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Abstract: This study discusses the potential corrosion of boiler materials in chemical-looping combus-
tion (CLC) of biomass. The CLC of biomass has the potential to negative CO2 emission in heat and
power production. Biomass fuels, however, typically contain compounds of alkali metals, especially
potassium and chloride, which may lead to the corrosion of heat-transfer surfaces in the reactors.
The influence of potassium-contaminated ilmenite bed material deposits on the corrosion of seven
heat transfer materials used in the air and fuel reactors in CLC was studied using one-week lab-scale
experiments. Samples with KCl and without any deposit were used as references. After the exposure,
the cross-sectional surfaces of the metals were analyzed with SEM/EDX. The results suggested that
potassium-contaminated ilmenite might lead to minor corrosion of all studied materials under the
oxidizing conditions simulating the air reactor, i.e., 700 ◦C and dry air. Under reducing fuel reactor
conditions, i.e., 450 ◦C and 550 ◦C and 50/50 CO2/H2O, corrosion was observed on ferritic steels,
especially in the presence of HCl and with KCl deposit. In contrast, samples with uncontaminated
and potassium-contaminated ilmenite deposits did not significantly differ from the samples without
any deposit. Minor corrosion of ferritic steels was observed at 450 ◦C, while at 550 ◦C, the corrosion
was more significant. The results suggested that ferritic steels are not suitable for the fuel reactor.
Austenitic and nickel-based alloys did not corrode under the test conditions used in this work.

Keywords: chemical looping combustion; ilmenite; corrosion; heat transfer

1. Introduction

Biomass combustion continues to be a feasible option for decreasing the emission of
CO2 into the atmosphere. However, satisfying the requirement in the Paris Agreement
to limit the global earth atmosphere temperature increase below 1.5 ◦C compared to the
preindustrial times calls for changes in combustion technologies [1]. An option could be
to capture and store or utilize CO2 emitted from biomass combustion (BECCUSS) [2]. In
traditional combustion technologies, CO2 emissions are diluted with other flue gases, such
as air nitrogen. In chemical looping combustion (CLC), the dilution is avoided since the
flue gas is concentrated in CO2 [3].

CLC consists of two intertwined reactors, i.e., an air reactor and a fuel reactor. The bed
material used as an oxygen carrier in the air reactor is oxidized by air. The fuel, biomass, is
oxidized through reactions with the oxidized bed material in the fuel reactor, consequently
reducing the bed material. As the bed material consists of oxides of redox metals, the shift
between different oxidation states enables oxygen transport between the two reactors. The
bed material reacts with gaseous fuel components that form when the solid fuel pyrolyzes
in the fuel reactor. Steam and the produced flue gases can be used as fluidizing agents
in the fuel reactor. In this way, char produced in the pyrolysis process is gasified by the
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fluidizing media. CO and H2 produced in the gasification process react with the oxygen
carrier to CO2 and H2O. The temperature in the fuel reactor is slightly lower than in the air
reactor, i.e., 760–820 ◦C and 840–1000 ◦C, respectively. The principle of CLC is presented in
Figure 1.

Lewis and Gilland initially proposed CLC for producing pure CO2 in 1954 [4], and
the method has been improved over the years [5–7]. Today, the focus of Chemical Looping
is laid on combustion (CLC), shifting from fossil fuels to biomass fuels [7–12]. Using a
renewable fuel, such as biomass, carbon capture, and sequestration potential may lead to
negative CO2 emissions from CLC [13].
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Figure 1. The simplified main principle of chemical-looping combustion. Two designated reactors
where oxygen carrier is respectively oxidized and reduced.

Traditional heat exchanger designs could be used to recover heat from the hot air in
the air reactor. Minor corrosion may be expected here since the flue gas stream from the
fuel reactor and air stream remain separated. No corrosion-inducing elements from the fuel,
such as chlorine, enter the air reactor. However, a small slipstream from the fuel reactor,
e.g., as ash in the bed material, may be expected in practice.

Recently, a second-generation CLC setup was proposed by Alstom [14]. This setup
allows two sets of heat exchangers to be used, one in either reactor. This raises the boiler
efficiency considerably.

