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Hot corrosion of Fe3Al
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The oxidation and hot corrosion behavior of the binary iron aluminide, Fe-25Al (at.%), has
been studied at 1100 K, 1225 K and 1330 K. Hot corrosion studies were conducted by
coating the specimen surfaces with 2.5 ± 0.2 mg/cm2 of Na2SO4 prior to exposure in pure
oxygen. Parabolic rate constants were obtained from weight gain data. The faster kinetics
in the initial stages of oxidation have been related to the formation of θ -Al2O3 and the
slower kinetics in the later stages of oxidation, to the formation of α-Al2O3. The overall rate
of hot corrosion was higher than that of oxidation at all the temperatures. The presence of
α-Fe2O3 in addition to alumina was indicated by XRD analysis of the scales present on the
surface of the samples after hot corrosion. FTIR spectra from the spalled scales in hot
corrosion divulged the presence of α-Al2O3, α-Fe2O3 and sulfate. Cross-sectional
microscopy revealed that the metal-scale interfaces were pitted in hot corrosion conditions
and the pits contained aluminum sulfide. Sulfides were also identified along the grain
boundaries in the intermetallic near the scale-metal interface. The hot corrosion process
has been explained based on sulfide formation and its subsequent oxidation.
C© 2002 Kluwer Academic Publishers

1. Introduction
Iron aluminides are ordered intermetallics centered
around compositions Fe3Al and FeAl. They possess
relatively high specific strengths and suitable mechan-
ical properties at elevated temperatures. Fe3Al-based
iron aluminides contain aluminum well in excess of the
critical levels (14 at.% Al) for external scale formation
and hence the scale formed is essentially alumina [1, 2].
The soundness and adherence of Al2O3 scale to the
underlying alloy, therefore, determine the actual high
temperature oxidation and corrosion behavior. At lower
temperatures (below 1200 K), the scale consists of tran-
sitional alumina (γ -, δ-, and θ -Al2O3) while, at higher
temperatures, the scale consists of the stable form of
alumina, namely α-Al2O3 [3, 4]. Transition aluminas,
like θ -Al2O3, have also been reported by some inves-
tigators, during the transient stages of oxidation and at
intermediate temperatures [5–9]. The faster oxidation
kinetics at lower temperatures have been explained bas-
ed on the formation of θ -Al2O3 [5–9]. Transition alu-
minas like θ -Al2O3 have structures similar to γ -Al2O3
(i.e. cubic structure) with variation in the ordering of
cation vacancies [6]. The different forms of alumina
also possess characteristic microstructures. At lower
temperatures, the θ -Al2O3 structure is a combination of
nodules and whiskers, while, at the higher temperatures,
the nodules or whiskers are less apparent [10]. Smialek
et al. [5] observed a distinct, whisker-type morphol-
ogy for the fast-growing θ -Al2O3. Higher temperature
oxidation produced spheroidization and coarsening of
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the residual whisker morphology and the appearance
of concave cells. Scale spalling was more enhanced at
lower temperatures and this was related to the pres-
ence of transitional alumina [11]. It has been explained
that, when θ -Al2O3 forms, scale spallation occurred
due to void formation at the oxide-metal interface [6].
Whiskers of θ -Al2O3 were found on top of ridges of
α-Al2O3 in the intermediate temperature range [8].
High resolution TEM [12] has shown that the stable
α-Al2O3 nucleated at the oxide-metal interface and
grew into the metal, thereby filling up the voids. This
results in reduced scale spallation and improved adher-
ence, and therefore, the formation of α-Al2O3 is pre-
ferred. Under the spalled outer θ -Al2O3 scale, underly-
ing α-Al2O3 ridges were present [11]. Transformation
of the transitional phases to stable α-Al2O3 results in a
ridged morphology and a reduction in oxidation rate
[6]. The sequence of formation of aluminas in alumina-
forming intermetallics has been described elsewhere
[6, 13].

