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ARTICLE INFO ABSTRACT

Keywords: Chemical looping combustion (CLC) of biomass has the potential to improve the electrical efficiency in power
C‘hemical looping combustion plants that utilize carbon capture and storage (CCS). This is attributed to the mild corrosive environment
Biomass . anticipated in the air reactor (AR). However, previous studies have measured alkali emissions in the AR, likely in
Iéé)g]:l-temperature corrosion the form of KOH(g), suggesting that alkali may transfer from the fuel reactor (FR) to the AR. To investigate the

corrosive effect of KOH(g) release in the AR, a novel experimental set-up was developed to simulate two sce-
narios for the AR 1) Clean scenario: no release of KOH(g) in the AR (5 % O3 + 3 % H20 + Ny bal.) and 2) Alkali
slip scenario: continuous release of KOH(g) in the AR (5 % O3z + 3 % H0 + Ng bal. + 16 ppm KOH(g)). The
exposure was carried out at 700 °C and six alloys, relevant as superheater material, ranging from stainless steels
to nickel-base (Ni-base) alloys as well as a FeCrAl alloy were investigated. The samples were exposed for a total
of 168 h and the morphology of the corrosion products was investigated using SEM-EDX and XRD. The presented
results suggest that KOH(g) significantly accelerates the corrosion of the stainless steels and Ni-base alloys
investigated, by rapidly destroying the protective Cr-rich oxide scale, resulting in the formation of a multilayer
oxide scale with inferior protective properties. On the contrary, the FeCrAl alloy retained a protective Al-rich
oxide scale irrespective of the presence of KOH(g). The findings in this study highlight that the release of
KOH(g) in the AR during combustion of biomass in CLC could introduce corrosion challenges for installed su-
perheaters that can be significantly mitigated by utilizing FeCrAl alloys.

Stainless steels
Ni-base alloys
FeCrAl alloys

locations, negative CO, emission can be achieved [2]. Previous studies
have estimated the global potential of BECCS to range between 0.5 and
9.5 GtCOy/year until 2050 [3].

Today, the only commercially available technology for large scale

1. Introduction

According to the International Panel on Climate Change (IPCC), a

shift from a society dependent on fossil fuel to one powered by renew-
able energy sources is required to meet the targets of the Paris Agree-
ment, aiming to restrict global warming to “well below 2 °C” [1]. In
addition, to compensate for historic emissions and to offset hard-to-
abate CO, sources, negative CO, emissions have been purposed to
play a crucial role in achieving this target [1]. Negative CO3 emissions
can be accomplished by integrating bioenergy with carbon capture and
storage (BECCS) where point emitters such as combined heat and power
(CHP) plants are suitable CO, sources [1]. Biomass is categorized as
COq-neutral fuel since the CO; emitted to the atmosphere during com-
bustion is captured by the growing biomass through photosynthesis. By
capturing the emitted CO5 by the biomass conversion in point sources
before it enters the atmosphere and storing it in geological storage
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BECCS in CHP plants is the so-called post-combustion method [4]. This
method is based on CO; absorbents (for example hot potassium car-
bonate (HPC) or amine-based scrubbers) through which the flue gas is
led in a second reactor where temperature or pressure are changed
thereby causing the absorbents to release the captured CO» that can
subsequently be pressurized, transported and stored [4]. For instance,
the Swedish utility company Stockholm Exergi is currently designing
and building one of the world’s first large-scale BECCS units, in
connection to a CHP plant and based on the post-combustion HPC
method, intending to capture 800 kt COz annually [5]. Even though
showing promising COq-capturing results, the post-combustion tech-
nique involves a large energy penalty associated with the regeneration
of the absorbent, making it unsuitable for powerplants focusing on
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Nomenclature

AR Air Reactor

BECCS  Bioenergy with Carbon Capture and Storage
BIB Broad Ion Beam

BSE Back Scattered Electrons

CHP Combined Heat and Power

CLC Chemical Looping Combustion
CO, Carbon Dioxide

CTE Coefficient of Thermal Expansion
CuO Copper Oxide

FR Fuel Reactor

HCl Hydrochloric acid

H>,O Water

HPC Hot Potassium Carbonate

10Z Internal Oxidation Zone

IPCC International Panel on Climate Change
KCl Potassium Chloride

KyCO3  Potassium Carbonate

keV Kiloelectron Volt

KFeO5  Potassium Ferrate

KOH Potassium Hydroxide

Me,Oy  Oxidizing state of Oxygen Carrier
MeOy.; Reducing state of Oxygen Carrier
Ny Nitrogen

ocC Oxygen Carrier

SEM-EDX Scanning Electron Microscope coupled with Energy
Dispersive X-ray

SI Supplementary Information

XRD X-ray Diffraction

electricity generation [5-7].

Compared to the post-combustion method, the chemical looping
combustion (CLC) technique offers a significantly reduced energy pen-
alty for CO, gas separation while also potentially enabling an improved
electrical efficiency during combustion of biomass. While no commer-
cialized units are in place as of today, Lyngfeldt et al. report successful
pilot-scale tests indicating the potential for scale-up [8]. CLC involves
two interconnected fluidized bed reactors, the air reactor (AR) and the
fuel reactor (FR), (see Fig. 1). Both reactors use a granular material
which serves as both the bed material and as a so-called oxygen carrier
(OC) and circulates between the two reactors [8]. In the AR, the OC
undergoes oxidation (forming MexOy) by reacting with air in a highly
exothermic process. The OC are then transported to the FR where it
undergoes reduction (forming MeyOy.1) by reacting with the fuel. The
inherent design of CLC allows combustion to take place without the
addition of air which produces a flue gas which is free of N3 and pre-
dominantly consists of COy and HyO [8]. Consequently, the energy
penalty for separating CO, from the flue gas is significantly lower
compared to post-combustion methods. Rydén et al. suggest that CLC is
expected to reduce the energy penalty associated with CO4 gas separa-
tion by half when compared to other CO; capturing techniques [9].

In addition to superior CO separation, CLC offers great potential in
improving the electricity production during combustion of biomass. A
major challenge associated with conventional biomass-fired boilers,
where heat extraction and combustion take place in the same reactor, is
the release of highly corrosive chemical species in the flue gas, including
alkali-containing compounds such as KCl, NaCl, and KoCOs, as well as

Reduced
bed material

Fig. 1. Schematic depiction of chemical looping combustion (CLC) showing the
air reactor (AR) on the left and the fuel reactor (FR) on the right.

HCI(g) and H,0(g) that upon interaction with the superheaters cause
severe corrosion [10-20]. Consequently, to minimize the corrosion rate,
boiler operators today are forced to keep the superheated steam at
relatively low temperatures, corresponding to an electrical efficiency
inferior to that when using traditional fossil fuels [21]. In CLC on the
other hand, combustion and heat release are inherently separated from
each other. Consequently, by positioning superheaters on the AR side,
where no fuel is introduced, a less corrosive environment is expected.
This would enable improved steam temperatures and extend the su-
perheaters’ lifetime, ultimately resulting in an improved electrical effi-
ciency that could compete with coal-fired electricity production [22]. In
arecent laboratory study, several high temperature materials performed
well in simulated environments aiming to investigate the potential
corrosion attack of future superheaters placed within the AR in CLC
[23]. Even though no fuel-released alkali is expected in the AR, previous
studies have reported that volatile alkali compounds may be carried
over from the FR to the AR [24,25]. For instance, Gogolev et al.
measured alkali emission in the AR to about 1 mg/Nm> of a biomass
fueled 10 kW CLC pilot [26]. The potassium detected in the air reactor is
suggested to originate solely from carryover processes, including the
transfer of char and ash-deposited alkalis from the fuel reactor, as well as
the carryover of potassium absorbed on the oxygen carrier [27]. Under
the conditions present in the air reactor, potassium from char and ash is
expected to be released as gaseous KOH, formed through the decom-
position of alkali salts such as K,COs3 at high temperatures [27]. Potas-
sium bound to ilmenite (FeTiO3), a commonly used oxygen carrier in
CLG, in the form of K-titanate phase (KTigO1¢5), could also theoretically
contribute to KOH(g) release into the air reactor.

