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Abstract: Al2O3 coatings are the most promising candidate material for mitigating (lead-bismuth
eutectic) LBE corrosion at elevated temperatures, but preventing inward diffusion of Pb, Bi, and O
for the ceramic coating remains a critical challenge. Here, we have fabricated an amorphous Al2O3

coating with an ultra-dense structure by continuous high-power magnetron sputtering (C-HPMS).
After LBE corrosion at 550 ◦C for 2000 h, nanocavities induced by the phase transformation from
amorphous to γ-Al2O3 provide the diffusion path for Fe, O, Pb, and Bi in which the corrosion
products, such as Fe3O4, PbO2, or their mixed oxides, form. Furthermore, the diffusion of Pb to the
substrate and Cr segregation at the interface between the coating and substrate are observed for
the sample exposed to LBE at 550 ◦C for 4000 h. Additionally, the hardness and interface bonding
strength are enhanced after LBE corrosion. Moreover, pit corrosion was found to be the main failure
mode of coating, and pits that merged with each other induced large area failure at a temperature of
650 ◦C. The corrosion mechanism of Al2O3 includes element diffusion, phase transformation, and
chemical reaction. This work not only provides a deep understanding of the corrosion mechanism of
amorphous Al2O3 coatings, but also shows the optimization method on the corrosion resistance of
Al2O3 coating.

Keywords: liquid metal corrosion; surface coatings; corrosion pits; nanocavities

1. Introduction

With merits of reliable safety, fuel cycle efficiency, and thermal efficiency, the new
generation nuclear system was proposed by the Generation IV International Forum (GIF)
in 2002 [1–3]. Specifically, lead or lead-based reactors are the most promising candidates
for commercialization due to their intrinsic safety, high power density, and easy miniatur-
ization [4]. However, the commercial development of lead fast reactors highly depends on
the properties of available materials in severe service condition [5,6].

Current structural materials, such as ferritic/martensitic (F/M) steel [7] and austenitic
steel [8], are unable to satisfy the demands of high temperature and the dose of irradi-
ation in the core, according to the current research. For thin-walled fuel cladding, the
consumption of tube thickness caused by the oxidation corrosion of liquid lead-bismuth
eutectic (LBE) coolant represents a considerable challenge for the development of a lead-
based fast reactor [9–11]. During the last decades, many efforts have been devoted to
understanding the corrosion mechanism of the structural material in Pb or LBE at elevated
temperatures [12]. Generally, the corrosion process is controlled by the dissolved oxygen
content in LBE (lead-bismuth eutectic) and the diffusion of Fe, Cr, Pb, Bi, and O. In the
presence of high oxygen potential, duplex oxide films are formed on the surfaces of F/M
(ferritic/martensitic) and austenitic steel. These oxide films consist of an outer layer with an
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Fe-Cr spinel structure and an inner layer with a dense structure rich in Cr and O [7,13,14].
Nevertheless, this passive film is only beneficial for the cladding tubes at temperatures
below 500 ◦C [15]. With low oxygen potential, dissolution corrosion is characterized by
the transfer of alloying elements, such as Fe, Cr, and Ni, to liquid metal. The depletion of
structural material is the main issue for the development of lead-based reactors. Therefore,
the above two corrosion modes should be avoided or mitigated before practical application.

Currently, numerous surface treatment techniques are being explored to provide
effective protection for structural materials at temperatures exceeding 500 ◦C. These tech-
niques include laser cladding [16], magnetron sputtering [17–19], and thermal spraying [20].
Taking advantage of dense structure, excellent adhesion, and low temperature process,
coatings deposited by magnetron sputtering exhibit potential applications as protective
layers at elevated temperatures in liquid metal [17]. Meanwhile, many sputtering modes,
such as radio frequency (RF) [21], direct current (DC) [22], middle frequency (MF) [23], and
high-power pulse magnetron sputtering (HiPPMS) [24], are used as the source of sputtered
metal. However, the low deposition rates of the coatings hinder its large-scale application.
For example, γ-Al2O3 coatings were obtained via HiPPMS at the temperature of 350 ◦C
due to high energy metal ions [25]. The low deposition rate of HiPPMS is only half that
of common magnetron sputtering [26]. Recently, a continuous high-power direct current
magnetron sputtering (C-HPMS) was proposed, which can achieve a high ionization (90%
for Al) and deposition rate (112 nm/min) [27].

