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The long-term corrosion behavior of three FeCrAl(Si) alloys has been investigated in two environments (K2CO3
and KCI+H20) at 600 °C. The FeCrAl alloy experienced breakaway oxidation in both environments but displayed
a higher corrosion rate in KCl4+H20. The FeCrAlSi alloys retained the primary protection in the presence of
K2CO3 but underwent breakaway oxidation in the presence of KCl+H50. The FeCrAlSi alloys displayed
considerably reduced corrosion rates, suggested to be an effect of the prevention of internal oxidation and the
formation of non-continuous corundum-type oxide dispersed within the inward-growing scale.

1. Introduction

The phenomenon known as breakaway oxidation, which describes
the sudden increase in oxidation rate upon breakdown of the protective
oxide scale of steels containing Cr and/or Al, is a limiting factor in ap-
plications exhibiting harsh environments at high temperatures. The
general conception of this event is that it marks the end of the lifetime of
a metallic component. Thus, the majority of literature within the field of
high temperature corrosion has been focused on preventing breakaway
oxidation, either by improving the corrosion resistance of this protective
oxide scale or by reducing the corrosivity of the present environment.
However, under extremely harsh conditions, for example in the presence
of alkali salts, the breakdown of the primarily protective oxide scale may
not be prevented, and the lifetime of the component therefore depends
on the corrosion behavior after breakaway oxidation.

Alkali salts (such as KyCOs and KCl) and/or water vapor are
commonly known to be highly corrosive at high temperatures. For
example, both of these species are some of the main contributors to the
extremely aggressive environment in biomass- and waste-fired boilers
(especially the latter). A vast range of literature has been focused on
understanding the corrosive effect of water vapor and KCl and how to
mitigate the corrosion attack on metallic materials in the presence of
these [1-31]. In the temperature range of the present study (around
600 °C), water vapor has been shown to deplete the Cr-rich scale of
chromia-forming alloys through the formation of
chromium-oxy-hydroxide, leading to the well-known phenomenon
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chromium evaporation. KCl has been shown to degrade Cr-rich scales in
a way similar to KyCOs, reacting with the protective scale to form
KoCrO4. However, unlike K;CO3, KCl contains Cl which has been shown
to be corrosive on its own. The mechanism behind the Cl effect is not
fully understood but a common explanation is that of the active oxida-
tion mechanism [32,33] or the electrochemical adaptation of that
approach [34].

Under these harsh conditions, ferritic steels, such as FeCr(Al) alloys,
tend to form Fe-rich oxide in harsh environments (e.g. in the presence of
alkali salts, such as KoCO3 or KCl) following breakaway oxidation. The
Fe-rich oxide scale grows at a much higher rate than the Cr- and/or Al-
rich corundum-type oxide scales and is therefore generally considered
non-protective. However, recent studies on the behavior of FeCr(Al)
alloys after breakaway oxidation have demonstrated the possibility of
significantly reducing the growth rate of the Fe-rich oxide scale by
adjusting the chemical composition of the alloys [2,35,36], which
introduced the concepts of a primary (Cr- and/or Al-rich corundum-type
oxide) and a secondary (Fe-rich oxide) protection. Persdotter et al. [36]
and Eklund et al. [35] showed that FeCr(Al) alloys that had transitioned
into the secondary corrosion regime, i.e. begun to form Fe-rich oxide,
display almost identical corrosion behavior as pure iron and low-alloyed
steels below a critical Cr content. However, upon exceeding this limit, a
significant reduction in growth rate was observed. The critical Cr con-
tent was also shown to be reduced by the addition of Al (>18 wt% Cr for
FeCrAl alloys and >25 wt% Cr for FeCr alloys). The reduced growth rate
was attributed to the formation of a Cr-rich healing layer at the
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metal/oxide interface. Thermodynamic calculations suggested that Cr
and Al prevented internal oxidation through synergistic effects, which
facilitated the formation of a healing layer. Eklund et al. [2] recently
investigated the influence of Cr on the corrosion behavior of FeCrAlSi
alloys in the presence of KCl which demonstrated that the incorporation
of Si further reduced the critical Cr content (>10 wt% Cr), necessary to
form a slow-growing Fe-rich oxide scale (i.e. secondary protection) The
positive effect of Si on the corrosion resistance of stainless steels and
FeCrAl alloys has previously been reported in a wide range of literature
and has been shown to improve both the primary and secondary pro-
tection of an alloy [11,37-47].

In previous studies on the behavior of FeCrAl alloys forming a good
secondary protection, the exposure time durations have been relatively
short, making it difficult to gage the applicability of this behavior in real
applications where the necessary operating lifetime of the metallic
components can be in the range of several years. The aim of the present
study is to investigate the propagation behavior (long-term) of Fe-based
alloys that has previously been shown to form a poor or a good sec-
ondary protection (fast- or slow-growing Fe-rich oxide respectively) in
an attempt to unravel the mechanisms responsible for the differences in
oxide growth rate. This was done by exposing three different FeCrAl(Si)
alloys for 2000 h in the presence of KoCO3 and KCl + H30 (g) (separate
exposures). A Detailed microstructural investigation of the corrosion
products was performed using SEM/EDX and EBSD. X-ray diffraction
was used as a complement to the EBSD analysis for phase determination.

2. Experimental procedure
2.1. Sample preparation

In this study, three different FeCrAl(Si) model alloys (alloy compo-
sitions are shown in Table 1), were chosen based on their corrosion
behavior in previous studies [2,39], in which FelOCrAl formed
fast-growing Fe-rich oxide while Fel5CrAlSi and Fe20CrAlSi formed
slow-growing Fe-rich oxide. The model alloys were produced in the
same way as described by Eklund et al. [2,39]. Prior to exposure, the
sample coupons were ground with SiC paper (P500 to P4000) and pol-
ished with a diamond suspension (1 pm) to achieve a mirror-like finish.

