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Abstract: Fe-Al/Al,O, composite coating was prepared through rare earth-modified aluminizing and in-situ oxidation at 760 °C. The

microstructure and phase distribution of the aluminizing layer and oxide film were investigated. Results show that the rare earth-

modified aluminizing layer can be divided into three layers: an outer aluminizing layer, a transition layer, and an inner diffusion layer.

The aluminizing layer is predominantly composed of FeAl phase and Fe,Al phase. Notably, the FeAl phase is primarily concentrated

in the outer layer of aluminizing layer, providing favorable conditions for selective oxidation of the Al,O, oxide film. The surface of

oxide film exhibits the a-AlO, ridge structure. Additionally, the presence of Ce oxide on the surface is attributed to the outward

diffusion of Ce and its preferential reaction with O, during the initial oxidation stage. The oxide film can be divided into two layers,

namely a pure a-Al,O, layer and a transition layer which is mainly composed of a-Fe(Al) and mixed oxides of Al, Fe, and Ce.
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Controlled nuclear fusion is a promising long-term solution
to satisfy the future energy demands. The deuterium-tritium
fuel cycle can achieve sustainable supply of nuclear fusion
energy. However, the permeability and radioactivity of tritium
restrict its further application. Tritium can easily penetrate the
structural materials, thereby causing nuclear pollution.
Therefore, strict anti-tritium measures should be conducted.
Currently, the most direct and effective approach for the
tritium-related risk reduction is to apply tritium permeation
barrier (TPB) on the surface of cladding structure. TPB serves
as the protective shield, preventing the tritium penetration and
potential environment pollution.

The selection of tritium-resistant coating materials has been
conducted over the years. The mainstream tritium-resistant
coatings can be categorized into oxide coatings (ALO,, Y,O,,
Cr,0,, Er,0,, Si0,, ZrO,)", titanium-based ceramic coatings
(TiN, TiC, TiC/TiN) ¥, silicide coatings (SiC, Si,N,, SiC/
Si,N,)®, and aluminizing layers (FeAl/ALO,, AIN)®. Among
them, ALO, coating attracts much attention due to its
exceptional properties, such as high permeation reduction
factor, high resistivity, excellent high-temperature resistance,
and outstanding compatibility with lithium lead”. However,
a significant challenge of ALO, coating lies in the substantial
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difference in linear thermal expansion coefficients between
the metal substrate and Al,O, layer. This disparity can cause
thermal mismatch issues and eventually lead to the
delamination or detachment of the coating. Therefore, a viable
solution involving the formation of Fe-Al transition layer with
gradient function between the substrate and Al,O, coating has
been proposed. This transition layer has designed composition
and structure to alleviate the thermal mismatch between
substrate and AlO, coating. Moreover, it promotes the
reactions between oxygen atoms and other atoms, thereby
facilitating the Al,O, formation during service. In this case,
the composite coating exerts self-healing function, and its
durability and service life are improved.

To prepare the Fe-Al/AL,O, composite coating, the powder
embedding aluminizing process is mainly employed to
generate a Fe-Al transition layer on the surface of metal
substrate. To prevent the elevated aluminizing temperature
from adversely affecting the performance of substrate
material, rare earth elements are considered as additives
during the aluminizing process to promote the infiltration and
reduce the aluminizing temperature by their high activities™.
The addition of rare earth elements can also increase the wear
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resistance'”, corrosion resistance!'”, and high temperature
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thermal stability!" of the coating.

Subsequently, ALO, film is formed by in-situ oxidation
process. Currently, the influence mechanism of rare earth
elements on the growth of ALO, film has been widely
researched. However, the distribution of different phases in
the oxide film is rarely reported.

In this research, the phase composition of the oxide film on
rare earth-modified Fe-Al/Al,O, composite coating was
analyzed by grazing incidence X-ray diffraction (GIXRD).
Additionally, the depth distribution of elements within the
oxide film was examined by Auger electron spectroscopy
(AES). Furthermore, element composition and chemical
structure of the oxide films at different depths were analyzed
by X-ray photoelectron spectroscopy (XPS).

1 Experiment

316L stainless steel bar was processed into the disks with
size of 25 mmx1 mm by wire cutting and other machining
methods. Then, the disk surface was polished by 400# and
600# sandpaper to remove the deformation layer, and the
ultrasonic cleaning was conducted in ethanol. Fig.1 shows the
disk appearance.