Superheater tubes are usually composed of low alloyed carbon steels
due to their low cost and good mechanical properties. However, these
alloys offer limited corrosion resistance in the superheater regions of
conventional biomass boilers. One method to reduce the corrosion rate
of superheaters is to use alloys with high corrosion resistance, such as
stainless steel. Alternatively, applying corrosion-resistant coatings or
weld overlays—such as Ni-base coatings or Ni-base alloy overlays on
superheater tubes has shown significant promise in mitigating potential
corrosion issues related to biomass combustion [28-30]. The high Cr
content of these material types allows the formation of a slow-growing
and protective Cr-rich (Crp03 or (CryxFe;x)203)) oxide scale in mildly
corrosive environments [31]. Potassium-induced corrosion on stainless
steels and Ni-base alloys has been studied extensively in environments
relevant to biomass combustion with a lot of emphasis on the role of KCl
and K3COg3 [10-19,32-36]. It has been reported that these compounds
may react with the protective Cr-rich oxide scale, forming KoCrO4:

%Cr203 (s) + 2KCl(s) + H,O(g) + %Oz (8)=K2Cr04(s) + 2HCI(g) (R1)
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1 3
ECT'QO:;(S) +K2CO3(S) + ZOz(g)‘_—‘K2CTO4 (S) + COz (g) (Rz)

These reactions result in Cr-depletion of both the oxide and of the alloy
substrate. If the alloy at the scale/alloy interface becomes exhausted in
Cr, the more noble alloy constituents (e.g., Fe, Ni) start to oxidize
forming an oxide which grows rapidly with inferior protective proper-
ties. The term “breakaway oxidation™ designates the sudden transition
from the protective Cr-rich oxide scale to the faster growth Fe,Ni-rich
oxide scale. It is usually triggered by a corrosive environment, e.g.,
“alkaline oxidizing” as in the present case. This paper uses the term
“primary protection” to describe the protective properties before
breakaway while secondary protection denotes the (poorer) protective
properties of the scale after breakaway as described in previous studies
[37].

Due to the presence of HCl, CO3, and SO in the flue gas of biomass
combustion, the most predominant potassium species are usually KCl,
K2COs3, and K3SO4. Consequently, significantly less attention has been
paid to KOH-induced corrosion at high temperatures. However, Blom-
berg et al. argues that KOH(g) may play an important role on fireside
corrosion of heat transfer materials in conventional biomass-fired
boilers [38-40]. Further studies performed by Blomberg et al. on pure
Cry03 at temperatures between (25-800 °C) report that KOH reacts
readily with chromia (Cry0O3) already at 200°C, in a similar manner as
KCl and K2CO3, leading to the formation of KyCrO4 (as shown by reac-
tion (R3) [20]:

4KOH(s,1,8) + Cr,03(s) + 1 %OZ (8)=2K>Cr04(s) + 2H,0(l, g) (R3)

The referred study was however carried out on pure chromia, and it is
challenging to predict the corrosion effects of potassium chromate for-
mation on chromia forming alloys, such as stainless steel and Ni-base
alloys. In these materials, the alloy substrate provides a reservoir of Cr
that may diffuse to the corrosion front, replenish the chromia scale, and
thereby delaying breakaway corrosion events.

Nevertheless, based on these studies, a sudden slip of alkali-
containing compounds from the FR could potentially shift the environ-
ment in the AR to become more corrosive than predicted.

Another set of materials studied in environments relevant for su-
perheater applications in biomass combustion are the so-called alumina
forming alloys, FeCrAl [41-45]. These materials are usually used in
applications at temperatures above 900 °C. At these temperatures,
a-Al,03 is formed which exhibits excellent corrosion resistance in mild
oxidizing environments [46]. However, at temperatures relevant for
conventional superheater applications upon combustion of biomass (~
400-550 °C) the formation of a-AlyO3 is obstructed, leading to the for-
mation of an alumina scale consisting of metastable alumina that
reportedly contains relatively high amounts of Cr, making the oxide
scale sensitive to breakaway corrosion when in contact with KCl or
KoCO3 [35,42]. Nevertheless, several studies report good protective
properties beyond breakaway for FeCrAl alloys when exposed in envi-
ronments relevant for superheater application during combustion of
biomass [37,47]. Some studies even indicate that the corrosion resis-
tance of FeCrAl alloys is comparable to Ni-based alloys for superheater
applications in both biomass and waste-fired boilers, making it an
interesting candidate for CLC application [44,45,48]. An approach to
further improve the corrosion resistance of FeCrAl alloys has been to
incorporate Si into the alloy matrix. Previous research has reported that
the addition of 1-2 wt% of Si drastically reduced the corrosion rate of
FeCrAl beyond breakaway corrosion in the presence of alkali salts and
water vapor [49].

To date, there is no literature describing how the corrosion rate of
conventional superheater materials is altered when continuous KOH(g)
is introduced in an environment and temperature relevant for the AR in
CLC of biomass. Improving the awareness of potential corrosion issues in
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the AR is crucial for designing commercial CLC units and for finding
optimal materials for superheater application. This study aims at
investigating the corrosion attack of several materials in two simplified
laboratory environments focusing on the AR. One environment mimics a
scenario with no alkali slip (referred to as the “clean scenario™: 5 % O3 +
3 % H30 + Ny bal.), while the other simulates a scenario with significant
alkali release in the AR (referred to as the “alkali slip scenario™ 5 % Oy
+ 3 % H0 + N3 bal. + 16 ppm KOH). The 3 % H»0 simulates humid air
used as fluidization medium in the AR and the 5 % O3 mimics oxygen-
depleted air that is expected to exit the AR due to the oxidation of the
oxygen carrier. Six materials were investigated and ranged from
austenitic stainless steel, Ni-based alloy, and a FeCrAl alloy. The expo-
sures were carried out at 700 °C, corresponding to a material tempera-
ture relevant for superheaters in ultra super-critical pressure coal-fired
power plants, which represents an important benchmark to reach for
combustion of biomass in CLC [50,51]. The 168-h exposure time was
chosen to study the initial corrosion attack, which is critical for under-
standing later-stage corrosion. This duration is common in lab-scale
corrosion studies mimicing biomass combustion, enabling us to
compare our findings with existing literature and assess how corrosion
in the AR of CLC differs from conventional biomass-fired boilers.
Chemical and morphological analysis of the corrosion products have
been performed to evaluate the exposed materials and to validate their
performance.

2. Materials and method
2.1. Sample preparation

The materials investigated in the present study were three austenitic
stainless steels (AISI 347H, Sanicro® 25, AISI 310H) and two austenitic
Ni-base alloys (Sanicro® 63x59 and Sanicro® 625), all supplied by
Alleima AB. Additionally, a ferritic FeCrAl alloy (Kanthal® EF101)
provided by Kanthal AB was included. The nominal compositions (wt.
%), and the dimensions of the alloy coupons are presented in Table 1.

Prior to exposure, the edges of the coupons were ground with SiC
paper P1000 using water as a lubricant. Subsequently, the surfaces of the
samples were ground with SiC paper P320 and polished down to 1 ym
with a diamond suspension until a mirror-like surface was achieved. The
samples were thereafter cleaned with acetone during ultrasonic agita-
tion for 15 min, dried with pressurized air, and stored in a desiccator,
using SICAPENT® as desiccant.

