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High temperature corrosion behavior of FeCrAlSi model alloys in the 
presence of water vapor and KCl at 600 ◦C – The influence of Cr content 
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A B S T R A C T   

The corrosion behavior of Fe(5− 20)Cr3Al2Si model alloys and the underlying mechanisms after breakaway 
oxidation was investigated at 600 ◦C. Rapid breakaway oxidation was triggered for all alloys in the presence of 
KCl(s). Thermogravimetric analysis showed that alloys with a Cr content of ≥ 10 wt% transitioned into sub- 
parabolic oxidation kinetics at an early stage of the oxidation process after breakaway oxidation. Through 
advanced electron/ion microscopy, this behavior was attributed to high Cr-enrichment in the bottom part of the 
inward-growing scale, indicating the formation of a healing layer. Additionally, alloys with elevated Cr-content 
(≥15 wt%) were more prone to grain boundary attack.   

1. Introduction 

The corrosion resistance of FeCrAl alloys have been studied exten-
sively at high temperatures (900–1300 ◦C) at which they are known to 
form a protective α-alumina scale, attributing to their excellent corro-
sion resistance [1–3]. Because of the protective α-alumina scale in this 
temperature range, FeCrAl alloys are commonly used as heating ele-
ments for various applications, for example the electrical elements of gas 
burners, furnace rollers and ignitors. FeAl alloys may also form an 
α-alumina scale but it has been shown that addition of Cr to the alloy 
reduces the amount of Al needed to form this protective layer [4]. 

Below approximately 900 ◦C, the kinetics for the formation of 
α-alumina is slower and less protective transient allotropes of alumina 
instead forms in the initial stages of the oxidation process. Therefore, 
chromia-forming stainless steels are normally used at lower tempera-
tures, at which they are able to form a protective chromia scale. How-
ever, these protective oxide scales tend to break down in highly 
corrosive environments, such as biomass- and waste-fired boilers which 
generally contain large amounts of alkali salts and water vapor. In the 
presence of these species, the protective chromia scale has been sug-
gested to break down through two separate mechanisms: Cr evaporation 
due to volatilization of chromium-oxy-hydroxide in the presence of 
water vapor [5]; and reaction with alkali salts, leading to the formation 
of alkali chromates [6–10]. The loss of the chromia scale, which can be 
considered the primary protection of the alloy [11], is usually followed 
by the formation of fast-growing Fe-rich oxide, resulting in rapid 

material degradation and high maintenance costs. FeCrAl alloys, for 
which the primary protection is alumina, may be used to prevent the 
breakdown of the primary protection in this type of environment. 
However, many critical components in the biomass-and waste-fired 
boilers are exposed to temperatures below 900 ◦C which may negatively 
influence the properties of the primary protection of FeCrAl alloys. 
Previous studies have shown that FeCrAl alloys may form a thin pro-
tective transient alumina scale at 600 ◦C [12] which contains significant 
amounts of both Fe and Cr [13], making them sensitive towards the 
presence of alkali chlorides (leading to breakaway oxidation). 

Retaining the primary protection in harsh environments is thus very 
challenging during long-term operation. Instead, another approach, 
associated with a reduced dependence on the primary protection, has 
recently been investigated [11]. The approach is based on improving the 
protectiveness of the Fe-rich oxide, i.e., the secondary protection of the 
alloy, by reducing the oxide scale growth rate. It is in this context very 
important to understand how different alloying elements influence the 
secondary protection, i.e., growth kinetics following breakaway corro-
sion. Studies of the secondary protection and the influence of alloying 
elements are very limited. The corrosion behavior of an Fe10Cr4Al alloy 
with minor additions of Si was exposed in a harsh environment and was 
investigated in detail in [14]. It was shown that Si significantly improves 
the secondary protection, by reducing the growth rate of the Fe-rich 
oxide scale. The same trend was observed when exposing similar al-
loys in a waste-fired boiler [15]. In addition, Persdotter et al. demon-
strated the possibility of improving the secondary protection by 
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increasing the amounts of Cr and Al and indications of synergistic in-
teractions between these [11]. These effects were further investigated by 
Eklund et al. [16] which showed that the growth rate of the Fe-rich oxide 
scale was significantly reduced for FeCrAl alloys when exceeding a Cr 
content of 18 wt% whereas the FeCrAl alloys with a Cr content below 
this critical limit and all investigated FeCr alloys displayed oxidation 
kinetics similar to pure Fe. This effect was attributed to the prevention of 
internal oxidation, enabling the formation of a healing layer at the metal 
oxide interface which was in agreement with thermodynamic calcula-
tions. Because of the previously observed effect of Si, investigating the 
influence of Cr on the secondary protection kinetics and microstructure 
of Si-containing FeCrAl alloys is of great interest. 

The aim of the present work is to investigate the influence of Cr 
content on the secondary protection of Si-containing FeCrAl alloys at 
600 ◦C. FeCrAlSi model alloys with varying Cr content have been 
isothermally exposed in oxygen and water vapor with and without KCl 
present on the sample surface at 600 ◦C in a tube furnace. The same 
alloys have also been exposed in a thermobalance under the same con-
ditions in order to study the kinetics of the corrosion process. Detailed 
microstructural investigations of the corrosion products were performed 
using SEM/EDX, FIB/SEM, SEM/EBSD and STEM/EDX. In addition, 
thermodynamic calculations were used, in a methodological way similar 
to [16], to gain more insight about the possible mechanisms involved. 

2. Experimental procedure 

2.1. Sample preparation 

Four different FeCrAl model alloys, with varying Cr content, were 
used in this study (compositions of the alloys are shown in Table 1). The 
model alloys were produced by melting the material in a vacuum in-
duction furnace into a 1 kg ingot. This ingot was then hot-rolled into a 
strip and further machined to achieve a thickness of roughly 2 mm. The 
strip was later heat treated at 950 ◦C to achieve a uniform grain size 
distribution. The strip was cut into coupons with a dimension of 10 × 12 
mm. A small hole with a diameter of 1.5 mm was drilled into the sample 
to simplify the weighing. A second heat treatment, also at 950 ◦C, was 
performed to relax elongated grains in the bulk of the samples. Prior to 
exposure, the sample coupons were ground with P500 to P4000 SiC 
paper and polished down to 1 µm with a diamond suspension until a 
mirror-like surface was achieved. 

2.2. Exposure 

The samples were weighed using a Sartorius™ balance with micro-
gram resolution prior to exposure. After weighing, KCl was deposited on 
the surface of the samples by spraying a water-ethanol (20:80) solution 
saturated with KCl. A continuous flow of warm air was directed towards 
the sample during spraying to accelerate the drying of the solution. After 
spraying, the samples were weighed again to determine the amount of 
KCl deposited on the sample. The procedure was repeated until an 
amount of 1 mg/cm2 was deposited on the samples. 

Two types of exposures were performed in this study, using a hori-
zontal silica tube furnace and a thermobalance. The tube furnace ex-
posures were performed with a flow rate of 3 cm/s (calibrated by a Bios 
Definer 220 M) and a gas composition of 5%O2 + 20%H2O + N2 (Bal.) at 
600 ◦C for 168 h. Reference exposures without KCl present were also 

performed in the tube furnace. Samples were mounted vertically in 
alumina sample holders in the same direction as the tube furnace. After 
the exposure the samples were weighed to measure the mass gain. The 
thermobalance exposures were performed with a Setaram Evolution 
equipped with a Setaram Wetsys (to generate the desired humidity for 
the exposures). These exposures were performed in a similar environ-
ment but with a lower flow rate (about 1.5 cm/s) in the thermobalance. 
The thermobalance exposures were only performed with KCl deposited 
on the samples. The samples were weighed before and after the ther-
mobalance exposures to ensure that the correct mass gain had been 
recorded. Only one sample could be exposed at a time in the thermo-
balance and the exposures were therefore repeated at least three times to 
ensure reproducibility. 

