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HIGH TEMPERATURE CORROSION PERFORMANCE OF CARBON STEEL COATED
WITH IRON ALUMINIDE IN MIXTURE OF O, AND SO, ATMOSPHERE

In this investigation the surface of an aluminized sample of plain carbon steel was melted and alloyed using a tingsten inert
gas (TIG) welding process to produce iron-aluminide intermetallic phases on the surface. The produced coating was then character-
ized by SEM and EDS and its high-temperature properties in O, + 1%SO, gas were examined. The results showed that the Fe; Al
coating produced could protect the substrate as it was subjected to the corroding gases at 700°C due to the formation of an alumina
layer between the substrate and an outer layer of Fe,053. At 900°C, the coating could only protect the substrate for 64 h. The lack
of further protection at this temperature is attributed to the decrease in the protective properties of alumina with an increase in its
temperature and the lack of presence of enough Al atoms in the coating for the repair of the defects formed in the alumina layer.
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1. Introduction

In many high temperature industrial applications, a resist-
ance to high temperature corrosion is an important requirement.
However, it is usually very difficult to develop steels that can
satisfy this need [1]. Therefore, a great demand for new materials
that have the capability to protect against such severe conditions
exist, either as bulk or as overlays [2]. The iron aluminide phase
Fe;Al is one of the best candidates to fulfil this need [1].

Interest in developing iron-aluminide alloys for high tem-
perature applications has existed for several years, primarily
due to their superior high temperature oxidation and sulfidation
resistance [3-6]. These alloys are lower in cost and have better
corrosion resistance compared to conventional Ni-based and
stainless-steel alloys. This corrosion resistance has been attrib-
uted to a strong adherent surface layer of aluminum oxide that
is stable under a wide range of environments [5,6].

Iron aluminide has a low ductility which causes consid-
erable technical difficulties in the fabrication of parts in bulk
form [1,2,4]. The aforementioned property limits the industrial
application of this material. Using iron aluminide as a coating
instead of bulk is a logical alternative [1,2].

Iron aluminide coating is especially attractive for the
power generation industry, where in most cases a work-piece is

exposed to both oxygen and sulfur. Sulfur is present in all fossil
fuels and compounds containing sulfur are usually produced in
most chemical and petrochemical processes and combustion
atmospheres. Excess oxygen is usually injected into industrial
furnaces to ensure the complete combustion of fuels. This excess
oxygen reacts with the sulfur present in the fuel to produce SO,
and SO; [7]. Sulfur found in zinc, copper and other metallic ores
could cause problems in extractive processes [1,7].

Generally, there are two different approaches to produce
iron-aluminide coatings: single-stage or double-stage methods.
Single-stage methods are more commonly used and include
direct deposition of FeAl or Fe;Al coatings through processes
such as electro-spark deposition [8], chemical vapor deposition
[9] and pack cementation [10]. The second approach is based on
the generation of a primary surface layer and employing a subse-
quent treatment in order to produce the iron-rich aluminide [2].

One surface treatment technique that has long been used
for the surface modification of steels and other alloys is the
melting of a pre-coated substrate by a thermal source such as
an electrical arc or a laser. Sohi et al. [11] pre-placed ferrochro-
mium powder with different thicknesses on a ductile iron and
afterwards melted the surface of the alloy with the tungsten inert
gas (TIG) process. They found that this treatment increased the
hardness of the treated layer compared to that of the base metal.
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Buytoz and Ulutan [12] used the TIG surface alloying to coat
the surface of an austenitic stainless-steel plate and studied the
effects of the process parameters on the coating microstructure.
Omranian et al. [13] also used the TIG process to form a layer
of iron aluminide on an aluminized plain carbon steel plate.
They found that the volume of the pool formed during the
surface melting had a critical influence on the determination of
the phases formed during the process. Similar studies were also
carried out on ductile iron [14,15], low carbon steel [16], 8620
steel [17] and other alloys. In all of these aforementioned stud-
ies, the produced coated layer was characterized by measuring
various parameters such as hardness, wear resistance, chemical
composition and microstructure.

