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ARTICLE INFO ABSTRACT

Keywords: Using sustainable fuels in power production may lead to an increased risk of corrosion of various boiler parts. In

CaCl, biomass and waste combustion, hygroscopic and deliquescent deposits can cause corrosion of, e.g., preheaters

Cold-end corrosion and flue gas cleaning equipment. In the colder part of the boiler, calcium chloride (CaCl,) may form when

HYS“’S“’P‘“ deposits utilizing fuels containing chlorine. Calcium chloride is a deliquescent salt which can absorb moisture from the

Deliquescent salts . . . . . . . . .

Biomass combustion flue gas leading to the dissolution of the salt itself. When calcium chloride deliquesces, it forms a corrosive
electrolyte that can cause severe corrosion. In this work, full-scale corrosion probe measurements in a biomass
boiler and laboratory experiments were carried out to study whether calcium compounds and especially CaCly
might cause corrosion at different temperatures and humidity conditions. The impact of CaCl; on the corrosion of
carbon and stainless steel was studied in more details at various temperatures (80, 100 and 120 °C) and flue gas
moisture levels (15-25 vol% H»0) in a laboratory furnace. Different exposure times were used (24, 72 and 168
h), and the effect of mixtures of CaCl, and calcium carbonate (CaCO3) was also studied. The corrosion rate was
gravimetrically measured, and the sample cross-sections were analysed with SEM-EDX to verify the impact of
different elements on the corrosion. Full-scale measurements showed chlorine-induced low-temperature corro-
sion. The main species in the deposit were calcium and chlorine, and corrosion was observed at conditions at
which CaCl, deliquesces. The laboratory work showed that although the deposit contains mainly calcium car-
bonate, which is not deliquescent, the highest corrosion rate (>1 mm/year) was found with 5 wt% CaCl; in the
salt deposit mixture. The tests showed that the corrosion rate is linear with time, and severe corrosion of carbon
steel occurs when CaCl;, deliquesces. Stainless steel did not show any measurable corrosion at the conditions
tested.

1. Introduction

The thermal efficiency of a boiler increases by recovering heat from
the flue gas. However, too low material temperatures can lead to cold-
end corrosion (also known as low-temperature corrosion) [1]. In fossil
fuel combustion, particularly coal, the most critical factor is the sulfuric
acid dew point temperature, below which sulfuric acid-induced corro-
sion occurs [2-4]. In biomass combustion, sulfuric acid is not normally
present in the flue gases because the sulfur content of biomass fuels is
generally low, and the relatively low temperature converts little SO, into
SOj3. Furthermore, SO3 can react with alkalis present in the fuel and form
alkali sulfates [2-5]. In biomass combustion, low-temperature corrosion
is generally caused by hygroscopic deposits that absorb moisture from
the flue gas [1,6-14]. Hygroscopic salts can absorb moisture from the
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flue gas, leading to a corrosive environment on the steel surface. Deli-
quescence is the process by which a substance absorbs moisture from the
atmosphere until it dissolves in the absorbed water and forms a solution.
Deliquescent properties of salts have mainly been studied for aerosols at
atmospheric conditions, e.g. [15-20]. The moisture level at which
deliquescence occurs is called deliquescence relative humidity (DRH)
[1]. However, this paper uses mainly the term deliquescence tempera-
ture at a certain water vapour concentration to describe the conditions
at which deliquescence occurs. When hygroscopic salts undergo deli-
quescence, they form a corrosive electrolyte that can cause severe
corrosion of various parts of the boiler. Many chlorides are highly hy-
groscopic, e.g., CaCly, ZnCly, and NH4CI [1]. The formation of CaCly is
illustrated in Fig. 1.

Calcium carbonate is introduced into the boiler with the fuel or
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additives, e.g., limestone used to reduce the emissions of SOx [4]. It has
been shown that limestone addition in a CFB boiler leads to the for-
mation of CaCl, in the boiler cold-end and to an increased corrosion risk
[4]. When it is fed into the furnace, CaCO3 forms CaO and CO,. CaO
captures SO to form calcium sulfates. A part of the CaO can deposit in
various areas of the boiler, reacting with HCI(g) present in the flue gas to
form CaCl, according to the following reaction [1]:

CaO (s) + 2HCI (g) = CaCl; (s) + H2O (g) (€D)]

It has been shown by some authors [21] that the reaction between
CaO or Ca(OH), and HCI could form both CaOHCI and CaCls,.

The hygroscopic behaviour of CaCly at 25 vol% H»O is illustrated in
the example in Fig. 2.

