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The influence of Al content and pre-oxidation on the corrosion behavior of binary Fe-Al alloys in 0.0126 M
H2SO4 was investigated. The minimum Al content for forming a passive film on binary Fe-Al at 25 °C is 15 at.%
and passivation improves up to 25 at.% Al. X-ray photoelectron spectroscopy measurements show that the
passive film on Fe-25Al is enriched in Al and consists of an outer layer of mixed Al and Fe hydroxides and an
inner layer of Al oxide. The oxide layer generated at 1000 °C effectively protected against aqueous corrosion in
H2SO4.

1. Introduction
Fe-Al-based alloys attract much attention for high temperature
structural applications because of their outstanding properties. They
exhibit a lower density of 5.7–6.7 g/cm3 compared to other iron-based
materials such as cast iron and stainless steels, superior high-temperature corrosion resistance, good wear resistance and low material costs
[1–3]. In addition, the equipment for their production and processing is
readily available in industry [2]. Fe-Al-based alloys are mainly developed for high-temperature structural applications [4,5]. However, due
to their lower costs, they are also considered as a potential alternative
for replacing conventional stainless steels at low temperatures. Applications that have been looked at in detail are pipes and tubes for sea
water desalination [6], Cr- and Ni-free parts used in food industry [7],
high-performance brake materials for trucks [8] and as catalysts [9].
For such applications, understanding of the aqueous corrosion behavior
is of great importance.
A number of studies on the aqueous corrosion behavior of binary FeAl alloys have been reported so far, but they mainly focused on binary
Fe-Al alloys with a limited variation of the Al content [10–26] or Fe-Al
alloys with additional alloying elements [11,27–45]. Moreover, these
investigations were carried out in a variety of electrolytes. Only two
investigations were carried out using H2SO4 of low molarity. Masahashi
et al. [46] investigated Fe-Al alloys with a wider range of Al content (5,
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10, 15, 25 and 30 at.%). However, only the mass changes of the samples
after immersion in 5 × 10−3 M H2SO4 at 40–100 °C up to 3 h were
determined and corroded samples were inspected by scanning electron
microscopy (SEM) and evaluated by X-ray photoelectron spectroscopy
(XPS). The passivation behavior was not studied. A more extensive
study was carried out by Chiang et al. [47] who investigated the passivation behavior of six Fe-Al alloys with Al contents between
3.4–41.7 at.% at 25 °C. However, no post mortem examinations were
performed. Table 1 summarizes the compositions of the binary Fe-Al
alloys and electrolytes investigated in previous investigations
[10–14,16,11–26,34,46,47]. In summary, it has been recently concluded that a systematic study of the aqueous corrosion behavior of
binary Fe-Al alloys is still necessary [13].
In general, it has been found that alloying Fe with Al leads to passivation in acid sulfate solutions [33,48]. Passivation and re-passivation
improve with increasing Al content [48] and about 10 at.% Al are necessary to form a passive film and about 19 at.% Al are needed to exhibit a good aqueous corrosion resistance [47].
Whether formation of an Al2O3 scale through pre-oxidation, which
effectively enhances the corrosion resistance of Fe-Al in gaseous environments [49–51] also has a beneficial effect during aqueous corrosion is not clear [48]. Buchanan and Perrin [43] pre-oxidized three
highly alloyed iron aluminides at 1000 °C for 24 h and then tested their
aqueous corrosion behavior in a mild acid chloride solution (H2SO4
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Table 1
Compositions of binary Fe-Al alloys and electrolytes investigated in previous
works.
Alloys (in at.%)

Electrolytes

Ref.

