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Research Progress in Accident Tolerant Fuel Cladding Coating on Zirconium Alloy

Sun Taotao, Zhang Wei, Ding Yuhang, Liu Qiong, Zhou Xuan, Li Yuli
(Xi’an Western Energy Material Technologies Co., Ltd., Xi’an 710299, China)

Abstract: As a new generation of nuclear fuel, accident tolerant fuel (ATF) relies heavily on its cladding as a key
component. Currently, depositing high-performance protective coatings on the surface of existing zirconium alloy
cladding represents one of the primary technical approaches in ATF research and development. This article
systematically reviews the research progress of zirconium alloy cladding coatings through two aspects: coating
preparation technologies and coating material systems. Firstly, the research progress of physical vapor deposition, cold
spraying, laser cladding and emerging composite coating preparation technology is introduced, and it is pointed out
that the emerging composite coating preparation technology can integrate the advantages of multiple techniques and
has broad application prospects. Secondly, the research status of three coating materials, MAX phase, Cr-based systems
and FeCrAl alloys are summarized, and it is proposed that the diffusion and oxidation behavior of coating-
interface-matrix, the hydrogen blocking behavior and performance of coating, and the establishment of oxidation kinetics
prediction models will be important issues to be solved in the field of zirconium alloy cladding coatings.
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Table 1 Advantages and disadvantages of preparation techniques for common accident tolerant fuel coatings
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Fig.1 Schematic diagrams of cross sectional microstructure of
different coatings during oxidation at 800 °C in steam:

(a) TiAIC; (b) Ti,AIC/TiC
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Fig.2 Schematic diagrams of high-temperature oxidation behavior

of FeCrAl/Mo coating: (a) coatings in as-grown state;
(b) fluxes across interfaces at high temperatures; (c) voids
and inter-metallic layer formation as a result of diffusion at
high temperature; (d) cross sectional morphology after

oxidation at higher temperatures

BUA T FLR ], I s 0 oh iA]Z AT LR S FeCrAl
WER R AR RE, (B2 )R IR -5 1 -5 1 1
PSS RMAT R A, BRI T AN . A,
MG, BT REFE MK FeCrAl IR 2R FE,
XX} FeCrAl ¥ 2 IO & 52 1 1 8wy 2K .

3 & &

WRIEF LA B & e BT I Sk RE . $RTHR
B SE I 22 e e V5 00 A, 4T Be 3 2% g 1
PSR 3 RTRE AN NG S TPN E RS R i
ATF MIBPR 5407 2RI, IRIZIIMEGE . % T
A S RN FE Bk, A SR U N H i 5 DA
T .

(1) H Bl 00T 3R 2 B 5 R B R T AR
gi—NR, T PIRARTRERE S &R AL
BUEE, G 208 IR 2 IR RN TR, DLSRAS REAE BE K
LOCA J& 11 A il 2 B 37 2R M 88 )=

(2) InamdR = TR 2 25 5 AR BOR BT A,
9L H S84 RST ATF AL 76 1 i) 26 A 28 85080 2= il

(B) aiaE A EVEK 57 A EE
57 FER AR ERI KRS M ERE R, R
RBRATTRE P M & e EREH & TES



£ N s =
48 Titanium Industry Progress 2 %5

PEREMIIRALWETL, RAERRIRZ SH M & & (01
SR Y BUT N AL iR A AR, DLESh R E B
EAH B RS L.

(4) BB )ZVERE VP A T2 AR 58 HESME AU BT
Je&, TSI s e 7 HR AR 7 5 R 52 v T R AR D
P, &7 RGIT AR AEHEN BRI, B
S S AR B YRR FE, O ATF G52 1 AR AL B 32
ES B X

BE Mk References

[1] Zinkle S J, Was G S. Materials challenges in nuclear energy[J].
Acta materialia, 2013, 61(3): 735-758.

[2] Duan Z G, Yang H L, Satoh Y, et al. Current status of
materials development of nuclear fuel cladding tubes for light
water reactors[J]. Nuclear Engineering and Design, 2017, 316:
131-150.

