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Abstract

The aim of this study was to examine the performance of FeCrAl model alloys in
a waste-fired boiler and investigate the influence of chromium and silicon content
on the corrosion behaviour. The investigation was executed by utilising an air-
cooled probe, giving a material temperature of 600°C throughout a 672 hr
exposure. The material loss measurements were performed by utilizing an
ultrasonic thickness gauge in combination with scanning electron microscopy
analysis. It was found that increasing the chromium content significantly reduced
the overall material loss of the FeCrAl model alloys but further accelerated the
corrosion attack on the windward side. Simultaneously, the increased chromium
content caused embrittlement of the material. Minor additions of silicon
drastically reduced the material loss of the FeCrAl model alloys, whereas the
sample ring with no silicon present was completely deteriorated. The trends
observed in this field study correlated well with what has been observed in
previous laboratory studies. A state-of-the-art alloy in the present environment,
Inconel 625, was simultaneously exposed and showed similar performance to the
silicon-containing FeCrAl model alloys with >10wt% Cr.
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generate both electricity and heat. These are both
renewable and have a relatively low net emission of

In today’s society renewable resources, emitting smaller
amounts of greenhouse gases, are becoming increasingly
important. The use of fossil fuels is one of the major
problems regarding the emission of greenhouse gasesm
and the substitution to other fuels is crucial to reduce the
negative impacts on the environment. Biomass and
certain types of waste can be combusted in boilers to

CO, and are therefore good candidates to act as
substitutes for fossil fuels. However, altering the fuel
from fossil based to biomass and waste is associated with
large practical issues originating from the chemical
composition of biomass and waste. Upon combusting
these, it results in a highly corrosive flue gas due to the
presence of large amounts of water vapour, alkali
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chlorides, and HCIl (g). Thus, the boiler equipment
exhibits accelerated degradation during combustion of
biomass and waste.*™ Consequently, this leads to
increased frequency and cost of maintenance which
results in both economic and environmental problems.
The superheaters in the boilers are exposed to an
especially corrosive environment due to elevated tem-
peratures in this region. Hence, boiler operators generally
decrease the steam temperature to increase the lifetime of
the superheaters. However, the electrical efficiency of the
combustion process is largely dependent on the steam
parameters and is reduced with a decrease in steam
temperature. Due to this, a larger amount of fuel is
needed to produce the same amount of electricity. Thus,
to facilitate the substitution of fossil fuels, the steam
parameters have to be increased. A solution for this is to
use more corrosion resistant materials.

Stainless steels are commonly used in aggressively
corrosive environments. However, due to the presence
of high amounts of alkali chlorides and water vapour in
biomass- and waste-fired boilers, chromia forming
stainless steels do not perform well. This is because of
the reactions between chromia and water vapour
(chromium evaporation)[s] and alkali chlorides (forma-
tion of chromates)®®! which results in the breakdown
of the protective layer. Alumina forming alloys such as
FeCrAl alloys are commonly used at high temperatures
(above 900°C) in various different applications and have
been shown to exhibit excellent corrosion resistance in
oxygen and water vapour-containing environments at
up to 1300°CP ! due to the formation of a-alumina.
The reason behind the high corrosion resistance of
a-alumina is its high degree of stoichiometry and the
low sensitivity towards water vapour and alkali chlor-
ides.['>13] At temperatures below 900°C, transient
alumina has been shown to form at temperatures as
low as 600°C,""*! which may not be as resistant towards
water vapour and alkali chlorides as a-alumina. This is
because they have been reported to contain small
amounts of iron and chromium."®! One approach to
tackle this problem is to preoxidize the FeCrAl alloy
above 900°C, before exposure, to preform an a-alumina.
This has been done by Isrealsson et al !'?! and was
shown to increase the corrosion resistance in the
presence of KCl. However, a negative aspect of this
approach is the sensitivity of the o-alumina towards
defects, such as microcracks, which has been shown to
cause breakaway oxidation as a result of rapid formation
of iron-rich oxide,[m as restoration of the a-alumina
scale is not possible below 900°C. This iron-rich oxide
scale has been shown to have similar characteristics for
both FeCrAl alloys and other ferritic stainless steels and
consists of outward growing iron oxide and inward
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growing spinel.[m_lg] Because the primary protection
(thin protective oxides such as chromia and alumina)
will be lost at an early stage in the harsh environment of
the biomass- and waste-fired boilers, another approach
may be to improve the properties of the secondary
protection (iron-rich oxide).