KCl has been found to evaporate at a fast rate under the present 
exposure conditions [17]. Because of this, the recorded mass gain may 
be lower than the actual mass gain (from oxide formation) due to the loss 
of KCl. However, from knowing the rate of KCl evaporation it is possible 
to estimate the actual mass gain (due to oxide formation). For this 
reason, the rate of KCl evaporation was measured by depositing 1 
mg/cm2 KCl on gold coupons and subsequent exposure in tube furnace 
and thermobalance. The evaporation rate of KCl was found to be roughly 
0.03 mg/cm2 h in the tube furnace and 0.008 mg/cm2 h in the ther-
mobalance. Since Cr is known to evaporate under the present conditions, 
a point of concern is whether it is accurate to assume that KCl evapo-
ration is the only phenomenon responsible for reducing the mass gain. 
However, previous reports have shown that 0.01 mg/cm2 of Cr had 
evaporated from a chromia former after 90 h of exposure under similar 
conditions [18] while 0.001 mg/cm2 of Cr had evaporated from a 
Fe10Cr4Al2Si alloy after 168 h [19]. The Cr-evaporation can therefore 
be considered negligible. 

2.3. Analysis 

Cross sections of the exposed samples were prepared by attaching a 
thin Si wafer onto the sample surface using Loctite 415 glue. After the 
glue had dried for about 24 h the samples were dry cut with a low-speed 
diamond saw and subsequently milled using a Leica TIC 3X broad ion 
beam (BIB) instrument to achieve a smooth surface for more detailed 
microstructural analysis. The three argon ion beam guns of the BIB in-
strument were operated at 6.5 kV for 10–14 h (depending on the total 
operating time of the argon guns). 

The composition and morphology of the oxide scales were investi-
gated by analyzing both the plan view and the cross sections of the 
exposed samples with scanning electron microscopy (SEM) using both 
backscattered electrons (BSE) and secondary electrons (SE). An FEI 
Quanta 200 SEM equipped with an Oxford Instruments X-MaxN 80 T 
energy dispersive X-ray (EDX) detector was used for the SEM analysis in 
this work. 

Electron Backscattered Diffraction (EBSD) analysis was carried out 
for phase determination using a TESCAN GAIA3 dual beam FIB-SEM 
instrument equipped with an Oxford Instruments Nordlys detector. 
Since the sample surface plays a vital role for EBSD analysis, already BIB 
milled cross sections (at 6.5 – 8 kV) were additionally BIB milled at 4 kV 
for 4 h and subsequently milled at 2 kV for 4 h to remove the ion beam 
induced damages e.g., reduce the amorphous layer. The prepared sam-
ples were then mounted on a 20 degrees pre-tilted holder such that the 
angle between the electron beam and the sample (cross-section) was 70 
degrees for analytical analysis. The microscope was operated at 20 kV 
for all EBSD analysis while beam current and camera exposure was 
suitably adjusted to attain sharp diffraction patterns for phase deter-
mination using the Aztec live software. 

Focused Ion beam (FIB) milling was used to prepare thin lamellae for 
transmission electron microscopy (TEM) using an FEI Versa 3D dual 
beam machine equipped with a gas injection system (GIS) and an Oxford 
Instrument’s Omniprobe needle. The thin lamellae were prepared from 
BIB milled cross sections, covering the outward and inward growing 

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

Alloy Fe Cr Al Si Other elements 

Fe5CrAlSi Bal.  5  3  2 C, N, Zr 
Fe10CrAlSi  Bal.  10  3 2 
Fe15CrAlSi  Bal.  15  3 2 
Fe20CrAlSi  Bal.  20  3 2  
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oxide layers along with a minor part of the material substrate for 
detailed investigation. Typical TEM sample preparation was employed, 
and the thin lamellae were lifted out using the Omniprobe needle and 
subsequently attached to a TEM Cu-grid where it was thinned down to 
approximately 100 nm. 

The TEM analysis in this study was performed with an FEI Titan 
80–300 transmission electron microscope (TEM) equipped with an Ox-
ford Instruments INCA X-sight EDX detector. The microscope was 
operated in scanning TEM (STEM) and TEM mode under different con-
ditions. STEM-EDX analysis was performed to determine the chemical 
compositions and elemental distribution within the sample through 
point analysis and line scans. High-angle annular dark field (HAADF) 
imaging was also performed in STEM mode. In addition, convergent 
beam electron diffraction (CBED) patterns were obtained in TEM mode 
for phase determination. 

3. Results 

3.1. Gravimetry 

3.1.1. Tube furnace 
After exposure for 168 h in the absence of KCl, all model alloys 

displayed very low mass gains, see Fig. 1. This indicates that all alloys 
managed to retain the primary protection, i.e., formation of thin pro-
tective oxide scales in the 50–100 nanometer range. Increasing the Cr 
content resulted in a slight decrease in mass gain. 

After exposure in the presence of KCl for 168 h, most of the alloys 
exhibited much higher mass gains compared to those exposed in the 
absence of KCl. This indicates breakaway oxidation, i.e., transition into 
the secondary corrosion regime, see Fig. 1. The Fe5CrAlSi alloy 
exhibited the highest mass gain, i.e., 4.25 mg/cm2 which corresponds to 
a theoretical oxide thickness of 26 µm. Increasing the Cr content in the 
model alloys resulted in lower mass gains. The Fe10CrAlSi alloy dis-
played a mass gain of 1.37 mg/cm2 which corresponds to a theoretical 
oxide thickness of 8.3 µm while the Fe15CrAlSi alloy displayed further 
reduction in mass gain with a value of 0.43 mg/cm2 which corresponds 
to a theoretical oxide thickness of 2.6 µm. The Fe20CrAlSi alloy dis-
played a negative mass gain value after exposure which is attributed to 
the high evaporation rate of KCl (see exposure section). The high 
evaporation of KCl must be considered for each of the alloys when 
evaluating the mass gains since the actual mass gain (from oxide for-
mation) can be considered to be higher than the recorded mass gains. 

3.1.2. Thermobalance 
In order to investigate the initial oxidation kinetics in the presence of 

KCl the model alloys were exposed in a thermobalance for 48 h. The 
solid curves in Fig. 2 correspond to the weight change recorded by the 
thermobalance. Initially, the Fe15CrAlSi and Fe20CrAlSi alloys dis-
played a mass gain during the first 24 and 6 h of the exposures 

respectively, followed by a mass loss. The mass loss is interpreted to be 
caused by the high evaporation rate of KCl under the given conditions, i. 
e., a mass loss is caused by the evaporation being higher than the 
corrosion rate for Fe15CrAlSi and Fe20CrAlSi after 24 and 6 h of 
exposure, respectively. In order to remove the contribution of KCl 
evaporation on the mass gain curves, these were adjusted by adding a 
mass gain, compensating the expected KCl evaporation to the weight 
recorded by the thermobalance. The adjusted behavior is displayed as 
dashed curves in Fig. 2. The ɑ-value, i.e., the exponent in the relation-
ship between the mass gain and time (mα∝t), was calculated from the 
mass gain curves, adjusted with respect to the KCl evaporation, for 
different time intervals in which the kinetics differed, see Table 2. 