2.2. Exposures

The initial weight of the samples was measured using a Mettler
Toledo balance with microgram resolution. For samples to be exposed in
the presence of KCl, the salt was deposited by spraying a water-ethanol
(20:80) solution saturated with KCl. For samples to be exposed in the
presence of K5COs, the salt was deposited by spraying a water-based
solution saturated with KoCOs. In both cases, the drying of the solu-
tions on the sample surfaces was accelerated by simultaneously blowing
warm air towards the sample. The procedure was repeated until an
amount of 2 mg/cm? had been deposited on each sample. Redeposition
of the salts at regular intervals during the exposures was not performed
to make sure that thermal stresses were not induced in the oxide scales
(risk of oxide scale spallation).

The alloys were exposed in tube furnaces in two different environ-
ments. In the presence of KyCOs, a flow rate of 3 cm/s and a gas
composition of 5%0; + N5 (Bal.) was used. and in the presence of KCl +
H20(g), the gas flow consisted of 5%03 + 20%H20 + N3 (Bal.). The flow
rate was set to a lower value (0.1 cm/s) to reduce the evaporation rate of

Table 1
Nominal composition (wt%) of FeCrAl model alloys.

Alloy Fe Cr Al Si Other elements
Fel0CrAl Bal. 10 3 0

Fel5CrAlSi Bal. 15 3 2 C N, Zr
Fe20CrAlSi Bal. 20 3 2
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KCl, thereby ensuring that the salt will remain on the sample surfaces
during the entire exposure. This was motivated by previous observa-
tions, showing that KCl evaporate at a fast rate under the present
exposure conditions [48]. To further reduce the evaporation rate of KCl,
an KCl-filled alumina boat, was placed upstream of the samples to
saturate the incoming gas with KCI(g). The experimental set-up for the
exposure in the presence of KCl and water vapor is explained in more
detail by Ssenteza et al. [49]. Both exposures took place at a temperature
of 600 °C and lasted for 2000 h. Samples were mounted vertically in
alumina sample holders that were positioned in parallel to the gas flow.
The mass gain of the samples, post-exposure, was recorded by weighing,
using the same balance as before exposure.

2.3. Analysis

To enable microstructural analysis of the exposed samples, cross
sections were prepared by dry cutting with a Leica EM TXP. To protect
the corrosion products, thin Si-wafers were attached to on side of the
samples surface prior to cutting. To allow for more detailed micro-
structural analysis, the cross sections were subsequently milled using a
Gatan PECS II broad ion beam (BIB) instrument. The instrument was
operated in planar polishing mode at 6, 4 and 2 kV for 1 h per voltage
setting. Before BIB milling the cross sections were polished to a surface
finish of 0.5 pm.

The composition and microstructure of the oxide scales were inves-
tigated with scanning electron microscopy (SEM) using an FEI Quanta
200 SEM equipped with an Oxford Instruments X-Max" 80 T energy
dispersive X-ray (EDX) detector (10-20 kV) as well as a Leo ULTRA 55
FEG SEM (2 kV). When presenting chemical compositions from the EDX
analyses, oxygen will be excluded due to difficulties with accurately
quantifying light elements.

EBSD analysis was performed using a Tescan Gaia3 equipped with a
NordlysNano Camera (for EBSD analysis). The instrument was operated
at 20 kV to obtain the Kikuchi patterns necessary for phase
determination.

The inward-growing oxide scale was analyzed in further detail by
means of Transmission electron microscopy (TEM), using an FEI Titan
80-300 TEM operated in conventional TEM mode at 300 keV. Focused
ion beam (FIB) milling was used to prepare the TEM lamellae. The FIB-
SEM instrument utilized was an FEI Versa3D LoVac DualBeam, which
was operated in high vacuum mode at 30 keV, with varying beam cur-
rents (30 pA - 30 nA) throughout the lift-out procedure. To facilitate the
localization of a representative region and ensuring that the lamellae
contain the inward-growing oxide scale, the lift-out was performed on
BIB-milled cross sections.

3. Results
3.1. Thermogravimetry

The three different model alloys investigated in this study was
exposed for 2000 h in two different corrosive environments: in the
presence of K3COs3 (5% O3 + 95% N3) and in the presence of KCl and
water vapor (5% O3 + 75% N2 4+ 20% H20). Fig. 1 shows the mass gain
of the alloys after exposure and displays distinct differences in the two
environments.

In the presence of K;COs, FelOCrAl exhibited a high mass gain
(18.4 mg/cmz) which corresponds to a theoretical oxide thickness of
128 pm (based on the assumptions that the mass gain originates from the
density change due to the ingress of oxygen and that only magnetite
forms [50]). Meanwhile, both Fel5CrAlSi and Fe20CrAlSi exhibited
very low mass gain (0.13 and 0.03 mg/cm? respectively) which corre-
sponds to oxide thicknesses in the nanometer range, indicating that
these alloys have resisted breakaway oxidation.

After exposure in the presence of KCl and water vapor, Fel0CrAl
displayed an even higher mass gain (35 mg/cm?), corresponding to a
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Fig. 1. Mass gains of the investigated alloys after exposure to a) O +N; and
K2CO3 and b) O, +H,0-+N, and KClI at 600 °C for 2000 h.

theoretical oxide thickness of 245 pym. Both Fel5CrAlSi and Fe20CrAlSi
exhibited significantly lower mass gains than Fel0OCrAl (5.6 mg/cm?
and 2.2 mg/cm? respectively) corresponding to theoretical oxide

Magnetite

a) Hematite

Magnetite
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thicknesses of 39 um and 15 um respectively. However, in contrast to
the exposure in the presence of KoCOs3, the high mass gains indicate that
all alloys have experienced breakaway oxidation after exposure in the
presence of KCl and water vapor.

3.2. Oxide microstructure

3.2.1. In the presence of K2CO3

As previously mentioned, the mass gain indicates that only the
FelOCrAl alloy experienced breakaway oxidation when exposed in the
presence of KyCOs. This was verified by the microstructural in-
vestigations. Thus, only the oxide formed on the FelOCrAl alloy was
investigated in detail.

