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A B S T R A C T

Alloys exposed in waste-fired boilers tend to exhibit higher corrosion rates and more signs of severe corrosion
attack than in laboratory experiments simulating this type of environment. Thus, in order to better mimic the
boiler environment, a laboratory setup with continuous deposition of KCl(s) on the samples has been performed.
Areas with high amount of deposited KCl(s) reveal an accelerated corrosion attack characterized by thick oxide
layers, void formation and steel grain boundary attack. Areas with less deposited KCl(s) exhibited the same
morphology as presented earlier for 304 L samples exposed to small amount of KCl(s).

1. Introduction

The release of greenhouse gases (GHG) to the atmosphere due to
human activities has steadily been increasing [1]. The majority of GHG
are produced during the combustion of fossil fuels where carbon di-
oxide (CO2) is a rest product. The release of GHGs to the atmosphere
cause global warming and increasing efforts are now being put forward
to reduce this trend. One way to reduce the net emission of CO2 is the
substitution of fossil fuels with renewable fuels in power plants. Un-
fortunately, the combustion of renewable fuels such as biomass and
waste usually result in the formation of corrosive deposits and gases
that damage critical parts of the plant. From a corrosion aspect, the
resulting flue gas when combusting biomass and waste contains mainly
water vapor, carbon dioxide, alkali chlorides and hydrogen chloride
[2–8]. Consequently, the deposit formed on the superheater tubes are
mainly constituted of alkali chlorides, which are known for their cor-
rosiveness towards superheater tubes [2,7,9–21]. The corrosiveness of
the alkali chlorides is explained by one of the following mechanisms:
the “chromate formation” mechanism [2,12,13,16,10–21] where the
alkali deteriorates the protective chromium-rich layer on stainless steels
by the formation of alkali chromate and an iron rich non-protective
scale, or, the “active oxidation” mechanism [7,11,22–27] where the
Cl2(g) is transported through the oxide scale to the oxide/metal inter-
face. Subsequently, the Cl2(g) reacts with the metal to form metal
chlorides that diffuse as MeClx(g) back through the oxide scale, cracks
and pores, towards the gas/oxide interface. The higher partial pressure
of oxygen at the gas/oxide interface leads to decomposition of MeClx(g)
into MexOy, releasing Cl2(g) to the atmosphere. The released Cl2(g) can

again be transported towards the metal/oxide interface, repeating the
process in a cyclic manner. An electrochemical approach has also been
suggested, which suggests that a flux of anions, cations and an elec-
tronic current occurs instead of a gas transport of chlorine through the
oxide scale [28,29].

The laboratory studies investigating the corrosive effect of KCl at
high temperatures are usually performed with a fixed amount of KCl(s)
deposited on the samples ex-situ prior to exposure as in e.g. [30] or with
a layer of KCl(s) that covers the sample [12,18]. However, this rather
static manner of applying the salt does not resemble the deposit for-
mation that occurs on e.g. superheater tubes in boilers. Furthermore,
the corrosion attack and deposit formation occur simultaneously on
field samples, probably affecting each other. For this reason, to better
mimic the boiler environment and to study the propagation of the
corrosion attack, a laboratory setup with continuous deposition of KCl
(s) on the sample surface has been developed.

2. Theory – Aim of the method

The corrosive effect at high temperatures of alkali salts on materials
used for superheater tubes has been investigated assiduously in la-
boratory studies [2,7,9–21,30–32]. For stainless steels at high tem-
peratures (∼ 600 °C) and in an oxidizing atmosphere, the morphology
of the corrosion attacks can be characterized by an outward-growing
iron oxide, an inward-growing spinel oxide and, depending on the
amount of KCl present, grain boundary attacks. However, the corrosive
effect of alkali salts has also been investigated in field studies in e.g.
waste-fired boilers [2,33,34]. It can be observed that the severity of the

https://doi.org/10.1016/j.corsci.2020.108511
Received 26 June 2019; Received in revised form 15 January 2020; Accepted 24 January 2020

⁎ Corresponding author.
E-mail address: julien.phother@chalmers.se (J. Phother-Simon).