[3] Zinkle S J, Terrani K A, Gehin J C, et al. Accident tolerant

—

fuels for LWRs: a perspective[J]. Journal of Nuclear Materials,
2014, 448(1-3): 374-379.
[4] Ott L J, Robb K R, Wang D. Preliminary assessment of
accident-tolerant fuels on LWR performance during normal
operation and under DB and BDB accident conditions[J].
Journal of Nuclear Materials, 2014, 448(1-3): 520-533.
XYL, TBIE, 1. AR 58 R AR B A
PR M B2 [T]. A RSk, 2018, 32(11): 1757-1778.
[6] HI, FW5, K&, & HeEOREHEE Crig/Em
WEFL [0, W E A kLR, 2022, 41(6): 445-457.
[7] Ahlgren M, Blomqvist H. Influence of bias variation on

—
W
—

residual stress and texture in TiAIN PVD coatings[J]. Surface
and Coatings Technology, 2005, 200(1-4): 157-160.

[8] Michau A, Maury F, Schuster F, et al. High-temperature
oxidation resistance of chromium-based coatings deposited by
DLI-MOCVD for enhanced protection of the inner surface of
long tubes[J]. Surface and Coatings Technology, 2018, 349:
1048-1057.

[9] Kim S E, Lee Y H, Kim D H, et al. Dependence of arc ion
plating process on properties of CrAl coating for ATF
cladding: effect of bias voltage and targets[J]. Journal of
Nuclear Materials, 2023, 584: 154593.

[10] Zhai H L, Ma X F, Zhang W J, et al. Effect of CrAl and Cr
coatings on the fatigue behavior of zirconium alloy: in-situ
SEM study and CPFEM analysis[J]. Surface & Coatings
Technology, 2025, 515: 132619.

[11]7He L X, Liu C H, Lin J H, et al. Microstructure, oxidation and

corrosion properties of FeCrAl coatings with low Al content

prepared by magnetron sputtering for accident tolerant fuel
cladding[J]. Journal of Nuclear Materials, 2021, 551: 152966.

[12] Wang Y J, Li S G, Zhang Z J, et al. Low-cycle fatigue
behavior of zirconium fuel cladding with Cr coatings
deposited by high-power impulse magnetron sputtering[J].
Materials Letters, 2023, 353: 135269.

[13] Ammendola M, Aronson B, Fourspring P, et al. Evaluation of
chromium coatings deposited by standard and bipolar
high-power impulse magnetron sputtering (HiPIMS &
B-HiPIMS) for nuclear power applications[J]. Surface &
Coatings Technology, 2024, 485: 130835.

[14] T4, 7250, T, 55 HFHEHEEA7FRT FeCrAl
FERE MBI TR ED]. MEHTR, 2024, 38(12): 204-214.

[15] Alakiozidis I, Hunt C, Smith D A, et al. Microstructure and
mechanical performance of cold spray Cr coatings[J]. Journal
of Nuclear Materials, 2025, 604: 155492.

[16] Fazi A, Sattari M, Stiller K, et al. Performance and evolution
of cold spray Cr-coated optimized ZIRLO™ claddings under
simulated loss-of-coolant accident conditions[J]. Journal of
Nuclear Materials, 2023, 576: 154268.

[17] Umretiya R V, Worku M, Abouelella H, et al. Hydrothermal
corrosion of PVD and cold spray Cr-coatings on Zircaloy-4 in
hydrogenated and oxygenated LWR coolant environments[J].
Nuclear Materials and Energy, 2023, 37: 101519.

[18] ¥, JudtiE, i, & #a O RmMRE RS &
)], RMEFAR, 2019, 48(11): 106-113.

[19] Kim H G, Kim I H, Jung Y I, et al. Adhesion property and
high-temperature oxidation behavior of Cr-coated Zircaloy-4
cladding tube prepared by 3D laser coating[J]. Journal of
Nuclear Materials, 2015, 465: 531-539.

