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Abstract: In this paper, a Cr-Al coating was deposited using multi-arc ion plating (MAIP) on
304 austenitic stainless steel. The Cr-Al-coated sample was treated by vacuum annealing at 600 °C for
12 h, and its corrosion behaviors against static LBE were carefully evaluated by SEM, EDS and XPS at
a temperature of 600 °C for 1000 h, compared with an uncoated sample. The results showed that the
uncoated sample was corroded by the dissolution and oxidation of LBE severely; a duplex-layered
oxide layer consisting of an outer Fe304 magnetite layer and an inner FeCr,Oy spinel layer was
produced on the surface of 304 stainless steel after LBE corrosion. For Cr-Al diffusion coating, an
oxide layer was formed that separated the LBE into the 304 matrix. XPS detection showed that the
oxide layer primarily included Al,O3. Besides this, the hardness of the coating was tested with a
Vickers hardness tester, and the annealed Cr-Al diffusion coating exhibited an average hardness of
260 HV, about five times as high as the Al coating before annealing, of which the average hardness
was 48 HV.

Keywords: 304 austenitic stainless steel; multi-arc ion plating Cr-Al coating; oxide layer; lead-
bismuth eutectic

1. Introduction

Nowadays, among the nuclear power plants in the world, the most widely used is
the fast neutron reactor. In fast reactors, liquid lead-bismuth eutectic alloy (LBE) has
good thermo-physical properties, neutron economics and high chemical inertness, such
that LBE has become one of several types of candidate material for coolants in fast neu-
tron reactors [1-5]. LBE, however, at high temperatures has a strong corrosive effect on
structural materials during the operation of the fast neutron reactor [6]. The component
elements—such as Fe, Cr and Ni—contained in the metal structural materials will dissolve
in the LBE, and the impurity of the oxygen in the LBE will interact with the solid [7]. The
chemical reaction of the material component elements leads to material failure. At the same
time, the material embrittlement effect induced by Pb and Bi, namely the embrittlement
effect of liquid metal (LME, Liquid Metal Embrittlement [8-10]) is also a certain destructive
corrosion type.

Austenitic stainless steel has long been considered the perfect choice for high tempera-
ture applications. This is not only because of its mechanical stability but also because of
its excellent corrosion resistance and oxidation resistance in many applications, such as
AISI 304H stainless steel and 304 stainless steel [11-13]. Thus, 304 stainless steel can be the
candidate structural material for LBE-cooled fast neutron reactor applications. Because
corrosion attack in LBE is a key issue that restricts the development of nuclear reactors, it is
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also necessary to find a good way to protect the structural materials, and coating technology
is one of the most effective technologies to solve the corrosion of structural materials.

At present, ceramic coatings such as oxides or nitrides, and aluminide coatings are
widely used [14,15]. In particular, aluminum has the strongest affinity with oxygen, and
can preferentially combine with oxygen in LBE to form stable and compact oxides. The
aluminum element is selectively oxidized on the surface by diffusion to form a layer of
A1,03 protective film [16]. Garcia Ferre et al. [17] proposed an Al,O3 coating, which was
produced via pulsed laser deposition. The results showed that the coatings protected
substrates working in heavy liquid metals (HLMS) at high temperatures. Miorin et al. [18]
investigated two different aluminum-rich layers: Al;O3 coating and TiAIN film, which
were grown via radio frequency magnetron sputtering and high power impulse magnetron
sputtering, respectively. Both types of coatings proved to be effective in protecting the
substrate in stagnant Pb at 550 °C for 1200 h. Moreover, Wu et al. [19] synthesized an AITiN
coating on a 316 L stainless steel substrate via cathodic arc ion plating, and LBE corroded
it at 550 °C and 600 °C for 500 h. The results showed that the coating can effectively
improve the LBE corrosion resistance of a 316 L stainless steel substrate at 550 °C and
600 °C. According to a previous study, adding alloying elements to the aluminide coating
can further improve the corrosion resistance of the coating. Charalampopoulou et al. [20]
used magnetron sputtering to prepare Crp AlC coatings on the surface of austenitic stainless
steels. Their thickness was about 3 pm. After 1000 h of corrosion in 500 °C LBE, the coating
did not undergo visible oxidation or dissolution corrosion, because the melting point of
Cr is as high as 1857 °C, and Cr has good thermal corrosion resistance. Meanwhile, the
incorporation of Cr can promote the formation of an oxide layer [21-25]. Simultaneously,
we should consider that LBE in a nuclear reactor is flowing under the actual working
conditions, and the flowing liquid metal will cause erosion and abrasion to the structural
materials. The addition of Cr can increase the hardness and wear resistance of the coating
in another aspect [26-28].

