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ABSTRACT: The work aims to solve the problem of short service life of ductile iron containers used for spent fuel storage due
to corrosion on the inner wall, and to improve the surface corrosion resistance and wear resistance of ductile iron. Four different
alloys, including 316L stainless steel, Ni625 alloy, 410L stainless steel, and NJ30 alloy, were prepared on the surface of ductile
iron by powder feeding laser cladding technology. The microstructure, phase composition, element distribution, and corrosion
morphology of the cladding layers were characterized by metallographic microscope, scanning electron microscope, and energy
dispersive spectrometer. The microhardness and corrosion resistance of the cladding layers were tested by microhardness tester
and electrochemical workstation.

The results showed that all four cladding layers had good forming quality without cracks or obvious pores, and formed a
good metallurgical bond with the substrate. The changes in the microstructure of the cladding layers from the bottom to the top
included planar/cellular crystals, dendritic crystals, and equiaxed crystals. However, the middle part of the cladding layers of
316L stainless steel and Ni625 alloy had a smaller grain size. The microhardness of the deposited 316L, Ni625, 410L, and NJ30
was significantly higher than that of the substrate, which was 1.74, 1.92, 2.35, and 2.4 times that of the substrate, respectively.
The hardness improvement of the 316L stainless steel and the Ni625 alloy cladding was attributed to solid solution
strengthening, while the high hardness martensite phase generated inside the 410L stainless steel cladding and the generation of
a large amount of precipitates inside the NJ30 alloy cladding were important reasons for their hardness improvement. According
to the research, in a 3.5% NaCl solution, the self-corrosion potential relationship of the four cladding layers was 316L > Ni625 >
410L > NJ30, and the self-corrosion current density increased in turn, indicating that the corrosion resistance of the cladding
layers decreased in turn. The results obtained from EIS impedance testing were highly consistent with those obtained from
polarization testing. Combined with the results of element analysis, the y-Fe phase rich in Cr and Ni elements was mainly
generated inside the cladding layer of 316L stainless steel, and the y-(Ni,Fe) solid solution, Cr,Ni; phase, and M»;Cq precipitate
were mainly generated inside the cladding layer of Ni625 alloy. The rich Cr and Ni content inside the cladding layer enabled the
formation of a higher quality metal passivation film on the surface, effectively improving the corrosion resistance of the
material. Under the action of Mo elements, the corrosion resistance of the cladding layer of 316L stainless steel was further
improved, and the self-corrosion potential reached the maximum value of the four cladding materials. Finally, the corrosion
morphology of the samples showed that the surface of the cladding layer of 410L stainless steel and NJ30 alloy was severely
corroded after electrochemical testing, while the surface of the cladding layer of 316L stainless steel and Ni625 alloy was flat
and without obvious corrosion marks. In conclusion, the 316L and Ni625 alloy cladding layers have good comprehensive
properties and are suitable for improving the surface modification of large ductile iron containers.
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Tab.1 Chemical composition of four alloy

powder materials
wt. %

Powder Cr C Si Mo Fe Ni Mn B
316L 16-18 0.03 0.5 2-3 Bal. 11-13 0.5 —
Ni625 21-24 0.10 0.5 8-10 <5 Bal. 05 —
410L 11-14 0.03 0.5 — Bal — 01 —
NJ30 1 0.03 1 0.3 <25 Bal. — 1.5
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Tab.2 Main process parameters of laser cladding
Powder Laser Scanning Powder
power/W speed/(mm-s™) feed/(r-min™")
316L 1 600 10 1.6
Ni625 1 800 15 1.4
410L 2200 10 1.4
NJ30 1 800 15 1.4
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Tab.3 Element distribution of points 1-8 marked in Fig.4

at. %
Position Fe Ni Cr C Si Mo
Point1 5481 13.02 25.96 — — 6.21
Point2 63.57 1540 18.07 197 0098 —
Point3 25.06 5391 1457 3.38 — 3.08
Point4 17.55 12.42 40.76 10.01 —  19.25
Point5  86.40 — 1090 1.83 0.88 —
Point6  62.25 — 27.60  5.96 — —
Point7 18.04 78.49 — 1.69 1.78 —

