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A B S T R A C T

Breakaway corrosion of Fe-base alloys remains a challenge in applications operated in harsh conditions. The
material lifetimes are often determined by the corrosion propagation after breakaway. Nevertheless, detailed
microstructural studies, linking the protective properties of the Fe-rich oxides formed after breakaway, are
scarce. This study utilizes APT to investigate the Fe-rich oxides formed after breakaway, i.e., the secondary
corrosion protection, of four Fe-based model alloys chosen to exhibit good and poor secondary protection at
600 ◦C. The APT investigation shows that the inward-growing scale is heterogeneous at the nanometer scale
and that Fe-enriched regions form on the poorly protective oxides.
1. Introduction

High temperature corrosion remains a challenge in many industrial
applications and is commonly addressed by using highly alloyed mate-
rials such as stainless steels or FeCrAl alloys. The corrosion protection
of these materials rely on the formation of a protective Cr- and/or Al-
rich corundum-type oxide [1,2], also known as the primary corrosion
protection [3]. However, in harsh corrosive environments, these oxides
tend to break down resulting in the formation of a fast-growing, Fe-
rich oxide scale, a process known as breakaway corrosion [2,4–13].
The oxidation process after breakaway at high temperatures is signif-
icantly accelerated. However, both stainless steels and FeCrAl alloys
may form a comparatively slow Fe-rich oxide scale after breakaway,
i.e. a secondary corrosion protection, at intermediate temperatures
(<700 ◦C).

In harsh corrosive environments, the oxides formed on the alloy
surface often spall off. The ability to withstand spallation is an impor-
tant property that has not been investigated in this study. However,
if spallation is presumed to occur (applicable for many harsh envi-
ronments) the oxidation rate, as investigated in this study, between
each spallation event becomes increasingly important for the overall
material lifetime. This is due to the fact that the overall oxidation
kinetics for a process including frequently occurring spallation events
(see Fig. 1) would be determined by the magnitude of each step in
combination with the number of spallation events. Thus, the corrosion
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propagation after breakaway, and material lifetime, is determined by
the materials ability to form a protective, slow-growing oxide scale
after breakaway, i.e., a good secondary corrosion protection of the
alloy [3]. Nevertheless, a large part of previous research has been
focused on the initiation/breakaway, while less studies have focused on
the performance after breakaway. In order to meet current, and future,
corrosion challenges for applications operated in harsh conditions, the
secondary corrosion protection, i.e., the protective properties of the
multi-layered Fe-rich oxide scales, must be studied in further detail.

The selection of alloys and prediction of material lifetimes for
applications operating in harsh conditions is at present based, to a
large extent, on empirical knowledge. It has been shown that some
alloys may sustain longer after breakaway than others (see e.g., [14–
16]). However, the mechanistic understanding to the difference in
corrosion rate is not completely understood and systematic studies
on the growth mechanisms of the Fe-rich oxides formed on different
alloys after breakaway are scarce. The scales formed after breakaway
is experimentally challenging to investigate as the scales grows fast and
may spall off. For this reason it is initially important to focus on shorter
exposure times to limit the risk of spallation.

Recent studies have shown that the growth of the Fe-rich oxides
formed after breakaway is often diffusion controlled, and may be
significantly reduced by changing the alloy composition [3,15–17].
At intermediate temperatures (<700 ◦C) Fe-based alloys typically ei-
ther form a fast-growing Fe-rich oxide with growth rates similar to
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Fig. 1. Schematics illustrating the impact of different oxidation rates in applications dealing with re-occurring spallation events. The oxidation rate for each parabol becomes
increasingly important for the overall material loss for higher spallation frequency occurs.
low alloyed steels (poor secondary protection), or slow-growing multi-
layered Fe-rich oxide scales, with growth rates approximately one order
of magnitude slower (good secondary corrosion protection) [18]. The
results from investigations in several different corrosive environments
indicate a similar microstructure after the onset of breakaway corro-
sion [5,6,9,19]. The Fe-rich oxide scales formed after breakaway are in
general multi-layered, composed of an outward-growing pure Fe-oxide
and an inward-growing mixed oxide scale. As the alloy composition
is altered, the composition and microstructure of the inward growing
scale is dramatically changed, whereas the outward-growing scales
remain similar [3]. Thus, it has been proposed that the inward-growing
scale is the most critical part in determining the corrosion protection
after breakaway, i.e., the secondary corrosion protection.

The microstructure and chemical composition of the inward-growing
oxide-scale, as partly formed through internal oxidation, is normally
complex and porous. The composition and microstructure are expected
to play a crucial role in the difference between a slow- and fast-
growing secondary corrosion protection (i.e., the protection following
the onset of breakaway corrosion). In particular, the outermost part
of the inward-growing oxide (interface to the outward-growing scale)
may be considered to be remnants of the first stage of the secondary
corrosion protection (before the onset of internal oxidation). The prop-
erties of this part of the oxide scale may determine the corrosion
propagation and following microstructure by influencing the kinetics
for diffusion of species through the inward-growing oxide. Thus, this
part of the oxide scale is of major interest to increase the understanding
of the secondary corrosion protection of Fe-based alloys. The inward-
growing scale has previously been investigated in detail by transmission
electron microscopy ((S)TEM/EDX/EELS) [6,19]. However, to resolve
the chemical composition of small regions (in the nanometer range)
the 3D-influence of the thin foil analyzed in the TEM (approximately
100 nm thick) makes it difficult to fully interpret the results and
understand the microstructure in detail.

