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Balance of plant (BOP) components made of metallic materials in solid oxide fuel cells are subject to high-
temperature corrosion and are a significant source of volatile chromium species. Prospective Fe and Ni-base
alloys, AISI 441, AISI 444, a FeCrAl alloy A197/Kanthal® EF101, alloy 600, and alloy 800H are investigated
for their suitability to BOP components. Oxidation kinetics and chromium evaporation were employed to study
the selected alloys at 650 °C and 850 °C for 500 h. A197 performed the best while AISI 441 and AISI 444,

performed the worst. Pre-oxidation significantly improved the performance of the alloys at 650 °C.

1. Introduction

The global consumption of energy is increasing rapidly, and so are
CO;, emissions, which are widely regarded as the primary cause of global
warming. Alternative energy conversion devices with lower CO, emis-
sions are necessary to meet the demand in energy consumption. Solid
Oxide Fuel Cells (SOFC) have long been regarded as an attractive choice
for future energy needs. The SOFC is a high-temperature electro-
chemical device that converts chemical energy in a fuel into electrical
energy. SOFCs are promising because of their high electrical efficiency
(up to 70 % [11), fuel flexibility, low emissions, and silent operation.
SOFC-based combined heat and power (CHP) can reach an efficiency as
high as 90 % [2] and fulfil electrical and heating needs.

SOFCs provide high efficiency at all capacities, allowing them to
scale in diverse fields such as automotive applications, residential ap-
plications, industrial applications, and centralized power production
[3]. Despite these advantages, commercial success has been limited by
high material costs and a short lifespan. Operating temperatures have
been substantially reduced with recent developments in materials and
manufacturing, allowing the widespread use of steel in the SOFC system.
Steels are mainly used as interconnects, and most research has focused
on chromia-forming ferritic grades due to the moderate conductivity of
the chromia scale, ease of manufacturing, and coefficients of thermal
expansion (CTE) similar to those of the ceramics used in the cell.

However, the chromia-forming ferritic steels used for the in-
terconnects have two significant drawbacks. The gradual growth of the
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oxide layer during SOFC operating conditions leads to increased resis-
tance across the cell, decreasing cell efficiency. The CryO3 scale also
reacts with oxygen in the presence of water vapour at high temperatures
to form volatile CrO2(OH)s. The reaction is shown in Eq. 1.

% Cr0s (s) + H0 +% 0, Cr0,(OH), (g) &)

Chromium evaporation is dependent on various operating variables
such as humidity, temperature, and oxygen partial pressure. Chromium
evaporation reduces the lifetime of steel components and is also a sig-
nificant issue for the oxygen transport membranes in SOFCs. The volatile
Cr (VI) species react with the air electrode and are deposited on triple-
phase boundaries. These deposits block the electrochemical oxygen
reduction reaction, a phenomenon called chromium poisoning [4].
Chromium poisoning drastically reduces the efficiency and lifespan of
the SOFCs. Applying protective coatings is known to minimise chro-
mium evaporation and, in some cases, oxide growth [5-7].

Along with the interconnects, steels are widely used in the auxiliary
components of a SOFC system, and these together are called the Balance
Of Plant (BOP). BOP comprises the cell frame, cathode pre-heater, heat
exchangers, thermal management equipment, pipework, pumps, fuel
processors, control systems, start-up heater, and power conditioner [8].
A cathodic pre-heater is used to preheat reactant gases, thus preventing
thermal stresses from rapid temperature variations in ceramic stacks.
Heat exchangers are used to recover high-quality heat energy from the
exhaust gas. Therefore, large parts of BOP components are subjected to
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severe high-temperature operating conditions. The conventional ce-
ramics used in BOP [9] are being replaced with metallic materials owing
to their better mechanical properties, lower cost, and ease of
manufacturing; simultaneously, metallic materials reduce the cost and
weight of a SOFC system, making them attractive for mobile
applications.

BOP components located upstream of the cell can be a significant
source of volatile chromium species often overlooked [10]. Unlike the
interconnects, BOP components are exposed to various temperatures
depending on their function, location, and contact with the exhaust. Few
studies have explored the oxidation and chromium evaporation prop-
erties of BOP steels in SOFC conditions [11-13]. Moreover, the BOP
components in a SOFC system comprise up to 75 % of the system
manufacturing cost [8]. It is essential to understand the performance
and cost-effectiveness of the steels used. Coatings used to circumvent the
chromium evaporation, and high oxidation rate in interconnects are
harder to implement for BOP components due to complex-shaped system
parts. However, the material selection for BOP components has greater
design freedom as there are no restrictions on the conductivity of the
scale and fewer restrictions on the CTE. For this reason, alumina former,
austenitic materials, and Ferritic Stainless Steels (FSS) have been
explored for application in BOP systems.

Ferritic stainless steels have been extensively studied for application
as interconnects [14]. High-volume FSSs, such as type 441, type 430,
and type 444, are particularly relevant due to lower material costs.
Grolig et al. [15] have examined the oxidation and chromium evapo-
ration of type 441 and found unacceptably high chromium evaporation
and oxidation at 850 °C without a protective coating. Chromium evap-
oration data at lower temperatures are limited for these types of steels
[16]. Type 444 has been proposed for interconnect applications [17,18].
Type 444 steel has been reported to have better oxidation resistance
[19], higher creep, and greater fatigue resistance [20] than type 441.
Despite these properties, austenitic materials are usually preferred in
most high-temperature applications due to their optimal combination of
strength, creep resistance, and microstructural stability with excellent
oxidation resistance [21]. So far, few publications have reported the
chromium evaporation characteristics of these materials.