Fig. 2a presents the cooling of CaCl, from 160 °C. As the temperature
decreases, CaCl; starts to form hydrates. The formation of the hydrates
depends on the cooling rate [1]. These hydrates, however, are not cor-
rosive, i.e., dry CaCly is not corrosive when the conditions are above the
deliquescence temperature. As the temperature reaches the deliques-
cence point of 109 °C, the salt completely dissolves to form an aqueous
solution. Below the deliquescence curve, CaCl, forms a corrosive elec-
trolyte [1]. Fig. 2b shows the other way around: CaCly(aq) is below the
deliquescence curve and it is completely dissolved. Above the deli-
quescence curve, the salt remains dissolved and does not recrystallise
until the temperature is higher than the recrystallisation temperature
(FFig. 2b). Understanding this behaviour of CaCly is important to pre-
vent operational problems. During soot blowing, there is a momentary
increase in the vol% HO in the flue gas, during which the conditions
may lead to deliquescence of CaCl,.

CaCl; is corrosive on carbon steel when water is absorbed by the salt
[1]. However, whether CaCl, is corrosive when the deposit consists
mainly of calcium carbonate is unclear. Additionally, the corrosivity of
CaCl, has not been fully assessed with various water vapour concen-
trations above and below the deliquescence temperature. In this work,
the formation of CaCl, was investigated in a full-scale bubbling fluidized
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bed (BFB) boiler firing wood-based biomass. The role of CaCly on
corrosion was further studied in the laboratory to understand the effect
of CaCl; content in the deposit on corrosion and corrosion mechanisms.
This work investigates the formation, the deliquescent behaviour, and
the operational problems that deliquescent salt CaCl, can cause in the
boiler cold-end.

2. Materials and methods

In this work, the experimental section is divided into two parts: the
first one discusses the full-scale corrosion and deposit measurements in a
biomass-firing BFB boiler, while the second part utilises laboratory
corrosion tests of carbon and stainless steel exposed to CaCly-CaCOs3
mixtures to better understand the impact of CaCl, on low-temperature
corrosion.

2.1. Full-scale measurements

The full-scale measurements were carried out in a bubbling fluidized
bed (BFB) boiler (<100 MWy,) fired with wood-based biomass. An air-
cooled probe was exposed for 5500 h. The probe was located in the
flue gas duct after the air preheater, where the flue gas temperature
varied between 160 and 180 °C during the measurement period. The
location of the probe is presented in Fig. 3, together with a schematic
illustration of the probe. The HCI concentration in the flue gases varied
between 20 and 40 mg/Nm?, and the moisture content between 20 and
33 vol%. The HCl and Hy0 in the flue gas were measured with the
plant’s FTIR (Fourier-transform Infrared Spectroscopy). The measure-
ment took place after the stack.

Fuel samples were collected frequently during the measurement
campaign. The results of the average of multiple fuel analyses are shown
in Table 1. The fuel had elevated chlorine and calcium content
compared to e.g., stem wood biomass. The fuel was low in sulfur and
high in calcium, and its Ca/S molar ratio was 21.6. Thus, the SO»-
capturing potential of the ash was high, and no SO, was detected in the
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Fig. 1. The formation of CaCl, in a circulating fluidized bed (CFB) boiler. Picture from Vainio et al. [4].
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Fig. 2. a) Formation of different hydrates as CaCly(s) is cooled from 160 °C at 25 vol% H;0. b) Heating of CaCly(aq) from 100 to 160 °C at 25 vol% H,0. The hydrate
that is formed depends on the cooling/heating rate. Figure based on data from Vainio et al. [1].
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Fig. 3. a) Illustration of the measurement location in a BFB boiler. The probe was located after the air preheaters (indicated with an arrow in the figure). b)
Schematic of the air-cooled corrosion probe used in the full-scale measurements.

Table 1
Average fuel composition (d.s. = dry solids).
Unit Average

Moisture % 8.6
C wt% d.s. 43.8
H wt% d.s. 5.4
N wt% d.s. 0.4
S wt% d.s. 0.05
Cl wt% d.s. 0.14
Ash, 815 °C wt% d.s. 9.9
Ca wt% d.s. 1.35
K wt% d.s. 0.36
Na wt% d.s. 0.1
S/Cl molar ratio 0.4
Ca/S molar ratio 21.6

flue gases. The low S/Cl and high Ca/S molar ratios indicate the for-
mation of alkali and alkaline earth chlorides. The samples were dried to
avoid mould growing before sending them to the analysing laboratory.
This drying explains the low analysed fuel moisture (Table 1). The
typical moisture content of this type of fuel is > 35 wt%.

Table 2
Material temperatures and average flue gas temperature during the 5500-hour
measurement period. (*during shut-down).