This study aims to increase the understanding of the influence of
alloying elements and corrosive species on the protective properties of
the secondary corrosion protection, by utilizing the three-dimensional
analysis of atom probe tomography (APT), in particular in the outer-
most region of the inward-growing scale. The study combines SEM/EDX
with the high resolution and three-dimensional analysis of APT to
2

Table 1
Nominal composition ([wt%] and [at%]) of the investigated Fe-based model alloys,
representing alloys previously observed to form poor (Fe10Cr4Al, Fe18Cr2Ni) as well
as good (Fe10Cr4Al2Si, Fe18Cr10Ni) secondary corrosion protection in the presence of
KCl(s).

Alloy Fe Cr Al Si Ni Zr Fe Cr Al Si Ni Zr

Fe10Cr4Al 86 10 4 – – <0.3 82 10 8 – – <0.2
Fe10Cr4Al2Si 84 10 4 2 – <0.3 78 10 8 4 – <0.2

Fe18Cr2Ni 80 18 – – 2 – 79 19 – – 2 –
Fe18Cr10Ni 72 18 – – 10 – 71 19 – – 9 –

wt% at%

investigate how the distribution of alloying elements within the inward-
growing oxide scale may influence the protection against corrosive
species such as chlorine and alkali and how these species interact with
the oxides. The study investigates the oxide scales formed on four
Fe-based model alloys chosen to exhibit good secondary corrosion pro-
tection, i.e., slow-growing oxides (Fe10Cr4Al2Si [20], Fe18Cr10Ni [3]),
as well as poor secondary corrosion protection, i.e., fast-growing oxides
(Fe10Cr4Al [20], Fe18Cr2Ni [3]). The oxides are thermally grown
for 168 h at 600 ◦C in a corrosive environment containing 5%O2 +
20%H2O + 500 ppm HCl(g) + N2(bal.) + 1 mg/cm2 KCl(s).

2. Experimental

In order to systematically study how the distribution of alloying
elements within the inward-growing oxide scale may influence the
secondary corrosion protection of Fe-based alloys, this study investi-
gates the oxide scales formed on four Fe-based model alloys chosen to
exhibit good (Fe10Cr4Al2Si, Fe18Cr10Ni) as well as poor (Fe10Cr4Al,
Fe18Cr2Ni) secondary corrosion protection. The alloys were chosen to
represent poor and good secondary corrosion protection in both the
FeCrAl(Si)- and FeCrNi systems based on previous studies [3,15,20].
The nominal compositions of the investigated alloys are shown in
Table 1.

Prior to exposures, sample coupons with dimensions 10 × 10x2 mm
were ground with SiC (P500-P4000), Largo disc (9 μ mm) and polished
with diamond suspension (3 and 1 μm). The polished coupons were
degreased in acetone using ultrasonic agitation and finally cleaned with
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ethanol. In order to study the secondary corrosion protection, all alloys
were exposed in an environment known to rapidly induce breakaway
corrosion [6,7]. The clean coupons were sprayed with a saturated solu-
tion of potassium chloride, KCl (1 mg/cm2 KCl(s), dissolved in ethanol
and water (80:20)). The samples were then isothermally exposed in a
horizontal tube furnace for 168 h at 600 ◦C in 5% O2+20% H2O +
500 ppm HCl(g) + N2(bal.). The gas flow through the system was set
at 1000 ml/min. The samples were positioned parallel to the direction
of the gas flow on an alumina sample holder. An alumina boat filled
with KCl(s) was placed upstream the samples to reduce the rate of KCl
evaporation from the sample surfaces during exposure.

To enable microstructural analysis of the oxide scales, cross sections
were prepared by dry cutting and polishing (to a surface finish of
0.5 μm) with a Leica EM TXP and subsequent ion-milled in a Broad ion
beam (BIB), using a Leica EM TIC 3X Ion beam milling system operated
at 6 kV. Thin Si-wafers were attached to the samples surfaces prior to
cutting, in order to protect the corrosion products. Samples for APT
measurements were prepared using an FEI Versa3D LoVac DualBeam
(for ROI-Pt-deposition) and an Auriga 60 DualBeam operated in high
vacuum mode, using an in-situ lift-out procedure, with subsequent
extraction and annular milling for final shaping of the tip.

The microstructure and composition of the oxide scales were in-
vestigated in cross-section by means of Scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDX), using an FEI
Quanta ESEM 200 as well as FEI Versa3D LoVac DualBeam, operated in
high vacuum at 10–20 keV. Due to large errors associated with oxygen
quantification in EDX analysis cationic percentages (at%) are reported,
excluding oxygen, assuming stoichiometric oxides.

The APT measurements were performed on a Cameca Local Elec-
trode Atom Probe (LEAP 4000X HR) at a set temperature of 60 K, a laser
pulse energy of 30 pJ, an evaporation frequency of 100–200 kHz and
a detection rate of 0.3–0.5%. The 3D atom maps were reconstructed
based on SEM images and evaluated with IVAS 3.8.14. Oxygen was
excluded in the reported quantification [at%] if not stated otherwise.

Thermodynamic calculations were carried out using the Thermo-
Calc software [21] with database TCOX11. Note that the FeCrAl (and
FeCrNi) phase diagrams were calculated with a total fixed amounts of
Al (or Ni) for each region. Hence, the composition of each phase in
the two- and three-phase regions cannot be extracted visually from the
diagrams.
3

3. Results

The thicknesses and average compositions of the different layers of
the oxide scales were analyzed by SEM/EDX. The analysis was made
at an accelerating voltage of 20 keV, resulting in a large interaction
volume and average composition of a comparatively large volume. The
outward-growing iron oxide is dense and homogeneous, in contrast to
the inward-growing scale. Thus, the average composition is supposed to
be representative for the outward-growing, dense iron oxide, while, for
the inward-growing scale, it represents an average composition of oxide
regions of different compositions contained in a porous microstruc-
ture. The data was used to calculate the outward diffusion of iron,
inward/outward ratios as well as to select representative regions for
lift-out of APT samples.