Corrosion Science 167 (2020) 108511

Available online 30 January 2020
0010-938X/ © 2020 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/0010938X
https://www.elsevier.com/locate/corsci
https://doi.org/10.1016/j.corsci.2020.108511
https://doi.org/10.1016/j.corsci.2020.108511
mailto:julien.phother@chalmers.se
https://doi.org/10.1016/j.corsci.2020.108511
http://crossmark.crossref.org/dialog/?doi=10.1016/j.corsci.2020.108511&domain=pdf


corrosion attack is greater in waste-fired boilers than in laboratory
exposures. Multi-layered oxides, thicker oxides, detachment of non-
oxidized metal fragments as well as deeper grain boundary attacks are
characteristic features observable on stainless steels exposed in waste-
fired boilers. This shows the extensive divergence in corrosiveness be-
tween laboratory and field exposures. Thus, to unravel the severity of
corrosion attacks that occur in waste-fired boilers, it is necessary to
simulate an environment similar to waste-fired boilers. This can be
attained by achieving a more corrosive environment in laboratory ex-
posures.

Usually, the investigations of the corrosive effect of KCl at high
temperatures are performed with fixed amounts of KCl(s) deposited on
samples before exposure [30] or with a layer of KCl(s) that covers the
sample [12,18]. However, this technique of investigating the effect of
salt is mostly relevant for studies on the initiation of corrosion. When
focusing on the propagation of corrosion attack (such as longer ex-
posure durations), the initial supply of KCl may decrease or even be-
come negligible which may not resemble the deposit formation that
occurs in waste-fired boilers.

That is why, to replicate such environment, an experimental setup
allowing continuous deposition of KCl onto the samples during ex-
posure has been developed.

3. Materials and methods

3.1. Sample preparation

The material investigated is the austenitic steel 304 L from
Outokumpu, the composition is given in the Table 1. The samples have
the following dimensions: 15× 15×2mm3 with a hole of 1.5 mm
diameter drilled at 2 and 7.5 mm from the edges. All samples were
grinded with 500 grit SiC from Struers and then polished with 9, 3, and
1 μm diamond solutions DP-Suspension using DP-Lubricant Yellow. As a
final step, the samples were cleaned in acetone then ethanol using an
ultrasonic bath Elmasonic P from Elma.

3.2. Exposures

The continuously deposited KCl exposures were performed in an
atmosphere of 5 % O2+20 % H2O and balanced with N2. The water
vapor content was established by using the nafion membranes FC 125-
240-5MP from Perma Pure. The flow rate was 2.5 cm/s and measured
with a flowmeter Definer 220 from Bios. A 3-zone furnace ETF 80/12-III
from Entech equipped with a 70-mm silica tube from Quarzglas
Komponenten und Service QCS GmBH were used. An alumina boat
filled with KCl(s) from VWR BDH Chemicals (assay 100.1 %) was
placed upstream at 700 °C where the vapor pressure of KCl(s) calculated
was 65.9 ppm, and the samples were placed downstream at 600 °C
where the vapor pressure calculated was 3.4 ppm. Therefore, massive
condensation of the salt in the samples area was expected during the
exposure. The positions of the samples and the KCl boat were consistent
for all exposures. The vapor pressures of KCl(s) at these two tempera-
tures were calculated using the software FactSage 7.2 and the FTslat
database. A schematic drawing of the setup is shown in Fig. 1. The
duration of the exposures was based on previous work standards to
make the comparison easier between the two methods. For this reason,
the duration of the exposures was set to 24 h.

The temperature gradient profile within the furnace is shown in
Fig. 2 and was measured twice to find the temperature variance

between two experiments, as the furnace was turned off in between.
The measurements were performed by moving a thermocouple forward
every 1 cm from one side of the tube to the other side for a total length
of 75 cm, see Fig. 3. The position of the thermocouple was consistently
kept at the center of the furnace (co-axial), which means that the
thermocouple was pushed forward while remaining aligned with the
rotation axis of the tube.

