. These failures are difficult to repair and

result in unscheduled plant down time. Fireside corrosion in

pulverised coal-fired power plants has been studied widely and it

has shown that molten alkali-iron tri-sulphates can form in the

deposits on heat exchanger surfaces and are very aggressive in
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Table 2. Nominal gas composition used in fireside corrosion tests

N2

(vol%)
O2

(vol%)
CO2

(vol%)
H2O
(vol%)

SO2

(vppm)
HCl

(vppm)

Air-firing 73.8 4 14 8 1300 400
nature [8, 11]. When biomass is co-fired with coal the combustion

gases and deposits do not remain the same. The environment

is expected to be chemically more aggressive, with particles

leading to erosion or deposition, while chemically corrosive

species depositing on the heat exchanger surface leading to

fireside corrosion. The rates of corrosion will depend (amongst

other factors) on the rate of deposition, deposit composition, the

metal temperature and the composition of surrounding gas

environment. The deposition of alkali bearing salts and the

onset of fireside corrosion is a serious and a life-limiting problem.

This paper addresses this issue, namely the modelling and

predicting of fireside corrosion of superheaters/reheaters in

pulverised fuel power plants.

High corrosion resistant Ni-based alloys can provide

suitable protection from fireside corrosion but Ni-based alloys

are 10 times more expensive than conventional ferritic steels.

It is considered that the development and use of effective

corrosion resistance coatings will enable power plants to

operate at higher steam temperatures (and pressures), hence

increasing efficiency, and also utilise lower grades of fuel.

Thermally sprayed coatings can be applied to both new build

power plants and retrofit applications. Thermally sprayed

coatings on low-cost substrate materials (e.g. steels with sufficient

creep strength) can provide a cost-effective solution in this

aggressive environment [12]. Among the thermal spray techni-

ques, the high velocity oxy-fuel (HVOF) is widely used to

produce corrosion resistant coatings with low porosity, high

density and excellent adhesive strength [13]. In HVOF process

oxygen and a fuel (usually a gas) are mixed and burnt in the

combustion chamber of a spray gun. The high gas pressures

and temperatures are used to heat and accelerate the powder

particles toward a substrate [14]. The powder particle tempera-

tures are relatively low and particle velocities are relatively

high in comparison with other thermal spraying processes [15].

HVOF process can produce Ni alloy coatings for corrosion

resistance applications, where dense, microstructurally homo-

geneous coatings are essential.

This paper presents the results of an investigation into the

fireside corrosion performance of three thermally sprayed

coating: 625, NiCr and NiCrAlY on T91 boiler steel in simulated

air-fired combustion gases (1300 vppm SO2 and 400 vppm HCl)

at 650 8C for 1000 h. The tests were carried out with the ‘‘deposit-

recoat’’ test method that has been established for high

temperature corrosion. The exposures were carried out using

five different mixtures of Na2SO4, K2SO4, Fe2O3 and kaolinite to

produce different deposition fluxes. Section loss data have been

measured and analysed statistically, from which a fireside

corrosion model of thermally sprayed coatings for potential

use in superheaters/reheaters in a pulverised fuel power plant

has been developed.
Table 1. Nominal composition (wt%) of the coatings used in fireside cor

Al C Co Cr Cu Fe

Alloy 625 0.2 0.1 21.3 0.18 0.1

NiCr 0.1 46.0 1.1

NiCrAlY 9.9 22.0
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2 Experimental methods

2.1 Materials

In this study, three thermal sprayed coatings: alloy 625, NiCr and

NiCrAlY were sprayed onto a ferritic steel T91 (0.07–0.14 C, 0.2–

0.5 Si, 0.3–0.6 Mn, 8.0–9.5 Cr, 0.85–1.05 Mo, 0.18–0.25 V, 0.03–

0.07 N, 0.06–0.1 Nb, �0.4 Ni wt%) by Sulzer Metco, Inc. (USA)

with commercially available powders from Sulzer Metco, Inc.