The thermobalance results displayed high mass gain for all alloys 
during the first two hours of the exposures, indicating breakaway 
oxidation and a transition from the primary to the secondary regime. 
However, the oxidation kinetics of the corrosion process differed 
significantly between the alloys. The oxidation rate of the Fe5CrAlSi 
alloy was initially high during the first two hours (giving an ɑ-value less 
than 1), reaching a mass gain of roughly 1.5 mg/cm2 but was then 
rapidly reduced and transitioned into a sub-parabolic behavior (ɑ-value 
of 5). The final mass gain of Fe5CrAlSi was 2.5 mg/cm2 according to the 
recorded mass gain and 3.3 mg/cm2 for the adjusted mass gain, which 
corresponds to theoretical oxide thicknesses of 17.5 µm and 23 µm 
respectively (calculations based on the assumption that only magnetite 
forms). The Fe10CrAlSi alloy displayed a rapid initial oxidation rate 
(first hour with an ɑ-value of 1.5) followed by a reduced oxidation rate 
due to a transition into parabolic behavior (ɑ-value of 2) for 15 h. The 
oxidation rate increased for a short amount of time after 16 h of expo-
sure, indicating possible crack formation, followed by a transition into 
sub-parabolic behavior (ɑ-value of 4). This resulted in a final mass gain 
of 2.5 mg/cm2 according to the recorded mass gain and 3.3 mg/cm2 for 
the corrected mass gain which corresponds to theoretical oxide 

Fig. 1. Mass gains of alloys exposed to 5% O2 + 20% H2O + N2 (Bal.) at 600 ◦C 
with and without KCl present in a tube furnace for 168 h. 

Fig. 2. Kinetic behavior of the alloys exposed to 5% O2 + 20% H2O at 600 ◦C 
with KCl present in a thermobalance for 48 h. The dashed curves are adjusted 
according to mass loss due to the evaporation of KCl under the pre-
sent conditions. 

Table 2 
ɑ-values for different time intervals during exposure of each of the investigated 
alloys. The values are calculated based on the corrected behaviors (dashed 
curves) in Fig. 2.  

Fe5CrAlSi 0–2 h 2–48 h 
ɑ < 1 5 
Fe10CrAlSi 0–0.5 h 0.5–16 h 16–48 h 
ɑ 1.5 2 4 
Fe15CrAlSi 0–10 h 10–30 h 30–48 h 
ɑ 2 5 50 
Fe20CrAlSi 0–0.5 h 0.5–5 h 5–13 h 13–48 
ɑ 2 5 14 -14  
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thicknesses of 17.5 µm and 23 µm respectively. The Fe15CrAlSi alloy 
displayed a parabolic behavior during the first 10 h of the exposure (ɑ- 
value of 2) followed by a transition into sub-parabolic behavior. During 
the last 18 h of the exposure, the Fe15CrAlSi alloy displayed a very high 
ɑ-value (ɑ-value of 50). As previously mentioned, due to the high 
evaporation rate of KCl, Fe15CrAlSi exhibited mass loss after about 24 h 
of exposure which resulted in a final mass gain of roughly 0.5 mg/cm2, 
corresponding to a theoretical oxide thickness of 3.5 µm. However, by 
considering the evaporation of KCl, the adjusted mass gain data did not 
display a mass loss and resulted in a final mass gain of about 1.3 mg/ 
cm2. This mass gain corresponds to a theoretical oxide thickness of 9 µm. 
The Fe20CrAlSi alloy displayed a parabolic behavior (ɑ-value of 2) 
during the first hour of exposure, followed by a transition into sub- 
parabolic behavior (ɑ-value of 5). An additional kinetic transition 
occurred after 5 h at which the order of parabolicity was further 
increased (ɑ-value of 14). After 13 h of exposure, the Fe20CrAlSi alloy 
displayed a negative ɑ-value (ɑ-value of − 14), indicating that the rate of 
KCl evaporation is slightly underestimated. The Fe20CrAlSi alloy 
exhibited a recorded final mass gain close to 0 mg/cm2. However, 
adjusting the mass gain according to the recorded rate of KCl evapora-
tion, resulted in a final mass gain of about 0.8 mg/cm2, which corre-
sponds to a theoretical oxide thickness of 5.5 µm. 

3.2. Oxide morphology 

All four alloys displayed smooth surfaces with only minor surface 
features after exposure in O2 + H2O, see Fig. 3. This indicates that all 
alloys were still in the primary corrosion regime. The Fe5CrAlSi alloy 
has formed small Fe oxide nodules, sparsely dispersed on the surface. 
The Fe oxide nodules seem to originate from protruding zirconia parti-
cles present on the surface. Apart from the Fe oxide nodules, the surface 
is covered by a thin oxide scale (in the nanometer range) indicated by 

the alloy grains being distinguishable through the oxide scale in the 
SEM-BSE images. The other alloys do not display any surface features 
other than the zirconia particles and have formed thin oxide scales 
(primary protection), which is in line with the recorded mass gain. 

After exposure in the presence of KCl, all alloys displayed rough 
surface morphologies and alloy grains were no longer visible through 
the oxide scales, see Fig. 4. This indicates the formation of a thick Fe-rich 
oxide scale and a transition from the primary to the secondary corrosion 
regime, which agrees with the thermogravimetrical analysis. For all 
alloys, except the Fe5CrAlSi alloy, K2CrO4 is visible on the surface 
(identified by SEM/EDX and XRD) and the amount of K2CrO4 increased 
with the Cr content of the alloy. The Fe5CrAlSi alloy displays a relatively 
smooth surface morphology compared to the other alloys with only 
minor surface features, such as overgrown unreacted KCl particles. 

3.3. Oxide microstructure 

The focus of this work was the influence of Cr on the oxidation 
behavior in harsh environments and the microstructural investigation 
was therefore performed on the alloys exposed in the presence of KCl(s). 
SEM-BSE cross sections were ion milled using Broad Ion Beam (BIB) 
milling to investigate the oxide microstructure in detail. The slow- 
growing scales formed on the Fe15CrAlSi and Fe20CrAlSi alloys were 
in addition investigated in detail using TEM. 

3.3.1. Alloy Fe5CrAlSi (KCl) 
Fig. 5 shows SEM-BSE cross section images of the Fe5CrAlSi alloy 

after exposure in a thermobalance for 48 h (Fig. 5a) and a tube furnace 
for 168 h (Fig. 5b). After 48 h of exposure in the thermobalance, the 
Fe5CrAlSi alloy displayed a 12–15 µm thick oxide scale consisting of a 
5–7 µm thick outward-growing Fe oxide and a 7 µm thick inward- 
growing (Fe, Cr, Al Si)-oxide, see Fig. 5a. However, about 6 µm of 

Fig. 3. SEM-BSE plan view images of a) Fe5CrAlSi, b) Fe10 CrAlSi, c) Fe15CrAlSi, and d) Fe20CrAlSi after exposure to 5% O2 + 20% H2O at 600 ◦C for 168 h in a 
tube furnace. 
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outward-growing oxide scale detached during sample preparation. The 
detached scale can be observed in the upper part of Fig. 5a. During the 
168 h exposure in the tube furnace, the Fe5CrAlSi alloy formed a 
30–45 µm thick oxide scale consisting of a 23 µm thick outward-growing 
Fe oxide and a 6–22 µm inward-growing (Fe, Cr, Al, Si)-oxide, see Fig. 5. 
The outward-growing oxide consists of two layers, distinguished by the 
difference in contrast. From EBSD, the outer and inner Fe oxide layers 

were identified as hematite and magnetite respectively (see EBSD pat-
terns included in Fig. 5). The SEM/BSE imaging of the inward growing 
scale indicate different layers by the difference in image contrast. This 
was verified by SEM/EDX-analysis showing an enrichment in Cr (20 at 
%), Al (25 at%) and Si (20 at%) and a depletion in Fe (40 at%) in the 
dark contrast areas while the brighter contrast areas were enriched in Fe 
(66 at%) with slightly lower Cr-, Al- and Si-contents (10, 15 and 10 at% 

Fig. 4. SEM-BSE plan view image of a) Fe5CrAlSi, b) Fe10 CrAlSi, c) Fe15CrAlSi, and d) Fe20CrAlSi after being exposed to 5% O2 + 20% H2O at 600 ◦C with KCl 
present in a tube furnace for 168 h. 