Fe-(4-22)Al

0.5 M Na2SO4 + 6×10−5 M H2SO4
0.1 M phthalate buffer (pH 5)
0.5 M H2SO4
0.1 M phthalate buffer (pH 5)
0.1 M borate buffer (pH 9.3)
0.005 M H2SO4/0.5 M Na2SO4 (pH 2.5, pH 3.8)
1 M NaOH (0.631 M)
0.5 M H2SO4
H2SO4 (5 × 10−5 M), NaOH (0.631 M)
0.25 M H2SO4
(0.11 M H3BO3 + 0.022 M Na2B4O7, pH 8.4) with and
without 100 mM KCl
0.5 M H2SO4
0.25 M H2SO4
0.5 M H2SO4
0.05 M H2SO4
1 M H2SO4, 1 M Na2SO4, and 1 M NaOH
Simulated acid rain (pH 2.3)
Seawater with Ca(OH)2, pH = 10, 12 and 14
0.5 M H2SO4
NaOH + H2SO4, pH = 3, 7 and 11
Simulated acid rain (pH 2.3)
0.005 M H2SO4
0.05 M H2SO4

[19]

Fe-6Al
Fe-(8-22)Al

Fe-22Al
Fe-25Al

Fe-26Al
Fe-28Al
Fe-31Al
Fe-34Al
Fe-40Al
Fe-45Al
Fe-(5-30)Al
Fe-(3.4-41.7)Al

Table 2
Electrochemical parameters obtained from potentiodynamic polarization
curves of pure Fe in de-aerated 0.5 M H2SO4.

[18]
[16]
[17]
[23]
[15]
[24]
[14]

Ecorr
VSCE

icorr
μA·cm−2

ba
V·dec−1

bc
mV·dec−1

Notes

−0.50
−0.50

171
410

0.10
0.08

−0.23
−0.11

−0.48

378

0.04

−0.13

−0.51

198

0.06

−0.16

25 °C, scan
28 °C, scan
0.5 mV/s
30 °C, scan
0.5 mV/s
28 °C, scan
0.5 mV/s

Ref.
rate 1 mV/s
rate

[53]
[54,55]

rate

[56]

rate

Present work

within ± 0.5 at.%. Typical impurity contents of these alloys are
C = 44 wt. ppm, N = 18 wt. ppm, O = 49 wt. ppm, Si < 10 wt. ppm,
P < 20 wt. ppm, and S = 4 wt. ppm. The as-cast alloys were cut variously parallel or perpendicular to the casting direction into specimens
with dimension of 10 mm in diameter and 2 mm in thickness by electrical discharge machining. The specimens were ground with emery
papers up to P4000. Specimens were cleaned in an ultrasonic bath,
degreased with acetone and dried in warm air. Samples of Fe-25Al were
pre-oxidized at 1000 °C for 188 h in air in a closed furnace before
performing the electrochemical measurements.
Sulphuric acid (H2SO4) solution (0.0126 M, pH 1.6) was selected as
electrolyte and prepared from concentrated acid and double-distilled
water. Before each measurement, the H2SO4 solution was de-aerated by
flushing with argon (99.999%). The three electrode-method [52] was
employed for the electrochemical experiments. A Ag/AgCl reference
electrode (6.1243.030, Metrohm) and a platinum foil were adopted as
reference and counter electrode, respectively. The temperature of the
solution was controlled by a thermostat (E200, Lauda). The reliability
of this setup was validated using pure iron as a reference and the results
were in very good agreement with literature data [53–56], see Table 2.
Prior to performing polarization measurements, the open circuit potential (OCP) was monitored for 60 min. Potentiodynamic polarization
curves were determined automatically in the range -1.5 to 2 V with a
scan rate of 0.5 mV/s. The OCP and potentiodynamic polarization
curves were determined at 25 and 97 °C. These experiments were performed by a computer controlled potentiostat SIMPOT (in-house development of Heinrich-Heine-Universität Düsseldorf). All measurements at 25 and 97 °C were performed for three times in order to
confirm reproducibility.
All measured potentials were converted into values against a saturated calomel electrode (SCE). Post mortem examination of the microstructures of the samples were performed by SEM (Gemini 500,
Zeiss). To prepare the passive film for XPS analysis, Fe-25Al was passivated in H2SO4 (0.0126 M) at 1 VSCE for 300 s after potential sweep
from -1.5 to 1 V with a scan rate of 0.5 mV/s. The composition of the
passive film was measured by XPS, combined with Ar+ sputtering for
depth profiling using a Physical Electronics PHI Quantera II spectrometer equipped with a monochromatic Al Kα X-ray source (1486.74 eV)
and a dual-beam charge neutralizer. The pass energy was set to 140 eV
for the survey spectra (energy step 0.2 eV) and 26 eV for high resolution
spectra (energy step 0.05 eV). All XP spectra were recorded at a take-off
angle of 45°. The measurements were performed in five different areas
on the sample surface. For depth profile measurement, the sputtering
rate (spot size 2 x 2 μm²; U = 1 kV) was kept around 3.5 nm/min. Each
sputtering cycle lasted for 15 s. XPS data were analyzed by curve fitting
using the software CasaXPS [57]. The binding energy scale was referenced to the C − C signal at 284.8 eV. The full width at half maximum
(FWHM) of the same components was allowed to vary within a narrow
range. Component ratio was determined using CasaXPS embedded