In this investigation the surface of an aluminized plain car-
bon steel was melted and alloyed using an inverter TIG welding
machine to produce iron-aluminide intermetallic phases on the
surface. The produced coating was then characterized by SEM
and EDS and its high-temperature properties in O, + 1%S0O,
gas were examined.

2. Material and methods

The sheets used in this study were aluminized plain carbon
steel with a thickness of 1.5 mm and a chemical composition of
0.15 wt% C, 0.6 wt% Mn and 0.1 wt% Si. The surface of the sheet
was melted and alloyed using an inverter TIG welding machine
(Pars-Digital PSQ 250 AC/DC) with an electrical current of 40A.
This current was found [13] to be the optimum current at which
a dense and hard Fe-rich iron aluminide (mainly Fe;Al) could
be produced on the surface of the steel. The torch was stationary
while a CNC table moved the substrate with a constant rate of
5 mm s~! while an argon shield gas protected the arc. The torch
scanned all the surface of the work piece in several parallel lines.

High temperature oxidation tests were carried out on iron
aluminide coatings in O, + 1%SO, atmosphere. For this purpose,
a tube furnace with a quartz reaction chamber was utilized. Iso-
thermal oxidation tests were performed at 700 and 900°C for 4,
16, 64 and 100 h. The gas flow rate in these experiments was
100 mL min~'. The mass of the specimens before and after the
oxidation was measured using a precision balance (Shimadzu)
with an accuracy of 10~ g, and the surface and cross-section of
the samples were studied using a scanning electron microscope
(SEM, JEOL JSM-6390) fitted with an energy dispersive X-
ray spectroscope (EDS, Oxford Inca, Oxford Instruments) for
microanalysis. The scales formed on the surface of the samples
were also identified using a low angle X-ray diffraction (XRD)
technique (grazing mode, scan rage 10° < 26 < 90°, step size
0.039°, at 40 kV and 40 mA).

3. Results

Fig. 1. shows the mass gain of the coated samples that were
subjected to an environment containing O, + 1%S0O, environ-

ment at 700 and 900°C over time. It can be seen that the mass
of the sample increased with time and that it gained more mass
as the temperature increased from 700 to 900°C.
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Fig. 1. Mass gain over time for the coated samples exposed to the O2
+ 1%S0, environment at 700 and 900°C

To find the oxidation rate law that governed the oxida-
tion mechanism at 700°C, the mass gain was plotted against
both the square root and the logarithm of time for parabolic
rule, Am = a.£>> + b, and logarithmic rule, Am = a.In(f) + b, re-
spectively [18] (Fig. 2). The coefficients of determination (R?)
calculated for the lines fitted to these rules (0.879 and 0.986 for

Logarithm of time

1.5 20 25 3.0 35 40 45
1 1 1 1 | |
100 - )
Y 80-
g‘j - - T':-"-
,‘% 60_ ’//,.-"
E /f_.'
[y+] - -
o T
g 40‘ ,f’ ."'
[y] -
=
20 - A Log (R°=0.9858)
- - @ Parab (R°=0.8795)
T T T [ [
2 4 3] 8 10

. 1/2
Square root of time, h

Fig. 2. Mass gain over square root and logarithm of time, plotted using
4 data points between 4 and 100 h from the experiment carried out 700°C



the parabolic and logarithmic rules, respectively) determined
the kinetics of the oxidation at 700°C to follow the logarithmic
rule. The coefficients of the parabolic and logarithmic equations
fitted to these data are shown in Table 1.