Limited literature is available for hot corrosion of
Fe-Al systems in Na2SO4 melts, whereas their sul-
phidation has been widely reported. The presence of
molten alkali sulfate salts significantly increased the
corrosion of iron aluminides in SO2-containing mixed
gases [14]. A coating of Na2SO4 – Li2SO4 on iron alu-
minides exposed to an oxidizing/sulphidizing gaseous
environment (1% SO2 in air) at 605◦C and 800◦C
resulted in corrosion rates that were at least ten times
higher than rates measured in the absence of the sulfate
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coating [14]. The degradation by the molten sulfate de-
creased with increasing Cr contents (2% to 5%) and
increasing Al contents (28% to 36%). Stainless steels
(310 and 321) possessed significantly better hot cor-
rosion resistance than iron aluminides [14]. In another
study by Gesmundo et al. [15], both Fe3Al (27Al-2.2Cr-
0.1B) and FeAl (40Al-0.05Zr-0.06B-0.085C) alloys
were coated with Na2SO4-containing salts and exposed
to a simulated combustion gas at 600◦C. Recently,
Medina et al. [16] studied the hot corrosion of Fe-40Al,
Fe-40Al + 0.1B and Fe-40Al + 0.1B + 10Al2O3 alloys
in molten NaVO3 at 625◦C and 700◦C by potentiody-
namic polarization. Both these studies indicated that
the surface alumina scale was attacked by the sulfate-
containing salts, resulting in enhanced degradation and
in oxidation of the other major element in the alloys,
i.e. Fe. The aim of the present study is to understand the
sodium sulfate induced hot corrosion of stoichiometric
Fe3Al.

2. Experimental procedure
The Fe-25Al (exact composition 74.72Fe-25.28Al ±
0.25) intermetallic was obtained from the Defense Met-
allurgical Research Laboratory (DMRL), Hyderabad.
Rectangular specimens were sectioned, mechanically
polished to 600-grit and degreased using acetone and
alcohol. Thermogravimetric technique was employed
for kinetic measurements. The apparatus consisted of a
vertical furnace, a Mettler single pan analytical balance,
and gas train. A vertical furnace of 250 mm length was
employed to conduct the oxidation and hot corrosion
tests. A mullite tube (45 mm inner diameter and 460 mm
length) acted as the reaction chamber. The specimen
was placed inside a quartz crucible constructed with
three holes at the bottom of the crucible to allow for
passage of gas. The crucible was 15 mm in diameter and
20 mm in length. The quartz crucible was suspended
from the top of the furnace using a platinum wire into
the reaction zone of the reaction chamber. Pure oxygen
gas was passed initially through a bubbler and capillary
flow meter, and then through Ascarite, anhydrous cal-
cium chloride and Drierite (CaSO4) columns succes-
sively before introduction into the reaction chamber.
The outlet gas was passed through a bubbler to ensure
that the flow of gas was maintained through the system.

Oxidation and hot corrosion experiments were car-
ried out isothermally at temperatures of 1100 K, 1225 K
and 1330 K. The gas flow rate was maintained constant
at 0.2 cm3/s (STP). The quartz crucible was periodically
removed from the furnace, the weight of the sample
recorded and the crucible again reintroduced into the
furnace. For the hot corrosion experiments, the speci-
mens were initially coated with a thin film of Na2SO4
and then exposed to the environment at the desired
temperature. The salt deposit was applied to the warm
(∼150◦C) specimen using a brush, to give a uniform
coat of the aqueous solution of Na2SO4 on the surface of
the specimen. A surface coverage of 2.5 mg/cm2 of salt
was used [17]. The kinetics of hot corrosion were mon-
itored by measuring the weight changes as a function of
time, similar to the oxidation experiments. There was
noticeable scale spallation at the two higher tempera-

tures. The spalled scales were collected and weighed
with the specimen.

The corrosion products were visually observed to
record scale color, adherence and uniformity. X-ray
diffraction (XRD) patterns were obtained from the sur-
face scales with a Rich-Seifert 2002D diffractometer
using Cu Kα radiation. A JEOL JSM 840A scanning
electron microscope (SEM) was employed for topolog-
ical observation of the surface. A JEOL JXA-8600MX
electron probe micro-analyzer (EPMA) was utilized for
qualitative compositional analyses. The cross-sections
were studied after electroless nickel plating the sur-
faces and mounting the cross-sections in epoxy resin.
The mounted specimens were polished and etched with
HNO3 + CH3COOH + H2O + HF (33 : 33 : 33 : 1) be-
fore observation of the cross-section. The oxidation and
hot corrosion products from select experiments were
analyzed by Fourier transform infrared (FTIR) spec-
troscopy after pressing them into pellets using spectro-
scopically pure KBr. The FTIR spectra were recorded at
room temperature using a Nicolet Magna 750 Series 2,
FTIR system.