[20] Z=8i, XY, Bk EOCEE & ATF 852 Cr REMLZ
50T R[] #3071 THE, 2019, 40(1): 74-77.

[21] Rai A K, Srinivasulu B, Paul C P, et al. Development of thick
SiC coating on thin wall tube of Zircaloy-4 using laser based
directed energy deposition technique[J]. Surface and
Coatings Technology, 2020, 398: 126088.

[22] £, ERE, EEHK, & BINEHE X EAeRKim
MAO/Cr &R E4 M 5ER M I[I]. &85k, 2024,
60(5): 691-698.

[23] Zhu Y Y, Tao Z R, Gu X Y, et al. Enhanced accident
tolerance properties of AlCrCuFeMoNb, high entropy
coating for nuclear fuel cladding[J]. Journal of Alloys and
Compounds, 2025, 1010: 177206.

[24] Tailor S, Modi A. Behavior of high-velocity oxygen fuel

sprayed chromium-coating on Zircaloy-4 fuel cladding under


https://doi.org/10.1016/j.actamat.2012.11.004
https://doi.org/10.1016/j.nucengdes.2017.02.031
https://doi.org/10.1016/j.nucengdes.2017.02.031
https://doi.org/10.1016/j.nucengdes.2017.02.031
https://doi.org/10.1016/j.jnucmat.2013.12.005
https://doi.org/10.1016/j.jnucmat.2013.12.005
https://doi.org/10.1016/j.jnucmat.2013.09.052
https://doi.org/10.1016/j.jnucmat.2013.09.052
https://doi.org/10.1016/j.jnucmat.2013.09.052
https://kns.cnki.net/kcms2/article/abstract?v=QSPvTk9Jgi03B1ESqpumjJsWp_5CPgoAOK9V1SyjuRTITbu9B98PHwxX3laZmECqWLge3TQpe-OkVPNPV7tVnGeecf1GNFPH3mosNBUQYFgDxFUoYP0uJsw85_SiCnA1scoFmBHC9xWE078lGgo0S40H2UXrVoDQISsvv8XalRNY7u4WM1S2mg==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=QSPvTk9Jgi03B1ESqpumjJsWp_5CPgoAOK9V1SyjuRTITbu9B98PHwxX3laZmECqWLge3TQpe-OkVPNPV7tVnGeecf1GNFPH3mosNBUQYFgDxFUoYP0uJsw85_SiCnA1scoFmBHC9xWE078lGgo0S40H2UXrVoDQISsvv8XalRNY7u4WM1S2mg==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=QSPvTk9Jgi0hFt-20Tf0rzd8DQ4e6FBtYoGeWXTBohE_cD5hJPlo5nBzNwyd4E5v4jvMcXylLUKCmNuAcnim84AYP2sDol9WVwyAQxtmetfOHAqhZnPRIKheW3taSVVCrfOjHXZ_UPee9YTPtvpmmxIoZ0Z-1ME-QXhviyosDsuJYVu-uhAjCQ==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=QSPvTk9Jgi0hFt-20Tf0rzd8DQ4e6FBtYoGeWXTBohE_cD5hJPlo5nBzNwyd4E5v4jvMcXylLUKCmNuAcnim84AYP2sDol9WVwyAQxtmetfOHAqhZnPRIKheW3taSVVCrfOjHXZ_UPee9YTPtvpmmxIoZ0Z-1ME-QXhviyosDsuJYVu-uhAjCQ==&uniplatform=NZKPT&language=CHS
https://doi.org/10.1016/j.surfcoat.2005.02.078
https://doi.org/10.1016/j.surfcoat.2005.02.078
https://doi.org/10.1016/j.surfcoat.2018.05.088
https://doi.org/10.1016/j.surfcoat.2018.05.088
https://doi.org/10.1016/j.surfcoat.2018.05.088
https://doi.org/10.1016/j.surfcoat.2018.05.088
https://doi.org/10.1016/j.jnucmat.2023.154593
https://doi.org/10.1016/j.jnucmat.2023.154593
https://doi.org/10.1016/j.jnucmat.2023.154593
https://doi.org/10.1016/j.surfcoat.2025.132619
https://doi.org/10.1016/j.surfcoat.2025.132619
https://doi.org/10.1016/j.surfcoat.2025.132619
https://doi.org/10.1016/j.jnucmat.2021.152966
https://doi.org/10.1016/j.jnucmat.2021.152966
https://doi.org/10.1016/j.jnucmat.2021.152966
https://doi.org/10.1016/j.jnucmat.2021.152966
https://doi.org/10.1016/j.matlet.2023.135269
https://doi.org/10.1016/j.matlet.2023.135269
https://doi.org/10.1016/j.matlet.2023.135269
https://doi.org/10.1016/j.surfcoat.2024.130835