It has been shown that altering the composition of
FeCrAl alloys significantly improves the secondary protec-
tion."*?! Addition of silicon to a Fel0Cr4Al alloy resulted
in a drastic reduction in oxide growth rate when exposed in
a lab environment containing oxygen and water vapour in
the presence of KCL*®' In addition, increasing the
chromium content in silicon-containing FeCrAl alloys
reduced the oxide thickness when exposed to the same
conditions.!* The mechanisms behind these effects are not
fully understood and are currently under investigation in
parallel studies. The laboratory investigations are very
simplified while the intended applications are very complex.
It is therefore of interest to investigate if these effects can
also be observed during exposure in a waste-fired boiler.

The aim of this study is to investigate the effect of
varying chromium and silicon content in FeCrAl model
alloys exposed in a commercial waste-fired boiler. Five
different model alloys as well as an Inconel 625 reference
sample were exposed at the AffaldPlus plant in the
Babcock & Wilcox Vplund boiler for 672hr on an
air-cooled probe at a material temperature of 600°C.
The deposit compositions were characterised by ion
chromatography (IC), whereas material loss measure-
ments were conducted using an ultrasonic thickness
gauge. The oxide microstructure was investigated by
scanning electron microscopy (SEM) combined with
energy-dispersive X-ray (EDX) analysis.

2 | EXPERIMENTAL
PROCEDURE
2.1 | Sample preparation

The compositions of the FeCrAl model alloys used in this
study are shown in Table 1. All model alloys contained small
amounts of the reactive element Zr. In addition to the model

TABLE 1 Nominal chemical composition of the FeCrAl model

alloys
Alloys Fe Cr Al Si Minor elements
Fe5CrAl2Si bal. 5

Fel0CrAl2Si bal. 10
Fel5CrAl2Si bal. 15
Fe20CrAl2Si bal. 20
Fel0CrAloSi bal. 10

C N, Zr

W W W W w
S N NN
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alloys, a 16Mo3 (Fe bal., 0.01 wt% Cr, 0.3 wt% Mo, 0.5 wt%
Mn, 0.3 wt% Si) sample ring overwelded with Inconel 625
(Ni bal., 20-23 wt% Cr, 8-10 wt% Mo, 3.15-4.15wt% Nb + Ta)
was exposed and acted as a reference material.

The FeCrAl model alloys were produced by Kanthal
(Hallstahammar, Sweden) by induction heating and casting
in a copper mould under an argon protective atmosphere
which resulted in cylindrical ingots. To remove surface
defects the ingots were machined before being forged at
900°C and pressed into the form of a puck. The pucks were
then made into rings by lathe machining.

2.2 | Exposure

The exposures were performed at the AffaldPlus plant in
the Babcock & Wilcox Velund boiler which is a waste-
fired grate boiler with a thermal capacity of 27 MW. The
exposures were performed over the grate at the new
steamboost position during a test of boiler settings giving
an environment with high flue gas temperature (about
1,000°C) and relatively high levels of Cl. More informa-
tion regarding the environment at the steamboost
position can be found in.[*"??)

