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The high-temperature corrosion performance of Y-doped Fe3Al was studied in various environments
containing chlorine, oxygen, and argon. Results were compared with Y-free Fe3Al in terms of corrosion
rate and microstructure of corrosion products. The kinetic pattern shown in the two types of alloy features
two consecutive stages: initial slow mass loss followed by fast linear mass loss. However, addition of Y
decreased the rate but increased the duration of the first stage of the corrosion. Microstructure exami-
nation indicates that the beneficial effect of Y may be due to the formation of pegs and the development
of dense oxide layers.
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1. Introduction

Thermogravimetric measurements for the corrosion of pure
Fe3Al and Y-doped Fe3Al were conducted under three different
conditions: at 700 °C in Ar-2% Cl2; at 700 °C in Ar-0.5%
Cl2-0.1% O2; and at 800 °C in Ar-1% Cl2. It is well known that
the presence of chlorine in oxidizing environments causes not
only an increase in corrosion rate but also a change in corrosion
mode and mechanism. In an earlier study (Ref 1) on corrosion
of Fe3Al in 1% Cl2/Ar atmosphere in the temperature range
750-900 °C, corrosion occurred in two distinct consecutive
stages: slow linear mass loss and subsequent fast linear mass
loss. The initial slow weight loss is due to formation of Al2O3,
which suppresses evaporation of metal chlorides. The second
stage of corrosion, characterized as the fast linear mass loss, is
controlled by the mass transfer of gaseous FeCl2 in the gas
phase. In this study, continuous investigations have been car-
ried out to study the effect of Y, a reactive element, on the
corrosion of Fe3Al doped with Y in environments containing
various mixtures of oxygen and chlorine.

Reactive elements, such as Y, Zr, and other rare earths, have
been known to improve the oxidation resistance of high-
temperature alloys. The effects of reactive elements on the
oxidation behavior of alumina-forming alloys are as follows
(Ref 2, 3): (a) improvement of alumina-scale adhesion; (b)
change in aluminum oxide growth mechanism; and (c) de-
crease of aluminum oxide grain size. Improvement in alumina-
scale adhesion is important in corrosive environments because,
as mentioned in the previous paragraph, spallation of the oxide
during oxidation or cooling decreases the oxidation resistance.
The mechanisms for improvement in adhesion can be classified
into the following major groups: (a) pegging mechanism, (b)
sulfur-effect mechanism, (c) vacancy sink mechanism, and (d)
improvement of bond strength at the interface.

The pegging mechanism is one of the most widely known
mechanisms for the adhesion improvement of oxide scale.
The effects of Y and/or Hf on the oxidation of alloys were
extensively studied by many researchers (Ref 4-7). These
authors found that the oxide scale on the alloys containing
small amounts of reactive elements developed numerous
pegs that formed around the oxide particles of the reactive
elements in the alloy substrate. These pegs penetrated into
the alloy and appeared to be concentrated at the grain bound-
aries of the alloy substrate. Thus, it was suggested that
these pegs mechanically anchored the oxide scale to the alloy
substrate, which led to improvement in adhesion of the oxide
scale.

Many studies (Ref 8-11) revealed that segregation of sulfur
at the oxide/alloy interface weakened the bonding strength be-
tween the protective oxide and the substrate alloy and that the
addition of a reactive element, such as Y or Ce, reduced sulfur
segregation at the oxide/alloy because the reactive elements are
strong sulfide formers. Thus, adhesion of oxides can be im-
proved by adding a reactive element to the alloy, which forms
a more adherent oxide. Voids formed at the oxide/alloy inter-
face by the oxidation process act as local stress-concentration
sites during cooling, which thus initiate cracking or spallation
of the oxide scale. Several investigators (Ref 7, 12-14) studied
the effects of reactive elements on void formation at the oxide/
alloy interface, which led to the proposal of a vacancy sink
mechanism. Addition of reactive elements, such as Y and Hf,
was found to reduce the porosity at the oxide/alloy interface,
which in turn may have resulted from the modification of the
oxide growth mechanism. Addition of a reactive element en-
hanced the inward transport of oxygen and hindered the out-
ward diffusion of the metal cation (Ref 13, 14). Due to reduced
porosity at the interface, adhesion of the oxide scale may be
improved.

