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Aqueous corrosion characteristics of iron aluminides in thiosulfate-chloride solution were
studied as a function of chromium addition. Four kinds of iron aluminides, namely, FA-61,
FA-77, FA-72 and FA-78, were prepared by arc melting followed by thermomechanical
treatment. The corrosion behavior in thiosulfate-chloride solution for the prepared alloys
were investigated by electrochemical tests (potentiodynamic test, potentiostatic test and
electrochemical impedance spectroscopy (EIS) measurement) and surface analyses. The
results of the potentiodynamic test indicated that the breakdown potential increased with
increasing Cr content. Cr additions were found to prevent passive film from undergoing
pitting corrosion. In EIS measurement, the depression angle was inversely related to pitting
resistance, and decreased with increasing chromium content. The SEM observations of the
sample surfaces reveal the different forms of pit as a function of chromium content. The
AES results give evidence that the thiosulfate ions are reduced on the metallic surface,
which inhibits the repassivation process. C© 2001 Kluwer Academic Publishers

1. Introduction
Intermetallic alloys are one of the most interesting
new classes of metallic materials by virtue of their
superior characteristics. For example, the ordered in-
termetallic iron aluminides represent attractive candi-
dates for high temperature applications because they
have excellent oxidation and sulfidation resistances
at high temperatures due to protective aluminum ox-
ide (Al2O3) scales [1]. Another strong point of iron
aluminides is their low density (ρ = 6.6 g/cm3) com-
pared to steels (ρ = 7.8 g/cm3) and nickel-based alloys
(ρ = 8.5 g/cm3).

However, the major limitations of these materials are
their low ductility at room temperatures and a sharp
drop in mechanical strength above 600◦C [2]. These
properties can be improved by adding ternary elements
such as Cr, Mo, and Mn [3–5].

Iron aluminides have a wide range of uses where
more expensive stainless steels and nickel-based alloys
are being used (e.g., automobile exhaust system, gas
clean-up system, and fossil energy production area in
sulfur-bearing environments). In these environments,
thiosulfate anions may be present with chloride ions.
It was proved that these species exert a detrimental in-
fluence on the pitting behavior of Fe-Cr-Ni alloys [6].
Furthermore, in sodium chloride solution with the addi-
tion of sodium thiosulfate, enhanced pitting corrosion
as compared with that found in pure sodium chloride
solution was reported [7]. Although thiosulfate anions

alone have not been found aggressive enough to cause
damage to stainless steel, they have been shown to act
in synergy with other common ions, such as chlorides
to cause severe localized corrosion [8].

In order to increase the application of iron alu-
minides, it is important to evaluate their aqueous cor-
rosion properties in a sulfur-bearing environment.

The purpose of this research is to investigate the ef-
fect of chromium on the corrosion characteristics of the
iron aluminides in thiosulfate-chloride solution. Elec-
trochemical methods and surface analysis techniques
were used to determine the pitting resistance of iron
aluminides.

2. Experimental procedure
2.1. Materials and preparation
Alloy specimens of 500 g were prepared by arc-melting
the constituent elements in a water-cooled copper cru-
cible in a chamber backfilled with argon. The specimens
were remelted six times for homogeneity and then were
drop cast into a copper mold to form ingots. The in-
gots were hot-forged 50% at 1,000◦C, hot-rolled 50%
at 800◦C, and warm-rolled 70% at 650◦C to a final
thickness of 0.75 mm. Chemical compositions of the
iron aluminides (at.%) used for experiments are given
in Table I. Heat treatment was stress relieving at 750◦C
for 1 hour, followed by an oil quench, which produced
the B2-ordered structure.
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T ABL E I Chemical compositions of iron aluminides (at.%)

Material Fe Al Cr

FA-61 72 28 0
FA-77 70 28 2
FA-72 68 28 4
FA-78 66 28 6

2.2. Electrolytes
It was suggested earlier that the ratio of chloride to
thiosulfate concentration would control the occurrence
of pitting as the overall ionic strength is valid [9, 10].
In the present study, an aerated thiosulfate-chloride so-
lution was used to simulate a sulfur-bearing environ-
ment. The chloride-thiosulfate ratio was 5 (Chloride
50 ppm/thiosulfate 10 ppm). Solution was aerated with
pure air at a flow rate of 10 cc/min.

2.3. Investigation methods
Electrochemical polarization of the sample was accom-
plished with an EG & G Model 273A Potentiostat. The
potentiostat was programmed to apply a continuously
varying potential to the sample at a rate of 600 mV/h.
Each specimen was mounted in epoxy that was cured in
an air for 24 h. The specimen was finished by grinding
on 600-grit silicon carbide paper. To prevent the initi-
ation of crevice corrosion between the epoxy and the
speciment, the epoxy-specimen interface was painted
with Amercoat 90 epoxy, leaving an exposed area of
1 cm2 on the material surface.