Alloy 800H is a Fe-based austenitic solid-solution alloy, an alterna-
tive to expensive nickel-based alloys used in severe service conditions. It
is used broadly in nuclear applications, furnace components, electrical
power generation, and heat exchangers [22,23]. Considerable resistance
to carburization and metal dusting enables it to be used in petrochemical
processing, steam reformers, pigtails, and headers in hydrogen produc-
tion [24,25]. Hence, it is particularly interesting for the anode side
components involving hydrocarbon fuels in the SOFC system. In
contrast, Ni-based superalloys are more expensive, with excellent
high-temperature strength and resistance to corrosion and fatigue [26,
27]. Increasing the Ni content in alloys improves cyclic oxidation
resistance, creep performance, and oxidation resistance [28]. Alloy 600
is a Ni-based alloy widely used as a standard engineering material with
excellent mechanical properties. The versatility of the alloy’s properties
makes it suitable for various applications from cryogenic temperatures
to 1000 °C [29]. The alloy is typically used in high-temperature appli-
cations in the chemical, heat-treating, and aeronautical industries.

Alumina formers have excellent high-temperature corrosion char-
acteristics due to the low defect concentration in alumina, which results
in a slow-growing and protective oxide scale. The parabolic rate con-
stant for alumina formers is approximately two orders lower than that
for chromia formers [30]. Stanislowski et al. [31] have shown that the
exterior alumina scale formed on AluChrom YHf at 800 °C had a 99.9 %
decrease in chromium evaporation than a pure chromia scale. Although
FeCrAl steels have extremely low chromium evaporation once an
alumina scale has been formed, other factors such as creep strength and
weldability are commonly considered drawbacks of FeCrAl steels [32].
Alumina formers are traditionally used between 900-1200 °C to form
protective a-alumina scales [33]. FeCrAl steels also tend to form brittle
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phases upon application at lower temperatures [34]. However, the
brittle phase formation can be mitigated by using Cr, and Al-lean com-
positions, which might, in turn, limit the ability of these steels to form an
alumina scale. Nonetheless, Eklund et al. [35] have reported alumina
scale formation at 600 °C on a Cr, Al-lean alloy alloyed with 1-2 % Si.
FeCrAl alloys are known to form transient alumina layers at lower
temperatures [36,37]. Understanding the chromium retention capabil-
ities of the transient alumina scale formed at lower temperatures is
essential for the application of these alloys in BOP components.

To choose the appropriate materials for BOP components, compre-
hensive knowledge of the high-temperature oxidation behaviour and
lifespan of the materials in relevant conditions is necessary. Another
important factor is cost; the Ni-based alloy 600 is expected to be the
most expensive material, followed by alloy 800H. The ferritic steels, AISI
441, AISI 444, and FeCrAl alloy are significantly cheaper based on their
alloy chemistry; however, it is expected that the current lower produc-
tion volume of the FeCrAl alloy will result in a somewhat higher price.

This study evaluates the oxidation and chromium evaporation
properties of selected materials in typical SOFC conditions. Chemical
and morphological analyses are presented to correlate oxidation con-
ditions to the resulting oxide microstructure. Time-resolved mass gain
and chromium evaporation were measured at 650 °C and 850 °C for 500
h; subsequently, the oxide scale was characterized. The influence of pre-
oxidation at 900 °C on the chromium evaporation and oxidation
behaviour of the steels exposed at 650 °C was studied and compared to
as-received material.

2. Materials and methods

Five alloys from four groups of materials were selected for this study:
two commercial chromia-forming ferritic steels (AISI 441, AISI 444 (K44
M, Aperam steels)); alumina-forming ferritic steel A197 (Kanthal®
EF101); a Fe-base austenitic alloy (Alloy 800 H); and a Ni-base austenitic
alloy (Alloy 600). The composition in weight % of the alloys is given in
Table 1. AISI 444 and AISI 441 are chromia-forming ferritic steels with
similar chemical compositions; AISI 444 has a slightly higher content of
Cr and Nb. AISI 444 is also alloyed with 2 wt% Mo, which is absent in
AISI 441. A197 is a Cr, Al-lean FeCrAl alloy with 3.7 wt% Al, 12 wt% Cr,
and reactive elements (RE). Alloy 800H is high-alloyed austenitic steel
with about 20 wt% Cr and 30 wt% Ni with alloying elements such as Al
and Ti. Inconel 600 (alloy 600) is a nickel-based superalloy, austenitic
steel with 16 wt% chromium and 8 wt% iron. All the alloys except A197
were received in steel sheets with a thickness of 0.5 mm. The steel sheets
were further cut into 17 x 15 mm coupons and exposed in the reactor
without any surface pre-treatment. A197 was received as a 2 mm thick
sheet and was further cut into square coupons (15 x 15 x 2 mm), which
were ground to 0.5 mm using SiC paper to a grit #1200 finish in the final
step. All the coupons were degreased and cleaned with acetone and
ethanol using an ultrasonic bath at room temperature before exposure.
The coupons were weighed using an XP6 scale (Mettler Toledo).

The exposures were conducted in a horizontal quartz tube reactor
with continuous airflow. The air was saturated with 3% H3O to represent
high humidity conditions. 3% H50 in the air was achieved by passing the
air through a heated water bath connected to a condenser set at 24.4 °C.
The airflow was set at 6000 sml min~!, which corresponds to 27 cm/s to
achieve a flow-independent reaction regime in the reactor. In-situ
chromium evaporation measurements were made using a denuder
technique developed by Froitzheim et al. [38]. Downstream of the
samples, the gas was passed through a quartz silica tube (denuder)
coated on the inside with NapCO3. Volatile chromium species react with
NayCO3, according to Eq. 2.

