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Zr 8 REBEINI NI/Cr i i2BHERENITARAR

AA%, xR, TRFE, £ R, (TER, 8K
CHBTRHE R SRFE5, WA KD 410073)

B B ERRNHEHSEBEEE S, B (Zo) S4&REEE CrifZ PR 5N BoE T Ae N BN i
Ao KB PUR B ARG EMRER Zr & &R E R Cr IRJ2 108 BT AR 1] % HE R 4SBT 50 R FH K T B OB R 28
RPN EKIRAE Zr 5 S B PRR T ) 46 Ni L2 A0 Cr 3R)2, Xl #1321 10 Zo/Ni/Cr il FEEAT ARG MR AL, 2551
G R A MR B iR B AT L. SRR Y, Ze AE&REN Ni/Cr iR BHSEE, SEERKNGEE LN 151N,
Zr/Ni/Cr A B 41 % 2 (058 A0 B e B i 8 i T, RUERA LI . Hob CriR 2R MR Z A0 2 pm, B8 5 R4
PEREE ) 5y 2.86 GPa il 172.86 GPa. Zt/Ni/Cr iRFEFE 1000 F1 1200 C 7 i 28 V3 Sl A0 1 R vb 4 391 26 B L 0T i 48 e
LeMERE, W] Ni/Cr iREZREWSTE 1000 C I X Zr & &R R 2 R WARY SR . Zr &8 R Ni/Cr iR 2 10w il E Ak ok
LS Ni 2 GRS #. Cr B A A BUEFE LA Ze 3 Cr @ R POES U 500 Cr BT B DA 6.

KHER: WMEHEMBEARE; CrifZE: Zr &4 BRI, &1k
XHEfFRIRAG: A
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B (Zo) MG RA R TIRBGEIE  BriEi .
[FIRZBREE U0 A RAFAFR AR RE, Wk 1A% S I 4
HES IR RL, e KN 11 RGEAT] AR 5%
BEMRL. SR, AR OBHER AR KRR, Zr 585
Tl 25 VR AL R A B A TR A S 8 PR 8] A S o 44
TR, B 5e 8 FH I RERFT 4, S H IR 51 R “ &7
MWE, EaZMRY. Kk, MRBRERE, mHESR
£l Caccident tolerant fuel, ATF) fL5¢FIMESHEHE H I 5
ENM SR T2 R, ATF 72807 T 7 5 & i
ZRIRIAN SN, el P AU = AR TR e i, 52
LR SR, 1S SO AR N R 7 A R A5 1Y) SR P R AR
PO . MHRBETCER, KAIUIG S o A iE
TZRITEXN T Zr &4 il Ve Re 3R THBON A TRE-,
MR 2R R 2 PR 1 77 2URE AT PSSR Ze & 8 i i 1
REMI I RALIRTE, NI UL BA S N HE B AR it
BN 92 R A A AT RE PR N B 1) — IR .

EJEEs (Co) BRI PUEEEE ) &S Ze
B EHAR R IICECHE, AR ZARIL IR JZ M 8L it
M, BN Zr &R RS KRR H T
Zr 53R Cr iR R #8 771 2 A FRROCIEE (laser
cladding, LC). Wiy (spraying, SP). #ELSAMIIIR
( physical vapor deposition , PVD ) F1 H yT
(electrodeposition, ED) 4. Kim 7R B R4

Uis HER: 2024-01-19
EE&WME: WrPAEFENA R (2020RC3034)