TABLE 1
Coefticients of the logarithmic equations fitted to the oxidation data
o Experiment Logarithmic rule, 2
Temp, °C time, h Am=a.ln (t) +b R
Rate Integral
constant, a | constant, b
700 4-100 22.4 7.2 0.986
900 4-64 22.5 37.0 0.842

The mass gain data for the oxidation at 900°C also showed
the same trend for 64 h (see Fig. 1). The mass gain, however,
increased significantly when the sample was subjected to the cor-
roding environment for 100 h. This sudden change in the kinetics
of oxidation of the sample implied a change in the mechanism
of oxidation after 64 h. Therefore, omitting the data for 100 h,
the mass gain of the samples that were subjected to the corrod-
ing environment at 900°C for 4 to 64 h were plotted against
the square root and the logarithm of time (Fig. 3.) to assess the
conformity of this data to the parabolic or logarithmic kinetic
rate rules of oxidation. The coefficient of determination obtained
for the logarithmic rule (R*> = 0.842) was higher than that of the
parabolic rule (R*> = 0.682) and hence, the conformity of the
kinetics of the oxidation to the logarithmic rule was confirmed.
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Fig. 3. Mass gain over square root and logarithm of time, plotted us-
ing 3 data points between 4 and 64 h from the experiment carried out
at 900°C

Table 1 shows that the rate constant of the experiment car-
ried out at 900°C was almost the same as that of the experiment
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carried out at 700°C. The integral constant of the experiment
at 900°C was, however, larger than that of the experiment at
700°C. These coefficients implied that although the oxidation
rate at 900°C was higher than that of 700°C, but the required
time needed for the rate of oxidation to decrease to a relatively
low value was almost the same in these two temperatures. This
behaviour is shown in Fig. 4., which shows the rate of mass
gain of the samples over time. This figure also showed that the
rate of mass gain decreased from high levels of 15 and 5 pg
h'! in the experiments carried out at 700 and 900°C, respec-
tively, to low levels of 0.6 and 0.1 pg cm™ h™!, respectively, in
about 64 h.
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Fig. 4. Rate of change in the mass gain by time for the two experiments
carried out at 700 and 900°C

The phases formed on the surface of the samples during the
corrosion reactions at 700 and 900°C are determined using the
XRD spectra shown in Fig. 5 and Fig. 6, respectively. Fig. Sa
shows that the only phase identified at 700°C and the oxida-
tion time of 4 h was Fe;Al. The peaks associated with oxide
phases were not present in this spectrum. As the oxidation time
increased, the intensity of the peaks associated with the Fe;Al
phase decreased and those associated with the Al,O5 and Fe,O4
increased (see Fig. 5b to Fig. 5c). The peaks associated with
the Fe;Al phase were eliminated from the spectrum when the
sample was subjected to the corrosive environment for 100 h
(see Fig. 5d).

At 900°C and the reaction time of 4 h (Fig. 6a), again the
main phase was Fe;Al. A peak associated with Al,O; was also
present in this reaction time but its intensity was low. The peaks
associated with the oxide phases of Al,O; and Fe,O; increased in
intensity as the reaction time increased (Fig. 6b and Fig. 6¢). The
main phases observed at 100 h reaction time in this temperature
were FeO and Al,O; (Fig. 6d).
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Fig. 5. XRD spectra obtained from the surface of samples corroded at
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Fig. 6. XRD spectra obtained from the surface of samples corroded at
900°C for (a) 4, (b) 16, (c) 64 and (d) 100 h
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Fig. 7. SEM micrographs from the cross-section of the samples corroded at 700°C for (a) 4, (b) 16, (c) 64 and (d) 100 h

Fig. 7 shows the SEM micrographs from the cross-section
of the samples that were subjected to the corrosive environment
at 700°C for different reaction times. The oxide layer formed
on the samples consisted of two layers. These layers were not
uniform in thickness and it is likely that some parts of the layers
might have broken away during its preparation. Therefore, it was
not possible to precisely measure the thickness of these layers.
Fig. 8 shows the changes in composition of the cross-section of
the specimen that was subjected to the corrosive environment
at 700°C for 4 h, obtained by EDS. This figure shows that the
outer and inner layers that formed on the specimen during the
experiment were rich in Fe and Al, respectively, and hence were
identified to be Fe,O5 (outer layer) and Al,O5 (inner layer).