The measurements were performed using two parallel gold foils,
whose mass gains of KCl were measured discontinuously every 24 h for
one week due to the deposition. Every 24 h, the two gold foils were
taken out of the furnace and weight measured, while a set of two new
gold foils were placed for the next 24 h. The measurements were per-
formed for one week, which can be seen as seven sets of 24 -h exposure.
Between each of those 24 -h exposure, the KCl(s) source was refilled.
One of the gold foils is aligned with the rotation axis of the furnace
(middle position) while the second gold foil is located at one of the
sides, in order to replicate the position of future real samples at the
same locations. The side positions are located 1.8 cm apart from the
middle position and 1.5 cm apart from of the tube furnace, see Fig. 4.

In comparison, the previous way of applying salt consists in
spraying or depositing KCl(s) onto the samples prior to exposure
[13,16,30,35], which results in a limited amount of supplied KCl(s),
such as 0.250 g deposited on top of the surface and 0.1 or 1.0 mg/cm2

sprayed on the surface.

4. Analytical techniques

Ion etching was used to obtain cross-sections with smooth surfaces
for SEM imaging thanks to Broad Ion Beam (BIB) milling. This tech-
nique uses a triple ion beam cutter Leica TIC 3X, which uses argon ions
for milling. The sessions were operated at 6.5 kV with a duration of
12 h. In order to prepare the sample for the BIB milling, a piece of
silicon wafer was glued to the surface of the exposed sample using
Loctite 415. After drying, the sample was cut in two pieces using a low
speed saw Minitom from Struers. One of the two pieces could be sub-
sequently inserted in the BIB.

The SEM imaging was performed using a FEI Quanta 200 ESEM FEG
equipped with an Oxford Instruments X-MaxN 80 T EDX. The accel-
erating voltage used for imaging was 10 kV with 12mm working dis-
tance, and 20 kV with 10mm working distance for EDX analysis.

5. Results

5.1. Characteristics and observations of the novel laboratory setup

The temperature gradient profile within the furnace shown in Fig. 2
was measured twice and exhibits a consistent temperature profile in the
area of interest. Only at the edges of the furnace (close to 0 cm and
75 cm on the X axis of the graph), a deviation between the two mea-
surements was observed. This is due to the poor temperature control at
the edges of the furnace. However, in the area of interest, located be-
tween 35 cm (samples position) and 55 cm (KCl source position), no
relevant deviation was observed.

Due to the diameter of the tube and the laminar flow, a temperature
spread of± 2.5 °C was considered. This uncertainty was empirically
confirmed by an average of measurements performed by shifting a
thermocouple 1 cm in one direction, from the center, during the mea-
surement of the profile temperature. The highest temperature was lo-
calized at the original measurement point, which was on the rotation
axis of the tube, while the measurements performed by shifting the
thermocouple 1 cm in one direction exhibited a lower temperature of
maximum 2.5 °C, see Fig. 5.

The graph in the Fig. 6 shows the amount of KCl deposited on gold
foils every 24 h for one week. Two positions of samples were in-
vestigated: middle of the furnace and the sides. As a reminder, the
middle position is located at the center of the furnace while the sides

Table 1
Chemical composition of 304 L.

Element (wt.%) Fe Cr Ni Mn Si

304 L Bal. 20 10 1.4 < 0.6
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positions are 1.8 cm apart from the center, and 1.5 cm from the walls.
The position on the side averaged half the amount of KCl deposited at
the middle position. Furthermore, the amount of KCl deposited every
24 h cycle during the one-week exposure remains relatively consistent:
the average deposited amount of KCl was 0.95mg/cm2 per day±
0.31mg/cm2 at the middle position, and 0.44mg/cm2 per day±
0.11mg/cm2 at the side position.