2.2. Experimental setup

An illustration of the setup for the corrosion tests is shown in Fig. 2.
The exposures were performed using a horizontal tube furnace with a
sintered alumina tube (inner diameter: 40 mm). The samples were
exposed to a gas composition of 5 % Oy + 3 % H0 + Ny bal. with and
without 16 ppm KOH at 700 °C and for a period of 168 h (see Fig. 2a for
the setup in the absence of KOH and Fig. 2b for the setup in the presence
of 16 ppm KOH). The samples were placed on an alumina sample holder.
The gas flow was set to 2.5 cm/s and the flow was controlled using a
MesaLabs Bios DryCal Definer 220 calibrator. The humidity of the gas
was established by coupling a water bath (set at 24 °C which corre-
sponds to 3 % H0 by volume) to the gas stream. The water vapor was
introduced to the dry gas through a Nafion membrane FC 125-240-5MP
from Perma Pure, and the humidity of the gas stream was measured
using a Mitchell instruments Optidew Vision™ chilled mirror humidity
sensor, prior to entering the horizontal tube furnace.

Continuous KOH(g) in the gas stream was achieved by placing an
alumina boat, containing K»COs(s), upstream of the samples at a
maximum temperature of 698 °C (see Fig. 2b). At the selected conditions
K2CO3(s) is expected to react with water vapor forming KOH(g) ac-
cording to reaction (R4). The equilibrium pressure of KOH(g) in the gas
stream was calculated with Factsage 7.3 using FactPS database:
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Table 1
Chemical composition of the investigated materials and sample dimensions.
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Element (wt.%) Fe Cr Al Ni Mo Si Mn Co Cu w Nb Minor elements < 0.5 wt% Dimensions (mm)
Alloy

Sanicro® 625 4 21.5 — Bal. 8.7 - — — - 3.5 C, P, S, Si, Mn 15x10x2
Sanicro® 63x59 11.1 221 - Bal. 4 - - - - C, Al, Si, Ti, Mn 15x10x1

AISI 310H Bal. 24.5 — 21 . 0.8 1.5 — . — — GS 15x10x2
Sanicro® 25 Bal. 22.5 — 25 — 0.5 1.5 3 3.6 0.5 GN,S 15x10x2

AISI 347H Bal. 17.5 - 11 - 1.8 - - - 0.7 G, S, Si 20x10x2
Kanthal® EF101 Bal. 12.4 3.7 — — 1.3 - - - - C, Mn, RE* 15x15x2

*Reactive Element.

~

o
) —

Samples 700 °C

a) 5% 0,+3%H,0+N, bal. b)

5% O, + 3% H,0 + 16 ppm KOH + N, bal.

ﬁ

==

K,CO; boat 698 °C  Samples 700 °C

Fig. 2. Illustration of the furnace set-up and exposure conditions. a) exposure without KOH, b) exposure with 16 ppm KOH.

Deq(KOH) = 1.64*10 5bar at 698 C, 3% H,0, 420ppmCO,

The dissociation of H,0(g) to form Hy(g), a potential corrosive species, is
considered negligible. This conclusion is based on thermodynamic cal-
culations using Factsage 7.3 (FactPS database), which shows that the
vapor pressure of Hy is 5.11 x 10712 bar in the present conditions.

By positioning the KyCO3(s)-containing alumina boat upstream of
the samples and at a lower temperature (698 °C), condensation of alkali
on the samples (700 °C) was prevented. The temperature of the desig-
nated position of the KoCOs containing boat and the samples were
measured prior to each exposure. A total of four exposures were carried
out for each environment where three alloy types were exposed simul-
taneously. A total of two exposures for each alloy type were carried out
for each environment. The position of the coupons on the alumina
sample holder was changed between exposures (i.e., middle and side
position) to register possible local effects. The furnace was flushed with
5 % Oz + 3 % Hy0 + Ny bal. at 900 °C overnight prior to the exposure
and the K5CO3 boat and samples were first introduced into the furnace as
the temperature reached 698 °C and 700 °C, respectively. After expo-
sure, the samples and the K;COs-containing alumina boat were stored in
a desiccator, using SICAPENT® as a desiccant. The mass gain of the
exposed samples was recorded using a Sartorious™ balance with
microgram resolution as soon as they reached room temperature.

2.2.1. Validation test of the experimental setup

To verify the concentration of KOH(g) in the gas stream, the mass of
the K5CO3 loaded on the alumina boat was recorded before and after
each exposure. By correlating the mass change after the exposure
together with the temperature, gas flow (1000 ml/min) and using the
ideal gas law, the average concentration of KOH(g) was determined to
be 16 + 9 ppm with a maximum value of 25 ppm and a minimum value
of 6 ppm. The calculated value is in good agreement with the equilib-
rium vapor pressure of KOH(g) at 698 °C described in reaction (R4).

To verify potential condensation of alkali at the position of the
sample coupons, three gold coupons (15x15x0.3 mm) were exposed at

700 °C in the position normally used for the sample coupons, down-
stream of the K2COs-containing alumina boat (situated at 698 °C). The
selected gas composition was 5 % Oy + 3 % Hz0 + Ny bal. + 16 ppm
KOH and the exposure time was 168 h. The mass change for the gold
coupons was recorded to be —0.004, —0.005 and —0.006 mg/cm?,
respectively (Fig. 3). The negligeable mass change suggests that
condensation of alkali will not take place at the position of the sample
coupons.

* 0,+H,0+KOH

0.08 4

%)

0.06 4

0.04 4

0.02 4

Mass gain (mg/cm

0.00 4

-0.02 T T T
Aul Au2 Au3

Sample
Fig. 3. Image of the gold (Au) sample and mass gains (mg/cm?) of gold cou-

pons exposed for 168 h in 5 % O, + 3 % HyO + 16 ppm KOH + N, bal.
at 700 °C.
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3. Analysis method
3.1. Scanning electron microscopy, SEM-EDX

Microstructural analyses of the samples after exposure were carried
out by scanning electron microscopy (SEM) using an FEl QUANTA ESEM
200 operated in high vacuum mode. The SEM images were conducted
using backscattering electrons (BSE) at an accelerated electron voltage
ranging between 15-20 keV. Chemical elemental analysis of the samples
was carried out by coupling an energy-dispersive X-ray spectroscopy
(EDX) detector (Oxford Instruments X-MaxN 80 T) to the SEM instru-
ment. The EDX analysis was carried out at 20 keV, including EDX
mapping, point analysis and line scans.

Cross-sections of the exposed samples were prepared by gluing a
silica wafer on the surface that was dried overnight. Afterward, the
samples were cut in half and polished to a 0.5 um finish using a Leica EM
TXP instrument operated at low speed and without the use of any
lubricant. A Leica TIC 3X Broad Ion Beam (BIB) instrument operated at
8.0 kV for 6 h was then utilized to achieve ion-milled cross-sections.