[25]
[13]
[26]
[12]
[11]
[22]
[10]
[20]
[21]
[22]
[46]
[47]

(5 × 10−5 M) + 200 ppm Cl-) and in a more aggressive sodium tetrathionate solution (0.001 M Na2S4O6). Compared to the Fe-Al alloys with
carefully cleaned surfaces, the oxidized alloys showed a much reduced
resistance against pitting corrosion in the mild acid chloride solution
and active corrosion was observed for alloys with and without preoxidation in the sodium tetrathionate solution [43]. Escudero et al. [45]
investigated the aqueous corrosion resistance of a highly alloyed Fe-Al
sheet strengthened by oxides in Hank’s solution after pre-oxidation at
900 or 1100 °C for 3, 100 and 200 h. Though they found a good corrosion resistance after pre-oxidation, this was considered as not being
perfect, because no continuous oxide scale formed. Strong local pitting
was observed where large oxides in the microstructure of the Fe-Al
sheet had retained the formation of an Al2O3 scale [45]. Lopez and
Escudero [44] also tested two highly alloyed iron aluminides - one
additionally oxide-dispersion strengthened (ODS) - in a mixed solution
of NaCl, KCl and CaCl2 of pH 7.4 for up to 14 days after pre-oxidation at
1100 °C for 2 h. They concluded that the tested alloys did not show a
satisfactory corrosion behavior in the Cl- containing solution and that
the corrosion resistance was not improved by generating an alumina
layer through pre-oxidation [44]. No data are yet available for the effect on pre-oxidation on the aqueous corrosion of binary Fe-Al alloys.
In the present work, a systematic investigation of the influence of Al
content up to 40 at.% on the corrosion resistance of binary Fe-Al alloys
was performed. The passive film structure on Fe-25 at.% Al alloy was
investigated. In addition, the aqueous corrosion behavior of a pre-oxidized Fe-25 at.% Al alloy was evaluated.
2. Experimental procedure
Binary Fe-xAl alloys (x = 5, 10, 15, 25, 30 and 40, in at.%) were
prepared by induction melting under argon atmosphere (99.999%). Fe
of 99.99% purity and Al of 99.999% purity were used as starting materials. Melts were cast into a cylindrical copper mould of 30 mm in
diameter and about 200 mm in length. Wet-chemical analysis was
conducted to check the composition of the alloys and the resulting
values agreed well with the nominal compositions, generally
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Fig. 1. SEM secondary electron (SE) contrast image of as-cast Fe-40Al.

relative sensitivity factors (RSF) and algorithms. For interpretation, a
commonly used online database [58] was used as starting point.
Oxide scales generated by pre-oxidation were characterized by
grazing incidence X-ray diffraction (GI-XRD; Seifert ID3003; Co-Kα1
radiation, λ = 0.178897 nm) with an incidence angle of 2.0° and 2θ
steps of 0.05° with a count time of 30 s per step.
3. Results and discussion
Fig. 1 shows the microstructure of as-cast Fe-40Al alloy as an examples. Only very few holes formed during casting can be found and no
second phase exists. At 5, 10 and 15 at.% Al the structure is disordered
α (Fe,Al) (A2) solid solution, at 25 and 30 at.% Al ordered Fe3Al (D03),
and at 40 at.% Al ordered FeAl (B2) [59]. The alloys are coarse grained
with elongated grains of up to 4 mm width and 10 mm length [60].
3.1. Corrosion behavior at 25 °C

Fig. 2. (a) OCPs of pure Fe, pure Al, stainless steel AISI 304 and binary Fe-Al
alloys in de-aerated H2SO4 at 25 °C from test series 1 and (b) OCP as a function
of Al content.

