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a b s t r a c t

The heterogeneous nature of the ash chemistry of biomass fuels gives rise to challenges in predicting the
deposit melting, sintering, and enrichment of corrosive ash species. An experimental method has been
developed to study the evolution of ash deposit chemistry and morphology in temperature gradients
simulating the conditions of real superheater deposits. The method is based on applying synthetic ash
mixtures on an air-cooled corrosion probe, which is inserted into a tube furnace. The focus has been on
how the melting behavior of alkali salt-rich deposits, i.e., KCleK2SO4eNaCleNa2SO4 mixtures, affects the
chemistry and morphology. Intradeposit vaporization-condensation of alkali chlorides has been of in-
terest. The interaction of reactive gas components (H2O þ SO2), with the deposits, was also studied. The
vaporization-condensation mechanism leads to enrichment of alkali chlorides in crevices and voids
within deposits, leading also to build-up of chlorides on the steel surface, which causes accelerated
corrosion, due to the formation of low-melting FeCl2 mixtures. Liquid phase sintering and temperature
gradient zone melting (TGZM) were the main mechanisms for the supersolidus sintering of the deposits.
Iron and nickel oxides were found within the deposits and at the outer edge of deposits, due to the TGZM
mechanism.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Fuel ash in steam boilers can form deposits on heat exchanger
surfaces. Heat exchanger deposits can lead to a range of challenges
during boiler operation, e.g. by inducing corrosion or by plugging
the flue gas path, especially in boilers firing biomass and waste [1].
Heat exchanger deposits are generally heterogeneous in both
composition and morphology. The heterogeneous nature is due to
the combined effects of the deposit formation mechanisms (i.e.,
condensation, thermophoresis, eddy impaction, and inertial
impaction) and changes occurring in the deposit after the deposit
formation. These changes can be induced both by internal mech-
anisms, i.e., changes occurring due to the nature of the deposit and
ier Ltd. This is an open access artic
normal steady-state conditions, as well as by external mechanisms,
i.e., caused by phenomena such as soot-blowing. Deposit shedding
may be due to both types of phenomena [2].

The temperature difference between the hot flue gas and the
colder heat exchanger surface results in a temperature gradient
over the ash deposit. The effect of the temperature gradient has
been considered in many corrosion and laboratory-scale deposit
studies [3e13]. The temperature gradient studies have shown that
the furnace/atmosphere temperature affects corrosion. The higher
temperature in the atmosphere, i.e. steeper temperature gradient
from the furnace temperature to the steel sample, results in faster
corrosion although the steel temperature is the same [3,13,14]. In
addition, changing the temperature profile in thermal cycles has
been shown to deteriorate the protective oxide layer and induce
faster corrosion [5].

Several of the studies have been conducted at Åbo Akademi
University by utilizing a cooled laboratory-scale probe with
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Earlier conducted temperature gradient deposit and corrosion experiments.

Synthetic deposit/Salt system Steel temperature, �C Steel grade Exposure time, h Reference

NaCleNa2SO4 300, 400, 500 10CrMo9-10 4e72 [7,10]
KCleK2SO4 300, 400, 500 10CrMo9-10 4e72 [7,10]
NaBreNa2SO4 500 10CrMo9-10, P235GH 2e8 [8]
KBreK2SO4 500 10CrMo9-10, P235GH 2e8 [8]
PbCl2eSiO2 200, 400 P235GH 4e24 [11]
NaClePbCl2 400 P235GH 4e24 [11]
Na2SO4ePbCl2 200, 400 P235GH 24 [11]
KClePbCl2 200, 400 P235GH 24 [11]
K2SO4ePbCl2 200, 305, 400 P235GH 24 [11,12]
KCleNaClePbCl2 200, 400 P235GH 24 [11]
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removable steel sample rings covered with a deposit material
[7,8,10e12]. In the studies, the cooled probe was placed in a hot
tube furnace thus producing a temperature gradient across the
deposit material. The studies were focused on deposit chemistry
and high-temperature corrosion. The studied parameters are
summarized in Table 1. All experiments published so far have been
conducted with the same grain size deposits (53e250 mm) and in
an ambient atmosphere.

The mechanisms that have been observed to affect the deposit
morphology and chemistry are: i) liquid phase sintering, ii) tem-
perature gradient zone melting, and iii) vaporization-condensation
of volatile species [7,8,10].

The morphological changes in the deposits exposed to temper-
ature gradients occur mainly due to melt formation. Formation of
melt induces liquid phase sintering in initially porous deposits. The
resulting deposit structures are either dense structures or network-
like structures depending on the melt amount present [7,11]. In
addition to structural changes, the local deposit composition was
observed to be affected by the liquid phase sintering mechanism.
The components incorporated in the melt phase enriched at the
location with the temperature corresponding to the solidus tem-
perature of the composition in question.

Temperature gradient zone melting affects the supersolidus
regions of deposits. When a solid-liquid system, where the liquid is
surrounded by its primary crystallizing phase and the liquid phase
composition is a function of the temperature, is subjected to a
temperature gradient, a concentration gradient develops in the
liquid phase. A simple example of such a system is a eutectic binary
system. The concentration gradient results in species diffusion
within the liquid phase, which results in further melting in the
hotter part and solidification in the colder part of the considered
system. The overall mechanism results in a liquid phase movement
towards the hotter temperature. Temperature gradient zone
melting has been observed to affect the deposit chemistry in both
the binary (e.g. NaCleNa2SO4) [7,8] and higher-order (e.g.
KCleNaCleK2SO4eNa2SO4) [9] systems.