(laser beam scanning, LBS) £ R{E Zr-4 &4 i
T CrigfE, UESE T BRI ATAT I, B 5 )45t 100 mm
Ko TEMARTE Cr/Zr 1587 « 2481 B 1 & R K
kO 157 (pulse laser cladding, PLC) ${AR7E E110
Zr S5 E R EH & 1 EL 200 um 1) Cr k)=, 1T
BT FBOCTIZ AR, AR08 7 L2 Aot B
M. 41200 C/1 h mil IR ENFE G, RZEFE
38 B BN TEIRE AR 50%. SR1M, 771214 1
Cr iR ERIMBOVHIEE, BREDAAY), 1A, ZE0tAL
PRI, FEAR AN 5T IR BRI IR R TR S5 4, B
s A )™ FEAR T XS K U 2 2 tH IR L . Wang %50z
2B TS (plasma spraying, PSP) i ARTE Zr-4 &4 1
SLE NIRRT JEZ) 70 pm 1 Cr iR%)2, HIRZR M
REFE e, WEAAERZ AL AMEAL . Zhong Z5I0LK
FARi4% %5 (magnetron sputtering, MS) FARYE 200 C
BT Ze2 GEEMCREH S T 1 um FH Crifz, &
700 ‘C/20 h ZZIRAAME, ERIEVIRKR, VIDAEM T
MS FARKI AT FESSEIER A MS $ORTE Zr &4
#4975 pm BRI =4 Crik)E, 800 ‘C/7h HIE A
MR ZE SR L], TR 2 AFAE RS AR AR 1) v T AU b
R, HEMER)E, WREREHI 7 RE . Chen F12
iz A B 4 fG 4 J& 9T ( radio frequency magnetron
sputtering, RFMS) FiARTE Zr-4 &R PR Criv)Z,
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1958 TR ST D 2 3 FE R =, IR DTN B
SR (495 pm-h!), JEEEAF] 27 pm. Park SR
L F4% (arcion plating, AIP) F{ARTE Zr-4 &4
KW & Cr iR, REGMIRZIESEE, (HRMAFER
TR BRSNS RN, Cr/Ze-4 & &R FE 13
HRETCRIZAFEA 12, BZWAEEM S T R
A ZrOx Fla-Zr(O) T . Wei ZEMISE F ATP 5325 LA
2.5 ym-h! FYTRLEBEAR 2] 7 20 um B Crig 2, &
360 C. 18.6 MPa /A Z5ffEk 3000 h J5, Cr/Zr-4 &4
PRI AU TR Z AR 177, PR v i B 5
Hu S8R T RINEGTRAS B, SCBl T iR 2 i i
% G3um-h), HFEREAI IR (L1 m) B
P gk SCEEVORIH Z 9N E 78 (multi arc ion plating,
MAIP) ARG T 12 um &R Cr 3R)2. HTBAMRINE
RIEFERIZ, W JER T K 2 LR R . AIP
SO AR EAR DU R 5 s, (H Ry 2
R DUIRME RSN R, FBURER
A Al FENTER H BT R TE 2 AICL/ S0 N-T 2
MEE]-CrCL B A %52 7 8 um &, Cr & &

(0at%~94at%) AIAZ[¥] Al-Cr )2 - Surviliene5ISIHF 7t
11T HE-3- R e Y U R £5-CrCla- 6HLO B ¥ 4
T CriRJZ TR T, EFMR 2 AT H it 2 5
7N, ARZH Cr(ID LA Cr(ID) g )44 T W A2 FE S0 ),
28 30 min {HHEA PRS2 2 um EHIE Cr i )ZE, )2
HEOR BURHERR T A, RO AE, FRE/ NI
40, FERIN Cry Cr(OH)s A1 Cr052, Ueda %521
H AICI:-NaCl-KCI-CrCL VR & 455k, 7E TiAl & &R 1H1H
HLA7 RIS BB 2 B P B (1) AL-Cr i), R HLSEEl
THETH Cr &8 (15at%-~41at%) ESHAE, 4
900 Crim AN EZIG, IRERMITZM I ALOs Al CrAl
WP E, STt 143 2IW R8Tt . Inman Z5PIH 5
T LiCl-KCI-CrClL & & Hr LT Cr iR 2 B SS fALEE,
TESCHEA F R U R F S A, 7 38 S A A B
BN, INTEASBANR I M 4 T SO SR i &
CriRJZ), Vargas SO — AL T2, AL T ik
SH G YIRS IR R, Y HE H e % P AR+ R
A% ik -+ A e i) e AR 5 1 LR T 3R, A
T CriR)Z By 2 H PR Z AL 525, i3
SROEA I AE LiCI-KCL 45 #h Hh SR A7 A< 8 Cr #r i J7 =X
FIN Cr B, FAEUAE hik R Pl 3045 T 80 B85 &
RIFI Cr 452 .

g LA, fE BiR CriR)Z il T2, 1sEh i
FE ARG PN BR AR R BT R, BATER
RSO, [FR, AHOCR A AR RO B, &
B AR A 7, A BB AR VL 52 Zr B &R TH i

& Cr REN SRR &, ZER Zr A& H1E
&SR 2 ok, TUH HATEAIERE Ni /RN Zr B4R
FIEE ZARL, B IR IIE T Ni 254K 7E LiCI-KCI-CrCla
IE SR R Cr iR Z I PAT R FEULERAE |, A
WEFAE SR 3 AR P AR R 52 F N18 Zr A &R Tk Ik
BEHIES Ni IR Cr g2, BT Zr 54310 Ni/Cr &2
R EMNE, A ATF 5% Zr & &M RN TR
BEER R AR S A .
1 % I
1.1 EARFAIE R Ni 3B R B7KGR R BT