Fig. 2a shows the OCPs of pure Fe, pure Al, and binary Fe-Al alloys
in de-aerated H2SO4 measured for 3600 s at 25 °C. In addition, the OCP
of the stainless steel AISI 304 has been measured for comparison. The
OCPs of Fe-Al alloys shifted to more negative values during stabilization
with a maximum shift of less than 0.01 V to final values between -0.58
and -0.67 VSCE. With increasing Al content, the OCP of the samples
decreased (Fig. 2b). A decrease of the OCP with increasing Al content
was also observed in case of Al-Ni alloys [61].
Fig. 3a shows the potentiodynamic polarization curves of pure Fe,
pure Al, binary Fe-Al alloys and AISI 304 in de-aerated H2SO4. Typical
active-passive-transpassive behavior is observed for Fe, AISI 304 and
Fe-Al alloys, while pure Al only shows active behavior. Compared with
pure Fe, the active dissolution range of the Fe-Al alloys is shifted in the
negative direction and lies between that of pure Fe and pure Al. The
electrochemical parameters corrosion potential (Ecorr), corrosion current density (icorr), cathodic Tafel slope (bc), anodic Tafel slope (ba),
primary passivation potential (Epp), critical passivation current density
(icrit), passivation current density (ipass, minimum current density in
passivation region), transpassive breakthrough potential (Eb) and width
of passive range (Epp-Eb) obtained from the potentiodynamic polarization curves (Fig. 3a) are summarized in Table 3. More specifically, Ecorr,
icorr, bc and ba were obtained by fitting the polarization curve in the
Tafel region with the Butler-Volmer equation [52], i.e. by four-parameter fitting.
The decrease of Ecorr with increasing Al content is in accord with the
results of the OCP measurements in Fig. 2. The values are also in full
agreement with data by Chiang et al. [47], who found a decrease of
Ecorr from -0.59 VSCE for 3.9 at.% Al to -0.65 VSCE for 41.7 at.% Al. In