The FelOCrAl alloy formed a roughly 180 um thick oxide scale,
consisting of 110 um thick outward-growing iron oxide and a 70 pm
thick inward-growing (Fe, Cr, Al)-oxide, see Fig. 2a. Two layers could be
distinguished by a difference in contrast in the outward-growing oxide

Fe Cr Al K
[at%] [at%] [at%] [at%]

Fig. 2. SEM-BSE images of the Fel0CrAl alloy after exposure to O +N5 and K2CO3 at 600 °C for 2000 h. The Kikuchi patterns from the EBSD analysis confirms the
presence of hematite, magnetite and mixed spinel. d) HR-TEM image of the nano-grains in the inward-growing spinel. Regions of different orientations are colored to

better distinguish the size of the grains.
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scale. EBSD analysis identified these layers as hematite (outer) and
magnetite (inner), see inserted Kikuchi patterns in Fig. 2. The thickness
of the hematite layer was ranging between 10 and 25 um while the
thickness of the magnetite layer was ranging between 80 and 95 pm. At
closer examination, the magnetite layer was shown to have an average
grain size of about 1 pm, see Fig. 2b. The grains of the hematite layer
were difficult to distinguish because of their very fine-grained nature
(usually in the range of 100-200 nm) but was shown to be in the range
250-1000 nm in diameter. Potassium was detected within the pores of
the outward-growing oxide scale (see EDX-line scan in Fig. 2) and is
interpreted as remnants of the deposited KoCOs salt. The inward-
growing scale was identified as a mixed spinel oxide through EBSD
analysis (see Kikuchi pattern in Fig. 2) and consists of bright and dark
contrast segments which alternates at a reducing frequency with oxide
depth. The dark contrast segments originate from a porous microstruc-
ture, as shown in Fig. 2c. The EDX-analysis showed that the composition
is relatively even throughout the inward-growing scale, consisting of
~15 at% Al, ~25 at% Cr and ~60 at% Fe (excluding oxygen). No sig-
nificant enrichments of Cr could be observed close to the metal/oxide
interface. Elevated potassium and chromium contents were found
within the pores of the inward-growing scale. This is interpreted as
KoCrOy4. Based on the position at which the KoCrO4 was detected, it is
suggested to have been smeared over the cross section (from the oxide
surface) during the preparation, and thereby ended up in the pores
present in the inward-growing oxide scale. TEM analysis revealed a very
fine-grained microstructure in the inward-growing scale with a grain
size in the range of a few nm, see HR-TEM image in Fig. 2d. A roughly
40 um thick internal oxidation zone has formed underneath the inward-
growing oxide, consisting of oxidized and non-oxidized regions (see
Fig. 2¢). An inconsistency in the internal oxidation zone was observed in
the proximity of a grain boundary at which no internal oxidation was
observed. A few such examples were observed along the cross section
(not shown). It is suggested that the higher rate of diffusion along the
grain boundary may have locally increased the Cr concentration in these
areas and inhibited the internal oxidation. This reasoning is further
explained in the discussion section. Fig. 3 shows a magnified image of
the interface between the oxide scale and the internal oxidation zone.
The inner part of the inward-growing scale displays small alternating
areas of different contrast with a microstructure similar to that of the
internal oxidation zone (alternating areas of metal and oxide pre-
cipitates). No significant Cr-depletion was detected underneath the
oxide scale.

3.2.2. In the presence of KCl and water vapor
The mass gain showed that all alloys displayed a transition into the

Fig. 3. Magnified SEM-BSE image of the interface between the oxide scale and
the internal oxidation zone on the Fel0CrAl alloy after exposure to O, +N, and
K»CO3 at 600 °C for 2000 h.
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Table 2
Summary of oxide scale characteristics for the Fe10CrAl alloy after exposure in
the presence of K2CO3 (5%05 + 95% N»).

Outward-growing
oxide
Hematite

Total oxide
thickness

Inward-growing oxide

Magnetite Spinel

Oxide

thickness 10-25 um

80-95uym 70 um

A few
nm
60 at%
Fe
25 at%
Cr
15 at%
Al

Grain size 0.25-1 um 1 um
180 pm

Composition

secondary corrosion regime (breakaway oxidation) after exposure in the
presence of KCl and water vapor. However, with the assumption that
breakaway oxidation occurs within the first hour(s) (supported by pre-
vious research [2]), the thermogravimetric data suggests significant
differences in corrosion behavior between the alloys within the sec-
ondary corrosion regime.

The FelOCrAl alloy formed an oxide scale with a thickness of about
320 um, see Fig. 4a. The scale consists of a roughly 180 um thick
outward-growing iron oxide and a 140 pm thick inward-growing (Fe, Cr,
Al)-oxide. Two layers could be distinguished by the difference in
contrast in the outward-growing scale. EBSD analysis identified the two
layers as hematite (upper) and magnetite (bottom), see Kikuchi patterns
in Fig. 4. The thickness of the hematite layer was relatively even around
80 um while the magnetite layer had a thickness of about 95 pm. The
magnetite layer was shown to be relatively coarse-grained with an
average grain size of about 6 pm (ranging from 5 to 11 ym), see Fig. 4b.
The grains of the hematite layer were shown to be more coarse-grained
in comparison to what was observed for Fe10CrAl after exposure in the
presence of K5CO3 with the grain size ranging from 1 to 2.5 ym. The
inward-growing scale was identified as a mixed spinel oxide with EBSD
analysis, see Kikuchi pattern in Fig. 4. At first glance, the contrast of the
inward-growing scale seems relatively even. However, Fig. 4c shows
that it contains small pores that are evenly distributed throughout the
scale. The EDX line scan showed that the composition is even throughout
the inward-growing scale, consisting of ~15 at% Al, ~25 at% Cr and
~60 at% Fe (excluding oxygen). Minor enrichments of Cr (35 at%) and
Al (21%) could be observed close to the metal/oxide interface. However,
this might be an effect of the higher density of pores in this area which
could overestimate lighter elements, such as Al. TEM analysis revealed a
very fine-grained microstructure in the inward-growing scale with a
grain size in the range of a few nm, see HR-TEM image in Fig. 4d. A
roughly 60 pym thick internal oxidation zone has formed underneath the
inward-growing oxide. No significant Cr-depletion was detected un-
derneath the oxide scale. No potassium or chlorides were found along
the oxide scale.