In Fig. 7, a representative photograph of the exposed samples, di-
rectly after removal from the furnace is shown. The KCl deposits on the
sample surface appear heterogeneous. The top of the samples exhibits
more KCl deposition compared to the bottom part of the samples.
Therefore, a gradient in the amount of KCl is observed on the samples
from the top to the bottom. Moreover, the condensation of KCl between
the samples is also heterogeneous. The middle sample exhibits sub-
stantial deposition/condensation and needle-like KCl particles can be
seen on the sample surface. The sample to the left, which is a side
sample, exhibits a lower KCl deposition/condensation. Consequently,

two areas were defined based on both, KCl deposition and different
level of suspected corrosiveness: the top part of a middle sample is
considered to be the most corroded area of the exposure (labelled “high
amount of KCl”), while the bottom part of a side sample is the least
corroded area (labelled “low amount of KCl”). Several exposures under
the same conditions were performed and exhibited the same features.

Hence, as it was shown previously based on the measurement of KCl
(s) deposition and the definition of different areas on the samples, that
the setup exhibited a reproducible deposition of KCl(s) between each
exposure, which makes possible the comparison between two experi-
ments using this setup.

Fig. 1. Schematic drawing of the experimental setup.

Fig. 2. Temperature profile for the 3-zone heating furnace measured twice with
a shutdown in between.

Fig. 3. Schematic drawing of the profile temperature measurements.

Fig. 4. Schematic drawing of the sample positions within the furnace in a cross-
sectional view.
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5.2. Characterization of the “low amount of KCl”-area

The optical inspection revealed no substantial deposition of KCl(s)
for the “low amount of KCl”-area. These areas were usually located on
the side of the samples facing the furnace wall. The lack of visual KCl
was confirmed with the SEM/EDX analysis where the presence of KCl(s)
on the sample surface was negligible (Fig. 8a). Despite the visual lack of
KCl agglomerations on the sample’s surface, the corrosion attack was
severe already after 24 h of exposure in 5 % O2 + 20 % H2O at 600 °C
under continuous KCl deposition.

Instead of present KCl particles, the sample surface was completely
covered by an iron oxide, see Fig. 8a. The cross-sectional view in Fig. 8b
confirms a two-layered oxide scale. Based on the EDX analysis

performed on this sample and earlier observation of 304 L exposed in
the presence of small amounts of KCl(s) [21], the top oxide layer is
suggested to be consisting of an outward-growing oxide of Fe2O3. Below
this top oxide layer, an inward-growing oxide layer can be seen. This
layer is suggested to be composed of fully oxidized, spinel oxide
(Fe,Cr,Ni)3O4 as well as regions of mixed Fe,Cr spinel oxide and metal,
again based on EDX analysis and earlier observations [21]. The thick-
ness of the scale varies between 9 and 15 μm and no steel grain
boundaries attack could be observed.

5.3. Characterization of the “high amount of KCl”-area

The areas with high amount of KCl were characterized by large
agglomerations of deposited KCl(s). The largest crystals were removed
gently by an air duster to make the sample preparation easier. A gra-
dient of the spread of KCl could be observed during SEM/EDX analysis,
which was shown by different surface topographies. Fig. 9 shows the
plan view of a) the surface covered with KCl, b) a spalled area and c) the
cross section of the area.

In Fig. 9a, the sample surface is completely covered by deposited
KCl crystals. The cross-section was performed in this area and is shown
in Fig. 9c. Shattered oxide layers beneath a continuous “crust” of KCl as
well as steel grain boundaries attack are the observable features of this
corrosion attack. The attack of grain boundaries reaches between 30 μm
and 50 μm in depth. Another area where part of the corrosion product
layer and the KCl deposit spalled off is shown in Fig. 9b. In this image,
the steel grain boundaries attack was also evident.

SEM/EDX analysis of the cross-section shown in Fig. 9c is shown in
Fig. 10. The corrosion products detected within the steel grain
boundary attack is characterized as an oxide with the composition of O
(53–56 %), Cr (18–21 %), Fe (15–19 %) and Ni (7–9 %) in at-%. Voids
were observed along the grain boundaries and small amounts of
chlorine were also detected within the steel grain boundaries.