Na,COs(s) + CrO,(OH),(g)—>Na,CrO4(s) + H,O(g) + CO»(g) (2)

The denuders were exchanged at regular intervals without affecting
the exposure. The removed denuders were leached with distilled water.
The chromium species in the solution were quantified using an
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Table 1

Chemical composition of the selected materials in wt%.
Material DIN C Si Mn Cr Ni Ti Al Nb Fe Cu Co Mo
Alloy 800H 1.4958 0.07 0.4 0.6 20.8 30.4 0.3 0.28 - Bal 0.24 - -
Alloy 600 2.4816 0.02 0.18 0.24 16.25 74.19 0.29 0.22 0.08 7.93 0.35 0.06 -
A197 - 0.02 1.25 0.1 12.4 - - 3.7 - Bal Reactive Elements
AISI 444 1.4521 0.013 0.37 0.3 18.92 - 0.003 - 0.562 Bal - - 1.85
AISI 441 1.4509 0.02 0.58 0.42 17.53 0.28 0.164 0.0045 0.39 Bal - - -

Evolution 60S Thermo Scientific spectrophotometer.

The exposures were conducted at 650 °C and 850 °C for 500 h. To
understand the influence of pre-oxidation on mass gain and chromium
evaporation, the coupons were pre-oxidized at 900 °C for 24 h in the air.
These coupons were then exposed at 650 °C for 500 h. Three identical
coupons were used per exposure, mounted on an alumina sample holder
positioned parallel to the airflow. Two types of exposures were executed:
discontinuous mass gain exposure, where the coupons were removed
from the furnace at regular intervals after 24 h, 168 h, 336 h and 500 h
to record mass, and isothermal chromium evaporation exposures, where
the denuder was exchanged at regular intervals, allowing for time-
resolved chromium evaporation.

The oxide scale of the exposed coupons was characterized with the
use of XRD, SEM, EDX. The crystalline phases of the oxide scale were
analysed using a Siemens D5000 powder diffractometer fitted with a
grazing incidence beam. Cu-Ko radiation was used, and the incidence
angle was set between 0.5—2° depending on the thickness of the oxide
scale. The cross-sections were prepared using broad ion beam milling.
The coupons were analysed using a JEOL JSM-7800 F Prime SEM
equipped with an Oxford Instruments Energy Dispersive X-ray spec-
trometer (EDS).

3. Results
3.1. Gravimetric measurements

The isothermal oxidation kinetics, represented by discontinuous
gravimetric measurements for the selected alloys exposed to air with 3 %
H,0 at 650 °C and 850 °C, is presented in Fig. 1a and b, respectively. At
650 °C, alloy 800H, alloy 600, and A197 showed a net mass gain over
time, while the alloys AISI 444 and AISI 441 showed net mass loss over
time. Alloy 800H showed a much higher net mass gain (5.69 + 0.31 mg/
cm? after 500 h) than the other alloys at 650 °C, indicating inferior
oxidation resistance. The mass gain of alloy 800H was especially fast
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initially and stabilized after 168 h. The nickel-based alloy, alloy 600,
showed a net mass gain of 0.342 + 0.089 mg/cm? after 500 h. A197
showed the least positive net mass gain, 0.013 + 0.0009 mg/cm?, after
500 h. The steels AISI 444 and AISI 441 showed a similar net mass loss
after 500 h; AISI 444 had a negative mass gain of -0.029 + 0.005 mg/
cm?, and AISI 441 had a negative mass gain of -0.030 + 0.003 mg/cm?.

Both steels showed almost identical behaviour with an initial net
mass gain after 24 h and a subsequent almost linear mass loss until 500
h. This behaviour, called paralinear oxidation, has been reported in the
literature on similar alloys such as Crofer 22H [39] and Sanergy HT [39,
40] at 650 °C. The explanation for this is that the net mass gain is the
sum of mass gain due to oxide scale formation and simultaneous loss due
to chromium evaporation [39,41], as plotted in Fig. 1. During the first
24 h, the mass gain due to oxide scale growth was faster than mass loss
caused by chromium evaporation, resulting in a positive net mass gain.
However, as the oxide scale thickened, the oxidation rate dropped. In
this region, the mass loss through chromium evaporation CrO5(OH),
dominated, leading to net mass loss. Continuous chromium evaporation
depletes the alloy from chromium. Chromium depletion can lead to the
formation of less protective oxide scales, such as iron oxides leading to
rapid oxidation, a phenomenon called breakaway oxidation [42].

All the selected alloys showed a net mass gain after 500 h at 850 °C.
Alloy 800H again showed a fast initial mass gain (1.35 + 0.075 mg/cm?
after 24 h) followed by a slow mass gain for the rest of the exposure.
After 500 h, the net mass gain was 1.52 + 0.063 mg/cm?, 4-5 times
lower than the net mass gain at 650 °C. The reason for this will be dis-
cussed in Section 4.2. Alloy 600 showed a higher net mass gain than AISI
444 and AISI 441 in the first 24 h; however, the net mass gain of alloy
600 after 500 h was 0.38 & 0.032 mg/cm? which was lower than that of
AISI 444 and AISI 441. A197 showed the least mass gain, 0.14 + 0.004
mg/cm?, after 500 h. Despite having similar compositions, AISI 444
showed a much lower net mass gain than AISI 441 (almost half) after
500 h, indicating slower oxidation kinetics in AISI 444. The net mass
gain of AISI 444 and AISI 441 after 500 h were 0.43 & 0.041 mg/cm? and
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Fig. 1. Net mass gain as a function of time for the selected alloys exposed to (a) 650 °C and (b) 850 °C in air + 3 % H,0 for 500 h.
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0.82 £+ 0.045 mg/crnz, respectively.