the present study, the alloys with 5 and 10 at.% Al showed active
corrosion behavior (Fig. 3a) while passivation was observed for the
alloy with 15 at.% Al and more. By the addition of Al, ipass of Fe-15Al is
drastically reduced compared to pure Fe. However, further Al addition
does not have much influence on the ipass of the Fe-Al alloys (Table 2).
The primary passivation potential Epp still decreases when the Al content is raised to 25 at.%, but does not markedly decrease by further
increasing the Al content (Fig. 3b). These results are in reasonable
agreement with the observations by Chiang et al. [47], who found that
Fe-Al alloys with 10.4 at.% Al and more show passive behavior and no
marked decrease in Epp was observed for alloys with an Al content of
about 19 at.% or higher. These results are also consistent with the
general observation in oxidation experiments that the minimum Al
content for the formation of protective Al2O3 scales on binary Fe-Al
alloys is - depending on temperature - between 12 to 19 at.% [2,62–64].
Such a correlation between aqueous corrosion behavior and oxidation
resistance has also been found in case of Fe-Al-C alloys [65]. Though
passivation is attained at about 15 at.% Al, the width of the passive
range (Epp-Eb) still increases with increasing Al content (Table 3). This
observation is again in line with the findings of Chiang et al. [47].
The present results for AISI 304 (Table 3) agree well with those of
previous investigations if the differences in the concentration of H2SO4
and slight variations in composition are taken into account [66,67].
Compared to the binary Fe-Al alloys, Ecorr and Icorr of AISI 304 are
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Al alloys and the Al content is also apparent from the inspection of the
sample surfaces after electrochemical testing (Fig. 4). The two alloys
with 5 and 10 at.% Al, which did not show passivation during potentiodynamic polarization, were severely corroded. Although Fe-15Al
showed passivation during potentiodynamic polarization (Fig. 3a),
many big holes were observed on the surface. The alloys with an Al
content equal to or higher than 25 at.% preserved flat surfaces, which
indicates that the passive film can protect the alloys well from corrosion. This coincides with the observation in Fig. 3 that the increase of Al
content does not further improve the corrosion resistance when the Al
content exceeds 25 at.%. Some small holes were observed in Fe-25, 30
and 40Al after potentiodynamic polarization (Fig. 4 d–f). Since holes of
similar size were also observed in the as-cast alloys (Fig. 1) and impurity contents in these alloys are below levels where second phases
form, we conclude that these holes already formed during casting.
3.2. XPS analysis of the passive film
Fig. 5 shows the high resolution XP spectra of Fe 2p3/2, Al 2p and O
1 s of the passive film of Fe-25Al after 300 s passivation at 1 VSCE. In
consistence with literature data [28,65], Al is present as metallic Al
(72.4 eV) and Al oxide (74.4 eV). Also, the Fe 2p3/2 XP spectrum could be
fitted with 5 different components. At binding energies of 706.8 and
708.2 eV, the metallic fraction as well as Fe2+ are detectable, respectively. The signal of the Fe3+ fraction can be divided into three components, Fe-O (711.1 eV), Fe−OH (713.2 eV) and a Fe satellite peak
(714.8 eV). These results show that iron oxide is present as mixed oxide
and that it co-exists with Al oxide in the passive film. The O 1 s signal was
fitted with four components. At lower binding energies, iron oxide
(530.52 eV) and iron hydroxide (531.6 eV) could be detected, while Al
oxide is present at 532.5 eV. The small peak at 533.7 eV, which was
observed in [28], might be attributed to the Al hydroxides [68] (AlOOH,
Al(OH), Al2O3·H2O). However, at the same energy values, it could also
represent organic contaminations as well as physisorbed water [69]. The
passive film is strongly enriched in Al compared to the bulk alloy composition, which is in consistence with literature [16,18,28,30]. The Al/
(Al + Fe) ratio in the passive film is about 55 ± 2. The present value fits
to data reported in literature [16,18,28,30] in that the Al/(Al + Fe) ratio
of the passive film increases with increasing Al content of the alloy
(Table 4). However, the influence of electrolytes and differences in its
concentration on this ratio cannot be excluded.

Fig. 3. (a) Potentiodynamic polarization curves of pure Fe, pure Al, stainless
steel AISI 304 and binary Fe-Al alloys in de-aerated H2SO4 at 25 °C; (b) Primary
passivation potential (Epp) and width of passive range (Eb-Epp) as a function of
Al content.

improved (Table 3). However, AISI 304 has a narrower passive range
compared to the Fe-Al alloys with ≥ 25 at.% Al (Fig. 3a).
The relationship between the passivation behavior of the binary Fe-

Table 3
Electrochemical parameters obtained from potentiodynamic polarization curves of pure Fe, pure Al and Fe-Al alloys in de-aerated H2SO4 (Numbers in bold are
average values of 3 measurements).
T
°C
25

97

Al
at. %

OCP
VSCE

Ecorr
VSCE

icorr
μA/cm2

bc
V·dec−1

ba
V·dec−1

Epp
VSCE

icrit
μA/cm2

ipass
μA/cm2

Eb
VSCE

Ep-Epp
VSCE

0
5
10
15
25
25*
25**
30
40
100
AISI304
5
10
15
25
30
40

−0.58
−0.60
−0.62
−0.62
−0.65
−0.63
−0.61
−0.65
−0.67
−0.84
−0.39
−0.61
−0.63
−0.65
−0.64
−0.65
−0.68

−0.57
−0.59
−0.58
−0.61
−0.63
−0.59
−0.60
−0.63
−0.67
−0.82
−0.39
−0.61
−0.64
−0.65
−0.67
−0.66
−0.69