Thickness measurements on the oxide and corrosion product were
carried out on the ion-milled cross-sections. SEM images with a vector
graphic editor software (INKSCAPE) was used to perform measurements
on representative regions. The grain size of the alloy substrate was
calculated post exposure. The measurements were carried out on the
ion-milled cross sections and derived using SEM combined with the
average grain size intersect (AGI) method described in the ASTM E112-
13 standard [52]. In this method, a line is drawn within a designated
area, and the points where the line intersects with grain boundaries are
recorded. Eight lines, with a length of 200 pm, were drawn in total:

>~ Linelength;
Z Xi -1

Grainsize =

(€8]

3.2. X-ray Diffraction, XRD

The crystalline phases of the corrosion products were analysed with
XRD. The XRD analysis was performed with Bragg Brentano configura-
tion on a Siemens Bruker 8 Discovery diffractometer equipped with a Cu
source Ka (A = 1.54178 A). The measuring range angle was set to 10 <
20 < 90°.
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4. Results
4.1. Gravimetric measurements

The mass gain of the materials after 168 h of exposure at 700 °C to 5
% O2 4+ 3 % H0 + Ng bal. and 5 % O3 + 3 % H20 + 16 ppm KOH + Ny
bal. is shown in Fig. 4. Each point, except for AISI 347H which was only
measured once due to severe spallation (SI. 1), represents the average
mass change of two sample coupons while the error bar indicates the
spread. In absence of KOH(g), the mass gain was small (<0.1 mg/cm?)
for all materials except for AISI 347H (4.5 mg/cmz) (Fig. 4). As AISI
347H experienced severe spallation, the exposed sample was separated
from the other samples directly after removing it from the furnace and
put in a pre-weighed sample holder in order to collect any spalled oxide
and achieve an accurate gravimetrical reading.

Exposure in the presence of KOH(g) resulted in a significant mass
gain for all materials except for Kanthal® EF101. AISI 347H underwent
severe spallation during cooling similar to what was described above. By
collecting the spalled oxide, the mass gain was measured to 5.89 mg/
cm?, which was the highest mass gain of all investigated samples. The
stainless steels Sanicro® 25 and AISI 310H obtained a mass gain of 3.31
mg/cm? and 2.44 mg/cm? respectively, which was about 55 times
greater compared to corresponding exposure in the absence of KOH(g).

An increase in mass gains was recorded for the Ni-base alloys in the
presence of KOH(g). It may be noted that the difference between Sani-
cro® 625 and AISI 310H was minor (2.37 mg/cm? vs 2.44 mg/cm?,
respectively). The mass gains of Sanicro® 625 and Sanicro® 63x59,
were about 75-90 times greater in the presence of KOH compared to
when KOH was absent.

The mass gain recorded in the presence of KOH(g) (0.098 mg/crnz)
was roughly 10 times higher compared to that in absence of KOH(g)
(0.01 mg/cmz) for the FeCrAl alloy Kanthal® EF101.

4.2. Microstructural analysis

To facilitate the interpretation of the microstructural analysis, key
results are summarized and presented in Table 2. Corrosion products
which contains additional elements from the environment i.e. potassium
(KFeOg, KoCrO4, Ko(Cr,Mo0)O4, K-aluminate), are categorized separately
and defined as “other corrosion products” in the table.

4.2.1. Stainless steels (AISI 347H, Sanicro® 25 and AISI 310H)
Fig. 5 shows SEM cross-sections of the stainless steels exposed to Oz
4+ H,0 and Oy + H,0 + KOH.

7.0
P m 0, +H,0 + KOH
b 0,+H,0 | o ____
6071 = | |
5.5 |
I
! 0.6
5.0 | B O, +H,0+KOH I
el I
g4 : 0.5 U 0, +H,0 |
4.0 4 Lo I
3 &
=351 1 £04 I
-8 . | & 1
§3.01 1 £ 0.3 !
225 J. | = 1
g 2.5 “ = g |
=20 ! 802 |
@
1.5 4 |8 I
. = I
ol = 0.1 !
I
T I O O O O I O O O O T . Y g g oo oy P
1057 ; Pl 00— :
10.0 g ! sy Wy 1y gy g, Yy, "
) - T - T o7 = ! % 4:‘\,\" //)// ° % 2
1 “ '7/;/( “ ‘7/,/(-) /"/é 0,,,6 ! Material <> sy ~‘/70/ :
I g2 %) K “ O ' !
) S4 5 o D % € | TTT T T TS T T T T s s s e l
i Material T o

Fig. 4. Mass gain, expressed as mg/cm? of the different materials exposed for 168 h at 700 °Cin 5 % O3 + 3 % H0 + N bal. and 5 % O + 3 % H,0 + 16 ppm KOH

+ N, bal.
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Table 2
Summary of the microstructural analysis for each exposure.

Fuel 381 (2025) 133178

5 % O3 + 3 % Hy0 + N bal.

Material AISI 347H Sanicro® 25 AISI 310H Sanicro® 625 Sanicro® 63x59 Kanthal® EF101
Analysis

Alloy grain size (um) 35 25 51 13 21 17
Outward-growing oxide (um) Traces (spallation) 0.2-1.3 0.2-0.5 0.2 0.2 0.05
Composition Fe-rich oxide Cr-rich oxide, Fe-rich oxide Cr-rich oxide, Fe-rich oxide Cr-rich oxide Cr-rich oxide Al-rich oxide
Inward-growing oxide (um) Traces (spallation) 0.1-0.5 - - -
Composition Fe-Cr oxide Fe-Cr-Ni oxide * - - -

Internal oxidation zone (um) 20-40 - - - - -

Other corrosion products - - - - - -
Breakaway corrosion Yes Yes (local) Yes (local) No No No

* Not detected with EDX or XRD.

5% Oz + 3% H0 + 16 ppm KOH + N, bal.

Material AISI 347H Sanicro® 25 AISI 310H Sanicro® 625 Sanicro® 63x59 Kanthal® EF101
Analysis

Alloy grain size (um) 39 22 43 17 19 15
Outward-growing oxide (um) Traces (spallation) 1-8 4-6 3-6 1-2 0.06

Composition Fe-rich oxide Fe-rich oxide, CuO Fe-rich oxide Ni-rich oxide Ni-rich oxide Al-rich oxide
Inward-growing oxide (um) Traces (spallation) 1-6 2-5 1-5 0.5-1 -

Composition Fe-Cr oxide Fe-Cr-Ni oxide Fe-Cr-Ni oxide Cr-rich oxide Cr-rich oxide -

Internal oxidation zone (um) 20-50 1-20 1-2 1-13 1-2 —

Other corrosion products KFeO, KFeO,, K,CrO4 KFeO,, KoCrOy4 KFeOs, K5(Cr,Mo0)O4 KoCrO4 Potassium Aluminate**
Breakaway corrosion Yes Yes Yes Yes Yes No

** Indicated with SEM/EDX. not detected with XRD.

Typical features of Alloy AISI 347H observed after exposure to Oy +
H»0 included severe internal oxidation together with the formation of a
multilayer oxide scale (Fig. 5a). The boxed area of Fig. 5a is shown in
detail in Fig. 6. From SEM-EDX line scan it is shown that on top of the
alloy substrate, remaining traces of a 2-3 pm outward-growing Fe-rich
oxide were observed (region III in Fig. 6¢). The thickness should be
discussed with caution due to the severe spallation of the oxide scale
observed during the cooling process post exposure (see supplementary
information, SI. 1a). Beneath, a roughly 2 ym inward-growing (Fe,Cr)
oxide (region Il in Fig. 6¢) was present on top of a 20-40 pm continuous
internal oxidation zone (IOZ) (region I in Fig. 6¢). The I0Z typically
comprised of two regions; oxide particles enriched in Cr and Fe (darker
regions) and metal surface enriched in Ni (bright region) (Fig. 6b). The
number density of oxide particles was greater closer to the I0Z/oxide
interface. The alteration between the oxide regions and metal substrate
was further confirmed by the SEM-EDX line where a reduced oxygen
content was observed overall in this region, indicating a region of not
fully oxidized alloy substrate. The corrosion morphology was similar in
the presence of KOH(g), namely the formation of a roughly 20-50 ym
thick IOZ zone on top of a multilayer oxide scale with indications of
severe spallation of the oxide scale (Fig. 5b & SL. 1b). The biggest dif-
ference of the IOZ between the two different environments was that the
Fe,Cr oxide precipitates increased in numbers and appeared in a more
continuous fashion in presence of KOH (Fig. 5b). In addition, XRD
analysis (SI. 2) confirmed the formation of KFeO in presence of KOH(g).