Fig. 5. SEM-BSE cross section images of Fe5CrAlSi after being exposed to 5% O2 + 20% H2O at 600 ◦C with KCl present in a) a thermobalance for 48 h and b) a tube 
furnace for 168 h. The EBSD patterns in the blue, orange and green boxes (left to right) confirms the presence of hematite, magnetite and spinel respectively. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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respectively). The presence of spinel was in addition identified by EBSD 
in the homogeneously thick inward-growing scale, see inserted Kikuchi 
pattern in Fig. 5. The contrast beneath the oxide scale and EDX analysis 
indicate that an internal oxidation zone has formed [20–22]. The 
SEM/BSE image shows that it has a discontinuous nature and is 
10–15 µm thick. 

3.3.2. Alloy Fe10CrAlSi (KCl) 
Fig. 6 shows SEM-BSE cross section images of the Fe10CrAlSi alloy 

after exposure in a thermobalance for 48 h (Fig. 6a) and a tube furnace 
for 168 h (Fig. 6b). After 48 h of exposure in the thermobalance, the 
Fe10CrAlSi alloy formed a non-uniform oxide scale with highly varying 
thickness. The oxide scale shown in Fig. 6a represents the average oxide 
thickness (about 13 µm) while the observed oxide scale thickness varies 
over the surface in the range 3–85 µm. The microstructure displayed in 
Fig. 6a is similar to that of the Fe5CrAlSi alloy with a 7–9 µm outward- 
growing Fe oxide scale and a 4–6 µm thick inward-growing (Fe, Cr, Al, 
Si)-oxide scale. SEM/EDX-analysis showed that the average composition 
of the inward-growing oxide scale was about 50 at% Fe, 20 at% Cr, 15 at 
% Al and 10 at% Si. However, Cr-enrichment was observed close to the 
metal oxide interface, displaying Cr-contents of up to 50 at% (SEM- 
EDX). Similar Cr-enrichment could be observed in the areas with a 
thinner oxide scale but not in the areas with thicker oxide scale. The 
areas with higher oxide thickness displayed highly porous outward- 
growing Fe oxide, mixed with traces of unreacted KCl. Less variation 
in oxide thickness was observed upon analyzing the Fe10CrAlSi alloy 
after 168 h of exposure in the tube furnace (10–23 µm). Fig. 6b displays 
one of the thicker oxide scales, consisting of a 13 µm thick outward- 
growing Fe oxide scale and an 8 µm thick inward growing (Fe, Cr, Al, 
Si)-oxide scale. No distinct differences in contrast can be observed in the 
outward growing Fe oxide. However, the presence of both hematite 
(outer part) and magnetite (inner part) was identified with EBSD anal-
ysis as shown in the EBSD patterns inserted in Fig. 6. In addition, the 
EBSD analysis identified the inward-growing oxide as spinel. SEM/EDX 
analysis showed that the average composition of the spinel oxide is 50 at 
% Fe, 20 at% Cr, 15 at% Al and 10 at% Si. However, a 1–2 µm thick 
layer, enriched in Cr (56 at%) and depleted in Fe (20 at%) was detected 
with SEM-EDX in the inward-growing scale, close to the metal/oxide 
interface. Similar Cr-enrichment was observed in regions with thinner 

oxide scales. Both after 48 h and 168 h of exposure, a nitridation zone of 
4–5 µm and 10–15 µm in thickness, respectively, was observed beneath 
the oxide scale. SEM-EDX analysis indicated the presence of Al-nitrides. 

3.3.3. Alloy Fe15CrAlSi (KCl) 
Fig. 7 shows SEM-BSE cross section images of the Fe15CrAlSi alloy 

after exposure in the thermobalance for 48 h (Fig. 7a) and the tube 
furnace for 168 h (Fig. 7b). The Fe15CrAlSi alloy formed a 5–14 µm 
thick oxide scale (with an average of around 6 µm) after 48 h of expo-
sure in the thermobalance,. The general microstructure of the oxide 
scale is similar to those displayed by Fe5CrAlSi and Fe10CrAlSi with 
about 60–70% outward-growing Fe oxide and 30–40% inward-growing 
(Fe, Cr, Al, Si)-oxide. After 168 h of exposure in the tube furnace, the 
Fe15CrAlSi alloy had formed an oxide scale with a similar microstruc-
ture as after 48 h of exposure but with an increased average oxide 
thickness (about 10 µm). No distinct differences in contrast were 
observed in the outward-growing Fe oxide but both hematite and 
magnetite were identified with XRD and EBSD analysis, respectively 
(not shown). The contrast in the SEM/BSE images of the inward-growing 
oxide scale is relatively even, indicating a uniform element distribution 
and density. However, close to the metal/oxide interface, the contrast is 
slightly brighter. Beneath the oxide scale, a 5–10 µm thick nitridation 
zone was observed after both 48 and 168 h of exposure. Both the SEM/ 
EDX and STEM/EDX (see below) analysis showed enrichment of Al in 
this area compared to the alloy, indicating the formation of Al nitrides. 

In areas with large amounts of former KCl particles, K2CrO4 was 
observed. At some of these areas grain boundary attack could be 
observed (see Fig. 7a), reaching depths of about 25 µm. SEM-EDX 
analysis indicated that while the majority of the attacked grain bound-
aries were enriched in Cr, the metal along attacked and non-attacked 
grain boundaries were depleted in Cr, see Fig. 8. In addition, in-
dications of void formation were observed at the attacked grain 
boundaries deeper down in the alloy (Fig. 8a). Additionally, traces of Cl 
were detected in the attacked grain boundaries with SEM-EDX. 

In order to investigate the microstructure of the slower growing 
oxide scale of the Fe15CrAlSi alloy a detailed microstructural investi-
gation was performed on one of the samples exposed for 48 h. A FIB 
lamella was lifted out from a representative region in the BIB cross- 
section with the FIB/SEM instrument (see Fig. 7). Fig. 9a shows a 

Fig. 6. SEM-BSE cross section images of Fe10CrAlSi after being exposed to 5% O2 + 20% H2O at 600 ◦C with KCl present in a) a thermobalance for 48 h and b) a tube 
furnace for 168 h. The EBSD patterns in the blue, orange and green boxes (from left to right) confirms the presence of hematite, magnetite and spinel respectively. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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STEM high-angle annular dark field (HAADF) overview image of the 
Fe15CrAlSi microstructure. 

The oxide scale can be divided into three main layers (see Fig. 9a). 
The outer most layer was characterized as Fe oxide while two layers 
could be distinguished in the inward-growing scale, i.e., a dark and 
bright layer, in good agreement with the SEM investigation. A nitrida-
tion zone was observed beneath the oxide scale. In-between the outward 
growing Fe oxide and the inward growing scale a complex microstruc-
ture could be observed. This was interpreted as remains from the pri-
mary scale and chromate formation. 

Fig. 9c shows a STEM-EDX line scan profile performed on a repre-
sentative region marked with an arrow in Fig. 9a, illustrating the dis-
tribution of different elements within these layers. The different layers 
were in addition characterized with point analysis and electron 
diffraction (see Fig. 9b). From the line scan profiles, the top layer was 
identified as Fe oxide while the region at the original metal oxide 
interface had a very complex microstructure, i.e., increased Si/K/Cr 
content. 