Multi-arc ion plating (MAIP) has the advantages of a rapid deposition rate, good
wrapping properties, a smooth surface of the deposited coating, a compact structure, good
mechanical properties, and good bonding performance with the substrate [29]. Therefore,
MAIP technology is widely used in a wide range of applications.

The previous studies paid much less attention to a Cr-Al coating on the corrosion of
LBE. Therefore, in this paper, a Cr-Al coating on austenitic stainless steel 304 was fabricated
by MAIP Cr and MAIP Al. The corrosion behaviors of an uncoated sample and the Cr-
Al-coated sample against static LBE were carefully investigated at 600 °C for 1000 h. The
purpose of this study is to develop a potential corrosion-resistant coating for LBE-cooled
fast reactor applications.

2. Materials and Methods
2.1. Coating Preparation

Figure 1 shows the shortened process employed in this work. The chemical composi-
tions (wt.%) of stainless steel 304 used in the corrosion tests are given in Table 1. The Cr-Al
coating was deposited on tubes of 304 steel with the diameter of 10 mm, a length of 20 mm,
and a thickness of 1 mm. The pristine samples were ultrasonically pre-cleaned in alcohol
for 10 min, rinsed with deionized water, and blown dry with nitrogen gas before MAIP.

Table 1. Chemical compositions of stainless steel 304 (wt.%).

C S Si Mn Ni Cr P Fe
0.035 0.020 0.436 1.100 8.010 18.640 0.013 Bal.
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Figure 1. Shortened process in this work.

Cr and Al targets (99 at.% in purity) were used for the deposition. The Cr-Al coating
was prepared using a multi-arc ion plating system (provided by Chengdu Qi Xing Vacuum
Coating Technology Co., Ltd., Chengdu, China), which is only equipped with one target,
as shown in Figure 2. Therefore, aluminum was then deposited after depositing chromium.
Prior to the coating deposition [30], the chamber was pumped down to 4 x 1073 Pa, and
was then heated up to 300 °C (for the depositing chromium) and 250 °C (for depositing
aluminum) respectively. When the heating temperature and the required vacuum degree
are reached, they can be adjusted such that there is an argon gas flow to the ionization
vacuum degree of 0.8 Pa, the bias voltage power supply is 400 V, and the arc power supply
is 80 A (for depositing chromium) and 60 A (for depositing aluminum) separately. After
bombardment for 3 min, the bias voltage was reduced to 100 V, and we started coating.
The deposition times of the Cr and Al layers were 4 and 3 h, respectively. The deposition
parameters are summarized in Table 2.
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Figure 2. Structure diagram of the multi-arc ion plating equipment: (1) cathodic arc source; (2,3) air
intake; (4) vacuum system; (5) samples.

Table 2. Detailed deposition parameters of the Cr-Al coating.

MAIP Cr MAIP Al
Substrate Bias voltage (V) 100 100
Working gas Ar Ar
Working pressure (Pa) 0.8 1.0
Substrate temperature (°C) 300 250
Target current (A) 80 60

Deposition time (min) 240 180
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After the multi-arc ion plating of Al was completed, the sample was put into a resis-
tance furnace, which was placed in a QX-1900 Double Station Vacuum Glove Box (provided
by Chengdu Qi Xing Vacuum Coating Technology Co., Ltd.) for vacuum annealing treat-
ment at a temperature of 600 °C for 12 h.