Sanicro® 25 and AISI 310H formed well-adherent oxide scales when
exposed to Oz + H20, where the oxide thickness was about 0.2-1.3 pm
and 0.2-0.5 pm, respectively (Fig. 5c and Fig. 5e). Clear signs of Fe-rich
oxide nodules covering the surface of AISI 310H and Sanicro® 25 were
observed during plan-view SEM analysis (top corner of Fig. 5e & SI. 3)
which is a strong indicator that the oxide has entered the secondary
protective regime, i.e. local breakaway corrosion has transpired [53,54].

The presence of KOH(g) significantly accelerated the corrosion rate
of Sanicro® 25 (Fig. 5d). The scale morphology was characterized by
heterogenous patch-like features with multiple layers. The localized
nature of corrosion could be coupled to the alloy microstructure, where
a thicker oxide scale was observed at the center of the alloy grains while
a thinner oxide scale covered the alloy grain boundaries. Fig. 7 shows
the SEM-EDX analysis of the highlighted region in Fig. 5d. The top layer
of the scale consisted of a CuO layer of about 1 um thickness followed by

3-13 pm thick layer of potassium ferrate (KFeO5). Albeit not present on
the SEM image, indication of K5CrO4 formation was detected with XRD
(SI. 2). Beneath the KFeO; layer, an Fe-rich outward-growing oxide with
a thickness ranging from 1-8 um was present and consisted of 70 % Fe,
26 % Ni and traces of Cr (2 %) and K (2 %) (cationic %). Below, a
continuous inward-growing Cr-rich (Fe,Cr,Ni)304 spinel oxide (based on
SEM-EDX analysis) was present with the average composition of 22 %
Fe, 64 % Cr and 14 % Ni (cationic %) and with a thickness of 1-6 pm.
Discontinuous internal oxidation zones (I0Z) were detected beneath the
oxide scale. The I0Z exhibited similar features as in the case of AISI
347H, namely unreacted metal substrate with high Ni content (bright
regions) and Fe,Cr-rich oxide (dark region). The IOZ was more extensive
in areas suffering from severe corrosion and ranged from 1-20 um in
thickness.

Fig. 8 shows the SEM cross-section image and the corresponding EDX
maps of the highlighted region in Fig. 5f of AISI 310H exposed to Oz +
H30 + KOH. The top of the scale consisted of KoCrOy4, ranging from 1-4
um in thickness, followed by a layer of KFeOy, with a thickness of 1-2
um. Similar to Sanicro® 25 and AISI 347H, a multilayer oxide scale was
present, consisting of a roughly 4-6 um thick outward-growing Fe-rich
oxide with a composition of 83 % Fe, 10 % Ni, 3 % Cr and 4 % K (cationic
%). Below, an inward-growing oxide was recognized as a Cr-rich (Fe, Cr,
Ni)304 spinel containing 63 % Cr, 22 % Fe and 15 % Ni (cationic %),
with a typical thickness of 2-5 ym. Moreover, Ni-enrichments of the
alloy substrate were observed at the corrosion front, i.e., just beneath the
inward-growing oxide scale. EDX analysis revealed the formation of a
discontinuous and thin IOZ at the corrosion front, with similar features
as described before (see high magnification SEM image in Fig. 8).
However, it should be noted that the occurrence of IOZ was significantly
less compared to Sanicro® 25.

4.2.2. Ni-base alloys (Sanicro® 63x59 and Sanicro® 625)

The Ni-base alloys Sanicro® 63x59 and Sanicro® 625 formed a thin
(0.2 um), adherent, and homogenous oxide scale after 168 h of exposure
to Oz + H2O (Fig. 9a, c). SEM/EDX analysis (see SI. 4) revealed that both
alloys formed a Cr-rich oxide scale on the surface, likely CryOs.

The two alloys experienced accelerated corrosion when exposed to
O, + H0 + KOH(g) (see Fig. 9b and d). Fig. 10 shows the SEM image
and the corresponding EDX line scan of the highlighted region in Fig. 9b
of Sanicro® 625. Several corrosion product layers could be
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Fig. 5. SEM cross-section micrographs of the stainless steels exposed for 168 h at 700 °C in 5 % O + 3 % H,0 + Nj bal. and 5 % O + 3 % H,O + 16 ppm KOH +

N, bal.

distinguished. On top, a 2-7 um thick layer with a chemical composition
of 66 % K, 17 % Cr, and 17 % Mo (cationic %), was detected with EDX.
The elemental composition suggests the formation of K3(Cr,Mo0)O4.
Below, an approximately 3-5 um thick oxide scale consisting predomi-
nately of Ni, 90 % Ni, 10 % Fe (cationic %), was identified. Furthermore,
an inward-growing oxide varying from 1-5 pym in thickness and enriched
in Ni and Cr was present. A discontinuous I0Z, ranging from 1-13 um in
thickness, was present beneath the inward-growing oxide layer. The
10Z’s were comprised of Cr-rich oxide precipitates (darker regions) and
remaining metal enriched in Ni (brighter regions).

Fig. 11 shows the SEM cross-section images and the corresponding
EDX line scan of the highlighted region in Fig. 9d of Sanicro® 63x59
exposed to KOH(g). The micrograph reveals the formation of a ho-
mogenous and less corroded surface compared to the stainless steels and

Sanicro® 625, which aligns well with the gravimetric analysis presented
in Fig. 4. The corrosion product, consisted of a roughly 3-7 pm thick
K,CrO4 layer growing on top of a 1-2 um thick Ni-rich oxide scale
consisting of about 64 % Ni, 20 % Fe, 9 % Cr, 2 % Mo and 5 % K (cationic
%) (Fig. 11). Indication of an inward-growing Cr-rich oxide scale is
shown in the presented EDX maps. However, the oxide scale was < 1 um
making it challenging to confirm its composition with the current set-up.
Traces of I0Z were observed across the cross-section, although less
pronounced compared to Sanicro® 25 and Sanicro® 625. Lastly, void
formations, depleted in Cr, alongside the grain boundaries of the alloy,
were present at the metal/oxide interface (see Fig. 10).

4.2.3. FeCrAl alloy (Kanthal® EF101)
Fig. 12 shows the SEM cross-section images and corresponding EDX
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Fig. 6. A) sem cross-section micrograph of aisi 347h exposed at 700 °C in 5 % O3 + 3 % H30 + N bal. Only traces of fully oxidized Fe-rich and Fe,Cr-rich regions
were observed on the surface due to severe spallation. Below, a continuous IOZ was present. b) The IOZ can be divided into two regions that consist of Fe,Cr-rich
oxide (dark region) alongside Ni-enriched metal (bright region). ¢) EDX line scan of selected region in (a).
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Fig. 7. A) sem cross-section micrograph of sanicro® 25 exposed for 168 h at 700 °C in 5 % O, + 3 % H,0 + 16 ppm KOH + N, bal. b) EDX line scan of repre-

sentative region.

maps of Kanthal® EF101 exposed in O3 + H0 and Oz + H20 + KOH.
From SEM-EDX analysis it is suggested that a 0.05 pm Al-rich oxide scale
had formed on top of the alloy substrate with no signs of spallation or
crack formation in the presence of O and HyO. When exposed to KOH
(g), a roughly 0.3 pum corrosion layer containing K, Al, and O was
identified. The increased intensity of Al from the SEM-EDX map analysis
observed on top of the alloy substrate indicates the formation of a
roughly 0.06 um oxide scale enriched in Al (see Fig. 12b). However, the
exact composition of the oxide scales and corrosion products presented
should be interpreted cautiously owing to the insufficient resolution of
the SEM-EDX analysis. Nevertheless, no signs of severe corrosion were
observed on this alloy regardless of environment, which is consistent
with the gravimetric analysis presented in Fig. 4.