The first part of the inward growing scale (layer I) had a micro-
structure interpreted as less dense (darker contrast in the HAADF image) 
than the bottom part and had a composition of approximately 40 at% Cr, 
10 at% Al and 35 at% Fe, 10 at% Si and 1 at% K. There were also in-
dications of small amounts of Cl (less than 1 at%) in this region. 

The bottom part (layer II), i.e., closest to the nitridation zone, had a 
different type of microstructure (interpreted as denser due to the 

brighter HAADF contrast) and a composition of approximately 65–70 at 
% Cr, 10 at% Al and 10–15 at% Fe, 5 at% Si. None or very low amounts 
of K/Cl were detected in this layer. A depletion zone of Cr was found 
below the oxide scale to a depth of approximately 400 nm. 

The crystal structure of the inward-growing scale was investigated 
with convergent beam electron diffraction (CBED), see Fig. 9b. Both 
layers contain crystalline phases, and the presence of spinel structure 
was identified in both layers with the zone axis [1 1 2] (see inserts in 
Fig. 9b). However, the presence of a spinel phase in a region with a large 
amount of Cr/Al (dense bottom layer) indicate a more complex micro-
structure consisting of several phases. Additionally, the TEM lamella 
was thicker in this region and further detailed investigations are 
required to fully reveal the complex microstructure. 

3.3.4. Alloy Fe20CrAlSi (KCl) 
Fig. 10 shows SEM-BSE cross section images of the Fe20CrAlSi alloy 

after exposure in a thermobalance for 48 h (Fig. 10a) and a tube furnace 
for 168 h (Fig. 10b). The Fe20CrAlSi alloy formed equally thick oxide 
after 48 h and 168 h of exposure and is in the range 1–4 µm. The oxide 
scale consists of an approximately 1–3 µm thick outward growing Fe 
oxide and a 0.5–1 µm thick inward-growing oxide scale, distinguished 
by a darker contrast (see high magnification image in bottom left corner 
of Fig. 10b). 

The Fe oxide is mixed with overgrown K2CrO4 giving a complex 
microstructure. Beneath the oxide scale, a nitridation zone could be 

Fig. 7. SEM-BSE cross section images of Fe15CrAlSi after being exposed to 5% O2 + 20% H2O at 600 ◦C with KCl present in a) a thermobalance for 48 h and b) a tube 
furnace for 168 h. *The yellow dashed line in Fig. 7a illustrates the area of the lift-out shown in Fig. 9a. 

Fig. 8. SEM-BSE cross section images of Fe15CrAlSi after being exposed to 5% O2 + 20% H2O at 600 ◦C with KCl present in a) a thermobalance for 48 h and b) a tube 
furnace for 168 h. SEM-EDX Cr maps of the respective areas are shown in the top right corner of Fig. 8a and Fig. 8b. 
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observed after both 48 and 168 h of exposure (to a depth of 1–3 µm and 
5–10 µm respectively). Both the SEM/EDX and STEM/EDX analysis (see 
below) showed enrichment of Al in this area compared to the alloy, 
indicating Al nitrides. K2CrO4 was found in areas with large amounts of 
former KCl particles. Similar to the Fe15CrAlSi alloy, grain boundary 
attack was also observed for Fe20CrAlSi but to a higher degree, as 
shown in Fig. 11. 

A detailed microstructural investigation (TEM) was performed on the 
Fe20CrAlSi alloy after exposure for 48 h. A FIB lamella was lifted out 

from a representative region in the BIB cross-section (see Fig. 10a).  
Fig. 12a shows a STEM high-angle annular dark field (HAADF) overview 
image of the corrosion products. The corrosion products may be divided 
into several layers. The outer part consists of Cr/K and was interpreted 
as potassium chromate. Beneath that, a complex layer, consisting of dark 
and bright contrast regions, was found. This was followed by an Fe oxide 
layer. Below the Fe oxide layer, a Cr-rich scale (interpreted as the 
inward-growing scale) was found. The microstructure and composition 
of this scale are complex and small brighter regions could be observed 

Fig. 9. a) STEM-HAADF image from a lift-out performed on Fe15CrAlSi after being exposed to 5% O2 + 20% H2O at 600 ◦C with KCl present in a thermobalance in 
for 48 h. Fig. 9b shows a higher magnification STEM-HAADF image of the area marked in Fig. 9a with CBED patterns of the two different layers within the inward- 
growing scale. Fig. 9c displays the EDX-data corresponding to the line scan marked out in Fig. 9a. 

Fig. 10. SEM-BSE cross section images of Fe20CrAlSi after being exposed to 5% O2 + 20% H2O at 600 ◦C with KCl present in a) a thermobalance for 48 h and b) a 
tube furnace for 168 h. *The yellow dashed line in Fig. 10a illustrates the area of the lift-out shown in Fig. 12a. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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throughout the layer in the STEM-HAADF image (Fig. 12a). It may be 
noted that none or very small amounts of Fe was found in this layer. 

The different layers were in addition characterized with point anal-
ysis and electron diffraction. From STEM-EDX quantification analysis 
and line scan profile (see Fig. 12c) the compositions of the different 
layers were determined. Following the K2CrO4, Si-rich dark contrast 
regions (80 at% Si) and an Fe-rich (75 at% Fe) layer with about 7 at% Al 
and 8 at% Cr was found with indications of small amounts of K and Cl. 
This was followed by an outward-growing (interpreted) Fe oxide. The 
inward growing scale had an inhomogeneous elemental distribution 

across the layer (75–100 at% Cr, 0–10 at% Al and 0–20 at% Fe, 0–5 at% 
Si). A depletion zone of Cr was detected below the oxide scale to a depth 
of approximately 500 nm. The dark bands in the nitridation zone were 
quantified to be Al rich, indicating Al-nitrides. 

The crystal structure of the inward-growing scale was investigated 
with CBED, see Fig. 12b. All layers contained crystalline phases. The 
presence of spinel structure was identified with the zone axis [0 0 1] in 
the marked layer, see insert in Fig. 12b. However, the presence of the 
spinel phase in a region with a large amount of Cr/Al indicate a more 
complex microstructure consisting of several phases. This is supported 
by the un-even contrast of the HAADF image with bright regions in this 
layer. In addition, the TEM lamella is thicker in this region and further 
detailed investigations are required to fully reveal the complex 
microstructure. 

4. Discussion 

The oxidation kinetics have been shown to be fundamentally 
different for Fe based alloys at 600 ◦C before and after breakaway 
corrosion (primary and secondary corrosion regimes respectively) [11]. 
The discussion is therefore separated into a primary part (before 
breakaway) and the secondary part (after breakaway). However, as the 
main aim of this study is to investigate the effect of Cr on the corrosion 
behavior of FeCrAl-Si model alloys in harsh environments, i.e., in which 
the alloys transition into the secondary corrosion regime, more emphasis 
is put on the exposures of FeCrAl model alloys in the presence of water 
vapor and KCl. 

4.1. The primary protection 

All model alloys managed to retain the primary protection (thin 
slow-growing oxide scale) during exposure in the presence of water 
vapor (and absence of KCl), see Fig. 1 and Fig. 3. This may be expected 

Fig. 11. SEM-BSE cross section images of a) Fe15CrAlSi and b) Fe20CrAlSi 
after being exposed to 5% O2 + 20% H2O at 600 ◦C with KCl present for 168 h 
in a tube furnace. 