6. Discussion

6.1. General observations

KCl in flue gas/deposit present in biomass- and waste-fired boilers is
well known to cause an accelerated corrosion attack [2,33,34]. The
corrosive effect of KCl has also been shown in several laboratory ex-
posures [2,7,9–21,30–32]. However, comparing the extent of the cor-
rosion attack of field exposed samples and laboratory exposed samples,
the former is much more severe. This paper aims at, by increased cor-
rosiveness in the laboratory exposures in a well-controlled manner,
more closely resemble the corrosive environment of a biomass- and

Fig. 5. Schematic drawing in a profile view of the temperature uncertainty
observations.

Fig. 6. Amount of KCl(s) deposited on gold foils every 24 h for one week at two
samples position.

Fig. 7. Photograph of 304 L samples after an exposure for 24 h at 600 °C in 5 %
O2 + 20 %H2O under continuous KCl deposition.
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waste-fired boiler. The reproducibility of this exposure setup with
continuous deposition of KCl onto the samples is shown in Fig. 6. In
order to make a reasonable comparison of the corrosion attack for both
laboratory and field exposures, some parameters have been fixated.
This study has selected the stainless steel 304 L as a reference material,
the material temperature 600 °C and the exposure time 24 h.

6.2. “Low amount of KCl”-area

The features observed in this area are similar to 304 L samples ex-
posed with 0.1 mg/cm2 of KCl sprayed ex-situ prior to exposure

(Fig. 11a). The morphology of the corrosion products of these KCl-
sprayed samples is consistent with the observations mentioned in 5.2;
an outward-growing Fe2O3 layer on top of an inward-growing spinel
type oxide ((Fe,Cr,Ni)3O4) and regions of mixed Fe,Cr spinel oxide and
metal [21]. The total thickness is usually between 7–9 μm and no signs
of grain boundaries attack could be observed.

The features observed in the “low amount of KCl” areas are typical
of KCl-induced corrosion on a stainless steel such as 304 L. The alkali
reacts with the protective chromium-rich layer to form alkali chro-
mates, e.g. potassium chromates in this study. This leads to depletion of
chromium in the protective layer, resulting in less protective properties

Fig. 8. SEM image using BSE of a) the plan view of a” low amount of KCl”-area of a 304 L sample after 24 h in 5 % O2 + 20 % H2O exposure under continuous KCl(s)
deposition at 600 °C and b) a cross-sectional view.

Fig. 9. SEM image using BSE for a) the plan view, b) a spalled area and c) a cross sectional view of a” high amount of KCl”-area after 24 h at 600 °C in 5 % O2 + 20 %
H2O.
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and ultimately, breakaway oxidation. In order to achieve this type of
corrosion morphology, the alkali plays an important role and it have
earlier been shown that e.g. K2CO3 (without any chlorine present) re-
sults in a similar corrosion attack [17].

This comparison between the two laboratory exposures methods
mainly shows that the developed setup is able to reproduce an en-
vironment at least as corrosive as the KCl-spray method. The formation
of alkali chromates followed by fast oxidation controlled by diffusion
through the iron oxide is suggested to be the mechanism leading to the
observable corrosion products. Therefore, it can be concluded that the
setup is sufficiently efficient to create a corrosive environment in order
to pursue further investigations.

6.3. “High amount of KCl”-area

This area shows the potential of the setup’s abilities. The continuous
deposition of KCl(s) and the simultaneous presence of KCl(g) during the
exposure more closely simulates the complex environment in field, e.g.
waste-fired boilers. Therefore, the aspect of corrosion products present
in this area are more closely related to what can be observed on

corresponding samples in field. Thick deposits (denoted as KCl “crust”
in laboratory studies), together with thick and shattered oxide layers as
well as deep steel grain boundary attack are the main characteristics.