Fig. 9a and Fig. 9b show that at 900°C and the reaction time
of 4 or 16 h, a double layer was observed on the substrate. No
product layer could be seen on the substrate of the specimens that
were subjected to the corrosive environment for 64 and 100 h
(Fig. 9c and Fig. 9d, respectively). However, according to the
corrosion mechanism explained in the discussion section of this
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Fig. 8. Change in the composition at the cross-section of the samples
corroded at 700°C for 4 h, obtained by EDS
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Fig. 10. Change in the composition of the cross-section of the samples corroded at 900°C for (a) 4 and (b) 16 h, obtained by EDS



paper and also considering the work of other researchers [19-21],
the presence of such layers on the substrates (which started to
form at the reaction time of 16 h) were predictable. So, these
layers might have spalled away during the sample preparation.

The change in the composition of the cross-section of the
samples that were subjected to the corrosive environment at
900°C for 4 and 16 h is shown in Fig. 10a and Fig. 10b, respec-
tively. After 4 h, a layer rich in Al and oxygen (i.e., Al,O5) formed
on the FesAl coating. At 16 h, however, in contrast to 700°C, the
outer and inner layers formed at 900°C after 16 h were identified
to be Al,O5 (outer) and Fe,Oj5 (inner layer).

Fig. 11 shows the SEM micrographs from the surface of the
specimens that were subjected to the O, + 1%S0, corrosive en-
vironment at 700°C for different lengths of time. A darker phase
and a lighter phase can be seen in all these micrographs. At the
reaction time of 4 h (Fig. 11a) the lighter phase is dominant in
the microstructure. The EDS study (Point 1 on Fig.11a.) revealed
this phase to contain about 34 at% Fe and 65 at% O, i.e., an iron
oxide. The EDS spectrum obtained from Point 2 also showed
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Fig. 11. Backscattered SEM micrographs from the surface of the samples corroded at 700°C for (a) 4, (b) 16, (c) 64 and (d) 100 h
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the darker phase to be Al,O5 (about 28 at% Al and 70 at% O).
At the longer reaction times of 16 to 100 h (Fig. 11b, Fig. 11c
and Fig. 11d) the ratio of the darker to lighter phase gradually
increased so that at a reaction time of 100 h (Fig. 11d), the
darker phase dominated the microstructure. On the other hand,
the concentration of Al in the lighter phase increased up to the
reaction time of 64 h. This increase implied the growth of an
alumina layer underneath the lighter phase (iron oxide layer).
Fig. 12 shows the SEM micrographs obtained from the
surface of the specimens that were subjected to the corrosive
environment at 900°C for different lengths of time. The lighter
phase observed at the reaction time of 4 h (Fig. 12a) consisted
only of Fe and Al, i.e. probably Fe;Al phase (note the high
concentration ratio of Fe to Al at Point 1 and the brittle nature
of this phase on the figure). The EDS spectrum obtained from
Point 2 on this figure revealed the darker phase to be alumina.
At the reaction time of 16 h the nature of the lighter phase was
completely altered relative to the reaction time of 4 h (no brittle
cracks were observed) and the EDS spectrum obtained from
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Fig. 12. Backscattered SEM micrographs from the surface of the samples corroded at 900°C for (a) 4, (b) 16, (c) 64 and (d) 100 h

Fig. 13. Higher magnification of the SEM micrograph shown in Figure
12d

ol

Point 1 on Fig. 12b. revealed this phase to be an iron oxide. The
ratio of darker to lighter phase gradually increased with time so
that the microstructure mostly consisted of the alumina phase
at the reaction time of 64 h (Fig. 12c¢).

