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Abstract: Fe25Cr5Al alloys with and without rare earth (RE) elements La and Ce, namely Fe25Cr5AI-RE and Fe25Cr5Al alloys,
were prepared and isothermal oxidation tests were conducted at 1100 °C. The morphology of oxide scale was observed by scanning

electron microscope (SEM), and the oxidation product was identified by energy disperse spectroscopy (EDS) coupled with X-ray
diffraction (XRD). Results show that after oxidation for 1, 20, and 300 h, the mass gain of Fe25Cr5Al alloys is 0.08, 0.84, and 4.41
mg-cm, but that of Fe25Cr5AI-RE alloys is 0.03, 0.35, and 0.92 mg-cm™, respectively. The oxide scale of the two alloys consists of

a-AlO,. La and Ce promote the formation of compact and continuous oxide scale, which significantly improves the high temperature

oxidation resistance of Fe25Cr5Al alloys. Moreover, RE oxide pegs can be observed at substrate/scale interface of Fe25Cr5AI-RE

alloys, which makes the bond between substrate and scale tighter, thus enhancing the adhesion of the interface. There are RE oxides in
oxide scale of Fe25Cr5AI-RE alloys, which effectively inhibits further oxidation of the alloys.
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Fe-Cr-Al alloys have a great potential in research and
application because of their oxidation and corrosion resistance
with a low expansion coefficient. They have been employed
for automobile exhaust gas purifying system!"”, fuel cladding
material®, and electrothermal alloy material®. However,
under severe conditions such as thermal fatigue and thermal
shock, the oxide scale wrinkles, cracks, and even falls off,
resulting in a sharp drop in the high temperature oxidation
resistance of the alloy, which is the main factor leading to the
failure of the material system®". Rare earth (RE) elements
such as Hf, Y, La, and Ce have been used to improve the
oxidation resistance and scale adhesion of many
superalloys®'?. However, the effects of RE elements on the
strength of the substrate and the oxide scale and the growth
mechanism of the oxide scale are still ambiguous, and there
are different perspectives.

The major perspectives of the influence mechanism of RE
elements on the oxidation resistance of heat-resistant alloys
can be summarized as follows. (1) Oxide pegs are formed at
scale/substrate interface during the high-temperature oxidation

process. The RE elements in alloys are internally oxidized to
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form oxide pegs which provide rapid ion diffusion channels
and facilitate oxide scale to grow around the oxide pegs.
Meanwhile, due to the large atomic radius of RE elements, RE
elements tend to segregate at the grain boundary, and the
reduction of grain boundary energy promotes the oxide scale
growth from the grain boundary, thus forming the grain
boundary oxide pegs"*'". (2) Prevent the lateral growth of the
oxide scale. The oxidation mechanism of Fe-Cr-Al alloys is
dominated by the diffusion of oxygen ions towards the alloy
surface and the outward diffusion of aluminum ions from the
alloy substrate, resulting in a wavy oxide scale. When RE
elements are added into the alloy, the diffusion of aluminum
ions from the alloy substrate to oxide scale is suppressed.
Thereby the oxidation process is dominated by the diffusion
of oxygen ions towards alloy substrate, avoiding the formation
of wavy scale!™'™. (3) RE elements tend to segregate at the
grain boundaries of oxide scale. Since larger RE ions are
diffused more slowly than natural cations, the normal short-
circuit transport of cations along the grain boundaries is
inhibited, thus reducing the growth rate of oxide scale™". (4)

Other views, such as elimination of impurities (S and C)™"
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and suppression of void formation at the oxide scale/alloy
interface™’, were also proposed.

In this research, an isothermal oxidation test at 1100 °C in
air was conducted on Fe25Cr5Al alloys with and without RE
elements La and Ce. The effects of La and Ce on the oxidation
kinetics of Fe25Cr5Al alloys were studied, and those on the
composition of oxide scale and the microscopic evolution
mechanism were also discussed.