According to the results, there is a correlation between the amount
of KCl present on the surface of the sample and corrosiveness. At the
“High amount of KCl”-area, the corrosion attack could be divided in
two types; a general corrosion attack and steel grain boundary attack.
For the “low amount of KCl”-area, the general corrosion attack was less
severe compared to the “High amount of KCl”-area. Furthermore, the
steel grain boundary attack was absent in the “low amount of KCl”-area.
The steel grain boundary attack in the “High amount of KCl”-area
showed signs of the presence of chlorine. This correlation is in agree-
ment with Karlsson S et al. [30]. In the article referred to, 304 L was
exposed in the presence of ex-situ added 0.1 mg/cm2 and 1.0mg/cm2 of
KCl, respectively, with and without SO2 for 24 h at 600 °C. The extent of
steel grain boundaries attacks increased with increased amount of
available chlorine (either by increasing the amount of KCl (0.1 →
1.0mg/cm2 KCl or by introducing SO2 and thereby releasing chlorine as
HCl by the sulphation reaction of KCl). At most, the steel grain
boundary attack reached 10 μm in depth [30]. As a comparison, in this

Fig. 10. EDX map of the cross section shown in Fig. 9c.

Fig. 11. SEM image using BSE of a cross section of a) 304 L sample exposed to 0.1mg/cm2 KCl(s) applied prior to exposure after 24 h at 600 °C in 5 % O2 + 40 % H2O
[30] b) 304 L sample exposed to KCl(s) under continuous KCl(s) deposition after 24 h at 600 °C in 5 % O2 + 20 % H2O.
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study, the deposition rate of KCl shown in Fig. 6 indicates that in
average, 0.95mg/cm2 of KCl is deposited every 24 h onto the middle
sample, which is close to the 1,0mg/cm2 deposited in the referred ar-
ticle. Considering the heterogenous distribution of the KCl where most
of the 0.95mg/cm2 of salt is located at the top of the sample, and the
simultaneous presence of KCl in gaseous phase, a higher degree of
overall corrosion was expected at the “high amount of KCl”-area. As
previously mentioned in 5.3, the depth of the steel grain boundary at-
tack reaches between 30 μm and 50 μm compared to 10 μm in the re-
ferred article. This indicates that the developed setup can create a more
corrosive environment compared to the KCl-sprayed method.

This increase in the overall corrosion attack may be explained by
the higher amount of potassium available, which would not only de-
plete the chromium from the protective oxide layer faster, thus, leading
to breakaway oxidation in a shorter time. As a result, the amount of
available chlorine is also expected to increase. However, the amount of
chlorine detected in the corrosion attack is small. It is primarily de-
tected at the corrosion front of the steel grain boundaries, as seen in
Fig. 10. The exact role of chlorine at the corrosion front is still under
debate and more work is required in order to understand the links
between its presence and the corrosion attack.

According to the “Active oxidation”-mechanism [7,11,22–27] the
chlorine is suggested to diffuse through the oxide scale as Cl2(g),
reaching the oxide/metal interface and thereby forming corresponding
metal chloride. The formed metal chloride is expected to volatilize and
subsequently diffuse outward towards the oxide/environment interface.
The metal chlorides then dissociate into metal oxide, releasing the
chlorine gas, which may repeat the process or return to the atmosphere.
However, in order for this cyclic process to work it is crucial that an
oxygen gradient is preserved over the oxide scale, facilitating the for-
mation of metal chlorides at the metal/oxide interface. It is unclear how
the diffusion of Cl2(g) and the much larger MeClx(g) is sustained
through the oxide scale (or through voids, cracks and/or microcracks)
whereas the diffusion of the much smaller O2(g) is not. Furthermore,
the presence of Cl2(g) in a wet combustion atmosphere is expected to
several orders of magnitude lower than O2(g).

Another approach to explain the diffusion of chlorine through the
oxide scale is by the so-called electrochemical mechanism [25,29,36].
In this mechanism, the chloride ion Cl− is suggested to diffuse along
oxide grain boundaries towards the metal/oxide interface. As the
chlorine ion is monovalent it is also suggested to diffuse faster com-
pared to the divalent oxygen ion, resulting in an increased chlorine
concentration at the metal/oxide interface. By decorating the oxide
grain boundaries, the presence of chlorine is also suggested to increase
the outward diffusion of metal ions.