Fig. 12. a) STEM-HAADF image from a lift-out performed on Fe15CrAlSi after being exposed in a thermobalance at 600 ◦C in 5% O2 + 20% H2O with KCl present for 
48 h. Fig. 12b shows a higher magnification STEM-HAADF image of the area marked in Fig. 12a with CBED pattern of the marked layer within the inward-growing 
scale. Fig. 12c displays the EDX-data corresponding to the line scan marked out in Fig. 12a. 
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for the alloys with high Cr contents since they have a greater reservoir of 
Cr that may compensate for the Cr-evaporation from the Al/Cr-rich 
protective oxide scale. However, in this study, two alloys with rela-
tively low amounts of Cr, Fe5CrAlSi and Fe10CrAlSi, were also able to 
retain the primary protection. This may be compared to FeCr model 
alloys where alloys with a Cr-content of up to 25% lost their primary 
protection in the presence of water vapor at 600 ◦C [23]. In addition, 
Lim et al. showed that FeCrAl alloys should contain at least 4–5 wt% Al 
and 10–12 wt% Cr in order to form a protective layer at 600 ◦C [24]. 
Both Fe5CrAlSi and Fe10CrAlSi are below the optimal range (especially 
the former) but still forms protective oxide scales. 

The influence of Si on the primary protection of lean FeCrAl alloys 
(low Cr-content) at 600 ◦C was recently studied [14]. The study showed 
that minor additions of Si significantly improve the primary protection 
of these alloys by preventing breakaway oxidation in the presence of 
water vapor. This was further investigated in a study by Asokan et al. 
which showed that the addition of Si to FeCrAl model alloys results in 
the formation of a primary oxide scale with higher concentration of Al 
when exposed under dry conditions [25]. The experimental findings 
were in agreement with thermodynamic calculations, indicating 
increased Al-activity and reduced Cr-activity in the alloy in the presence 
of Si. Additionally, the Si-containing FeCrAl alloy was shown to form a 
protective oxide scale, highly enriched in Si and Al with only traces of Cr 
when exposed under wet conditions which may further explain the 
resistance towards water vapor. 

Sparsely distributed Fe oxide nodules, seemingly originating at 
reactive element particles, were found on the surface of the Fe5CrAlSi 
alloy. This phenomenon has been observed in previous studies [14, 
26–28]. Boggs et al. reported Fe oxide nodules on binary Fe-Al alloys 
and proposed that they form due to localized breakdown of the pro-
tective alumina under which the adjacent metal was depleted in Al [26]. 
However, Tomaszewicz et al. claim that the Fe oxide nodules form in the 
initial stages of oxidation and that a healing layer may form since the 
nodules do not grow or increase in number during further oxidation 
[27]. This is in good agreement with the work by Zhang et al. which 
showed demonstrated similar self-healing behavior and indicated a high 
enrichment of Al at the oxide/metal interface underneath the Fe oxide 
nodules [28]. Nevertheless, all model alloys in the present study dis-
played a protective behavior on the majority of the sample surfaces, i.e., 
all FeCrAl model alloys remained in the primary corrosion regime and 
the Fe rich nodules did not function as initiation points for breakaway 
oxidation. 

4.2. The secondary protection – behavior after breakaway oxidation 

4.2.1. Initiation 
All alloys went into breakaway oxidation in the presence of KCl, see 

Figs. 1, 2 and 4. This is in good agreement with earlier studies of FeCrAl 
alloys exposed in harsh environments, especially at lower temperatures 
at which ɑ-alumina formation is slow [12,29,30]. 

Alkali- and chlorine-containing species have been shown to break 
down the primary scale through various mechanisms, such as Cr 
depletion due to formation of K2CrO4 (alkali compounds) [6,9,31,32] or 
chlorine-induced corrosion [33–35]. This usually results in rapid for-
mation of Fe-rich oxide which, because of the higher growth rate 
compared to chromia and alumina, is considered less protective [12,14, 
29,30]. A common perception is that increasing the Cr content in 
chromia-forming steels, exposed in an environment containing water 
vapor or other Cr-depleting species, increases the incubation time of the 
alloy, i.e., the time before the chromia breaks down. This was shown by 
Pujilaksono et al. when exposing several FeCr model alloys with varying 
Cr content in a water vapor containing environment [23]. However, the 
results of the present study show that the transition from the primary to 
the secondary regime occurs immediately (revealed by the initially high 
mass gain recorded in the thermo balance) for all alloys, i.e., none of the 
alloys displayed a significant incubation time. It should be noted that the 

formation of K2CrO4 may be partly responsible for the initial mass gain 
while the microstructure supports the conclusion of a very rapid tran-
sition to the secondary regime. The calculated ɑ-values (Table 2) indi-
cate that the initial oxide scale on all alloys except for the Fe5CrAlSi 
alloy grow parabolically. The low initial ɑ-value (<1) of the Fe5CrAlSi 
alloy indicates exponential growth while the other alloys show partially 
parabolic behavior. As several processes possibly influencing the mass 
change may be at play simultaneously (oxidation, evaporation (KCl), 
K2CrO4 formation) it is challenging to draw more conclusions during the 
very initial stages based on the calculated ɑ-values. 

4.2.2. Propagation 
The mass gain data shows that increasing the Cr content has a large 

influence on the kinetics of the corrosion process after the transition 
from the primary to the secondary corrosion regime, displaying drasti-
cally reduced corrosion rates with elevated Cr content, see Figs. 1–2. 
This is in agreement with a previous study, investigating the corrosion 
behavior of FeCrAl model alloys (without Si) within the secondary 
corrosion regime (using K2CO3 instead of KCl) [11]. However, it may be 
noted that the corrosion rate only decreased when exceeding a 
Cr-content of 18 wt% without additions of Si, i.e., with a Cr concen-
tration below 18 wt% the Cr-content had no influence on the corrosion 
behavior in the secondary regime. In contrast, the Cr-content signifi-
cantly influenced the oxidation kinetics even at 10 wt% in the present 
study, i.e., FeCrAl alloys containing Si. 

The calculated ɑ-values, shown in Table 2, provide some additional 
insight in the propagation of the corrosion behavior of the different al-
loys. After the initial exponential behavior (ɑ<1) of the Fe5CrAlSi alloy 
during the first two hours of the exposure, it displayed an abrupt tran-
sition into a sub-parabolic behavior (ɑ=5). This transition is indicative 
of the sample surface reaching full coverage of the rapidly growing Fe- 
rich oxide scale within the first two hours and that propagation from 
that point is limited by the diffusion of ions through the thick oxide 
scale. However, it may be noted that a Fe10Cr4Al model alloy (without 
Si) exhibited a significantly higher mass gain and did not transition into 
sub-parabolic behavior when exposed under the same exposure condi-
tions [36], indicating that other mechanisms, related to the presence of 
Si in the alloy, may be in play. While the Fe5CrAlSi and Fe10CrAlSi 
alloys exhibited similar mass gain after 48 h of exposure, the former 
displayed rapid initial oxidation followed by an early transition into 
sub-parabolic behavior and the latter displayed a slower initial oxida-
tion rate but transition into sub-parabolic behavior at a later stage. 
Meanwhile, the Fe5CrAlSi and Fe10CrAlSi alloys displayed large dif-
ferences in mass gain after 168 h of exposure. In addition, the mass gain 
of the latter was twice as high after 48 h than after 168 h of exposure. 
This discrepancy may be connected to the difference in flow rate in the 
two systems (3 cm/s in the tube furnace and 1.5 cm/s in the thermo-
balance), which was shown to significantly affect the evaporation rate of 
KCl (0.03 mg/cm2 h in tube furnace and 0.008 mg/cm2 h in the ther-
mobalance). Thus, KCl(s) remained on the surface of the samples for a 
much longer time when exposed in the thermobalance in comparison to 
the tube furnace. Considering this, the mechanism responsible for the 
transition into sub-parabolic behavior may be suppressed by the longer 
exposure to KCl in the thermobalance. 