Ring  Material setpoint Avg. Max Min Avg. Thye
T Trat Trat Tmat gas

1 Carbon 120 116 126 70* 171

2 steel 100 104 113 69*

3 P265GH 80 87 93 69*
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The test rings on the corrosion probe were exposed to three different
temperatures, the set points were 80, 100 and 120 °C (Table 2). How-
ever, the actual temperature could differ up to 13 degrees from the
setpoint. Additionally, there was a 24-hour shut-down in the middle of
the testing period. The boiler was brought down and started up again
according to the standard operational instructions. The boiler was
started up with light fuel oil followed by solid fuel feeding. Thus, the
material temperatures were < 80° C for 10-12 h during the shutdown.
The exposure time of the corrosion probe was 5500 h. Carbon steel
(P265GH) was used as the test material.

The average wall thickness losses were determined for each test ring
with a specific micrometre. An example of material loss of the rings is
illustrated in Fig. 4.

The corrosion rate was calculated by linear extrapolation of the
yearly material loss. In addition, SEM-EDX analyses were carried out on
wind-side deposits collected from the corrosion probe (Fig. 5).

2.2. Laboratory corrosion experiments

2.2.1. Chemicals/Hygroscopic salts

Salts used in the laboratory corrosion experiments were CaCly
(Sigma-Aldrich, anhydrous > 97 %) and CaCO3 (Honeywell, >99.0 %).
Citric acid was used to wash the salt deposits from the steel surfaces after
the exposures. Deionised distilled water was used in the steam gener-
ator. Ethanol was used to polish the samples with the finest grit paper.

2.2.2. Corrosion exposures

The corrosion tests were performed in a tube furnace at 80, 100 and
120 °C. A steady and controlled flow of water vapour was produced with
a Cellkraft P-2 precision steam generator. The water vapour concen-
trations used in the corrosion tests were 15, 17, 20 and 25 vol% H-0, the
O, concentration was 5 vol% and the rest No. These levels of water vapor
are similar to the ones that are typically measured in a boiler. The test
conditions are illustrated in Fig. 6.

In the tests at 80 °C, the conditions were well below the deliques-
cence curve (Fig. 6) thus the salt can absorb moisture from the flue gas
and form a corrosive electrolyte. In the tests at 100 °C the conditions
were close to the deliquescence curve. At 100 °C a narrower range of
water in the gas was chosen to study the behaviour of CaCl, in proximity
of the deliquescence curve (Fig. 6). In the tests at 120 °C, no absorption
of free water occurs because the conditions are above the deliquescence
curve (Fig. 6). However, the salt remains wet if it absorbs water (e.g.,
during a soot blowing). Thus, the salt mixtures were prewetted to
simulate a soot blowing period with high water vapour. The 100 mg salt

Original surface
= After exposure

Fig. 4. Material loss of the carbon steel ring used in the full-scale measurement
at 120 °C. The wind side is the upper part of the figure. The whole circum-
ferences (360°) of each test ring were measured at 15° intervals. The material
loss was relatively evenly distributed around the test rings.
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Fig. 5. Illustration of the wind, side, and leeward deposits on the corro-
sion probe.
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Fig. 6. The blue dots represent the test at 80 °C, the green ones the tests at 100
°C and the red ones the tests at 120 °C. The salt mixtures were prewetted in the
tests at 100 °C (at 15 and 17 vol% H,0) and 120 °C (at all three water vapour
levels) just before being inserted into the furnace. The duration of the tests at
100 and 120 °C was 72 h. The duration of the tests at 80 °C varied: 2, 24, 72 and
168 h. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

deposits were prewetted with 2 droplets of deionized water (approxi-
mately 0.05 ml per droplet). This amount of added water is more than
enough to establish equilibrium between the salt solution and gas phase
when the samples were inserted into the furnace [1]. Adding two
droplets of water to 100 mg of CaCl, results in a molality of about 9 of
the formed solution. The molality of the metastable solution in the ex-
periments is higher than [1] meaning that some water evaporated from
the solution. The prewetting was done just before the insertion of the
samples in the furnace. CaCl, dries if the conditions are above the
recrystallization curve (Fig. 6).

The sample holder used in the furnace exposures can host up to 8
samples (Fig. 7a and 7b). Thus, different materials and salt mixtures
could be tested simultaneously. Depending on the experiment, one or
two samples were chosen for SEM-EDX analysis while the remaining
ones were used to calculate the average corrosion rate. The sample
holder is equipped with three thermocouples (one in the middle and two
at the ends) to record the temperature variations during the whole
experiment. The temperature difference was approximately + 1.5 °C, e.
g., if the thermocouple in the middle measures 80.0 °C, then the ther-
mocouples at the ends would measure 81.5 °C and 78.5 °C.

The corrosion tests were performed using 20 mm x 20 mm or 20 mm
x 17 mm coupons of carbon steel and stainless steel (Table 3).

