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Abstract: As the recommended reactor type for fourth-generation nuclear reactors, lead-cooled fast reactors have made
remarkable progress. However, lead-bismuth corrosion-resistant structural materials have always been an important factor
restricting their development. Previous studies have shown that Fey;NiyCrjAl; multiprinciple component alloys have good
static lead-bismuth compatibility. Therefore, with the Fe;NisCrpAl;; alloy as the object, the dynamic corrosion behavior of
a 550 C liquid lead-bismuth eutectic with an oxygen content of 107 wt.% and a flow rate of 2 m/s was explored, providing
a research basis for the application of new Al-containing metallic materials in lead-cooled fast reactors. These results
indicate that Al plays a decisive role in the oxide layer. When the alloy indicates the formation of an Al-rich oxide layer,
the alloy can be well protected; when the Al content in the oxide layer is low or unevenly distributed, the Fey;Ni;CrjAl;,
alloy undergoes significant dissolution corrosion. Dissolution corrosion mainly occurs in the FCC phase, causing a
significant loss of Ni, a decrease in stability, and the precipitation of the dispersed B2 phase. Compared with traditional
commercial stainless steel, the Fey;NiyCrjAlj; alloy has a shallower dissolution corrosion depth and significant application
advantages.
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Fig.1 Dissolved oxygen concentration and temperature curves
during the corrosion experiment
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Fig.2 Microstructure of the FeNiCrAl multiprinciple component alloy: (a) microstructure of the as-cast alloy; (b) overall morphology
of the sample after the corrosion test; (c) local morphology of the sample after the corrosion test; (d) EDS area mappings
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Fig.3 EDS area mappings of the oxidation layer on the FeNiCrAl alloy
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Fig.4 EDS line scanning of the oxidation layer on the FeNiCrAl alloy: (a) SEM image; (b) region B; (c) region C
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Fig.5 EDS area mappings of the dissolution corrosion region in the FeNiCrAl alloy
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Tab.1 Chemical composition of the dissolution corrosion region in the FeNiCrAl alloy

(atomic fraction/%)

Element
Position Phase
Fe Ni Cr Al (0] Pb Bi
FCC 42.39 29.42 13.68 11.50 3.00 0.00 0.00
Matrix
B2 22.62 41.14 5.46 28.95 1.83 0.00 0.07
FCC 81.13 3.46 10.82 1.84 2.64 0.11 0.00
Corroded B2 2227 40.68 5.01 30.29 1.68 0.03 0.03
Precipitation 13.89 43.78 2.57 36.91 2.01 0.46 0.37
https://www.cnki.net



SRl ES PRI

(EEEF AR N05/2025

Tk, % AR EIE T FeNiCrAl £ 754 £ A A E 0T A

<469

TR AR, BT Ni 7885 4% b W w7 i
FCC M"Y Ni KIEREAL, &SRO R 4% F 55
B0) ;s A L, Fe % & W3 e &k ks FCC Al
H Fe & il 80% (14340, LA B4R K] E
THIXHY FCC AHSE bR & & 5% 78 BCC 454, B &k
T y—o M, BT Al B9¥ B 7E BCC A IKF
FCC #H, IR ASE fi#7E FCC AH iy Al LI B2 #H
e R B 1 T

3 #ig

(DAL JCE A S U Ge s MG
SRMEE Al FALZ 0, B0% 19 Ak )2 REIH i)
S5 G IRA WIS TR i A A 4 4R
B2 AL & =R, WA GE R 22 68 9 OR3VEH .

(2)TE Vs fifp 5 ok AR b AR v B2 AH K AR W
Ak, F I L BB R T s FCC A Y Ni JT
R RRUEE TR A2 N DL Fe s0R A E W
BCC #H, [F] B HESHT T R 2 ORI A (1) B2AH

(3)BUAH FeyNisCriAl, £ £I0G 4448 2 000 h
(OB b 3, R TP SR BE O 25 pm, AR EE T
TO1 15-15Ti SFAL G m & 4, %G 4 09 ih R B
B E PR, ST A RE R G T AL i i B

| =1
oy o

8% 3Lk

[1] TARANTINO M, ANGIOLINI M, BASSINI S, CATALDO S,
CIANTELLI C, CRISTALLI C, DEL NEVO A, DI PIAZZA 1,
DIAMANTI D, EBOLI M, FIORE A, GRASSO G, LODI F,
LORUSSO P, MARINARI R, MARTELLI D, PAPA F, SARTO-
RIO C, UTILI M, VENTURINI A. Overview on lead-cooled fast
reactor design and related technologies development in ENEA[J].
Energies, 2021, 14(16): 5157.