The oxide scale formed by the Fe15CrAlSi alloy varies significantly in
thickness over the surface, with the total thickness ranging from 10 to
50 um. However, most of the surface is covered by a roughly 40 um thick
oxide scale, as shown in Fig. 5. The oxide scale consists of a 20-30 um
thick outward-growing iron oxide and a 10-18 um thick inward-
growing (Fe, Cr, Al, Si)-oxide scale. The outward-growing oxide scale
consists of hematite (outer) and magnetite (inner) which was identified
with EBSD analysis, see Kikuchi patterns in Fig. 5. While it is difficult to
properly distinguish the different layers by contrast, the thickness of the
hematite is about 8 um while the thickness of the magnetite is about
14 ym (determined with EBSD). Naturally, these thicknesses vary
depending on the total oxide thickness in a specific area. The grains of
the hematite layer were fine-grained with a grain size in the range
140-400 nm. Magnetite was also relatively fine-grained with a grain
size in the range 1-4 um. The EDX line scan (shown in Fig. 5) displayed
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Fe Cr Al K Cl
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Fig. 4. SEM-BSE images of the Fe10CrAl alloy after exposure to O, +H,0+N, and KCI at 600 °C for 2000 h. The Kikuchi patterns from the EBSD analysis confirms
the presence of hematite, magnetite and mixed spinel. d) HR-TEM image of the nano-grains in the inward-growing spinel. Regions of different orientations are

colored to better distinguish the size of the grains.

rather high compositional variations throughout the inward-growing
scale. The segment of the inward-growing scale, closest to the out-
ward/inward interface, is highly enriched in Cr (up to 75 at%) and
contains nearly no Al or Si. Underneath this segment, the Cr concen-
tration is reduced to about 15 at% while the Fe concentration goes up to
about 50 at%. The concentration of Al fluctuates around 15 at%
throughout the entire inward-growing scale (except close to the inter-
face between inward-/outward-growing scale) while Si varies between
10 and 20 at%. The inner part of the inward-growing scale is highly
enriched in Cr (up to 65 at%) with Fe concentrations as low as 10 at%.
The Cr-rich segments is distinguished by the darker contrast in the SEM-
BSE image (Fig. 5). The EDX analysis showed that Cr has been heavily
depleted underneath the oxide scale to a depth of 4-15 um (about 7 pm
in the area of the line scan). EBSD analysis confirmed the presence of
both a spinel crystal structure and a corundum-type crystal structure in
the inward-growing scale. The phase variations seemed to occur from

grain to grain but the corundum-type crystal structure was found to a
larger extent in the more Cr-enriched areas. A roughly 60 pym thick in-
ternal nitridation zone has formed underneath the inward-growing
oxide (confirmed by nitrogen signal from EDX analysis). Minor rem-
nants of KCl were found at the top of the oxide scale and close to the
original metal surface. Additionally, small amounts of Cl were detected
at the metal/oxide interface (up to 4 at%) which may be interpreted as
the presence of metal chlorides as these tend to form at this interface
where the pO3 is low.

The Fe20CrAlSi alloy formed an oxide scale with a relatively even
thickness (25-40 um). The oxide scale shown in Fig. 6 consists of a
16-20 ym thick outward-growing iron oxide and a 9-13 ym thick
inward-growing (Fe, Cr, Al, Si)-oxide scale. EBSD analysis confirmed the
presence of both hematite (outer layer) and magnetite (inner layer) in
the outward-growing scale. In similarity to the Fel5CrAlSi alloys, it is
difficult to distinguish the border between the two layers, but the EBSD-
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Fig. 5. SEM-BSE image of the Fel5CrAlSi alloy after exposure to O, +H0+N and KCl at 600 °C for 2000 h. The Kikuchi patterns from the EBSD analysis confirms

the presence of hematite, magnetite, mixed spinel and corundum-type oxide.

analysis indicates that the hematite thickness is about one third of the
total thickness of the outward-growing oxide scale while the magnetite
thickness is about two thirds. The EDX line scan (see Fig. 6) displayed a
relatively even composition in the inward-growing scale. It also shows
that the inward-growing scale is highly enriched in Cr (up to 75 at% Cr).
Both the Al and Si contents remain fairly constant throughout the scale
(ranging between 10 and 15 at%). Similar to the Fel5CrAlSi alloy, Cr
has been heavily depleted underneath the oxide scale to a depth of about
6 um. No remnants of KCl were detected but minor individual signals of
K and Cl were detected within the outward-growing scale and inward-
growing scale respectively. A roughly 60 um thick internal nitridation
zone has formed underneath the inward-growing oxide (confirmed by
nitrogen signal from EDX analysis).

4. Discussion

It is well known that alkali salts, such as K;CO3 and KCI, and/or
water vapor tend to cause breakaway oxidation for chromia-forming
alloys at high temperatures (around 600 °C). The breakdown is

explained by the reaction between the salt and the initially formed Cr-
rich corundum type oxide scale (the primary protection of the alloy)
which results in Cr-depletion, either caused by the formation of KoCrO4
(K2CO3/KCl) or by the well-known phenomenon chromium evapora-
tion (water vapor) [12,21,23,24,51].

In the present study, the long-term (2000 h) corrosion behavior of
three FeCrAl(Si) model alloys have been investigated in two environ-
ments (Oz +Ny +KpCO3 and Oy +Ny +H0+KCl) known to cause
breakaway oxidation [2,4-7,9-13,15,16,19,20,22,24,39,51-53]. The
three alloys were selected based on previous research on their
short-term corrosion behavior in similar environments [2,35,39].
However, in the present study, only one of the alloys (Fel0CrAl) expe-
rienced breakaway oxidation when exposed in the presence of KoCOs,
whereas all three alloys (FelOCrAl, Fel5CrAlSi, Fe20CrAlSi) experi-
enced breakaway in the presence of water vapor and KCl. Thus, in the
upcoming sections the performance of the poorly protective Fe10CrAl
will be discussed in relation to the more highly alloyed FeCrAlSi alloys
(Fel15CrAlSi, Fe20CrAlSi). The microstructural evolution of the oxide
scale formed on FelOCrAl (poorly protective) exposed in the two
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Fig. 6. SEM-BSE image of the Fe20CrAlSi alloy after exposure to Oz +H20+N2 and KCI at 600 °C for 2000 h. The Kikuchi patterns from the EBSD analysis confirms

the presence of hematite, magnetite, mixed spinel and corundum-type oxide.

different environments is discussed in order to give insight into the
growth mechanisms involved in the presence of water vapor and KCl
following breakaway oxidation. Finally, the influence of alloying ele-
ments on the improved corrosion protection observed for the more
highly alloyed FeCrAlSi alloys (Fel5CrAlSi, Fe20CrAlSi) is discussed.