An air-cooled probe with two temperature zones was
used for exposure of all investigated materials, see Figure 1.
To regulate the temperature, two thermocouples were
placed in each temperature zone. The material temperature
of each zone was then controlled by a proportional-integral
derivate (PID) controller and pressurised air was used as
cooling agent to achieve a material temperature of 600 + 3°
C. The probe was designed to be able to hold a total of eight
samples, four samples in each temperature zone. Before
exposure, the thickness of each sample ring was measured
at eight points around the ring using an Olympus 38DL
PLUS ultrasonic thickness gauge (Olympus, Japan). Because
of uneven thickness, this was not performed for the Inconel
625 overwelded sample ring. Before the corrosion test, a
deposit test was performed to analyse the composition of the
deposit formed under the corrosion test conditions. For the
deposit test, rings made of Sanicro 28 (Sandvik AB,
Sandviken, Sweden) were used and were exposed for 2 hr.
After removal of the probe, the sample rings were detached
along with the deposit and stored in a desiccator. The

f
[T :ﬂ«-

FIGURE 1 Schematic illustration of the air-cooled probe used
in this study. The probe can hold up to eight samples at the same
time and has two temperature zones (illustrated in yellow and red)

corrosion test was initiated immediately after the deposit
test and lasted for 672 hr. After exposure the sample rings
were removed from the probe and stored in a desiccator.

23 |

The composition of the deposit from the 2 hr deposit
test was analysed with ion chromatography (IC) using
a Dionex ICS-90 system (Thermo Fisher Scientific, Waltham,
MA). The anions were analysed with an IonPac AS4A-SC
analytic column and 1.8 mM NaHCO;/1.7 mM NaHCO; was
used as solvent. The flow rate was 2 ml/min. A representative
and known amount of deposit was removed from the
samples and dissolved in 100ml distilled water. A 5ml
sample of this prepared solution was inserted into the IC
column to know the amount of Cl ions and the S/Cl ratio.

The cross sections of the exposed sample rings were
prepared by epoxy casting before grinding/polishing. The
cast sample rings were ground with SiC paper down to
4000 grit. Before SEM analysis, the cast sample rings
were sputtered with a thin gold film to increase the
conductivity. The cross sections were analysed by means
of SEM (using backscattered electrons [BSE]) and EDX
with an accelerating voltage of 20kV using an FEI
Quanta 200 (Thermo Fisher Scientific) equipped with an
Oxford Instruments X-Max" 80T EDX detector (Abing-
don, Oxfordshire, England). The thickness of the rings
after exposure was measured at eight locations in similar
positions as before exposure to evaluate the material loss.

Analysis

3 | RESULTS

3.1 | Deposit test

Before the exposure a deposit test was performed. The
deposit was analysed with ion chromatography to determine
the concentration of Cl ions. The amount of deposit collected
during the 2 hr deposit test was extrapolated and reached a
value of 0.002 g-mm™~2yr . The concentration of Cl ions was
found to be 6.5-8 wt% and the S/Cl ratio was 0.6.

3.2 | Reference material—Inconel 625
overweld

The reference material, 16Mo3 overwelded with Inconel
625, was exposed at the same time and to the same
conditions as the other sample rings. No material loss
measurements could be performed because of the uneven
starting thickness. The SEM/EDX analysis showed that
the sample ring had experienced varying degrees of
corrosion attack, see Figure 2. On the location of the ring
situated towards the windward side, a 300-400 um thick
mixed oxide/deposit layer had formed. The EDX analysis
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FIGURE 2 SEM-BSE cross section images of the Inconel 625 reference sample after exposure at 600°C for 672 hr at the AffaldPlus plant
in the Babcock & Wilcox Velund boiler. Image (a) shows a location of the ring which exhibited the least corrosion attack. Image (b) shows a
location of the ring that was situated on the windward side. BSE: backscattered electrons; SEM: scanning electron microscopy

shows that it mainly consisted of nickel oxide mixed with
some remaining deposit species (K, Cl, and S). Minor
remains of chromium oxide was observed on the outer
part of the nickel oxide. At parts of the ring with
indications of lower degree of corrosion attack (left image
in Figure 2), a roughly 150 um thick mixed oxide/deposit
layer had formed. It mainly consisted of nickel oxide
mixed with significant amounts of deposit species (K, Cl,
and S). SEM analysis also detected formation of metal
chlorides inside the Inconel 625 layer to a depth of about
80 um, see Figure 3.