The coupons were initially polished in water with P120 grit silicon
carbide (SiC) paper, then with P320 grit silicon carbide paper and finally
with P1000 grit paper in ethanol. Approximately 100 mg of the dry salt
mixture was placed on each coupon. CaCl; is very hygroscopic and it
readily absorbs moisture from the surrounding atmosphere. Therefore,
the salt mixtures were kept at 60-80 °C and low humidity during stor-
age. The heated salts were mixed and grinded in a heated mortar with a
heated pestle. Approximately 100 mg of the dry salt or salt mixture was
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Fig. 7. a) The furnace that was used for the corrosion tests in the laboratory. b) The sample holder before being inserted in the furnace. Up to eight coupons could be
tested at the same time. The sample holder was equipped with three thermocouples (one in the middle and two at the ends) to monitor the temperature difference

between the extremes during the test.

Table 3
Typical compositions (main elements) of the steel grades used in this study
(numbers in wt%).

Fe C Mn Si Cr Ni
P235GH >97.7 0.16 <1.2 <0.35 <0.3 <0.3
P265GH >97.4 0.2 <1.4 <0.4 <0.3 <0.3
AISI304L 66.8-71.5 0.03 2.0 1.0 17.5-19.5 8-10.5

placed on preheated metal coupons just before inserting them into the
furnace. Fig. 8 illustrates the cylindrical glass that was used to pour the
salt mixture on the coupons (Fig. 8a), and a typical salt layer before
(Fig. 8b) and after the exposure (Fig. 8c).

After the furnace exposure, the salt and corrosion layer were
removed by citric acid in an ultrasound bath until all corrosion products
were taken away. The total duration of the ultrasound bath in citric acid
was approximately 20-minute long. The ultrasound bath was divided in
5-minute-long intervals. At the end of each interval, the sample was
weighted to measure the mass loss after each bath. When the corrosion
layer was removed, a mass loss was no longer observed between the
ultrasound baths. A blank reference sample was used in the acid step to
determine the metal loss. The mass loss was determined gravimetrically,
and the corrosion rate (mm/year) was calculated by linear extrapolation
to estimate the yearly material loss. The experimental matrix is shown in
Table 4.

The first laboratory experiments studying the impact of CaCly on
low-temperature corrosion were carried out exposing carbon steel at 80
°C. The exposures were done with 15 and 25 vol% H»O for 2, 24 (these
durations are not mentioned in Table 4) and 168 h to determine how the
corrosion rate varies with the exposure time. Based on these experi-
ments, the two steels and salt mixtures were exposed at different tem-
peratures and vol% HsO for 72 h, as listed in Table 4. The 72-hour
experiments (see Fig. 6) were performed at different humidity levels
(between 15 and 25 vol% H30) and temperatures (80, 100 and 120 °C).

(a) (b)

Table 4

Salt mixtures, exposure times and humidity levels for the corrosion tests on
carbon steel (P235GH) and stainless steel (AISI304L) in the laboratory furnace.
The 72-hour tests were performed at 80, 100 and 120 °C. The 168-hour tests
were performed at 80 °C.

Steel CaCl,/CaCO3 (w/w) Time Humidity
material (hours)  (vol%
H,0)
100/ 25/ 50/ 5/ >99 %
0 75 50 95 CaCO3
Carbon X X X 72 15-25
steel
Stainless X X 72 15-25
steel
Carbon X X X X 168 20
steel

Furthermore, carbon steel was exposed to Ca-salts mixtures for 168 h
(Table 4). The water vapor level was 20 vol% during the 168-hour tests.
A test at 80 °C and 20 vol% H»0 was done using CaCOg3 (>99 % CaCOs3
with some impurities) salt to observe the corrosivity of calcium car-
bonate on carbon steel (Table 4).

The metal surface and the corrosion products were analysed using a
scanning electron microscope with energy-dispersive X-ray spectros-
copy (SEM-EDX, LEO 1530 Gemini) to study the corrosion mechanism at
the steel-surface interface. Following the furnace experiments, selected
samples were encapsulated in epoxy resin and later cut to be analysed.
The salt deposit was not washed away, it was rather encapsulated in the
epoxy resin so that it was possible to obtain a cross section SEM image of
the corrosion layer and the salt deposit on top of it. To prevent water
uptake from the atmosphere by the salt, the samples were stored in a
desiccator with Ny or in vacuum before analysis. The samples were
stored in a custom-made desiccator filled with nitrogen and silica gel
desiccant. No water was absorbed by the salts during storage in the

(c)

Fig. 8. a) The cylindrical glass used to pour the salt mixture on the heated sample. b) The salt deposit (100% CaCl,) before exposure. c) The salt deposit (100% CaCls,)
a few minutes after exposure (at 80 °C and 15 vol% H,0), showing the appearance after some drying.
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vacuum or in the custom-made desiccator. Preventing water uptake
proved to be tricky as CaCl; is very hygroscopic and some water was
absorbed when transferring the sample to the SEM. The samples were
stored for approximately-one month prior to SEM analysis.