Nominal compositions of the coatings are given in Table 1. All

three coatings have been traditionally applied in high temperature

corrosion resistance applications. NiCr is a high chromium

content (46wt%) alloy, alloy 625 has 21wt% Cr with 9wt% Mo

and 3.6wt% NbþTa and NiCrAlYcontains 9wt% Al with 22wt%

Cr. All three coatings were applied on a 38mm diameter boiler

tube (T91) using HVOF spraying using propylene as the liquid

fuel. T91 was used as a substrate material to represent candidate

materials for heat exchangers (supeheater/reheaters) in advanced

pulverised fuel power plants. The coated tubes were cut and

machined into tube segments with dimensions of �15mm

chord, 15mm long and 5mm wall thickness.

2.2 Exposure conditions

The exposure conditions were determined following a detailed

investigation of the gaseous environments and deposit conditions

that could be found around superheaters/reheaters in conven-

tional pulverised coal-fired UK plants using various biomass-coal

fuel combinations [8, 10, 16, 17]. The gaseous conditions for the

fireside tests were based on co-firing 80:20wt% of a typical UK

coal (Daw Mill) with cereal co-product (CCP). The compositions

of these fuels are available in [18]. The combusted gas

compositions produced by these fuels have been calculated from

the fuel compositions, using models that have been validated

through pilot and plant scale operations. These gas compositions

have been simplified to their key active components for the

purposes of corrosion testing in superheaters/reheaters environ-

ments. The nominal composition of the gas is given in Table 2.

The coatings were tested at 650 8C in the simulated air-fired

combustion gas for 1000 h.

Five deposit compositions were selected for application in

this test programme (Table 3). D1 is a widely used standard

deposit for screening tests in fireside corrosion as it represents
rosion exposures

Mo NbþTa Si Y N O Ni

8.9 3.58 0.13 0.03 Bal.

2.1 0.03 Bal.

0.9 0.02 Bal.
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Table 3. Deposit compositions (mol%) used in fireside corrosion tests

Deposits Kaolinitea Na2SO4 K2SO4 Fe2O3

100% Alkali (D1) 0 37.5 37.5 25

80% Alkali (D2) 20 30 30 20

40% Alkali (D3) 40 22.5 22.5 15

60% Alkali (D4) 60 15 15 10

20% Alkali (D5) 80 7.5 7.5 5

aAl2O3�2SiO2�2H2O.
a composition of alkali-iron tri-sulphate that has been identified

as being the principle cause of fireside corrosion on super-

heaters/reheaters in pulverised coal-fired stations [7, 8, 11, 17, 19,

20]. This deposit is referred to as 100% alkali in this paper,

as it represents a mixture which can produce 100% alkali-iron

tri-sulphates. The alkali-iron tri-sulphate compositions from

D1 were diluted with 20, 40, 60, 80 (mol)% kaolinite

(Al2O3�2SiO2�2H2O) to represent the clay minerals usually found

in coals. These mixed deposits represent that formed by mixed

deposition routes (particle and vapour deposition) on super-

heater/reheater surfaces [5, 8, 9, 11, 16, 19]. These deposits are

referred to according to the amount of alkali-iron tri-sulphate

they produce (i.e. deposit with no kaolinite is referred to as 100%

alkali and deposit with 80% kaolinite is referred to as 20% alkali).

The deposits were mixed with isopropanol (IPA) to form thick

slurries for painting onto the specimens.

2.3 Experimental setup

The fireside corrosion exposures were carried out in an alumina-

lined vertical controlled-atmosphere furnace using simulated air-

fired combustion gas. The furnace holds 24 test pieces at one time

in individual alumina crucibles in the hot zone. Pre-mixed gases

were supplied to the controlled-atmosphere furnace through

mass flows controllers to achieve the desired gas composition.
Figure 1. Schematic diagram of a controlled atmosphere furnace setup f

www.matcorr.com
The schematic diagram of the furnace set-up to simulate air-firing

conditions is shown in Fig. 1. In the experimental set-up, the gas

containing (CO2, O2, N2) was passed through a de-ionised water

bubbler which was kept at 40 8C in a water bath to add the

required amount of moisture to the gas stream before mixing

with the corrosive species (HCl, SO2). The exhaust gases from

the furnace passed through an initially empty bottle to trap the

condensate and then through a scrubber solution (NaOH) before

finally being released into the atmosphere.