3.3 | FeCrAl model alloys—material loss
and microstructure

331 |

Two sample rings with varying silicon content were
exposed to examine the effect of minor additions of

Influence of silicon content

FIGURE 3 SEM-BSE cross section image of the Inconel 625
reference sample after exposure at 600°C for 672 hr at the
AffaldPlus plant in the Babcock & Wilcox Velund boiler.
Formation of metal chlorides indicates a highly corrosive
environment. BSE: backscattered electrons; SEM: scanning
electron microscopy

silicon on the corrosion behaviour. Fel0CrAl0Si exhib-
ited a large material loss on the majority of the sample
ring, see Figure 4. Three points around the ring displays
minor material loss (about 300 um), whereas the rest of
the ring shows severe corrosion attack. At two locations
of the ring, situated towards the windward side, no metal
remained. A 50-200 um thick iron-rich oxide was
observed with SEM analysis in the areas with minor
corrosion attack, see left image of Figure 5. However, at
the location situated towards the windward side, the
sample ring was corroded through the entire ring, leaving
only minor fragments of nonoxidized metal.

Upon adding silicon to the alloy (FelOCrAl2Si), the
material loss was largely reduced (displaying a material loss
of about 0.25mm). The SEM analysis of Fel0CrAl2Si is
presented in Figure 6. In the left image, a 90-160 um thick
oxide was observed and is representative of the majority of
the sample ring. The right image shows the location of the
ring situated towards the windward side at which a higher
degree of corrosion attack had occurred. The corrosion
product was up to 400 um thick and consisted of iron and
chromium-rich oxide mixed with large amounts of CL

e Before exposure === After exposure

10Cr-3AI-0Si 10Cr-3Al-2Si

Flue gas 3mny 3mm

—

FIGURE 4 Thickness of the sample rings in mm (with varying
Si content) at eight points around the rings before and after
exposure (672 hr), displaying the material loss for each sample. The
windward side is indicated by the arrow
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FIGURE 5 SEM-BSE cross section images of Fe1l0CrAlOSi after exposure at 600°C for 672 hr at the AffaldPlus plant in the Babcock &
Wilcox Velund boiler. Image (a) shows a location of the ring at which minor corrosion attack has taken place. The location of the ring shown

in (b) was situated on the windward side. BSE: backscattered electrons; SEM: scanning electron microscopy

3.3.2 | Influence of chromium content

The sample rings with varying chromium content and
fixed aluminium and silicon content were exposed to
examine the effect of chromium content on the corrosion
behaviour. The corrosion attack on the sample rings
differed significantly as can be seen in Figure 7.
Fe5CrAl2Si has an even material loss of about 0.7 mm
around the entire ring. The sample ring exhibits a slightly
higher material loss at the location situated towards the
windward side (with a material loss of 1 mm). A 0.4-0.6
mm thick oxide could be observed from the SEM analysis
(see Figure 8), which, according to EDX analysis,
consisted mainly of iron-rich oxide with minor presence
of chromium oxide. EDX analysis detected the presence
of metal chlorides which were dispersed in the oxide
layer.

Fel0CrAl2Si exhibited a significantly lower material
loss of about 0.25 mm on the majority of the sample ring
(Figure 7). A significant increase in material loss was
observed at the location of the ring situated towards the

windward side (displaying a material loss of about
0.5mm). A relatively thin oxide (90-160 wum) could be
observed from SEM analysis on the majority of the
surface (left image in Figure 6). The oxide mainly
consisted of iron-rich oxide with minor presence of
chromium and aluminium oxide. On the flue gas side a
thicker oxide layer (up to 400 um) was observed (see right
image in Figure 6), which mainly consisted of iron- and
chromium-rich oxide mixed with large amounts of Cl
(dark contrast areas).