In this work, the corrosion behavior of Al/Al2O3 composite coatings with ultra-dense
structures grown by C-HPMS were investigated under different bias voltages from 50 to
150 V. Taking advantage of high deposition rate and heat treatment, the amorphous phase
structure for the as-deposited sample changed to γ-Al2O3. Their corrosion behavior in the
temperature range of 450 to 650 ◦C are explored for 2000 h. The effect of bias voltage on
the microstructure, mechanical properties, and LBE corrosion resistance of Al2O3 coatings
were systemically investigated.

2. Experimental
2.1. Coating Deposition

All coatings investigated in this work were synthesized via a self-design magnetron
sputtering system using a 60 kW DC power supply (Ascent 60, Advanced Energy, Denver,
CO, USA), which provides an ultra-high deposition rate up to 150 nm/min. The detailed
configurations of the deposition system are referred to in a previous report [27]. The F/M
steel with a size of Φ 10 mm × 1 mm was ultrasonically cleaned in acetone and then
ethanol for 10 min. Subsequently, the samples were mounted in a substrate holder with a
function of self-rotation (4 r/min). Before the deposition, the vacuum of the system was
evacuated to a base pressure of 1 × 10−3 Pa while maintaining a stable temperature of
200 ◦C in the deposition chamber. For the next cleaning stage in the chamber, a pure Ar
atmosphere was introduced to keep a constant pressure of 2 Pa in which the bias voltage of
−1000 V was used to clean the surface of the sample. During the deposition stage, the Al
target was applied with a power of 100 W under the Ar/O2 mixed gas with a flow rate of
100 sccm and 120 sccm, respectively, and the discharge pressure was approximately 0.3 Pa.
Different bias voltages of −50, −100, and −150 V were applied to the samples to investigate
the effect of bias voltages on the corrosion resistance in LBE. The deposition rate reached
150 nm/min while controlling the deposition time to realize the total thickness between 1.5
and 2 µm.

2.2. Material Characterization

X-ray diffraction (XRD) measurements were performed on coatings before and after
heat treatment with a Bruker AXS D8 with Cu Kα radiation. A grazing incidence scan with
an incident angle of 1◦ was completed, with the scanning angle ranging from 20 to 80◦,
and the scan step size was 0.02◦. The surface and cross-sectional morphologies of coatings
and the corresponding element composition before and after LBE corrosion were studied
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using a field emission scanning electron microscope (SEM, FEI sicos) equipped with an
energy dispersive spectrometer (EDS). The bonding energy of Al2p and O1s were probed
using X-ray photoelectron spectroscopy (XPS, ESCALAB Xi+). The X-ray was excited by
monochromatic Al Kα radiation with a spot size of 500 µm. The element composition of
the as-deposited coating was measured via the sensitivity factors provided by Thermos
Fisher Scientific. The microstructure and composition of Al2O3 coatings after LBE cor-
rosion were investigated via FEI Talos F200X field emission microscope (200 kV), which
was equipped with energy dispersive X-ray spectroscopy (EDS). The TEM samples were
prepared by focused ion beam (FIB) performed on ZEISS Crossbeam 540 with a standard
process, including grinding, polishing, dimpling, and ion-milling. Atomic-resolution im-
ages were obtained from high-angle annular dark-field scanning transmission electron
microscopy (HADDF).

2.3. Mechanical Properties

The hardness H and elastic modulus E of the coatings before and after heat treatment
were performed using Agilent G200 with a diamond Berkovich tip. Continuous stiffness
measurement (CSM) was applied with 12 indentations of 3 × 4 arrays. The maximum
depth was set at 100 nm, which is less than 1/10 thickness of coatings. All the data were
collected before the calibration of standard SiO2 sample. The H and E were obtained from
the loading and depth curve, following the Oliver and Pharr approach [28,29]. Nanoscratch
tests were performed with a cube corner tip before and after the corrosion test. The scratch
length was set to 400 µm. The load of the tip was increased to the maximum value of
400 mN at velocity of 2 µm s−1. Four scratch lines were performed on each sample.