5. Discussion
5.1. Clean scenario (O2 + H20 + N3)
Ideally, there should be minimal transport of volatile alkali from the

FR to the AR in CLC of biomass. When simulating such a scenario in the
present study (5 % Oz + 3 % H20 + N bal.), all chromia formers except

347H, (i.e., the stainless steels and the Ni-base alloys), showed protec-
tive behavior, a thin adherent oxide scale being present (<0.5 um) after
168 h at 700 °C (Figs. 5 and 9).

The microstructural analysis revealed that the Ni-base base alloys
retained a primary protective chromium-rich oxide scale while all the
stainless steels had transitioned to the secondary protective regime,
albeit to a different degree (Figs. 5 and 9). Stainless steels are known to
suffer from breakaway corrosion in presence of water vapor at temper-
atures and conditions relevant for this study (600-900 °C) [55-59]. This
has been attributed to the formation of chromic acid (CrO2(OH); (g))
according to the following reaction:

Cry0s(s) + 2H,0(g) + 1 %oz (8)=2Cr0,(0H),(g) (R5)

The evaporation of Cr is argued to trigger breakaway corrosion, i.e.,
breakdown of the primary protective oxide layer and the formation of a
multilayer oxide scale consisting of an outward-growing Fe-rich oxide
layer scale and an inward-growing (Fe,Cr,Ni) spinel with inferior pro-
tective properties [57]. Local breakaway corrosion was observed on
Sanicro® 25 and 310H in the present study, with similar corrosion
morphology as reported in previous studies related to Cr-evaporation
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Fig. 8. SEM cross-section micrograph and corresponding EDX maps of AISI
310H exposed for 168 h at 700 °C in 5 % Oz + 3 % Ho0 + 16 ppm KOH +
No bal.

[43-47]. Although local breakaway corrosion occurred, the overall
appearance of the oxide scale remained thin and adhered to the
substrate.

Severe corrosion was observed in the clean scenario of alloy 347H.
Previous studies have correlated the resistance to breakaway corrosion
by Cr-evaporation with the Cr/Fe ratio in stainless steels [55]. A higher
Cr/Fe ratio enhances the chromium supply to the corrosion front,
leading to improved resistance of the Cr-rich oxide scale. As shown in
Table 1, 347H has a significantly lower chromium content compared to
the other chromia-forming alloys, i.e., stainless steels, and Ni-base al-
loys, examined in this study. This lower chromium content may be
associated with the severe corrosion observed. Furthermore, severe
spallation was observed during cooling regardless of the environment
for 347H (Fig. 5a and b). It is widely acknowledged that during cooling,
the mismatch of the coefficient of thermal expansion (CTE) between the
oxide scale and the alloy together with the interfacial shear stresses
generated during oxide growth may cause delamination and spallation
of oxide scales [31,60]. For instance, Liu et al. quantified the maximum
shear stress observed at the oxide/substrate interface as a function of
oxide scale thickness for stainless steel at 850 °C [61]. A strong corre-
lation was found, where the interfacial stresses increased with the
thickness of the oxide scale. This is in good agreement with the results
from this study, where spallation was only observed for AISI 347H. The
microstructural analysis showed that AISI 347H underwent severe
corrosion forming a roughly 35-40 um IOZ and an Fe-rich oxide scale,
after 168 h of exposure in the absence of KOH(g). Given the thickness of
the I0Z and present Fe-rich oxide scale together with the mass gain
recorded, it is argued that the outward growing oxide scale is orders of
magnitude thicker than for the other tested alloys. It is argued that the
severe spallation is caused by stresses at the oxide/IOZ interface. The
adhesion of the oxide scale will be a critical parameter for corrosion
resistance of superheater tubes in the AR. If the material undergoes
spallation upon thermic cycling, fresh metal surface will be exposed
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leading to rapid corrosion. Thus, given the significant corrosion and
scale spallation observed in this relatively mild corrosive environment,
AISI 347H is likely unsuitable for superheater application in the AR side
of a CLC unit.

While AISI 347H suffered extensive corrosion and scaling in the
absence of KOH(g), the other two stainless steels (Sanicro® 25 and AISI
310H) showed essentially protective behavior, exhibiting only local
breakaway corrosion (Figs. 4 and 6). This difference is attributed to the
higher concentrations of Cr and Ni in Sanicro® 25 and AISI 310H
(Table 1). Furthermore, Persdotter et al. have shown that the protective
properties of oxide scales on Fe-based alloys beyond breakaway, i.e.,
after the transition to the secondary protective regime, can be improved
by higher concentrations of Ni and Cr in the alloy [37]. The observation
that Sanicro® 25 and 310H suffer local breakaway corrosion while
Sanicro® 63x59 and Sanicro® 625 do not, is in accordance with e.g.,
Pettersson et al. who reported that an increased Ni content of Fe-Cr-Ni
alloys improved the protective properties of the primary oxide scale, i.
e., before breakaway corrosion, in a humid environment at 600-800 °C
[62,63].

FeCrAl alloys are well-known for their superior resistance towards
corrosion at high temperatures (>900 °C) due to their ability to form a
highly protective a-AloO3 scale [46,64]. This study shows that Kanthal®
EF101 forms an oxide layer with excellent protective properties in Oy +
H20 + Ny already at 700 °C, the corrosion rate being minimal with no
signs of breakaway corrosion. Microstructural analysis revealed the
presence of a roughly 0.05 um, adherent, Al-rich oxide scale, with low
amounts of Cr and Fe (see Fig. 12a). Chromium is known to be important
for the ability of alumina-forming high temperature alloys to form
protective alumina scales, in what is commonly referred to as the third
element effect [31]. However, chromia volatilization is unlikely to play
arole in corrosion of Kanthal® EF101 because of the rapid formation of
an alumina-rich surface layer. This is supported by Reddy et al. and Sand
et al. who reported negligible or very little Cr-evaporation from Kant-
hal® EF101, respectively, (denominated A197 in the studies referred to)
between 600-800 °C in air containing 3-40 vol% H30 [58,65].

5.2. Alkali-slip scenario (O2 + H20 + KOH)

The improved steam data anticipated for biomass-fired CLC power
boilers compared to conventional biomass-fired boilers relies on the
assumption that the AR facilitates a mild corrosive environment, i.e.,
minimal transport and release of corrosive species from the FR to the AR.
However, previous studies have detected volatile alkali release in the
AR, likely in the form of KOH(g), suggesting that alkali may be trans-
ferred from the FR to the AR during biomass combustion in CLC [25].
Thus, it is crucial to investigate how such events may affect the corrosion
rate of superheaters installed in connection to the AR. In the alkali slip
scenario, 16 ppm of KOH(g) was added to the gas atmosphere in the
laboratory exposures in order to mimic a situation where alkali is
continuously transferred from the FR to the AR and subsequently
released as KOH(g).