The Fe15CrAlSi and Fe20CrAlSi alloy displayed initial parabolic 
kinetics followed by a transition into sub-parabolic behavior after 10 
and 0.5 h respectively, indicating the formation of a healing layer. 
Accordingly, both alloys displayed similar mass gain after 48 and 168 h 
of exposure if taking the evaporation of KCl into account. This indicates 
that the longer exposure to KCl(s) in the thermobalance did not inhibit 
the transition into sub-parabolic behavior for the Fe15CrAlSi and 
Fe20CrAlSi alloys. 

The oxide scale microstructure of Fe-based steels after transition into 
the secondary regime (after breakaway oxidation) has been abundantly 
reported to consist of outward-growing Fe oxide and inward-growing 
spinel (containing the main alloying elements) [11,20–23,29,37]. This 
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type of distribution of alloying elements has been attributed to the dif-
ference in diffusivities of the alloying elements in the spinel phase. Fe 
has a several orders of magnitude higher diffusivity than Cr and Al [11, 
38–40]. Accordingly, all alloys investigated in this study display similar 
oxide scale microstructure (30–40% inward and 60–70% outward) 
within the secondary regime, see Figs. 5–10. However, the oxide scale 
thickness was greatly reduced upon increasing the Cr-content, see  
Fig. 13. 

The outward-growing Fe oxide scale does not contain any (or a very 
low amount of) Cr, implying that Cr does not have a direct influence on 
the growth rate of this scale. In addition, nothing observed in the 
microstructure, i.e., grain size of hematite and magnetite layers, indicate 
that the outward growing scale is rate determining. Cr is instead present 
in the inward-growing oxide scale. The microstructural investigation 
shows that while the oxide scale thickness was reduced drastically with 
increasing Cr content, the ratio between inward- and outward-growing 
oxide scales remained approximately constant (40% inward and 60% 
outward). This suggests that the growth rates of these layers are con-
nected. Since the Cr in the alloy, which seemingly has a large effect on 
the growth rate of the Fe-rich oxide scale, ends up in the inward-growing 
part, it is tempting to suggest that this layer is rate-determining for the 
oxidation process in the secondary corrosion regime. 

It may be noted that no Si-rich layer was observed on any of the 
alloys and the formation of a protective silica layer may therefore be 
ruled out. Instead, higher concentration of Cr was detected close to the 
metal/oxide interface for both the Fe10CrAlSi and Fe15CrAlSi alloys 
and throughout the inward-growing scale of Fe20CrAlSi. There were no 
indications of this type of Cr-enrichment in the inward-growing scale of 
Fe5CrAlSi. The transition into slow oxide scale growth may therefore be 
connected to the Cr-enrichment in the inward-growing scale. 

Previous research often attributes these types of kinetic transitions to 
the formation of a corundum type healing layer [41–46], i.e., a Cr- 
and/or Al-rich corundum-type oxide scale that reforms at the metal/-
oxide interface at some point after breakaway oxidation has occurred. 
However, the thickness of these layers (0.5–2 µm) indicates a signifi-
cantly higher growth rate than what is expected for a (primary) Cr-rich 
corundum type oxide scale at the present temperature. Jonsson et al. and 
Pujilaksono et al. [20,23] reported that chromia scales formed on 
Fe10–25Cr alloys when exposed in dry O2 at 600 ◦C was in the range 
50–70 nm after 24 h and in the range 70–90 nm after 168 h which in-
dicates a significantly lower growth rate than the Cr-rich layers in the 
present study. In addition, the CBED patterns obtained from the 
inward-growing scales of the Fe15CrAlSi and Fe20CrAlSi alloys show 
presence of a spinel crystal structure in these regions. However, this does 
not rule out the presence of corundum type oxide since several phases 
may be present simultaneously. An example of the mentioned behavior 
was identified by Col et al. when analyzing a 304 L sample, exposed in 
dry air at 850 ◦C for 312 h, with Raman mapping [46]. The inner part of 
the inward-growing scale displayed Cr-rich spinel co-existing with 
Cr-rich corundum type oxide, indicating an imminent phase trans-
formation from the former to the latter. The initial formation of a 
meta-stable Cr-rich spinel and subsequent transformation into a 
corundum type oxide could explain the relatively high thickness of the 
Cr-rich layers. The detailed microstructural investigation showed that 

the Cr- and Al-content in the innermost part of the inward-growing scale 
of Fe15CrAlSi and the entire inward-growing scale of Fe20CrAlSi was 
higher than 67.7 at%, see Figs. 8 and 12. Since Cr and Al have been 
shown to be more restricted to be trivalent (maximum of 67.7 at% in the 
spinel crystal structure), the high concentration of Cr and Al provides a 
strong driving force to transform into corundum type oxide [47,48]. 

In the present work, 400–500 nm depletion zones (Cr) were observed 
below the slow-growing Cr-rich scales of Fe15CrAlSi and Fe20CrAlSi, 
see Figs. 9 and 12. This indicates that the oxidation kinetics are slow and 
that the Cr-rich scales have been supplied with Cr from the alloy. Using 
diffusivity data from binary Fe–Cr alloys [49], measured at higher 
temperatures and extrapolated to 600 ◦C by Young et al. [50] (Using DCr 
of 10− 14.5 cm2 s− 1), a depletion zone of about 40 nm could be expected 
after 1 h exposure at 600 ◦C. Jonsson et al. found that the actual depth of 
the depletion zone of a Fe10Cr model alloy was about 80 nm after 1 h 
exposure at 600 ◦C, i.e. slightly higher than the estimated value [20]. 
Nevertheless, the significantly higher depth of the depletion zones found 
in this study, indicates that the depletion, and thereby the stabilization 
of the oxidation process, started at an early stage of the exposure and not 
during the final hours. This is in good agreement with TGA results which 
showed a transition into sub-parabolic behavior already during the first 
hours of exposure. This further supports that the Cr-enrichment in the 
inward-growing scale is connected to the stabilization of the oxidation 
process. 

The corrosion resistance of the Cr-rich spinel and/or a possible 
transition into corundum type oxide in the initial part of the exposure is 
not fully understood. The significantly lower oxidation rate for the 
Fe15CrAlSi and Fe20CrAlSi during the first hours of exposure may be 
connected to the suppression of internal oxidation (equilibrium 
composition of the spinel mixed with Cr-depleted metal (BCC)). The 
formation of an internal oxidation zone has previously been connected 
to the formation of a porous inward-growing oxide scale, resulting in 
rapid oxidation within the secondary corrosion regime [11,20–22,46, 
51–53]. This is in good agreement with the present study, which showed 
that none of the alloys that formed slow-growing oxide scales displayed 
internal oxidation. Eklund et al. [16] previously showed a connection 
between the formation of slow-growing oxide scales and the ability of an 
alloy to prevent internal oxidation. Detailed microstructural analysis 
revealed significant Cr-enrichment in the inward-growing part of the 
slow-growing oxide scales for which the obtained CBED patterns 
revealed the presence of both spinel and corundum type oxide, indi-
cating the formation of a healing layer. Thermodynamic calculations in 
that work suggested that a Fe-Cr-(Al)-O system transition from the 
two-phase region BCC+S (internal oxidation zone) to a phase region, in 
which spinel is in equilibrium with corundum (S+C), when exceeding a 
critical Cr content. In addition, the incorporation of Al in the system was 
shown to reduce the stability of the internal oxidation zone, thereby 
reducing the critical Cr content necessary to prevent internal oxidation 
and enable the formation of a healing layer. 