The majority of the Fel5CrAl2Si sample ring
displayed negligible material loss, indicating a high
corrosion resistance towards the present environ-
ments (Figure 7). The location of the ring situated
towards the windward side exhibits significantly
higher material loss (about 0.5 mm). The majority of
the sample ring has formed a very thin and partly
detached oxide layer of about 10 um, see Figure 9 (left
image). On the windward side, large oxide formation
was observed (right image in Figure 9). The oxide

I mm

FIGURE 6 SEM-BSE cross section images of Fel0CrAl2Si after exposure at 600°C for 672 hr at the AffaldPlus plant in the Babcock &
Wilcox Velund boiler. Image (a) shows a location of the ring at which minor corrosion attack has taken place. The location of the ring shown
in (b) was situated on the windward side. BSE: backscattered electrons; SEM: scanning electron microscopy
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e Before exposure === After exposure

5Cr-3Al-2Si

10Cr-3Al-2Si

15Cr-3Al-2Si 20Cr-3Al-2Si

- 0O 00O

FIGURE 7 Thickness of the sample rings in mm (with varying Cr content) at eight points around the rings before and after exposure
(672 hr), displaying the material loss for each sample. The windward side is indicated by the arrow

thickness is undulating, reaching into the sample ring
to different depths (ranging from 0.4 to 0.7 mm). EDX
analysis showed that it mainly consists of iron- and
chromium-rich oxide. A chlorine-rich layer was
observed at the metal/oxide interface (distinguished
by the darker contrast) which is continuous along the
entire corrosion front (see Cl EDX-map in Figure 9).
Fe20CrAl2Si displayed similar behaviour as Fel5CrAl2-
Si with only minor material loss on the majority of the
sample ring, see Figure 7. However, upon removing the
sample ring from the probe it cracked, resulting in the loss
of a large part of the ring (hence, the missing measurement
points in the circular diagram for Fe20CrAl2Si in Figure 7).
SEM analysis showed minor oxide formation on the surface
of the sample ring (up to 50 um thick). Remaining deposit
could be observed on a few parts of the sample ring (see left
image in Figure 10) with large amounts of Na, K, S, Ca, and
ClL A higher magnification image of the area marked with a
square is shown in the right image of Figure 10. A layered
structure was observed with deposit on top, followed by
outward growing oxide (65-95um) and inward growing
oxide (roughly 40pum). Both the inward and outward
growing oxides were incorporated with large amounts of Ca
and S. Below the oxide layers, a Cl-rich layer (about 50 pm
thick with around 20 at% Cl) was detected with large

Metal

I mm

FIGURE 8 SEM-BSE cross section image of Fe5CrAl2Si after
exposure at 600°C for 672 hr at the AffaldPlus plant in the Babcock
& Wilcox Velund boiler. BSE: backscattered electrons;

SEM: scanning electron microscopy

amounts of iron, chromium as well as silicon. According to
EDX analysis, the silicon is not evenly distributed in the
layer but is concentrated in small particles, spread out
within the layer and may be residues from grinding/
polishing of the samples.

4 | DISCUSSION

The aim of this study was to investigate the effect of
varying chromium content and of minor additions of
silicon on the corrosion behaviour of FeCrAl alloys in
waste-fired boiler as well as evaluating the potential of
utilizing FeCrAl alloys as a superheater material. This
has been done by exposing FeCrAl model alloys with
varying chromium and silicon content at the AffaldPlus
plant in the Babcock & Wilcox Velund boiler for 672 hr
on an air-cooled probe at a material temperature of
600°C.

The exposures were performed at a potential new
superheater position in the boiler. The idea behind the
steamboost position is to facilitate an increased steam
temperature by choosing a superheater position over the
grate at which the environment is less corrosive.*!*
However, during the exposures in this study, the settings
were not optimised with regard to C1~ concentration and
temperature (material temperature was regulated but
surrounding temperature was very high) giving a very
harsh environment and therefore a good test of the new
materials.