It is well-known that the presence of certain alkali compounds, e.g.,
KCl and K5COs, in an oxidizing environment, can convert chromia in the
protective scale on high-temperature alloys to potassium chromate
(K2CrOy), leading to a drastic increase of corrosion (see reactions (R1-
2)). Thus, the formation of chromate, e.g., KoCrOy, is reported to be
accompanied by the appearance of a multilayer oxide scale with inferior
protective properties, [12,14,19-22,58]. This is in line with the present
study which demonstrates that the addition of KOH(g) to a gas con-
taining Oy and HyO greatly accelerates the corrosion of the chromia-
forming alloys, Sanicro® 25, AISI 310H, Sanicro® 63x59 and Sani-
cro® 625. Indeed, it is suggested that the corrosion of chromia-forming
alloys in Oy + H20 + KOH(g) environment is caused by reaction (R3).
Based on the oxide thickness measurements, the alloys can be ranked
according to their ability to withstand corrosion in Oz + H20 + KOH(g)
environment: AISI 347H < Sanicro® 25 < AISI 310H < Sanicro® 625 <
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Fig. 9. SEM cross-section micrographs of the Ni-base alloys exposed for 168 h at 700 °C in 5 % O2 + 3 % Hy0 + N3 bal. and 5 % O3 + 3 % H»0 + 16 ppm KOH +

No bal.
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Fig. 10. A) sem cross-section micrograph of sanicro® 625 exposed for 168 h at 700 °C in 5 % Oy + 3 % H,0 + 16 ppm KOH + N bal. b) EDX line scan of selective

region in (a).

Sanicro® 63x59.

The micrographs of the austenitic stainless steels Sanicro® 25 and
AISI 310H revealed that the whole surface has suffered breakaway
corrosion. As such, the experimental conditions are forceful enough to
trigger breakaway corrosion according to reaction (R3). Both alloys
feature oxide scales with an outward-growing Fe-rich oxide scale and an
inward-growing Cr-rich (Fe,Cr,Ni)304 spinel (Figs. 7-8), in good agree-
ment with previous studies on breakaway corrosion of austenitic stain-
less steels in the presence of alkali [36,66-68]. As shown in Fig. 8,

10

Sanicro® 25 exhibited heterogenous corrosion, with the most severe
corrosion affecting the center of the alloy grains. Such a dependence of
corrosion on alloy grain structure is common in austenitic stainless steels
and it is often attributed to the dominance of grain boundary diffusion in
the transport of chromium to the growing chromia scale in the studied
temperature range [38,49]. Thus, depletion of Cr in the oxide scale by
the formation of KyCrO3 will be replenished more quickly at the grain
boundaries, likely resulting in an incubation period before breakaway
corrosion is triggered. Another interesting phenomenon observed on
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Fig. 11. A) sem cross-section micrograph of sanicro® 63x59 exposed for 168 h
at 700 °Cin 5 % O, + 3 % H,0 + 16 ppm KOH + N, bal. b) EDX line scan of
selected region in (a).

Sanicro® 25 is the accumulation of Cu-rich oxide at the gas/scale
interface. This is noteworthy because Cu has a significantly lower af-
finity for oxygen compared to alloy elements like Fe and Cr. Therefore,
the presence of Cu-rich oxide at the scale/gas interface is surprising, as it
indicates an initial preferred oxidation of Cu. Similar features have been
observed by Intiso et al. upon studying the corrosive behavior of Sani-
cro® 25 in dry and wet conditions at 600 °C [57]. They concluded that it
is possible that enriched Cu-precipitates initially form at the metal/
oxide interface upon oxidation of the more reactive elements such as Fe
and Cr. Over time the Cu-rich precipitates may lose their contact with
the alloy substrate and migrate through the oxide scale as Cu-ions and
eventually oxidize to the Cu* state at the oxide/gas interface, similar to
what was observed in the present study.

Because of the larger grains in AISI 310H compared to Sanicro® 25,
one might expect more uneven corrosion in the former case. Instead,
corrosion was more evenly distributed over the surface of AISI 310H,
with no obvious relation to alloy microstructure (Fig. 5d and 5f). This
shows that the differences in scale morphology cannot be explained
solely by chromium diffusion in the alloy but could also be influenced by
the concentration of important alloy elements such as Cr. Similarly,
Persdotter et al. reported no correlation between corrosion rate and
alloy grain size in KyCOs-induced corrosion of various austenitic
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stainless steels at 600 °C [37].

The presence of KOH(g) promoted internal oxidation both of the
austenitic stainless steels (Sanicro® 25 and AISI 310H) and on the Ni-
base alloys (Sanicro® 625 and Sanicro® 63x59). The internal oxida-
tion zone (I0Z) consisted of a mixture of two phases: Cr,Fe-rich oxide
(for stainless steels), or Cr-rich oxide (for Ni-base alloys) and Ni-rich
remaining alloy. Thermodynamic calculations carried out by Jonsson
et al. and Col et al. link this phenomenon to the equilibrium composition
of the spinel as a function of partial pressure of oxygen. At low partial
pressure of oxygen, Ni is prohibited from entering the Fe,Cr spinel thus
leaving behind a Ni-enriched alloy substrate [68,69]. Considering the
low concentration of Fe in Ni-base alloys, Cr-rich internal oxidation
zones has been observed on Ni-base alloys in the presence of alkali in
previous studies, similar to what is presented in the present study
[36,70]. Internal oxidation is a dynamic process where the local
composition of the surrounding alloy and oxygen activity may alter as
corrosion progresses. These alterations may facilitate phase transitions
of the internal oxide zones over time leading to the formation of either a
poor protective oxide or a protective oxide, also known as a healing
layer [69]. As such, it is important to consider long-term exposure tests
to enhance our comprehension of how the formation I0Z may impact
the corrosion rate over extended periods in this environment.

KFeO, was identified on the stainless steels AISI 310H, and Sanicro®
25 upon exposure to KOH(g) (Figs. 7 and 8). Hematite (FexO3) has been
reported to react with KOH to form KFeO, [20]:

Fe,05(s) + 2KOH(s, 1, g)=2KFeO,(s) + H,O(g) (R6)
As Fe-rich oxide was observed on the surface beyond breakaway
corrosion on both Sanicro® 25 and 310H, it is also argued that the
following reaction may occur in an oxidizing environment:

1 3

AG)yyc = —309kJ/mol

As such, we suggest that KoCrO4 forms initially according to reaction
(R3) for Sanicro® 25 and 310H in presence of KOH, leading to the
breakdown of the primary protective oxide. This allows rapid formation

FeCrAl alloy
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Fig. 12. SEM cross-section micrographs and corresponding EDX maps of Kanthal® EF101 exposed for 168 h at 700 °C in a) 5 % O3 + 3 % H20 + N; bal. and b) 5 %

O3 + 3 % Hy0 + 16 ppm KOH + N; bal..
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of Fe-rich oxide scale which subsequently may react with KOH(g)
leading to the formation of KFeO, according to reaction (R6) or (R7).
Thus, it is suggested that KOH(g) interacts with both the primary and the
secondary protective oxide scale. While its effect on the corrosion rate
through the disruption of the primary Cr-rich oxide scale is apparent,
further studies are needed to better comprehend the influence of KOH(g)
and the formation of KFeO, beyond breakaway corrosion.