Vaporization-condensation of volatile species has been shown
to result in enrichment of corrosive alkali halide species towards
the cooled steel. The mechanism responsible for the alkali halide
transport has been identified to be temperature gradient-induced
concentration diffusion within the gas phase [7,8,10].

Gaseous PbCl2 has been shown to condense from the sur-
rounding furnace gas atmosphere into the porous salt deposits. The
interactions between the PbCl2 and the salt deposits (KCl, K2SO4,
NaCl, Na2SO4) were shown to result in chemical reactions between
the salts, melting of deposits, and enrichment of Pb and Cl con-
taining species towards the cooled steel surface [11]. With NaCl and
PbCl2, the interaction was a formation of a eutectic melt. No
chemical reactions were observed between NaCl and PbCl2, as no
mixed solid NaePbeCl compounds are known to exist. With
Na2SO4, K2SO4, and KCl, in addition to the formation of molten
2

phases, the PbCl2 was observed to also react and form new com-
pounds (K2PbCl4, K3Pb2(SO4)3Cl, and Na3Pb2(SO4)3Cl).

The observed phenomena occurring in ash deposits exposed to
temperature gradients are summarized in Fig. 1.

The objective of this study is to extend the understanding of
how different parameters affect ash deposit aging and superheater
corrosion in the presence of temperature gradients. The studied
parameters are i) the effect of gas phase composition, i.e., ambient
atmosphere vs. humid atmosphere vs. humid atmospherewith SO2,
ii) the effect of longer exposure times, i.e., 168 h compared to earlier
2e72 h, and iii) the effect of deposit particle size, i.e., 30e53 mm
particles compared to earlier tested 53e250 mm particles. The aim
is to gain a more comprehensive understanding of the fundamental
phenomena taking place in boiler ash deposits in temperature
gradients, how deposits interact with flue gases, and how these
phenomena affect the corrosion behavior of superheater materials.

2. Experimental

The main experimental setup consists of a laboratory-scale air-
cooled probe, which is inserted into a tube furnace. Synthetic ash
deposits are applied on top of changeable steel rings, which are a
part of the probe. The furnace temperature is higher (~800 �C) than
the probe temperature (~500 �C), creating a temperature gradient
over the fewmm thick deposit. The temperature gradient simulates
a real boiler situation where a temperature gradient is present over
the deposit, from the flue gas to the steel. A detailed description of
the setup can be found from our previous studies [7,10].

The flue gas temperature in the superheater region varies be-
tween boilers. In addition, the temperature decreases from the inlet
to the outlet of the superheater region as heat is transferred from
the flue gas to the steam. The flue gas temperature is typically
800e1200 �C in the superheater region and is lowered to
400e600 �C after the superheater region [15,16]. The furnace at-
mosphere temperature in the laboratory experiments (800 �C) was
chosen so that it is representative of a boiler flue gas temperature in
the superheater region. The probe temperature (500 �C) was cho-
sen so that it is representative of a superheater material tempera-
ture in a biomass-fired boiler [15,17] or a black liquor recovery
boiler [18,19].

The steel sample ringsweremade from commercial steel grades,
either 10CrMo9-10 or Sanicro 28, and their compositions are listed
in Table 2. 10CrMo9-10 is a low alloy ferritic steel and Sanicro 28 is
an austenitic stainless steel. The steel grades were chosen as they
are typical superheater materials.

The steel sample rings each house a thermocouple, one of which
is connected to a PID-regulator that controls a valve, which regu-
lates the flow of the cooling air into the probe and thus the tem-
perature of the probe. The other thermocouple is used to measure
and record the temperature during experiments. During experi-
ments, the sample rings had usually a temperature difference of



Fig. 1. Summary of the temperature gradient induced effects in laboratory experiments [7,8,10,11].

Table 2
Nominal and SEM/EDS measured (in the parenthesis) compositions of the tested
steels in wt-%.

Steel Cr Cu Fe Mn Mo Ni Si

10CrMo9-10 2.3
(2.3)

e 93.4
(95.8)

0.8
(0.6)

1.0
(0.9)

e 0.3
(0.3)

Sanicro 28 25.9
(27.0)

1.2
(0.9)

35.9
(36.7)

2.0
(1.9)

3.4
(3.2)

29.2
(29.7)

0.2
(0.6)

J. Niemi, M. Engblom, T. Laur�en et al. Energy 228 (2021) 120494
approximately 10 �C, as can be seen from Table 3. One additional
thermocouple was placed above the deposits to measure and re-
cord the temperature of the furnace atmosphere during the expo-
sure. Table 3 summarizes the conducted experiments discussed in
this paper.

The deposit materials applied on top of the steel sample rings
were salt mixtures, which were homogenized before the experi-
ment. The homogenization was conducted by melting the salt
mixture in question, crushing it, and sieving it to the desired size
fraction. When a single component salt (e.g., NaCl) was used as
deposit material, the salt was only crushed and sieved.

The deposit constituents were chosen due to them being com-
mon in superheater deposits. Alkali chloride-induced high-tem-
perature corrosion is one of the main reasons limiting steam
temperatures in biomass and waste-fired boilers [15]. The potas-
sium salt mixtures are relevant for biomass ash deposits, e.g. in
3

straw-fired boilers [15,20,21]. The sodium salt mixtures in their
turn are relevant for black liquor recovery boilers [19] or waste-
fired boilers [22].

