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Abstract

In order to improve the corrosion resistance and coating adhesion of NdFeB material in different
circumstances, Zn-Ni alloy coating was prepared by direct current electrodeposition on the surface
of NdFeB material using acetate Zn-Ni alloy plating solution. The morphology, composition and
phase structure of the coating were analyzed by SEM, EDS and XRD. The hardness and film-based
adhesion of the coating were tested by microhardness tester and universal material tester. The re-
sults show that the prepared coatings are y Phase NisZn;;, part of the coating also contains a small
amount of single-phase Ni. Its corrosion resistance and adhesion first increase and then decrease
with the increase of the deposition current density and deposition temperature. The surface of the
Zn-Ni alloy coating prepared at 50°C using an electrodeposition current density of 15 mA/cm? is
compact. It obtained the minimum grain size of 39 nm, the maximum hardness of 550 HV, and the
maximum film-based adhesion force of 13.1 MPa. The measured electropolarization curve of this
coating showed the minimum self-corrosion current of 4 uA/cm?, which is 15 times smaller than the
self-corrosion current of the substrate. Its corrosion resistance is also the best. Proper increase of
current density and deposition temperature can enhance the cathodic polarization, improve the
nucleation rate, refine the grain size of the coating, make the coating more compact, and improve
its corrosion resistance, hardness and adhesion. Compared with the rough substrate surface, the po-
lished substrate is conducive to the interaction and epitaxial growth between the coating and the
substrate, making the coating grain fine and the surface smooth, improving the film-base bonding
force from 7.12 MPa to 12.52 MPa, and reducing the self-corrosion current from the maximum 34
uA/cm? to 11 uA/cm?, and significantly improving the corrosion resistance.
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B B A 2 . RIS T8 A[3]. BARHF 4 R [4]-[9], NdFeB R JE ik 38 2 A 7E AR IR
PIIREE . SRS DAL B B i A o

Tl &5 FH BB R AR TR B Tk 7 VA e BN IR AR TR R VA [10] [11] WA &yt & T LA
Witk B & B e, (RS PRRRERE, 1 HRINE &R E A e R, X R T ER N . %R
215 E B [12] HUTRALSIRIE WLIR)Z (1415 . TS i 2 i A 2 s nssl, - B
P> it A E ARG G el . A HLER 2 AR PURR R P e 005, B AN i e R PR B A 40
AP BB 55 H R A R REBR 1] 1 HLAE Tolk A== i Ri A o B Al Tl - 3= 2 LA R iR 1977 207E NdFeB Rk &
Tl 2 B3 8% = . T T NdFeB BifRR BTG A Niv Cu. Zn. Sn. Cr &%, X HIAH
U Niv Zn, HAT NdFeB #2444 322 DL T TR B 47 U IR S e AR B e 70 v 3. T FH Tkl
B KA B B TR JCERA Zny Niv Cu. Cr. Sn. Au. Ag 2%, Tl BEHHRALS] [16] [17]HIT
1 Zn. FEYTER Niv FRPTEL Ni-Cu-Nio BRIz AMIF 78 N G HF FE[18] [19] [20] [21] T HPLAR Zn-Ni, Ni-Co,
Ni-Cr & & 852 UL I Ni-P AR &4 2%

FEET4E Zn B2, Zn-Ni &0 2 BA E i PUR v M 2 rkae, B sm bt F5Em » M
FAHAH L Zn-Ni & 8% 2 1m P b el Zn 9525 5 21 8 £5[22]. Zn-Ni & &8 20 A 0 R 11 /124 6E,
AIIRVELE, By TR, HEAMETEAR D, W ER, A, dEEE SV R BT S . — % Zn-Ni
B SRR T B R RGP AR, B A 2R B B A B TR R BAIG . DIRARCR 22 . TR T B WK
R AAPR AT RS IANBRACE R, PIERERE . Bk, ASieRAH RN
TR SR R AE NdFeB W AR YT Zn-Ni &892, WHI0 1 TR S HOM B4R R P2 0] 1 44 3 i FL it
1 Zn-Ni & &8 Z MBS HRZE . PUE e Re &EIEZE & TR .

