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Abstract

:

The amorphous AlTiCrFeMoSi high entropy alloy (HEA) coating with high hardness (11.88 GPa) is successfully deposited on T91 substrate by the magnetron sputtering method. Both T91 steel and as−deposited AlTiCrFeMoSi coating samples are exposed to a static liquid lead−bismuth eutectic (LBE) at 550 °C for up to 2000 h. The coating exhibits excellent corrosion resistance against lead−bismuth eutectic (LBE) compared with the uncoated T91 steel. The results show that the AlTiCrFeMoSi HEA coating has great potential in LBE−cooled fast reactor application.






Keywords:


high entropy alloy; AlTiCrFeMoSi coating; magnetron sputtering; lead−bismuth eutectic; corrosion resistance












1. Introduction


Lead−cooled fast neutron reactors are expected to become advanced nuclear power reactors for industrial demonstration and commercial application and should be cooled by liquid lead−bismuth eutectic LBE), because its superior neutronics, thermal hydraulics, and chemical inertness [1,2]. T91 is considered to be candidate structural material for lead−cooled fast reactors because of its high corrosion resistance and extreme toughness. It is well known that the corrosion mechanism of LBE on T91 steel is mainly dissolution corrosion and oxidation corrosion. When it is in a low oxygen concentration in LBE, the T91 can be damaged by dissolution of the major alloying components; when in an oxygen containing LBE, oxidation plays a major role in the corrosion process.



Surface coating technology is one of the methods considered to be capable of solving the corrosion resistance problem of the next generation of nuclear power reactors [3]. Many coating materials have been designed and prepared for corrosion studies in LBE environments, such as high al−containing coatings (FeAl, FeCrAl, FeCrAlY) [4,5] and ceramic coatings (SiC, Ti3SiC2, Al2O3, TiC, TiAlN, Cr/TiAlN, CrN, TiN and TiSiN) [6,7,8,9,10,11,12].



High entropy alloy (HEA) are a new class of alloys that contain five or more elements in equal or near−equal ratios. High entropy alloys have attracted many researchers due to their excellent properties. In the field of LBE corrosion, many researchers’ attention has been focused on research on bulk materials (Al0.7CoCrFeNi, AlCrFeNiCu, AlCrFeNiTi, AlCrFeNiNb, et al.) [13,14], and some excellent research results have been achieved. Bulk high−entropy alloys, however, are expensive and difficult to form, especially when these alloys contain LBE corrosion−resistant elements such as Mo, Cr, and Ti. On the other hand, high−entropy alloy coatings have excellent properties similar to those of bulk high−entropy alloys. Most important, many preparation processes can be used to fabricate high−entropy alloy coatings. The corrosion behavior and mechanism of high−entropy alloy coatings in high−temperature LBE are expected to become the next research hotspot [3,15].



What is most important for LBE corrosion resistance is the rapid formation of stable and dense passivation film. The Al−rich, Si−rich, and Cr−rich oxide films can be formed at low oxygen concentrations, and the addition of Cr, Si, and Ti can reduce the oxidation rate of the material [16,17,18]. Elemental Mo is almost insoluble in LBE, and it can increase atomic size mismatch (~0.136 nm), leading to increased lattice distortion and favoring the formation of nanocrystalline or amorphous structures [19]. The addition of Fe can improve the adhesion of the coating and the substrate. While other candidate elements, such as Mn, Ni, Ta, and Cu have high solubility in LBE, Zr has a large atomic size (~0.160 nm) and Nb has high enthalpy for mixing with other elements. Therefore, a novel AlTiCrFeMoSi high entropy alloy coating has been designed and deposited on T91 steel substrate by using magnetron sputtering technology. After the coating is prepared, its microstructure, mechanical properties and corrosion resistance of the coating under static LBE are investigated systematically.




2. Materials and Methods


The AlTiCrFeMoSi HEA coating is deposited on T91 substrate by DC magnetron sputtering technology. The sputtering target is prepared by a powder metallurgy process after ball milling and mixing of six single element powders. Here the element powders are Al, Ti, Cr, Fe, Mo and Si (all with 99.95% purity). The target size is 76.2 mm in diameter and 5 mm in thickness.



Before the formal sputtering, the target and the substrate are ion−cleaned for 15 min at a 1.8 Pa working pressure, an argon flow rate of 60 sccm, and sputtering power of 50 W to remove the surface oxide and other contamination. During the deposition, the base pressure of the sputtering chamber is 4 × 10−4 Pa, while the substrate temperature, the Ar gas flow rate and sputtering pressure are maintained at 300 °C, 30 sccm and 0.5 Pa, respectively. The coatings are prepared by sputtering for 4.5 h at a sputtering power of 200 W and a bias voltage of 100 V.