Fig. 2 shows the total thicknesses of the oxides scales grown on
the investigated FeCrAl(Si)/Ni alloys exposed for 168 h at 600 ◦C in
a corrosive environment containing 5% O2 + 20% H2O + 500 ppm
HCl(g) + N2(bal.) + 1 mg/cm2 KCl(s). Previous studies have shown that
the incubation time to breakaway on both FeCrAl(Si) and FeCrNi alloys
are short (see e.g. [3]). Thus, the oxide scale thicknesses measured in
this study are considered to be good representations of the oxidation
rates of the secondary protection following breakaway oxidation of
these alloys. The results show that the growth rates of the oxide scales
were significantly reduced as the amount of Si or Ni was increased on
both the Fe10Cr4AlxSi-(x = 0, 2 wt%), and Fe18CrxNi (x = 2, 10 wt%)
systems. Thus, the results clearly illustrate the poor- (fast-growing) and
good- (slow-growing) secondary corrosion protection of FeCrAl(Si)/Ni
alloys. The results are compared to previous studies [3,20], on oxide
scales grown under similar exposure conditions, with lower/no chlorine
(Eklund et al. [20]: 5%O2+20%H2O+N2(bal.) + 1 mg/cm2 KCl(s), and
Persdotter et al. [3]: 5%O2+N2 + 1 mg/cm2 K2CO3(s), see Fig. 2. The
comparison illustrates that the oxides grown in higher chlorine condi-
tions (KCl(s)+HCl(g)) in this study, grow at a higher rate in general,
but that the trends of poor- and good secondary corrosion protection
remain similar. The poor- and good secondary corrosion protection of
the FeCrAl(Si)-alloys and FeCrNi-alloys are studied separately below
in order to gain a more generic understanding of how the secondary
corrosion protection of Fe-based alloys may be altered by varying the
alloy composition.
Fig. 2. Oxide thicknesses of FeCrAl(Si) and FeCrNi-alloys exposed for 168 h at 600 ◦C in a corrosive environment containing 5%O2+20%H2O+500 ppm HCl(g)+N2(bal.) + 1 mg/cm2

KCl(s). The results are compared to oxide thicknesses measured in previous studies exposed under similar, but less harsh conditions: Eklund et al. [20] (5%O2+20%H2O+N2(bal.)
+ 1 mg/cm2 KCl(s)) and Persdotter et al. [3] (5%O2+N2 + 1 mg/cm2 K2CO3(s)).
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3.1. Secondary corrosion protection of FeCrAl(Si)-alloys

The oxide scales formed on the FeCrAl(Si) alloys investigated are
shown in Fig. 3 and characteristics of the microstructure is summarized
in Table 2. The total oxide scale thickness was in average 95 μm
on the Fe10Cr4Al alloy, and 37 μm on the Fe10Cr4Al2Si. The oxide
scales were both composed of an outward-growing Fe-oxide, inter-
preted to consist of hematite (Fe2O3) on top of magnetite (Fe3O4),
and an inward-growing oxide scale with a more complex microstruc-
ture and composition. The oxide grain sizes of both hematite and
magnetite in the outward-growing scales were similar for the poorly
protective Fe10Cr4Al alloy and the Fe10Cr4Al2Si alloy exhibiting a
good secondary corrosion protection, see Table 2. The relative amounts
(oxide thickness) of outward- and inward-growing scales were 62%
4

outward-, and 38% inward-growing scale in the poorly protective oxide
formed on Fe10Cr4Al. The oxide formed on the Fe10Cr4Al2Si alloy
was composed of 73% outward- and 27% inward-growing scale. An
internal oxidation zone (IOZ) was observed below the oxide scale
formed on the Fe10Cr4Al alloy (see Fig. 3a), whereas the microstruc-
ture clearly implied a nitridation zone (NZ) in the same sample re-
gion on the Fe10Cr4AlSi alloy (see Fig. 3b). It should be noted that
the inward-growing scale was porous and that Zr-particles were dis-
tributed throughout the inward-growing scales (see precipitates in
bright contrast in Fig. 3, originating from the Zr-precipitates in the
alloy).

The chemical composition of the inward-growing scale formed on
the fast-growing FeCrAl-alloy (Fe10Cr4Al), as measured by SEM/EDX,
was approximately 60 at% Fe, 20 at% Cr, and 20 at% Al (given in
Fig. 3. BSE-SEM images of the oxide scales formed after 168 h of exposure of (a) the Fe10Cr4Al alloy exhibiting a poor secondary corrosion protection, and (b) Fe10Cr4Al2Si
alloy exhibiting a good secondary corrosion protection. Inserted images show a selection of the inward-growing scale at higher magnification.
Fig. 4. (a) Reconstruction of APT-data showing the elemental distribution of the outermost part of the inward-growing oxide scale formed on Fe10Cr4Al(Zr) exposed at 600 ◦C for
168 h in the presence of 1 mg/cm2 KCl(s) + 5% O2+20% H2O + 500 ppm HCl(g) + N2(bal.), (see region of interest, ROI, in Fig. 3a). The orange isosurface represents an Fe-rich
FeCrM-oxide (OFe: 85 cat%Fe), whereas the analyzed volume in between the isosurfaces illustrates the distribution of an FeCrM-oxide (OCr, (low Cr)) containing approximately 60
at% Fe and 30 at% Cr (reported for cations). For full composition see Table 3. (b) Heat maps showing the distribution of alloying elements in the APT specimen. Note that the
heat maps show compositions relative to each separate element and should not be used to compare absolute concentrations. (c) 1D-concentration profile from region marked with
arrow in Fig. 4a.
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Fig. 5. (a) Reconstruction of APT-data showing the elemental distribution of the outermost part of the inward-growing oxide scale formed on Fe10Cr4Al2Si(Zr) exposed at 600 ◦C
for 168 h in the presence of 1 mg/cm2 KCl(s) + 5% O2+20% H2O + 500 ppm HCl(g) + N2(bal.), (see region of interest, ROI, in Fig. 3b. The green isosurface represents
an FeCrM-oxide (OCr(1:1, FeCr) composed of Fe and Cr at 1:1 relation, whereas the analyzed volume in between the isosurface illustrates the distribution of an FeCrM-oxide
(OCr, (low Cr)) containing approximately 60 at% Fe and 30 at% Cr (reported for cations). See full composition in Table 3. (b) Heat maps showing the distribution of alloying elements
in the APT specimen. Note that the heat maps show compositions relative to each separate element and should not be used to compare absolute concentrations. (c) 1D-concentration
profile from region marked with arrow in Fig. 5a.
Table 2
Summary of oxide microstructure of multi-layered Fe-rich oxides formed on FeCrAl(Si) alloys after 168 h exposure at 600 ◦C in a corrosive
environment containing 5%O2+20%H2O+500 ppm HCl(g)+N2(bal.) + 1 mg/cm2 KCl(s), including thickness of total oxide scale, inward-
growing(in), and outward-growing(out) scale, internal oxidation zone (IOZ)/nitridation zone (NZ), and average grain sizes of hematite(Fe2O3)
and magnetite(Fe3O4).
Alloy Thickness [μm] Grain size [μm]