2. SEBAMB R TEE
2.1. SEERFHAmANMRL

ARSI RS 08 50 My STV EAR 10 mm. 75 6 mm 1 R TR A BRI RE AR AT 9 I R A A 4, B
AR AR . LIS dhA AL SRR SALER. BIER. FTARIR. WEEREZ. WEREDA. AL,
BRERAN. + K EBERRIN. SRR, Bk, BOEOKMIR. WA, Wi, 20K, ZiEBIAHral.

22. ERHRAGEREIZE

BRI R TR T2 R R

SR 24 h (3 55 HAFHE D) —F7 5 (400 #~1200 #11) SIC WP4R) — FRS R o i Lo — e — kS HE AT s
ML — BB BRI — To 7K SR B BE(3 min) T —BRUEFR 5 — T /K £ B A B HE T —Id A — ¥4 ok
BRI — oK IR 75 T el T — FR TR — A HRoK e R 28 T — P RS A Vi DT — M BERALE

TR FHBRIREA(20 g/L). EAEALANG g/L). FEEIR AN (60 g/L)4Hm%, HFRRMEZIKIT PH &
9~9.5, 75 53y B TATAS B KK A5 DU AR 3R T 2 e S A

R 1 52 (60 o/L)RIRNR(0.5 o/L) 4L, BRVERR4% 10~15s.

TEIR S K AR (20 o/L) A ER (12 g/L) 4L, IE AT TA] 30 s,

BEVZH SN ZnCl, 80 g/L. NiCl,6H,0 120 g/L. KCI 120 g/L. H3;BO; 30 g/L, CH;COONH, 50 g/L.
FRIGER 2 g/l BEREEY 0.5 g/L.

HYTIRSHCN: IR 40°C~55°C, HLR#E 5~20 mA/dm?. pH 5.0, FLITAAR A] 30 min. JE4KR R
AN 400 #PARAT BE~1200410 4047 BE AL AR %, P HLRR IB]#E 20~30 mm,  #i#E4%# 200~300 rmp.

e i ER T AE A R B AACKERE B AR s, FEER FURRE FE 2 NS 4004, 800#. 1200470
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2.3. EEMRERIE

2.3.1. FESREEHITRLERR

ASLEGR ) JSM-7001F ZY4 4 B 7 BB (SEM) SR RAE R & 1) Zn-Ni & &85 2 HIROIESE, FHHE
L 17 I BE S A (EDS) 0 M 5 2 (4L 24 23« SR Ultima IV B4 X SR AT SH(XRD) 20 # Zn-Ni & 4%
J2 B S 25 R RS RN, SR Cu B, Kl 0.154056 nm, W5 A 5 4 20 31 80 JiF, $35# i : 0.02°/s.

2.3.2. PR

KFH CS350H A2 TAE S MR £ 1) Zn-Ni & &:95 2 1030 A A A6 ih 26 A =g i B b g . Zh s
WAl A TE = AR R kAT, P TAERCONE Zn-Ni & 8552 Bl aRE, fiiBh il AR
110 mm x 10 mm [ Pt HiARk, ZCHEBCAEANHE R ER(SCE), WHEHRCH 3.5 wtlf] NaCl ¥, 13
VLA TG HEAL £0.25 V, FHRGEE N 0.5 mV/s, SLIGIRE NS 25°C. 2 BHAL(EIS) R4 &
B EBATH—FE, AREEE R R R T B AL AREAE 10 mV LB IFRAIIR, ARy 10°°
Hz~107 Hz, ZHIESZIEIRMEHN 10 mV, FIFEE SRR X ek 30L& 3K 15 B bl e 7 (Ecorn) A [ JE8 ok . 97
(Icorr), >KH ZSimpWin 2 4E%F EIS EIHLA H #4552 B BH Rpo