4.1. Poor corrosion protection after breakaway — microstructural
evolution in the presence (and absence) of water vapor and/or alkali salts

The presence of water vapor and KCI is generally understood to
significantly increase the corrosion rate. This has especially been shown
to be the case at lower temperature (400-500 °C) [3,54,55]. However, a
study by Folkeson et al. indicated that the influence of KCI in the pres-
ence of water vapor on the growth rate of fast-growing iron-rich oxide
scales became less significant with temperature (the accelerating effect

was not as prominent at 500 °C as at 400 °C) [3]. Eklund et al. showed
that the Fe10Cr4Al alloy, (comparable to the Fel0CrAl exposed in this
study), displayed almost identical oxide thickness after exposure in the
presence and absence of KCI in a water vapor containing environment,
indicating that KCl had no significant additional effect on the oxide
growth kinetics of poorly protective iron-rich oxide scales (poor sec-
ondary protection) at 600 °C [39]. The observations that the effect of
KCl on the oxide growth rate is reduced with increasing temperature
indicate that the mechanism behind the KCl effect may be connected to
grain boundary diffusion since the role of grain boundary diffusion in
respect to the total diffusion (lattice diffusion + grain boundary diffu-
sion) becomes less important with increasing temperature. Nevertheless,
the microstructural evolution in the presence and absence of water
vapor and KCl (i.e. difference in microstructure between the oxide scales
formed in the two environments (K2CO3 versus water vapor/KCl) may



J. Eklund et al.

Table 3
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Summary of oxide scale characteristics for all alloys after exposure in the presence of KCl-+H-0.

Outward-growing oxide

Inward-growing oxide Total oxide thickness

FelOCrAl Hematite Magnetite Spinel
Oxide thickness 80 pm 95 um 140 um
Grain size 1-2.5 ym 6 (5-11) pm A few nm

60 at% Fe 320 ym
Composition 25 at% Cr

15 at% Al
Fel5CrAlSi Hematite Magnetite Spinel + Corundum
Oxide thickness 8 um 14 ym 10-18 um
Grain size 0.14-0.4 ym 1-4 ym -

Mid [at%] Inner [at%]

O“;*Z [zast%] Fe: 50 Fe: 10-30 40 pm
Composition Cr 75 Cr: 15 Cr: 50-65
Al: 15 Al: 15

Si: 10-20 Si: 10-20
Fe20CrAlSi Hematite Magnetite Spinel + Corundum
Oxide thickness 3-4 ym 6-9 um 9-13 um
Grain size 0.15-0.4 um 1-2.5 um -

5-25 at% Fe 25-40 pm
. 50-75 at% Cr

Composition

10-15 at% Al
10-15 at% Si

give important insights into the growth mechanism involved in the
formation of the poorly protective multi-layered oxide scales.

The FelOCrAl alloy exposed in the presence of K2CO3 formed a
multi-layered Fe-rich oxide scale with a total scale thickness of 180 pm
after 2000 h of exposure, whereas it formed a 70% thicker oxide scale
(320 um), in the presence of water vapor and KCl. Whether the increased
corrosion rate is an effect of the water vapor, the chloride or a combined
effect is difficult to determine (more than one variable is changing be-
tween the two environments).

The presence of water vapor has previously been shown to accelerate
the growth rate of iron oxide [56-58]. Pujilaksono et al. showed that the
oxidation rate of pure iron was increased in the presence of water vapor
and that this was due to an increased growth rate of the hematite and
magnetite layers while wiistite was unaffected [56]. Water vapor was
suggested to influence the grain boundary transport in the hematite
layer. Similar observations were observed for a low-alloyed steel
(Fe2.25Cr) [58]. This is in good agreement with the present study which
shows that a significantly thicker hematite layer formed in the presence
of water vapor and KCI (~80 um = 25% of the overall thickness), as
compared to the FelOCrAl alloy exposed to KyCOs (~10-25um =
5-14% of the overall thickness). Hematite is generally considered a
better diffusion barrier than magnetite (due to lower defect concentra-
tion) which should reduce the overall oxide growth rate. However, the
hematite layer displays a highly porous microstructure after exposure to
water vapor and KCl, which could negatively affect its efficiency as a
diffusion barrier.

The oxide scale formed after 2000 h of exposure in the presence of
K2CO3 consisted of 61% outward-growing and 39% inward-growing
scale. This may be compared to the scale formed in exposure to water
vapor and KCl, which consisted of 56% outward-growing iron oxide and
44% inward-growing scale. Thus, the ratio between outward- and
inward-growing scale remained similar for the two exposure environ-
ments, however, with slightly more inward-growing scale in the pres-
ence of KCl/water vapor. This could be an indication of that the
mechanism, known as active oxidation, which predicts a higher ratio of
outward-growing scale due to the decomposition of metal chlorides into
the respective oxide at higher pO,, is not the main mechanism involved.

The oxide grain size is another factor that could have explained the
increased growth rate in the presence of water vapor/KCl, since grain
boundary diffusion is generally more rapid than bulk-diffusion. How-
ever, the average grain size of the magnetite layer was significantly
larger after exposure to water vapor/KCl (~ 6 um) as compared to
K2CO3 (~ 1 um) (see Fig. 2b and Fig. 3b), meaning that it contained less

grain boundaries for short-circuit diffusion. Thus, the magnetite grain
size is does not seem to explain the difference in growth rate. The same
applies to the grain size of the hematite layer in the two environment
which was shown to be significantly larger in the presence of water
vapor/KCl (see Tables 2 and 3).