2.2. Corrosion Test

The uncoated sample and the annealed Cr-Al-coated sample were tested in the static
LBE at 600 °C for 1000 h. The chemical compositions of LBE with the melting point of 398 K
used in this study were 55.5 wt.% Pb and 44.5 wt.% Bi.

The corrosion tests were carried out in a muffle furnace. The samples and the lead-
bismuth alloy were placed in a quartz tube, and the vacuum in the quartz tube was pumped
to 1.4 x 1072 Pa. The designed quartz tube is shown in Figure 3. The inner and outer
diameters of the tube are, respectively, 21 mm and 26 mm. Because the density of LBE is
greater than that of the sample, a neck was fabricated at the -mark of the tube in order
to avoid the samples floating on the LBE solution [31]. Before heating, the samples were
packed into the short part of the tube, while the solid LBE was put in the long part of the
tube. When heated, the solid LBE can melt and immerse the samples.

Heatin Cooling
é ﬁ

873K

Solid LBE > <
o
iquid LBE

\s

> ‘Qu\artz tube>

Samples %

Figure 3. The designed quartz tube and the process of LBE corrosion.

2.3. Coating Characterizations

When the corrosion time in LBE reached 1000 h, we took the samples out of the
LBE and prepared them for post-corrosion analysis. For the analysis of the cross-section
of the coating, hand grinding was performed on the surface of the samples before and
after LBE corrosion with 500-grit, 1000-grit, 1500-grit, and 2000-grit water-abrasive papers,
followed by polishing to a 1-ym diamond finish. For the analysis of the surface of the
coating after LBE corrosion, a 1:1:1 solution of hydrogen peroxide, acetic acid and ethanol
was used to remove the pre-existing LBE on the surface of the samples [32]. The samples
were washed in ethanol, dried, and characterized by Scanning Electron Microscope (SEM),
Energy Dispersive Spectroscopy (EDS), Grazing Incident X-ray Diffraction (GIXRD), and
X-ray Photoelectric Spectroscopy (XPS). Meanwhile, the hardness of the Cr-Al-coated
sample before and after annealing was tested under a Vickers hardness tester with a normal
load of 0.245 N.

3. Results and Discussion
3.1. Microstructure Characterization of the Cr-Al Coating before Corrosion

Figure 4a,b shows the cross-sectional SEM image of the Cr-Al coating before and after
annealing on stainless steel 304. The thickness of the outer Al layer in Figure 4a was 10.8 pum.
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Cr layer

Matrix

The thickness of inner Cr layer was 8.7 um. The whole MAIP Cr-Al coating had a thickness
of about 23 um after annealing; as shown in Figure 4b, it exhibited a dense structure. The
MAIP Cr-Al coating was relatively flat and dense, with a uniform thickness and no obvious
holes, which can be beneficial to enhancing the corrosion resistance of the coating.

Figure 4. Cross-sectional SEM image of the Cr-Al coating (a) before and (b) after annealing.

The addition of Cr can significantly promote the diffusion process of Al. Due to the
densification of the coating caused by the mutual diffusion of Cr and Al, the corrosion
resistance of the annealed coating can be effectively improved [26]. Figure 5a shows a
cross-sectional SEM image of the Cr-Al diffusion coating. EDS line scans in the matrix-to-
coating direction (Figure 5b) show that the mutual diffusion of Cr and Al at 600 °C for
12 h resulted in a single coating composition deviating from the compositional domain
for the formation of the Cr-Al phase in the outer MAIP Al layer. Meanwhile, the Fe-Cr-Al
diffusion layer appeared between the Al coating and substrates because Fe diffused to the
Cr layer further. In order to further investigate the microstructure of the Cr-Al coating
after the annealing treatment, EDS was used to analyze the atomic percentage of correthe
sponding area in Figure 5a. The results are shown in Figure 5c¢,d. The chemical elements at
point c are Cr and Al, and their atomic percentages are 55.32% and 44.68%, respectively.
The chemical composition (in at.%) of point d is 41.47% Al, 46.11% Cr, and 12.42% Fe.
Therefore, the annealed Cr-Al coating was composed of the surface Cr-Al layer and the
inner Fe-Cr-Al layer.