One of the oxygen carriers thoroughly studied is ilmenite, i.e., iron–titanium oxide,
FeTiO3 [15–19]. Ilmenite can be considered a benchmark oxygen carrier. Based on the iron
content of ilmenite, the reduction capacity is theoretically limited to 5 wt %. The reduction
can be described by the reaction below (1), where the oxidized phase is pseudobrookite
and the reduced phase is ilmenite:

Fe2O3·TiO2 (s) + TiO2(s) + CO(g)→ 2FeO·TiO2(s) + CO2(g) (1)

The redox reactions of Fe have been described in detail by Leion et al. [19]. The process
circulates between the reduced form ilmenite, FeTiO3, and the oxidized form Fe2O3·TiO2 +
TiO2.

The use of biomass as fuel in CLC can be considered challenging. Biomass-based fuels
are chemically heterogeneous, and their quality variations are large [20]. The ash-forming
matter in biomass contains typically high amounts of Si, K, and Ca. Especially K-containing
compounds may be reactive and lead to deposit formation or corrosion [21–24].

In conditions relevant to biomass combustion, different mechanisms for corrosion, i.e.,
chlorine-induced active oxidation, have been proposed and summarized by, e.g., Elger [25]:
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1. Gaseous chlorine-induced corrosion, where gaseous HCl or Cl2 diffuses to and reacts
with a metal surface forming iron chloride (FeClx). These chlorides may vaporize
and diffuse to the surface towards a higher oxygen partial pressure, where it oxidizes
forming a Fe-rich oxide layer at the metal–gas interface, releasing chlorine, which
could react again with iron and thus, act as an intermediate or a catalyst in the
corrosion process [26,27].

2. Alkali chloride-induced corrosion. KCl may react (directly) with iron in low-alloy
steels, forming iron chloride. As iron chloride then diffuses towards a higher oxygen
partial pressure and eventually oxidizes, the released chlorine (gas) may continue the
corrosion process in a similar way as described above [28,29].

In the case of high-alloy steels, it has been proposed that the protective Cr2O3 layer
also can react with KCl, resulting in K2CrO4 formation, thus losing the protective properties
of the layer [29,30]. Simultaneously with K2CrO4 formation, the released chlorine could
sustain the corrosion process as described above.

3. Molten salt corrosion. This third mechanism may involve the interaction between
the metal oxide scale and the molten salt at the oxide–salt interface leading to fast
corrosion [31].

The form of chlorine diffusing into the steel and the details of the chlorine cycle are
not fully clear. Chlorine has been suggested to be either in the form of Cl2 or HCl.

Another alternative for chlorine transportation is an electrochemical mechanism,
which suggests that chloride ions diffuse to the metal–oxide interface instead of a gas
transport of chlorine through the oxide scale [26,32].

In power boilers firing biomass, corrosion is often induced by the formation of corro-
sive alkali chloride deposits on superheaters operating at 400 to 600 ◦C. The alkali chloride-
induced corrosion of superheaters has been explained by the consecutive mechanisms
described above.

As of today, corrosion in biomass-fired CLC has not been studied. However, Lyngfelt
assumed that corrosion would not pose a problem [7]. This assumption may be valid but
has not been proven for a first-generation CLC setup, where heat exchangers are only
located in the air reactor, with no KCl/HCl/Cl2 from the fuel reactor. If biomass-based
fuels were fired in a second-generation CLC, heat exchangers would also be situated in the
fuel reactor area.

The study presented here aims to show whether corrosion can be expected to be a
significant problem in the second-generation biomass-fired CLC. Hereto, 95 laboratory-
scale experiments were designed imitating air reactor and fuel reactor conditions. In the
past, similar lab-scale corrosion experiments carried out in controlled atmospheres have
produced useful results that have been translated to large-scale processes [22–24,30,33–35].

Laboratory-scale corrosion tests were performed using seven materials (ferritic and
austenitic steels and nickel-based alloys). The sample surfaces were in contact with fresh
oxygen carrier material, oxygen carrier material that had been in contact with KCl, or KCl
in a heated gaseous atmosphere resembling CLC conditions.

2. Materials and Methods
2.1. Materials

Analytical grade KCl by Sigma Aldrich was used, mimicking the most critical ash
component when considering corrosion in a biomass-fired boiler.

The oxygen carrier used was Norwegian rock ilmenite provided by Titania AS, Norway.
The mean particle size of the as-received ilmenite particles was 300 µm. Heat treatment, i.e.,
activation of ilmenite, was carried out in an electrically heated tube furnace at 950 ◦C in air.