Point8§ 12.06 83.39 — — 4.55 —
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Tab.4 Results of electrochemical test

Materials  Egon/V Jeor/(A-cm™2) |Z/(©-cm?)
316L —0.127 2.05x1077 101 000
Ni625 -0.211 2.09x1077 41 540
410L -0.271 6.65x1077 3907
NI30 —0.360 2.24x10°° 15 880
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Fig.8 EIS diagram for the four cladding layers: a) Nyquist diagram; b) Bode diagram
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Fig.9 Corrosion morphology of the cladding layers



- 134 - EN TR s 2 N

2024 4F- 9 A

4 Zig

1) 4 Fh S b SO 782 G HE 28 T0E T8 A%
ST THT /AR A A DR AR A - S il I H BUE A, DURR
A Ni625 G4 K 316L AP H RT3/ N RS
A 4R A IS P, AR TS AR
JE T PERE

2) 4 Pl 2 AE B s AL S —pT th amAk A
FHR b A5 hifi i i 2 o T ER SR AE LR . B T ok
& JE LA P EUE NI30 A 405 78 J2 1) ST Y R B 3k 5|
i, 290 419.9HV0.5, i 316L AEEMNEHE =
TAEAER IR, WIMEAT, N2 Ia 2 e B AR D,
AR FE A E H I, 298 303.8HVO.5,

3)Cr JCER W 1 B s 2 )2 A T kM
ke PR Cr SRR e i 3161 NEIIEEZ, 7T
BOR B, BCA A B, i Ee I P
Ko NJ30 & EZH G Crn®R, REILIEE K
R Wt AR e, 0 1 R e r 7 eI, o e 9 2
e o BEBT S RIS 25 SR AR T 30 e i — 2k

4) JEEZNIEMIE S B UIRES 3161 A K
Ni625 & &R EA BB B A=Y, 1 4100
AN S NI30 A 4 3R 101 53500 &A= i ) JE ok ¥ 29 1)
SJE M, IEAAEZMH T, 3161 ANEH K
Ni625 G 495 78 12 X BR AR P S AR I Bl 9P 8GR T 4

SE Wk

(11 e, 50207, K TIRERIRENG b B/ A6 R A —
ST, AR2ETERE, 2011, 23(7): 1263-1271.

GU Z M, CHAI Z F. Some Thinking of Nuclear Fuel
Reprocessing/Recycling in China[J]. Progress in Chemistry,
2011, 23(7): 1263-1271.

2]  PVFE, BEIE. 2k ZEVE EIIRR S A ].
4, 2016, 15(2): 13-16.

SUN X Z, LUO Z H. Status of Global Spent Fuel
Reprocessing[J]. Nuclear Safety, 2016, 15(2): 13-16.

[31 EL-SAMRAH M G, TAWFIC A F, CHIDIAC S E. Spent
Nuclear Fuel Interim Dry Storage; Design Requirements,
most Common Methods, and Evolution: A Review[J].
Annals of Nuclear Energy, 2021, 160: 108408.

(4] B, e, LIFsR, 5. ZHORHB AT s32101/

ER2209 WURHANGE AR 1 s kAT (0] b 5 )y
¥, 2019, 40(12): 861-870.
ZHAO D, LI G F, JI K Q, et al. Pitting Corrosion
Behavior of S32101/ER2209 Duplex Stainless Steel
Welded Plate Used for Spent Fuel Pool[J]. Corrosion &
Protection, 2019, 40(12): 861-870.

[5] LIU J, LIU H, TIAN X H, et al. Microstructural Evolution
and Corrosion Properties of Ni-Based Alloy Coatings
Fabricated by Multi-Layer Laser Cladding on Cast Iron
[J]. Journal of Alloys and Compounds, 2020, 822: 153708.

(7]

[13]

[14]

[15]

WANG R, OUYANG C Y, LI Q H, et al. Study of the
Microstructure and Corrosion Properties of a Ni-Based
Alloy Coating Deposited Onto the Surface of Ductile Cast
Iron Using High-Speed Laser Cladding[J].
2022, 15(5): 1643.