As discussed above, the small addition of reactive elements
to the various alloys is beneficial to improving corrosion re-
sistance in oxidizing environments. However, no investigation
has been done into the effect of reactive elements on the cor-
rosion in oxygen/chlorine-containing environments. In this
study, corrosion of Fe3Al containing 0.4 wt.% Y in mixed
environment has been investigated and compared with the alloy
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without Y in terms of kinetics, microstructure, and corrosion
mechanism.

2. Materials and Experimental Procedures

The alloys used in this study were made of 99.98% iron
lumps, 99.9% aluminum granules, and 99.9% Y powder (40
mesh) in a vacuum arc furnace. All ingots were subsequently
homogenized at 1000 °C in an Ar atmosphere for 12 h. The
ingots were then cut into elliptical shapes for corrosion speci-
mens using a diamond saw. The specimens were then abraded
and polished using a diamond suspension (up to 1 �m). After
polishing, each specimen was degreased and cleaned in an
ultrasonic cleaner containing acetone and rinsed with metha-
nol. The specimen was analyzed using inductively coupled
plasma (ICP) and a LECO carbon and sulfur analyzer, and
x-ray diffraction (XRD) was performed to confirm the compo-
sition and phase of the specimens. The composition of the iron
aluminides was Fe-24.1 at.% Al-0.002 wt.% S and Fe-22.0
at.% Al-0.40 wt.% Y-0.002 wt.% S. The experimental appara-
tus used for these experiments has been described elsewhere in
detail (Ref 1) and consists of a computer-controlled microbal-
ance, a kanthal-wound furnace, a gas train for purification, and
mixing chambers for the reagent gases. Before the ultrahigh-
purity Ar was supplied to the furnace or to the mixing chamber,
the gas was dried and purified by passage through columns of
Drierite and Cu turnings to remove H2O and O2, respectively.
The gas tubing was a fluoropolymer tube to prevent penetration
of moisture and other gases from the air to the system.

The alloy specimen was loaded with Pt-wire (0.05 mm
diameter) inside a fused quartz reaction tube. The reaction
tube was flushed with argon at a flow rate of 100 mL/min
for 2 h to remove residual oxygen in the tube. The purified
argon gas flow was maintained until the desired tempera-
ture was obtained. A very thin layer of aluminum oxide was
observed to form on the surface of the specimen during heating
(∼2 h) from room temperature to the reaction tempera-
ture. After the temperature of the furnace reached the reac-
tion temperature and was stable under the Ar atmosphere,
a 1% Cl2-Ar gas mixture containing ∼1 ppm of oxygen
was introduced into the reaction tube at a flow rate
of 100 mL/min, with a superficial flow rate of ∼1 cm/s.
The Reynolds number calculation in this flowing con-
dition showed a laminar gas flow. From this point, the
mass change of the specimen was measured using a
balance with 1 �g sensitivity. After the predetermined reac-
tion time, the specimens were cooled in the furnace under
the Ar and removed for microstructure examination. Cor-
rosion products were characterized by XRD, scanning electron
microscopy (SEM), and energy-dispersive spectrometry
(EDS).

3. Results and Discussion

3.1 Thermogravimetric Results

Figure 1 shows thermogravimetric results of the corrosion
of both pure and Y-doped Fe3Al in three different corrosion
conditions: Ar-2% Cl2 gas mixture at 700 °C; Ar-1% Cl2 gas
mixture at 800 °C; and Ar-0.5% Cl2-0.1% O2 gas mixture at
700 °C. Although the second-stage of corrosion did occur in
experiments for both specimens in the Ar-2% Cl2 gas mixture

