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Table 1 Classification and characteristics of ATF cladding!*>*
Classification Characteristic Ref.
Superiority in high-temperature mechanical properties; excellence in high-temperature oxidation
Metallic  FeCrAl “periortty In high-tempera namieat prope , ghriemp [10-11]
. resistance; inferior workability; severity of irradiation embrittlement.
coating
| ) Mo High melting point (2623 °C); high elevated-temperature strength; severe irradiation embrittlement.  [12—13]
nnovative
. ) Corrosion-resistant under accident conditions; low neutron absorption cross-section (=75% of
cladding SiC . . . . o [14-15]
Ceramic zirconium alloys); high brittleness; extensive irradiation-induced defects.
coating High thermal and electrical conductivity; good ductility; high brittleness; prone to irradiation-
MAX phase o [16-18]
induced amorphization.
Excellent adhesion; relatively low thermal neutron absorption cross-section (Cr: 3.1x107* m?,
c approximately 15.5 times that of Zr); high elastic modulus (2 times that of Zr); enhancement of  [14,
r
Metalli cladding structural stiffness; high Cr-Zr eutectic temperature (1332 °C); good compatibility with 19-22]
etallic
) existing reactor primary loop systems.
coating S . . .. . . .
Improved Excellent oxidation resistance under accident conditions (driven by selective Al oxidation);
zirconium FeCrAl interdiffusion between Zr alloy and FeCrAl coating and formation of intermetallic compounds;  [23]
alloy severe degradation of Zr alloy properties and coating adhesion.
cladding SiC Enhanced dissolution of corrosion products (primarily SiO,) under high-temperature and high- 24]
i
c ) pressure aqueous corrosion; extensive cracking of the oxide layer at elevated temperatures.
eramic
) Metallic High melting point; good hardness and corrosion resistance; prone to cracking via decomposition
coating o . . o [25-26]
nitride under high-temperature and high-pressure conditions.
MAX phase  Susceptible to cracking during high-temperature oxidation and aqueous corrosion. [27-28]
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Fig.1 Worldwide research progress of Cr-coated zirconium alloy cladding
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Fig.2 Cross-sectional morphologies of sprayed Cr coatings: (a) SEM-BSE image of thermal-sprayed coating®®”!, (b) TEM-HAADF image of cold-

sprayed coating™, and (c) EBSD-IPF of cold-sprayed coating!®
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Fig.3 Cross-sectional morphology (a) and hardness (a,) of Cr coating prepared by laser cladding

prepared by laser surface alloying (b)*”
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Fig.4 Cross-sectional EBSD results of Cr coatings prepared by PVD: (a) MS®", (b) DC/HiPIMS™, and (c) MAIP®!
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Fig.5 Corrosion mass gain curves of coated/uncoated samples in H,O
and LiOH solution at 360 °CP**"!
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Fig.6 Oxidation mass gain curves of coated/uncoated samples under

simulated accident conditions at 1200 °C steam environment!'*"
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Stage I and stage II: protective Cr coating; parabolic growth
l Steam l Steam
M) o] o] ol o}
Cr,0, Cr,0; Thin region
Prior f-Zr
Stage III and stage I'V: unprotected Cr coating; linear growth
Steam 1 Steam l.
Prior f-Zr Prior f-Zr *
K7 SO Crik 2 e fs 5
Fig.7 Schematic diagram of oxidation process of Cr coating under accident conditions!'""
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Crif 28 G e a7 M ) e T HAEIEH T
N HIAR AR UL R A FH i Tl R E R, R S
X Crift JZAERAR I 55 Bl B 45 A Ko A e B 55 7
THI AV RE AR AL AT S 45

Cr i /215 = IR SR T 1P hs o B2 5 51 B 4 4)
PEIAR T Ze-4 Fedl , HAR U ANAT J 5 IR AR W B
PIAH G o i 20 5 38 iR U J2 - e AR T AH 25 1 7 A
KPIVEAL, 3 — DI T BT R PERE . Kim S5 I = PR

®2 KR/ TABREESERMENF MR

Table 2 Comparison of mechanical properties of coated/uncoated zirconium alloys after stretching

[118]

Condition Yield strength, R, /MPa Ultimate tensile strength, R /MPa Elongation, 4, /%
Uncoated, unirradiated 359 539 31
Coated, unirradiated 384 548 25
Uncoated, irradiated 715 855 9
Coated, irradiated 787 904 3
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Fig.8 Interface morphologies of Cr coatings before (a—b) and after (c—d)
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Wang %5 587 , Cri J2 (1 B L 1) 52 05 R 6 3 5%
Wi (R M LI L1 9) : 25~90 “CH, LEERL BRI N T, 182
PRI AR B 55 5 iR = R A58 (260~315 °C/22 MPa) T,
BERL BE 1 5 R B AR I AE IR 2 I BE A R 2 . Dai
SO0 B Cri J2 23 90 5 W (Ze-4) #1352 (Inconel
718) ZH Bk BE EIl 1 1l B B 451 52 5% (340 °C/15.5 MPa/
30 Hz) 3L, WIS A ot B B, Cr ik /2 2 22 9okl 4 B
B, MR R A SN B 539 ', 427 h 5 B KBS AR
X 2.3 pm; 3 5 E 3ok BE B, Crig 2 DL R BE 33 A0 54
BN T, 427 h G B KBS ER A 40.6 pm, BE 4R H R
BETHE . A, Dai A R B BE S CrikjZ 5 =
P2 (TBL) &5 84 2 = B %, 5 RIM B8 )5 Cri /2 TBL A
ZrO,, I Cr iR 2 BE 45 5 7 30 B J5 Crif /= TBL A
Sk Ni A 55 /b B NiFe,0,, Cr i )2 2R 1 T )% 45 51 86