¥ R~ A 30 mmx 10 mm x1.25 mm [#][E 7 N18
Zr Erd oK, HPTR Ni 332 1 4 ZaFE
A (1) BRI, H 100040486 N18 Zr
HEIEMBATI B, EBRRmELE: REE
60 CIAIBRAE (H 50 g'L! Na,COs+ 50 g-L! NasPOa.
10 g-L-! Na»SiOs £ 10 g-L' NaOH VA ¥k V& & 117 5O it
il S min, ERRFRMMAG: BEETE 25 CRBRIER
i (el 5% HF 1 40% HNOs SRR AR A8 7= 1R
U6 3 min, ¥R AN, FREFERE, [F
I S8 AL B IR EAE 25 CRIBRMEIS AR (H
30 g-L' NHsHF Al 1 mL-L"' HaSOs IR AR H
FEFE IS 1 mine BRPARAESS, YR KBS Tk 5 A
BTG . (2) MU KB LT (AR E B
W, BFHE® (H 150 gL' NiSOs6H,0. 30 gL
H;BOs. 10 g-L-! NaCl #1 0.5 g-L-! C12H25SOsNa AR
A H, Ni FPEBIK, SRR | Frsp a2
K, BB AREIT RO, (3) FEhiEE. YIRS,
WE, PRI, HEETFKEF B ERT.
1.2 Cr #BHEE IR

HLYTR Cr iR JE 145 3K H LiC1-KCI-CrCL & & ,
H A LiCl 5 KCI B BE/R L 58.5:41.5, 3@ i 4 i
CrCl & M #h IR & A 35 b Cr B 7 BOIR FE R FRAE
4% (JRESHO Fitr, S5 pr - 03 8
Iy HTat.

HIYTAR Cr iR 2 IS0 B e BT R WL SCHR[27]
AW TR IR T 2S5 2.
1.3 Ni/Cr R ZEHYMEREMR

KR ZEWE 71 B SRR GNP RPN F]

F1 BEIBRNZRBEIZSH
Tablel Processparametersof electrodeposited Ni coating

Current Temperature/ Deposition
density/ P P y Anode Cathode Atmosphere
mA-cm-2 time/s

10 25 1800 Ni VI8 Air

Zr alloy
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Table 2 Process parameters for stepped current mode

electrodeposition of Cr coating

Current density/ Molten salt

Sequence Deposition time/s

mA -cm temperature/ C
1 50 300 450
2 20 1800 450

WS-2005 &) 5E Zr 43R0 Ni M Ni/Cr x2S Zr
BEIAEMEE T, W NENIA, HEM 1200, S
4% 0.2 mm, W& 7 KA BRI KA BT
o R ML R, AT A 0 N SR 138 K 2 e
5, PRbnrd il &2 K ma g, HEREm
gia 77, WA (1)s R S I & R Sk Rl i vk 2 e
IS A CGRZREEFE S S RAERT) Hk
WEBAR R R A, IR ENRE NG E . R
JRILNE B E LS I RSB NE 3.

b:%ﬂ (D

l

Xrh, R NIRESREREZAMEES T (N, FOAERE
BB R E T (ND, Lo R JZ T OB Ak BE R R S
EBALEREEE (mm), L ARYEREKE (mm).
KHPIKE IR (JEE Micro Materials 2 & Nano
Test Vantage ) FFREIRZGUOKEIRMIR. KH WA E
SRR IR Sk, B T M2k, e R BOE
4 50 mN. JEREG-EE (P-D) #iZk, it (2) f(3)
AT RRIHR ZORIEE (D) A s R (ED:

= Lo (2)
A

§odP 264 (3)
dh  Jn

H, Foo NEBRIEANEAR, 4 NERBGZHIA, S
N - R T2 D ST AR I 1 B A it X (4)
BB AR R R SRR (B

1 1=v 1=y

- = 4+ (4)
E E E

i

Horr, v N gINR R IA R B, AR SRR E RS2,

*3 WRENEABEENEK
Table3 Parametersfor the determination of bonding for ce of

coatings by scratch method

Maximum Loading Total length of scratches under
load/N rate/N-min’! dynamic load/mm
30 30 3
50 50 4
80 80 5
100 100 5
200 100 5

vz=0.37, vni=0.29, V=021, E Ml visrilhaNia
JESKM BB EFIVARA L, E=1141 GPa, vi=0.07.

K F iR A B T R R 2 I R A P
B, M ERE AN F R 2 R N s ) EI 3RS, R
218 10 mmx10 mmx1.25 mm, JR B R B2+ &
ALK L, BTAMLEF, Bl 40 C min! 0 FH4GE
B, M40 C EFREIFEEIRE (1000 11200 C) I
{395 60 min, T/EREA RN ERIE. EBEAMNHGEE
W, IR ARV I ) AR ik A =
1.4 Ni/Cr RBWELR LTS 7

KH =42k B A (fEE Bruker 2 A
Countor GT-K ) W& IR JE MR TR . EIR)E K
P TH B ALE R 3 N0 B AT RS FE I &, IR G
S B = (P A B AR D )2 1) 2 TR A P

KA 6 B (OM, 2% [E A} 1k A §] Hirox
KH-7700 &) W EEHRE S AT S A TR 30, WL %2 i 4 S
it (1 42 mL HNOs. 8 mL HF 1 50 mL H,O /&4
O A Zr G & AT IR M B . SR T B s
(SEM, ##5 TESCAN A MIRA4 LMH A W5
st 2 [ AR 8 THT AW T 55

K H R B A BB A (EDS, %% [H Oxford
Instruments 2 & Ultim Max 40 %) 43 B AE 5 3% T A0 2R
THI 3k X B9 o

KA X B £k AT 4 (XRD, 7% [E Bruker D8
Advance &) XTiRZ ATV M. KA Cu Ko £k
(2=0.154 nm), H i 20=10°~90°, 4 & &
5°/min.