The reaction of potassium-containing ash with ilmenite was mimicked by adding KCl
to a total content of 4 wt% K to the heat-treated ilmenite. This concentration was based on
the amount of accumulated potassium found in the bed after three days of operation in a
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semi-industrial biomass CFB boiler operated with ilmenite under OCAC (Oxygen Carrier
Aided Combustion) conditions) [36].

Hereafter, the mixture was treated at 850 ◦C under a reducing atmosphere containing
5% CO, 45% N2, and 50% H2O in a tube furnace for 6 h. The reduced material, K-ilmenitered,
was used for corrosion experiments simulating conditions in the fuel reactor. Part of the
reduced material was re-oxidized at 950 ◦C, imitating the entrance of bed material into
the air reactor. The re-oxidized material, K-ilmeniteox, was used for corrosion tests under
oxidizing conditions.

After cooling, potassium and chlorine contents of the potassium doped sample, K-
ilmenitered, were analyzed with SEM-EDX. The elemental composition of the samples was
determined by gluing the material on carbon tape and analyzing it with a scanning electron
microscope equipped with an energy-dispersive X-ray (SEM-EDXA, Leo 1530 Gemini,
Thermo Scientific UltraDry SDD X-ray detector).

The heat transfer materials chosen to simulate the air reactor (A metals) were austenitic
stainless steels TP347, TP310, Sanicro28, and nickel-based alloys HRN11 and Inconel617,
while the materials (F metals) chosen for the fuel reactor were the ferritic steels 10CrMo9-
10, X10, and austenitic stainless steels TP347, TP310, and Sanicro28. Thus, three same
austenitic plates of stainless steel were studied for both reactors. All tested materials were
delivered by different Finnish boiler manufacturers. The elemental distribution of the alloy
compositions of the metals is presented in Figure 2.

The metal test pieces were pre-treated as described by Skrifvars et al. [22]. Hereto,
the metals were cut to ~20 × 20 mm pieces with a thickness of ~5–10 mm, then hand
polished with gradually finer sandpapers. The final touch was made with grade p1000
sandpaper and ethanol. Hereafter, the pieces were prepared for exposure to deposits, i.e.,
salts, ilmenite, or K-ilmenite, using the procedure described by Bankiewicz et al. [33]. A
fireproof sealer was applied along the edges of the metal samples to give a shallow pool for
the deposits. Then, the metal pieces were pre-oxidized in air at 200 ◦C for 24 h.
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Figure 2. Nominal composition (wt%) of the tested boiler materials. Only the main components are
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fuel reactor conditions and 700 ◦C under air reactor conditions.

2.2. Corrosion Experiments

In addition to blank tests with no deposit, four different deposit types were used
in the experiments: (1) heat-treated ilmenite (“activated ilmenite”); (2,3) potassium
chloride-contaminated heat-treated ilmenite, which was either reduced or re-oxidized
(“K-ilmenitered/ox”); and (4) samples with pure potassium chloride (“KCl”). KCl simulated
the most extreme situation where some of the KCl in the biomass ash has not reacted with
the ilmenite but is found in the fly ash.
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The corrosion experiments were conducted in three series under different atmospheres,
i.e., 50/50 CO2/H2O imitating conditions in the fuel reactor, 50/50 CO2/H2O with 500 ppm
HCl resembling harsh conditions in the fuel reactor, and air mimicking conditions in the air
reactor. The total exposure time was 168 h at each target temperature.

Under reducing conditions, the samples were treated in a horizontal Carbolite tube
furnace equipped with an alumina inner tube. A gas-tight quartz tube with gas inlets
and outlets was inserted into the inner alumina tube of the furnace. The quartz tube was
connected to a steam generator. This setup enabled the introduction of controlled artificial
atmospheres in the tube reactor (Figure 3a).
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conditions.

Two different reducing atmospheres, with a total gas flow of 2 L/min at NTP, were
used: 50/50 CO2/H2O and 50/50 CO2/H2O + 500 ppm HCl. The fuel reactor temperature
was set to either 450 ◦C or 550 ◦C, i.e., typical temperatures for heat exchanger surfaces in
biomass-fired boilers. The test pieces were inserted into the furnace on a ceramic sample
holder at room temperature. The heating to the target temperature was controlled manually
with thermocouples connected to the sample holder. While heating from room temperature
to 200 ◦C, a gas flow of 1 L/min CO2 mixed with 1 L/min of N2, balancing the total flow,
was used. Hereafter, N2 was replaced by steam or a mixture of steam with HCl, and the
furnace was heated to the target temperature, 450 ◦C or 550 ◦C.