[2] LI N. Lead-alloy coolant technology and materials-technology
readiness level evaluation[J]. Progress in Nuclear Energy, 2008, 50
(2-6): 140-151.

[3] ALEMBERTI A. The lead fast reactor: An opportunity for the fu-
ture?[J]. Engineering, 2016, 2(1): 59-62.

[4] TSISAR 'V, GAVRILOV S, SCHROER C, STERGAR E. Long-term
corrosion performance of T91 ferritic/martensitic steel at 400 ‘C in
flowing Pb-Bi eutectic with 2 x107 mass% dissolved oxygen [J].
Corrosion Science, 2020, 174: 108852.

[5] XIAO J, GONG X, XIANG C Y, YU Z Y, WANG H, ZHAO K,
LIU C H, ZHOU H, QIU S Y, YIN Y. A refined oxidation mecha-
nism proposed for ferritic-martensitic steels exposed to oxy-
gen-saturated liquid lead-bismuth eutectic at 400 ‘C for 500 h[J].
Journal of Nuclear Materials, 2021, 549: 152852.

[6] SCHROER C, WEDEMEYER O, NOVOTNY J, SKRYPNIK A,
KONYS J. Selective leaching of nickel and chromium from Type

316 austenitic steel in oxygen-containing lead-bismuth eutectic

https://www.cnki.net

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

(LBE)[J]. Corrosion Science, 2014, 84: 113-124.
CHARALAMPOPOULOU E, LAMBRINOU K, VAN DER DON-
CK T, PALADINO B, DI FONZO F, AZINA C, EKLUND P,
MRAZ S, SCHNEIDER J M, SCHRYVERS D, DELVILLE R.
Early stages of dissolution corrosion in 316L and DIN 1.497 0
austenitic stainless steels with and without anticorrosion coatings
in static liquid lead-bismuth eutectic (LBE) at 500 “C[J]. Materials
Characterization, 2021, 178: 111234.

XUZY,SONGLL,ZHAO Y Y, LIU S J. The formation mecha-
nism and effect of amorphous SiO, on the corrosion behaviour of
Fe-Cr-Si ODS alloy in LBE at 550 ‘C[J]. Corrosion Science, 2021,
190: 109634.

WANG HR, YU H, LIU J R, KONDO S, OKUBO N, KASADA R.
Characterization and corrosion behavior of Al-added high Mn
ODS austenitic steels in oxygen-saturated lead-bismuth eutectic[J].
Corrosion Science, 2022, 209: 110818.

YAMAMOTO Y, BRADY M P, LU Z P, MAZIASZ P J, LIU C T,
PINT B A, MORE K L, MEYER H M, PAYZANT E A. Creep-re-
sistant, ALO;-forming austenitic stainless steels[J]. Science, 2007,
316(5823): 433-436.

LIM J, HWANG I S, KIM J H. Design of alumina forming FeCrAl
steels for lead or lead-bismuth cooled fast reactors[J]. Journal of
Nuclear Materials, 2013, 441(1-3): 650-660.

WANG H R, YU H, KONDO S, OKUBO N, KASADA R. Corro-
sion behaviour of Al-added high Mn austenitic steels in molten
lead bismuth eutectic with saturated and low oxygen concentra-
tions at 450 “C [J]. Corrosion Science, 2020, 175: 108864.

SHI H, FETZER R, TANG C C, SZABO D Z, SCHLABACH S,
HEINZEL A, WEISENBURGER A, JIANU A, MULLER G. The
influence of Y and Nb addition on the corrosion resistance of
Fe-Cr-Al-Ni model alloys exposed to oxygen-containing molten
Pb[J]. Corrosion Science, 2021, 179: 109152.