https://doi.org/10.1016/j.surfcoat.2024.130835
https://doi.org/10.1016/j.surfcoat.2024.130835
https://doi.org/10.1016/j.surfcoat.2024.130835
https://kns.cnki.net/kcms2/article/abstract?v=QSPvTk9Jgi2iuDcPtssPWjxLzTRBj4urBe91J-1cj69b8QGHH986vI__bCRLf6emSYd1sCyOiCdctrNRS1XctXyCrwilRpCoigoMWKsWjILG8cJ5qqNL3BJMsDON6k0mm3kf45nloH5d2RA0DsrwF9TM_mTEjWVKmjvhLiKepObwEirai6_mRA==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=QSPvTk9Jgi2iuDcPtssPWjxLzTRBj4urBe91J-1cj69b8QGHH986vI__bCRLf6emSYd1sCyOiCdctrNRS1XctXyCrwilRpCoigoMWKsWjILG8cJ5qqNL3BJMsDON6k0mm3kf45nloH5d2RA0DsrwF9TM_mTEjWVKmjvhLiKepObwEirai6_mRA==&uniplatform=NZKPT&language=CHS
https://doi.org/10.1016/j.jnucmat.2024.155492
https://doi.org/10.1016/j.jnucmat.2024.155492
https://doi.org/10.1016/j.jnucmat.2023.154268
https://doi.org/10.1016/j.jnucmat.2023.154268
https://doi.org/10.1016/j.jnucmat.2023.154268
https://doi.org/10.1016/j.nme.2023.101519
https://doi.org/10.1016/j.nme.2023.101519
https://doi.org/10.1016/j.nme.2023.101519
https://kns.cnki.net/kcms2/article/abstract?v=QSPvTk9Jgi1JtCLi5uogqHedqVBzJLqxi1MBsa-bLZzFJt9uOmhC-qAuvYcUKLcmPhjY32X-cHPDr4mte6sOo13LFj8otosnJIAeVTGuGALRfWf7g9TpIgpZgciurkXR8XBUJaxvadedpd1Pl2rb8ciHxtq2dV5PPrSaZmsYWbIsPtazqncNHg==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=QSPvTk9Jgi1JtCLi5uogqHedqVBzJLqxi1MBsa-bLZzFJt9uOmhC-qAuvYcUKLcmPhjY32X-cHPDr4mte6sOo13LFj8otosnJIAeVTGuGALRfWf7g9TpIgpZgciurkXR8XBUJaxvadedpd1Pl2rb8ciHxtq2dV5PPrSaZmsYWbIsPtazqncNHg==&uniplatform=NZKPT&language=CHS
https://doi.org/10.1016/j.jnucmat.2015.06.030
https://doi.org/10.1016/j.jnucmat.2015.06.030
https://doi.org/10.1016/j.jnucmat.2015.06.030
https://kns.cnki.net/kcms2/article/abstract?v=QSPvTk9Jgi0zxoUvwSW8N9UCe3A9JYULSZlcI_6x97RTdyD2JWKruB4_kQX9A1RDWMbIQtZLVEIsoyWWHFJbY1E9YnGJd9egqAKdCNtHqAHdBlduy-cbc-KdXtsvif9zjNodr9AamT23c682tSZquyp_L6UEMreSWEPuAvzTV_SVEcpavslaYg==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=QSPvTk9Jgi0zxoUvwSW8N9UCe3A9JYULSZlcI_6x97RTdyD2JWKruB4_kQX9A1RDWMbIQtZLVEIsoyWWHFJbY1E9YnGJd9egqAKdCNtHqAHdBlduy-cbc-KdXtsvif9zjNodr9AamT23c682tSZquyp_L6UEMreSWEPuAvzTV_SVEcpavslaYg==&uniplatform=NZKPT&language=CHS
https://doi.org/10.1016/j.surfcoat.2020.126088
https://doi.org/10.1016/j.surfcoat.2020.126088
https://doi.org/10.1016/j.surfcoat.2020.126088
https://kns.cnki.net/kcms2/article/abstract?v=QSPvTk9Jgi0nvMhfyjbnOw3W1FQztMzVufVsY48X8GYsjx4qq15avr1r86W1UvzdnxomSlVE9VE6XnYcHk_hhRakw9mrzZWjtFF340V9MEROlbj6wpwVeypncgVkQjjoirqMQdCk32gJNo-v54YrkPQqGvallh3mx2rbdm5fJgzAMNc8KWHiFw==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=QSPvTk9Jgi0nvMhfyjbnOw3W1FQztMzVufVsY48X8GYsjx4qq15avr1r86W1UvzdnxomSlVE9VE6XnYcHk_hhRakw9mrzZWjtFF340V9MEROlbj6wpwVeypncgVkQjjoirqMQdCk32gJNo-v54YrkPQqGvallh3mx2rbdm5fJgzAMNc8KWHiFw==&uniplatform=NZKPT&language=CHS
https://doi.org/10.1016/j.jallcom.2024.177206
https://doi.org/10.1016/j.jallcom.2024.177206
https://doi.org/10.1016/j.jallcom.2024.177206
https://doi.org/10.1016/j.matlet.2024.137431
https://doi.org/10.1016/j.matlet.2024.137431