Total Out In IOZ/NZ Out:In
tot Fe2O3 Fe3O4 [%: %] Fe2O3 Fe3O4

Fe10Cr4Al 95 59 13 46 36 33(IOZ) 62:38 0.2 1.7
Fe10Cr4Al2Si 37 27 8 19 10 12(NZ) 73:27 0.3 1.4
Table 3
Composition (at%, reported for cations), as measured by means of atom probe
tomography, of oxides formed in the outermost part of the inward-growing scale formed
on the investigated FeCrAl(Si) alloys exposed for 168 h at 600 ◦C in the presence of
KCl(s) + 5% O2+20% H2O + 500 ppm HCl(g) + N2(bal.). ROIs for APT-analysis are
marked in Fig. 3.

Oxide Fe Cr Al Si [at% (cations)]

Fe10Cr4Al
(fast-growing) OFe 84 8 8 –

OCr,(low Cr) 60 29 11 –

Fe10Cr4Al2Si
(slow-growing) OCr, 1:1, FeCr 44 44 9 3

OCr, (low Cr) 54 30 11 4

cations). This represents a loss of only iron caused by outward diffusion
to form the outward-growing iron oxide. The inward-growing scale
formed on the FeCrAl(Si) alloy exhibiting a good secondary corrosion
protection (Fe10Cr4Al2Si) contained approximately 40 at% Fe, 30 at%
Cr, 20 at% Al, and 10 at% Si (given in cations). The compositions were
again in good agreement with the unexposed alloys, after removal of Fe
to grow the outward-growing scale. No significant amounts of chlorine
or potassium were detected in the oxide scales or in the IOZ/NZ. Trace
amounts of Cl (<<1%) were locally indicated in the EDX-spectrum, at
the metal/oxide interface. However, the amounts detected were too low
to quantify with certainty.

The outermost inward-growing oxide formed on the FeCrAl(Si)
alloys represent the remains of the first stage of the secondary corrosion
5

protection for both alloys (Fe10Cr4Al, Fe10Cr4Al2Si). The microstruc-
ture was investigated in detail (see region of interest (ROI) in Fig. 3a–b)
by means of Atom probe tomography (APT) (see Figs. 4–5). The el-
emental distribution clearly demonstrated that the alloying elements
were not homogeneously distributed in neither the sample exhibiting
poor- nor good secondary corrosion protection. The oxides formed on
the Fe10Cr4Al and Fe10Cr4Al2Si alloys were observed to be divided
into regions with different composition as illustrated by the isosurfaces
in Figs. 4 and 5. The isosurfaces represents regions of equal composition
in the APT specimen used to visualize how the composition in the
inward-growing spinel varies at the nanometer-length scales. The other
alloying elements were also present in varying amounts in the oxide
regions, as summarized in Table 3. The distribution of Al and Si are
shown in the heat maps in Fig. 4b and 5b. Previous studies [3,9,10,
17,20,22] and thermodynamics suggest the oxides to be of spinel-type
(OFe = SFe and OCr = SCr). However, the amounts of oxygen detected
was significantly underestimated to approximately 50 at% (should be
57 at% for spinel, see discussion). The oxygen content remained similar
for all OCr-regions, whereas a lower amount of oxygen was measured in
the Fe-rich oxide regions(OFe). See 1D-concentration profiles in Fig. 4c.

The orange isosurface in Fig. 4a represents an Fe-rich FeCrM-oxide
(OFe) containing 84 at% Fe, 8 at% Cr, 8 at% Al (given in cations),
whereas the analyzed volumes in between the isosurfaces illustrate
the distribution of an FeCrM-oxide (OCr, (low Cr)), containing approxi-
mately 60 at% Fe and 30 at% Cr (reported in cations), formed on both
the FeCrAl(Si) alloys investigated. The average oxide compositions,
as measured by APT, are summarized in Table 3 and were extracted
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from proxigrams and 1D-concentration profiles (cross section ∼15 nm)
through the isosurfaces shown in Fig. 4.