X Fl CompuTherm /A &] f] Pandat2021 3k 14 & &
IR B FT 2 VA Cr-Ni-Zr-0 #5722 308 B it
HOCr-Ni-Zr-O R 2 # 1% M B, BT 4
Zr/Ni/Cr iR FE 7E 15 5 S A o R o A 41 233 45 R v
AR BB

2 ZFER5i1

2.1 JKEBHEITIA N TEEMALREHRLES

B 1N Ze B &R PRI TTR Ni R JE R
i Z WO IESE . XRD E1E f EDS feil, Zr & & 51k
M ED Ni iR ZEJei . WA &L, BEYANRAG
EJENEE, WOESER, WEBRFYRSFAEE 1
um (K41 /N R HE AR T A, XRD A1 EDS &40 4 #r ) 2%
B, Zr & & R B TERAS B (IR S 45 i BE v I B
A4 NI R 2 .

0P i 2 5 AR 45 & I RIR I 2 B H
FRESA S EENRABY, FEBHKLE, BRXK
FH Bl 28 A 75 R S B FH Fen il & 5, (H B T N IR B R
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Fig.1 Macroscopic (a) and microscopic (b) surface morphologies, XRD pattern (c), and EDS spectrum (d) of aqueous solution electrodeposited

Ni coating

B, BT A0 i 2 R W % 31 7 R HE 5 R
Bl 3c. 3. 31D, FUIGIRIESE G e 3 Z A5 B B
MR 2 B AT B, AR I R e AR .

K2 AARFEMNAZHON Zr & 4 %10 ED Ni iR 2 1)
RIRTESR . AR A B & 45 R K 5 R HE S . 2mEk
i 4 304 50 A1 200 N B, 945 L8 — i+ & (SED
IR P IO Y S AR — B, B B 13
RIR R FERS N, KRB H 38 2, o IR B
Bl (BSE) WIiH M40 % IR 2 B0 e i s Ar B, ki
THEAF B B I SR AT, 3 B & 1S E
HIG RS I 22 30 F1 20 N, AT BLIA K
Zr H4 3K ED Ni IRJZ M 45& J141°8 24 N.

R RIIR I TS AL, IR JE i 0 AR
FRIANHE: F LB, WRERTHIXEHEE,
BCET RV P9 Y s 2R 2 BY B, MEATIA ENRE

PTG FHE R, RIS Z 2L, 7 AR 2
BT RIE 7 M SOIRREL, e B ik — PR, R
MARLUEER R, HEIHETFHA: 530 E,
REUBEY e, FEAERE R XA KN iR 2 B
LB I AT BN IR E S A 2 R g & 7y, ik —
IR E AT, 2R LK T A
2.2 NilCr & BRYEREM R ABREE

Bl 38 Zr &4 R T Ni/Cr 32 1 3R 1H 2 O 31
Kaeib . FTRUEH, S8 R K AN 2R T AR
HRVIE Zr &8RRI &5 B0ES:. 5., HH
TEREMRAA N/CrIRE (P XK S N
Zr/Ni/Cr)o HIMMIEIREI T E H, Cr i)z s AR
B HEARTT B, AR BN AL . RS0 K B ke %
EHkiE. HHEX IR EDS 45 R Won, HPTARA RN Cr
WIE 4L =ik 100.00%, KEBARFEICE.

1 mm

1 mm

3
g C f 1
£
E
g 0.0 0.0 0.0
§ L L L L L L 1 1 L L L L
< 0 5 10 15 20 25 30 0 10 20 30 40 50 O 40 80 120 160 200
Loading Force/N Loading Force/N Loading Force/N
2 AEMKRSHT Zr & 83K ED Ni IRZHRIRTEH . s s & 45 R K EHE S

Fig.2  Scratch morphologies (a, d, g), breakage locations (b, e, h) and acoustic emission signals (c, f, i) of ED Ni coating on Zr alloy surface

with different testing parameters: (a—c) 30 N, (d—f) 50 N, and (g—i) 200 N

20
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Fig.3 Macroscopic (a) and microscopic (b—e) morphologies and EDS spectrum (f) of Ni/Cr coating on Zr alloy surface