The LBE corrosion tests are performed with homemade equipment composed of a static quartz tube. Figure 1 shows the shape of the quartz tube with the inner diameter of 18 mm and the outer diameter of 20 mm, and the length of the quartz tube is 100 mm. The T91 samples with length and width of 14 mm and 10 mm respectively, and samples of 2−mm thickness are put in one side of the quart tube and the solid 45Pb−55Bi wt.% Pb/Bi cylinders (99.99% purity) with a total mass of 220 g are put in the other side. The vacuum of the quartz tube is pumped to 1 × 10−3 Pa by a molecular pump and sealed by an acetylene flame. Therefore the length of the quartz tube must be long enough to avoid burning the lead−bismuth alloy, such as 100 mm. The density of LBE is 10.2 g/cm3, which is higher than that of steel 7.85 g/cm3. Therefore, when the temperature exceeds 400 K, the Pb−Bi alloy melts in order to ensure that the LBE can submerge the sample and prevent it from floating up. The solid lead−bismuth cylinders are 14 mm in diameter and 35 mm in length. Then they are set on an inward depression in the quartz tube at 30 mm from the bottom and inserted a 14 mm diameter quartz plug is inserted between the sample and the depression. The physical diagram of the quartz tube is shown in Figure 2. Put the sealed quartz tube vertically into a muffle furnace with PID temperature control at 550 °C to ensure that the samples are corroded in LBE for up to 2000 h. Meanwhile, the samples of coated and non−coated steel are also tested under the same conditions. After the LBE corrosion test, the residual Pb−Bi on the surface of the samples is cleaned using a volume ratio of 1:1:1 CH3CH2OH, CH3COOH and H2O2.



The phase structure of the HEA coatings is characterized by X-ray diffraction (XRD, Smartlab 9 KW, Tokyo, Japan). Because the coating thickness is in the micron range, a grazing incidence XRD is adopted in order to exclude the influence of the substrate. A grazing incidence angle of 1° and a scanning speed of 4°/min are used. The surface morphologies and cross−sectional morphologies of the coatings are observed using a field emission scanning electron microscope (SEM, ZEISS SUPRA55, Oberkochen, Germany) and atomic force microscopy (AFM, Smart SPM 4000, Kyoto, Japan). When observing the cross−section morphology of the sample, the cross−section of the sample is embedded with epoxy resin, and the surface is sprayed with gold after grinding and polishing for subsequent observation. The chemical composition is analyzed by Electron energy dispersive X-ray spectrometry (EDS). A nanoindenter (Nano Indenter XP, Billerica, MA, USA) is used to measure the nanohardness of the coatings. Nanoindentation uses a Berkovich type diamond indenter with a maximum load of 700 mN and a maximum stroke of 40 μm. In order to eliminate the influence of the substrate, the substrate and coating are measured for hardness using a single stiffness measurement and a continuous stiffness measurement, respectively. The single stiffness measurement uses the unloading curve to obtain the contact stiffness. Each indentation cycle can only obtain a hardness at the maximum indentation depth. The continuous stiffness measurement method can directly obtain the contact stiffness of each data point collected during the press−in process corresponding to the press−in depth. Then, the hardness is calculated as a continuous function of the press−in depth, which is suitable for thin coatings [20].