The green isosurface in Fig. 5 represents the distribution of an
FeCrM-oxide formed on the Fe10Cr4Al2Si alloy (OCr(1:1,FeCr)), com-
posed of Fe and Cr at 1:1 relation. This oxide was composed of
44 at% Fe, 44 at% Cr, 9 at% Al, and 3 at% Si. The analyzed vol-
ume in between the isosurface illustrate the distribution of an FeCrM-
oxide (OCr, (low Cr)), containing approximately 60 at% Fe and 30 at%
Cr (reported in cations), formed on both FeCrAl(Si) alloys investi-
gated. The average oxide compositions, as measured by APT, are sum-
marized in Table 3 and were extracted from proxigrams and 1D-
concentration profiles (cross section ∼15 nm) through the isosurfaces
shown in Figs. 4–5.

It may be noted that the APT-analysis did not reveal any Zr dis-
persed in the oxide in the analyzed region for any of the two investi-
gated FeCrAl(Si)-Zr alloys, nor any detectable segregation of alloying
elements or corrosive species (Cl or K) in e.g., grain boundaries. Trace
amounts of chlorine (Cl) were indicated in the m/q spectrum in both
the Fe10Cr4Al and Fe10Cr4Al2Si samples. However, a challenging
overlap between Cl/Cl2/Cl2H and FeO/FeOH/CrO makes the deter-
mination and quantification difficult. In addition, trace amounts of
potassium(K) were indicated in the Fe10Cr4Al2Si sample. The potas-
sium detected was homogeneously distributed throughout the whole
APT-tip in similarity to the possible traces of Cl.

3.2. Secondary corrosion protection of FeCrNi-alloys

The oxide scales formed on the Fe18CrNi alloys are shown in Fig. 6
and summarized in Table 4. The total oxide scale thickness after 168 h
of exposure was approximately 140 μm on the Fe18Cr2Ni alloy, exhibit-
ing poor secondary corrosion protection, whereas the total thickness
of the oxide scale formed on the Fe18Cr10Ni alloy was approximately
34 μm. Both oxide scales consisted of an outward-growing, almost pure,
Fe-oxide scale, interpreted to be composed of hematite (Fe2O3) on top
of magnetite (Fe3O4), see Table 4, and an inward-growing scale with a
more complex microstructure and composition. The oxide grain sizes
of both hematite and magnetite in the outward-growing scale were
observed to be smaller on the Fe18Cr10Ni alloy, as compared to the
poorly protective oxide formed on the Fe18Cr2Ni alloy (see Table 4).
The relative amounts of outward- and inward-growing scales were 53%
outward-, and 47% inward-growing scale in the poorly protective oxide
formed on Fe18Cr2Ni, whereas the oxide formed on the Fe18Cr10Ni al-
loy was composed of 80% outward- and 20% inward-growing scale (see
Table 4). An internal oxidation zone was clearly defined on both sam-
ples. The corrosion front was straight (i.e. homogeneous oxide growth
over the sample surface) on the Fe18Cr2Ni, while it was observed to
6

be more undulating on the Fe18Cr10Ni alloy, with faster growth at
the alloy grain boundaries (see Fig. 6). This would be expected since
the difference in bulk and grain boundary diffusion rate is larger for
austenitic alloys (Fe18Cr10Ni) than for ferritic alloys (Fe18Cr2Ni). It
may be noted that the internal oxidation zone on the Fe18Cr10Ni alloy
is approximately the same thickness (depth, Table 4) inside the alloy
grains as at the alloy grain boundaries (see Fig. 6b). By hypothetically
’’stretching’’ the corrosion front at the alloy grain boundaries, one
may observe a rather homogeneous corrosion attack, more similar (but
slower), to the corrosion attack on the ferritic Fe18Cr2Ni. This indicates
that the conditions at the corrosion front are similar for both the FeCrNi
alloys.

The inward-growing scales were porous and contained Ni-rich
metallic regions (see precipitates with brighter contrast in Fig. 6). The
exact composition of the metallic Ni-rich precipitates could not be
quantified by means of SEM/EDX since the precipitates were smaller
than the size of the electron interaction volume. However, qualitatively
the EDX-revealed Ni-enrichment in these regions and the brighter BSE
contrast in Fig. 6 strongly suggests that the regions are metallic. It
may be noted that the Ni-rich metallic regions were larger in size
on the Fe18Cr10Ni alloy (see Fig. 6b), in particular at the alloy
grain boundaries, where the oxide was also observed to be locally
denser. The composition of the inward-growing scale formed on the
Fe18Cr2Ni alloy (representing a poor secondary corrosion protection)
was measured by means of SEM/EDX. The inward-growing scale was
in average composed of 56 at% Fe, 42 at% Cr, and 3 at% Ni (given
in cations), in good agreement with the composition of the unexposed
alloy, after removal of Fe to grow the outward-growing scale. The
inward-growing scale formed on the Fe18Cr10Ni alloy (representing
a good secondary corrosion protection) was not measured by means of
SEM/EDX, due to unfortunate spallation of the scale.