In order to further explore the phase structure on the surface of the Cr-Al diffusion
coating, GIXRD analysis was performed on the coating surface. The analysis result of the
GIXRD is shown in Figure 6. It can be seen that the phase on the surface of the Cr-Al
diffusion coating mainly included AlgCrs.

The Vickers hardness in the coating-to-matrix direction of the Cr-Al-coated sample
before and after annealing is shown in Figure 7a. For the same depth, we chose three
different points to test the Vickers hardness, and took the average value of the three points
as the hardness of the depth. The test points of the Vickers hardness are shown in Figure 7b.
Before annealing, the outer Al layer was relatively soft, and its average hardness was about
48 HV. After 12 h of annealing treatment at 600 °C, the hardness of the outer Al layer which
had been converted to a Cr-Al layer exhibited an average hardness of 260 HV, which is
about five times as high as that of the Al coating before annealing. Simultaneously, the
hardness of the matrix remained at about 275 HV. This means that the annealing treatment
at 600 °C for 12 h will not have significant influence on the properties of the 304 matrix.
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Figure 5. (a) Cross-sectional SEM image of the Cr-Al diffusion coating; (b) SEM-EDS line scans of the
Cr-Al diffusion coating; (c,d) SEM-EDS results of the chemical compositions (at.%) of the marked
regions in (a).
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Figure 6. The GIXRD patterns of the surface of the Cr-Al diffusion coating.
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Figure 7. (a) The hardness of Cr-Al coating before and after annealing, and (b) the test points of the
Vickers hardness.

3.2. Cross-Sectional Microstructures after Corrosion

The cross-sectional SEM image of the uncoated sample after LBE corrosion is shown in
Figure 8. Dissolution and oxidation corrosion occurred in the uncoated sample, as shown in
Figure 8a. The LBE permeated the uncoated sample via its boundaries, and the maximum
depth reached 225 pum after corrosion for 1000 h. It can also be clearly observed that a thin
oxide layer was produced on the 304 tube. Moreover, as shown in the mapping images in
Figure 8b, a double oxide layer was found. In the case of the austenitic steels, the oxide
layer included an outer Fe3O4 layer and an inner Fe-Cr spinel layer [33]. In order to explore
the distribution of the interface elements after lead-bismuth corrosion, EDS point scans
were performed on the double oxide layer in Figure 8b. As shown in Table 3, the outer oxide
scale is rich in Fe and O, and its chemical composition (in at.%) is 41.92% Fe, 55.17% O and
2.91% Cr. The inner oxide layer is rich in Fe, Cr, Ni and O, and its chemical composition (in
at.%) is 23.32% Fe, 21.20% Cr, 9.07% Ni and 46.41% O. From the atomic ratio of the chemical
elements, it can be inferred that the outer layer is an Fe304 magnetite layer, and the inner
layer is an Fe-Cr spinel layer. The inter-diffusion mechanism of the elements can be used to
explain the formation of the double-layer oxide film [34]. First, an in-grown Fe-Cr spinel
layer will be formed on the surface of the material. Once this thin spinel layer is produced,
Fe ions diffuse from the substrate to the surface and combine with O on the surface to
form Fe304, which grows from the original surface of the steel. Therefore, the continuous
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inter-diffusion behavior of O and Fe ions at the corrosion interface is the main reason for
the formation of the double-layer oxide film [35]. In addition, some cracks through the
oxide layer were found due to thermal pressing, which provided an infiltration channel for
the diffusion of molten LBE into the matrix.