Under oxidizing conditions, the experiments were carried out in a similar arrangement.
However, the inner quartz tube was not used. The setup is shown in Figure 3b. A constant
flow of 1 L/min at NTP of dry air was used. The test pieces with deposits were inserted
into the hot furnace using a cast iron sample holder [33]. The temperature was adjusted
manually to the target temperature of 700 ◦C. Five thermocouples located in the sample
holder between each test piece were used to monitor the temperature. No reference deposit
of pure KCl was tested under air reactor conditions. In CLC, KCl is not expected to enter
the air reactor.

The experimental matrix of this study is presented in Table 1. In total, 95 samples were
studied.

Table 1. Summary of test conditions. A—metals tested for air reactor; F for fuel reactor.

Deposit Oxidizing Conditions Reducing Conditions
700 ◦C 450 ◦C 550 ◦C

Dry Air 50/50 CO2/H20 50/50 CO2/H2O + 500 ppm HCl

No deposit A F F
Ilmenite A F F

K-ilmeniteox A
K-Ilmenitered F F

KCl —- F F
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2.3. Analyses

After cooling to room temperature, a small amount of epoxy resin was put over the
samples and left to harden overnight. Next, the samples were cast sideways in epoxy
resin in molds and left to harden for 12 h. Similar to Bankiewicz et al. [33], the epoxy-
embedded pieces were cut to expose the cross-sectional surface. The surface was polished
and carbon-coated for imaging and analysis. For the elemental composition analysis
and the cross-sectional images, a scanning electron microscope equipped with an energy
dispersive X-ray (SEM-EDXA, Leo 1530 Gemini, Thermo Scientific UltraDry SDD X-ray
detector) was used.

The thickness of a corrosion layer was determined from colored images using image
analysis. The SEM images were colored to show the epoxy resin and surface deposit in
blue, the unoxidized metal in red, and the oxide layer in green. The oxide layer thickness
and distribution were calculated automatically from the colored image with analyzing
software. A 4 mm wide colored panoramic SEM image was analyzed using 10,000 thickness
measurement points by self-made software. The corrosion layer thickness was calculated
from these measurements automatically. As a result, the mean and maximum corrosion
layer thickness was obtained.

3. Results
3.1. Pretreatment of Ilmenite

During the heat-treatment of ilmenite, the particles were activated. Thus, ilmenite was
oxidized, and an Fe-rich layer formed at the outside of the particles optimizing the oxygen
carrier capacity of the particles. This segregation of Ti and Fe has been shown in numerous
papers [36–39].

The heat-treated ilmenite mixed with 4 wt% K (as KCl) had been reduced in a tube
furnace in a moist atmosphere producing “K-ilmenitered”. SEM-EDX analyses of the surface
of the particles confirmed enrichment of some 4 wt% potassium at the surface. Potassium
on and in particles is likely potassium titanate, according to reactions 2 and 3 suggested by
Corcoran et al. and Hildor et al. [36,39]. Figure 4 shows a back-scattered SEM image and
elemental maps of K, Ti, and Fe, respectively, shown in green, red, and blue:

KCl(s)+H2O → KCl(g)+KOH(l)+HCl(g) (2)

ilmenite + KOH(l) → K-titanate(s) + KOH(g) (3)
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In the CLC process, the reduced ilmenite that has reacted with potassium in the fuel
reactor will be transported to the air reactor and oxidized thereafter. In this work, the
reduced K-ilmenitered was re-oxidized under similar conditions as in a CLC air reactor
(950 ◦C in air for 6 h). SEM images of re-oxidized K-ilmenite (K-ilmeniteox) are shown
below in Figure 5.
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The SEM-EDX analyses of the surface of the oxidized K-ilmeniteox particles showed
that the potassium enrichment remained after re-oxidization and that a stable phase of
K-titanate was present.