Fe-Al coating was prepared through the powder pack
aluminizing method. The rare earth-modified Fe-Al powder
and NH,Cl activator were used as aluminizing agents. The
316L disks and the fully mixed aluminizing powder were put
into a sealed container, which was then placed in a heating
furnace for embedding aluminizing process at 760 °C for 10 h.
After that, the sample was cooled to room temperature and

ultrasonically cleaned in ethanol. Finally, the cleaned sample
was positioned in a quartz tube and heated at 760 °C for 8 h
for in-situ oxidation.

The coating microstructure was analyzed by scanning
electron microscope (SEM), atomic force microscope (AFM),
and energy dispersive spectroscope (EDS). Meanwhile, the
phase of the aluminizing layer was investigated by X-ray
diffraction (XRD) analysis and GIXRD was employed to
analyze the phase of oxide film. Furthermore, AES was
adopted to investigate the depth distribution of elements in the
oxide film. In addition, the composition and valence structure
of the oxide film were analyzed by XPS.

2 Results and Discussion

2.1 Aluminizing layer

Fig.2a displays the cross-section microstructure of the rare
earth-modified Fe-Al layer on 316L substrate. Clearly, the
thickness of aluminizing layer is about 20 um and three layers
can be observed: external aluminized layer (I), transition
layer (II), and internal diffusion layer (III). In layer I, Fe and
Al are evenly distributed with atomic fraction ratio of 1:1, and
the content of Cr and Ni is low. In layer II, the contents of
Fe and Al decrease, whereas those of Cr and Ni increase. In
layer III, Al content further reduces, whereas Fe content
increases. Cr and Ni are evenly distributed. Ce is uniformly
distributed with low content in all three layers.

Layer I and layer Il are continuous and uniform with
obvious layered structure divided by continuous white spots.
EDS analysis results in Table 1 reveal that these white spots
are Cr-rich components. During the heat treatment process,
certain elements, such as Cr in 316L stainless steel matrix,
tend to migrate towards defects. This phenomenon can be
attributed to the fact that the interdiffusion rate of Fe and Al
atoms is faster than that of Cr atoms, and Cr exhibits very
limited solubility in Al matrix. As a result, Cr atoms at the
defect sites are not completely diffused and dissolved to form
Cr-rich components'?. EDS results in Fig.2b illustrate that Al
content in layer II decreases significantly, whereas Cr content
increases rapidly. Consequently, a continuous white secondary
phase emerges at the boundary between layer 1 and layer II.
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Fig.2 Cross-section microstructure (a), element distribution along depth (b), and phase composition (c) of rare earth-modified Fe-Al layer on

316L substrate
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Table1 EDS analysis results of white spots and surrounding

areas in Fig.2a (at%)

Position Fe Al Cr Ni Ce
Layer I 50.17 41.72 5.06 2.76 0.30
White spot 44.77 33.71 17.89 2.73 0.90
Layer II 44.97 38.61 5.52 10.47 0.43

Numerous holes can be observed in layer III due to the
difference in atomic diffusion coefficient, the composition
gradient distribution of Fe, Al, Cr, Ni, and other elements, and
the accumulation of vacancies during atomic preferential
diffusion™.

According to Fig.2c, the layer I and layer II are mainly
composed of FeAl phase, whereas layer III predominantly
consists of Fe,Al phase. It can be seen that the FeAl phase
mainly forms in the outer layer of the aluminizing layer. FeAl
phase is an ordered intermetallic compound phase, which has
good ductility and provides favorable conditions for the
formation of AL,O, oxide film by selective oxidation.

2.2 Oxide film

The surface morphology of ALO, film formed on the rare
earth-modified Fe-Al layer is shown in Fig.3. The oxide film
exhibits a ridge structure with roughness R =142 nm. The
transition from the unsteady phases (0, y) of ALO, to the
steady o phase results in the volume shrinkage of
approximately 13.4%, which may lead to the rough ridge
structure of oxide film. Due to the fast phase transition rate,
the tensile stress resulting from the instantaneous volume
shrinkage becomes significant, leading to the formation of
microcracks in the oxide film. Subsequently, new oxide
material preferentially grows rapidly along the surfaces of
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Fig.3 SEM (a) and AFM (b) surface morphologies of AlLO, film

formed on rare earth-modified Fe-Al layer

these microcracks, which extends from the crack source in
oxide film to the surface of external oxide film, resulting in
the formation of ridge oxide structure™* ",

The results of element distribution along depth and phase
composition of the oxide film are presented in Fig.4. After
oxidation treatment, the oxide film on the rare earth-modified
Fe-Al layer has thickness of about 200 nm. The oxide film
can be primarily divided into two layers: an Al-O platform
layer (I) and a transition layer (II). GIXRD results indicate
that the oxide film predominantly consists of a-Al,O, with a
small amount of y-Al,O,. The FeAl phase in the aluminizing
layer undergoes further diffusion, and it is transformed into
the a-Fe(Al) phase during the oxidation heating process.