3. Results
3.1. Kinetics
The parabolic rate constant kp was obtained from the
slope of the linear regression fitted line of (�W/A)2

vs. t plot. Figs 1 and 2 shows the nature of fit of

Figure 1 (�W/A)2 vs. time plots for oxidation of Fe-25Al in pure
oxygen. The lines joining the data points are for visual aid only.

Figure 2 (�W/A)2 vs. time plots for hot corrosion of Fe-25Al in pure
oxygen. The lines joining the data points are for visual aid only.

1136



Figure 3 Variation of overall parabolic rate constant (kp) with tempera-
ture for the oxidation and hot corrosion experiments. The kp determined
for the oxidation of Fe-25Al in oxygen by Babu et al. [12] by continuous
weight gain method have also been presented. The lines joining the data
points are for visual aid only.

parabolic rate law for the oxidation and hot corrosion
experiments, respectively. Ideally, parabolic growth
would yield straight lines on such plots, with the slope
being equal to the rate constant kp. It may be noticed
from Figs 1 and 2 that the obedience to parabolic rate
law was only approximate. This is due to the discontin-
uous method of recording weight gain. In the case of ox-
idation, the nature of the plot (Fig. 1) indicated two re-
gions where different parabolic rate constants applied;
one encompassing the initial stages of oxidation (up to
2 hours approximately) and the other, the later stages
of oxidation. Parabolic rate constants, kpI and kpII, were
determined from these initial and final stages, respec-
tively. These rate constants will be addressed later in
the discussion section. The overall rate parabolic rate
constants were determined for the oxidation and hot
corrosion experiments by utilizing all the data points of
the experiment. The variation of the overall parabolic
rate constants with temperature is presented in Fig. 3.
In the same figure, the rate constants reported by Babu
et al. [11] for the oxidation of the Fe-25Al alloy in
oxygen have been provided. Babu et al. [11] moni-
tored the progress of oxidation by recording the contin-
uous weight gains using a Cahn 1000 electrobalance.
The activation energies implied from the slopes of the
curves are not relevant because, as noted above, true
parabolic kinetics were not obeyed in the present set of
experiments.

T ABL E I Summary of nature of scales observed after oxidation (OX) and hot corrosion (HC)

Phases identified by XRD

Condition Temp. (K) Major Minor FTIR identification Scale characteristics

OX 1100 θ -Al2O3 – – Dull white
1225 α-Al2O3 θ -Al2O3 – Cream white
1330 α-Al2O3 – γ -FeOOH, α-Al2O3 Cream white

HC 1100 θ -Al2O3 – – Dull brown
1225 α-Al2O3 θ -Al2O3, α-Fe2O3 Na2SO4, α-Al2O3, α-Fe2O3 Brown
1330 α-Al2O3 α-Fe2O3 Na2SO4, α-Al2O3, α-Fe2O3 Brown

3.2. Scale characterization
Visual observation of the scales revealed that the color
of scales after oxidation at 1225 K and 1330 K was
cream white, while the scale after oxidation at 1100 K
was dull white. The spalled scales in the oxidation ex-
periments, especially at the lower temperature, were in
the form of loose fine powders of white color. Severe
scale spalling was noted for the hot corroded samples,
mainly at the two higher temperatures (1330 K and
1225 K). The color of the spalled scale was deep brown.
The salt did not melt at 1100 K and spalled as a loose
dry mass. A white layer of loose scales in all the cases
covered the sample surface (from where the scale had
spalled off).