56 W]

INGTESE: HECREIRES A

e FREI L R 49

loss-of-coolant accident conditions[J]. Materials Letters,
2024, 377: 137431.

[25] Brova M J, Alat E, Pauley M A, et al. Undoped and
ytterbium-doped titanium aluminum nitride coatings for
improved oxidation behavior of nuclear fuel cladding[J].
Surface and Coatings Technology, 2017, 331: 163-171.

[26] ALRCTTAR S bl — AR R SR IR R R L T i
CN202010715321.5[P]. 2022-05-13.

[27] &R, 7AW, PR, A < R TH 2 IR TR
TS E & HORE % NiCr IR E B FL[T]. LI AR )W,
2023(6): 17-18.

(28] #Emete, GRJehy. A,
FEARHE T, 2019(12): 1-5.

[29] Maier B R, Garcia-Diaz B L, Hauch B, et al. Cold spray

GaTEREM R[],

deposition of Ti,AlC coatings for improved nuclear fuel
cladding[J]. Journal of Nuclear Materials, 2015, 466: 712-717.

[30] Tallman D J, Yang J, Pan L M. Reactivity of Zircaloy-4 with
Ti3SiC, and Ti,AIC in the 1100~1300 °C temperature
range[J]. Journal of Nuclear Materials, 2015, 460: 122-129.

[31] Wang H, Zhou X, He H, et al. Development of low-Cr
wrought FeCrAl cladding alloys and its irradiation tolerance
and steam oxidation resistance at 1200 °C[J]. Corrosion
Science, 2022, 195: 109998.

[32] FkiB &, B, Brigie, 5.
W B R K & S E AL R
36(2): 97-103.

[33] U, BRI, BAOLEE. Bo SR RuATALRETR
BRI, mmﬁ%uﬁﬁ, 2022(4): 38-40.

[34] Zhong W C, Mouche P A, Han X C, et al. Performance of

B4 FEM Mo/Al/ICr E&
m.$E%EIE,mﬁ

iron-chromium-aluminum alloy surface coatings on Zircaloy
2 under high-temperature steam and normal BWR operating
conditions[J]. Journal of Nuclear Materials, 2016, 470:
327-338.