The inward-growing scale formed on the FelOCrAl alloy in the
absence and presence of water vapor and KCI has almost identical
chemical composition and the relative thickness of the inward-growing
scales in the two different environments only differed slightly. However,
the difference in microstructure of the inward-growing scale formed in
the two environments is significant. The inward-growing scale formed
on the Fel0CrAl alloy exposed in K3CO3 has a peculiar microstructure,
consisting of dense and porous layers that alternate in a periodic manner
with reducing frequency with increasing distance from the original
metal surface. This microstructure could be observed already after short
exposure durations (48 h) in previous studies [35,36], and the porous
regions have been suggested to be remnants of internal oxidation [59]
which is observed under these conditions. The internal oxidation zone
has been shown to consist of an Fe-rich (Cr-depleted) alloy matrix sur-
rounded by Cr-rich spinel precipitates [52,59] which is in good agree-
ment with thermodynamic calculations (showing that the two-phase
region BCCre + Sc is stable underneath the inward-growing scale), see
[35] and Fig. 7. During the initiation of internal oxidation, the alloy is
attempting to form a continuous Cr-rich spinel layer. While failing to do
so, due to lack of Cr, the alloy uses the Cr from the surrounding matrix to
form the Cr-rich spinel precipitates, leaving the surrounding matrix
heavily depleted in Cr, i.e., enriched in Fe. In the propagation of the
oxidation process, it is reasonable to assume that the Fe-rich matrix in
the internal oxidation zone is rapidly oxidized while the Cr-rich spinel
precipitates remain fixed, resulting in the leaching of Fe and the for-
mation of pores where the Fe-rich matrix once was. This is in good
agreement with Fig. 2c which shows that the pores display a geometry
almost identical to the Fe-rich matrix (bright contrast) in the internal
oxidation zone.

The periodic nature of the alternations between dense and porous
oxide segments is not fully understood. Eklund et al. [35] presented a
hypothesis which was based on thermodynamics and the cross-over
between the stability regions for pure spinel (Sc;) and internal oxida-
tion (BCCre + Scp), caused by fluctuations in oxygen partial pressure,
resulting in dense and porous regions alternating with the occurrence of
internal oxidation. Hence, the internal oxidation itself was proposed to
be discontinuous and of periodic nature. However, in this work, the
microstructure of the dense segments of the inward-growing scale (see
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Fig. 7. Phase diagram for the FeCrAl system (Al content fixed at 15 at%) at
600 °C calculated with Thermo-Calc. The two-phase region marked in gray
corresponds to the internal oxidation zone found underneath the oxide scale of
the Fel0Cr3Al alloy.

Fig. 3), is observed to clearly resemble those of the oxide
precipitates/Cr-depleted matrix in the internal oxidation zone, sug-
gesting that the internal oxidation is active also in the formation of the
dense layers. Thus, utilizing the new data and assuming that the internal
oxidation is a continuous process that can be transformed into both
dense and porous segments of inward-growing oxide, another mecha-
nism must be responsible for the alternations.

As discussed above, it is reasonable to assume that the Cr-depleted,
Fe-rich, matrix rapidly oxidize as the corrosion front approaches,
resulting in the leaching of Fe and formation of a porous segment of Cr-
rich spinel. The process of forming the porous segment may give the
underlying internally oxidized segment enough time to replenish the Cr-
depleted, Fe-rich matrix with Cr which would enable the formation of a
dense oxide segment. However, using Cr from the underlying matrix for
the replenishment, would result in that the internally oxidized region
below would not have enough Cr to replenish the Fe-rich matrix, leading
to the formation of another porous segment. Thus, a periodic process has
started, alternating between the leaching of Fe, forming porous seg-
ments, and Cr-replenishment of the internally oxidized region below,
allowing for the formation of a dense oxide segment.

The frequency of the periodic alternations was observed to decrease
as the process continued, resulting in thicker, porous and dense seg-
ments close to the metal/oxide interface. This may be explained by the
process of leaching of Fe, and formation of pores, giving more time for
the Cr-replenishment in the underlying internally oxidized region. The
amount of Cr needed to replenish this segment would dictate the
thickness of the Cr-depleted, Fe-rich matrix below, which would result
in a subsequent thicker, porous segment. The leaching of Fe from the
thicker porous segment would again give more time to replenish the Fe-
rich matrix below, giving rise to the reduced frequency of the periodic
alternations as observed. A schematic illustration of the suggested
mechanism is shown in Fig. 8.

A few inconsistencies, in terms of discontinuity of the internal
oxidation zone, was observed in Fig. 2. Since these inconsistencies seems
to occur at grain boundaries, this is suggested to be an effect of the faster
diffusion of Cr that may potentially be able to elevate the Cr content
enough to inhibit the internal oxidation. Based on the slightly lower
oxide thickness in this area, the inhibition has likely occurred recently.
However, since similar observations has been made in previous studies
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Fig. 8. Schematic illustration of the suggested mechanism for the formation of
alternating dense and porous segments in the inward-growing scale. Internal
oxidation results in the formation of Cr-rich spinel precipitates + Cr-depleted
BCC in the internal oxidation zone (I0Z). The corrosion front is approaching the
Cr-depleted matrix, which results in rapid leaching of iron, and consequently
the formation of a porous, leached segment. The underlying region is given time
to be replenished with Cr, allowing for the formation of Cr-rich spinel also
around the Cr-rich spinel precipitates, resulting in a dense, continuous segment
formed underneath the porous layer. The process continues periodically since
the Cr-replenishment depletes the region underneath the dense segment (in Cr),
hindering further Cr-replenishment, again resulting in rapid leaching of Fe and
the formation of another porous segment.

after shorter exposures, this indicates that the inhibitions are temporary
[39].

In similarity to the Fel0CrAl exposed in the presence of KoCOs, the
oxide formed on FelOCrAl when exposed to water vapor and KCI dis-
plays a porous structure in the inward-growing scale. However, the
distribution of these pores differs significantly. Instead of dense and
porous segments that alternates in a periodic manner (in the presence of
K5CO3), the inward-growing oxide contains pores evenly distributed
throughout the entire scale (water vapor and KCl). It is reasonable to
assume that the absence of any dense segments in the scale further re-
duces the ability to act as a diffusion barrier which may explain the
increased corrosion rate observed in the presence of water vapor and
KCl. However, the mechanism behind the difference is not fully under-
stood. Elaborating on the hypothesis regarding the origin of the alter-
nating dense and porous bands, presented in the previous section, the
ability to form the dense segments is dependent on that enough time is
given to replenish the Fe-rich matrix in the internally oxidized region
with Cr. It is reasonable to assume that any mechanisms that results in an
increased oxide growth rate will increase the outward-diffusion of Fe
ions (since the outward-growing oxide scale grows faster). If the
leaching of Fe-ions during the formation of the porous oxide layer is too
rapid, the Cr-diffusion within the alloy/internal oxidation zone may not
be fast enough to replenish the Fe-rich matrix in the underlying inter-
nally oxidized region, thereby impeding the dense segments from
forming, leading to the formation of a large porous segment throughout
the entire inward-growing scale. Thus, it is suggested that the presence
of water vapor and/or KCl increases the mobility of Fe-ions, which in
turn would explain the accelerated oxide growth observed in the pres-
ence of these species.