The effects of different gas atmospheres were studied with NaCl
and KCl (53e250 mm). These two salts were studied in ambient,
humid (20% H2O þ 80% air), and humid with SO2 (20% H2O þ 80%
airþ 100 ppm SO2) atmospheres, with a steel temperature adjusted
to 500 �C for 24 h. The chosen H2O content of 20% in the atmo-
sphere is high and corresponds e.g., to a flue gas composition from
the combustion of fuel with ~50wt% moisture, fired with an air
ratio of ~1.3 [23]. The chosen SO2 content of 100 ppm is similar as
has been measured in the flue gas of co-fired straw pellets and peat
[24].

The humid air feed was first circulated in another furnace
(preheater) at 200 �C. The humid air was fed to the furnacewith the
probe from the preheater. When SO2 was added to the atmosphere,
it also passed through the preheater. There was a constant flow of
air through the furnace, to keep the conditions at a steady state. A
flow rate of 2.4 normal liters/min was used.

After each furnace exposure, the sample rings along with the
deposits were detached from the probe and cast in epoxy resin. The
samples were cut for a cross-section and analyzed with SEM/EDX.
In addition, the salt melting properties andmelt compositions were
estimated with thermodynamic calculations. The thermodynamic
calculations were conducted with FactSage 7.3 software, using the
FTsalt database [25].



Table 3
The conducted experiments with the experimental parameters. Furnace temperature¼ 800 �C.

Steel Steel temperature [�C] Exposure time [h] Salt composition [wt-%] Salt particle size [mm] Atmosphere

NaCl Na2SO4 KCl K2SO4

10CrMo9-10 500 4 11 89 30e53 air
Sanicro 28 512 4 11 89 30e53 air
10CrMo9-10 500 4 6 94 30e53 air
Sanicro 28 512 4 6 94 30e53 air
10CrMo9-10 500 24 11 89 30e53 air
Sanicro 28 515 24 11 89 30e53 air
10CrMo9-10 500 24 91 9 30e53 air
Sanicro 28 515 24 91 9 30e53 air
10CrMo9-10 500 24 55 45 30e53 air
Sanicro 28 513 24 55 45 30e53 air
10CrMo9-10 500 24 6 94 30e53 air
Sanicro 28 512 24 6 94 30e53 air
10CrMo9-10 500 24 87 13 30e53 air
Sanicro 28 515 24 87 13 30e53 air
10CrMo9-10 500 24 32 68 30e53 air
Sanicro 28 512 24 32 68 30e53 air
10CrMo9-10 500 24 100 53e250 air
10CrMo9-10 500 24 100 53e250 20% H2O þ 80% air
10CrMo9-10 500 24 100 53e250 20% H2O þ 80% air þ 100 ppm SO2

10CrMo9-10 510 24 100 53e250 air
10CrMo9-10 500 24 100 53e250 20% H2O þ 80% air
10CrMo9-10 500 24 100 53e250 20% H2O þ 80% air þ 100 ppm SO2

Sanicro 28 500 24 100 53e250 air
Sanicro 28 504 24 100 53e250 20% H2O þ 80% air
Sanicro 28 508 24 100 53e250 20% H2O þ 80% air
10CrMo9-10 500 168 55 45 53e250 air
10CrMo9-10 500 168 55 45 53e250 air
Sanicro 28 511 168 55 45 53e250 air
Sanicro 28 517 168 55 45 53e250 air
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3. Results and Discussion

3.1. Effect of particle size

The deposits with a 30e53 mmparticle size formedmultilayered
morphologies during the furnace treatment. The outer region of the
deposits, facing the hot furnace atmosphere and experiencing
hotter temperatures sintered and formed dense structures. Closer
to the cooled steel, the deposit particles were observed as discrete
particles and to have retained their sharp edges. Examples of
typical deposit morphologies are shown in Figs. 2 and 3.

The discrete region formation has earlier been concluded to
occur due to the partial melting of the deposit [7,10]. Similar,
though more complex, multilayered deposit morphologies have
been observed in straw-fired boilers [20,26,27]. In the laboratory
experiments, the interface between the outer and the inner layer
(see Figs. 2 and 3) was considered to have been at the location
where the temperature corresponds to the first melting tempera-
ture of the deposit material in question, 626 �C for NaCleNa2SO4
and 690 �C for KCleK2SO4. The sharp interface is connected to the
liquid phase movement due to the temperature gradient zone
melting phenomenon [7].

Above the first melting temperature, sintering was observed to
occur at a high degree with the 30e53 mm particles compared to
earlier published 53e250 mm particles results [7,10]. The earlier
studied 53e250 mm particle deposits with KCleK2SO4 11:89wt-%
composition had a network structure [7,10]. The 30e53 mm particle
deposits with the same composition were observed to sinter more,
forming denser morphologies with less porosity than the
53e250 mm particle deposits, as shown in Fig. 3.

The smaller particles have a higher surface-area-to-volume ra-
tio, which makes them more prone to sintering via liquid phase
sintering [28]. However, the only composition where the particle
size seemed to matter was the KCleK2SO4 11:89wt-% mixture.
4

With the other salt compositions, the sintering of the deposits
above the solidus temperature resulted in dense deposit structures
with both the small and large particle size deposits. With the
KCleK2SO4 11:89wt-% mixture, the 30e53 mm particle size de-
posits had a dense structure above the solidus temperature and the
53e250 mm particle size deposits had a network structure.