[35] PHEGEIRAT izt R . B il R Rk
ik B B0 BLFE A [EB/OL]. (2024-11-21) [2025-09-22]. https:/
Www. cers-nepc. org. cn/articles/202411/20241121150045. html.

[36] Tang C C, Steinbrueck M, Stueber M, et al. Deposition,
characterization and high-temperature steam oxidation
behavior of single-phase Ti,AlC-coated Zircaloy-4[J].
Corrosion Science, 2018, 135: 87-98.

[37] Wang D, Zhong R H, Zhang Y P, et al. Oxidation behavior
and kinetics of magnetron-sputtered Cr-coated Zr alloy
cladding in 1000-1300 °C steam environment[J]. Corrosion

Science, 2023, 218: 111215.

[38] Feng Z J, Ke P L, Huang Q, et al. The scaling behavior and
mechanism of Ti,AIC MAX phase coatings in air and pure
water vapor[J]. Surface and Coatings Technology, 2015, 272:
380-386.

[39] Wang Y D, Zhou W C, Wen Q L, et al. Behavior of plasma
sprayed Cr coatings and FeCrAl coatings on Zr fuel cladding
under loss-of-coolant accident conditions[J]. Surface and
Coatings Technology, 2018, 344: 141-148.

[40] Han X C, Wand Y, Peng S M, et al. Oxidation behavior of
FeCrAl coated Zry-4 under high temperature steam
environment[J]. Corrosion Science, 2019, 149: 45-53.

[41] Brachet J C, Rouesne E, Ribis J, et al. High temperature
steam oxidation of chromium-coated zirconium-based alloys:
kinetics and process[J]. Corrosion Science, 2020, 167:
108537.

[42] RrARME, R, BFHAR, & HEEEHE CrAl BEME
im S AR AT A)]. P E R TAE, 2019, 32(2): 44-53.

[43] Opila E J, Jacobson N S, Mters D L, et al. Predicting oxide
stability in high-temperature water vapor[J]. JOM, 2006,
58(1): 22-28.

[44] Kim H G, Kim I H, Jung Y I, et al. Out-of-pile performance
of surface-modified Zr cladding for accident tolerant fuel in
LWRs[J]. Journal of Nuclear Materials, 2018, 510: 93-99.

[45] Opila E J. Volatility of common protective oxides in

high-temperature water vapor: current understanding and
unanswered questions[J]. Materials Science Forum, 2004,
461-464: 765-774.

[46] Park D J, Kim H G, Park J Y, et al. FeCrAl and Zr alloys
joined wusing hot isostatic pressing for fusion energy
applications[J].
109-111: 561-564.

[47] Zhong W C, Mouche P A, Han X C, et al. Performance of

Fusion Engineering and Design, 2016,

iron-chromium-aluminum alloy surface coatings on Zircaloy
2 under high-temperature steam and normal BWR operating
conditions[J]. Journal of Nuclear Materials, 2016, 470:
327-338.

[48] Park D J, Kim H G, Jung Y I, et al. Behavior of an improved
Zr fuel cladding with oxidation resistant coating under
loss-of-coolant accident conditions[J]. Journal of Nuclear
Materials, 2016, 482: 75-82.

[49] Yeom H, Maier B, Johnson G, et al. Development of cold
spray process for oxidation-resistant FeCrAl and Mo
diffusion barrier coatings on optimized ZIRLO™[J]. Journal

of Nuclear Materials, 2018, 507: 306-315.