2.4. Corrosion Properties in LBE

The static LBE corrosion test was conducted in a high temperature furnace, where the
temperature fluctuation was limited to 5 ◦C. The sample with 10 mm × 10 mm × 1 mm was
fixed on 316 steel and then immersed in the molten LBE. The whole corrosion test lasted for
2000 h at 350, 450, 550, and 650 ◦C. The coating deposited at the bias voltage of −150 V was
further exposed to LBE at 550 ◦C for 4000 h to evaluate its long-time corrosion resistance.
Extreme conditions with saturated oxygen in LBE were applied for all samples. The oxygen
concentration of LBE was calculated by the following equation [30]:

logCo,s(wt.%) = 2.62 − 4416/T(K) (1)

where Co,s is the saturated concentration of oxygen in LBE and T (K) is the tempera-
ture of LBE. The objective of lead-bismuth corrosion research in high-temperature and
saturated oxygen environments is to investigate and understand the limits of coating
corrosion resistance.

3. Results
3.1. Microstructure and Composition

The as-deposited Al2O3 coating is smooth and about 1.6~1.9 µm thick; there is no
obvious porosity or cracking, as shown in Figure 1. Generally, the Al2O3 coatings ex-
hibit amorphous structure deposited by magnetron, especially at a high deposition rate of
~150 nm/min, approximately 10 times that of conventional magnetron sputtering technol-
ogy. No obvious structure changes were observed under different bias voltages. Two peaks
of Al2p are presented in Figure 2b in which the binding energy of 75.6 eV and 72 eV can be
ascribed to Al in an oxide state and Al in metal, respectively [31,32]. Based on the binding
energy, the coating is composed of amorphous Al2O3 and crystal Al metal phases in which
the Al metal may be introduced by the sputtering process without enough time to react
with O. No obvious effect of bias voltage, located at 532.6 eV, on the core level of O1s was
observed [33].
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Figure 3 shows the hardness and Young’s modulus of Al2O3 coatings deposited with
the bias voltages of −50, −100, and −150 V. The hardness of as-deposited coatings is 6.4,
8.6, and 6.35 GPa with different bias voltages, with a corresponding Young’s modulus of
114.8, 140.2, and 115.8 GPa. After the heat treatment at 600 ◦C for 10 h, the hardness is
6.2, 13.8, and 5.14, with a corresponding Young’s modulus of 113.4, 194.1, and 83.5 GPa.
Generally, the hardness of Al2O3 coatings is approximately 9 GPa. Because of the presence
of Al metal in the coatings, all hardness below 9 GPa can be expected.
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3.2. Morphology, Structure, Mechanical Properties after LBE Corrosion

Figure 4 shows the morphology and EDS mapping of Al2O3 coatings deposited at a
bias voltage of −50 V after LBE corrosion at 450 ◦C, 550 ◦C, and 650 ◦C for 2000 h. Pitting
corrosion has been observed as the main failure mode at different corrosion temperatures,
which has four stages: Fe, O element diffusion, pit growth, pit merging. The SEM shows
that the corrosion has been accelerated with increasing corrosion temperatures. At the
corrosion temperature of 450 ◦C, the sample shows the structure integrity without cracks
or spallation. With an increasing temperature, the coatings present typical pit corrosion
with nodule shape. For 650 ◦C, the coating delaminated from the substrate with the pits
reaching to the substrate. For high temperatures above 550 ◦C, the inward diffusion of O
and outward diffusion of Fe accelerated greatly, and the formation of Fe3O4 with volume
expansion in coating will induce the cracks. Therefore, increasing corrosion temperature is
an effective way to reduce corrosion time.