The tested compositions were chosen so that themelt present at
the first melting temperature was either 20 or 100wt-%. Even so,
the melting behavior and the share of melt at 800 �C (the furnace
temperature) are different depending on the chemical composition
(Fig. 4). The share of melt for the KCleK2SO4 11:89wt-% composi-
tion at 800 �C is 31wt-%, while the other tested compositions at the
same temperature have over 75wt-% molten phase. With a high
share of molten phase present, the effect of the surface-area-to-
volume ratio becomes negligible as most of the deposit is in the
liquid phase. With lower shares of molten phase, the surface-area-
to-volume ratio strongly affects the sintering and densification of
the deposit material, hence the difference between the 30e53 mm
and 53e250 mmparticle size results with the KCleK2SO411:89wt-%
composition (as seen in Figs. 2 and 3).

An implication of the impact of the share of melt present is that
deposit sintering in actual boiler deposits can be expected to
depend on the deposit chlorine content. More work is needed to
understand better the impact of the deposit melting behavior on
deposit sintering. However, it is currently known that the chlorine
content of black liquor recovery boiler fly ash varies typically in the
range 1e10wt-% [29]. In addition, preliminary data from recovery
boilers indicates that deposits have a network structure at lower
chlorine content, while the structure is dense at higher chlorine
content [18,29].

The enrichment of the molten phase constituents towards the
cooled steel surface and subsequent hardening of deposits has been
also reported by Laxminarayan et al. [30]. They report that a for-
mation and subsequent movement of melt affects the removability



Fig. 2. SEM backscatter electron images displaying typical deposit morphologies of
NaCleNa2SO4 (6:94wt-%) deposits with 4 h (upper row) and 24 h (lower row) expo-
sure times with 30e53 mm (left column) and 53e250 mm [7] (right column) particle
sizes, with the steel temperature at 500 �C. In the images: black¼ epoxy, darker
grey¼Na2SO4, lighter grey¼NaCl, and light at the bottom¼ steel/oxide. The interfaces
between the outer and the inner layers are indicated in the Figure with dashed white
lines.

Fig. 3. SEM backscatter electron images displaying typical deposit morphologies of
KCleK2SO4 (11:89wt-%) deposits with 4 h (upper row) and 24 h (lower row) exposure
times with 30e53 mm (left column) and 53e250 mm [7] (right column) particle sizes,
with the steel temperature at 500 �C. In the images: black¼ epoxy, darker
grey¼ K2SO4, lighter grey¼ KCl, and light at the bottom¼ steel/oxide. The interfaces
between the outer and the inner layers are indicated in the Figure with dashed white
lines.
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of deposits by increasing the adhesion strength of deposits to the
heat exchanger surfaces. Compared to the larger particle deposits,
the smaller particle deposits sintered more. The implication is that
deposits consisting of finer particles are more prone to sintering
and deposit densification, which could make them harder to
remove.

Pure alkali chloride layers were observed on the furnace-facing
5

sides and alkali chloride void areas were observed on the steel-
facing sides of the deposit particles. The thicknesses of these al-
kali chloride layers as a function of temperature were quantified
from the SEM images as described by Lindberg et al. [10]. The
thicknesses of the layers and the distances of the layers from the
steel surface were measured from the SEM images. The distances
from the steel surface were converted to estimated local temper-
atures within the deposits, by using the bulk temperature gradient
values over the porous part of the deposits [10]. Generally, the KCl
layers were observed to be thicker than the NaCl layers, which is
mainly due to the difference in the partial pressures of KCl and NaCl
species [7,10].

The 30e53 mm particle deposits mostly had thinner alkali
chloride layers than the 53e250 mm particle deposits. In addition,
the thickest alkali chloride layers in 30e53 mm deposits were
observed in cracks or larger crevices within the deposits, and the
region above a crack was always devoid of alkali chlorides (see
Fig. 5). Fig. 6 shows the thicknesses of the deposit alkali chloride
layers. Thicknesses of the thicker alkali chloride layers, grown into
the cracks, are shown separately.

In the experiments with 53e250 mm particles, similar cracks, as



Fig. 4. Melt fraction of different NaCleNa2SO4 and KCleK2SO4 compositions as a function of temperature.

Fig. 5. On the left, a SEM image of a deposit cross-section. The deposit composition is KCleK2SO4 (11:89wt-%). On the right, a close-up on a crack within the deposit structure,
showing KCl enrichment.
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with the 30e53 mmparticles, were not observed. The reason behind
the crack formation in the experiments is not clear but thermal
stresses during the heating are suspected to play a role. The formed
alkali chloride layers within the cracks are thick and are therefore
expected to have formed during either the heating or during the
isothermal conditions. However, thermal stresses should also be
present in the experiments with the 53e250 mm particles. The
30e53 mm particle deposits are expected to sinter more than the
larger particle deposits, even in the subsolidus temperature re-
gions. The sintering results in more rigid deposits. The thermal
stresses experienced by the more rigid deposits could lead to crack
formation within the deposit structure and explain the difference
between the results from 30-53 mm and 53e250 mm deposits.