3.2. Corrosion under Reducing Conditions

Figure 6 shows an example of the image analysis of ferritic steel 10CrMo9-10 exposed
to K-ilmenitered, at 550 ◦C, in CO2/H2O + HCl. The upper image shows the original
back-scattered SEM image, and the lower the colored SEM image. The epoxy resin and
surface deposit are shown in blue, the unoxidized metal in red, and the oxide layer in green.
The figure shows a 4 mm wide image of the surface: the original back-scattered image of
the K-ilmenitered particles on the sample surface and the colored image showing the metal
surface with the corrosion layer.
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Figure 7 shows the distribution curve of the corrosion layer thickness for 10CrMo9-
10 covered with a KCl deposit treated at 550 ◦C in a steam atmosphere. The oxide layer
thickness was determined from the colored SEM image. The vertical lines shown in Figure 7
indicate the mean, median, maximum, and minimum thickness of the oxide layer. Typically,
the distribution was quite wide since the oxide layer was not uniform. Other metals’
distribution profiles are given in the supplementary material (Figures S1–S6).
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Figure 7. Oxide layer thickness distribution curve and tmean, tmedian, tmax, and tmin of a single
corrosion test with 10CrMo9-10 covered with a KCl deposit treated at 550 ◦C in a steam atmosphere.
(ntotal is 10,000).

Figure 8 shows the corrosion layer mean thickness values measured on the samples
after the experiments carried out under reducing conditions, under 50/50 CO2/H2O and
50/50 CO2/H2O + 500 ppm HCl atmospheres at 450 ◦C and 550 ◦C.

Under reducing conditions at 550 ◦C, significant corrosion was seen for all experiments
with 10CrMo9-10 and X10, while no corrosion was detected for the austenitic stainless
steels. In the presence of steam and HCl, the corrosion thickness was significantly higher
and reached up to 40 µm for 10CrMo9-10 and X10, indicating that corrosion may occur
if the heat is recovered from the fuel reactor with heat exchanger surface temperatures
around 550 ◦C.

Figure 9 shows a back-scattered SEM image and elemental maps of 10CrMo9-10
covered with K-Ilmenitered after exposure at 550 ◦C in CO2/H2O. It can be seen that K is
enriched at the K-ilmenitered surface, but K has not reacted with the metal surface enriched
in Fe.
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3.3. Corrosion under Oxidizing Conditions Mimicking Air Reactor Conditions

Figure 10 shows the mean thickness of the corrosion layers formed under oxidizing
conditions in air at 700 ◦C. The analyses show that under oxidizing conditions, a thin oxide
layer formed on all metals in the presence of K-ilmeniteox. No oxide layer was seen on
samples without any deposit or with heat-treated ilmenite.

Figure 10 shows that the mean thickness of the corrosion layers measured for TP347
and TP310 at 700 ◦C was only 3.8 and 4.1 µm, respectively. Thus, these low-alloy steels
showed minor corrosion. Corrosion of the high alloy steels remained negligible. When
the corrosion layer thickness in the laboratory tests has remained below around 20 µm per
week, the corrosion has not been considered significant [40].
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Figure 10. Mean thickness of oxide layer [µm] of samples exposed in dry air at 700 ◦C for 168 h.

Figure 11 shows one example of a back-scattered image from the SEM/EDX analysis
and elemental maps from the experiment with TP347 covered with K-ilmeniteox. The
elemental maps show the appearance of the oxidized K-ilmenite particles on the sample
surface and the presence of Fe, Ti, Cr, Ni, and K at the interface of an oxidized K-ilmenite
particle and the metal surface after the experiment. The figure shows that deposit particles
become separated from the surface when coating the samples in epoxy. As expected, K was
enriched on the K-ilmeniteox particles. Ni and Fe were also enriched on the metal surface.
In addition, some indications of Cr depletion from the surface could be identified.
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4. Discussion

When thermally converting biomass, its inorganic matter and reactivity must be
considered. Several biomasses contain potassium and chlorine; thus, KCl can be formed
and released to the flue gas as a gaseous component or as molten fly ash leading to corrosion
of heat exchanger surfaces [21–24]. In the second-generation CLC, KCl may deposit on heat
exchanger surfaces in the fuel reactor and cause rapid corrosion. However, as described in
this study and elsewhere [41–43], biomass ash compounds may interact with ilmenite bed
material. This interaction is well known, and up to 4 wt% K has been found chemically
bonded in ilmenite after 72 h of combustion using biomass fuels containing potassium [36].

It has been shown that potassium may react with the oxygen carrier ilmenite, form-
ing K-titanates [36,39]. Thus, the presence of an oxygen carrier may indirectly decrease
corrosion by capturing potassium.