3. Results and Discussion


3.1. Microstructure


Figure 3a–c show the surface morphology SEM image of the as−deposited AlTiCrFeMoSi coating and surface EDS results on the T91 substrate, respectively. It can be seen that no cracks and holes are found in the coating. Moreover, a homogeneous distribution of the Al, Cr, Fe, Ti, Si, and Mo element in the coating was confirmed by EDS, indicating that the prepared high entropy alloy coating was of good quality. The high magnification in the upper right corner of Figure 3 shows some shallow linear scratches, which are from the polished substrate. The cross−sectional SEM image of the as−deposited AlTiCrFeMoSi coating is presented in Figure 4a and exhibits uniform thickness of approximately 2.46 μm. One can see that the interface of the coating is flat and straight and no cracks are observed between the substrate and the coating. The phase structure of the AlTiCrFeMoSi HEA coating is analyzed by XRD, as shown in Figure 4b. It shows that the coating has only one wide diffraction peak at a diffraction angle 2θ = 41.5°, which is similar to the AlTiVCrSi HEA coating prepared by Zheng et al [21]. Therefore, it can be concluded that the high−entropy alloy coating prepared in this work has a completely amorphous structure, which is attributed to the rapid cooling rate of magnetron sputtering and the large difference in atomic size. It has been reported in the literature [19,22,23] that high entropy alloy coatings can hinder the diffusion of elements during rapid cooling, preventing grain nucleation and growth. To increase the number of high−entropy alloy components and the huge difference in atomic size makes the high−entropy alloy system more chaotic, which is beneficial to increase the degree of atomic disordered stacking, the crystallization resistance, and to improve the glass forming ability. The completely amorphous AlTiCrFeMoSi HEA coating has a higher LBE corrosion resistance due to the lack of grain boundaries for element diffusion and the inherently sluggish diffusion effect of the HEA coatings. The more microscopic surface morphology of the coating is characterized by AFM, as shown in Figure 4c,d, which shows the 2D and 3D morphologies of the coating respectively. From Figure 4, one can see that the coating has a dense and smooth surface (Ra = 1.15 nm).




3.2. Mechanical Properties


The nanohardnesses of the AlTiCrFeMoSi HEA coating and T91 steel substrate are tested by nanoindentation. Five indentation experiments are performed for five substrate and coating samples, respectively, all with a maximum indentation depth of 2000 nm. The load−displacement (P−h) curve of the T91 substrate is shown in Figure 5a, and the nanohardness at 2000 nm depth of the substrate is obtained by analyzing the unloading curve. The coating is measured using the continuous stiffness method, and the load−displacement curve is shown in Figure 5b; there is no unloading curve. A section where the hardness varies smoothly with the depth of indentation is taken as coating nanohardness, as shown in the black dotted bordered rectangle in Figure 5b, the depth is approximately 500 nm as shown in Figure 5c. The nanohardness of the T91 steel substrate is calculated as 3.28 GPa. This is similar to the 3.15 GPa measured by Hu et al. [24]. The nanohardness for the AlTiCrFeMoSi HEA coating is 11.88 GPa. The nanohardness of the AlTiCrFeMoSi HEA coating is 2.62 times higher than that of the substrate (3.28 GPa). There are three reasons for the high nanohardness of the high entropy alloy coating in this work. First, the principal elements have significant differences in the atomic size, chemical bond, and crystal structure in high entropy alloys, which will result in serious lattice distortion [25,26]. Severe lattice distortion will lead to atomic migration from equilibrium positions and generate strain energy, which results in greater resistance to dislocation motion and a significant increase in solid solution strengthening. Meanwhile, when shear stress is applied to crystal alloy, dislocations will slip along certain crystal orientations at specific interfaces, but the amorphous coatings do not have dislocations, grain boundaries, stacking fault or other defects [27]. Therefore, the atoms move in a collective manner showing shear deformation when the atoms in an amorphous coating are stressed, which makes it necessary for the amorphous coating to have a higher stress in order to deform and for the coating to exhibit a higher hardness. Moreover, the atomic diffusion coefficient in high−entropy alloy is lower than that of reference metals and the atomic sluggish diffusion in high−entropy alloys [28,29], which can effectively hinder the formation of shear bands and improve the hardness of the coating.




3.3. LBE Corrosion Test


Figure 6 shows SEM cross sectional and surface images of the uncoated T91 steel substrate at 550 °C after 500 h static LBE corrosion. It can be seen that the T91 surface oxide film consists of a large number of stripy oxides with the presence of pores, and it shows that the substrate surface is roughened by LBE corrosion. Meanwhile, the EDS line scanning of the uncoating T91 substrate exposed to LBE at 550 °C for 500 h is shown in Figure 7. The result indicates that the surface oxide film (~19 μm) of the T91 substrate consists of a double layer after 500 h exposure to LBE at 550 °C. The Pb−Bi showed signs of penetration of the oxide film by micro−area EDS analysis of the oxide film on the substrate surface. Figure 8 shows SEM cross sectional and surface images of the as−deposited AlTiCrFeMoSi HEA coating. It can be seen that the surface oxide film consists of a large number of fine spherical particles. The coarse white oxides are analyzed by micro−area EDS, and both the fine black particles are the same coating composite oxide. Figure 8d,e shows that the substrate interface is straight and the high−entropy alloy coating still maintains coating integrity after 500 h of LBE corrosion, as shown by the yellow dotted straight line. The EDS line scanning of the AlTiCrFeMoSi HEA coating exposed to LBE at 550 °C for 500 h is shown in Figure 9. It indicates that the thickness of AlCrFeMoTiSi high−entropy alloy coating is about 1.8 μm, and combined with Figure 8d,e the uniform oxide layer on the coating surface is less than 1 μm. It shows that the high entropy alloy coating can effectively protect the substrate when samples are exposed to a static LBE at 550 °C after 500 h.