Each test was run for 1000 h using the widely accepted

‘‘deposit-recoat’’ method [17, 21–23]. The samples were cleaned

before exposure using a degreaser (volasil) followed by IPA in an

ultrasonic bath for 20min. The cleaned samples were painted

using a paint brush to apply a deposit loading of �20mg/cm2.

The tests were cycled every 200 h and repainted with deposits

to replenish any salts, resulting in a deposition flux of

�100mm/cm2/h. The samples were weighted every 200 h with

and without crucibles as well as before and after applying the

deposits.

2.4 Pre- and post-exposure measurements

Following exposure the samples were vacuum mounted using a

low shrinkage cold mounting resin filled with ballotini (to further

reduce shrinkage) in a specially designed jig. The mounted

samples were then cross-sectioned, ground and polished to 1mm

diamond grit finish using non-aqueous lubricants. Environ-

mental scanning electron microscope (ESEM) was used to

investigate the scale layer thicknesses and microstructures on the

polished cross-sections. Energy dispersive X-ray (EDX) spectro-

scopy was used to identify the composition of the scales/deposits

on the cross-sections. To identify the elemental distribution of

key components across the scale/metal interfaces EDX mapping

was used.

The dimensions of each of the samples were measured

before and after the exposure. The dimensional metrology of the
or fireside corrosion in simulated air-firing combustion gases
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samples before and after exposure in the fireside corrosion tests is

a key element of this research. All samples were measured using

a digital micrometer (with resolution of 1mm) prior to their

exposure. Post-exposure metrology on sample cross-sections was

carried out using an image analyser connected to an optical

microscope with a motorised x–y co-ordinate table, to determine

the remaining metal thickness and any internal damage. The

measured co-ordinates from the post-exposure image analysis

were transferred into spreadsheets and compared with the pre-

exposure micrometer measurements to determine a metal loss

data distribution for each sample. These distributions were

further processed to generate cumulative probability curves. A

detailed description of the method is available in previously

published papers [18, 24]. This measurement method was

performed in accordance with the draft standard methods for

high temperature corrosion assessments [21–23].

3 Results

3.1 Mass change data

Mass change data are the most conventional and frequently

reported method of observing metal oxidation and corrosion at

high temperatures [25, 26]. Figure 2 shows the specific mass

change data for individual samples of alloy 625, NiCr and
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Figure 2. Mass change data for coatings: (a) 625, (b) NiCr and (c)

NiCrAlY covered with deposits containing (100, 80, 60, 40 and 20) %

alkali in simulated air-fired combustion gases
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NiCrAlY covered with five deposits (100, 80, 60, 40 and 20%) in

simulated air-fired combustion gases. Figure 2 shows an

approximately linear kinetics of the fireside corrosion for all

three coatings covered in various deposits. In such mass change

plots, the increase in mass change corresponds to oxidation/

sulphidation of the sample in the simulated air-fired combustion

gases and the decrease in mass change corresponds to spallation/

evaporation. Rapid mass gain was observed in all three coatings

when 100% alkali deposits were applied, even within first 200 h

cycle. With the rest of the deposits (e.g. 80–20% alkali) similar

mass gain were observed for all three coatings. Following 200 h of

exposure, the samples with higher quantity of alkali showed

higher mass gain in a linear fashion. When all three types of

coatings were covered with 20 and 40% alkali deposits similar

specific net mass gain up to 600 h were observed, after which the

sample covered with 40% alkali resulted in a higher mass gain

than that of the sample covered with 20% alkali.