Pb Mal 8i Ma1 Fe Kal

—_— —
100pm 100pm 100pm

Figure 8. Cross-sectional microstructure and the element distribution for the uncoated sample
after LBE corrosion, as given by EDS mapping analysis: (a) dissolution and oxidation corrosion;
(b) oxidation corrosion.

Table 3. SEM-EDS results of the chemical compositions (at.%) of the marked micro-regions in Figure 8.

Area (@) Fe Cr Ni
1 55.17 41.92 291 0
2 46.41 23.32 21.20 9.07

Figure 9 shows the cross-sectional SEM and corresponding EDS mapping images of
an annealed Cr-Al-coated sample after LBE corrosion at 600 °C. For the Cr-Al diffusion
coating, the uniform structure can still be retained after LBE corrosion for 1000 h, and no
cracks or holes can be found. Meanwhile, an oxide layer was formed at the interface of the
LBE and the surface of the Cr-Al diffusion coating after LBE corrosion. The results show
that Cr-Al diffusion coating provides good oxidation resistance because of the formation
of the oxide layer, which blocks oxygen’s inward diffusion into the matrix and effectively
prevents the LBE entering the matrix. Thus, the Pb and Bi elements can be effectively
limited to the upper side of the coating in Figure 9, indicating the good LBE corrosion
resistance of the Cr-Al diffusion coating.
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Figure 9. Cross-sectional microstructure and the element distribution for annealed Cr-Al-coated
sample after LBE corrosion by EDS mapping analysis.

3.3. Surface Microstructures before and after Corrosion

Figure 10 shows the surface SEM images of the uncoated sample and the annealed
Cr-Al-coated sample before and after LBE corrosion at 600 °C. There were a few submicron
droplets on the surface of the original sample in Figure 10a, which was flat and smooth.
However, the surface of the corroded sample was rough, with some cracks, as shown in
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Figure 10b. After the cleaning of the solid LBE, streaky corrosion traces were observed on
the surface, indicating that the uncoated sample was dissolved by liquid LBE. As shown in
Figure 10c, the Cr-Al diffusion coating exhibited a relatively smooth and dense morphology.
After corrosion at 600 °C, a small amount of pellets could be observed on the coating’s
surface in Figure 10d. The chemical compositions of the uncoated sample after corrosion
and the annealed Cr-Al-coated sample before and after corrosion are both presented in
Table 4. The chemical composition (in at.%) of the oxygen content was 43.69% in the
uncoated sample after corrosion in area 1, indicating that the surface of the uncoated
304 tube was significantly oxidized at 600 °C. The chemical composition (in at.%) of the Fe
content and Cr content were 21.95% and 28.44%, respectively, in the surface of the uncoated
304 tube at the same time, further proving that the surface corrosion products of uncoated
304 after LBE corrosion at 600 °C are magnetite and Fe-Cr spinel. Combining areas 2 and
3, 25.65% of the O content can be detected from the surface of the Cr-Al diffusion coating.
However, the chemical composition (in at.%) of the O content is 41.76% in the coating
after the corrosion test. Simultaneously, the Al content was reduced from 46.01 at.% to
11.17 at.%. It was also reported that the Al in the surface layer with high Al concentrations
will dissolve into liquid LBE [36]. The Cr content increased from 24.19 at.% to 46.13 at.%
due to the decrease of the Al content. The results revealed that the surface Cr-Al layer had
been oxidized after LBE corrosion.

Before corrosion After corrosion

il

uncoated sample

annealed Cr-Al coated sample

Figure 10. Surface SEM images of the uncoated sample (a) before and (b) after LBE corrosion at 600 °C.
Surface SEM images of the annealed Cr-Al-coated sample (c) before and (d) after LBE corrosion at
600 °C (the LBE was removed).