Recent DFT work by Cantatore et al. [36] suggests that chlorine can

also diffuse through bulk oxide using oxygen vacancies formed during
oxidation. As such, the inward diffusion of chlorine is confined not only
to oxide grain boundaries as suggested by [25,29]. However, no kinetic
considerations have been applied. Hence, the main diffusive path of
chlorine through the oxide scale, and as seen in this study, the steel
grain boundaries, remains unclear.

Another feature observable in Fig. 9c is the presence of voids at the
steel grain boundaries. The reasons behind the formation of large voids
(green circles in Fig. 9c) are not yet fully understood. However, it may
be due to the growth of oxide at the steel grain boundaries, inducing
mechanical stresses which leads to displacements of steel grains. The
large voids may also be due to the merging of smaller voids. Smaller
voids can be observed (red circles in Fig. 9c) and might be the result of
the diffusion of species leaving the area (i.e so called kirkendall effect).
However, the mechanisms behind this void formation are still unclear
and more work is needed in order to understand better these mechan-
isms.

One of the aims of this paper was to investigate a novel setup in
order overcome the persisting difference in corrosion attack between
laboratory and field exposures. Even if the developed setup mimics a
more corrosive environment than previous methods [30–32], the cor-
rosion attack remains not as severe as in a waste-fired boiler [2,34] (see
e.g. Fig. 12 where the steel grain boundary attack reaches 140 μm). This
difference could be explained by the more complex environment at the
vicinity of superheaters. Temperature fluctuations, complex deposits
accumulation and spallation, higher flow rate flue gas as well as com-
plex flue gas chemistry may be the additional parameters which makes
the corrosion attack in waste-fired boilers more severe.

The developed setup in this study offers new possibilities for
studying KCl-induced corrosion phenomena in laboratory. As such, it
was recently published a paper by Malede Yohanes C. et al., where the
way of applying salt (applying a layer of KCl layer ex-situ prior to ex-
posure compared to a continuous deposition) resulted in differences
regarding the corrosion attack [37].

7. Conclusion

The scope of this paper was focused on a laboratory setup with
continuous deposition of KCl(s) on 304 L samples at 600 °C. The results
were compared to samples with KCl(s) sprayed ex-situ prior to exposure,
as well as samples exposed in a waste-fired boiler. In the setup with
continuous deposition of KCl(s) two areas could be distinguished: a
“high amount of KCl”-area and a “low amount of KCl”-area. The ana-
lyses showed that the area with small amount of KCl(s) exhibited si-
milar features to samples with 0.1mg/cm2 KCl(s) sprayed prior to ex-
posure. The general corrosion morphology is characterized by an
outward-growing Fe2O3 layer on top of an inward-growing spinel type
oxide ((Fe,Cr,Ni)3O4) and regions of mixed Fe,Cr spinel oxide and metal
as well as little or no signs of steel grain boundary attack. The corrosion
attack was more severe in the “high amount of KCl”-areas, as steel grain
boundary attack was triggered and reached a depth of 50 μm. This type
of corrosion attack correlates well to previous results with samples with
1.0 mg/cm2 KCl(s) sprayed prior to exposure, where grain boundary
attacks were observed as well. However, the extent of the attack of the
samples exposed to continuous deposition of KCl were much more se-
vere. Compared to samples exposed in a waste-fired boiler, the grain
boundary attack as well as the overall corrosion attack observed during
continuous deposition of KCl are however still less severe.

Overall, this new laboratory method is able to create a more cor-
rosive environment which more closely mimics the corrosion attack of
samples exposed in full scale boilers as compared to the laboratory
exposures where KCl(s) were applied via ex-situ spraying. The devel-
oped setup in this study may therefore offer new possibilities for future
investigations of KCl-induced corrosion phenomena in a well-controlled
manner. This emphasizes the relevance of using such methods in order
to increase the knowledge in KCl-induced corrosion relevant for

Fig. 12. SEM image using BSE of the cross section of a 304 L sample exposed for
24 h at 600 °C in a CFB boiler burning a waste mix (SRF+ bark) [2].
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biomass- and waste-fired boilers.
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