Analysis of the XRD patterns of all the specimens
after oxidation revealed that θ -Al2O3 was the major
phase at the lowest oxidation temperature of oxidation.
At the intermediate temperature, α-Al2O3 was present
in addition to θ -Al2O3, with the former being the major
phase. At the highest temperature, the major constituent
of the scale was α-Al2O3. In the hot corrosion speci-
mens, the types of Al2O3 phases observed were similar
to those observed after the oxidation experiments. In
addition, peaks corresponding to α-Fe2O3 were identi-
fiable after hot corrosion at 1225 K and 1330 K. FTIR
spectra from the scales of the oxidized specimens con-
firmed the presence of alumina. The spectra from the
spalled scales after hot corrosion at 1225 K and 1330 K
indicated the presence of α-Fe2O3 and sulfate, in addi-
tion to alumina, for both the alloys. The scale charac-
terization results are summarized in Table I.

The scale after oxidation at 1100 K revealed fine
faceted oxides (Fig. 4a). At higher temperatures, a
ridge-like morphology developed (Fig. 4b and c). In
the case of hot corrosion, the specimens were gen-
erally covered with uniform scales. Nodular features
were observed on the surface at 1100 K (Fig. 5a), while
a ridge-like morphology could be discerned at 1225 K
(Fig. 5b). At 1330 K, the surface exhibited large nodular
features (Fig. 5c) surrounded by clusters of fine needle-
like whiskers. EPMA analysis of the whiskers con-
firmed Al2O3. The whisker morphology of the alumina
revealed that it was θ -Al2O3 [8]. Therefore, the mor-
phology of alumina formed after hot corrosion was dif-
ferent from that after oxidation at 1330 K.

4. Discussion
4.1. Oxidation
The oxidation kinetics were analyzed with two distinct
parabolic behaviors, as noted earlier. The parabolic rate
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Figure 4 SEM morphologies of the oxide scales after oxidation for 65 hrs at (a) 1100 K, (b) 1225 K, and (c) 1330 K.
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Figure 5 SEM morphologies of the scales after hot corrosion for 65 hours at (a) 1100 K, (b) 1225 K, and (c) 1330 K.
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Figure 6 Literature data [5, 7, 8, 10] for kinetics of α- and θ -Al2O3

formation. The parabolic oxidation rate in the initial (kpI) and final (kpII)
periods for the alloy Fe-25Al has been provided.

constants in the initial stages of oxidation were higher
than in the later stages at all the temperatures. It was
earlier pointed by Rommerskirchen et al. [8] that the
oxidation kinetics of iron aluminides could be analyzed
as consisting of two regions of parabolic behavior and
they correlated these regions to the formation of dif-
ferent kinds of alumina. For example, the faster initial
oxidation kinetics were related to the formation of tran-
sition θ -Al2O3 while the lower oxidation kinetics in the
later stages were related to α-Al2O3 formation [8]. The
parabolic rate constants obtained in the present study
for the two different regions are compared with α- and
θ -Al2O3 formation kinetics [5, 7, 8, 10] in Fig. 6. The
initial rate can be related to θ -Al2O3 formation kinet-
ics while the rate from the later stages of oxidation can
be related to α-Al2O3 formation kinetics. The analy-
sis of the weight gain data obtained by grouping them
into two regions is justified in the present case because
XRD results clearly revealed that two types of alumina
form during oxidation. The scale nature was determined
using XRD based on the remaining oxide on the sur-
face. It must be pointed out that the variation in oxide
formation as a function of oxidation time was not deter-
mined, due to scale spallation. The scale nature identi-
fied at the end of the experiments need not match the
scale nature throughout the course of the experiment.
While the major alumina phase identified at the low-
est temperature was θ -Al2O3, the major alumina phase
determined by XRD was α-Al2O3 at higher tempera-
tures. It was earlier seen that the transitional alumina
(θ -Al2O3) forms first and later transforms to α-Al2O3
and this occurs more readily at higher temperature [12].
Therefore, the presence of θ -Al2O3 on the surface after
long oxidation times is more likely at lower oxidation
temperatures.