3.2. Chromium evaporation

Fig. 2a, b show the data from the time-resolved chromium evapo-
ration measurements conducted on the five selected alloys at 650 °C and
850 °C, respectively. Alloy 800H, which showed a high mass gain at 650
°C, showed very low chromium evaporation. Alloy 600 showed a five
times higher chromium evaporation than alloy 800H. A197 showed the
least chromium evaporation of all the alloys at 650 °C. AISI 444 and 441,
which showed a net mass loss at 650 °C, showed the highest chromium
evaporation of the selected alloys; the chromium evaporation from AISI
441 was slightly higher than from AISI 444. The chromium evaporation
of the selected alloys was 2.5-4 times higher at 850 °C than at 650 °C,
except for alloy 800H, which had a 10 times higher chromium evapo-
ration at 850 °C. However, the ranking of materials according to chro-
mium evaporation was the same at both temperatures. The increase in
chromium evaporation with temperature is in line with Opila et al. [43],
who have demonstrated that the equilibrium constant, Kp, of Eq. (1), is
higher at higher temperatures, indicating that the equilibrium pressure
of CrO5(OH); increases with temperature. The mass gain of the coupons
used for chromium evaporation is measured after 500 h and matches
well with the mass gain measurements from the discontinuous
exposures.

3.3. Microstructural investigation

3.3.1. Oxide scale at 650 °C

The broad ion beam milled SEM micrographs in the cross-sections of
the alloys exposed for 500 h at 650 °C is shown in Fig. 3. All the alloys
showed a continuous oxide scale with no signs of spallation. The cross-
section micrograph of alloy 800H is shown in Fig. 3a. The cross-section
micrograph shows that the oxide scale was continuous and non-uniform
with outward- and inward-growing parts. The thickness of the oxide
scale was not uniform, varying from 15 to 70 pm. EDX maps of the
marked area are shown in Fig. 5a. They revealed that the oxide scale
comprises three distinct layers (labelled 1, 2, and 3 in Fig. 3a). The top
layer of the oxide scale was enriched in iron, Fe;O3 (confirmed with
XRD), growing outwards. Underneath the FeyOs3, the layer was rich in Fe
and Ni oxide (label 2 in Fig. 3a). Discontinuous patches of aggregated Ni-
rich oxide, NiO (confirmed with XRD), were visible at the original
interface of the alloy, separating outward- and inward-growing parts.
Under the original interface, an inward-growing intermediate oxide
layer (label 3 in Fig. 3a) rich in iron, chromium and nickel is observed.
The concentration of the chromium increased towards the metal-oxide
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interface. The oxide scale was dominant in chromium at the metal-
oxide interface. The lack of a continuous protective oxide throughout
the scale led to breakaway corrosion; however, the oxide scale healed by
forming a protective Cr-rich scale at the metal-oxide interface, which
resulted in a sharp drop in the oxidation rate.

The cross-section and surface morphology (insert) of alloy 600 is
shown in Fig. 3b. The cross-section revealed that the oxide scale was
non-uniform across the surface with two types of oxide scale: a thick
non-protective oxide scale and a thin protective oxide scale. The thick
oxide scale was multi-layered with varying thickness. The oxide scale
grew both inwards (crater) and outwards (islands) in these regions. The
outward-growing islands were either isolated or semi-continuous,
spread all over the surface, and were of various sizes (1 pm -10 pm).
Fig. 5¢c shows the EDX maps of the oxide scale in cross-section. EDX maps
revealed that the islands and craters had varying local enrichments in
the regions with a thicker oxide scale. The islands were rich in Fe and Ni,
composed of two layers; the top layer was rich in Ni (NiO), and an in-
termediate oxide layer featured local enrichments of Cr, Fe, and Ni. The
crater was composed of an intermediate oxide layer rich in Ni, Cr
(NiCry04). The XRD analysis shown in Fig. 6b confirms the presence of
NiO and NiCry04. The oxide scale was depleted of chromium in the
islands but was rich in the craters. Chromium enrichment was also
visible at the metal-oxide interface in the crater. The absence of internal
oxidation in the thinner oxide regions indicates a protective oxide scale
that was too thin to be resolved in an EDX. A similar scale was found on
Ni-20Cr thin foils exposed to air at 500 °C. A TEM investigation showed
that the oxide scale had an outer NiO and an inner chromia scale [44].
The protective scale is speculated to have been formed due to an
enhanced chromium supply related to local defects in the region.

The cross-section of A197 in Fig. 3c indicates the formation of a
continuous protective oxide scale with no signs of spallation. The scale
was uniform, with a thickness of about 50 nm after 500 h. Reactive
element oxides were sometimes seen in the oxide scale. A more detailed
analysis was not possible because the oxide scale was very thin.
Nevertheless, based on the mass gain and chromium evaporation data, it
can be concluded that the oxide scale on A197 is superior to chromia
scale [40].