The mass change of each alloy is sensitive to the quantity of

alkali present in the deposits, with mass gain/corrosion damage

increasing with increasing alkali percentages in the deposits.

Under the most aggressive conditions of 100% alkali deposit,

the coating NiCrAlY showed the highest mass gain out of all

three candidate coatings. Conventional parabolic kinetics of

high chromium alloys were not observed in any of the samples.

Although mass change data provide valuable information about

the kinetics of the high temperature oxidation/corrosion

mechanisms, there are drawbacks to using mass change data,

such as spalling of oxides/corrosion products/deposits during the

course of exposure or through thermal cycling and formation

of volatile species [21, 23]. Hence, dimensional metrology was

performed to investigate the damage of the samples following

exposures in the fireside corrosion tests.

3.2 Measurements of metal damage (dimensional

metrology)

Dimensional metrology is the best measurement method

available for corrosion performance of the different alloys,

as the method produces a distribution of metal damage data

for each exposed sample. The results are plotted as change in

metal thickness versus cumulative probability according to draft

standards for high temperature corrosion measurements [21, 22].

Cross-sections from each test environment were measured using

an image analysis system to provide datasets of �20 metal loss

measurements. These datasets for each sample are then ordered

to allow the extent of attack to be determined and presented as

probability plots [24, 27].

Figure 3 illustrates such plots for alloy 625, NiCr and

NiCrAlY after 1000 h exposure at 650 8C in simulated air-fired

combustion gases with five different deposits. The data for 625

(Fig. 3a) demonstrate that measured metal losses with 20 and

40% alkali are generally less than 10mm (close to the accuracy of

the measurement techniques, which is �5mm). Both, the

samples are considered still to be in their incubation periods,

where the damage to the protective scale can be repaired by the

elements in the underlying material [28]. However, with

increasing the concentration of active species, which take part

in the corrosion reactions, the damage to the alloy had increased.
www.matcorr.com
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Figure 3. Change in metal thickness versus cumulative probability

showing the behaviour of coatings: (a) 625, (b) NiCr and (c) NiCrAlY

covered with deposits containing (100, 80, 60, 40 and 20) % alkali in

simulated air-fired combustion gases
For this coating, a shift from incubation to the propagation

occurred at 60% alkali deposit. Median metal loss (at 50%

probability) of the 625 sample covered with 60% alkali deposits

was 38mm, the sample covered with 80% alkali was 90mm and

the sample covered with 100% alkali was 125mm. The samples

covered with all three deposits are considered to be in propagation

stages as all the data points recorded from these samples are

significantly greater than zero. The distribution of change in

metal of 625 covered with 100% alkali shows that the 25% of the

sample have an increased penetration up to 170mm. Similarly,

the distribution of 625 alloy covered with 80% alkali deposit

shows that 25% of the sample surface suffered an increased

penetration up to 115mm. Regions of the cumulative probability

plots that are effectively flat correspond to an even distribution of

change in metal.

Figure 3b illustrates a cumulative probability plot for NiCr

coating covered with five different levels of alkali deposits

following exposure at 650 8C for 1000 h in simulated air-fired

combustion gases. Cumulative probability plots of 20, 40, 60 and

80% alkali deposits showed no significant differences in change

in metal values (all the samples were in incubation where

changing the levels of alkali content in the deposits did not show

any measurable distinction in metal loss values). Median metal

loss values in 20–80% alkali deposits were below 15mm and the
www.matcorr.com
cumulative probability plots were approximately straight lines

indicating an even distribution. However, NiCr coatings covered

in 100% alkali deposits showed a significant change in metal that

is all themeasurements on the sample were higher than zero. The

steep sections of the plot show that the sample has suffered

damage of various depths. The plot illustrates that 80% of the

surface of the sample suffered a loss of metal greater than 70mm.

Thus, the whole sample surface was in propagation stage when it

was covered in 100% alkali deposit.

The plots of NiCrAlY alloy (Fig. 3c) demonstrate that the

coatings covered in 20 and 40% alkali deposits showed metal

losses less than 7mm (close to the accuracy of themeasurements).