1 Experiment

The chemical composition of experiment materials was
designed based on commercial Fe25Cr5Al alloys. The
experiment materials were prepared in a vacuum melting
furnace and cast into ingots of 25 kg. The raw materials
consisted of high purity metals (99.9% Fe, 99.9% Cr, 99.9%
Al) and the addition of RE elements La and Ce was according
to the mass ratio of La:Ce~1:4. All the specimens of 30 mmx
10 mmx5 mm in size were cut from the forged alloys by wire
electrode cutting machine. Fe25Cr5Al alloys with and without
RE elements were named as Fe25Cr5A1-RE and Fe25Cr5Al,
respectively. The chemical composition of these two alloys is
listed in Table 1.

Before the oxidation tests, the specimens were ground by
SiC sandpaper of 400#~2000#, and then ultrasonically cleaned
in alcohol. In order to explore the change law of oxygen at the
initial stage and during the long-term process, the oxidation
time was set as 1, 20, and 300 h. To prevent the oxide scale
from being destroyed, the specimens were embedded with
epoxy resin after oxidation to observe the cross-sectional
morphology.

The composition of the oxide scale was identified by X-ray
diffractometer (XRD, Smart lab 9 kW, Cu Koa) with the
scanning speed of 5°/min. The surface morphology of the
oxide scale was observed by scanning electron microscope
(SEM) coupled with secondary electron (SE) mode. The cross-
sectional morphology was observed by SEM coupled with
backscattering electron (BSE) mode. The element distribution
of the cross-section was analyzed by energy dispersive
spectrometer (EDS, Octane Plus).

2 Results and Discussion

2.1 Oxidation kinetics

Oxidation kinetics curves of two alloys after oxidation at
1100 °C in air are shown in Fig. 1. After oxidation for 1, 20,
and 300 h, the mass gain of Fe25Cr5Al alloys is 0.08, 0.84,
and 4.41 mg-cm™, but that of Fe25Cr5AI-RE alloys is 0.03,
0.35, and 0.92 mg-cm™, respectively. It can be seen that La
and Ce obviously improve the oxidation resistance at high
temperature of the Fe25Cr5Al alloys. In the initial stage of

Table 1 Chemical composition of Fe25Cr5Al and Fe25Cr5Al-
RE alloys (wt%)

Alloy RE Al Cr S C Fe
Fe25Cr5Al - 5 247 0.007 <0.001 Bal
Fe25Cr5AI-RE  0.031 5 245 0.005 <0.001 Bal
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Fig.1 Oxidation kinetics curves of Fe25Cr5Al and Fe25Cr5AI-RE
alloys: (a) normal plots and (b) parabolic plots

oxidation (0~20 h), the mass gain of Fe25Cr5Al alloys
increases rapidly after 1 h, reaching 0.08 mg-cm™. However,
the mass gain of Fe25Cr5AI-RE alloys is only 0.03 mg-cm™
after oxidation for 1 h and increases obviously after 5 h, as
shown in Fig.la. After oxidation for 300 h, the mass gain of
Fe25Cr5Al alloys is 4.41 mg-cm™, but it is only 0.92 mg-cm™
for Fe25Cr5SAI-RE alloys. The change trend of the mass gain
of Fe25Cr5Al alloys is similar to that of other Fe-Cr-Al
alloys™.

The oxidation resistance of alloys can be directly reflected
by the oxidation rate constant, which is expressed by Eq.(1),
as follows®”:

A(mld) =f (V1) @)
where A(m/A) is mass gain per unit area, m is the mass gain, 4
is the area, ¢ is oxidation time, and f represents the related
function. k, is the parabolic rate constant (g*-cm™*s™') and can
be calculated according to the data in Fig. 1b. The calculated
parabolic rate constant k, at different stages is listed in Table
2. The linear relationship between mass gain and square root
of oxidation time suggests that the all alloys obey the
parabolic oxidation kinetics. During the initial stage of 0~20
h, the k, value of Fe25Cr5Al and Fe25Cr5AI-RE alloys is 3.5x
10" and 1.5x10™" g*- em™s™, respectively. Besides, after
oxidation for 300 h, the k, value of Fe25Cr5AI-RE alloys
decreases obviously to 6.3x107"” g’>cm™s™'. However, the k,
value of Fe25Cr5Al alloys increases slightly, reaching 5.3%
107" g cm™-s™ after oxidation for 300 h.