4.1 | Reference material—Inconel 625
overweld

The reference material used was a 16Mo3 sample ring,
overwelded with Inconel 625. This has been exposed
various times in similar field exposures (biomass- and
waste-fired boilers) due to its exceptionally high corro-
sion resistance®?”) and can therefore be used as a
measure of the corrosivity of the present conditions. A
disadvantage with the overweld is that the sample ring



EKLUND ErT AL.

&I—Materials and Corrosion

Cl-rich layer

Cl

FIGURE 9 SEM-BSE cross section images of Fel5CrAl2Si after exposure at 600°C for 672 hr at the AffaldPlus plant in the Babcock &
Wilcox Velund boiler. Image (a) shows a location of the ring at which only minor corrosion attack has taken place and is representative of
the majority of the sample ring. The location of the ring shown in image (b) was situated on the windward side. The darker contrast on the

ring in the right image is due to oil covering part of the surface. BSE: backscattered electrons; SEM: scanning electron microscopy

Remaining deposit

Metal

FIGURE 10 SEM-BSE cross section images of Fe20CrAl2Si after exposure at 600°C for 672 hr at the AffaldPlus plant in the Babcock &
Wilcox Velund boiler. Image (a) shows a location of the ring at which deposit remained on the surface. The area marked with the white
square is shown in higher magnification in image (b). The dashed lines separates the different oxide layers. BSE: backscattered electrons;

SEM: scanning electron microscopy

thickness is not even and accurate thickness measure-
ments for calculation of material loss was therefore not
possible. The severity of the corrosion attack on the
Inconel 625 overweld is therefore determined by the
amount of oxide formation, degree of internal oxidation
as well as chlorine penetration (presence of metal
chlorides). Possibility of spallation of oxide layers has
been taken into consideration when evaluating the extent
of the corrosion attack.

An exposure of a 16Mo3 sample ring overwelded with
Inconel 625 was previously performed at AffaldPlus plant
in the Babcock & Wilcox Velund boiler at a material
temperature of 700°C for 1,000 hr, that is, at slightly
higher temperature and for a longer amount of time.
SEM analysis of the sample ring showed the formation of

Epoxy

Internal oxidation

FIGURE 11 SEM-BSE cross section image of the Inconel 625
reference sample after exposure at 700°C for 1,000 hr at the
AffaldPlus plant in the Babcock & Wilcox Velund boiler.

BSE: backscattered electrons; SEM: scanning electron microscopy
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relatively thin oxide layer (up to 40um) as well as
internal oxidation to a depth of roughly 350 um, see
Figure 11. However, the Inconel 625 overweld that was
exposed in this study exhibits a significantly higher
degree of corrosion attack (Figure 2), displaying an
average oxide thickness of about 150 um (300-400 um on
the flue gas side). Taking into consideration that
spallation of oxide may occur, these differences in
observed oxide thickness does not serve as proof of a
more corrosive environment. However, the presence of
metal chlorides in the overweld shown in Figure 3
indicates a very high corrosivity as this is rarely observed
for Inconel 625. Thus, the environment present during
exposure in this study can be considered very corrosive as
described above. This should be taken into account when
assessing the performance of the FeCrAl model alloys.

4.2 | Effect of silicon addition on
the corrosion resistance of FeCrAl
model alloys

Minor additions of silicon to alloys has been shown to
have positive effects on the corrosion behaviour by
reducing the corrosion attack.?*?*~3! The mechanism(s)
behind the effect seems to differ depending on alloy
composition, temperature, and environment. Upon ex-
posure at elevated temperatures (700°C-900°C) a silicon-
containing austenitic stainless steel (353MA) was shown
to form a thin SiO, layer which may act as a diffusion
barrier and prevent further corrosion.**3* Increased
corrosion resistance and the formation of a SiO, layer
was also observed for an Fe-20Cr and an Fe-20Cr-20Ni
alloy upon addition of silicon in Ar-20CO, and
Ar-20C0,-20H,0 at 650°C.[*"! In more corrosive envir-
onments (in the presence of KCI) modification of Fe-15Cr
alloys by addition of aluminium/silicon showed positive
synergistic effects on the corrosion behaviour when
exposed to air at 650°C.[3%-31)