All potentials were measured against the saturated
calomel electrode (SCE). For each material and elec-
trolyte combination, the corrosion sample was allowed
to stabilize in the electrolyte, until the potential change
was <1mV/min. This potential then was taken as the
open-circuit potential(OCP). To insure reproducibility,
at least three replicates were run for each specimen.

The potentiostatic tests were performed to exam-
ine the tendency of passivation and break down (pit
propagation) as a function of Cr content. After each
potentiostatic test, electrochemical impedance spec-
troscopy(EIS) measurements were investigated to com-
pare the impedance behavior between passivation and
breakdown state. EIS instrumentation consisted of a
EG&G Model 273A potentiostat and Model 1025 fre-
quency response detector controlled by Model 398 elec-
trochemical impedance software. EIS measurements
were performed in the frequency range between 10 kHz
and 10 mHz. Sinusoidal voltage of ±5 mV was supplied
and DC potential was set to corrosion potential.

To investigate the relationship between the anodic
behavior and surface morphology of pitting, the sur-
face was examined by SEM after EIS measurement.
Elemental concentration profiles through the passive
films and pits were obtained using Auger electron spec-
troscopy (AES) in conjunction with argon ion sputter-
ing. A Perkin-Elmer Physical Electronics Model PHI
680 was used for AES analyses. The sputter rate was
calibrated to 82 Å/min on SiO2.

3. Results and discussion
The anodic polarization curves of the four iron alu-
minides are presented in Fig. 1. All the alloys passivated

Figure 1 Anodic polarization curves of iron aluminides in thiosulfate-
chloride solutions.

Figure 2 Effect of Cr content on the breakdown potential.

in these thiosulfate-chloride solutions. However, po-
larization above the breakdown potential resulted in a
marked increase in current density as the result of the
initiation of pitting. Fig. 2 shows the effect of chromium
addition on the breakdown potential. The breakdown
potential increased with increasing chromium content,
indicating increased relative resistance to initiation
of localized corrosion. The passive current densities
are shown to be decreased by increasing Cr content,
which was a result of more stable passive film on the
surface.

Fig. 3 shows Nyquist impedance plots of iron alu-
minides in passive state after potentiostatic test at ap-
plied anodic potential of 100 mVSCE for 1 hour. The ap-
plied anodic potential results in passive films that create
dramatic increase in impedance. Addition of chromium
had no effect on the behavior at passivation state. This
indicates that the corrosion reactions are not controlled
by the chromium compound, but must be controlled
by the iron or aluminum compound. The capacitive
impedance appears to be related to the formation of
the adherent passive film [11].

Fig. 4 shows the result of potentiostatic tests per-
formed at an applied potential of +735 mVSCE. The
applied potential was based on the data from polariza-
tion curves in Fig. 1, corresponding to the breakdown
potential of FA-78. The current density increased and
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Figure 3 Nyquist plots for iron aluminides at passivation state.

Figure 4 Current variation with time at a breakdown potential of
+735 mVSCE.

then it remained almost constant through the experi-
ment except for FA-61. The current density for FA-78
and FA-72 decreased slowly with time, implying that
the addition of chromium to iron aluminides increased
the resistance to pitting corrosion. The increased cur-
rent density would be directly related to the pit initiation
and propagation.

Fig. 5 shows Nyquist plots of iron aluminides after
potentiostatic test at a constant potential of 735 mVSCE
for 1 hour. The impedance spectra obtained at break-
down state are different from those at passivation state.

Figure 5 Nyquist plots for iron aluminides at breakdown state.

TABLE I I Analyzed EIS measurements at breakdown state

Material Rs (�) Rp (�) EB (mVSCE) Depression angle (deg)

FA-61 52.7 202.5 369 −32.6
FA-77 280.2 778.7 443 −21.7
FA-72 329.9 1,108 578 −19.4
FA-78 491 1,249 735 −19.4

Figure 6 Correlation between calculated depression angles and polar-
ization resistance as a function of Cr content.