Figure 10 shows SEM cross−sectional and surface images of the uncoated T91 steel substrate at 550 °C after 2000 h LBE corrosion, indicating that the major element of T91 steel substrate dissolves significantly and many holes are produced, resulting in the penetration of Pb−Bi into the sunstrate. The Pb−Bi penetration distance is more than 200 μm, which is the same as marked by the yellow curve in Figure 10a. Figure 10b shows that there are many holes and oxidation products on the surface, which is similar to that of Bian et al. [30]. Long−term corrosion at low oxygen concentrations causes a strong dissolution corrosion of the material. It can also be found that many holes in Figure 10a are aggregated, as shown in the yellow circle. It is speculated that the formation of the hole is caused by the penetration of Pb−Bi into the substrate or caused in the process of substrate preparation. Figure 11 shows SEM cross−sectional and surface images of the as−deposited AlTiCrFeMoSi HEA coating. Figure 11a shows that the substrate interface is straight and there are still some coating residues on the surface. Figure 11b–e shows that there are still more dense oxide particles on the surface of the coating. Figure 11f further explains the above content. One can see that the coating exhibits excellent corrosion resistance against LBE with much thinner oxides scale and lower consumption of coating compared with the uncoated T91 steel at the same corrosion conditions. Meanwhile, the EDS line scanning of the AlTiCrFeMoSi HEA coating exposed to LBE at 550 °C for 2000 h is shown in Figure 12. The result indicates that the coating elements do not diffuse and migrate significantly to the coating surface or substrate, confirming further the integrity of the coating. Although the oxygen is detected in the coating surface, no obvious oxygen signal is detected in the substrate, suggesting that the coating has excellent LBE corrosion resistance at 550 °C.





4. Conclusions


In the current work, the as deposited AlTiCrFeMoSi HEA coating contains a completely amorphous structure, and displays extreme hardness (11.88 GPa). Both the T91 sample and the AlTiCrFeMoSi HEA coating are exposed to a static liquid lead−bismuth eutectic (LBE) at 550 °C for up to 2000 h. The experimental results indicate that the T91 sample has a deeper inward penetration of LBE into the steel than that of the AlTiCrFeMoSi HEA coating. The coating exhibits excellent corrosion resistance against the LBE with much thinner oxides scale and lower consumption of coating compared with the uncoated T91 steel at the same corrosion conditions, showing that the AlTiCrFeMoSi HEA coating has great potential in LBE cooled fast reactor application.
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Figure 1. The design of experimental container for the liquid LBE corrosion testing. 
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Figure 2. Quartz tube and T91 samples. 
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Figure 3. The surface SEM image (a) of the as−deposited AlTiCrFeMoSi coating and surface EDS results (b,c) on the T91 substrate. 
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Figure 4. (a) Cross sectional morphology image of the as−deposited AlTiCrFeMoSi HEA coating: (b) XRD pattern of as−deposited AlTiCrFeMoSi coating; (c,d) surface AFM 2D and 3D morphology. 
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Figure 5. (a) Typical load−displacement curve of the T91 steel substrate; (b) load−displacement curve of the coating; (c) hardness−displacement curve of the as deposited AlTiCrFeMoSi HEA coating. 
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Figure 6. (a,b) SEM surface and (c) cross sectional images of the T91 steel substrate at 550 °C for 500 h; (d) EDS analysis of the microzone shown in (b,c). 
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Figure 7. EDS line scanning of the T91 substrate exposed to LBE at 550 °C for 500 h. 
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Figure 8. (a–c) SEM surface and (d,e) cross sectional images of the as−deposited AlTiCrFeMoSi HEA coating at 550 °C for 500 h; (f) EDS analysis of the microzone shown in (c,d). 
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Figure 9. EDS line scanning of the AlTiCrFeMoSi HEA coating exposed to LBE at 550 °C for 500 h. 
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Figure 10. (a) SEM cross−sectional and (b) surface images of the T91 steel substrate at 550 °C for 2000 h. 
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Figure 11. (a) SEM cross−sectional and (b–e) surface images of the as−deposited AlTiCrFeMoSi HEA coating at 550 °C for 2000 h; (f) EDS analysis of the microzone shown in (d,e). 