The influence of addition of silicon to FeCrAl alloys
was previously studied in differently corrosive environ-
ment (O,, O, + H,0, and O, + H,0 + KCl) at 600°C.*"!
Different effects were observed depending on the
corrosivity of the environment. In O, + H,0O, addition of
silicon resulted in the prevention of breakaway oxidation
caused by evaporation of chromium, indicating that a
more aluminium-rich corundum has formed (improving
the primary protection). In the presence of KCl, iron-rich
oxide formed immediately during exposure. However,
silicon addition resulted in a drastic reduction in oxide
growth rate (improving the secondary protection).

When exposing similar model FeCrAl alloys in a
waste-fired boiler the change of corrosion behaviour
upon addition of silicon was in good agreement with the

Materials and CorrosionM

observations in the previously mentioned laboratory
study. In the absence of silicon, the FeCrAl alloy severely
deteriorated on the majority of the sample and on the
windward side (direction of the flue gas) all metal was
consumed by the formation iron-rich oxide (see Figure 4
and Figure 5). Addition of silicon to the alloy drastically
reduced the material loss of the sample ring, see Figure 6.
The majority of the sample ring exhibited relatively thin
iron oxide which correlates well with the material loss
measurements, indicating that only minor spallation has
occurred. Thus, the presence of silicon improved the
secondary protection of the alloy by reducing the iron
oxide growth rate (secondary protection), which is in
good agreement with previous laboratory studies.*!

4.3 | Effect of chromium content on
the corrosion resistance of FeCrAl
model alloys

It is well known that chromium is an essential element in
stainless steels since it enables them to form a protective
chromia layer. Generally, for a steel to be regarded as a
stainless steel (with the ability to form chromia) the
chromium content needs to exceed 12%. However, in
many applications the material is exposed to environ-
ments which contain species that react with the chromia
and therefore depletes the alloy of chromium. Increasing
the chromium content in FeCr alloys has been shown to
increase the incubation time before breakaway oxidation
(loss of the primary protection) in a water vapour-
containing environment at 600°C.1**) However, increas-
ing the chromium content had minor or no effect on the
secondary protection (unaltered iron oxide growth rate).
Previous studies on FeCrAl model alloys showed that
increasing the chromium content significantly reduced
the oxide thickness after exposure in an environment
containing O, , H,O with KCI present at 600°C.I*! The
results indicate that the increased chromium content
improves the secondary protection of the alloys.
Accordingly, when exposing similar FeCrAl model
alloys in a waste-fired boiler the corrosion behaviour was
significantly improved (reduced material loss) upon
addition of chromium, see Figure 7. SEM analysis
showed that all alloys had formed differently thick
iron-rich oxides meaning that they have reached
the secondary protection stage. The largest difference
in corrosion behaviour is between Fe5CrAl2Si and
FelOCrAl2Si for which the material loss is reduced by
roughly 0.5mm. Increasing the chromium content
further results in minor reductions of the overall
corrosion attack. This is in good agreement with previous
laboratory studies.'® The location of the material
situated towards the flow of the flue gas (windward side)



EKLUND ErT AL.

MMaterials and Corrosion

is known to cause acceleration of the corrosion attack
and was observed for all alloys. However, the acceleration
of the corrosion attack on the windward side is further
pronounced in the alloys with higher chromium content
(see right image in Figure 6 and right image in Figure 9).
As can be seen the oxide is reaching further into the
sample ring of Fel5CrAl2Si compared to Fel0CrAl2Si.
Since it is crucial that no part of the material (windward
of leeward side) is completely deteriorated, this effect is
important to consider when optimising the chromium
content. The oxide layers incorporated in the remaining
deposit on the surface of Fe20CrAl2Si (right image in
Figure 10) indicates that large parts of the oxide layers on
the other samples may have spalled off together with the
deposit. This may explain the difference in measured
material loss and observed oxide thickness (observed
oxide thickness is lower than measured material loss).
Apart from improving corrosion behaviour of steels,
increasing the chromium content (in combination with
relatively high amounts of Si) has also been shown to
cause problems regarding mechanical properties (embrit-
tlement) due to the precipitation of a ¢ phase.*®! High
chromium content in combination with aluminium and
silicon present in the alloy causes further negative
impacts on mechanical properties such as reduced
fabricability and embrittlement.*’~*! This is in good
agreement with the results from this study as the alloy
with the highest amount of chromium (Fe20CrAl2Si)
indicated embrittlement as the sample ring cracked
during removal from the air-cooled probe. Thus, not
only the corrosion properties, affected by the chromium
content, has to be considered during optimisation of alloy
composition but mechanical properties as well.