The cross-section of AISI 444 in Fig. 3d shows a thin oxide layer with
a thickness of around 200 nm. EDX analysis (Appendix Fig. A.la)
revealed a continuous (Cr,Fe),03 scale with a discontinuous (Cr,Mn)304
spinel on the surface. The XRD shown in Fig. 6a supports the EDX
analysis, indicating the presence of (Fe,Cr);O3 and (Cr,Mn)304. Laves
phase precipitates (FeCrSi)2(MoNb) were visible in the alloy matrix, at
grain boundaries, and at the metal-oxide interface. The cross-section of
AISI 441 in Fig. 3e shows a slightly thicker oxide scale (about 300 nm)
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Fig. 2. Cumulative chromium evaporation as a function of time for the selected alloys exposed to (a) 650 °C and (b) 850 °C in air + 3 % H>O for 500 h. Open and

filled symbols represent two individual exposures.
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Fig. 3. SEM cross-section micrographs of (a) Alloy 800H (b) Alloy 600 (c) A197 (d) AISI 444 (e) AISI 441 exposed 650 °C in air + 3 % H>O for 500 h.

than AISI 444. Nevertheless, the structure and composition of the oxide
scales in these alloys was quite similar. XRD measurements (Fig. 6a)
showed the presence of (Fe,Cr),03 and (Cr,Mn)304 on the surface. Laves
phase precipitates were visible primarily along the grain boundaries.
The laves phases had a lower volume fraction in AISI 441 than in AISI
444. This can be explained by lower combined mole fraction of Nb and
Mo in AISI 441 [45].

3.3.2. Oxide scale at 850 °C

Fig. 4 shows the broad ion beam milled cross-sections of the alloys
exposed for 500 h at 850 °C. The cross-section of alloy 800H in Fig. 4a
shows that the oxide scale at 850 °C was similar to the scale at 650 °C;
the oxide scale structure was different above the alloy grains compared
to the oxide scale structure in the vicinity of alloy grain boundaries, and
the oxide layer consisted of inward-growing and outward-growing parts
with one major difference; the oxide scale was much thinner at 850 °C
than at 650 °C, as reflected in mass gain. Fig. 5b shows the EDX maps of
the alloy exposed for 500 h. The top layer of the oxide scale was rich in

Ni and Fe (Fe,Ni)304 spinel (confirmed with XRD), and it was free of
chromium (within the detection limit of the EDX). No Fe;O3 or NiO
enrichments were visible as they were at 650 °C. A continuous Cr-rich
oxide scale was visible at the metal-oxide interface. There was an in-
termediate oxide layer composition enriched with Ni, Fe, and Cr be-
tween the top spinel layer and the Cr-rich oxide layer, but only above the
alloy grains. Such a layer was absent close to the alloy grain boundaries.
Internal oxidation of aluminium and titanium was visible primarily
along the grain boundaries.

The SEM cross-sectional image of alloy 600 (Fig. 5b) revealed that
the oxide scale was non-uniform and multi-layered. Fig. 5d shows the
EDX elemental maps of the oxide scale. The oxide scale was thinner
around the alloy grain boundaries and thicker above the alloy grain.
These results are in agreement with Xiao et al. [46] for alloy 600 and
Calvarin et al. [44] for Ni-20Cr foil at high temperatures. The oxide scale
above the alloy grains was thicker and multi-layered, featuring a
nickel-rich phase at the oxide-air interface. Underneath the top layer
was an intermediate region of the oxide scale composed of Ni and Fe

5pum

Fig. 4. SEM cross-section micrographs of (a) Alloy 800H (b) Alloy 600 (c) A197 (d) AISI 444 (e) AISI 441 exposed 850 °C in air + 3 % H,O for 500 h.



M.J. Reddy et al.

Corrosion Science 190 (2021) 109671

Mn

Fig. 5. EDX maps of O, Fe, Ni, Cr, Mn in cross-section of Alloy 800H at 650 °C (a), 850 °C (b) and Alloy 600 at 650 °C (c), 850 °C (d) exposed in air + 3 % H,O for

500 h. (colour).
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Fig. 6. (a) XRD analysis of AISI 441 and AISI 444 in as-received and pre-oxidized conditions exposed at 650 °C for 500 h. (b) XRD analysis of alloy 600 in as-received

and pre-oxidized conditions exposed at 650 °C in air + 3 % H,O for 500 h.

with a varying composition featuring local enrichments. A chromia scale
was visible in the inner part, next to the metal-oxide interface. In
contrast, the oxide scale near the alloy grain boundaries had a
nickel-rich top oxide scale, which was thin. An intermediate layer was
absent in these regions. A continuous chromia layer was found under-
neath the poor top layer.

The cross-section of A197 in Fig. 4c indicates the formation of a
continuous alumina scale with no signs of spallation. The scale was
uniform, with a scale thickness of around 500 nm. The oxide scale was
comprised of a dense inner layer, while the outer layer was porous to-
wards the metal-air interface. Sand et al. [47] have investigated an A197
oxide scale with STEM in humid environments at 800 °C and reported
that the outer scale was rich in Si, while the inner scale was rich in Al
after 200 h. Sand et al. [47] have also reported the presence of mullite
(Al2(Aly24Siz—2x)010-x) and tridymite (SiO5 polymorph) in addition to
a-alumina and y-alumina, using XRD. Reactive elements oxides were
sometimes seen in the oxide scale, and the oxide scale was thicker in

those locations.