RLIM, ARSI, A0, 55, BRAPRER IO B
FRIRIZRDIFILRET]. RIHAR, 2020, 49(3): 74-84.
ZHU H M, HU J P, LI B C, et al. Research Progress of
Laser Cladding Stainless Steel Coating on Fe-Based
Substrate[J]. Surface Technology, 2020, 49(3): 74-84.
OUYANG CY, BAI Q F, YAN X G, et al. Microstructure
and Corrosion Properties of Laser Cladding Fe-Based
Alloy Coating on 27SiMn Steel Surface[J]. Coatings,
2021, 11(5): 552.

LIU X, WANG H, LIU Y, et al. The Effect of Nb Content
on Microstructure and Properties of Laser Cladding 316L

Materials,

SS Coating[J]. Surface and Coatings Technology, 2021,
425: 127684.
YANG P C, SONG Y L, WANG J J, et al. Semiconductor
Laser Cladding of an Fe-Based Alloy on Nodular Cast
Iron[J]. Welding in the World, 2021, 65(5): 785-792.
2. WORKEA RIS Y 3161 NN RIBETT R[],
BUBR T AERAEL, 2022, 46(8): 1-7.
LI C. Research Progress of Laser Additive Manufacturing
Formed 316L Stainless Steel[J]. Materials for Mechanical
Engineering, 2022, 46(8): 1-7.
B, R, AR, S 300M MIEOCIHEL 3161 A
B R 2R RAERERTSE )], OB 5441, 2021, 51(6):
710-719.
CUI J, LU M K, ZHAI W, et al. Microstructure and
Properties of Laser Clad 316L Stainless Steel Repair
Coating on 300M Steel[J]. Laser & Infrared, 2021, 51(6):
710-719.
KBite, AR, TR, 45 35 CrMo WGP AL
HaSRES SRBERILE. BOLEA, 2015,
39(1): 39-45.
SONG X H, ZOU Y F, XING J K, et al. Comparison
between Laser Cladding Fe-Based and Ni-Based Alloy
Coatings on 35CrMolJ]. Laser Technology, 2015, 39(1):
39-45.
B, XEL, B, AF BOCEE Fe-Cr-Ni S 4&0R2
14 ROV 4 0 D JEE 4 B 5 PE RE (9], A4 A4l B 2 4
2022, 43(8): 143-152.
CHENG E C, LIU J, ZHANG J, et al. Microstructure and
Friction and Wear Properties of Laser Cladding Fe-Cr-Ni
Alloy Layer[J]. Transactions of Materials and Heat
Treatment, 2022, 43(8): 143-152.
JE5, e, JAE, S5 WOCKE 316L )2 fvki A= K
[ 5 98 2 % HCT b PR BE Y 2 MR (D). SRR, 2023,
52(5): 378-387.
ZHOU Y, XU L, ZHOU 8, et al. Effect of Grain Growth
Orientation and Morphology of Laser-Cladded 316L
Coating on Its Corrosion Resistance[J]. Surface Technology,
2023, 52(5): 378-387.

( FHE55 145 50



53 1T

B, S ANEEBROEIE DR A 5E BT 2 1 A WL 5 S5 B E - 145 -

(21]

Laser Single Track Melting Forming of Ti6Al4V[J].
Journal of Zhejiang University (Engineering Science),
2019, 53(11): 2102-2109, 2117.

GU D D, SHEN Y F. Balling Phenomena during Direct
Laser Sintering of Multi-Component Cu-Based Metal
Powder[J]. Journal of Alloys and Compounds, 2007,
432(1/2): 163-166.

TOLOCHKO N K, MOZZHAROV S E, YADROITSEV I
A, et al. Balling Processes during Selective Laser Treat-
ment of Powders[J]. Rapid Prototyping Journal, 2004,
10(2): 78-87.

(23]

[25]

GU D D, SHEN Y F. Balling Phenomena in Direct Laser
Sintering of Stainless Steel Powder: Metallurgical Mech-
anisms and Control Methods[J]. Materials & Design,
2009, 30(8): 2903-2910.