An existing alkali chloride transport model [7] was applied to
predict theoretical values for the alkali chloride migration rate. The
model calculates a diffusion flux according to Fick's first law of
diffusion and considers that the alkali chloride evaporating from
within a particle experiences a larger diffusion resistance as it
needs to travel a longer path through the alkali-chloride-depleted
part of the particle and that the diffusion path in the depleted
part of the particle increases with time as more alkali chloride is
evaporated.
6

The concentration gradient, which is the driving force of the
diffusion, is directly proportional to the temperature gradient
across the gas phase. The temperature gradient across the gas
phasewas estimated from the bulk temperature gradient across the
porous layer, and the estimated porosity of the deposit. The tem-
perature gradients across the porous layers in individual experi-
ments were, from the SEM images, estimated to be 75e105 �C/mm.
In the model calculations, the bulk temperature gradient was
multiplied by 3.7 to account for the steeper temperature gradient
across the gas phase, resulting from the differences in thermal
conductivities of the air and the salt particles [7]. The diffusion of
alkali chlorides increases as a linear function of the particle-to-
particle temperature gradient. In addition, the saturation pres-
sures of alkali chloride species increase exponentially as a function
of local temperature, which results in an exponential increase in
the diffusion rate as a function of local temperature.

For the 30e53 mm particle deposits, a particle size of 40 mmwas
used in the calculations, which corresponds to a particle-to-particle
distance of 13.33 mmwhen assuming a solids fraction of 0.74 in the
vertical direction. Otherwise, the samemodel input data applies for
both the 30e53 mm and 53e250 mm size fractions. The alkali
chloride layer thickness results are limited by the particle-to-



Fig. 6. Average measured alkali chloride layer thicknesses (dots) together with modeled results (continuous line) as a function of temperature in individual experiments. The dots
and continuous lines show the layer thicknesses in the bulk deposit, while the triangles show the layer thickness results within the cracks. The error bars show the maximum and
minimum thickness values measured in the temperature interval (20 �C) in question.
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particle distance, i.e., the estimated alkali chloride layer thickness is
limited to 13.33. The modeling results are shown together with the
experimental data in Fig. 6.

The model predicts the alkali chloride layer thicknesses
reasonably well. However, the layer thicknesses in the cracked
areas were not estimated with the current model. There are a few
possible explanations for the enhanced layer thicknesses within the
crevices. The temperature profile is likely different over a cracked
area. The temperature difference between the hotter particle sur-
face and the colder particle surface at the edges of the cracked area
is greater than between particle surfaces within a uniformly packed
deposit. The saturation pressures of alkali chlorides increase
exponentially as a function of temperature. In case the temperature
gradient is the same, the larger temperature difference over a crack
within a deposit results in a significantly greater concentration
difference between particle surfaces, which drives the diffusion to
occur faster. Additionally, within a crack, the alkali chloride layers
have more space to grow than in the bulk deposit, where the salt
particles are packed closely.

The enrichment of alkali chlorides into cracks within the
laboratory-scale deposits indicates a risk of pronounced alkali
chloride enrichment within deposits, which contain cracks and
crevices. Structural stress to the deposit, caused e.g., by soot-
blowing could lead to crack formation in deposits. In addition,
enrichment of alkali chlorides could lead to a local decrease in the
first melting temperature and/or increase the amount of melt
present at a given locationwithin an ash deposit. The change in the
melting characteristics can in turn lead to e.g., enhanced corrosion
and hardening of the deposit.

The risk of intradeposit alkali chloride enrichment increases
both with higher material temperature and with steeper temper-
ature gradients, which can be considered in boiler design.
7

Additionally, the knowledge of the intradeposit enrichment of al-
kali chlorides can be considered in conjunction with temperature
profile modeling. This way, the superheater tubes that experience
an elevated risk of developing alkali chloride-rich deposits on the
tube surface can be recognized. The tubes with elevated risk can e.g.
be manufactured from advanced corrosion-resistant alloys or be
coated with corrosion-resistant materials to mitigate high-
temperature corrosion [17,31].

3.2. Effects H2O and SO2 in the gas atmosphere

The effect of the composition of the gas atmosphere on the alkali
salt deposits and alkali salt-induced high-temperature corrosion
was also studied. Three different gas atmospheres were used:
ambient air, humid air (20% H2Oþ 80% air), and humid air with SO2
(20% H2O þ 80% air þ 100 ppm SO2). The three different atmo-
spheres were tested with deposits consisting of either KCl or NaCl
(particle size 53e250 mm). The steel temperature in all experiments
was 500 �C and the exposure time was 24 h.

The experiments in ambient air showed that KCl deposits had
partly melted at the top of the deposit, whereas NaCl showed no
signs of melting (see Fig. 7). The difference is due to the difference
in melting points, which are 770 �C for KCl and 801 �C for NaCl [25].
It is clear from the SEM images that the outer surface of the KCl
deposit has experienced temperatures above its melting point,
while the outer surface of the NaCl deposit has experienced tem-
peratures below its melting point. Although signs of sintering were
observed also with NaCl, they are most likely due to vaporization-
condensation within the deposit, not melt formation.

In the experiments with 20% H2O þ 80% air and NaCl, the
morphology of the bulk deposit was similar to the experiments in
ambient air (Fig. 7). With KCl, the ambient air experiment resulted



Fig. 7. SEM images of the KCl (upper row) and NaCl (lower row) deposits in different atmospheres (from left to right: ambient air, 20% H2O þ 80% air, 20% H2O þ 80% air þ 100 ppm
SO2). In addition, EDX results of alkali sulfate-containing regions in the 20% H2O þ 80% air þ100 ppm SO2 atmosphere experiments are shown to the right, in which the brighter
color represents a higher concentration. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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in a sintered upper region in the deposit, which was absent in the
20% H2O þ 80% air atmosphere experiment. The reason for this
difference in the upper deposit morphology is unclear. The melting
point of KCl is 770 �C [25], which is slightly lower than the
measured gas temperature above the deposit. The humid atmo-
sphere KCl deposit is visibly thinner than the dry atmosphere KCl
deposit, which could explain why the temperature of the deposit's
outer surface is lower in the humid experiment than in the dry
experiment.