The whole of these sample surfaces are considered to still be in

the incubation stage. The change in metal distribution of the alloy

covered in 60% alkali showed a small increase in median metal

loss (18mm), with 15% of the sample with more than 29mm

metal loss. The different areas of the sample moved into the

propagation stage from the incubation stage at different rates.

The change in metal distribution for NiCrAlY coating covered

with 60% alkali deposits shows a median metal loss of 50mm and

50% of the sample surface suffered corrosion attack of more than

50mm. The sample was well into the propagation stage. It is

apparent that when NiCrAlYwas covered with 100% alkali deposit

in the simulated air-fired combustion gases catastrophic failure of

the coating occurred; 50% of the sample surface suffered a

corrosion damage of >250mm (as-sprayed thickness of the

coating was �250mm) leaving 50% of the surface without any

coating. This implies that above a certain percentage of alkali

in the deposits (or flux) rapid attack can occur on NiCrAlY

coatings.

3.3 Microstructural investigations

Following the preparation of cross-sections for dimensional

metrology, all exposed samples were examined in an ESEM in

environmental scanning mode, along with as-sprayed coatings.

Figure 4 illustrates some of themorphologies observed in the BSE

mode, as a function of alkali content in the deposits.

Cross-sectioned of as-sprayed alloy 625 sample shows a pore-

free micro-structure of �250mm thick coating on T91 substrate.

The areas of darker contrast at the coating-substrate interface are

alumina grit (identified by EDX analysis) from the surface

preparation step before spraying. Following exposure in

simulated air-fired combustion gases for 1000 h, alloy 625

coating covered with 100% alkali deposit showed aggressive

corrosion attack similar to broad front type II hot corrosion attack.

The darker contrast layers on top of the coatings were identified as

deposit/corrosion product layers. EDXmapping (not shown here)

showed sulphur rich region on the top of the coatings. This

sulphidation indicates that the sample’s initial protective oxide

layer had been damaged and that corrosion was in the

propagation stage. In contrast, the sample which was exposed

with 20% alkali deposits showed little corrosion attack and the

deposits were mostly un-reacted. A thin oxide layer rich in

chromium was present across the entire sample surface

indicating that the sample was still in incubation.

The as-spayed microstructure of NiCr and NiCrAlY coatings

are also shown in Fig. 4. Typical thickness of both coatings was
� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. BSE images of cross-section of the coatings 625, NiCr and NiCrAlY on T91 substrate in as-received, covered with deposits containing 100

and 20 % alkali in simulated air-fired combustion gases after 1000 h
�250mm. Similar to alloy 625, NiCr coating covered in 100%

alkali deposits showed significant loss of coating thickness.

A thick band of sulphur was detected on top of the coatings in the

EDX map which confirms sulphidation attack. A thick band of

corrosion products (deposits/scales) can be seen on the top of

the coating in the BSE image. The microstructure of NiCrAlY

coating covered in 100% alkali deposits showed only 20–30mm

thick coating left on the substrate. As it was found from the

dimensional metrology studies, 50% of the surface of this sample

did not have any coating left and the remaining surface only had a

thin layer of coating. An elaborate network of sulphur was present

in the deposit/scale, as seen in EDX maps. In contrast, both NiCr

and NiCrAlY samples covered in 20% alkali deposits showed

no attack of the coating. The deposits were largely un-reacted on

these samples.

4 Discussion

4.1 Modelling the incubation-propagation rates

From the foregoing results section it is evident that for the

coatings studied in this paper (625, NiCr, NiCrAlY) the transition

from incubation to catastrophic propagation occurs at various
� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
levels (or fluxes) of active elements (alkali content) in the deposits.

The ordered metal loss data allow the sensitivity of fireside

corrosion damage at a particular probability level to be assessed

as influenced by various environmental parameters that is salt

chemistry. The changes in the metal loss measured in this study

can be used to develop models for the rate of growth of fireside

corrosion as a function of salt flux.