The SEM cross-sectional image of AISI 444 in 4d shows a continuous
double-layered oxide. EDX analysis (Appendix Fig. A.2a) revealed that
the thin top of the oxide layer was rich in Mn and Cr, a (Cr,Mn)304 spinel
and had a thick inner oxide, Cry03. The oxide layer was uniform, with a
thickness of 2—3 pm. Laves phase precipitates were visible in the alloy
grains, and the alloy grain boundaries, however, coarser than the laves
phase precipitates observed at 650 °C. The SEM cross-sectional image of
AISI 441 in 4e shows a wavy oxide with two distinctive layers. The oxide
scale structure is similar to the one of AISI 444, with an outer (Cr,
Mn)304 spinel and an inner CroO3 scale. However, the oxide scale was
thicker than that of AISI 444 - with a thickness of 3—4 pm - which was
also reflected in the net mass gain (Fig. 1b). A zone of internal titanium
oxidation was visible under the metal-oxide interface. Unlike at 650 °C,
laves phase precipitates were visible only along the grain boundaries.
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3.4. Effect of pre-oxidation

Fig. 7a and b show the data for net mass gain and chromium evap-
oration, respectively, for the coupons pre-oxidized at 900 °C in labora-
tory air for 24 h and subsequently exposed to air with 3% H,0 for 500 h
at 650 °C. The mass gain of the selected alloys upon pre-oxidation
(Table 2) at 900 °C was similar to the net mass gains when exposed to
air + 3 % H0 at 850 °C for 24 h, only slightly higher. An exception was
alloy 800H, where the net mass gain decreased with increasing exposure
temperature.

The net mass gain of pre-oxidized coupons on exposure at 650 °C
were very low for alloy 800H and A197, and the net mass gain was
negative for alloy 600, AISI 444, and AISI 441. The most striking dif-
ference was found for the pre-oxidized alloy 800H, which showed a net
mass gain of 0.043 + 0.06 mg cm 2 (excluding the mass gain in pre-
oxidation: 0.73 mg cm’z), whereas the as-received coupon showed
5.69 + 0.31 mg cm 2. Pre-oxidized alloy 600 exposed for 500 h at 650
°C showed a net mass loss compared to the as-received coupons, which
showed a significant net mass gain. Pre-oxidized A197 showed a negli-
gible change in mass after exposure, indicating a highly protective oxide
scale. Pre-oxidized AISI 444 and AISI 441 showed a net mass loss similar
to the as-received coupons. The pre-oxidized coupons showed a slightly
higher net mass loss than the as-received coupons.

The pre-oxidized alloy 800H and A197 had low chromium evapo-
ration similar to the respective as-received coupons. Chromium evapo-
ration decreased from 30 to 50 % for the pre-oxidized coupons
compared to the as-received ones for alloy 600, AISI 444, and AISI 441.
Nevertheless, at 650 °C, the ranking of the materials concerning chro-
mium evaporation was similar in pre-oxidized and as-received coupons.
The pre-oxidized samples had oxide scales identical to the as-received
ones exposed at 850 °C. When further exposed at 650 °C, the pre-
oxidized chromia-forming alloys had 7-10 times lower chromium
evaporation than the as-received ones exposed at 850 °C. This agrees
with Falk-Windisch et al. [40], who have reported that chromium
evaporation increases by 2—3 times per 100 °C on chromia-forming
alloys in the studied temperature range.

4. Discussion
4.1. Corrected mass gain

The net mass gain values plotted in Fig. 1 do not directly correlate to
the oxide formed by the reaction between metal and oxygen. Chromium
evaporation affects the net mass gain; thus, it is misleading the extent of
oxidation and Cr consumption in the alloy. Hence, for a rational com-
parison, one needs to compensate net mass gain with the material lost to
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Table 2

Net mass gains of the selected alloys after 24 h exposed to different conditions.
Material 850 °C air + 3 % Hy0 900 °C in air
Alloy 800H 1.35 7.03E-01
Alloy 600 1.80E-01 2.33E-01
A197 5.43E-02 7.84E-02
AISI 444 9.39E-02 2.17E-01
AISI 441 1.44E-01 3.18E-01

chromium evaporation to understand the true extent of oxidation,
referred to as corrected mass gain. Spallation influences net mass gain,
too; nevertheless, no spallation was observed during the experiments.

Table 3 shows the net mass gain and the corrected mass gain of the
alloys at 650 °C and 850 °C, respectively. The mass of the evaporated
chromia scale can be calculated from the evaporation data shown in
Fig. 2. Eq. 1 shows the transformation of CroO3 to CrO2(OH)s; it has been
estimated that 1 mg of Cr collected equals 1.46 mg of CryO3 lost from the
oxide scale.

4.2. Alloy 800H

Despite having the highest Cr content of the investigated alloys, alloy
800H exhibited the highest mass gain under all exposure conditions. The
performance of alloy 800H was especially poor at 650 °C without pre-
oxidation. This can be explained by the slow Cr diffusion in austenitic
steels such as alloy 800H [48]. The lack of a protective Cr-rich oxide
layer led to the formation of fast-growing oxides that grew both out-
wards and inwards, resulting in a high mass gain. In the initial stage, a
fast-growing iron-rich oxide scale formed on the surface through out-
ward diffusion. This led to the high mass gain observed in the first 24 h.
It is not before a thick oxide is formed that a Cr rich layer can be
established at the metal-oxide interface.