3. Results and discussion
3.1. Full-scale measurements

Wall thicknesses of the probe rings were measured before and after
the exposures with a micrometre. The deposits were removed mechan-
ically from the rings, and the corrosion rate was calculated by linear
extrapolation to give the yearly material loss. Carbon steel had suffered
from heavy corrosion and the corrosion rate was higher at lower
temperature.

The boiler was brought down during the measurement therefore the
material temperature dropped below 80 °C for 10-12 h. However, this is
not believed to have significantly affected the corrosion rate. The
maximum calculated annual corrosion rate of 1.8 mm/year was
observed for the lowest temperature (87 °C) (Table 5). At 104 and 116
°C, the corrosion rates were 1.4 and 1.1 mm/year, respectively.

In addition to the steel wall thickness measurements, the deposits
were analysed with SEM-EDX. The deposits were scraped off from the
wind-side of the ring (Fig. 5). The elemental compositions of the deposits
are presented in Table 5. The values are averages of three areas. The
variations between the three areas were very small. The dominating
elements in the deposits were chlorine, calcium, and potassium. In
addition, sulfur and sodium were detected. No clear temperature
dependence can be seen in the elemental compositions. However, the
presence of chlorides seems evident at all tested temperatures. Calcu-
lating potassium and sodium as chlorides gives a surplus of chlorine.
This suggests the presence of CaCly together with CaCO3, CaSO4, CaO
and/or Ca(OH),. However, no analysis verifying the presence of CaCl,
or the calcium compounds was done due to the hygroscopic nature of
CaCl,. The formation of MgCl, in the deposit is also possible.

Table 6 shows the content of different elements in the fly ash
collected in the baghouse filter. The chlorine content in fly ash (Table 6)
is lower than the one in the deposits collected from the rings (Table 5).

The maximum water vapour content in the flue gases during the
measurements was 33 vol%. Using Equation (1) from Vainio et al. [1],
gives the deliquescence temperature of 118 °C at 33 vol% H3O. This is an
empirical equation to obtain the deliquescence temperature of CaCl; in
the water vapor range of 10-35 vol%.

Tdeliquescence,CaClZ = 29.10 In(pH,0) + 150.0 (Equation 1) [1]

Severe corrosion may occur below that temperature [1]. The average
material temperature (Table 2) in all boiler measurements was below
the deliquescence temperature, thus suggesting corrosion induced by
CaCly. Potassium chloride is not deliquescent at these conditions.

Fig. 9 shows a cross-sectional SEM image of the carbon steel
(P265GH) ring surface and the corrosion layer that had formed at the
average temperature of 87 °C during the full-scale measurements. The
image does not suggest any pitting corrosion but rather a significant
general corrosion and attack along the grain boundaries in the steel. The
image also shows the locations of the EDX analyses of the deposit (spots

Table 5
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Table 6
Fly ash data in the baghouse filter obtained with ICP-OES (Inductively Coupled
Plasma Optical Emission spectroscopy).

Average content (in w%/w)

Element Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
cl 6.07 1.82 1.6 0.77 0.3

Ca 13 18 19 12 17

K 6 3.8 3.6 4 3.3

Na 1.3 1.18 1.55 1.16 1.15

Si 13.5 20.1 21.5 28.9 22.2

1-4), steel surface (spot 5) and steel (spot 6). In spot 1 Ca is probably
present as oxide or hydroxide. The elemental analyses are given in
Table 7. Iron is present in all points. Sulfur is low or not present at all. All
other points but spot 6 (steel) show the presence of chlorine. This implies
that chlorine and the deliquescence of CaCl; in the deposit have been
involved in the observed corrosion.

3.2. Laboratory corrosion tests results

3.2.1. The impact of exposure time at 80 °C

Two sets of tests were performed in a laboratory furnace with CaCl,
salt on carbon steel (P235GH) at 80 °C and either 15 vol% or 25 vol%
H,O0 in the gas to assess the material loss caused by corrosion (Fig. 10).
In both cases, the temperature and humidity conditions were well below
the deliquescence curve (Fig. 6), i.e., conditions in which CaCl, absorbs
water from the surrounding atmosphere.

The aim was to investigate whether the corrosion rate is linear with
time. The measured mass loss of the samples after different exposure
times (2, 24 and 168 h) suggested that the corrosion rate increased
almost linearly with time (Fig. 10). Similar results indicating that the
corrosion rate increased linearly with exposure time were obtained in
the tests at 25 vol% H50. Therefore, an intermediate duration of 72 h
was chosen for the further tests.