Fig. 12d showed that the lighter phase reappeared on the
surface of the sample when it was subjected to the corroding
environment at 900°C for 100 h. A higher magnification from
the surface of this sample, shown in Fig. 13, revealed the forma-
tion of iron oxide (Point 1) through the alumina layer (Point 2).
The identity of the iron oxide phase was confirmed by XRD
(Fig. 6d) to be FeO. Fig. 12d and Fig. 13 showed most of the
surface of the sample to consist of a mixture of FeO and Al,0;
(area 3 on Fig. 13)

4. Discussions

The oxidation was not severe when the samples were
subjected to the corroding environment for a short time of 4 h



(see Fig. 5a and Fig. 6a) and the dominant phase formed on the
substrate was Fe;Al. The peaks associated with Al,O; were not
visible in the XRD spectrum obtained from the surface of the
sample that was subjected to the corroding environment for 4 h
even though the SEM obtained from this sample (Fig. 7a and
Fig. 8) confirmed the presence of this oxide underneath the Fe; Al
layer. The lack of these peaks in the XRD spectrum could be
due to the inaccessibility of the X-ray beam to this layer, or its
extreme thinness. The XRD results (Fig. 5 and Fig. 6) showed
that the thickness of the Al,05 and Fe,05 layers increased and
that of the Fe;Al layer decreased gradually as the reaction time
in the corroding environment increased. This increase in the
thickness of the oxide layers was associated with the increase
in the mass of the samples, as is shown in Fig. 1.

Since the Gibbs free energy of formation of Fe,O; is more
negative than that of FeS (=742 and —100.4 kJ mol ™' [22], respec-
tively), despite the presence of S in the corroding environment,
no sulphides formed on the corroded samples. The higher affinity
for oxygen compared to that of sulfur is true for most metals
[23]. The tendency of Fe;Al to form Al,O; at the presence of
sulphur, even in low partial pressures of oxygen, is reported in
the literature. However, Al,S; is formed if the iron aluminide is
subjected to pure SO, [20].

Exposure of these samples to the corroding environment
caused two oxides to form on the substrate. Fe,O; and Al,Os.
The Gibbs free energy of formation of Al,O5 is more negative
than that of Fe,O5 (1362 and —557 kJ mole ! at 700°C (973 K),
respectively [22]). Therefore, one might consider Al,O5 to grow
with a higher rate and preferentially before Fe,O; during the
corrosion of these samples. The results obtained from this work
(Fig. 11 and Fig. 12), however, revealed Fe,O; to form predomi-
nantly on the surface of the samples at relatively short reaction
times. Such change in the preferencial formation of oxides was
also observed by Bartar-Esfahani et al. [24] and Najafzadeh et
al. [25] for the formation of Al,Oj at the presence of Sr and Mg,
respectively, in the Al melt and Rao et al. [21] for the formation
of Fe,0; at the presence of Al in the Fe melt. The later research-
ers attributed it to the low concentration of Al compared to Fe in
the protective layer (in the present experiments measured to be
10 and 90 at% for Al and Fe, respectively [13]) which not only
caused very few nucleation of Al,O; but also the inability of
the alloy to supply Al for the growth of the existing Al,05 26,

The results obtained in this study (Fig. 5, Fig. 6, Fig. 11
and Fig. 12) revealed that the Al,O5 layer expanded gradually
and replaced the Fe,O; layer. The oxygen needed for this ex-
pansion would be provided either from the ambient atmosphere
(through the Fe;Al or Fe,O5 layer), or from the reduction of the
Fe,0; phase by the Al atoms. Both paths would be feasible in
this situation. On one hand, the Gibbs free energy of formation
of Al,O3 is more negative than that of Fe,0;, and on the other
hand, the Pilling-Bedworth ratio (PBR) of Fe,05 is 2.14 [27],
which implies that the oxide would chip off during the oxidation
and cannot provide a good protection for the layers underneath.