For the samples deposited at a bias voltage of −100 V, the morphology of the coatings
after the same corrosion conditions are shown in Figure 5. Similar to the sample (−50 V), it
shows structure integrity without coating spallation after corrosion at 450 ◦C (Figure 5a).
However, the samples show unchanged morphology without corrosion pits even after
corrosion at 550 ◦C, as shown in Figure 5b, which is due to the dense structure under
the higher bias voltage. Additionally, spallation of the coating at 650 ◦C was observed in
Figure 5c. Under the higher bias voltage of −150 V, the morphology of samples is shown in
Figure 6. Only the sample at 450 ◦C shows its structure integrity, and other samples peeled
off from the substrate. Generally, a high bias voltage will induce high stress in the coating
during the deposition, and stress induced cracking is a disaster for the coating during
the service in high temperatures [34]. Moreover, the brittle nature of the Al2O3 coating



Coatings 2023, 13, 1274 6 of 19

should be mitigated in practical application. At a corrosion temperature of 450 ◦C, the
surface iron (Fe) content reaches 4.1 at.%. However, when the corrosion temperature rises to
550 ◦C, the surface Fe content drops to only 1.6 at.%, despite the absence of coating failure
caused by surface scratches. Interestingly, Fe enrichment has been observed within the
scratches. Increasing the corrosion temperature to 650 ◦C leads to the formation of surface
corrosion products consisting of Fe, Cr, and O. Concurrently, there is a phenomenon of oxide
film detachment.
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X-ray diffraction was used to evaluate the phase of the coating after LBE corrosion.
At 450 ◦C, γ-Al2O3, Pb oxides, and ferritic (from the substrate) are the main phases for
all samples deposited at different voltages. The sample phase composition at 550 ◦C is
shown in Figure 7b. There was an increase in the crystallinity compared with Figure 7a. At
650 ◦C, no obvious Al2O3 peaks were detected on the samples except for some residual
Pb oxides. The above results indicate that the Al2O3 coatings with amorphous structure
will encounter a severe considerable challenge when service temperatures exceed 550 ◦C,
which will be further investigated by TEM.
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The XPS depth analysis of Al2O3 coatings after LBE corrosion at 550 ◦C for 2000 h
are presented in Figure 8. Pb oxides can be found on the surface of all samples. Al oxides
are the main phase in the surface of coatings with O/Al atomic rates of 4, 3, and 1.5 for
HD50, HD100, and HD150, respectively. This value is composed of O atoms in Pb oxides.
Figure 9 shows the nanoscratch morphology after LBE corrosion. No large spallation of the
coating after nanoscratch has been observed from the surface morphology. Furthermore,
the interface bonding strength has been enhanced to 100.7 mN due to the interdiffusion at
the interface.
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3.3. TEM Analysis of Corrosion Resistance of Al2O3 for 2000 h

The presence of Fe on the coating surface indicates the initiation of failure. A TEM sam-
ple (−150 V) with Fe on the surface was selected after corrosion at 550 ◦C for
2000 h. Volume expansion in the interest area is shown in Figure 10. Furthermore, an
Fe-rich corrosion pit can be seen from the EDS mapping.

The microstructure of the Al2O3 coating after LBE corrosion at 550 ◦C for 2000 h is
shown in Figure 11. After the corrosion process, the coating exhibits a distinctive three-
layer structure, comprising a protective layer of tungsten (W), an Al2O3 layer, and the
substrate. This layered arrangement is the result of the corrosion interaction between the
coating and the corrosive environment. The Al2O3 layer, which is the primary coating
material, provides additional protection and acts as a barrier against corrosive elements.
Finally, the substrate forms the base layer, providing structural support to the coating
system. This two-layer structure is crucial for maintaining the integrity and durability of
the coated material. In contrast to the as-deposited coatings, the pole-free, dense structure
changed to a dispersed particles structure filled with Pb and Bi oxides. More importantly,
the thickness of the Al2O3 coatings increased to 1.94 µm, a 5% volume expansion compared
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to the original coating. When considering the corrosion products, the thickness of the
coating is 4.86 µm, approximately 2.6 times that of the as-deposited coatings. Large Al
particles with a diameter of 560 nm were observed in EDS Al mapping, which has a good
consistency with XPS results (Figure 11). The microstructure of this sample can be divided
into three layers: (i) surface corrosion layer, (ii) loose Al2O3 coatings, (iii) dense Al2O3
coatings, (iv) substrate. The detailed analysis of different layers has been shown as follows:
The nature of the surrounding environment (LBE) plays a crucial role in SCC. Corrosive
environments, such as high temperatures, the presence of corrosion pits, and the porous
structure of Al2O3 coating, can promote SCC.
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For the surface corrosion layer, high-angle annular dark field (HAADF) images from
transmission electron microscopy (TEM) and corresponding EDS mapping are shown in
Figure 12. The HAADF image has been known to be sensitive to atomic number (Z) in
which a bright region corresponds to a higher Z that consists of Pb 7.1 at.%. According to the
Ellingham diagram, Fe oxides and Pb oxides are predominant under sufficient O dissolute
in LBE. Therefore, preventing O in LBE from contacting the substrate remains a challenge for
the amorphous Al2O3 coatings. Furthermore, FCC Al particles are verified by the selective
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area electron diffraction (SAED) pattern with <
_
231> zone axis, as shown in Figure 13b.