3.2.2. The impact of temperature

3.2.2.1. Corrosion at 80 °C. At 80 °C, three tests on carbon steel and
stainless steel were carried out with 15, 20 and 25 vol% water vapour in
the flue gas (see Table 4). All three water vapor levels were below the
deliquescence curve. Therefore, CaCly present in the deposit can absorb
moisture from the surrounding atmosphere and form a corrosive elec-
trolyte (Fig. 6). Stainless steel never showed any sign of corrosion;
therefore, the corrosion rates (illustrated in Fig. 11a) refer to carbon
steel only. Fig. 11b shows the appearance of the different salt mixtures
after the exposure at 25 vol% HO. It has to be pointed out that stainless
steel may suffer from pitting corrosion in the presence of chlorides [12].
However, this was not observed in the tests of the current study. Due to
the deliquescence of CaCly, corrosion occurred on all carbon steel
samples. Surprisingly, the salt deposit that proved to be more corrosive
was the one containing just 5 wt% CaCl,. This could be explained by the
fact that the salt mixture comprising 5 wt% CaCl, did not form a solution
but rather a semi-wet deposit (see metal coupons after exposure in
Fig. 11b). This could improve the oxygen diffusion to the steal surface.

Average temperature of the corrosion probe rings during the full-scale measurements (°C), elemental composition of wind side deposits (atomic %) on the rings, and

calculated corrosion rate (mm/year).

Ring Temp Elemental composition (atomic %) Corrosion rate (K + Na) . .
) - (mm/year) a Atomic ratio
o Na Mg Al Si S Cl K Ca Mn
1 116 64.6 1.4 1.5 1.2 2.0 5.9 5.7 2.8 14.4 - 1.1 0.74
2 104 59.0 1.7 2.5 - 1.5 1.5 10.6 5.4 15.2 - 1.4 0.67
3 87 65.0 2.3 2.6 1.5 1.8 1.4 5.9 0.4 18.1 0.2 1.8 0.46
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Fig. 9. SEM image of the cross-section of the wind side of the carbon steel (P265GH) corrosion probe ring. The image shows the steel surface and the corrosion layer
on top. The ring was exposed in the full-scale boiler for 5500 h at an average temperature of 87 °C (see Table 2).

Table 7
Elemental composition of selected spots of the corrosion layer in Fig. 9 (atomic
%).

Spot o Na S Cl K Ca Mn Fe
1 71.0 0.2 0.1 1.6 0.1 25.6 0.1 1.2
2 60.7 0.1 0.1 1.1 0.3 0.1 0.3 37.2
3 67.4 0.1 0.0 0.5 0.0 0.0 0.1 31.8
4 58.0 0.1 0.1 1.0 0.1 0.2 1.0 39.5
5 58.6 0.1 0.0 0.6 0.1 0.0 0.1 40.2
6 0.0 0.0 0.1 0.0 0.1 0.0 0.6 99.3
18
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Fig. 10. Average mass loss (blue dots) of carbon steel samples after three
exposure times (2, 24 and 168 h) at 80 °C. The flue gas composition was 15 vol
% H0, 5% O, the rest N,. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

3.2.2.2. Corrosion at 100 °C. At 100 °C, the corrosion of the steels was
studied for the Ca-salts mixtures given in Table 4 and the flue gas con-
taining 15, 17 and 20 vol% H30 for 72 h (see green dots in Fig. 6). At 15
vol% H»0, i.e., CaCly is just above the deliquescence curve. Therefore,
the salt does not absorb moisture from the flue gas, and it is not corro-
sive. As the conditions were in between the deliquescence and the

crystallisation curves for CaCly, the salt deposits were prewetted with
distilled water droplets in the tests at 15 and 17 vol% H0O (see Fig. 6).
The measured corrosion rates for carbon steel are shown in Fig. 12. No
corrosion was measured for the stainless steel samples in these
conditions.

The corrosion rates were significantly lower at 100 °C than at 80 °C
(see Fig. 11a). This is likely attributed to the limited oxygen solubility in
the supersaturated salt solution, thus decreasing the corrosiveness of the
solution [22]. The same effect of lower corrosion rate for metastable
supersaturated solutions of CaCl, have been reported for 25 vol% HO at
120 °C [1]. For the experiments at 100 °C a narrower range of water
vapor in the gas (15, 17 and 20 vol% H»0) was chosen compared to the
one used in the furnace tests at 80 and 120 °C (15, 20 and 25 vol% H50).
The purpose of choosing a narrower range was to study the behaviour of
CaCly when the conditions are very close to the deliquescence curve
(Fig. 6). In a full-scale boiler, fluctuation of the water vapor content,
during e.g., soot blowing, could lead to deliquescent conditions at a
given temperature. The furnace experiments at 100 °C have shown that
the corrosion rate doesn’t vary significantly in this narrower range of
water vapor content in the gas when salts have been prewetted at 15 and
17 vol% H50.