This study suggested that KCl in the CLC fuel reactor might induce corrosion. In
contrast, ilmenite was non-corrosive in all experiments. Potassium-doped/contaminated
ilmenite, K-ilmenite, is a stable compound even after several redox cycles [36,39]. In the
present study, K-ilmenite did not cause significant corrosion.

Under reducing conditions simulating the fuel reactor, the ferritic steels 10CrMo9-19
and X10 showed clear indications of corrosion at 450 ◦C, both with and without deposits.
As expected, the thickest corrosion layer, 13 µm, was detected for ferritic steels 10CrMo9-10,
and X10 when exposed to the reference deposit, pure KCl, under conditions where HCl was
also present in the atmosphere. However, no apparent differences between the oxide layer
thicknesses on the ferritic steels could be seen for the samples with deposits consisting of
ilmenite, K-ilmenitered, and the reference samples without a deposit.

At 550 ◦C, all ferritic steel samples showed corrosion. Pure KCl deposit induced the
thickest oxide layer of 40 µm in the presence of HCl. However, with K-ilmenitered, a thin
but noticeable corrosion layer was also measured on the austenitic TP347 sample. A similar
corrosion layer was not detected on TP347 covered with the KCl deposit but not exposed
to HCl.

The results also suggested that corrosion in the air reactor will not take place even
at high temperatures of 700 ◦C since chlorine will not be present under those conditions.
However, already a small slipstream containing KCl (g) and/or HCl/Cl2, entering the air
reactor can cause minor corrosion.

Interestingly, the potassium content (4 wt%) in heat-treated K-ilmeniteox particles
induced minor corrosion in dry air at 700 ◦C., i.e., under conditions simulating the air
reactor in CLC. However, the mean thickness of the corrosion layers was markedly thinner
than reported for the same type of materials exposed to pure KCl at 600 ◦C in air by Wu
et al. [34] and Lehmusto et al. [35]. Wu et al. [34] measured a mean corrosion thickness of
30 µm for TP347 and 57µm for S28, while Lehmusto et al. [35] reported a mean corrosion
layer thickness of some 40 µm for alloy 625. The results suggest that the potassium content
alone, with the negligible chloride content in the K-ilmeniteox deposit, does not lead to as
severe corrosion as reported for pure KCl deposits.

The results indicate that ferritic steels are not suitable as heat exchanger materials
under the reducing conditions in the fuel reactor if humidity and HCl are present in the
atmosphere above 450 ◦C. The austenitic steels, again, withstand corrosion induced by
potassium-containing deposits.

In contrast, in the oxidizing conditions of the air reactor at 700 ◦C, the austenitic steels
showed no more corrosion than nickel-based alloys and would thus be suitable as a heat
exchange material in the conditions studied.

The present study focused on the corrosive properties of one ash compound only.
Interaction of KCl with other potassium salts or, e.g., calcium compounds and other oxygen
carrier material may be of interest to study in the future.
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5. Conclusions

The influence of potassium-contaminated ilmenite bed particles on corrosion of seven
heat-exchanger materials was studied in laboratory furnaces under conditions simulating
chemical-looping combustion of biomass. The experiments were carried out simulating
both the air and fuel reactors. Heat-treated ilmenite, reduced K-doped ilmenite, re-oxidized
K-doped ilmenite, and KCl were used as deposits on austenitic and ferritic steels and
nickel-based alloys.

Under reducing conditions simulating the conditions experienced by a heat exchanger
in the fuel reactor, the ferritic steels 10CrMo9-19 and X10 showed clear indications of
corrosion at 450 ◦C both with and without deposits. At 550 ◦C, the corrosion was noticeable
in all ferritic steel samples. Pure KCl deposits induced the thickest oxide layer in the
presence of HCl.

The potassium content (4 wt%) in heat-treated ilmenite particles induced some corro-
sion in dry air at 700 ◦C., i.e., conditions simulating the air reactor in CLC.

The results indicate that ferritic steels are not suitable as heat exchanger materials
under reducing conditions in the fuel reactor above 450 ◦C. The austenitic steels, again, can
withstand corrosion induced by potassium-containing deposits.

Under oxidizing conditions in the air reactor at 700 ◦C, the austenitic steels showed
no more corrosion than nickel-based alloys and were thus expected to be suitable as heat
exchange materials in the conditions studied.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en15082740/s1, Table S1: corrosion layer thickness values; Figures
S1–S6 corrosion layer thickness distributions of air/fuel reactor tests.
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