According to AES results, Ce content on the oxide film
surface is higher but it is decreased rapidly with the increase
in depth, indicating the segregation of Ce atoms. In region I
(depth of 0—150 nm), Ce content is low and it is increased
slightly with the increase in depth. This phenomenon suggests
that Ce may contribute to the formation of a small amount of
oxide in the region II. To further determine the phase
composition of the surface oxide layer, the valence states of
O, Fe, Al, and Ce in the oxide film were analyzed by XPS.

2.3 XPS analysis of oxide film at different depths

XPS spectra of O, Fe, Al, and Ce elements of oxide film at
different depths are shown in Fig.5 to determine the phase
composition.

The binding energy of O 1Is peak is 531 eV. O element
exhibits the valence state of —2, and it combines with some Fe
atoms, forming Fe,O, at the depth of 200 nm. The binding
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Fig.5 XPS spectra of rare earth-modified AlLO; films: (a) O Is, (b) Fe 2p, (c) Al 2p, and (d) Ce 3d

energy of Ce 3d and Al 2P peaks varies with depth. To
accurately determine the phase composition of Ce and Al
elements, the fine spectral peak fitting for Ce 3d and Al 2P
was conducted in region I (depth=100 nm) and region II (depth
=250 nm). The fitting results are shown in Fig.6.

It can be seen that the binding energy of Al 2p peak is 75.02
eV, corresponding to the crystal form of a-Al,O,. This binding

energy remains consistent with the depth further increasing to
100 nm, which is attributed to the outward diffusion of Ce
from the aluminizing layer during the oxidation. Afterwards,
Ce gradually accumulates the
preferentially reacts with O, due to its higher oxygen affinity
to form oxides Ce O, (Ce,0;, Ce0,)""”, as shown in Fig.7.

Pure a-AlO, is formed in the region I of the oxide film, as
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Fig.6 XPS fine spectral peak fitting results of Al element (a—c) and Ce element (d—f) on rare earth-modified Al,O, films at surface (a, d), depth

of 100 nm (b, e), and depth of 250 nm (c, f)
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Fig.7 Schematic diagram of Ce outward diffusion and reaction
with O,

inferred in Fig.6b and 6e. This may be because the Ce oxide
has the same crystal form as «-AlLO, and it is completely
oxidized"”. With the further increase in depth, dense a-ALO,
appears in the oxide film and impedes the inward diffusion of
O element, and the residual Al atoms appear in the region II in
the oxide film. Excessive Al content hinders the formation of
y-ALO, through O combination and hinders the phase transi-
tion into a-A1,0,"". Simultaneously, Ce O, exists in the transi-
tion zone where Al is not converted into a-Al,O,. Based on the
abovementioned analysis, the thickness of oxide film is about
300 nm, and it mainly consists of a-ALO, and Ce,O,. At the
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Fig.8 Schematic diagram of phase composition of oxide film

depth of about 150 nm, a-ALO, film is formed on the surface
of oxide film. At the depth of 150—300 nm, the oxide film
mainly consists of the transition layer, which contains mixed
oxides (y-ALO,, CeO,, and Fe,0,), pure Fe, and pure Al, as
shown in Fig.8.

3 Conclusions

1) The rare earth-modified aluminizing layer can be divided
into three layers: an external aluminizing layer (I), a transition
layer (II), and an internal diffusion layer (III). The continuous
Cr-rich components are primarily concentrated at the interface
of layer I and layer II. Numerous holes exist in the layer III.

2) The aluminizing layer is mainly composed of FeAl phase
and Fe,Al phase. The FeAl phase is predominantly formed in
the outermost layer of the aluminizing layer, providing
favorable conditions for the formation of ALO, oxide film by
selective oxidation.

3) The surface of the oxide film presents a typical ridge
structure of a-AlLO,. Due to the outward diffusion of Ce to the
surface, Ce preferentially reacts with O, during the initial
oxidation stage, forming Ce oxides.

4) The oxide film can be divided into two layers: a pure
a -AlLO, layer and a transition layer. The transition layer
primarily consists of a-Fe(Al) and mixed oxides of Al, Fe,
and Ce.
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