The diameter of arc increased with Cr content. The in-
crease in diameter of the arc indicated an increase in
the Rp value. Such an increase in Rp is attributed to
a stable and protective passive film on the surface. It
was normal to extrapolate that the surface modifica-
tions, introduced by the formation and propagation of
localized pits, should be somewhat related to the calcu-
lated depression angle [12]. Table II and Fig. 6 represent
an attempt that was made to correlate both Rp and de-
pression angle as a function of chromium content. Good
correlation was obtained between Rp and depression
angle shown in Fig. 6. It was suggested that the depres-
sion angle was inversely related to pitting resistance,
and decreased with increasing chromium content. It
was also observed that the Rs value increased with in-
creasing chromium content as shown in Table II. The
increased Rs value is due to the decreased anodic dis-
solution rate. In the case of FA-61, it was found that
the diffusion tail appears on the low frequency portion.
When a diffusion tail was present, it is necessary to
assume that there was rapid exchange of metal cations
among the metal, the pit and the solution, with the diffu-
sion tail arising from the diffusion of the metal cations
in solution.

Fig. 7 shows the scanning electron micrographs of
pitting after the potentiostatic tests at the breakdown
potential. Many pits, caused by S2O2−

3 and Cl− were
formed on FA-61, and the number of pits was reduced
for FA-77, and few pits on FA-72 and FA-78. The
size and the number of pits decreased with increasing
chromium content.

It is generally accepted that the pit morphology de-
pends on whether the process is activation or diffusion
controlled. When diffusion predominates, the hemi-
spherical pits formed on surface [13]. In FA-61 not
containing Cr, a large number of hemispherical shaped
pits formed on the grains have been detected. This
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(a)

(b)

(c)

Figure 7 Surface morphologies of pitting: (a) FA-61, (b) FA-77, (c) FA-72 and (d) FA-78. (Continued.)
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(d)

Figure 7 (Continued ).

result indicated that the diffusion tail appeared in EIS
measurement, and was correlated to the pitting pro-
cess. When the chromium was added, however, the
numbers of pits were greatly reduced and it was ac-
companied by a transformation from hemispherical
to irregular tunneling attack morphology. This result
supports that the chromium contributes to a modifi-
cation of pit propagation mechanism. In other words,
when the chromium is absent, the pits grow in depth,
whereas in the presence of chromium, the pits grow in
length.

Fig. 8 presents the results of an AES analyses of the
pits and surfaces of iron aluminides obtained from the
specimens after the potentiostatic tests at the break-
down potential and shows their in-depth profiles of Cr
contents. The Cr content of FA-78 was more enriched
in the surface films than those of FA-72 and FA-77. This
means that the chromium enrichment inside the pit and
passive film on alloys contributes to an increased resis-
tance to pit propagation.

AES analyses also detected sulfur species on the pits
and surfaces of specimens (Fig. 9). The results give the
evidence that the thiosulfates are reduced to absorbed
sulfur, which inhibits the repassivation process once pit-
ting has initiated. The sequence of reaction is explained
as following [14, 15]. At first, S2O2−

3 was oxidized to
form S by the following reaction.

S2O2−
3 + H+ ⇒ S + HSO−

3

S was further oxidized and incorporated with H+ ac-
cording to the following reaction.

S + 2H+ + 2e ⇒ H2S

It was possible that the pre-existing metal oxide reacted
with H2S to form sulfide in accordance with the follow-
ing reaction.

MO + H2S ⇒ MS + H2O

After sputtering, sulfur species disappeared. This
means that the absorbed sulfur species layer was thin.
However, the absorbed depth of sulfur species was dif-
ferent as a function of chromium content. In FA-61 not

Figure 8 Depth profiling of Cr on iron aluminides after potentiostatic
test: (a) Inside of pit and (b) passivated surface.
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Figure 9 Depth profiling of S on iron aluminides after potentiostatic
test.

containing Cr, the depth was about 1,246 Å, while the
chromium is added the depth was about 328 Å. This
indicated that the addition of chromium prevents the
penetration of sulfur species into metal surface owing
to the formation of passive film. These results provide
a good interpretation for the above mentioned pit prop-
agation mechanism.

4. Conclusions
1. Cr additions increased the breakdown potential
and decreased the passive current density, indicating
increased resistance to initiation of pitting corrosion

2. The relationship between Rp and depression angle
from EIS measurement suggested that the depres-
sion angle was inversely related to pitting resis-
tance (i.e., the depression angle decreased with
increasing chromium content).

3. The observation of surface morphology after cor-
rosion tests showed that the iron aluminides containing
chromium had far fewer pits than that containing no

chromium. The modification in pit shape indicated that
the pitting process was changed by chromium addi-
tion from diffusion control to activation control in this
thiosulfate-chloride solution.

4. The presence of sulfur species on the corroded
surface indicated that the thiosulfates are reduced to
absorbed sulfur, which inhibits the repassivation pro-
cess. And the penetration depth of the absorbed sulfur
species decreased with chromium addition.
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