The clear lattice fringes can be found from the HRTEM, as shown in Figure 13c, where the
d-spacing value is 0.229 nm, corresponding to (11

_
1) planes. Importantly, two large cracks

formed in the coating; the right one stopped at the Al particles, indicating that ductile Al
material is a desirable candidate to prevent crack propagation, although its melting point is
660 ◦C. No Pb signs were found in the inner Al particles due to the formation of an Al2O3
protective layer.
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Figure 13. TEM analysis of Al2O3 coatings after LBE corrosion. (a) Cross-sectional image of the
Al2O3 coating; (b) SAED patterns of Al particle in (a); (c) HRTEM micrographs of Al particles.

The high-resolution transmission electron microscopy (HRTEM) image and lattice
image of the interest area in Figure 14a are shown in Figure 14b and 14c, respectively.
The FFT pattern acquired from Figure 14b confirms the amorphous to cubic crystal ([1

_
12]

γ-Al2O3) phase transformation. This phase transformation is accompanied by changes in
density [35]. However, the whole sample exhibits a combination of a high proportion of
amorphous and crystal in general, as shown in Figure 14e, in which the corresponding
structure was verified via FFT, as shown in Figure 14g and 14f, respectively. The d-spacing
of the κ-Al2O3 (1

_
2

_
1) plane is 0.139 nm, which matched the value reported previously [36].
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Figure 14. TEM analysis of Al2O3 coatings deposited at the bias voltage of −150 V after LBE corrosion
at 550 ◦C for 2000 h. (a) microstructure of Al2O3 coating; (b) HRTEM image from (a); (c) HRTEM
image of Al2O3; (d) FFT patterns of (c); (e) HRTEM image of Al2O3 coating; (f,g) the corresponding
FFT patterns with amorphous and crystal structure; (h) one-dimensional lattice image.

The interface behavior between coatings and F/M steel is a major concern for long
time service in reactors. The microstructure near the substructure is shown in Figure 15a in
which no cracks or spallation were found. The coating retains its dense structure, although a
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little Pb reaches the substrate (Figure 11). The strong spots in the SAED pattern correspond
to κ-Al2O3 with [2

_
13] zone axis (Figure 15b). A Cr-rich layer can be seen from the HRTEM,

as shown in Figure 15c, which is further verified as an amorphous structure (Figure 15d).
The substrate remains an unchanged α-Fe after LBE corrosion, indicating the protective
function of the coating, lasting for 2000 h.
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Figure 15. TEM analysis of interface Al2O3 coatings. (a,d) the HAADF image of interface near
substrate and corresponding SAED; (b,e) HRTEM image of Cr layer and corresponding FFT pattern.
(c,f) the HAADF image of substrate and corresponding SAED pattern.

3.4. TEM Analysis of Al2O3 Coatings after LBE Corrosion for 4000 h

For the longer corrosion time of 4000 h, the surface morphology is shown in Figure 16a;
mounts of particles were formed on the surface in which the interest area on a particle is
shown in Figure 17b. A TEM sample for analyzing is shown in Figure 16c.
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Figure 17. Microstructure of Pb diffusion cut-off interface and corresponding EDS mapping.

The microstructure and corresponding EDS mapping are shown in Figure 17. The
composition of particles is Fe, O, and Pb with compact structure. Pb is concentrated in
the cracks and surface of corrosion products. There is a sharp interface for preventing the
Pb diffusion, and its enlarged EDS mapping is shown in Figure 17. The diffusion of Pb
was prevented by Fe oxides, which shows dense structure. O mapping shows a uniform
distribution, and Pb is concentrated on the upper region. The strong spots of the SAED
pattern in Figure 18 were indexed as Fe3O4//[

_
1

_
10].