With 100 ppm SO2 in the gas, the hotter parts of the deposits
were heavily sintered for both KCl and NaCl deposits (see Fig. 7).
The sintered parts consisted mainly of pure NaCl or KCl but
included also pockets of Na2SO4 or K2SO4 within the dense alkali
8

chloride structure. This is similar to the earlier reported results with
KCleK2SO4 (96:4M ratio) and NaCleNa2SO4 (94:6M ratio) with
53e250 mm particle size [7,10] and with the 30e53 mm particle size
experiments. This shows that NaCl and KCl have been partially
sulfated, leading to a lowering of the first melting temperature from
801 �C (NaCl) to 626 �C (NaCleNa2SO4) for the NaCl experiments
and from 770 �C (KCl) to 690 �C (KCleK2SO4) for the KCl experi-
ments [25].

KCl and NaCl are sulfated in 20% H2O þ 80% air þ100 ppm SO2
according to the bulk reaction:

2 MCl (s,l) þ H2O (g) þ SO2 (g) þ ½ O2 (g)¼M2SO4 (s,l)
þ 2 HCl (g) (1)
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Where M¼ K or Na.
The formed alkali sulfate-alkali chloride melt fills the pores

between the alkali chloride particles, which leads to a liquid phase
sintering of the deposit. When the melt reaches lower tempera-
tures, the primary crystallizing phase of the mixture solidifies from
the melt resulting in further densification of the deposit. When the
local temperature reaches the solidus temperature of the system,
the melt solidifies. The solidification of the eutectic melt results in
alkali sulfate enriched areas within the alkali chloride deposits (as
seen in Fig. 7). In addition, alkali sulfates were not observed below
the enriched area, i.e., the densification of the upper part of the
deposit protects the inner part from the reactive atmosphere.

Alkali chloride-induced corrosion can be mitigated using either
co-combustion or additives, where the outcome is the sulfation of
alkali chlorides [24]. Considering the temperature gradient probe
results, the sulfation of alkali chlorides should occur before depo-
sition or before the deposit has time to grow too thick. The results
from the temperature gradient probe experiments show that the
reactive atmosphere may not be able to reach the deposit material
closest to the heat exchanger surface if the deposit morphology is
dense.

Severe corrosion was observed in all cases. NaCl was more cor-
rosive than KCl for the 10CrMo9-10, which is similar to the results
reported by others [32]. Water vapor or SO2 in the gas atmosphere
did not affect the corrosion in a significant way. With NaCl, there
were signs of iron chlorides present at the steel surface (Fig. 8). The
iron chlorides at the steel surface were expected to have been FeCl2
instead of FeCl3. FeCl3 needs higher Cl2 concentrations to form
compared to FeCl2. In addition, solid FeCl3 is stable only below
300 �C and any FeCl3 that would have been formed at the steel
surface would have rapidly evaporated [33]. Moving towards the
deposit from the unaffected steel-corrosion front interface, the next
layer was a porous layer, which was depleted of Fe compared to the
bulk steel composition. The outer edge of the layer had NaCl
incorporated into the layer. The layer contained high amounts of O,
but as the morphology is visibly porous, the O signal likely origi-
nates from the epoxy. The Fe-depleted steel layer was followed by a
Fig. 8. The corrosion product layer of 10CrMo9-10 steel exposed to NaCl for 24 h in the tem
and the furnace temperature ~800 �C. On the left, a close-up on the deposit with iron oxide i
with oxygen excluded). On the right, EDX elemental analysis map of the area.
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thick and porous Fe-oxide layer, which also included minor
amounts of NaCl. Fe-oxides were even observed within the NaCl
deposit and between NaCl particles (see Fig. 8). The oxide layer of
the dry exposure is shown in Fig. 8. Fig. 9 shows the oxide layers
and SEM/EDX elemental maps of the other experiments with NaCl
and KCl.

The corrosion behavior seems to follow the existing corrosion
theories, where Cl reacts mainly with Fe and diffuses outwards as
FeClx. As the FeClx diffuses outwards and comes in contact with O2,
it reacts to Fe-oxides. The diffusion of Fe, leaves behind Fe-depleted
steel, as seen in Fig. 8.

10CrMo9-10 exposed to KCl resulted in similar corrosion as with
NaCl, but the Fe-oxide layer was not similarly visibly porous. In
addition, the intergrown alkali chloride-metal oxide structures
were significantly smaller.

With Sanicro 28 exposed to NaCl, the bulk steel was followed by
a Ni-rich layer. Also, NaCl was found in this region. The Ni was likely
metallic, but there was more Cl than Na, indicating a presence of
chlorides of the steel metals. The following layer was mainly Cr-
and Fe-oxides together with NaCl. Cr-species were enriched on the
steel-facing edge of the oxide layer. The metal oxide layer was
followed by the deposit material (NaCl), whichwas infusedwith Fe-
and Cr-species up to the depth of several 100 mm. Similar behavior
was observed for both the dry and humid atmospheres.