Finally, it may be noted that the magnetite layer remains similar in
thickness for the exposures in KoCO3 and KCl/H0(g). This indicates
that the difference in thickness (i.e. growth rate) may be explained by
the interplay between the outward growing hematite and the inward-
growing spinel. In line with the hypothesis of pure Fe-leaching (from
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the Cr-depleted metal in the internally oxidized zone) as explained
above, a mass balance was performed for both exposure environments to
investigate if the total amount of leached Fe from the I0-zone would add
up to the increased amount of hematite observed. Thus, the mass bal-
ances were performed by the assumption that all Fe used for growing the
hematite layer was taken from the estimated total volume of pores in the
inward growing spinel (assumed to have formed as a result of Fe-
leaching). The hematite (Fe3O3) layers were assumed to be dense for
both exposure conditions, whereas the porosity of the inward-growing
spinel was estimated from the microstructure observed in the SEM im-
ages. The porosity was estimated to be 16.5% of the total volume of the
inward-growing spinel for the oxide formed on the sample exposed to
K2COs3 (one third porous segments containing approximately 50% pores
—(0.33 x0.5)x100 = 16.5%) and 25-30% for the sample exposed to KCl
and water vapor. The mass balances added up for both samples
(mpe(Fex03)~ mpe(pores)), strengthening the hypothesis that the porous
microstructure is indeed a result of Fe-leaching and suggests that further
oxidation of the poorly protective oxide can be explained solely by
oxidation of pure Fe.

4.2. Influence of alloying elements on the improved corrosion protection

4.2.1. Improved primary protection - resistance to breakaway oxidation

While most chromia-forming alloys tend to experience breakaway
oxidation in the presence of K3COs, the two more highly alloyed mate-
rials investigated in this paper, Fel5CrAlSi and Fe20CrAlSi, resisted
breakaway oxidation. This was quite unexpected since FeCrAl alloys
with similar composition (Fe18Cr3Al and Fe25Cr3Al) has been shown to
transition into the secondary corrosion regime in this environment [35].
The main difference between these alloys is that the FeCrAl alloys in the
present study contain Si. Minor additions of Si have been shown to
benefit the corrosion resistance of FeCrAl alloys and stainless steels and
its beneficial effects has become a topic of great interest [2,13,14,40-47,
60-66]. One of the most common explanations for improved corrosion
resistance upon the addition of Si is that it enables the formation of a
SiO4 layer at the metal/oxide interface that acts as a diffusion barrier
[38,40-43,46,62]. This is generally observed at higher temperatures
(>650 °C) and in less aggressive environments (for example in the
absence of alkali salts). Nevertheless, minor additions of Si have also
been shown to greatly improve the primary protection of FeCrAl alloys
(resisting breakaway oxidation in the presence of water vapor) at lower
temperatures (600 °C) when no SiO; layer could be observed [39,60,
67]. Asokan et al. showed that the chemical composition of the pro-
tective oxide scale (primary protection) significantly changed upon the
addition of Si to the alloy [47]. In a dry environment, the Si-addition was
shown to greatly increase the Al content in the protective oxide scale
while reducing the Cr content, thereby making it less sensitive to the
presence of water vapor. It was suggested that Si increased the activity of
Al in the alloy while reducing the activity of Cr, which could also be
done by increasing the Al content in the alloy. Persdotter at al. showed
that a Fe18Cr6Al alloy was able to resist the transition from the primary
to the secondary regime in the presence of KoCO3 [36]. As this is outside
of the main focus of this work, the chemistry of the primary protective
oxide scale was not investigated in the present study, however, the
formation of a more Al-rich protective oxide scale (primary protection)
could be an explanation to the resistance of Fe15CrAlSi and Fe20CrAlSi
to break down in the presence of K,COs3.

4.2.2. Improved secondary protection - the influence of Cr, Al and Si

As previously mentioned, all three alloys (Fel0CrAl, Fel5CrAlSi,
Fe20CrAlSi) experienced breakaway in the presence of water vapor and
KCl. While the more highly alloyed materials, Fel5CrAlSi and
Fe20CrAlSi, do transition into the secondary corrosion regime in the
presence of water vapor and KCl, the oxide growth rates of these are
considerably lower than for Fel0CrAl. Exceeding a critical Cr content,
and especially with the addition of Si, has previously been shown to
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drastically reduce the corrosion rate of FeCrAl alloys after breakaway
oxidation [2,35,60]. Microstructural investigations and thermodynamic
calculations suggested that exceeding a critical Cr content prevents in-
ternal oxidation and promotes the formation of a Cr-rich healing layer
while the presence of Al reduces the critical Cr content [35]. Minor
additions of Si was also shown to significantly reduce the critical Cr
content necessary to prevent internal oxidation [2]. While the mecha-
nism behind this effect is not fully understood, a hypothesis was pre-
sented, suggesting that the Si*' ions occupy tetrahedral sites in the
mixed spinel, creating vacancies on other tetrahedral sites to maintain
charge neutrality (knocking out Fe ions in the process) which in turns
leads to a relative increase in Cr and Al concentration (since they occupy
the octahedral sites and are not affected by the introduction of tetra-
hedral vacancies). In this study, both highly alloyed materials
(Fel5CrAlSi, Fe20CrAlSi) displayed elevated Cr content in the
inward-growing scale and neither suffered from internal oxidation.