https://doi.org/10.1016/j.matlet.2024.137431
https://doi.org/10.1016/j.surfcoat.2017.09.076
https://doi.org/10.1016/j.surfcoat.2017.09.076
https://doi.org/10.1016/j.surfcoat.2017.09.076
http://epub.cnipa.gov.cn/Dxb/IndexQuery
https://kns.cnki.net/kcms2/article/abstract?v=QSPvTk9Jgi1a97_mfrwzsN_OoDYiWj7r2LvIJJaFjlpqVnla9A8aRtMD9AVa2elbD1sudfV2ft3PKZExfcVSCgY40_nShm4S3u8K_ijhjJHVWyawGoyLZyCn_xXiJgfaBHj83kafJxvq1PdnZlNfnQlUAxzeRLoT8KRnjJ6nh9jbxQ_yl8Ga2Q==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=QSPvTk9Jgi1a97_mfrwzsN_OoDYiWj7r2LvIJJaFjlpqVnla9A8aRtMD9AVa2elbD1sudfV2ft3PKZExfcVSCgY40_nShm4S3u8K_ijhjJHVWyawGoyLZyCn_xXiJgfaBHj83kafJxvq1PdnZlNfnQlUAxzeRLoT8KRnjJ6nh9jbxQ_yl8Ga2Q==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=QSPvTk9Jgi3Yf_VGXHKEMPALnVBRX273UcX58T4Jo5gpjEZ-gtL8Ra8AooDJSdZXDvVsKTJI8wpoClSxanJ0a8eD1nbtjrpcZ-JOa3kSJ21Si7EHdvBfA6oAru77uZJIuDFCsr_YwTUkjT-aXUB8ptQ_yZXbKmcapGvU4GTx7aAXxblXqPnWYw==&uniplatform=NZKPT&language=CHS
https://doi.org/10.1016/j.jnucmat.2015.06.028
https://doi.org/10.1016/j.jnucmat.2015.06.028
https://doi.org/10.1016/j.jnucmat.2015.06.028
https://doi.org/10.1016/j.jnucmat.2015.02.006
https://doi.org/10.1016/j.jnucmat.2015.02.006
https://doi.org/10.1016/j.jnucmat.2015.02.006
https://doi.org/10.1016/j.corsci.2021.109998
https://doi.org/10.1016/j.corsci.2021.109998
https://doi.org/10.1016/j.corsci.2021.109998
https://kns.cnki.net/kcms2/article/abstract?v=QSPvTk9Jgi2QKS-uYI5vJWiPVdRYaHa_B8XtaosW5J03WgTAGQGQbMn-BYCuCcKlWURSS9Ibw3Zg_pOyNwBCFDLwVYIGUgQRkZyzwbjo63_NJKPjxK6iMTw26ohzoywc2KmaecjCep6dBIjWzCdr1z-NvwXAala-sdSy5S06WjQgjJjF-q1WhA==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=QSPvTk9Jgi2QKS-uYI5vJWiPVdRYaHa_B8XtaosW5J03WgTAGQGQbMn-BYCuCcKlWURSS9Ibw3Zg_pOyNwBCFDLwVYIGUgQRkZyzwbjo63_NJKPjxK6iMTw26ohzoywc2KmaecjCep6dBIjWzCdr1z-NvwXAala-sdSy5S06WjQgjJjF-q1WhA==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=QSPvTk9Jgi1puuy3-QWtPidl2j-JR9wMwyiqtF94Qfutn9s4TJS5Jqtc-0SlVq8Jjs2jvXYQfqPiXI1XbYA5FaQ6NuwVP-rseaz4z4n9RfMCtqCWoBM_WOiZlx9m3BPB-zba7Cpwjw3ZmSWbzLbjXKCGbs5XgvZTraQ9cVqnH0ESEM820c4uHw==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=QSPvTk9Jgi1puuy3-QWtPidl2j-JR9wMwyiqtF94Qfutn9s4TJS5Jqtc-0SlVq8Jjs2jvXYQfqPiXI1XbYA5FaQ6NuwVP-rseaz4z4n9RfMCtqCWoBM_WOiZlx9m3BPB-zba7Cpwjw3ZmSWbzLbjXKCGbs5XgvZTraQ9cVqnH0ESEM820c4uHw==&uniplatform=NZKPT&language=CHS
https://doi.org/10.1016/j.jnucmat.2015.11.037
https://doi.org/10.1016/j.jnucmat.2015.11.037
https://doi.org/10.1016/j.jnucmat.2015.11.037
https://doi.org/10.1016/j.jnucmat.2015.11.037