CANTOR B, CHANG I T H, KNIGHT P, VINCENT A J B. Mi-
crostructural development in equiatomic multicomponent alloys
[J]. Materials Science and Engineering: A, 2004, 375-377:213-218.
YEHJW,CHENSK,LINSJ,GANJY,CHINT S, SHUNT T,
TSAU C H, CHANG S Y. Nanostructured high-entropy alloys with
multiple principal elements: Novel alloy design concepts and out-
comes[J]. Advanced Engineering Materials, 2004, 6(5): 299-303.
BT, AR R, E T XM i BRI ERAR.
A A R R BE E g U R[], SR 2022, 43(11): 935-
947.

JJAY H, WANG ZJ, WU QF, WANGJ Y,LIUL X, HEF, LI1J J,
WANG J C. Research progress on high temperature properties of
high-entropy alloys[J]. Foundry Technology, 2022, 43(11): 935-947.
MR, W R5 05, 2 N VS . Fe-AlL U 2 il 45 BT Jo A5 65 e
WFSE [J]. #4538 F R ,2022, 43(11): 948-954.

CHEN W Q, LA P Q, LUO G, XU S P. Review of preparation and
corrosion resistance of Fe-Al coatings in molten salt[J]. Foundry
Technology, 2022, 43(11): 948-954.

SHI H, FETZER R, JIANU A, WEISENBURGER A, HEINZEL A,
LANG F, MULLER G. Influence of alloying elements (Cu, Ti, Nb)
on the microstructure and corrosion behaviour of AlCrFeNi-based

high entropy alloys exposed to oxygen-containing molten Pb [J].



-470-

FOUNDRY TECHNOLOGY

Vol.46 No.05
May 2025

[19

[}

[20

=

(21]

SRl ES PRI

Corrosion Science, 2021, 190: 109659.

YANG J, SHI K, ZHANG W, CHEN Q S, NING Z E, ZHU C D,
LIAOJL, YANG Y Y, LIU N, ZHANG W, YANG J J. A novel
AlCrFeMoTi high-entropy alloy coating with a high corrosion-re-
sistance in lead-bismuth eutectic alloy[J]. Corrosion Science, 2021,
187: 109524.

G, KA, TN XA B, B, A4l L
PR B Al-Co-Fe-Ni 3t 5t @ i & 4 2 2UHE R 9T 0], $5 B A
2024, 45(4): 335-341.

JINN,LIUH X, WU YH, LIUXD,HE Y X, WANG J, LI J S.
Effect of thermomechanical processing on the microstructure and
mechanical properties of Al-Co-Fe-Ni eutectic high-entropy alloy
[J]. Foundry Technology, 2024, 45(4): 335-341.

KONDO M, TAKAHASHI M, SUZUKI T, ISHIKAWA K, HATA
K, QIU S Z, SEKIMOTO H. Metallurgical study on erosion and

corrosion behaviors of steels exposed to liquid lead-bismuth flow

https://www.cnki.net

[J]. Journal of Nuclear Materials, 2005, 343(1-3): 349-359.

[22] LIC, FANG X D, WANG Q S, SHEN M L, WANG H L, ZENG X,

(23]

LIU Y J, MENG G. A synergy of different corrosion failure modes
pertaining to T91 steel impacted by extreme lead-bismuth eutectic
flow pattern[J]. Corrosion Science, 2021, 180: 109214.

BRI B g, £ AR TE BT H B 4 B P A 3R ALCTFeNi
Z FIUE A WIS MAT R[], #sh I TR 2023, 44(S1): 137-142.
HUANG Y H, WANG J B, WANG Z J, ZHAO K. Corrosion be-
havior of high strength AICrFeNi multi-principle-component alloy
inlead-bismuth alloy[J]. Nuclear Power Engineering, 2023, 44(S1):
137-142.

[24] ZHOU Y H, LIU S F, CHEN D,WU Q F, XIAO B, HE F, WANG Z

J, YANG T, KAI J J. Tailoring the radiation tolerance of eutectic
high-entropy alloy via phase-composition control [J]. Journal of
Nuclear Materials, 2023, 584: 154561.

(R4t B 5 )