166
316
253
431
447
2.37
0.20
387
457
17
15
1819
1343
1388
1552
1580
806

−0.29
−0.32
−0.31
−0.36
−0.36
−0.32
−0.16
−0.34
−0.38
−0.18
−0.13
−0.33
−0.33
−0.34
−0.38
−0.36
−0.35

0.13
0.13
0.13
0.21
0.22
0.09
0.04
0.19
0.20
0.50
0.10
0.35
0.35
0.38
0.37
0.34
0.36

1.48
–
–
0.27
−0.33
−0.45
−0.43
−0.43
−0.34
–
−0.30
–
–
–
–
–
–

19661
–
–
9687
3334
14.78
13.99
2512
3208
–
107
–
–
–
–
–
–

1835
–
–
–
6.42
0.33
0.11
9.38
22.90
–
3.3
–
–
–
–
–
–

1.65
–
–
–
1.44
1.46
1.59
1.46
1.51
–
1.29
–
–
–
–
–
–

0.17
–
–
–
1.77
1.91
2.01
1.89
1.90
–
1.60
–
–
–
–
–
–

* Pre-oxidized Fe-25Al.
** Pre-oxidized Fe-25Al after immersing in H2SO4 for 308 h before potentiodynamic polarization.
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Fig. 4. SEM secondary electron (SE) images of the surfaces of the Fe-Al alloys after the corrosion experiments.

Furthermore, XPS depth profile measurements have been performed
and qualitatively analyzed. Fig. 6 shows the comparison of the surface
spectrum and spectra obtained after subsequent sputtering cycles. After
the first sputtering cycle, the Fe, Al and O peaks increase which is due
to the removal of contamination from the surface. After the second and
third sputtering cycles, the signal attributed to oxide in the Fe 2p3/2
spectrum decreases more and more and is not detectable anymore after
the fourth sputtering cycle. No significant changes are visible in the Al
2p spectrum from the first to the third sputtering cycle, but exactly after
the fourth sputtering cycle, where the iron oxide peak is not any longer
seen, the higher binding Al 2p component attributed to the Al3+ shifts
towards even higher binding energies, likewise the O 1 s peak. The
metallic Fe 2p and Al 2p peaks do not show any shift in their position
throughout the sputtering process. Upon further sputtering, the Al3+
and O signals are further decreasing and the Al3+ peak position is
slowly shifting back towards its initial position. The alumina in greater
depth is certainly mainly internal oxide and does not comprise a closed

layer anymore, as otherwise the metallic components at the surface
would be too high.
Assuming that the passive film on Fe-25Al hence consists mainly of
the mixed Fe and Al oxide layer with a very thin alumina layer underneath, which might be the region where the mentioned peak shift is
measured, the thickness will be about 8 nm, which is slightly larger
than values reported in literature (5 nm [28,30], ˜4 nm [16]). However,
differences in alloy compositions and electrolytes used in [16,28,30]
may explain this discrepancy.
Regarding the structure of the passive film, three models were
proposed so far in the literature. Schaepers et al. [19] proposed a
sandwich-like structure where an Al oxide enriched zone in the center
of the passive film is wrapped by two layers consisting of a mixture of
Al and Fe oxides. Frangini et al. [28] thought that the passive film
consisted of two layers. An outer layer of mixed aluminium-iron oxyhydroxide and an inner layer composed mostly of an aluminium-rich
oxide phase. Shankar Rao [48] proposed that the passive film is a single
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Table 4
Al/(Al + Fe) ratio in the passive film that formed on different binary Fe-Al
alloys during electrochemical testing.
Alloys (in at.%)

Al/(Al + Fe) ratio

Electrolyte and pH

References

Fe-6Al
Fe-8Al
Fe-15Al
Fe-22Al
Fe-25Al
Fe-40Al

0.30
0.22
0.35
0.38
0.55
0.70

0.5 M H2SO4
0.1 M phthalate buffer, pH
5

[18]
[16]