Table 4. SEM-EDS results of the chemical compositions (at.%) of the marked micro-regions in

Figure 10.
Area (@] Fe Cr Ni Al
1 43.69 21.95 28.44 5.92 0
2 25.65 3.20 24.19 0.95 46.01

3 41.76 0.94 46.13 0 11.17




Coatings 2022, 12, 667

11 0f 14

In order to explore the chemical composition of the oxide layer on the surface of
the uncoated sample and the annealed Cr-Al-coated sample after LBE corrosion, the
corresponding XPS Fe 2p, Al 2p, Cr 2p and O 1s spectra were employed, as shown in
Figure 11. For the uncoated sample, the XPS spectra of Fe 2p in Figure 11a was deconvoluted
into two peaks at 710.3 eV and 714.5 eV, respectively, corresponding to FeCr,O,4 and
Fe3;04 [37]. At the same time, the Cr 2p peak at 577 eV appeared in Figure 11b, which
corresponds to the typical peak of FeCr,Oy4 [37]. The results proved that the oxide layer
on the surface of the uncoated sample mainly consists of Fe3O4 and FeCr,Oy4 after LBE
corrosion. The XPS spectra of O 1 s in Figure 11c can be resolved into near-surface oxygen
and chemisorption oxygen centered at 532.2 eV, which is labeled O,4s [38]. O,g4s have
been shown to be the main reactive oxygen species in oxidation reactions [39], which are
considered to be essential for the formation of oxides.

(a) Fe 2p (b) Cr2p (C) o0 | O1s
9 | Fe.O . FCCF20 i e 3
& |3 “%4  FeCr,0, |3 5
g ol (& )
S |= = =
] Y Y Y
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Figure 11. Surface XPS analysis of the uncoated sample and the annealed Cr-Al-coated sample after
LBE corrosion: (a) Fe 2p (b) Cr 2p, and (c) O 1s XPS spectra of the uncoated sample; (d) Al 2p (e) Cr
2p, and (f) Ols XPS spectra of the annealed Cr-Al-coated sample.

Figure 11d shows the XPS spectra of Al 2p for the annealed Cr-Al-coated sample;
a peak was found at 73.4 ev, which was assigned to Al,O3 [40]. As shown in Figure 11e,
there were almost no peaks of Cr 2p. Futhermore, O,45 could be observed from the peak
of O 1 s in Figure 11f. The XPS results suggested that the oxide layer on the surface of the
Cr-Al diffusion coating after LBE corrosion mainly consists of Al,Os3.

4. Conclusions

In this paper, a Cr-Al coating was deposited onto stainless steel 304 through MAIP Cr
and MAIP AL; we then put the Cr-Al-coated sample into a resistance furnace for annealing
treatment at a temperature of 600 °C for 12 h. The uncoated sample and the annealed
Cr-Al-coated sample were exposed to LBE corrosion at 600 °C for 1000 h. The main results
are as follows:

(1) The main phase for the surface of the Cr-Al coating after annealing was AlgCrs. The
annealed Cr-Al diffusion coating exhibited an average hardness of 260 HV, which
is about five times as high as that of the Al coating before annealing, of which the
average hardness was 48 HV.
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(2) The uncoated sample was corroded by the dissolution and oxidation of LBE severely.
The surface of the 304 stainless steel produced an outer magnetite layer of Fe;O,4 and
an inner spinel layer of FeCr,Oy after LBE corrosion.

(3) The annealed MAIP Cr-Al coating is being considered as a potential candidate for the
improvement of the LBE corrosion resistance of the structural materials in an LBE-
cooled nuclear reactor, as it retained its integrity without defects after LBE corrosion.

(4) The favorable corrosion resistance can be attributed to the formation of the oxide layer,
which mainly consisted of Al;O3 on the coating surface, as was detected by XPS.

In this study, a Cr layer was prepared by multi-arc ion plating between stainless steel
304 and the Al coating, and the Cr-Al alloy layer was obtained by vacuum diffusion on the
surface of stainless steel 304, which could be a possible way to solve the hidden dangers
that the pure Al coating is too soft and falls off too easily in the flowing LBE. Furthermore,
the method simply improves the ability of the structural material to form a protective oxide
layer in LBE.
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