It is evident that the two Ni-base alloys tested cannot retain the
primary protective Cr-rich oxide scale when exposed to KOH(g) (see
Fig. 9). Large amounts of KyCrO4 were detected on Sanicro® 63x59
suggesting that breakaway corrosion has been triggered by reaction
(R3). In the case of Sanicro® 625, a solid solution of potassium chromate
and potassium molybdate, Ko(Cr, Mo)O4, was detected rather than po-
tassium chromate. Molybdenum containing corrosion products are
rarely reported on high temperature alloys, elemental molybdenum
usually accumulating in the alloy substrate, beneath the oxide scale. It is
suggested that the occurrence of molybdate in this case is connected to
the highly alkaline experimental conditions which are known to stabi-
lize molybdate and to the high concentration of Mo in the alloy. Mo
alloying has been associated with both enhancing and reducing the
corrosion protective properties of Ni-base alloys [71]. In a systematic
investigation of the influence of Mo on corrosion of Ni-base chromia-
forming model alloys, Izzuddin et al. reported that the corrosion resis-
tance in the presence of alkali chloride vapor and O, at 570 °C, was
optimal at an Mo concentration of 3 wt% [71]. The beneficial effects of
Mo were attributed to its ability to promote the formation of an outward-
growing Ni-rich oxide that hindered chromate formation, thus pre-
venting Cr depletion of the alloy substrate. However, the present study
clearly shows that K2CrOy is formed, suggesting that the initial oxide is
Cr-rich. This is in accordance with the observation of a Cr-rich oxide
layer seen for the Ni-base alloys in the absence of KOH(g) (Fig. 8).
Nevertheless, the formation of Ni-rich oxide scale beyond breakaway
corrosion has been reported in many cases to reduce depletion of Cr via
Cr-evaporation. Considering that there was no indication in the present
study that the Ni-rich oxide scale further reacted with KOH(g) it is
reasonable to argue that the Ni-rich oxide scale may also work as a
protective barrier for Cr depletion via chromate formation thus reducing
depletion of Cr from the alloy substrate.

An interesting feature observed on Sanicro® 63x59 was the forma-
tion of voids at the corrosion front when exposed to KOH. These were
particularly severe at the grain boundaries and were enriched in Ni
(Fig. 9). Void formation has been documented in prior studies on Ni-
based alloys, with the phenomenon often attributed to the different
diffusion coefficients of Cr and Ni. This results in the accumulation of
vacancies in the Ni-enriched region leading to void formation, known as
the Kirkendall effect. Work reported by Ssenteza et al. has shown that
these voids can progress over time and is suggested to reduce the ad-
hesive properties of the oxide scale on Ni-base alloys [47].

Lastly, while this study demonstrates that KOH(g) significantly
accelerated the corrosion rate of both stainless steels and Ni-base alloys,
the same effect was not recognized for the FeCrAl alloy Kanthal® EF101
(Fig. 11b). The oxide scale is suggested to consist of a roughly 0.06 um
Al-rich oxide, similar to what was detected in absence of KOH.
Furthermore, no signs of KoCrO4 or KFeO, on top of the oxide scale were
observed. These results further support what was discussed in section
5.1, namely that a predominantly pure Al-rich oxide scale forms on top
of the alloy in these environments. Consequently, accelerated corrosion
related to Cr-evaporation, reaction (R5) or Cr-depletion by KOH(g),
reaction (R3) is argued to be negligible. Previous studies have shown
that the ability of FeCrAl alloys to form a pure AlOs is highly dependent
on the exposure temperature [72,73]. For example, Josefsson et al.
demonstrated that the concentration of Fe and Cr in an Al;03 oxide scale
is lower at 700 °C compared to 500 °C and 600 °C when exposed to dry
air [73]. Furthermore, the addition of Si to FeCrAl alloys has also been
shown to promote the formation of an Al-rich oxide scale, even at
temperatures as low as 600 °C [42,49]. In a recent study, Eklund et al.
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demonstrated that the addition of 2 wt% Si on a FeCrAl alloy prevented
the occurrence of breakaway corrosion when exposed for 2000 h to
K2CO3in 5 % O, and 95 % N5 at 600 °C [42]. Further work by Asokan
et al. on FeCrAl alloys at 600 °C suggests that Si promotes the Al activity
in the alloy substrate, thereby greatly increasing the Al content of the
primary protective oxide scale while reducing the Cr content, making it
less susceptible to breakaway corrosion in presence of alkali and water
vapor [74]. Therefore, the formation of the Al-rich protective oxide scale
observed in the present studies could be attributed to two factors,
namely the Si content in the alloy substrate and the exposure tempera-
ture (700 °C).

Despite the formation of a protective Al-rich oxide at 700 °C, it is
evident that KOH(g) reacts with the alumina scale. In the presence of
KOH, a 0.3 um thick homogeneous layer consisting of K, O and Al was
detected on top of the oxide scale (Fig. 12b). Formation of potassium
aluminate such as KAlO, in association with alkali-induced corrosion on
Al,0O3 oxides has been discussed in previous studies [75,76]:

AGYyyc = —237kJ /mol (R8)
Given the negative value of Gibbs free energy, it is argued that KAlO, is a
possible candidate to be present on the oxide surface in the present
envrionment. Nevertheless, Dahl et al. have suggested the formation of
KAlgO1 4 on top of an Al-rich oxide scale upon exposing a NiAl coating to
humid air and KCl at 600 °C leaving the exact phase of the potassium
aluminate found on the surface of EF101 uncertain [76]. Despite this
uncertainty it is suggested that this corrosion product does not promote
breakaway in the present environment, at least not after 168 h of
exposure. Given the results presented in this paper, Kanthal® EF101 is
considered a promising material for superheater application in the AR
side of a CLC unit in respect of its corrosion-resistant properties.

6. Conclusions

This study offers insights into potential corrosion issues that may
emerge on superheater tubes positioned in the AR side of a CLC unit that
utilizes biomass as fuel. From a corrosion perspective, the week-long
exposures at 700 °C reveal great potential in achieving high steam
data and is in line with the state-of-the-art coal-fired boilers. Depending
on the potential alkali load transferred from the FR to the AR, the
possible selection of materials varies; in the absence of KOH(g), all
investigated materials (stainless steels, Ni-base alloys and FeCrAl alloy)
are suitable except for AISI 347H. In an environment with KOH(g)
present, only the FeCrAl alloy Kanthal® EF101 obtained superior
corrosion resistance, for up to 168 h.

The main findings of this work are highlighted below:

e AISI 347H underwent severe corrosion both in the presence and
absence of KOH(g), characterized by the presence of thick internal
oxidation zones and Fe-rich oxide scales. Furthermore, severe
spallation was observed for this alloy upon cooling. These attributes
combined make this material a poor choice for superheater material
in the AR side of a CLC unit.

e In absence of KOH(g), local breakaway corrosion was observed on
the austenitic stainless steels, Sanicro® 25 and AISI 310H argued to
be related to Cr-evaporation. However, the corrosion rate was minor
after 168 h of exposure and the oxide scales remained well-adherent
to the alloy substrates. The Ni-base alloys Sanicro® 625 and Sani-
cro® 63x59 maintained a primary protective oxide scale after 168 h
of exposure in absence of KOH(g).

e In the presence of KOH(g), a drastic increase of the corrosion rate of
the chromia-forming alloys AISI 310H, Sanicro® 25, Sanicro® 625,
and Sanicro® 63x59 was observed. This was attributed to the reac-
tion of KOH(g) with the primary protective Cr-rich oxide scale,
resulting in its rapid breakdown and the formation of K2CrO4 and a
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less protective multilayered oxide scale. The corrosion attack was
less severe for the Ni-based alloys compared to the stainless steels.

e A protective Al-rich oxide scale in the sub-micron range was formed
on the FeCrAl alloy Kanthal® EF101 in both the clean and alkali slip
scenario. It is argued that the oxide scale contains a low amount of Cr
thereby preventing rapid breakdown of the primary protective oxide
related to Cr-depletion via Cr-evaporation or formation of KoCrOg.
Indication of potassium aluminate on top of the oxide scale was
observed when exposed to KOH(g), with no signs of promoting
breakaway corrosion.
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