The Pilling-Bedworth ratio (PBR) of Al,O5 is 1.28 [28]
and hence it is a dense and protective layer. Therefore, its for-
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mation underneath the Fe,05 layer (see Fig. 8) caused the alloy
to be relatively protected against further oxidation and changed
the severe parabolic oxidation of the plain carbon steel [29] to
a logarithmic trend, as is shown by Fig. 1 to Fig. 3. According
to Fig. 1, this protection increased by time throughout the ex-
periment carried out at 700°C and the formed Al,O5 layer could
protect the alloy for at least 100 h.

The coefficient of diffusion of Al in Fe;Al was about 85
times higher at 900°C compared to 700°C [30]. Therefore, at
900°C, both the thermodynamics and the kinetics of the reactions
were in favour of the formation of Al,O5 and this oxide formed
as the outer layer on the substrate (see Fig. 10). The formation
of this layer provided a rapid protection against the corroding
environment and, as is shown in Fig. 4, the decrease in the rate
of mass gain happened with a steeper gradient and the rate of
mass gain at 64 h was lower compared to that of 700°C.

However, the sample that was subjected to the corroding
environment at 900°C was protected by the alumina layer only
for (at least) 64 h. The corroded sample showed a significant
mass gain of more than 2 folds between the experiment times
of 64 and 100 h. Fig. 12d and Fig. 13 revealed the formation
of FeO phase through the Al,O5 layer. The formation of this
phase implied that at this stage almost all of the Al in the Fe;Al
phase had been converted to Al,O; and hence no more Al was
available for the formation of the alumina phase. Sleppy [31]
demonstrated that the protective property of the Al,O; layer
gradually decreased as its temperature increased above 700°C.
At 900°C, the rate of formation of defects in the alumina layer
was relatively high [31] and oxygen could pass through these
defects to react with the Fe atoms underneath to form FeO. The
Pilling-Bedworth ratio of FeO is 1.7 [28] and hence the forma-
tion of this phase was accompanied by an expansion in volume
which caused the newly-formed phase to perforate through the
Al,O; layer.

In summary, at 700°C, the alumina layer could protect the
surface of the sample against the corroding environment since
the rate of formation of defects in the produced alumina layer
was low enough to decrease the penetration of oxygen to the
substrate. However, due to a high rate of formation of defects
in the alumina layer, this protection was not enough when the
sample was subjected to the corroding environment at 900°C.

5. Conclusions

Fe;Al coating was successfully produced on a substrate of
aluminized plain carbon steel by melting the aluminized sur-
face layer using a TIG welding machine. The high-temperature
properties of the produced coating in an atmosphere containing
0, + 1%S0O, was then characterised. The following results were
obtained.

1. At 700°C, the Fe; Al coating transferred to an outer layer
of Fe,05 and an inner layer of Al,O5. The alumina layer produced
between the substrate and the Fe,05 layer provided the alloy with
a relatively good protection against further oxidation.
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2. The kinetics of oxidation of the coated samples followed
a logarithmic rule at 700°C, which confirmed the protective
nature of the coating of the substrate.

3. At 900°C, the Fe;Al coating again transferred to Fe,O5
and Al,O; but the arrangement of the layers on the substrate
was in a reverse order compared to the layers formed at 700°C,
i.e. the outer layer was Al,O5 and the inner one was Fe,O;. This
difference is attributed to the higher diffusion rate of Al in the
Fe;Al phase which made the relatively fast diffusion of this ele-
ment towards the surface of the layer possible.

4. The kinetics of oxidation of the coated sample followed
a logarithmic rule at 900°C up to 64 h. The rate of oxidation
suddenly increased when the sample was subjected to the cor-
roding atmosphere for 100 h. This sudden increase in the rate
of oxidation is attributed to the increase in the rate of formation
of defects in the alumina layer at this temperature and the lack
of presence of further Al atoms in the coating for the repair of
these defects.
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