4.2. Hot corrosion
The hot corrosion rates were higher than oxidation rates
at all the temperatures. Cross sectional microscopy
revealed that the surface scale was thicker after hot
corrosion (Fig. 7a). The penetration of a corrosion

zone can be noted. EPMA analysis of the corrosion
product zone revealed that the product consisted es-
sentially of Fe2O3 and Al2O3. Similar penetrating
corrosion product zones were not consistently ob-
served on all surfaces. However, the region below
the metal-scale interface was consistently pitted and
these pits contained corrosion products (Fig. 7b). The
corrosion products in the pits at the scale-metal in-
terface were analyzed qualitatively by EPMA and
found to contain significant amounts of S in addi-
tion to Fe and Al. The EPMA results obtained from
the scale in the same sample did not reveal any S
but only Al, Fe and O. When considered along with
the XRD results, it can be concluded that the exter-
nal scales were composed of α-Fe2O3 and α-Al2O3.
The corrosion products within the pits were sulfides.
The identification of sulfur at the scale-metal inter-
face showed that sulfur-bearing compounds are found
deeper in the material below the scale. Significant pres-
ence of corrosion products was also constantly no-
ticed along grain boundaries in the matrix near the
scale-metal interface (Fig. 7b). The corrosion prod-
ucts in the pits along the grain boundary in Fig. 7b
were analyzed qualitatively by EPMA as aluminum
sulfide. The base metal was degraded in a character-
istic fashion at the scale-metal interface, where deep
pits could be observed at the interface (Fig. 7b). In-
terestingly, the inner scale near the scale-metal inter-
face in the Fe-27Al-2.2Cr-0.1B alloys after Na2SO4 in-
duced hot corrosion in a SO2-containing environment
at 600◦C revealed the presence of Al2O3, Al2S3 and
some Fe [15].

Some aspects about the process of hot corrosion can
be understood based on the microstructural and com-
positional characterization, when viewed along with
the known mechanisms of hot corrosion. The identi-
fication of sulfate in the spalled scales by FTIR spec-
troscopy indicates the significance of the acid fluxing
mechanism in the initial stages of hot corrosion [18].
Fe2O3 was identified in the spalled scales only at the
two higher temperatures. Therefore, non-protective sur-
face conditions were established when Na2SO4 melted
on the surface (melting point 884◦C), which resulted
in the oxidation of both Al and Fe. The results of the
present study, that both Al2O3 was Fe2O3 occurred as
corrosion products during hot corrosion, are in agree-
ment with other hot corrosion studies of iron aluminides
[15, 16]. Sustained, accelerated hot corrosion induced
by Na2SO4 appears to be associated with sulfide for-
mation at or near the scale-metal interface. The sulfide
phases provide path for rapid outward diffusion of the
metal. A notable feature of attack by this mechanism is
the formation of pits at the scale-metal interface [19],
and this was also observed in the present study by cross
sectional microscopy. The identification of aluminum
sulfides in the pits suggests probably that sulphidation
of Al results in non-protective scale formation because
Al is the metal that is required to form the protec-
tive oxide in iron aluminides. The sulfur released after
oxidation of the sulfides diffuses inside the material,
faster through the grain boundaries, to cause further
degradation.
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Figure 7 SEM morphologies of the cross-sectional features hot corroded at 1330 K for 65 hrs (a) at one location and (b) at another location.

5. Conclusions
The high temperature oxidation and hot corrosion be-
havior at 1100 K, 1225 K and 1330 K of Fe-25Al has
been studied. The weight gain data were analyzed as-
suming parabolic kinetics. The kinetics of hot corrosion
were generally faster than oxidation. Cross-sectional
microstructural analysis revealed pitting just below the
scale-metal interface and enhanced attack along grain
boundaries in the underlying metallic matrix. The exter-
nal scales contained essentially Al2O3 after the oxida-
tion experiments, whereas both Fe2O3 and Al2O3 were
identified after hot corrosion experiments at higher
temperatures. Qualitative compositional analysis by an
EPMA indicated the presence of aluminum sulfides in
the pits at the scale-metal interface, and in the pits along
the grain boundaries in the metallic matrix below the
scale-metal interface. The faster hot corrosion kinet-
ics has been attributed to the formation of sulfides at
the scale-metal interface. The possible sequence of at-
tack in hot corrosion has been proposed based on mi-
crostructural and compositional analyses. Fluxing of

alumina results in higher attack rates. The formation
of aluminum sulfides results in non-protective scales.
The oxidation of sulfides releases sulfur, which again
diffuses inward into the material to cause further attack.
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