Fig. 1 Thermogravimetric results of the corrosion of Y-doped and
undoped Fe3Al: (a) in Ar-2% Cl2 gas mixture at 700 °C; (b) in Ar-1%
Cl2 gas mixture at 800 °C; (c) in Ar-0.5% Cl2-0.1% O2 gas mixture at
700 °C
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at 700 °C, it was not observed for the Y-doped Fe3Al in the
Ar-0.5% Cl2-0.1% O2 gas mixture at 700 °C for 100 h and in
the Ar-1% Cl2 gas mixture at 800 °C for 40 h. Despite the
differences in the corrosion behavior, some beneficial effects
of Y-doping on the corrosion of Fe3Al can be seen from the
thermogravimetric results. One beneficial effect is that the corro-
sion rate of the first stage decreases by adding Y from 55.1 to
32.6 �g/cm2·h in Ar-2% Cl2 at 700 °C; from 16.8 to 7.9 �g/cm2·h
in Ar-1% Cl2 at 800 °C; and from 7.3 to 6.2 �g/cm2·h in Ar-0.5%
Cl2-0.1% O2 at 700 °C. However, the corrosion rate of the second
stage in Ar-2% Cl2 is not affected by the presence of Y. The
other beneficial effect of Y is the increase in the duration of the
first stage of the corrosion. These results suggest that Y may
retard the formation or evaporation of gaseous aluminum chlo-
ride during the first stage by improving the properties of the
oxide formed on the alloy, which can be illustrated through
microstructure investigation of the corrosion products.

3.2 Microstructure of Corrosion Products

The surface morphologies of Y-doped and undoped speci-
mens after raising the temperature to 700 °C in pure Ar and
cooling down to room temperature were examined by SEM and
EDS (Fig. 2 and 3). This surface condition is important because
it is the initial condition before the high-temperature corrosion
test. As seen in the figures, the morphologies are considerably
different between Y-doped and undoped specimens. The sur-
face of the specimen containing Y is covered with metal ox-
ides, and swollen lines are observed along the grain boundaries.
The EDS data (Fig. 2) of the surface oxide show segregation of
Y along the grain boundaries. It is not clear what type of metal
oxide is on the surface because the oxide is too thin to measure
its composition and structure by EDS and XRD. As reported in
several other investigations (Ref 15-18), however, it may be
aluminum and Y oxide. On the other hand, the surface of the
undoped specimen is flat, and some part of surface oxide
spalled off while the specimen cooled to room temperature.
This spallation was not observed in the specimen containing Y,
indicating that the Y-doped iron aluminide has a more adhesive
oxide layer to the matrix than did Y-free Fe3Al. This improve-
ment of oxide adhesion may be one of the reasons for the
beneficial effect of Y on the corrosion resistance.

The surface morphology of the Y-doped specimen varied
with exposure time during the first stage of the corrosion. Re-
actions readily occurred at the area containing Y, such as at
grain boundaries as shown in Fig. 4, indicating that the pres-
ence of Y at the grain boundaries promotes reactions in the
corrosion environment. These corrosion reactions produce
many flake-type corrosion products composed mainly of Al, O,
and Y. Thus, the products may be aluminum and Y oxides,
such as Al2O3, Y2O3, or Y3Al5O12. These oxides, which pref-
erentially formed along the grain boundaries, could restrain
chlorine from diffusing into metal-oxide interface and forming
metal chlorides. As shown in Fig. 4, no spallation of oxide
layer was detected for short-term exposure to the corrosion
environments, which may be due to the improvement in adhe-
sion of the initial-state oxide caused by the presence of Y.

The pegging mechanism was described earlier to support
the favorable effects of Y addition. As shown in Fig. 5, the
pegs were observed at the grain boundaries during the first

Fig. 2 SEM micrograph and EDS analysis for the grain boundary and
bulk of the grain on the surface of Y-doped specimen after heating to
700 °C in Ar atmosphere and cooling to room temperature

Fig. 3 SEM micrograph for the surface of a specimen without Y after
heating to 700 °C in Ar atmosphere and cooling to room temperature

560—Volume 15(5) October 2006 Journal of Materials Engineering and Performance



stage of corrosion, which is related to preferred oxidation due
to segregation of Y along the grain boundaries. The pegs are
mainly aluminum and Y oxide, as illustrated by EDS analysis
in Fig. 6. These pegs can mechanically anchor the oxide layer
to the matrix, resulting in adhesion improvement of the oxide
layer. During the first stage, the Y-doped Fe3Al forms Al and
Y oxides along the grain boundaries, which makes inward dif-
fusion of chlorine slow, and also develops an adhesive and
dense aluminum oxide layer that is more protective against
chlorine attack.