Coatings 2023, 13, x FOR PEER REVIEW  14  of  20 
 

 

 

Figure 17. Microstructure of Pb diffusion cut-off interface and corresponding EDS mapping. 

The microstructure and corresponding EDS mapping are shown  in Figure 17. The 

composition of particles is Fe, O, and Pb with compact structure. Pb is concentrated in the 

cracks and surface of corrosion products. There is a sharp interface for preventing the Pb 

diffusion, and its enlarged EDS mapping is shown in Figure 17. The diffusion of Pb was 

prevented by Fe oxides, which shows dense structure. O mapping shows a uniform dis-

tribution, and Pb is concentrated on the upper region. The strong spots of the SAED pat-

tern in Figure 18 were indexed as Fe3O4∥[1
_

1
_

0]. 

 

Figure 18. Cross-sectional bright field TEM micrographs of corrosion products and corresponding 

SAED patterns. (a) the HRTEM image of corrosion products and (b) the SAED pattern of Fe3O4. 

The microstructure of the Al2O3 coating after exposure to LBE at 550 °C for 4000 is 

shown in Figure 19a. The total thickness of the Al2O3 coating is 1.63 µm, resulting in a 10% 

decrease in the thickness. The dispersed Al2O3 grains are filled with Fe oxides because of 
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The microstructure of the Al2O3 coating after exposure to LBE at 550 ◦C for 4000 is
shown in Figure 19a. The total thickness of the Al2O3 coating is 1.63 µm, resulting in a 10%
decrease in the thickness. The dispersed Al2O3 grains are filled with Fe oxides because of
the amorphous to crystal phase transformation, accompanied by a shrinking in volume [37].
In order to verify this explanation, further HRTEM and corresponding FFT patterns are
investigated at this layer, as shown in Figure 19. The main composition of the coating
is Al and O, where the Fe oxides are distributed between the Al2O3 particles. The clear
lattice fringes can be found in Figure 19a, and the spots in the FFT pattern were indexed
as γ-Al2O3 with [0

_
11] zone axis. For the Fe-rich area, the FFT patterns showed two types

of diffraction spots corresponding to triclinic (a = 6.81 Å, b = 6.89 Å, c = 10.67 Å) Fe10O11
(Figure 20c) and triclinic (a = 10.25 Å, b = 10.25 Å, c = 10.26 Å) Fe38O39 (Figure 20c).

Coatings 2023, 13, x FOR PEER REVIEW  15  of  20 
 

 

the amorphous to crystal phase transformation, accompanied by a shrinking in volume 

[37]. In order to verify this explanation, further HRTEM and corresponding FFT patterns 

are investigated at this layer, as shown in Figure 19. The main composition of the coating 

is Al and O, where the Fe oxides are distributed between the Al2O3 particles. The clear 

lattice fringes can be found in Figure 19a, and the spots in the FFT pattern were indexed 

as γ-Al2O3 with [01
_

1] zone axis. For the Fe-rich area, the FFT patterns showed two types 

of diffraction spots corresponding to triclinic (a = 6.81 Å, b = 6.89 Å, c = 10.67 Å) Fe10O11 

(Figure 20c) and triclinic (a = 10.25 Å, b = 10.25 Å, c = 10.26 Å) Fe38O39 (Figure 20c). 

 

Figure 19. Cross-sectional bright field TEM micrographs of Al2O3 with porous structure and corre-

sponding EDS mapping. 
Figure 19. Cross-sectional bright field TEM micrographs of Al2O3 with porous structure and corre-
sponding EDS mapping.