Figure 11. (a) SEM cross−sectional and (b–e) surface images of the as−deposited AlTiCrFeMoSi HEA coating at 550 °C for 2000 h; (f) EDS analysis of the microzone shown in (d,e).



[image: Coatings 13 00332 g011]







[image: Coatings 13 00332 g012 550] 





Figure 12. EDS line scanning of the AlTiCrFeMoSi HEA coating exposed to LBE at 550 °C for 2000 h. 






Figure 12. EDS line scanning of the AlTiCrFeMoSi HEA coating exposed to LBE at 550 °C for 2000 h.



[image: Coatings 13 00332 g012]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
Load on Sample (mN)

Load On Sample (mN)
sz & ¥ %

.

Displacement Into Surface (nm)

(b)

ol ©),

Hardness (GPa)

Displacement Into surface (nm) Displacement Into Surface (am)






media/file13.png
80

60

Atomic%

20

Outer layer ; Iner layer

s W 2N

Distance/ plﬁ

e ()
— Cr K
Fe K
Cr
.L;..ék// =
\—-—\_-__J
10 15 20 25 30 33 40 45

50





media/file12.jpg
15 20 25 30 35 40 45 50
Distance/pm

10

DI





media/file18.jpg
Epoxy resin

| ~
Dissolutibn earrosion®

TN

s Oxidation corre

100um






media/file9.png
(] (] 4
(=] (v (=
< < (=]

o]
L
<

Load on Sample (mN)

=

1
2000

300 (a)
250 H=3.28 GPa
Z
g
o 200
B
£
& 150
=
o
'§ 100
~ Unloading
50 \ ]
0 1 1 1
0 500 1000 1500
Displacement Into Surface (nm)
10 F r
i = |
(=W s
B O stg
A
i Lodaing & 6k
e .
e
. - '
==y
2k
- ———
|(c) [
. B — . ! : 0 :
0 500 1000 1500 2000 ¢ i

Displacement Into surface (nm)

200 300 400

Displacement Into Surface (nm)

500





media/file14.jpg
8§ 19 20 04

207 1897 24 816 139 931 063

Subsrte 0158 80T ILIL 8 N6 35
ZL'" _—_—m






media/file20.jpg
Substrate






media/file23.png
90

Coating | |
75

—O0
— Al
Si
e
@
Fe
Mo
— Pl
— Bi

w‘d

A e

15 20 25 30

Distance/pm





media/file5.png
*
5






media/file15.png
> {f’?

/Oxide layer ) | 0107

N e - i

Coatin !
: ! Line B ! ' u

Substrate ' . . .






media/file19.png
\

Epoxy resin
Lk

Dissolutipn corrosion™ .

I\ %

Oxidation corr

Substrate

100pm






media/file2.jpg





nav.xhtml


  coatings-13-00332


  
    		
      coatings-13-00332
    


  




  





media/file11.png
Oxide scale

Substrate






media/file6.jpg
140m

omm






media/file1.png
Quartz Tube Solid Lead bismuth alloy

550°C
heating

Quartz Stigma
Liquid Lead bismuth alloy





media/file10.jpg
Oxide scale

Substrate






media/file7.png
(b) substrate
Substrate

Epoxy resin
=
S h
1 ~~ T T~ Amorphous
gl . “)Structure
g Tt | | .
E . 1 ;I "| H”II"IH l'.'- 'lil"ll : I‘ 1
Substrate | l
J

Spm

(c) (d)

13.6 nm 14 nm
10.0
8.0
0 nm

6.0
0.6






media/file16.jpg
Distance/pm

Y%pIWoyy





media/file3.png





media/file22.jpg
Distance/pm





media/file17.png
—O0
— Al
— Si
w— ]
Cr
Fe
Mo

1
1
1
m_:
ll_
-1
=N
=1
c_
1
<
!
el
1
1
1
1
|||||||| 1
...... 1
o, |
S5
!
XY
L i
1
o
o
= o
3 g & =

0/, W0}y

Distance/pm





media/file4.jpg
Fat

BRBN L






media/file0.jpg
Quartz Tube  Solid Lead bismuth alloy

550°C
heating

Quartz Stigma
Liquid Lead bismuth alloy-





media/file21.png
Substrate interface

Substrate

o