https://www.cers-nepc.org.cn/articles/202411/20241121150045.html?use_xbridge3=true&loader_name=forest&need_sec_link=1&sec_link_scene=im&theme=light
https://www.cers-nepc.org.cn/articles/202411/20241121150045.html?use_xbridge3=true&loader_name=forest&need_sec_link=1&sec_link_scene=im&theme=light
https://doi.org/10.1016/j.corsci.2018.02.035
https://doi.org/10.1016/j.corsci.2018.02.035
https://doi.org/10.1016/j.corsci.2018.02.035
https://doi.org/10.1016/j.corsci.2023.111215
https://doi.org/10.1016/j.corsci.2023.111215
https://doi.org/10.1016/j.corsci.2023.111215
https://doi.org/10.1016/j.surfcoat.2015.03.037
https://doi.org/10.1016/j.surfcoat.2015.03.037
https://doi.org/10.1016/j.surfcoat.2015.03.037
https://doi.org/10.1016/j.surfcoat.2018.03.016
https://doi.org/10.1016/j.surfcoat.2018.03.016
https://doi.org/10.1016/j.surfcoat.2018.03.016
https://doi.org/10.1016/j.corsci.2019.01.004
https://doi.org/10.1016/j.corsci.2019.01.004
https://doi.org/10.1016/j.corsci.2019.01.004
https://doi.org/10.1016/j.corsci.2020.108537
https://doi.org/10.1016/j.corsci.2020.108537
https://doi.org/10.1016/j.corsci.2020.108537
https://kns.cnki.net/kcms2/article/abstract?v=QSPvTk9Jgi0bwpMET4ZU8DuCrS5QnbIx_fmbUVHVXzne5S4ZxcMt-nnN0WzJ1NeBFXhdOuL1j_jZsJG8jsaqXPhB0grotWNx0Xw3pKJLfz6xUpOJco07v5H6iEgsJHTQLSxDf9IjH1rl7mY1PmSVCn3zI5mK9558c1_V_aEZJ1mJVfc35IFOng==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=QSPvTk9Jgi0bwpMET4ZU8DuCrS5QnbIx_fmbUVHVXzne5S4ZxcMt-nnN0WzJ1NeBFXhdOuL1j_jZsJG8jsaqXPhB0grotWNx0Xw3pKJLfz6xUpOJco07v5H6iEgsJHTQLSxDf9IjH1rl7mY1PmSVCn3zI5mK9558c1_V_aEZJ1mJVfc35IFOng==&uniplatform=NZKPT&language=CHS
https://doi.org/10.1007/s11837-006-0063-3
https://doi.org/10.1007/s11837-006-0063-3
https://doi.org/10.1016/j.jnucmat.2018.07.061
https://doi.org/10.1016/j.jnucmat.2018.07.061
https://doi.org/10.1016/j.jnucmat.2018.07.061
https://doi.org/10.4028/www.scientific.net/MSF.461-464.765
https://doi.org/10.4028/www.scientific.net/MSF.461-464.765
https://doi.org/10.4028/www.scientific.net/MSF.461-464.765
https://doi.org/10.1016/j.fusengdes.2016.02.055
https://doi.org/10.1016/j.fusengdes.2016.02.055
https://doi.org/10.1016/j.fusengdes.2016.02.055
https://doi.org/10.1016/j.jnucmat.2015.11.037
https://doi.org/10.1016/j.jnucmat.2015.11.037
https://doi.org/10.1016/j.jnucmat.2015.11.037
https://doi.org/10.1016/j.jnucmat.2015.11.037
https://doi.org/10.1016/j.jnucmat.2016.10.021
https://doi.org/10.1016/j.jnucmat.2016.10.021
https://doi.org/10.1016/j.jnucmat.2016.10.021
https://doi.org/10.1016/j.jnucmat.2018.05.014
https://doi.org/10.1016/j.jnucmat.2018.05.014
https://doi.org/10.1016/j.jnucmat.2018.05.014