Figure 21 depicts the microstructure and corresponding EDS mapping at the interface
between the coatings and substrate. Similar to Figure 13, no spallation or cracks are
observed at the interface. The diffusion of Pb is halted at the interface, and no signs of Pb
are detected in the substrate. However, Fe oxides are distributed throughout the entire
coating. The periodic diffraction spots originating from the substrate have been identified
as α-Fe, indicating that the substructure’s structure remains unchanged after 4000 h of
LBE corrosion.
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Figure 20. HAADF images and corresponding FFT patterns at the Al2O3 layer after corrosion for
4000 h. (a) the HRTEM image of Al2O3 and corresponding FFT pattern; (b) the HRTEM image of
corrosion products and corresponding FFT pattern; (c) the HRTEM image of corrosion products and
corresponding FFT pattern.
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4. Discussion

From the above results, the complicated LBE corrosion process is composed of element
diffusion, phase transformation, and chemical reaction. Here, an Ellingham diagram is
introduced to understand the formation of a compound in LBE, which is defined as the
standard Gibbs energy change (∆G) of formation of corrosion products when consuming
one mole O2 (Figure 22). For the Al2O3 coating, ∆G exhibits the maximum negative value,
−945.4 kJ/mol, demonstrating the most thermal stability in LBE. Therefore, Al2O3 was
chosen as the protective material facing high temperature LBE. LBE corrosion includes
three stages: (a) The initial stage where the coating keeps its structure integrity with
amorphous (Figure 22a); (b) when the corrosion time increases, the phase transformation
from amorphous to γ-occurred, accompanied by an incensement in density, and thus, the
volume reduction of Al2O3 particles. Therefore, the nanocavities between particles merged
with each other, and the complete diffusion path was formed, as shown in Figure 22b, in
which Fe began to dissolve in LBE. (c) When the chemical reaction between Fe, Pb, and
O occurred at the nanocavities, the volume expansion of corrosion products Fe3O4 and
PbO2 will induce stress on the adjacent Al2O3 coating (Figure 22c). On the other hand,
the element of Fe and Cr will diffuse to the coating. The coating will be peeled off as the
corrosion time increases. Overall, the growth of the Al2O3 coating filled with corrosion
products is limited by element diffusion. Furthermore, the whole corrosion process can
be presented as the variation of film thickness with the corrosion time (Figure 23) [38–40].
During the lead-bismuth corrosion process, a high temperature of 550 ◦C can induce phase
transformation in amorphous alumina coatings. This phase transformation is accompanied
by a volume shrinkage, which in turn leads to the development of cracks within the
coating. The presence of cracks provides pathways for the diffusion of PbFeO, which
undergoes oxidation reactions. This diffusion of PbFeO along the cracks contributes to stress
concentration within the coating, accelerating the formation and propagation of cracks (as
shown in Figures 11, 13 and 14). Ultimately, these factors contribute to the failure of the
coating system. It is important to address these issues in order to improve the corrosion
resistance and durability of the coatings under such high-temperature environments.
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5. Conclusions

The present study offers a comprehensive analysis of the corrosion behavior of Al2O3
coatings deposited via reactive sputtering with a fast deposition rate. Despite the brittle
nature of Al2O3 coatings making them susceptible to temperature fluctuations, the coat-
ings exhibited exceptional corrosion resistance to LBE at temperatures up to 550 ◦C for
2000 h. However, beyond 550 ◦C, phase transformation and the diffusion of O and Fe
become critical factors leading to coating failure. Based on the findings of this study, the
following conclusions can be drawn:

1. Amorphous Al2O3 coatings with an ultra-dense structure were successfully deposited
at bias voltages of −50 V, −100 V, and 150 V. As the temperature increased from 450 to
650 ◦C, the coatings experienced severe LBE corrosion, resulting in the formation of
nodule-shaped corrosion products during the initial stage of corrosion.

2. The samples tested at 550 ◦C exhibited phase transformation from amorphous to γ- and
κ-Al2O3 coatings, leading to a reduction in the volume of small grains and the presence
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of pores between grains. However, the formation of corrosion products consisting of Fe
and Pb caused volume expansion, resulting in stress corrosion cracking.

3. During the corrosion time of up to 4000 h, the corrosion products of Fe and Pb per-
meated throughout the entire coating matrix. No phase changes were observed in
the α-Fe substrate. Importantly, no corrosion products were detected within the inner
regions of γ-Al2O3 small grains, indicating the significant potential of this material for
practical applications.

The findings of this study shed light on the corrosion behavior of amorphous Al2O3
coatings obtained through common magnetron sputtering technology. It is worth noting
that phase transformation and the presence of corrosion products are undesirable during the
service life of coatings. Additionally, the presence of tiny diffusion paths at the nanoscale
can contribute to coating failures.
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