The diffusion of Cr is substantially faster at higher temperatures,
leading to the faster formation of a Cr-rich protective scale at 850 °C.
Hence, an inverse temperature behaviour was observed with lower mass
gain at higher temperatures. Nevertheless, the oxide-air interface was
composed of Ni and Fe oxides. The higher temperature resulted in a
faster solid-state reaction between Fe;Os and NiO, resulting in (Fe,
Ni)304 spinel (confirmed with XRD). An intermediate oxide layer rich in
Ni, Cr, and Fe was present mostly above the alloy grains due to slower
chromium diffusion through bulk than along the grain boundaries [49],
which also act as preferential nucleation sites for the Cr-rich oxide scale
[44]. The oxidation of Ni, Cr, and Fe during the transient stage occurred
mostly above the alloy grains, and the oxidation was subsequently
stopped by the formation of a Cr-rich protective scale through lateral

(b) m alloy800H e alloy600 & A197
v AIS| 444 A AISI 441 «—
0.040 - - - - —0.058
A o
0.035 v {0051 2
0.030 1 vV 10.044 g
®
A —
0.025 4 10.037 E
0.0201 vV 0029 £
A o
0.015 . 10.022 S
v [
0.010 o 40.015 %
v a o E
0.005 o q a 10007 §
o €
0.000 . . ¢ . >—10.000 £
0 100 200 300 400 500 3

time (h)

Fig. 7. (a) Net mass gain (b) Cumulative chromium evaporation of the pre-oxidized samples exposed 650 °C in air + 3 % H,O for 500 h.
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Table 3

Corrosion Science 190 (2021) 109671

Net and corrected mass gains of the selected alloys after 500 h at 650 °C and 850 °C in air with 3 %H,0.

650 °C (as-recieved)

650 °C (pre-oxidized)

850 °C

Material Net mass Gain (mg/ Corrected mass Gain (mg/ Net mass Gain (mg/ Corrected mass Gain (mg/ Net mass Gain (mg/ Corrected mass Gain (mg/
sz) cmz) cm2) cm2) cmz) sz)
Alloy 5.6934 5.7004 0.036 0.04 1.5295 1.5924
800H
Alloy 600 0.3429 0.3758 —0.011 0.005 0.3839 0.4997
A197 0.0134 0.0139 0.001 0.0011 0.1422 0.1445
AISI 444 —0.0295 0.0526 —0.048 0.0015 0.4316 0.6417
AISI 441 —0.0307 0.0769 —0.0515 0.0025 0.8275 1.0764
and bulk diffusion. coupons. The chromium evaporation of the pre-oxidized coupons was

The oxide scale microstructure of alloy 800H upon pre-oxidation at
900 °C was similar to the microstructure at 850 °C. However, the outer
Ni-Fe oxide layer was thinner at 900 °C as the protective, Cr-rich oxide
scale formed much faster at higher temperatures. This resulted in the
low mass gain observed in the subsequent exposure at 650 °C. After 24 h
at 850 °C and 900 °C, most of the surface of alloy 800H was covered with
a Fe- and Ni-rich oxide, while a small fraction of the surface was covered
with chromia as the outermost layer. Nevertheless, these regions dis-
appeared, and only the Fe- and Ni-rich oxide was visible on the surface
after continued exposures. Chen et al. [50] and Khalid et al. [51] have
found that the Cr-rich scale of alloy 800H becomes dominant when
ground alloy 800H is exposed to air at 950 °C and 1000 °C.

The chromium evaporation of alloy 800H was significantly lower
than the chromium evaporation of the chromia-forming ferritic steels in
the study. Chromium evaporation levels similar to those for Co-coated
ferritic steels [15] were reached for alloy 800H without the need for
coatings. The low chromium evaporation was due to a thick oxide layer
at 650 °C and a Ni-Fe spinel oxide cap layer at 850 °C on the chromia
scale. Ni-Fe coatings have been reported to suppress the growth of
chromia and inhibit the outward diffusion of chromium [7]. Thus, the
Ni-Fe oxide cap layer increased the lifespan of alloy 800H by suppressing
the growth of the chromia layer and the depletion of chromium through
evaporation, which usually triggers breakaway corrosion. In contrast,
similar alloys that cannot form an oxide cap layer such as, Sanrico 25
[52], AISI 310 [53,54], AISI 304 [42,55,56], have been reported to
suffer local and/or complete breakaway corrosion when exposed to an
0O, + Hy0 environment at 600 °C - 800 °C due to chromium evaporation.
The Fe- and Ni-rich cap layer effectively suppressed chromium evapo-
ration, making alloy 800H attractive as a BOP component if a proper
pre-oxidation step can be implemented.

4.3. Alloy 600

Despite the lower Cr content in alloy 600 (about 16 %) than in alloy
800H (20 %), the mass gain for alloy 600 was significantly lower than
for alloy 800H at 650 °C. This was due to the oxide scale formed on alloy
600, which was partly a thin protective oxide scale but also contained a
thick non-protective region. In contrast, Xiao et al. [46] have reported
no protective chromia scale on alloy 600 polished to 2 pm exposed to
similar conditions at 600 °C. The difference in the oxide scale can be
attributed to the lack of surface defects on the polished sample [57]. At
850 °C, higher chromium diffusion through the bulk and the alloy grain
boundaries was adequate to form a continuous chromia scale. Never-
theless, a thin layer of continuous NiO was visible at the air-oxide
interface, and an intermediate oxide layer rich in Ni, Cr, and Fe was
observed only above alloy grains on top of the chromia scale, similar to
alloy 800H.

The lack of a continuous protective chromia scale at 650 °C led to the
high net mass gain, similar to the net mass gain at 850 °C. There was also
a substantial difference in the mass gain at 650 °C between the as-
received and pre-oxidized coupons. This difference was due to a
continuous protective chromium-rich oxide scale on the pre-oxidized

about 50 % lower than the as-received ones. This difference was likely
due to the thicker Ni-rich cap layer formed upon pre-oxidation. The
presence of NiO and the mixed oxide layer above the chromia scale
limits chromia access to the environment. Nevertheless, chromium
evaporation was higher for alloy 600 than for alloy 800H due to a
thinner and inferior cap layer.