Kl 4 24 Zr/Ni/Cr WA R # i ORI 30 . A BSE Ni EHEE LN 13.7 M1 5.6 yum. Ni LJEES Zr
R RT DL B, A 20 SR 1 2R g5 0, AR GERA Cr iR Z MBS A%, FmiEW. M SE
WA Cr )2 Ni LEEM Zr Bk, Hd Cr ER ErpW g2 k8, Cr 1 Ni JEH3EH S, W3S FLIR A

RGN

Scanning line

10 um

4 Zo/Ni/Cr lFF AU B U ST EDS 44 45 1
Fig.4 Cross-sectional micromorphologies (a—c) and EDS mappings (d) of Zr/Ni/Cr specimen: (a) BSE diagram, (b) SE diagram and EDS

line scanning result, and (c) SE diagram after vibration polishing
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W, FEFMTRTETA HIERHLG W 4a
L#A1 245X (1) EDS 43 T3 W1, Cr Al Ni J= 34 R 8lm
HI4EfE, Hi Cr 29 Cr &R & 818 99.55at%, HAR
9 Ni, 1 Ni J2H Ni JT3&R & 88 98.27at%, HAR A Cr,
B /RTE CriRE MU R Cr R E A Ni 2 2
SRAEDVENEY . @RIMEE, CrigEBAR
ERNERY AN BV R o = A b DA IR 2 ee N s
B AR, MR EY, CrirEZMa i EN O
O F PG B, 5 SR A A B
FEMEBY, g Eh TR & 1K) Cr 182 SRR A T4
R R A5 i i 2 R], FEE AR AT B SRS TREK O
TLER MY BUER, PR O TE CriR By sl g G
HuifFH. EDS &4 R s, Zr/Ni f1 Ni/Cr [5])
AFAE— 38 W i, S0 2 B RE 43 2908 3 A1 2 pm,
EDS Mg Rt —PuFsL 7 Lidgse, NidERES
Cr JZ M Zr &4 B4R F 4 BUR A 18 Cr iR )Z B HTTR
AR, N 450 CRTTRR B O RIE Ni G s
40%, EIBE T Ni Jo & HF 5 8.

Bl 5 4 Ze/Ni/Cr W FE L T ) XRD Bl . &%
LT BAH bee 25414 Cr AT 06, 3R B9 H PTR 3k 13
M CriRZRIE, S8, X HLITEFIE Crik/=R 3
THEINi ZH Zr & &3

TR RS FE 2 PE Cr 32 R & 1 5 — BB SR xR,
T RN I 3R THDHRELRE T DA D A ) e A 7 2R i ik 72
W BERERH 77, HeAh, e R SR T RERE B 2 4 o e iR
N CrOs ZH Ay, XIRERPEERAF . K6
N Zr/Ni/Cr A FF 2 T 1 — 4 = 22 R = 48 550 R 30
Bl. aTLUEH, TEZMAHOMRE B, 3= 2R R RS
FE A5 3 ALEURE SRR TR FEME (R KA

Height/um b
25.00

2.6 2.0 Al 1.6 um, CriR)ZHFIHEEEZN 2.0 pm.
A 1) 6T B ST R R ARAROEEL, AR 701 2% (1) 3R FRL TR Cr
T2 B THHURS B 1 T RGPSt Cr 2 (17.6 nm) 012,
MK T WOLEE Cr i 2 HABER Cr iR JZE0),
2.3 NilCr #EHBERES

7 2 Zr/Ni/Cr BSR4 H R 99K IR S U R BL
JREFEF PR R IR R . TR W, F—RE2E
X 35 R IR TR AR /NI AR — 8, RIS s B
BARM . MESERER, Crif)zE (1X) g
KA FE B v, N 2.86+0.18 GPa, LU= Ni )2 (I
X)), 4 2.58+0.14 GPa, fxfase Zr ik (NI XD, A
2.37+0.10 GPa. HH T CriftJZ PRI B & T Ze B B4,
DR G 3% 2 PRI A AE T DA BSARG i S HE I AT I 52 v e Jes AT
o AL 5 R AR B BE 45 DL R YA J SR bl B 453, A BT 2E K
PRBE I A, SRR 2 . Bk 3 AN IXIRTEST
PERLCE FIR 2R SRR R, A BISNE#TF i, Cr
RZ Nk JEEA Ze BRI RTERC AR 172.86+5.12.

-
* Cr

3
=
2
12}
g
L
S
=

* *

A A 5

Cr#85-1336 Cr(1 10)‘ Cr(ZOO)‘ Cr(21 1)‘

. . .