Evidently, Fe25Cr5Al alloys have been oxidizing during the
whole oxidation process. In contrast, the mass gain of
Fe25Cr5AI-RE alloys after oxidation for 20 h basically
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Table 2 Parabolic

rate

constant

k

0

of Fe25Cr5Al

and

Fe25Cr5AI-RE alloys after oxidation in air at 1100 °C

for different durations (x10" g*cm™s™)

Oxidation time 0~20h 20~300 h
Fe25Cr5Al 3.5 53
Fe25Cr5A1-RE 1.5 0.63

remains the same, and even slightly decreases, which
indicates that a protective scale has been developed and
provides excellent high temperature oxidation resistance.

2.2 Composition and microstructure of oxide scale

Fig. 2 shows the XRD patterns of oxide scales after
oxidation for different durations. The strong diffraction peaks
of substrate and weak peaks of a-Al,O, can be detected in
both alloys after oxidation for 1 h, indicating that the
oxidation degree of all alloys is not serious and few oxides are
formed. In contrast, the weak peaks of substrate can be
observed in Fe25Cr5Al alloys after oxidation for 300 h, while
only peaks of a-ALO, can be detected in Fe25Cr5AI-RE
alloys, indicating that oxide scale of Fe25Cr5AI-RE alloys
may be more compact than that of Fe25CrSAl alloys.

The oxide scale morphologies of all alloys after oxidation at
1100 °C for 1, 20, and 300 h are shown in Fig.3. A typical
wavy scale can be observed from the surface of Fe25Cr5Al
alloys, as shown in Fig. 3a~3c, which is similar to the
morphology of other containing
aluminum after oxidation®™”. Fig. 3b shows the surface

heat-resistant  alloys
morphology of the oxide scale after oxidation for 20 h. A few
pores and cracks can be found. Furthermore, a large spalling
area appears on the oxide scale of Fe25Cr5Al alloys after
oxidation for 300 h, as shown in Fig. 3c. The flat and
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Fig.2 XRD patterns of oxide scales of Fe25Cr5Al and Fe25Cr5Al-
RE alloys after oxidation in air at 1100 °C for 1 and 300 h

continuous oxide scale is formed on the surface of Fe25Cr5Al-
RE alloys after oxidation, as shown in Fig.3d~3f. The dense
oxide scale (region 1 in Fig. 3d) and newly formed oxide
cluster (region 2 in Fig.3d) can be observed on the surface of
Fe25Cr5AI-RE alloys after oxidation for 1 h. The morphology
of oxide scale is similar to that in Ref.[31]. Pores can be found
in the oxide scale of Fe25Cr5AI-RE alloy after oxidation for
20 h, but they disappear after oxidation for 300 h, as shown in
Fig.3e and 3f. However, for Fe25Cr5Al alloys after oxidation
for 300 h, the pores still exist on the surface of the oxide scale
(Fig.3c), which agrees with the results in previous studies that
pores are distributed on the surface of oxide scale even after
long-term oxidation™.

Fig. 4 shows the cross-section morphologies and element
distribution of Fe25Cr5Al alloys after oxidation at 1100 °C
for 1, 20, and 300 h. EDS element mappings show that the
components of the oxide scale are mainly composed of Al and

Fig.3 Morphologies of oxide scale of Fe25Cr5Al (a~c) and Fe25Cr5AI-RE (d~f) alloys after oxidation at 1100 °C for

1h (a, d), 20 h (b, €) and 300 h (c, f)
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Fig.4 Cross-section morphologies and element distributions of Fe25Cr5Al alloys after oxidation at 1100 °C for 1 h (a), 20 h (b), and 300 h (c)

O elements, which is consistent with the XRD analysis. Fig.4a
shows the cross-section morphology and element distributions
of Fe25Cr5Al alloys after oxidation for different durations. It
is obvious that the oxide scale of Fe25Cr5Al alloys has layers
and many voids. The thickness of the oxide scale of
Fe25Cr5Al alloys after oxidation for 1, 20, and 300 h is 4.73,
8.67, and 43 pm, respectively. An obvious oxygen-rich layer
can be observed in Fig.4c, and EDS spectra in Fig.5 indicate
that the layer is resin.