0.0126 M H2SO4, pH 1.6
0.5 M H2SO4

Present study
[28]

applied potential, the time dependent evolution of the passive film and
other factors [19,28,29,46,48], differences in the structure of the passive film may be related to such variances.
3.3. Corrosion behavior at 97 °C
The OCPs and potentiodynamic polarization curves of the binary FeAl alloys in de-aerated H2SO4 were also determined at 97 °C (Fig. 7) and
the electrochemical parameters are summarized in Table 3. Similar to
the results at 25 °C, the OCP at 97 °C decreases with increasing Al
content. All OCPs are lower than at 25 °C for the same alloy. None of the
alloys shows passive behavior at 97 °C. For all alloys, the corrosion
current densities are two to four times higher at 97 °C than at 25 °C.
3.4. Effect of pre-oxidation
Since the passive film mainly consists of oxide, it is meaningful to
investigate, whether formation of an oxide scale by pre-oxidation can
increase the corrosion resistance of Fe-Al. Fig. 8 shows the surface, cross
section and GI-XRD pattern of Fe-25Al after oxidation at 1000 °C for
188 h in air. A dense and uniform oxide layer of about 1.5 μm thickness
has formed. The oxide layer has very good adherence to the substrate.
No cracking and scale spallation are observed after cooling to room
temperature. GI-XRD analysis indicates that the oxide layer consists
mainly of α-Al2O3 with a small amount of FeAl2O4 spinel. This is consistent with previous investigations, which showed that on Fe-25Al
oxidized at 1000 °C predominantly α-Al2O3 forms [2,51,62,70]. The
formation of FeAl2O4 here may be due to the lower partial pressure of
oxygen in the closed furnace than in flowing air.
The potentiodynamic polarization curves of Fe-25Al with and
without pre-oxidation in de-aerated H2SO4 are shown in Fig. 9a and the
corresponding electrochemical parameters are listed in Table 3. Because the current densities in the passivation range in two of the three
measurements are below the resolution limit of the instrument, broad
signals are observed in the passive range for the pre-oxidized alloy. For
the pre-oxidized alloy, all electrochemical parameters are close to each
other, or at least in the same order of magnitude, except ipass. This
difference may be attributed to the different surface conditions of the
pre-oxidized samples. However, icorr, icrit and ipass of the pre-oxidized
alloy are still significantly smaller than those for the alloy without preoxidation. More specifically, icorr and icrit of the pre-oxidized alloy are
two orders of magnitude smaller than without pre-oxidation and ipass is
one order of magnitude smaller. This reveals that the oxide layer generated by pre-oxidation can well protect Fe-25 at.% Al from corrosion.
Fig. 9b shows the surface of the pre-oxidized alloy after the polarization
measurement. The oxide scale is intact and its appearance resembles
that of the scale before the test (Fig. 8a).
To study the protectiveness of the oxide scale during prolonged
aqueous corrosion, pre-oxidized Fe-25Al was tested in the passive range
at 1 VSCE for 70 h (Fig. 10). For about 10 h, ipass remains constant,

Fig. 5. High resolution XP spectra of Al 2p, Fe 2p and O 1 s of the passive film of
Fe-25Al after 300 s passivation at 1 VSCE with background subtraction and curve
fitting.

layer comprised out of a mixture of Al and Fe oxides. The present XPS
measurements of the passive film confirm the general findings that (i)
the passive film is enriched in Al in the form of Al3+ compared to the
bulk alloy and (ii) coexistence of Al and Fe oxides in the film [48].
Concerning the structure, the depth resolved XPS spectra obtained here
(Fig. 6) indicate a structure similar to the one proposed by Frangini
et al. [28]. However, the alumina layer beneath the mixed layer of
aluminium-iron oxy-hydroxide will have to be very thin and might have
a yet unknown special structure that is correlated to the observed peak
shift.
As it has been shown that the formation of the passive film very
much depends on the Al content of the bulk alloy, the electrolyte, the
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Fig. 6. Comparison of the surface spectrum and spectra of the obtained after subsequent sputtering cycles.