10 20 30 40 50 60 70 80 90
20/

K5 Zr/Ni/Cr il FE R 10 ¥ 2 19 XRD &1l
Fig.5 XRD pattern of coating on the surface of Zr/Ni/Cr

specimen

Height/pm ¢

Kl 6 Zr/Ni/Cr ik 3 I =i 22 B AN AU 35
Fig.6 Surface elevation maps (a, c, ¢) and simulated topographies (b, d, ) of Zr/Ni/Cr specimen: (a—b) sampling point 1#, (c—d) sampling

point 2#, and (e—f) sampling point 3#
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Fig.7 Nanoindentation test results of the cross-section of Zr/Ni/Cr specimen: (a) indentation diagram, (b) hardness of each region, and

(c) elastic modulus of each region

104.73+2.65 1 98.70+2.50 GPa, w] W, Ni iy 2 Hfili g
Fsf A B AT Cr RN Ze Stk 2 8], HAPEA R TIRZ
AR F 22 R RORRRE I, 327 Cr if2 S Zr &4
TR e

K 8 NANEMARZECT Zr &4 £ 10 Ni/Cr 82 45
HITRIRENNAZE R . M hn#E v 50, 80 A1 100 N
i, A SE B H AT DULER 21 R S IE #8380 i
XF R BSE B, IR N SB35 5] — 80, 5 R AHE
SR, XEegh BRI YT &t T,
KRR E R AR TR

&9 A n#R AR AT A 200 N I Zr & 41 Ni/Cr iR)2
g6 RMRIRZENRE R . A SE B WK,
RIIR AT B 6, KRS B IR JE R R
7. 254 BSE EIRTLAE R, RPRFGBHILEE At
F, RESEERE O, HIREE . 0 X0 T
KUEEH EDS 434, 48R %8R, RIRNEHIL Cr ik
R B, DA AR, (ERRA A SR
P NiJoaR, HUCATHEWT, XK AAE Crif)/Z5 Ni
HEERIFIAL, N2 IR R AR, S E e
I S #2929 129 N

4.66 mm
3 05 0.5
r ¢ £l 03 i
.2
E
sl
2 0.0 0.0 0.0
=
3
0 10 20 30 40 50 0 20 40 60 80 0 20 40 60 80 100
Loading Force/N Loading Force/N Loading Force/N
8 AFMASHT Zr &4 K1 N/Cr i ZHIRPRTES . B hr B & 45 0 R A RIES

Fig.8 Scratch morphologies (a, d, g) of breakage locations (b, e, h) and acoustic emission signals (c, f, j) of Ni/Cr coating on Zr alloy

surface with different testing parameters: (a—c) 50 N, (d—f) 80 N, and (g-i) 100 N
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Acoustic Emission/a.u.

e
n

o
=3

80 120 160

Loading Force/N

200

500 um  Cr
"

9 INEEAT Y 200 N I Ze/Ni/Cr BUFE ) RIS R A 14, 24X S 43 1 45 2R
Fig.9 Scratch test results (a—c) and EDS mappings (d—e) of Zr/Ni/Cr specimen with a load of 200 N: (a) SE diagram, (b) BSE diagram,

(c) acoustic emission curve, (d) EDS mappings of region 1#, and (¢) EDS mappings of region 2#

XA A N B R 1) 2# X I AT 20 A A, SR
s KR AFAEAE Cr i JE KIEARBER B, Fordis o
DX H I N 22 0 SO A A5, X e XA I 1) 5 & Zr
TCRATAE, RN EAC KA/ NUERE, 5
FIlG AR AT LI 151 No 48 AT, Crigf2 5 Ni i 2
2 HIEEE 2N 129N, 1 Ni/Cr 25 Zr B4R 2 8]
57148 151N, ZEEZE T EDNiRES Zr 5k
E4EE 71, NiCr g2 S Zr &AL & T13tm
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Fig.11 Fitting diagrams of mass gain curves of Zr/Ni/Cr
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Table 4 Fitting results of oxidation kinetic curves for

Zr/Ni/Cr specimens at different temperatures

— B

Temperature/‘C 7 o I;x .
1000 224.43 0.66 1.52
1200 2464.83 0.82 1.22
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Photos of Zr/Ni/Cr specimen before and after oxidation at high temperatures: (a) before examination, (b) 1000 °C/1 h, and
(¢) 1200 C/1 h

Fig.12
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JLER, Zr MR HEA TR O BERERT . oxidation in Fig.14 (at%)
15 24 Zr/Ni/Cr i FEZE 1000 °C/1 h &I AdL Element 14 24 34 44
Ja A O TS . A BSE B g2 R B, iR FE i 4h Cr 37.34 47.61 32.73 48.89
(0] 62.66 52.39 67.27 50.40

FIAILAFAE 4 DAF I IX . EDS Zi50ER (I 6),

7r ) ) : 0.71
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Fig.15 Cross-sectional micromorphologies (a—b) and EDS composition analyses (c—e) of Zr/Ni/Cr specimen after oxidation at 1000 ‘C/1 h:

(a) BSE diagram, (b) SE diagram, (c) EDS line scanning results, (d) EDS point scanning results, and (e) EDS surface scanning results
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Table 6 EDS microzone compositions of cross sections of
ZrINi/Cr  specimen after high temperature

oxidation at 1000 ‘C/1 hin Fig.15 (at%)

Element 1# 2 3#
Zr - - 34.24
Cr 44.02 98.13 59.90
(¢} 55.98 1.57 4.28
Ni - 0.30 1.58

1200 °C/1 h Z8 A A B 73 X 38 Cro05 = H IR,
F UL O Ak, R AT EE R S T CrOs
HE— 3544k, 4 CrOs Al CrO2(OH), £/ 4 i 33351,
Bk Cro0s/Cr FHif 48, HARFMAIKIALE & %%, Kb
R RAFALIA AL, EDS M4 RFEME SR, O
TR O BUEN Ze 8RN, Cr iR )2 ARAEAL
R 1) Dok 2% AR S AL PO VE F CRE IR 284 T 00 2 IX 4k
o ZrO, JEFE 4115 166.1 pm). 424K &, Ni/Cr ik 2
HA&ATE 1200 °C w28V A AT B R G 7y, B
B — Dt & T 2T R
242 KA

T 3k o b v L 28 R A BT R I AT O T
P, WRATLLE W, FHZaTRFE i N EE OLE
4) W, BURARZ IR Cr-Zr B 8UZ, SR T
Ni 9% 2 B B 8 % . XFE Cry Ni Al Zr =
H S, ATLUR I NI [0 s (1453 °C) BHEART
Cr (1907 ‘C) F1Zr (1852 C), ik, iEF|HIE A
74%~85% M AL IR T, Ni B RIE [ Cr 21 Zr
G e ARy B . 454 Ni-Cr F1 Ni-Zr A (L
18) A%, Ni Fl Cr 2 [8] 6 0% 3k AT 5 i 72 B 10 LV
1M Ni 1 Zr Z [8 v DU R 2 Fh 43 J@ (B4 &4, 547

TEAR I A A (7=961 C x2=0.745+ xni=0.255), Kk,
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Fig.16 Cross-sectional micromorphology (a) and EDS line scanning results (b) of Zr/Ni/Cr specimen in the unfailed region after oxidation at

1200 ‘C/1h
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1200 ‘C/1 h: (a) SE diagram, (b) BSE diagram, (c) enlarged BSE diagram, (d) EDS point scanning results, and (¢) EDS surface

scanning results
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Table 7 EDS microzone compositions of cross sections of
ZrINi/Cr specimen after oxidation at 1200 ‘C/1 h

in Fig.17 (at%)

Element 1# 2# 3# 4#
Zr - 1.73 29.10 36.03
Cr 46.69 93.82 19.04 0.37
(¢} 53.31 4.41 51.86 63.60
Ni - 0.03 - -

Cr-Zr-Ni = JG & & A7 75 b Jn R & S0 AR 1 3 b
(T=823 'C. xz=0.686. xni=0.234. x¢:=0.080), [k,
Ni o V% 2 FI AR 3 — B3N Cr-Zr & R AE & il R
B H BV A I XU . Rk, 78 1000 C R, fE Cr-Zr
G&EE Zr &R TR NI (B 15¢) g

SEAZMIX R HEN Cr-Ze-Ni 7R R IX, AR
B B0 S 8iZ AL ZeCr, 2 HIBERE, BE#E = WM
X Ni TG 3 Pl HORS 5140, 0R Bl X 3% i v
[, AT T AR & R ¥ ZeCra AHAR X

21 N Zr/Ni/Cr iR FEZ 1200 C iR %R AL R
MO 3 K . FE IR BSE B R IRTE Zr & & 0k
PR R BT AT T Zr A & AR R 1 AT B 19
T#6 X I ERIZE X 38, EDS 72041 (R 8 1 5#) K
A DX IR R 2 5 19 H IHBR X R4 — B, Ui B
ZENIE X (5#) 22 Ni o3RI Zr 2458 Y BUY &
P& Ni X, RGO N A 5 1 A B X3k
A RKI, 18 Ni X /FAERE Cr il (74) A
W Zr M (8#) TE A AMMALSOIRA . (K 21b). H
SIS E AT A, 1200 °C R ARLEE £ R L
Mo BV XIRFIR FA/E Cry Ni Fl Zr 0K, E&EK
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Fig.19 Cross-sectional micromorphologies of Zr/Ni/Cr specimen after steam oxidation at 1000 ‘C: (a) BSE diagram, (b) OM diagram

after etching, and (c) BSE enlarged diagram
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Fig.21 Cross-sectional micromorphologies of Zr/Ni/Cr specimen after steam oxidation at 1200 ‘C: (a) BSE diagram, (b) BSE enlarged

diagram, and (c) OM diagram after etching

*8 B 19F1E 215 Zr/Ni/Cr RS EE X EEE EDS &

XA 53
Table 8 EDS microzone compositions of cross sections of
Zr/Ni/Cr  specimen after high temperature
oxidation in Fig.19 and Fig.21 (at%)
Area Zr Cr O Ni
1 59.40 1.70 24.67 14.23
2 75.66 2.34 21.75 0.25
3 34.24 59.90 4.28 1.58
4 32.83 60.20 5.37 1.60
5 63.07 2.63 18.65 15.65
6 74.80 1.02 23.44 0.74
7 34.82 59.19 3.91 2.08
8 79.70 1.50 18.80 0
9 73.12 0.34 26.54 0