The outermost inward-growing oxides formed on the FeCrNi alloys
(see region of interest (ROI) in Fig. 6a–b) were analyzed using the
same strategy as for the FeCrAl(Si) alloys, i.e., by means of APT. The
results showed that the elemental distributions of the analyzed oxide
regions were clearly heterogeneous, which can be seen in Figs. 7 and
8. The composition (Fe, Cr and Ni) of each oxide region is summarized
in Table 5. The oxide formed on the Fe18Cr2Ni alloy was separated
into two regions; (i): an Fe-rich FeCrM-oxide (OFe), represented by
the elongated (10–20 nm width) orange isosurface in Fig. 7a, and (ii):
an FeCr-rich oxide (OCr(1:1, FeCr)), exhibiting a 1:1 relation in Fe:Cr
content. The Fe-rich oxide (OFe) was composed of approximately 84
at% Fe, 9 at %Cr, and 7 at%Ni (given in cations), whereas the other
FeCrM-oxide (OFe(1:1, FeCr)) was composed of approximately 49 at%
Fe, 49 at % Cr, and 2 at% Ni (given in cations). The compositions of
Fig. 6. BSE-SEM images of the oxide scales formed after 168 h of exposure of (a) the Fe18Cr2Ni alloy exhibiting a poor secondary corrosion protection, and (b) Fe18Cr10Ni alloy
exhibiting a good secondary corrosion protection. Inserted images show a selection of the inward-growing scale at higher magnification.
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Fig. 7. (a) Reconstruction of APT data showing the elemental distribution of the outermost part of the inward-growing oxide scale formed on Fe18Cr2Ni exposed at 600 ◦C for
168 h in the presence of 1 mg/cm2 KCl(s) + 5% O2+20% H2O + 500 ppm HCl(g) + N2(bal.), (see region of interest, ROI, in Fig. 6a). The orange isosurface represents an Fe-rich
FeCrM-oxide (OFe: 84 cat% Fe), whereas the analyzed volume in between the isosurface illustrates the distribution of an FeCrM-oxide (OCr(1:1, FeCr)), composed of Fe and Cr
at 1:1 relation. For full composition see Table 5. (b) Heat maps showing the distribution of alloying elements in the APT specimen. Note that the heat maps show compositions
relative to each separate element and should not be used to compare absolute concentrations. (c) 1D-concentration profile from region marked with arrow in Fig. 7a.
Fig. 8. (a) Reconstructions of APT data showing the elemental distribution of the outermost part of the inward-growing oxide scale formed on Fe18Cr10Ni exposed at 600 ◦C
for 168 h in the presence of 1 mg/cm2 KCl(s) + 5% O2+20% H2O + 500 ppm HCl(g) + N2(bal.), (see region of interest, ROI, in Fig. 6b). The green isosurface represents an
FeCrM-oxide (OCr(1:1, FeCr)), composed of Fe and Cr at 1:1 relation, whereas the analyzed volume in between the isosurfaces illustrates the distribution of a Cr-rich FeCrM-oxide
(OCr(high Cr)), containing approximately 60 at% Fe and 30 at% Cr (reported for cations). For full composition see Table 5. (b) Heat maps showing the distribution of alloying
elements in the APT specimen. Note that the heat maps show compositions relative to each separate element and should not be used to compare absolute concentrations. (c)
1D-concentration profile from region marked with arrow in Fig. 8a.
the different oxide regions are reported in Table 5. The reported com-
positions are extracted averages from 1D-concentration profiles and
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proxigrams through the isosurfaces in Figs. 7 and 8. The oxygen content
remained similar for all O -regions, significantly underestimated to 50
Cr
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Table 4
Summary of oxide microstructure of multi-layered Fe-rich oxides formed on FeCrNi alloys after 168 h exposure at 600 ◦C in a corrosive envi-
ronment containing 5%O2+20%H2O+500 ppm HCl(g)+N2(bal.) + 1 mg/cm2 KCl(s), including thickness of total oxide scale, inward-growing(in),
and outward-growing(out) scale, internal oxidation zone (IOZ) and average grain sizes of hematite(Fe2O3) and magnetite(Fe3O4).
Alloy Thickness [μm] Grain size [μm]

Total Out In IOZ Out:In
tot Fe2O3 Fe3O4 [%: %] Fe2O3 Fe3O4

Fe18Cr2Ni 141 75 13 62 66 8 53:47 0.5 1.5-3
Fe18Cr10Ni 34 27 10 17 7 11 80:20 0.2 1-2
.

Table 5
Composition (at%, given in cations), as measured by means of atom probe tomography,
of oxides formed in the outermost part of the inward-growing scale formed on the
investigated FeCrNi alloys exposed for 168 h at 600 ◦C in the presence of KCl(s) + 5%
O2+20% H2O + 500 ppm HCl(g) + N2(bal.). ROI for APT-analysis is marked in Fig. 6

Oxide Fe Cr Ni [at% (cations)]

Fe18Cr2Ni
(fast-growing) OFe 84 9 7 –

OCr,1:1, FeCr 49 49 2

Fe18Cr10Ni
(slow-growing) OCr,1:1, FeCr 48 48 4

OCr,(high Cr) 35 62 2

at%, whereas a lower amount of oxygen (∼40 at%) was measured in
the Fe-rich oxide regions(OFe), in similarity to the FeCrAl-alloy (see
1D-concentration profile in Fig. 7.

The analyzed region of the inward-growing oxide representing a
good secondary corrosion protection (Fe18Cr10Ni) was also separated
into two FeCrM-oxide regions, with varying Cr-contents (OCr(1:1, FeCr)
and OCr(high)), see Fig. 8. The oxide containing the least amount of Cr
(OCr(1:1)), visualized by the green isosurface in Fig. 8a, was composed
of approximately 48 at%Fe, 48 at% Cr, and 4 at%Ni (given in cations),
while the oxide containing the highest amount of Cr, OCr(high Cr), was
composed of approximately 35 at%Fe, 62 at%Cr, and 2 at%Ni (given
in cations). In similarity to the oxides formed on the FeCrAl(Si) alloys,
the APT analysis revealed no specific segregation of alloying elements
nor corrosive species (Cl or K) to grain boundaries. Trace amounts of
chlorine (<0.1 at%) were indicated throughout the APT-tip on both
the FeCrNi alloys. However, the challenging overlaps of Cl/Cl2/Cl2H
and FeO/FeOH/CrO makes it difficult to conclude the presence and
amount with certainty. The distribution of the possible trace amounts
of chlorine suggests no obvious segregation to any interfaces or specific
regions. No indications of potassium were observed in the analyzed
region for neither of the FeCrNi alloys.