In the present study, all alloys displayed an Al concentration of about 
15 at% in the inward growing scale and the corresponding phase dia-
gram is shown in Fig. 14. The lines (solid and dashed) in Fig. 14 illustrate 
the range of Cr concentration (cationic%) that was detected in the in-
ward growing scale of the four alloys. Among these alloys, only the 

Fig. 13. SEM-BSE cross section images of a) Fe5CrAlSi, b) Fe10CrAlSi, c) Fe15CrAlSi, and d) Fe20CrAlSi after being exposed to 5% O2 + 20% H2O at 600 ◦C with 
KCl present for 168 h in a tube furnace. 
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Fe5CrAlSi alloy has a Cr concentration range that is solely within the 
BCCFe+ SCr (internal oxidation zone) region. This agrees with the 
microstructural investigation which showed that only Fe5CrAlSi formed 
an internal oxidation zone. While the lower end of the Cr concentration 
range of Fe10CrAlSi is within the BCCFe+ SCr region, the upper end is 
within the S+C region. This could explain why the transition into sub- 
parabolic oxidation kinetics is suppressed for Fe10CrAlSi in the pres-
ence of higher amounts of KCl. Meanwhile, both Fe15CrAlSi and 
Fe20CrAlSi display Cr concentrations that are outside the BCCFe+ SCr 
region, which may explain their rapid transition into sub-parabolic 
behavior and the formation of a healing layer. 

Since the present study indicates that the addition of Si further re-
duces the critical Cr content, incorporating Si in the Fe-Cr-Al-O system 
may influence the stability of the internal oxidation zone similar to 
adding Al to the Fe-Cr-O system. According to the microstructural 
investigation, the distribution of Si is relatively uniform in the inward- 
growing scale of all alloys. This indicates that Si has not precipitated 
in the form of dispersed SiO2 particles or enriched in the grain bound-
aries but may instead be a part of the spinel crystal structure. 

There are a few examples of Si-containing spinels, e.g., ringwoodite 
and the silicon-aluminum spinel [54,55]. However, these phases 

generally form at very high pressures and temperatures. Because of the 
relatively short exposures in the present study, the FeCrAlSi-O system 
have most likely not reached equilibrium and the distribution of ele-
ments may therefore deviate from the thermodynamically stable equi-
librium. A possible microstructural evolution may be the formation of 
SiO2 regions in combination with a Si-free spinel after longer exposure 
times and reaching equilibrium. After discussion with the TCOX data-
base developers it was decided that adding the Si-containing spinels to 
the database in ambient pressure and temperature is not physically 
correct and may only interfere with well-established systems. For this 
reason, the phase diagram calculated from Thermo-Calc using the 
TCOX10 database cannot be used to interpret this system which is why 
the phase diagram (in Fig. 14) was calculated without Si. 

Nevertheless, in Si-containing spinels, Si tends to occupy tetrahedral 
sites. Since Si is tetravalent (Si4+) and the tetrahedral sites are generally 
occupied by divalent ions, every Si4+ ion should induce one tetrahedral 
vacancy to maintain charge neutrality, see Fig. 15. In theory, this would 
mean that incorporating Si in the crystal structure would reduce the 
total number of ions in relation to a spinel without Si. Meanwhile, the 
number of Cr and Al ions would remain constant as these generally 
occupy the octahedral sites, resulting in increased atomic concentration 
of Cr and Al. If so, studying the phase diagrams in Fig. 14, makes it 
apparent that the incorporation of Si should facilitate the transition from 
the BCC + S (internal oxidation zone) phase region to the S + C (spinel 
and corundum in equilibrium) phase region and enable the formation of 
a healing layer at lower Cr content (in the alloy). 

Alloy grain boundary attack was observed for both Fe15CrAlSi and 
Fe20CrAlSi (see Figs. 7–8 and 10–11), while no grain boundary attack 
was detected for the alloys with lower Cr content. A similar phenomenon 
was observed in another study in which FeCrAlSi model alloys were 
exposed in a waste-fired boiler [15]. It was shown that the general 
corrosion behavior improved with higher Cr content (reduced material 
loss) but that the acceleration of the corrosion attack was more promi-
nent on the windward side (in the direction of the flue gas) for alloys 
with higher Cr-content. This was attributed to the direct contact with 
higher amounts of alkali chlorides and their interaction with Cr. The 
vital role of Cl on this phenomenon is strengthened by a previous study, 
in which FeCr(Al) alloys with elevated Cr-content did not display grain 
boundary attack after the primary protection was broken down with 
K2CO3, i.e. in the absence of Cl-ions [11]. 

The mechanism behind grain boundary attack in the presence of Cl- 
containing species has previously been investigated [56–59]. Malede 
et al. showed correlations between the formation of Cr-rich σ-phase 
along the grain boundaries and subsequent selective attack of these in 
the presence of KCl. This was attributed to interaction between Cl-ions 
and the Cr-rich σ-phase, resulting in the formation of volatile 

Fig. 14. Phase diagram for the FeCrAl-O system at 600 ◦C and Al concentration 
fixed at 15 at%, calculated with Thermo-Calc using the TCOX10 database. The 
subscripts of the different phases indicate if they are rich in Fe, Cr or Al. The 
two-phase region BCCFe+SCr, (internal oxidation zone) is highlighted in grey. 
The vertical lines indicate the range of Cr-content in the inward-growing scale, 
i.e., close to the metal/oxide interface (low pO2), for the different alloys. 

Fig. 15. Schematic illustration of the induction of vacancies in the tetrahedral sites upon incorporation of Si into the spinel crystal structure.  
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Cr-chlorides, CrCl2, followed by depletion of Cr along the grain 
boundaries and consequently, reduced corrosion resistance. While the 
formation of σ-phase is more rapid in the presence of ferrite stabilizers 
[60] such as Cr and Si, it is very slow at 600 ◦C [61–64] and may not be a 
viable explanation for the observations in the present study. Jonsson 
et al. suggested an alternative mechanism, involving the preferential 
attack of the grain boundaries in the presence of HCl. This was attributed 
to the formation of voids along the grain boundaries because of rapid 
outward flux of Cr and Fe and that metal chlorides preferentially form 
along these voids [58]. In addition, the formation of metal chlorides is 
suggested to further accelerate the void formation because of the high 
ionic conduction of these. This agrees with the observations of the 
present study, which clearly displays Cr-depletion along attacked and 
non-attacked grain boundaries as well as indications of void formation. 
Traces of Cl in the attacked grain boundaries further supports this 
mechanism. 

5. Conclusions 

The main aim of the present paper was to investigate the influence of 
Cr-content on the oxidation behavior of Si-containing FeCrAl alloys after 
breakaway oxidation (secondary protection). Deposition of KCl salt was 
utilized to ensure rapid transition into the secondary corrosion regime 
(trigger breakaway oxidation). This was successful for all the alloys 
investigated in the present study, resulting in the formation of an Fe-rich 
oxide scale. 

By increasing the Cr content in the model alloys, the oxidation 
behavior after breakaway oxidation was altered, transitioning from 
parabolic to sub-parabolic oxide growth which significantly reduced the 
oxide scale thickness. This kinetic transition occurred at an earlier stage 
with increasing Cr-content and was attributed to the formation of a Cr- 
rich healing layer. It is suggested that the formation of a healing layer 
was enabled by preventing internal oxidation which according to ther-
modynamic calculations is inhibited by the enrichment of Cr in the 
inward-growing scale. 

However, in addition to the positive influence of Cr, elevated Cr- 
content (≥15 wt% Cr) in the alloy made the alloy more prone to alloy 
grain boundary attack which may negatively affect the longevity of the 
material during long-term operation. 

Although the behavior after breakaway oxidation was the main focus 
of the present study, the reference exposures (in the absence of KCl) 
provided some insight into the influence of Si within the primary 
corrosion regime. Since all alloys, with Cr-contents ranging from 5 to 
20 wt%, formed and retained a thin protective oxide scale in the pres-
ence of oxygen and water vapor, the results indicate that Si may reduce 
the minimum Cr- and Al-content necessary to form a protective layer. 
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