AULE B SR AT, Ni LR K
AR E T ORI ST A s FE A AR AL AN B T R K

MILFEER T, Zr & &R Ni/Cr i )= H A2 N
IR Cr03 J2 B A& Cr JZH Cr-Zr 82 s Tk
& Cr 2Bt CrOs ERIAERK. Cr-Zr T EUZRIAEK
AR Cr oo &I N9 805 77 A R IE W #E . Cra0s
JEWIRERE . Ze TR Cr b AP S B Cr JZ N
P B 8 R R Cr-Zr 3 BUZ 19 55 B A
P, AR A B R R, s R
P 1) B A AR 2 R A

Ni ¥ R AE il PG dy Ze s Nk, i
Cr 5 Zr ZAMHEA I ¥ Ry #UZ, ¥ 8O¥ B Ni-Cr-Zr
Z A SR ST 1000 CRIFL SR, KILE
1000 #1 1200 CHIFEZ KA T, AEH 7 X 380 H IR 2
IR, SEAELYR ZCr M. H 2R Cr-Zr

e ZH 2T B o

O LR Zr FARRTHE, T Zr ¥ ST
0-Zr(0))Z, TR TR =44 4.28% MR, &
Ha-Zr(O)MB-Zr 1 51 Ab i A R 4L
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specimen: (a) before oxidation; (b) pre-oxidation;

(c) mid-oxidation; (d) post-oxidation
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MR 25 R IR, Zo/Ni/Cr 3R P B 40 & 2 1058 B F0
SRR ZETTT R, 2 BN: Ze Bk (BEFE 2.37+0.10 GPa;
AR R 98.70+2.50 GPa). Ni it ¥ /2 (H# )& 2.58+0.14
GPa; 314 f & 104.73£2.65 GPa). Cr i& )2 (fili fF
2.86+0.18 GPa; LM 172.86+5.12 GPa), XFh &
THERR FE L P 1) ) 2 M B TR 71 Zr & 4 3810 Ni/Cr
W Z R e
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Study on High-Temperature Oxidation Behavior of Electrodeposited Ni/Cr Coating on
Zr Alloy Surface

Zhu Li’an, Yuan Weichao, Wang Shuxiang, Wang Zhen, Ye Yicong, Bai Shuxin
(College of Aerospace Science and Engineering, National University of Defense Technology, Changsha 410073, China)

Abstract: Cr coatings on zirconium (Zr) alloy surface for nuclear fuel cladding in nuclear reactor cores is considered to be the most likely
technique for commercial application in a short term. The molten salt electrodeposition technique is expected to solve the problem of efficient and
low cost preparation of high quality Cr coatings on the surface of Zr alloy claddings. This research adopted aqueous solution electrodeposition and
molten salt electrodeposition methods to prepare Ni transition layer and Cr coating on the surface of Zr alloy substrate sequentially, and carried out
the characterization of the microstructure, the bonding force and nano-hardness test as well as the study of the high-temperature oxidation behavior
of the Zr/Ni/Cr specimens obtained from the preparation. The results show that the Ni/Cr coating on the surface of Zr alloy is uniform and dense,
and the bonding force between the coating and the substrate is about 151 N. The hardness and elastic modulus of Zr/Ni/Cr increase gradually from
the inner layer to the outer one with a quasi-gradient transition. The surface roughness of the Cr coating is about 2 pm, and the hardness and elastic
modulus are 2.86 GPa and 172.86 GPa, respectively. The Zr/Ni/Cr specimen shows nearly parabolic and nearly linear patterns during steam
oxidation at high temperatures of 1000 and 1200 °C, respectively, indicating that the Ni/Cr coating is able to provide good protection to the Zr
alloy matrix at 1000 °C. The high-temperature oxidation failure mechanism of Ni/Cr coating on Zr alloy surface is closely related to the rapid
diffusion of the Ni transition layer, the oxidation and diffusion depletion of the Cr layer, and the weakening of the Cr layer due to the rapid
diffusion of Zr along the Cr grain boundaries.

Key words: accident tolerant fuel cladding technology; Cr coating; Zr alloy; electrodeposition; oxidation
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