Sanicro 28 exposed to KCl behaved similarly as with NaCl, but
less KCl-metal oxide structures were formed, and they were more
local. In addition, the mixed structures also included Ni-species and
the Ni-rich layer, depleted of Fe and Cr, next to the steel was thinner
compared to the case with NaCl. The formation of the Cr- and Fe-
oxide scales, of which the Cr-scale is closer to the steel when
exposed to KCl or NaCl, is in accordancewith the literature [34e36].
When exposed to KCl, the duplex oxide scale has been reported to
be formed due to the outward diffusion of iron and inward diffusion
of oxygen [34e36].

The humidity has been reported to affect the high-temperature
corrosion of chromia-forming alloys [37]. However, only minor
differences between the dry and humid conditions were observed
perature gradient furnace in an ambient atmosphere. The steel temperature was 510 �C
nfused NaCl and a close-up on the corrosion-front with EDX-point analysis (molar ratio



Fig. 9. SEM images and EDX elemental maps of corrosion fronts of 10CrMo9-10 and Sanicro 28 steels with NaCl and KCl as deposit materials, exposed to different gas-atmospheres
for 24h.
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in the present temperature gradient experiments.

3.3. Effect of exposure time

The results from the 168 h experiments with the eutectic
NaCleNa2SO4 (32:68wt-%) and KCleK2SO4 (56:44wt-%) mixtures
showed similar deposit structures as for the published 4e72 h tests
[7,10], except for the test with eutectic NaCleNa2SO4 on the Sanicro
28 steel. The eutectic NaCleNa2SO4 salt deposit was dense and
completely sintered down to the metal oxide surface. The steel ring
temperature was ~517 �C. The deposit is shown in Fig. 10 together
with results from a 24 h experiment with the same deposit
composition and steel temperature.

The eutectic NaCleNa2SO4 on the Sanicro 28 steel also included
Fe- and Ni-oxides on top of the deposit, facing the hot furnace air.
10
The first melting temperature of the original deposit (626 �C) is
significantly higher than the steel ring temperature. However, the
completely sintered structure implies that there has been melt
formation throughout the deposit during the experiment.

A plausible explanation for the melt formation below 626 �C is
the formation of Fe- and Ni-chlorides at the metal surface. The
presence of the corrosion products (iron and nickel oxides) within
and above the dense deposit structure also supports this hypoth-
esis. The formation of Fe- and Ni-chlorides at the steel surface
would lead to a reaction with the deposit material, resulting in a
decrease of the first melting temperature of the deposit and sub-
sequently in the dissolving of the Fe-and Ni-chlorides into the
molten phase together with the deposit material. For example, the
FeCl2eNaCleNiCl2 system forms a melt already at temperatures
below 400 �C [38]. Indications for such behavior were also shown in



Fig. 10. The eutectic NaCleNa2SO4 deposits after 24 h [7] and 168 h exposures in the temperature gradient furnace showing the densification of the deposit as an effect of exposure
time. Close-up on the oxide scale and the outer edge of the deposit showing the Fe- and Ni-oxides.
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the 24 h experiments with NaCl as the deposit material (see Figs. 8
and 9). Some similar effects have been reported also earlier [6,8].
With high enough partial pressure of O2, the Fe- and Ni-chlorides
oxidize into Fe- and Ni-oxides. The sintering throughout the de-
posit is expected to be a process, which takes a relatively long time.

It has been shown that Fe- and Ni-chlorides are formed when
the steel is exposed to alkali chlorides at high temperatures
[22,39,40]. Additionally, CrCl2 and CrCl3 could in theory be formed
[40], but no Cr-oxides were observed at the outer surface or within
the deposit. The Fe- and Ni-chlorides in question are stable only at
very low O2 partial pressures. Such conditions are locally present at
the steel surface. The formation of Cr-chlorides is not expected as it
requires extremely low O2 partial pressures. Even if Cr-chlorides
were to form, they react to Cr-oxides at a lower O2 partial pres-
sure than the Fe- and Ni-chlorides [40,41].

The formation of a melt close to the metal surface was observed
also in the shorter experiments, but not to the same extent. In
addition, in one of the experiments with small particles
(30e53 mm) with a eutectic NaCleNa2SO4 deposit, corrosion
products were observed within the dense deposit structure.

The presence of Fe- and Ni-oxides at the outer surface of the
NaCleNa2SO4 deposit in the 168 h experiment can be explained by
a temperature gradient zone melting (TGZM) mechanism [7,42].
Some Fe- and Ni-oxides were observed within the deposit together
with NaCl. In addition, the NaCleNa2SO4 deposit structure (Fig. 10)
contained channels in the same direction as the temperature
gradient, which supports the TGZM mechanism hypothesis.

The melting behavior of the FeCl2eNaCleNiCl2 system was
considered using thermodynamic modeling to validate the TGZM
as the responsible mechanism. The FeCl2eNaCleNiCl2 system was
chosen because the Fe- and Ni-species found close to the steel
surface and at the deposit surface were in conjunction with NaCl.
11
Sulfate-species were not included in the thermodynamic calcula-
tions. A finite amount of discrete compositions was considered. The
amounts of FeCl2 and NiCl2 in the compositions were low and the
considered compositions are listed in Table 4.

The melting behavior of the modeled compositions is shown in
Fig. 11. All mixtures form a first melt at 377 �C, which is the eutectic
temperature of the FeCl2eNaCleNiCl2 system [38]. The amount of
melt at the solidus temperature increases nearly linearly as a
function of the Fe/(Fe þ Na) ratio. The temperature and composi-
tion of the eutectic point of the binary FeCl2eNaCl system are
378 �C at 43.8:56.2mol fraction. The temperature and composition
of the eutectic point of the ternary FeCl2eNaCleNiCl2 system are
377 �C at 43.0:56.2:0.8mol fraction [38].