3.2.2.3. Corrosion at 120 °C. The tests at 120 °C were carried out at 15,
20 and 25 vol% Hy0. The conditions were above the deliquescence
curve (see red dots in Fig. 6), indicating that CaCl, does not absorb water
and thus is not corrosive. As the conditions were between the deli-
quescence and recrystallization curves CaCl, does not deliquesce. In
these experiments, the salts were prewetted before the exposures (see
Fig. 6). As for the experiments at 80 and 100 °C, no sign of corrosion was
found on the stainless steel samples. The corrosion rates for carbon steel
are illustrated in Fig. 13.

At 120 °C water vapour seemed to affect the corrosivity more than
the other parameters (Fig. 13), and the highest corrosion rates were
found at 25 vol% H50.

3.2.3. Corrosion after 168 h (one week)

One-week tests on carbon steel were performed at 80 °C and 20 vol%
Hy0 (see salt mixtures on Table 4) and the results are presented in
Fig. 14a. As in the 72-hour tests, the salt deposit containing 5 wt% CaCl,
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5 15% H,0
u 20%H,0

25% H,0

100 wt% CaCl;

Fig. 11. a) Average corrosion rates (mm/year) of carbon steel (P235GH) after exposure at 80 °C to different calcium salts mixtures. The tests were performed at
various water contents in the gas (15, 20, and 25 vol%) for 72 h. b) Pictures of the three salt mixtures taken a few minutes after the exposure at 25 vol% H>0. A semi-

wet solution had formed in the two deposits comprising 5 and 25 wt% CacCl, due to the lower amount of deliquescent CaCl, in the mixture.

Corrosion rate at 100°C

u 15% H,0

u 17% H,0
’ 20% H,0
20% H,0

Corrosion
rate
(mm/year) 0,6

08

04
0,2
N 17% H,0
100% Cacl,
25% CaCl, 15% H,0
75% CaCO, 5% CaCl,
95% CaCO,

Fig. 12. Average corrosion rates (mm/year) of carbon steel (P235GH) after the
furnace tests at 100 °C. The exposure time was 72 h. The Ca-salts mixtures were
prewetted just before the furnace exposures at 15 and 17 vol% H50.

was the most corrosive and a solution had not formed on the surface of
the sample but rather a semi-wet salt. The high corrosion rate for the 5
wt% CaCly could be explained by the improved oxygen diffusion in the
semi-wet deposit since a solution covering the steel surface had not
formed (Fig. 14b). Whereas in the other cases the salt solution was
covering the whole surface (see the 100 wt% CaCl; deposit in Fig. 11b).
Furthermore, the corrosion rate was comparable with the 72-hour test,
thus confirming the corrosion rate was linear with the exposure time.
As shown in Fig. 14a, the deposit consisting of 99 % CaCOs also

Corrosion rate at 120°C

14 ¢
12
) 1
Corrasion 08 u 15% H,0
rate o
(mm/year) 0,6 - 4 20% H,0
0,4 o ‘ I _ ' 25% H,0
02 - ,"-I oy | ’ 25% H,0
0 4 - = 20% H,0
100% —
cacl.  25%CaCl, 15% H;0
?  75%caco, ©S%CaCl,
95% CaCo,

Fig. 13. Average corrosion rates (mm/year) of carbon steel (P235GH) exposed
to different mixtures of calcium salts at 120 °C and various water vapour
concentrations (15/20/25 vol% H,0) for 72h. All the salt deposits were pre-
wetted just before the furnace exposures.

caused minor corrosion. This was a surprise because CaCOs is not hy-
groscopic and should be relatively inert. The calcium carbonate used in
the experiment was later analysed using ion chromatography, and traces
of chlorine (20 ppm) were found. Also, the corroded spots on the steel
surface were analysed with SEM-EDX and proved to be enriched in
chlorine. This suggests that chlorine can cause corrosion even at
extremely low concentrations. In future, purified CaCO3 deposits will be
used to verify whether calcium carbonate is corrosive per se.



A. Ruozzi et al.
(a)

14 CORROSION RATES (mmlyear)

Fuel 349 (2023) 128344

(b)

1.2

0.8
0.6
04
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95% CaCO,
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Fig. 14. a) Average corrosion rates for carbon steel (P235GH) exposed to different Ca-salts mixtures at 80 °C and 20 vol% H>O for 168 h. The 99 wt% CaCOs3 salt
contained Cl impurities causing the corrosion. b) Picture of the 5/95 (wt/wt) CaCl,/CaCO3 deposit taken immediately after the furnace exposure. This deposit proved
to be the most corrosive both in the 72 and 168-hour tests at 80 °C. Given the low amount of hygroscopic CaCl, in the mixture, a wet solution had not formed (see 100

wt% CaCl, in Fig. 11b).