As shown in Fig. 1(a), both undoped and Y-doped speci-
mens are subject to fast, continuous linear mass loss during the
second stage of corrosion, and the corrosion rates are about the
same. Well-developed pegs were also observed during the sec-
ond stage, as shown in Fig. 7. The corrosion takes place along
the grain boundaries of the specimen, and the corrosion product
consists of metal oxides and metal chlorides confirmed by EDS
analysis, as shown in Fig. 8. In an earlier investigation on
corrosion of Fe3Al in Cl2/O2 environments (Ref 1), the mecha-
nism of the second corrosion stage is characterized by iron
chlorination and aluminum active oxidation. Although addition
of Y may slow down the first corrosion stage, the same mecha-

nism can be applied to the second corrosion stage for the Y-
doped specimens. Once the chlorine penetrates the oxide and
grain boundaries, it reacts with iron and aluminum.

During the first corrosion stage, aluminum continuously dif-
fuses out from the bulk alloy specimen to the oxide/metal
interface and reacts with chlorine to form a volatile compound,
causing depletion of aluminum at some localized areas. As the
depth of the aluminum-depletion zone increases, the activity of
aluminum on the metal/scale interface decreases, and thus the
tendency of iron to react with chlorine increases. Therefore, a
subsequent rapid reaction between chlorine and iron takes
place, followed by the evaporation of FeCl2 due to its high
vapor pressure. A small part of the gaseous iron chloride is
converted into iron oxide because the equilibrium oxygen par-
tial pressure for the active oxidation of iron chloride is rela-
tively high. Evaporating iron chloride that is not converted into
oxide diffuses into the gas phase, which leads to the fast mass
loss of the specimen. However, due to the high vapor pressure
of aluminum chloride and the very low equilibrium oxygen
partial pressure of the active oxidation of aluminum chloride,

Fig. 4 SEM micrographs for the Y-doped specimen after corrosion
test at 700 °C: (a, b) in Ar-2% Cl2 for 2 h

Fig. 5 SEM micrographs and composition profile for the Y-doped
specimen in the first stage of the corrosion: (a) grain boundary area
after removing outer corrosion products; (b) cross-section area show-
ing grain boundaries
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much more aluminum oxide is formed than iron oxide. In other
words, active oxidation for aluminum chloride can occur at a
much lower oxygen partial pressure than that for iron chloride
because the equilibrium constant for the active oxidation of
aluminum chloride is much higher than that of iron chloride.
The oxide produced in this stage is no longer dense and pro-
tective due to the high vapor pressure of the iron chloride gas
that coexists with aluminum chloride. Accordingly, the rate of
mass loss in the second stage is very fast due to the formation
of volatile iron chloride.

4. Conclusions

Corrosion of undoped Fe3Al in the gas mixtures containing
chlorine at 700 and 800 °C consists of two consecutive stages:
(1) slow linear mass loss stage and (2) subsequent fast linear

Fig. 6 EDS data for the Y-doped specimen in the first stage of the
corrosion: (a) peg, area (1) in Fig. 5(b); (b) Y-enriched area, area (2)
in Fig. 5(b); (c) alloy matrix, area (3) in Fig. 5(b)

Fig. 7 SEM micrographs for the Y-doped specimen in the second
stage of the corrosion in Ar-2%Cl2 at 700 °C: (a) lower magnification;
(b) higher magnification: (1) surface corrosion product and (2) inner
corrosion product

Fig. 8 EDS data for localized corrosion product of the Y-doped
specimen in the second stage of the corrosion in Ar-2%Cl2 at 700 °C:
(a) inner corrosion product, area (1) in Fig. 7(b); (b) outer corrosion
product, area (2) in Fig. 7(b)
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mass loss stage. The Y-doped Fe3Al exhibited a similar kinetic
pattern but much better corrosion resistance under the same
corrosion conditions. Addition of Y decreases the rate but in-
creases the duration of the first corrosion stage. The Y-doped
Fe3Al forms an aluminum oxide layer with strong adhesion to
the matrix or with fewer defects to make the alloy more pro-
tective against chlorine attack. Microstructure analysis after
corrosion indicates formation of pegs along the grain bound-
aries. The pegs may anchor the oxide layer to the alloy matrix,
which may improve corrosion resistance.
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