In previous short-term (48 h) studies [2,35] several FeCrAl alloys
(Fel8Cr3Al, Fe25Cr3Al and Fel5CrAlSi and Fe20CrAlSi), displaying a
good secondary corrosion protection, were also found to form
inward-growing scales that were highly enriched in Cr+Al. However,
the phase of the inward-growing scale was not clearly determined. In the
present study, both spinel and corundum-type crystal structures were
identified in the inward-growing scale after 2000 h of exposure. Previ-
ous research usually reports that the formation of a corundum-type
healing layer occurs close to the metal/oxide interface [65,68-72].
However, in the present study the EBSD analysis showed that the spinel
and corundum phases co-existed throughout the inward-growing scale
and that they seemingly could alternate from grain to grain. This is in
agreement with thermodynamic calculations, which shows that Cr-rich
spinel is in equilibrium with corundum-type oxide at higher
Cr-concentrations, see Fig. 7. The phase transformations appeared to
have occurred to a higher degree in areas with a high Cr concentration
(found close to the metal/oxide interface) which should be expected due
to the increased driving force in areas significantly exceeding the
theoretical limit of trivalent ions in the spinel crystal structure (>67.7
cat%). Similar phase transformations were observed by Col et al. when
exposing 304 L in O, at 850 °C for 312 h. While the conditions signifi-
cantly differs from the ones in the present study, similar partial phase
transformations from spinel type oxide into chromia could be observed
in Cr-enriched areas (close to the metal/oxide interface) [72]. The fact
that the more highly alloyed materials form significantly
slower-growing oxide scales within the secondary corrosion regime
without necessarily forming a continuous layer, suggests that the
reduced growth rate may not only be a result of the formation of a
healing layer (or the general understanding of such a layer). This is
further supported by the observations in previous studies [2,35] that
show that the more highly alloyed materials display significantly
reduced growth rates already within the first hours after breakaway
oxidation, which is too early for a continuous healing layer to form at
this temperature (600 °C).

Internal nitridation zones were observed underneath the oxide scales
on both Fel5CrAlSi and Fe20CrAlSi. This has previously been observed
for FeCrAl alloys that forms a good secondary protection [2,4-7,35,36].
A reasonable question that arises is whether the nitridation will nega-
tively affect the corrosion resistance of the alloy since the nitridation
locks the aluminum in place in the form of aluminum nitrides. While
nitridation may negatively affect the primary protection of FeCrAl alloys
(less aluminum available to form alumina), the secondary protection is
assumed to not be significantly affected by this factor. This is because
the corrosion resistance within the secondary regime is not dependent
on the formation of an alumina layer at the metal/oxide interface, which
is further indicated in the present study. However, for scientific pur-
poses, exposures should be performed in the absence of nitrogen to fully
reveal the effect of nitridation on the secondary protection. It may in
addition be noted that nitridation will change the microstructure of the
alloy and thereby affect the mechanical properties. Nevertheless, while
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this is an interesting phenomenon, it is outside of the scope of this
investigation.

In summary, the present study demonstrates that the internal
oxidation, and the rapid leaching of Fe as a result of this, is detrimental
to the corrosion resistance within the secondary corrosion regime as it
drastically increases the iron oxide growth rate. This suggests that pre-
venting internal oxidation may be one of the most important factors in
reducing the corrosion rate after breakaway oxidation. However, if in-
ternal oxidation may be prevented, the phase transformation from Cr-
rich spinel to Cr-rich corundum-type oxide may play an increasingly
important role in further decelerating the corrosion process. This study
shows that this is not exclusively connected to the formation of a
continuous healing layer. However, it is possible that the corundum
phase in the inward-growing scale slows down the ion diffusion even
though not forming a continuous layer. The mixed phase inward-
growing scale would then act as a type of diffusion barrier for which
the efficiency is dependent on the concentration of corundum-type oxide
in the scale. This would explain the difference in growth rate between
the Fe15CrAlSi and Fe20CrAlSi alloys since the inward-growing scale of
the former contains less areas that are highly enriched in Cr, suggesting
that it would contain a lower concentration of corundum-type oxide.

5. Conclusions

The long-term corrosion behavior within the propagation stage of the
secondary corrosion has been investigated for alloys previously known
to provide a poor or a good secondary protection (fast- or slow-growing
iron-rich oxide scale) after breakaway oxidation at 600 °C. This was
performed in two different oxidizing environments, in the presence of
K5CO3 or H,0+KCl, known to rapidly break down the primary protec-
tion, initiating breakaway oxidation.

In the presence of KoCOs, only the Fel0CrAl alloy (representing an
alloy with a poor secondary protection) displayed breakaway oxidation.
The ability of the Fe15CrAlSi and Fe20CrAlSi alloys (representing alloys
with a good secondary protection) to retain the primary protection is
suggested to be a result of the formation of a more Al-rich oxide scale
(promoted by the minor additions of Si) which is able to withstand the
Cr-depleting effect of K5COs.

All investigated alloys transitioned into the secondary corrosion
regime when exposed in the presence of water vapor and KCl. However,
the two Si-containing alloys (Fel5CrAlSi, Fe20CrAlSi) displayed
considerably lower oxide growth rates compared to the Fe10CrAl alloy.
The main difference between the alloys forming a poor and good sec-
ondary corrosion protection is suggested to be the internal oxidation,
observed underneath the poorly protective oxide scale, and the resulting
microstructure of the inward-growing scale, which causes the growth
rate to be exclusively determined by Fe-oxidation. Thus, the improved
corrosion protection observed on the FeCrAlSi alloys is suggested to be
an effect of the prevention of internal oxidation in combination with the
formation of a non-continuous, Cr-rich, corundum-type oxide dispersed
within the inward-growing scale.

In addition, the poorly protective scale formed on FelOCrAl alloy
exhibited significantly higher corrosion rate in the presence of water
vapor and KCl compared to in the presence of K;CO3. The inward-
growing scale was observed to be evenly porous in the presence of
water vapor and KCI, whereas it formed a banded structure, with
alternating porous and dense segments in the presence of K2CO3. The
difference in porous microstructure is suggested to be caused by a more
rapid Fe-leaching in the presence of water vapor and KCI as compared to
K5COs3. More rapid Fe-leaching in combination with a more porous oxide
scale would result in a higher oxide growth rate, which is in good
agreement with the observations in this study.
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