. 3244

W] B RS TR

555 %

FrRE 25 1, M JBE B 2 B AR S5 K (TTS) R R B AR TR X, 4%
fift Crift Z B R, [FRT, Bl 205 S R4 i 7L
[ERCE NS VERE N

Cr iR 2 8 3 SR A2 s A ML (38 S4B T i 3+ %
N F13 0D 2 R TS A S SR PR AR 1 B8, 7 iR
(800 “C) 51 (380 CHOIFEL T ¥R I tH B = s AL R
Chalupova S5 £ % I 15 i 2% £F (800 “C/Ik & 5 4y
0.0001% I R RIFE AR S IG R B, Cr i 2 FF 5 I 3R 7] B
AELRE SR B TR EFE S 1 10 65, oAb SR TR )2
Xof FEAR U AR X I3 S) AR T FE ) B R T . R
B, TR 2 I35 50 BB P S B R P mT ) e 3 AR R, AT
AL BTG AR . AR, Kim S0 1 s HE i 77
AL (380 “C) R 12 P R #4A7 (11.70 MPa/14.27 MPa/
16.21 MPa) I A8 G I, BB A FRI3E 0, AS [FRFE it (1055
AR TR RN, T JE L 5 I AR T R 0 = T CriR 2
5%, BT CriR/Z215 Ze AR 58 ST 45 & 1T U B
7135 s BEARSEAR RN S17KF s Crik )2 B 5 i W S ARG AR
PR — 2D BRI AT AR, (4 1 E R RO TE 16.21 MPa 84
N RIS AR AR 2N TOIR AR S Y 16%.

CriR |2 @& 5 5 T+ HE A4 (470 P9 s Rl 14 BB A3 A7 7E 5
W, HAERESZ N s R 5 S 4| . Park S ER
1L LOCA W H BB BBAIT 5 b R B, (A R 2541 9 1200 °C/
8.5 MPa) Cr it J2# Ff i R 24U B2 (839.5 CH & T LiIRIZFE

Uncoated

Contact fatigue induced crack initiation
bI 315°C

Abrasive wear

Contact fatigue Crack
Tube

Remove

Tube

—

Fretting direction
II
Pt B « Z10;
Glaze layer ® Nb:0s
Tube
Contact fatigue promotes material detachment,
which leads to formation of a dense glaze layer
Temperature rise
Material softening
Cr-coated
Abrasive wear Slight adhesive wear
¢ RT d315°C
m
s
/vé\k & St
ccccc
Cr coating Cr coating ) 5
Tube Deformation
——.
Fretting direction Tube

9 R [RNREE TR b RT3
Fig.9 Schematic illustration of wear mechanisms of samples at different

temperatures!**: (a, b,~b,) uncoated and (c—d) Cr-coated
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Table 3 Blasting temperature, pressure, and circumferential stress

in internal pressure blasting'*!

Cladding Burst Burst hoop Burst
material temperature/°C  stress/MPa  pressure/MPa

747 57.4 7.88

ZIRLO 766 49.1 6.74

835 254 3.49

977 6.76 0.929

Cr-coated 808 48.3 6.69

ZIRLO 867 28.0 3.87

(4.4 pm) 941 7.54 1.04
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Research Progress on Cr-Coated Zirconium Alloy Cladding of Accident Tolerant Fuel

Wang Shun', Li Yifeng®, Lin Xiaodong’, Li Qiang’, Yao Meiyi’, Zhou Bangxin’
(1. School of Materials Science and Engineering, Shanghai University, Shanghai 200444, China)
(2. Analysis and Testing Center, Shanghai University, Shanghai 200444, China)
(3. State Key Laboratory of Materials for Advanced Nuclear Energy, Shanghai University, Shanghai 200444, China)

Abstract: Accident tolerant fuel (ATF) can further improve the safety and economics of commercial nuclear reactors. At present, Cr-coated
zirconium alloy cladding is the most promising candidate for near-term industrial application as an ATF cladding. This paper provides a
comprehensive review of Cr-coated zirconium alloy cladding, covering its development status, preparation processes, microstructural
characteristics, and service performance. Initially, the worldwide development of Cr coating is introduced. Subsequently, the main preparation
processes of Cr coatings, including cold spraying, laser cladding, and physical vapor deposition, are described, and the characteristics and
microstructure of different processes are analyzed. Afterwards, the corrosion, irradiation, and mechanical properties of Cr-coated zirconium alloy
cladding are summarized, and the corrosion oxidation mechanism, irradiation damage mechanism, and plastic deformation mechanism are deeply
analyzed. Finally, the key challenges in current research are identified, and future development directions are proposed.
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