LEVY G N, SCHINDEL R, KRUTH J P. Rapid Manufa-
cturing and Rapid Tooling with Layer Manufacturing
(LM) Technologies, State of the Art and Future
Perspectives[J]. CIRP Annals, 2003, 52(2): 589-609.
TOWNSEND A, SENIN N, BLUNT L, et al. Surface
Texture Metrology for Metal Additive Manufacturing: A
Review[J]. Precision Engineering, 2016, 46: 34-47.

( 4% 134 51)

[16]

[17]

[19]

(20]

(21]

sk, MWL, R, GF. OGRS IRIKBR R IR TR
JERHLUS BT I ERE[T]. MyARG SRR 5T
T2, 2022, 27(2): 196-204.

ZHANG L, CHEN X M, HUO J X, et al. Microstructure
and Wear-Corrosion Resistance Performance of Laser
Cladding Martensite/Ferrite Coating[J]. Materials Science
and Engineering of Powder Metallurgy, 2022, 27(2):
196-204.

BIAR. 316L ANEEMHO I 2H SUBE I HL P R b P
WFSE[D]. Z& 2 8. #E1LK#, 2016.

GE X D. Study on Solidification Mechanism and Heat
Treatment of 316L Stainless Steel by Laser Cladding[D].
Qinhuangdao: Yanshan University, 2016.

TIAN Z H, ZHAO Y T, JIANG Y J, et al. Microstructure
and Properties of Inconel 625+WC Composite Coatings
Prepared by Laser Cladding[J]. Rare Metals, 2021, 40(8):
2281-2291.

JIAO T M, CHEN X, LEI J B, et al. Influence of Different
Laser Irradiation Angle on Ni-Base Alloy Coatings
Manufactured by Laser Melting Deposition[J]. Journal of
Materials Engineering and Performance, 2023, 32(13):
6072-6082.

TR, A, Wt WO 17-4PH 224
JCIE LR AT R[] KA, 2021, 50(3):
191-197.

WANG Q, LI Y Y, YANG H B, et al. Effect of Laser
Power on Laser Cladding Structure and Hardness of 17-
4PH Wire[J]. Surface Technology, 2021, 50(3): 191-197.
XIBTEE, 20, WBas, 55, WOLHE R msBOeE #E
Ni625 &4 )2 2 UMM i S2 e (1], B0RHA L 2

(22]

(24]

(23]

2¢4lt, 2022, 43(8): 153-160.

LIU M X, LI Z, CHANG G R, et al. Effect of Laser
Remelting on Microstructure and Corrosion Resistance of
Ni625 Alloy Coating Fabricated by High Speed Laser
Cladding[J]. Transactions of Materials and Heat Treatment,
2022, 43(8): 153-160.

REDR. 304 ANFEWREBEOCHENIIES SIRZ4AS
PERERYRIEFY[D]. KA HAFE, 2016.

ZHU G B. Study on Microstructure and Properties of
Laser Cladding Ni-Based Alloy Coating on 304 Stainless
Steel Surface[D]. Changchun: Jilin University, 2016.
R, IMET, K, L BOCEBERILS SN
Kl AL i RE T AT ()], R R, 2021, 50(11):
103-110.

HAN C Y, SUN Y N, XU Y F, et al. Research on Wear
and Electrochemical Corrosion Properties of Laser
Cladding Nickel Base Alloy[J].
2021, 50(11): 103-110.

Ffal. Ni, Mo B X U AN S5 Bt J8 el g 24
AEMISZIRD]. BRI BRIUBHE K2, 2022.

WANG J R. Effect of Ni and Mo Content on Corrosion
Resistance and Mechanical Properties of Duplex Stainless

Surface Technology,

Steel[D]. Wuhan: Wuhan University of Science and
Technology, 2022.

Herpdg FE, gk, 45 3161 MERIRAERIEA R
LA T A A AR AT APPSR )]. SRTEOR, 2020,
49(7): 287-293.

FAN X H, YU Y, ZHANG Z R, et al. Pitting and
Repassivation Behavior of 316L Austenitic Stainless Steel
under Different Potentials[J]. Surface Technology, 2020,

49(7): 287-293.