It is evident from the metal loss data that the observed

corrosion damage is a complex interaction between alloy

chemistry and salt chemistry (in simulated combustion gases

at high temperatures). This is due to the complexity of the alloy

and gas induced acid fluxing reactions and how these fluxing

reactions interact with salt supply. The 100% alkali deposit is a

widely used screening deposit in fireside corrosion tests as it

represents a composition of alkali-iron tri-sulphate that has been

identified by several researchers as being the principle reason for

superheater/reheater corrosion in pulverised coal-fired power

plants [8, 11, 17, 19, 20]. The mass change data of the alloys

(Fig. 2) covered with 100% alkali deposits showed rapid mass

gain, even after 200 h, indicating an aggressive corrosion attack.

Themechanisms of corrosion in all five deposit compositions can

be considered similar as the active elements are the same in all

deposits, albeit at different dilutions. Addition of kaolinite to the

deposits should not change the mechanisms of corrosion as
www.matcorr.com
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kaolinite remains unreacted in these exposure temperatures in

this environment.

Figure 5 illustrates the incubation-propagation type plots for

625, NiCr and NiCrAlY coatings. For each type of deposit median

metal loss values from Fig. 3 were taken. Alloy 625 covered with

20 and 40% alkali deposits were still in incubation stage as the

median metal losses were very small (near the accuracy of the

measurement technique). The sample covered in 100% alkali

deposits was in its propagation stage during the whole period of

the exposure (as can be seen from the mass change data). If the

same corrosion propagation mechanisms are found in the rest of

the samples (i.e. samples covered with 60 and 80% alkali deposits)

then straight lines parallel to the 100% alkali deposit can be drawn

from their corresponding median metal loss values which

intersect the incubation line at 730 and 280 h, respectively. It is

found that the alloy 625 sample covered in 60% alkali deposit had

an incubation period of �730 h, after which the sample entered

into the propagation stage. Similarly, alloy 625 covered in 80%

alkali deposit was in its incubation stage till �280 h before

entering into the propagation stage.

Similar damage versus exposure time plots can be drawn for

NiCr coatings covered in 100, 80, 60, 40 and 20% alkali deposits. It

is interesting to notice that all the samples covered in deposits,

except 100% alkali deposits, showed very little corrosion damage,
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Figure 5. Damage versus exposure time showing the incubation to

propagation type behaviour of coatings: (a) 625, (b) NiCr and (c) NiCrAlY

covered with deposits containing (100, 80, 60, 40 and 20) % alkali in

simulated air-fired combustion gases
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hence the incubation times for the onset of fireside corrosion for

those samples were more than �900 h. NiCr coating was very

resilient to the increase in alkali percentages in the deposits and

only showed aggressive corrosion attack when 100% alkali

deposit was used.

Figure 5c illustrates the incubation-propagation plots for

NiCrAlY coatings for all five different deposits. The gradient for

corrosion damage of the NiCrAlY sample covered in 100% alkali

deposit was steeper compared to NiCr and alloy 625 coatings, as

the median metal loss was higher compared to the other two

coatings. Alloy 625 and NiCrAlY had similar amount of Cr in the

coatings but alloy 625 had Mo, Nb and Ta, which contributed to

produce a more adherent protective oxide scale. Although,

NiCrAlY contained 9wt% Al, the temperature was not sufficient

to produce a protective alumina layer at 650 8C. The samples

covered with 20 and 40% alkali deposits were in incubation stages

until 1000 h. The sample covered in 60% alkali deposit showed a

small increase inmetal loss value and had an incubation period of

�950 h. However, the sample covered in 80% alkali deposit was in

incubation up to �820 h. It is interesting to notice that NiCrAlY

coating has longer incubation times compared to alloy 625

samples; however, when the propagation commences it pro-

gresses more rapidly in NiCrAlY.