4. Discussion

This study investigates in detail the oxide scales formed after break-
away at 600 ◦C to increase the understanding of the possibilities to
alter the protective properties of the iron-rich oxide scales formed after
breakaway by changing the alloy composition. The microstructural
investigation performed indicate a diffusion-controlled growth mech-
anism after breakaway despite the presence of chlorine (see Figs. 3
and 6). The microstructures were similar to the oxide scales observed
in previous studies performed in several different corrosive environ-
ments [5,6,9,19]. All alloys investigated formed multi-layered Fe-rich
oxide scales after breakaway with significantly reduced growth rates for
higher Si (FeCrAl(Si)) or Ni (FeCrNi) contents, indicating an improved
secondary corrosion protection (i.e., protection exerted by the multi-
layered Fe-rich oxide scale [3]). The results clearly demonstrated that
the alloys previously observed to form a good secondary protection in
the presence of KCl or K2CO3 [3,20] remained the most protective also
under high chlorine loads (KCl+HCl), indicating a versatile secondary
corrosion protection at intermediate temperatures (see Fig. 2).

Internal oxidation was observed below the oxide scales on all alloys
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except for the Fe10Cr4AlSi alloy, on which the microstructure clearly
implied nitridation (see Fig. 3b). Nitridation is well known to nega-
tively effect the primary corrosion protection of FeCrAl alloys. This is
due to the fact that aluminum nitrides holds aluminum, hindering the
formation of a protective alumina scale at the metal/oxide interface.
However, the secondary corrosion protection is not dependent on the
formation of an alumina layer. Thus, the secondary corrosion protection
of FeCrAl alloys is assumed to be unaffected by the nitridation, as
indicated in this and several previous studies [15,23].

The total thickness of the outward-growing hematite (obtaining
the highest grain boundary density of the outward-growing scale) was
observed to be similar for all the investigated alloys. The oxide grain
sizes of the outward-growing hematite (Fe2O3) and magnetite (Fe3O4)
were also similar for alloys forming poor and good secondary corrosion
protection, even though slightly larger oxide grains were observed on
the Fe18Cr2Ni (see Table 4). Thus, the difference in growth rate after
breakaway may not be explained by microstructural changes in the
outward-growing scale. This is in line with earlier observations on
the secondary corrosion protection [3]. The alloys exhibiting a good
secondary corrosion protection form both thinner inward- as well as
outward-growing scales, which may indicate that the inward-growing
scale formed on the alloys exhibiting a good secondary corrosion
protection slows down the supply of Fe to the outward-growing scale.
Thus, it is proposed that the composition and structure of the inward-
growing scale determines the corrosion resistance of the alloy after the
onset of breakaway. This implies that the addition of alloying elements
can improve the secondary corrosion protection (i.e., protection of Fe-
rich oxide scale), however with different mechanisms compared to
the corrosion resistance before breakaway, i.e., the primary corrosion
protection.

The results from this study clearly demonstrate the potential in
using APT analysis for investigating the complex inward-growing scale.
The distribution of alloying elements in the outermost part of the
inward-growing scale may appear homogeneous by characterization
techniques such as STEM/EDX. However, from the APT results it is
obvious that the alloying elements within the inward-growing oxides
are not homogeneously distributed. The elemental distribution revealed
a distinct separation in all inward-growing oxide scales, illustrated by
the distribution of the main elements Fe and Cr in Figs. 4–8. This is
in good agreement with a previous APT study performed on the spinel
formed on a stainless steel (253 MA exposed at 970 ◦C) [22]. The other
main alloying elements (Al, Si and Ni) were also present in various
amounts separated between the oxide regions as shown in the heat
maps in Figs. 4–8, and reported in Tables 3 and 5. The oxygen content
remained similar for all OCr-regions, significantly underestimated to
45–50 at% (should be approximately 57 at% O for a spinel oxide),
whereas the amounts measured in the Fe-rich oxide regions (OFe) were
lower, 40–45 at%O, for both the FeCrAl and FeCrNi alloys exhibiting
poor secondary protection. Note that a change in evaporation field be-
tween the oxide regions could result in lower oxygen. However, in this
study, the ion density remained similar in both oxide regions, indicating
no sharp change in evaporation field. The underestimation of oxygen
has previously been reported for APT-analysis of iron oxides and have
been systematically studied, suggesting that the underestimation is
caused by a combination of multiple hits, dissociation of molecular
ions as well as neutrals [24]. Due to the obvious underestimation, the

oxygen contents reported in this study should not be interpreted as
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Fig. 9. Phase diagrams calculated using Thermo Calc [21] at 600 ◦C with fixed amounts of (a) Al(6 at%): FeCr[6at%Al]O-system), and (b) Ni(2 at%): FeCr[2at%Ni]O-system. The
Cr content, as measured by APT in the outer part of the inward-growing spinel, are marked in the figure for the poor secondary protection (Fe10Cr4Al, Fe18Cr2Ni) and good
secondary protection (Fe10Cr4Al2Si, Fe18Cr10Ni), clearly showing the tendency for spinel-phase separation in the alloys exhibiting poor secondary protection.
absolute numbers. Oxides are assumed stoichiometric and the cationic
percentages are considered more accurate, hence tables report only
cationic percent (cat%). The poorly protective mixed (FeCrM, M =
Ni, Al and/or Si) oxides were distinctly separated in compositions
consisting of an Fe-rich oxide (OFe) and a Cr-rich oxide (OCr). The good
secondary corrosion protection were composed of only Cr-rich oxides
(OCr), separated between low Cr(29–35 at% Cr), and intermediate Cr
(1:1, 44–48 at% Cr) or high Cr (62 at% Cr) contents. Note that the
oxides also contained various amounts of Al, Si, or Ni, as reported in
Tables 3 and 5. Previous studies, in combination with thermodynamics,
suggest that the oxides are mixed spinel-oxides [6,15,17,19,25], see
Fig. 9: OFe = SFe, OCr = SCr).