Fig. 6 shows the compact and flat cross-section morpho-
logies and element distributions of Fe25Cr5AI-RE alloys after
oxidation at 1100 °C for 1, 20, and 300 h. After oxidation for
1 h, the thickness of the oxide scale is about 3.7 pm in some
areas, while it is only about 2.18 pum in majority areas.
Moreover, the thickness of the uniform and continuous oxide
scale is 2.3 and 8.41 um after oxidation for 20 and 300 h,
respectively. In addition, gray-white phases can be observed at
the interface between the oxide scale and substrate after
oxidation for 1, 20, and 300 h. EDS analyses in Fig.7 indicate
that the gray-white phases are RE oxides.
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2.3 Growth mechanism of oxide scale

The oxidation kinetics curves in Fig.1 obey the parabolic
rule. The overall mass gain curves of Fe25Cr5Al alloys do not
completely agree with the parabolic law, but they are in
accordance with the law when oxidation duration is 0~20 h. It
is known that the parabolic law is based on the assumption
that the oxide scale is continuous and compact. In fact, pores
and cracks exist in the oxide scale, which may cause the mass
gain curves to deviate from the parabolic law"**’.. The pores
and cracks occur in the oxidation scale of Fe25Cr5Al alloys
after oxidation for 20 h (Fig.3b), resulting in the fact that the
mass gain curves after 20 h deviate from the parabolic law. In
general, when the mass gain curves of Fe25Cr5Al alloys are
consistent with the parabolic law, the oxidation reaction is
dominated by diffusion. In other words, the growth of oxide
scale mainly depends on the diffusion of oxygen ions into the
substrate and the diffusion of metal ions away from the
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Fig.5 EDS spectra of point 1 (a) and point 2 (b) in Fig.4c
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Fig.6 Cross-section morphologies and element distributions of Fe25Cr5AI-RE alloys after oxidation at 1100 °C for 1 h (a), 20 h (b), and 300 h (c)
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Fig.7 EDS analyses of pegs in Fig.6a (a), pegs in Fig.6b (b), and RE oxides in Fig.6¢ (c)

Fe25Cr5AI-RE alloys is less than that of Fe25Cr5Al alloys
(Fig.1), indicating a lower oxidation rate and the formation of
thinner oxide scale (Fig.4 and Fig.5). Because the addition of
La and Ce is the only variables in Fe25Cr5Al alloys, it can be
concluded that La and Ce affect the oxidation process of
alloys by changing the ions diffusion mechanism. At the oxide
scale/substrate interface, La and Ce inhibit the diffusion of
A" from the substrate to the oxide scale, resulting in the
oxidation reaction in the Fe25CrSAI-RE alloy dominated by
the inner diffusion of O ions. The addition of La and Ce
significantly decreases the oxidation rate and greatly improves
the adhesion of the oxide scale.

Fig. 8a shows the schematic diagram of the oxidation

mechanism of Fe25Cr5A1 alloy. The oxide scale of

Fe25Cr5Al alloy is wavy, and the growth mechanisms can be
described as follows. The oxygen ions are diffused into the
substrate surface and the aluminum ions are diffused away
from the substrate, thereby forming the oxide scale. In this
case, the growth stress is generated due to the formation of
oxides within the oxide scale. To release the growth stress,
oxide scale becomes wavy. In addition, many cracks can be
observed in the oxide scale (Fig.3c), because in the cooling
process, the oxide scale tends to fracture preferentially along

19,36]

the ridges"*, eventually leading to the failure of protection
mechanism of the oxide scale system.

According to Fig. 3d~3f and Fig. 6a, a compact and
continuous oxide scale can be observed on the surface of

Fe25Cr5A1-RE alloys. The schematic diagram of the
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Fig.8 Schematic diagrams of growth process of oxide scale of Fe25Cr5Al (a) and Fe25Cr5AI-RE (b) alloys after oxidation at 1100 °C in air