4.2 Prediction of incubation time

The incubation times derived from Fig. 5 for various alloys and

deposit compositions can be used to model incubation times for

alloys at different alkali fluxes. The samples were painted to apply

a deposit loading of �20mg/cm2 and the test was cycled every

200 h and repainted with deposits to replenish any salts according

to ‘‘deposit-recoat’’ draft test methodology, giving a deposition

flux of 100mm/cm2/h. Thus, all the deposits with five levels

of alkali concentration can be converted to deposition flux

(mm/ cm2/h). Figure 6 illustrates incubation time versus deposi-
tion flux plots for alloy 625 and NiCrAlY coatings. It was not

possible to produce such plots with the incubation times from

NiCr coating as most of the samples, except the sample covered

in 100% alkali deposit, was in incubation mode during the test

duration of 1000 h.

In Fig. 6a, first three data points were used to draw a straight

line which intersects the Y-axis at 1800 h which means alloy 625

with a low (near zero) deposition flux has an incubation time of at

least 1800 h. The samples with 20 and 40mm/cm2/h deposition

fluxes were still in incubation up to 1000 h so their accurate

position on the plot cannot be determined, but it can be

anticipated that the incubation times will be higher. Similarly,

Fig. 6b shows the incubation time versus fluxes for NiCrAlY

coatings. Incubation times at 100, 80 and 60mm/cm2/h were

used to draw a straight line, which shows that at low (near zero)

flux incubation time for NiCrAlY is at least 2500 h. Although,

generally the incubation time of NiCrAlY is higher than alloy 625,

when the corrosion moves into the propagation mode it

accelerates very rapidly.

These types of plots provide valuable information for

coating/boiler manufacturers and operators who can then design

a corrosion resistant system with known deposition flux and

predict after how long the alloy will enter the propagation stage.
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Figure 6. Incubation time versus deposits flux for coatings (a) 625 and

(b) NiCrAlY in simulated air-fired combustion gases
Work is in progress to develop this model further. Currently, the

model predicts incubation time assuming the rate of propagation

is same for the deposits with same active elements on the same

alloy. Further test work is in progress to validate the transition

points (from incubation to propagation) in the model.

5 Conclusions

This paper reports the results of a series of laboratory tests

carried out to systematically investigate the role of alkali-iron tri-

sulphate deposition flux on fireside corrosion of three nickel-

based thermally sprayed coatings: alloy 625, NiCr and NiCrAlYon

a boiler steel (T91). The environments were selected to simulate

the conditions anticipated around superheaters/reheaters in

pulverised fuel boiler firing a mixture of UK coal with CCP. The

exposures were carried out at 650 8C for 1000 h using well-

established deposit-recoat method. Dimensional metrology has

been used as the primary route for quantifying this damage, along

with traditional mass change data.

Deposit D1, simulating undiluted alkali-iron tri-sulphate, was

found to be the most aggressive deposit causing more corrosion

damage to all alloys in simulated air-fired combustion gases. The

transition from the incubation phase to the propagation phase is

confirmed to be dependent on the chromium content of the alloys.

NiCr coating with 46wt% chromium can have incubation times

up to �900 h for an alkali-iron tri-sulphate deposition flux
� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
of 80mg/cm2/h at 650 8C. Whereas, alloy 625, with 21wt%

chromium content enters the propagation phase within�280 h of

testing at 650 8C for a deposition flux of 80mg/cm2/h. In these

tests, only NiCr coatings covered in 100% alkali deposits were in

propagation stages, whereas the rest of the NiCr samples were in

incubation phase. The incubation times for NiCrAlY were higher

than those of alloy 625; however, when the corrosion of NiCrAlY

moved into the propagation mode it accelerated rapidly.

A corrosionmodel has been derived to predict the incubation

times in fireside corrosion in presence of complex alkali-iron tri-

sulphate deposits expected in the superheater/reheater environ-

ment in pulverised fuel power plants, when co-fired on a specific

coal and biomass mix. Such models can be very useful for

coating/boiler manufacturers and operators to predict incubation

time at various deposition fluxes.
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