NiCl2 is gradually included in the melt phase. As more NaCl is
dissolved into the melt phase with FeCl2, also more NiCl2 is incor-
porated into the melt phase. The ratio of NiCl2 possible to incor-
porate into themelt is a function of temperature as shown in Fig. 11.
The ratio of Ni in the melt phase initially increases with increasing
temperature until all the Ni is incorporated into the melt phase.
After that, the amount of Ni in the melt phase decreases as the
temperature increases and more Na is incorporated into the melt
and the Ni concentration becomes diluted. The change in the Fe:Ni
ratio changes the composition of the melt phase as seen in Fig. 11.
The compositions 5.4:90:4.6 and 0.54:99:0.46 (Fe:Na:Ni molar ra-
tio) have the same Fe:Ni ratio as the Sanicro 28 steel. The Ni con-
centration in themelt for those compositions starts to decrease as a
function of temperature when the temperature is higher than
540 �C.

In all the cases considered, the ratio of Fe in the melt decreases
as the temperature increases. The concentration gradient in the
melt phase leads to a potential difference across the melt, in the
direction of the temperature gradient. The potential difference



Table 4
The compositions considered for the FeCl2eNaCleNiCl2 system.

Composition ID (Fe:Na:Ni) Composition [mole fraction] Melt formation [�C] Melt amount at
solidus [wt-%]

FeCl2 NaCl NiCl2

5:90:5 0.05 0.9 0.05 377 15.7
1:90:9 0.01 0.9 0.09 377 3.0
9:90:1 0.09 0.9 0.01 377 28.4
2.5:90:7.5 0.025 0.9 0.075 377 7.7
7.5:90:2.5 0.075 0.9 0.025 377 23.6
5.4:90:4.6 0.054 0.9 0.046 377 16.9
0.54:99:0.46 0.0054 0.99 0.0046 377 1.8

Fig. 11. The calculated composition of the melt with different Fe:Na:Ni ratios. The figures show the cation ratio of the melt as a function of temperature.
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results in the diffusion of the Fe towards the hotter temperature.
Similar behavior occurs for Ni in temperatures where all the Ni has
been incorporated into the melt phase. In addition, Na diffuses
towards colder temperatures to balance the potential difference.

The diffusion of Fe (and Ni) towards the hotter temperature and
Na towards the colder temperature results in supersaturation of Na
in the colder temperatures, which results in precipitation of the
primary crystallizing phase (NaCl) from the melt. In the hotter
temperatures, supersaturation of Fe results in more NaCl to be
incorporated into the melt phase, i.e., an increase in the amount of
melt in the hotter temperature region. The mechanism continues
until the Fe- and Ni-chlorides come into contact with high enough
O2 partial pressure and oxidize into metal oxides. In a completely
dense system, such as the NaCleNa2SO4 deposit after 168 h expo-
sure, the oxidation takes place at the outer surface of the deposit.

The results from the 168 h experiments show that the formation
of compact and dense deposits can induce faster corrosion kinetics
than initially expected. There is an implication for the need for
more frequent soot-blowing in regions where such dense deposits
are likely to occur. In addition to the implied risk for faster corrosion
kinetics, dense deposits also have higher adhesion strength, which
makes them harder to remove [30].
12
4. Conclusions

The main morphological changes in all of the experiments were
connected to the formation of liquid phases within the deposits.
The formation of the liquid phase leads to liquid phase sintering.
Smaller particles and higher amounts of melt result in faster and
more extensive sintering of the deposits. Additionally, species
included in the molten phase were observed to enrich in regions
within the deposits, which during the temperature gradient
exposure experienced temperatures corresponding to the solidus
temperature of the deposit material. The molten phases form in
regions with higher temperatures and due to capillary forces move
towards the colder temperatures and solidify as temperature
decreases.

The dry and humid atmospheres did not result in significant
differences between KCl and NaCl deposits. With the addition of
SO2 into the humid atmosphere, some of the alkali chlorides
reacted to alkali sulfates. The SO2 reacted with the outer layer of the
deposit. The reaction and the subsequent melt formation between
the alkali chlorides and alkali sulfates lead to liquid phase sintering
of the deposit. This results in a dense deposit structure, which
cannot in practice be penetrated by the SO2, and therefore the inner
deposit remained unaffected by the SO2 in the atmosphere.
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Smaller particle deposits had a slower enrichment of alkali
chlorides toward the steel surface, which could indicate a lower
corrosion risk. Cracks within the deposit structure may enhance the
alkali chloride enrichment thus increasing the risk for corrosion,
especially if the cracks reach the steel surface. Large cracks in the
deposit structure were present only with the smaller particle size
deposits.

The corrosion in the presence of a temperature gradient was
observed severe for both 10CrMo9-10 and Sanicro 28 when
exposed to the alkali chloride-containing salt mixtures.

One-week exposure to a NaCleNa2SO4 deposit was observed to
result in a completely dense deposit structure, with corrosion
products also at the outer edge of the deposit. Only one out of four
of the 168 h experiments resulted in a completely dense deposit,
which implies that the overall densificationmechanism is slow, and
even with long exposures does not always occur. The deposit
densification process is due to the formation of iron and nickel
chlorides at the steel surface. The formation of iron and nickel
chlorides results in melt formation, which results in the densifi-
cation of the deposit. Additionally, the iron and nickel chlorides
migrate towards the deposit outer surface due to the TGZM
mechanism.
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