4.4. A197

Alumina is known for its excellent chromium retention capabilities.
A197, FeCrAl alloy, showed the least chromium evaporation of all the
steels at both exposure temperatures. The chromium evaporation of
A197 was about two orders of magnitude lower than the chromia-
forming ferritic steels at the exposed temperatures. The thickness of
the oxide scales for A197 after 500 h at 650 °C and 850 °C was about 50
nm and 500 nm, respectively, indicating the high oxidation resistance of
the alloy. Alumina-forming alloys are known for their high oxidation
resistance; however, they are dependent on the formation of a-alumina,
which is typically formed at high temperatures. Nevertheless, A197
showed the formation of a slow-growing protective scale at much lower
temperatures. The cumulative chromium evaporation at 650 °C on the
as-received coupons and the pre-oxidized coupons was similar and was
extremely low. The oxide scale formed at 650 °C proved to be superior to
chromia scales.

4.5. AISI 441 & AISI 444

Chromia-forming ferritic steels, AISI 441 and AISI 444, had similar
oxide scale structures, an outer Cr-Mn spinel and an inner CryO3 scale,
when exposed to 850 °C and pre-oxidized at 900 °C. The oxide scale of
these alloys was also similar at 650 °C. Compared to 850 °C, the oxide
scale is thinner, and the outer Cr-Mn spinel was found in discontinuous
patches.

The net mass gain behaviour of these alloys was similar at 650 °C,
regardless of the pre-treatment conditions; they showed mass loss with
time. Chromium evaporation was similar for both alloys in all exposure
and pre-treatment conditions. However, the chromium evaporation of
the pre-oxidized coupons was lower than the as-received coupons at 650
°C. The formation of a continuous Cr-Mn spinel on the pre-oxidized
coupons resulted in lower chromium evaporation. (Cr,Mn)304 spinel is
known to decrease chromium evaporation by 60-70 % compared to the
Cry03 scale at 800 °C [31]. The corrected mass gain for the pre-oxidized
coupons was lower than the as-received, indicating an improvement in
oxidation behaviour upon pre-oxidation.

In contrast, the mass gain behaviour for these alloys was different at
850 °C. AISI 441 showed a higher net and corrected mass gain than AISI
444 at 850 °C and upon pre-oxidation. These results corroborate the
findings of earlier studies on these alloys [19,20]; however, the reasons
are not completely understood. It is speculated that Mo addition affects
the defect structure of chromia [58] and the higher volume fraction of
laves phases in AISI 444 [19] influences the oxidation rate. However,
such variations in oxidation are not found at lower temperatures due to
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slower oxidation kinetics. Despite differences in oxide scale thickness at
850 °C, chromium evaporation was similar for these alloys because of
their similar (Cr,Mn)304 spinel cap layers. Overall, the chromium
evaporation of these alloys was very high, making them unsuitable for
BOP components.

To summarize the austenitic materials, alloy 800H and alloy 600,
showed higher net mass gain than the other selected alloys at 650 °C due
to the lack of a protective oxide scale. The ferritic steels, AISI 444, AISI
441, and A197, formed a protective scale, resulting in a low net mass
gain. The chromium evaporation of AISI 441 and AISI 444 was higher
than the chromium evaporation of austenitic materials due to the higher
Cr content in the outer oxide scales of the former. At 650 °C, FeCrAl
alloy, A197 performed the best while the other alloys behaved poorly
either in terms of chromium evaporation or oxidation behaviour. Pre-
oxidation significantly improved the performance of the alloys, alloy
800H in particular. Pre-oxidation of alloy 800H helped to form a
continuous chromia layer resulting in a low mass gain.

Mass gain and chromium evaporation were higher for the selected
alloys at 850 °C than at 650 °C. Alloy 800H had very low chromium
evaporation due to the formation of a protective Ni-Fe spinel on the top
of the chromia layer. Similarly, alloy 600 had a discontinuous and thin
NiO cap layer, which reduced chromium evaporation, but the chromium
evaporation was still higher than alloy 800H. The highest chromium
evaporation was recorded for AISI 441 and AISI 444. A197 had the
lowest mass gain and chromium evaporation of the selected alloys.

5. Conclusions

Cr, Al-lean FeCrAl alloy, A197 had the lowest mass gain and chro-
mium evaporation at the exposed temperatures. The chromium
evaporation of A197 was approximately two orders of magnitude
lower than the chromium evaporation of AISI 441 and AISI 444 at
both exposure temperatures.

Alloy 800H formed a fast-growing oxide, which makes it a poor
choice, particularly at 650 °C. Nevertheless, alloy 800H was char-
acterized by very low Cr evaporation, a highly desirable property for
SOFC application. Pre-oxidized alloy 800H combined these proper-
ties: low oxidation rate and very low Cr-evaporation rate.

Of the investigated alloys, alloy 600 showed an intermediate per-
formance: it exhibited significant chromium evaporation and oxide
scale growth. Although better than AISI 441 and 444, it was inferior
to pre-oxidized 800H and A197. Considering the high cost of the
material, alloy 600 is predicted to be a poor choice for BOP
components.

e AISI 441 and AISI 444 had a similar mass gain at 650 °C, but AISI 444
showed lower mass gain than AISI 441 at 850 °C. Chromium evap-
oration was similar for both the materials and is the highest of the
selected alloys at the exposed temperatures. High mass gain and high
chromium evaporation make these materials unsuitable for BOP
components.
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