A 168-hour test at 120 °C and 20 vol% H;O (not mentioned in
Table 4) was carried out using carbon steel (P235GH) samples without
prewetting the salt deposit (5 wt% CaCly/ 95 wt% CaCOs). The salt
deposit was completely dry after the exposure, and no sign of corrosion
was found. This test was done to prove that dry CaCl; is not corrosive
above the deliquescence curve if it does not absorb water.

3.3. Corrosion mechanisms

One steel with the salt deposit per experimental condition was
incapsulated in epoxy resin to study the corrosion reactions from the
cross-section using SEM-EDX. A SEM image of the carbon steel sample
exposed to 5/95 (w/w) CaCly/CaCO3 mixture at 80 °C and 20 vol% H,0
isillustrated in Fig. 15a. Fig. 15b presents EDX analyses of selected spots
close to a corrosion pit.

Spots 1 and 2 located close to the steel surface have high Cl (4.8 and
5.7 atomic%) and low Ca contents. When CaCl;, deliquesces, the salt
dissociates according to the following reaction:

CaCl, (aq) — Ca*" (aq) + 2 CI~ (aq) @)

Further, when iron is dissolved, the Fe2+(aq) ions attract C1~ to form
FeCly(s, aq), i.e., a corrosive and hygroscopic compound. Furthermore,

50um

FeCl, in water leads to the hydrolysis reaction forming iron hydroxide
and hydrochloric acid according to the following reaction [23]:

FeCl, (s, aq) + 2H,0(1) — Fe(OH), (s) + 2H"(aq) + 2Cl (aq) 3)

The HCI formed in reaction (3) lowers the local pH and Cl™ can be
recycled back to the steel surface. This process is referred to as auto-
catalytic corrosion reaction [23]. Outside the corrosion pit (Area 4 of
Fig. 15), the chlorine concentration is significantly lower.

Fig. 16 illustrates the upper corrosion layer.

Spot analyses of Area 1 and 2 in the picture (Fig. 16a) show high
oxygen and iron content (Fig. 16b), this suggests the presence of
corrosion compounds such as iron oxides and/or iron hydroxide. These
compounds are responsible for the red brownish colour (hematite or Fe
(OH)3) that was observed following the furnace exposure (see Fig. 14b).
Area 3 (Fig. 16) is mainly a mixture of CaCly and CaCOs.

4. Summary and conclusions
This work explored the corrosive effects of deliquescent calcium
chloride on carbon steel used in the cold-end parts of boilers. Full-scale

measurements in a biomass BFB boiler were performed with corrosion/
deposit probes in the air preheater area. Furthermore, tests in a

b)

Atomic %

Area 0 Fe cl Ca O/Fe
1 46.9 47.7 438 / 0.98
2 45.8 47.7 5.7 0.2 0.96
3 60.3 37.2 13 0.7 1.62
4 62.4 325 0.8 4 1.92

Fig. 15. a) Cross-section SEM image of the surface of a carbon steel (P235GH) sample exposed to a 5/95 (wt/wt) CaCl,/CaCO3 deposit at 80 °C for one week. Feed
gas composition during exposure: 20 vol% Hy0, 5 vol% O3, 75 vol% N,. b) EDX elemental analyses of different spots.
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b)

Atomic %

Area o Fe cl Ca O/Fe
1 61.4 335 2.6 15 1.83
2 56.2 40.7 1.7 13 1.38
3 59.8 0.9 19.2 20.1 /

Fig. 16. a) Cross-section SEM image of an upper corrosion layer. Image taken from the same sample of Fig. 15. b) EDX elemental analyses of selected spots.

laboratory furnace have been performed to study the low-temperature
corrosion caused by different CaCl,-CaCO3 mixtures on carbon steel
(P235GH) and stainless steel (AISI304L).

Both the laboratory tests and the full-scale measurements showed
that the corrosion rate of carbon steel is high (>1 mm/year) when
deliquescence occurs. Tests performed with supersaturated CaCl; at 100
and 120 °C, between the deliquescence and the recrystallization of
calcium chloride, showed less corrosion than the ones at lower tem-
perature (80 °C). The furnace tests in the laboratory utilizing mixtures of
CaCl, and CaCOs have shown that calcium chloride is very corrosive on
carbon steel even when it comprises just a small percentage (5 wt%) of
the salt mixture.

To avoid heavy corrosion by hygroscopic CaCly, the deposit/material
temperatures should be kept above the deliquescence temperature. The
increase of the moisture levels in the flue gas during boiler operations
needs to be taken into account in order to anticipate CaCly-induced
corrosion. When the water vapor content in the flue gas is high, due to
soot blowing or wet fuel, CaCly can absorb moisture and remain corro-
sive even when the water vapor drops back to lower levels.

Future experiments in the laboratory furnace to study the corrosivity
of CaCl; could include the use of HCI and CO5 in addition to H5O in the
feed gas to better simulate the conditions that occur in a full-scale boiler.
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