alloy quickly re-passivates and ipass even goes back to the value of the
pre-oxidized alloy which is about one magnitude lower than that of the
alloy without pre-oxidation. Quick re-passivation after scratching has
also been observed in case of an Fe3Al-based alloy [41]. This indicates
that the observed break-down was only very localized, as otherwise it is
not conceivable how the current density in the passive range could be
so low. But even the fact that re-passivation of localized defects is
possible is remarkable and shows that the matrix below the scale is not
too significantly depleted from metallic aluminum.
For further evaluation of the stability of the oxide layer, pre-oxidized Fe-25Al was immersed in H2SO4 for 308 h before potentiodynamic polarization (Fig. 9a). Even after such a long immersion, the
morphology of the surface is almost the same as before and no obvious
dissolution of the oxide layer can be observed. Moreover, the polarization curve does not show any marked effects (Fig. 9a). The above
results show the formed oxide scale is quite stable during aqueous
corrosion and that can well protect the Fe-25Al from corrosion.
The good corrosion resistance of pre-oxidized Fe-Al observed in the
present study is attributed to the following three reasons: Firstly, the
studied Fe-25Al alloy is single-phase without any defects, such as
second phases, oxides, segregations or local enrichment, which is
beneficial for forming a dense, uniform and continuous oxide layer.
Secondly, the pre-oxidation treatment employed here was sufficiently
long and at suitable high temperature for the formation of a protective
oxide scale. Thirdly, using the Scherrer equation [71], the average grain
size of FeAl2O4 spinel is determined to be about 150 nm. This nanosized
FeAl2O4 in α-Al2O3 may refine the structure of the oxide layer and
perhaps restrict the passage of ions through the oxide layer and protect
the substrate from corrosion [72].
4. Conclusions
At 25 and 97 °C, the OCP of Fe-Al alloys with Al contents between 0
and 40 at.% Al decreases with increasing Al content. The minimum Al
content for the formation of a passive layer on binary Fe-Al in 0.0126 M
H2SO4 at 25 °C is about 15 at %. The alloy with 25 at.% Al shows even
better passivation, but no marked improvement is revealed when the Al
content increases to 40 at.%. At 97 °C, none of the alloys shows passive
behavior. Post-mortem examination of the samples corresponds with
these results, in that the alloys with 5 and 10 at.% Al, which showed
only active corrosion, showed a strong corrosive attack. XPS

Fig. 7. (a) OCPs and (b) potentiodynamic polarization curves of binary Fe-Al
alloys at 97 °C.

before it starts to increase, indicating increased corrosion. ipass increases
further, but after about 30 h it goes back to the original value, where it
stays until the end of the test. Apparently, there is some, at least partial
or localized, break down of the protecting oxide scale. However, the
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Fig. 9. (a) Potentiodynamic polarization curves of Fe-25Al with and without
pre-oxidation in de-aerated H2SO4 at 25 °C. (b) SEM-SE micrograph of the
surface of pre-oxidized Fe-25Al after the polarization measurement.

Fig. 8. SEM-SE images of the (a) surface, (b) cross section and (c) GI-XRD
pattern of Fe-25Al after oxidation at 1000 °C for 188 h in air.

measurements of the passive film reveal a strong Al enrichment compared to the bulk alloy. The passivation of Fe-Al alloys is related to the
formation of a passive film consisting of a mixture of Fe and Al oxides,
possibly with a thin layer of alumina underneath. That for Fe-Al such a
passive range is observed, which was not found for pure Al, indicates
that the passive layer seems to have a special, very stable structure. This
is an object of further investigations.
A dense, uniform and continuous oxide scale formed on Fe-25Al
after oxidation in air at 1000 °C for 188 h. The present results for the
first time conclusively show that pre-oxidation can substantially improve the aqueous corrosion behavior of Fe-Al alloys. This point had
been disputed before. It has also been shown that re-passivation occurred in the pre-oxidized samples in case of failure at small defects and
that long-time immersion of the scale has no effect on its beneficial
performance, because the formed scale seems to be surprisingly stable.
In fact during the investigated time no measurable loss of scale was
observed. It could be that the presence of nanoscaled spinel in the scale
might play a role here.

Fig. 10. Current density decay of pre-oxidized Fe-25Al in de-aerated H2SO4 at
an applied anodic potential of 1 VSCE.
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