44 | Comparison of FeCrAl model
alloys with state-of-the-art Inconel 625
overweld

As previously mentioned, material loss measurements of
the reference sample ring (Inconel 625 overweld) could
not be performed as accurately as previous comparisons
between the FeCrAl model alloys due to the uneven
surface of the overweld. It is therefore difficult to
compare the performance of the Inconel 625 overweld
with the FeCrAl model alloys. However, it is possible to
make a rough estimate of the material loss by assuming
that the oxide thickness of the Inconel 625 overweld is
equal to the material loss, without taking into considera-
tion that spallation may have occurred. Hence, the
minimum material loss (neglecting possible spallation)
of the Inconel 625 is compared to the actual material loss
of the FeCrAl model alloys. The alloy with silicon absent

will not be considered due to severe degradation of the
sample ring.

The Inconel 625 overweld displayed varying oxide
thicknesses around the sample ring. On the majority of
the sample ring, the oxide thickness was around 150 pm,
whereas a thicker oxide layer formed on the windward side
(300-400 um), see Figure 2. Fe5CrAl2Si exhibited higher
material loss on both the leeward side and windward side
(material loss of about 0.7 um), which is expected with such
a low chromium content (in combination with a relatively
low aluminium content). Fel0CrAl2Si shows comparable
performance to the Inconel 625 overweld, with a material
loss of 0.25mm on the leeward side and 0.5mm on the
windward side. This is promising since the chromium
content of this alloy is still relatively low (which reduces the
negative interactions of chromium and aluminium on the
mechanical properties). Fel5CrAl2Si displays a lower
material loss than the Inconel 625 on the leeward side
(majority of the sample ring). However, on the windward
side, the material loss is higher for Fel5CrAl2Si than for
Inconel 625 due to the undulating nature of the corrosion
attack for the former (oxide reaching to depths of 0.4-
0.7mm into the metal). The parts of the Fe20CrAl2Si
sample ring that remained intact (leeward side) displayed a
lower material loss (negligible) than the Inconel 625 sample.
However, it is possible that the material loss on the lost part
of the sample ring would be larger than the Inconel 625
since it was situated towards the direction of the flue gas
(further acceleration of the corrosion attack with higher
chromium content observed). Hence, the silicon-containing
FeCrAl alloys, except Fe5CrAl2Si, displays similar perfor-
mance to Inconel 625 in the harsh environment of a waste-
fired boiler. Due to negative impacts on mechanical
properties (embrittlement and fabricability) and more
pronounced acceleration of corrosion attack on the wind-
ward side with elevated levels of chromium in the alloy,
optimization of the compositions of these type of alloys is
needed.

5 | CONCLUSIONS

« Addition of silicon drastically reduced the corrosion
attack:

Large reduction of material loss upon addition of silicon.
Absence of silicon resulted in total degradation of the
majority of the sample ring.

« Large effects on corrosion behaviour upon increasing
the chromium content in FeCrAl model alloys:
Significant overall reduction in material loss.
Acceleration of corrosion attack on the windward side
was further pronounced.
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High chromium content alloy indicated alloy embrit-
tlement.

« Silicon-containing FeCrAl alloys with >10wt% chro-
mium indicates comparable corrosion resistance to
Inconel 625.
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