The separation in composition may be closely linked to the ther-
modynamically predicted compositions of spinel at the corrosion front
at 600 ◦C, as illustrated in the FeCr[Al/Ni]O-phase diagrams in Fig. 9.
The alloys exhibiting poor secondary corrosion protection have cationic
compositions that agree with the spinel phases SFe+SCr in the two-
phase regions, whereas the compositions of the alloys exhibiting good
secondary corrosion protection agree with the single phase spinel re-
gion (SCr). The phase diagrams are chosen for one fixed amount of
Al and Ni respectively, to illustrate the spinel-miscibility gap. Note
however that the range of stability for the single phase (SCr) and
two-phase (SFe+SCr) spinel regions (as well as the internal oxidation
region) are shifted at higher Al and/or Ni contents, resulting in even
better agreement with the compositions measured (see eg., Eklund
et al. [17] for the FeCrAlO-system, and [26] for the FeCrNiO-system).
The clear separation in oxide composition between poor and good
secondary protection (well predicted by the different stability regions
in the phase diagrams) indicate that the miscibility gap between an Fe-
rich and Cr-rich spinel could be related to the alloys ability to form a
good secondary corrosion protection. Even though the miscibility gap
is thermodynamically predicted, most previous studies performed at
600 ◦C [13,15,19,25] have not been able to observe a clear separation
between Fe-rich and Cr-rich spinel in the inward-growing scale. This
may be kinetically explained by that the slow diffusivity of Cr in spinel
would impede the separation for longer diffusion lengths. However,
at the nano-scale, the separation may take place (short distance for
diffusion), which indeed is observed in the APT investigation in this
study.
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The difference in chemical composition between the good and poor
secondary corrosion protection may in addition be complemented with
the microstructure assessed by the three-dimensional capabilities of
APT. The inward-growing spinel formed on both the protective scales
(Fe10Cr4Al2Si and Fe18Cr10Ni) were observed to contain small re-
gions of different composition that appeared not to be connected in
the oxide growth direction, i.e., the diffusion path of oxygen/metal
(see green isosurfaces in Figs. 5 and 8. However, the distribution of
Fe-rich oxide (OFe) in the alloys exhibiting poor secondary corrosion
protection (Fe10Cr4Al, Fe18Cr2Ni) indicated connected channels in the
oxide growth direction in the outermost part of the inward-growing
scale, in particular on the Fe18Cr2Ni alloy (see orange isosurfaces in
Fig. 4a-7a). Note, that the volumes analyzed by APT are extremely
small and that the indication of connected channels would require more
statistics to conclude with certainty. Previous studies on the secondary
corrosion protection (TEM) of FeCrAl(Si) alloys [15,17] indicated small
sub-domains (a few nanometers in size) with different orientations,
speculated to be nano-sized subgrains. The size of these domains agree
with the 2D-projection (from certain angles) of the regions separated
in composition as observed by means of APT in this study (see Figs. 4–
8). Thus, it is possible that the indicated sub-domains are in fact oxide
regions of different composition, which would be difficult to distinguish
with characterization tools such as TEM.

If the Fe-rich oxide regions are connected they are probable to also
be more accessible to corrosive species. However, the results from this
study implied that no corrosive species (K or Cl) specifically segregated
to any interfaces in the analyzed oxide. Nevertheless, the analyzed vol-
umes in APT-studies are small, meaning that conclusive determinations
of the distribution of corrosive species or alloying elements are difficult.
In addition, the overlapping peaks in the m/q spectrum are challenging
in the systems investigated. Thus, to further investigate the secondary
corrosion protection of FeCrAl(Si)/Ni alloys, it is suggested to perform
more STEM/EDX and/or APT investigations of the inward-growing
scales formed on Fe-based alloys after breakaway.

Recent studies [15,26] have assigned the process of detrimental
internal oxidation (SCr+BCCFe (+(FCCFe,Ni)) and formation of rapidly
consumed Fe-rich BCC metal (BCCFe), to the poor secondary corrosion
protection observed on FeCrAl and FeCrNi alloys with certain composi-
tions. It is reasonable to assume that the Fe-rich oxide regions, confined
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Fig. 10. Schematics illustrating the two pathways of oxide growth after breakaway (poor and good secondary corrosion protection).
in the outermost part of the inward-growing scale in this study, may
play an important role in setting the conditions for (and composition
of) the underlying oxide, consequently determining whether or not
detrimental internal oxidation takes place (see schematics in Fig. 10).
The alloys exhibiting good secondary corrosion protection were not
observed to form Fe-rich oxide regions and were observed to avoid
detrimental internal oxidation, which is suggested to explain the slower
diffusion and more protective behavior.

5. Conclusion

The results in this study clearly demonstrate that the FeCrAl(Si)/
(FeCrNi) alloys that form a good secondary protection in the presence
of KCl (or K2CO3) also shows the same trend under high chlorine
loads (KCl+HCl), indicating a versatile secondary corrosion protection.
All alloys investigated formed multi-layered Fe-rich oxide scales after
breakaway with significantly reduced growth rates for higher Si or Ni
contents. The results suggest that the performance after breakaway is
determined by the protective properties of the inward-growing oxide
scale. The distribution of alloying elements, as measured by APT, elu-
cidates the heterogeneous structure of the inward-growing oxide scale
at the nanometer length scale. The inward-growing scale formed on the
alloys exhibiting both poor-, and good secondary corrosion protection
contained oxides with distinct separation in composition. Thus, it is
proposed that the miscibility gap between Fe-rich and Cr-rich spinel
as observed in the FeCr(Al/Ni)-O phase diagram is closely related the
alloys performance after breakaway.
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