oxidation behavior of Fe25Cr5AI-RE alloys is shown in
Fig. 8b. The diffusion of aluminum ions away from the
substrate is suppressed by La and Ce, and the growth
mechanism of the oxide scale changes from the simultaneous
diffusion of aluminum ions and oxygen ions into the simple
diffusion of oxygen ions. In addition, during the oxidation
process, the RE oxides formed by the oxidation reaction and
RE-rich phases are distributed in the oxide scale and substrate,
as shown in Fig.6a and 6b. The oxygen ions are preferentially
diffused in the substrate along the oxide channel to form the
oxide pegs around RE oxides, and then the adhesion of oxide
scale/substrate is strengthened, which is similar to the
phenomenon in other researches of oxide pegs™*'". RE oxides
can be observed in the oxide scale (Fig. 6¢c), which may be
formed by the diffusion of RE elements through the grain
boundary of the oxide scale"**”. In the oxidation process, the
internal growth of a-AlLO, causes the fact that the dispersed
particles of RE oxides enter the oxide scale and a small
number of RE oxides dissolve to produce RE ions which are
diffused along the grain boundary of a-AlO, and react with
oxygen ions, finally forming RE oxides in the oxide scale®”.
As RE elements enter the oxide scale, the initial short-circuit
transport of aluminum ions along the grain boundaries of
oxide scale is suppressed.

2.4 Role of RE in oxidation process

The white spherical phases can be observed in the
Fe25Cr5AI1-RE alloys, as shown in Fig.9a. EDS spectrum in
Fig.9b indicates that the spherical phases are RE-rich phase.

Compared with that of Fe25Cr5Al alloys, the mass gain of
Fe25Cr5AI-RE alloys is smaller, and its oxide scale is more
compact and flatter. Based on the oxidation kinetics analysis,
when RE elements La and Ce are added into the alloys, the
diffusion of aluminum ions from alloys to oxide scale is
suppressed, resulting in the oxides formed largely at the oxide
scale/substrate interface and avoiding the formation of wavy
oxide scale.

Fig. 6a shows the morphology of the oxide scale of
Fe25Cr5AI-RE alloys after oxidation for 1 h, and two types of
a-AlO, can be observed: the dense oxides (region 1 in Fig.3d)
and newly formed oxide cluster (region 2 in Fig. 3d). The
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Fig.9 SEM image of Fe25Cr5AI-RE alloys before oxidation (a);
EDS spectrum of RE-rich phase (b)

oxide scale of Fe25Cr5Al alloy is mainly wavy after oxidation
for 1 h, and only a few fine and dense oxides can be observed,
as shown in Fig. 3a. According to the oxide scale growth
mechanisms, since the growth rate of the oxide scale is
reduced by La and Ce during the oxidation process, La and Ce
may contribute to formation of dense and uniform o -ALO,
phase. In addition, a compact and flat oxide scale can
effectively restrain the oxygen ions from diffusing to substrate
through oxide scale. Therefore, the high temperature oxidation
resistance of the Fe25Cr5Al alloys is improved significantly.
The RE oxides can be observed at the oxide scale/substrate
interface, as shown in Fig. 6. In the meantime, EDS analysis
shows that there are RE-rich phases in the Fe25Cr5AI-RE
alloys before oxidation. In the initial stage of oxidation, the
oxygen ions react with the RE-rich phases in alloys to form
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RE oxides. The RE oxides may act as a short-circuit diffusion
path for the oxygen ions to react with aluminum ions in the
substrate, resulting in the fact that AL,O, is formed around the
RE oxides. As the oxidation proceeds, the Al,O, around RE
oxides become pegs, thereby making the oxide scale connect
with the substate more closely.

3 Conclusions

1) The oxide scale of Fe25Cr5Al alloys after oxidation
consists of a-Al,O,. Rare earth (RE)-rich phases are formed in
Fe25Cr5Al alloys after RE elements La and Ce are added.

2) The RE elements La and Ce inhibit not only the diffusion
of oxygen ions into the substrate, but also the diffusion of
aluminum ions away from the substrate.

3) The oxygen ions are diffused into the substrate and react
with the RE-rich phases in Fe25Cr5Al alloys, transforming
the RE-rich phases into RE oxides.

4) RE oxides can act as channels for the rapid diffusion of
oxygen ions, resulting in the formation of oxide pegs to
enhance the adhesion between the oxide scale and the
substrate. The growth of a-AlO, results in the formation of
RE oxides in the oxide scale, which is beneficial to inhibit the
diffusion of aluminum ions away from the substrate into the
oxide scale.
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