2.3.3. [RELESHFEEMR

K F YH-1000 Jj fe Ak sSeai ot ek 588 2 2 [ 454 J1d A7t (6 F 2 bk, RIAAX P =
FIS, PGy, FRAMEZESHG TRMATARIN Y, S 2B, KA HV-1000 & fE
FEVHIAAEE 2 R, AR MR AR E AR, 5118 E 5 MBS IR, BCEEE R
FIRERE, LLHV 25, AR5 200 N, f0JErHA 10 s.

3. &BR5WiL
31 HRESEENRMURERMAL S 24

K 1 AR T ZSE R #%0) Zn-Ni 521 SEM B, SRR JTREEE N 55°C. iR A
30 min i, REHEALEE FH& 082 A 1@)~(d), WESRATLUEH, MER%ER/INNHEEE RN 5
mA/em? i, EEELA S 82 B2 WK BURE AR 1(a)), X2 T BRI AL i 55 S BURAZ Th R
BRI F BRI, 39 ERREA S, R e AL, BRI A fLE, EDS M43 Ni
FEON 26.16 at%. 4 FLIE R K E] 10 mA/Ccm? i, BIMRAR AL NG, RE AL DSR4 AR A, Al
P 2 SR AR S AN B (L 1(b)), WK UKL 7 Caid ok, HEEIB Wi, JLBRR T, PEAEE N
PEATEEE . 4RI ARSI KB 15 mAJem?, i 4% D% 2 S T LA 2R SR AR, XA g 2
T EARRITEAL R KT A K IR 2 bt — S aib (L& 1(c)), SR %N 10 mACcm?
IS o) 4% (B 2R A FR T YRR A R K F] 20 mA/em? I, IS K R HL U T R SR B R TR
T HE NI A4 2 3R T AR (B AA 2 fLA B (LA 1(d)), FLBRE R KT

FESEARM S . PURRE ] 30 min AL 25y 15 mA/em?® N, FIASIR] ) FEL OB R S 45 (1 9 2 . 35
Bl 1(e)~(h) A, 4 PTAIRE )y 40°CHE, BARAITAR IR B 5 80T BUR FIUTR U 2 i (6 7395 2 AR KA
SERE, BEEMURHR. B2 L. ABEATEEOLE 1(e); MHITRIRE N 45°CH, WA 1(HFx,
FE R i S TR R 3G A A48 2 AR KR, 95 2 FLBR R T 46 T B B AR 80%,  (F0RL (R A7 SR A V) %
FAAE: HHTIRIRE N 50°C, Wk 1(g)fx, HEBRAAFHS) . B 568, UKL EE I 2%,
BUm A BRI HR IR EE )y 55°C, InlE 1(h) s, Bem DT A 88 = ki AR Kl R
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Figure 1. Surface morphologies of the Zn-Ni coatings prepared under different parameters: (a) | = 5 mA/cm?; (b) | = 10
mA/cm?; (c) | = 15 mA/em?; (d) | = 20 mA/em?; (e) T =40°C; (f) T = 45°C; (9)T = 50°C; (h) T = 55°C; (h) 400%; (i) 800%; (j)
1200#; (k) Polished

Bl ARIESHTHIEH Zn-NiEERERE() | =5 mA/cm?;(b) | = 10 mA/cm?;(c) | = 15 mA/cm?;(d) | = 20 mA/cm?;

(€) T=40°C; (f) T=45°C; ()T =50°C; (h) T=55°C; (h) 400#; (i) 800#; (j) 1200#; (k) Polished

FEYURUIRE N 55°CH, FLIREEE N 15 mA/em? T, U] 30 min, AN [ & (4K R B BT 4595 2 T 30
W 1(h)~(K)FTR, SRR BRI S AFTEE . b5, Hl& 82 RETEFARLL, X0 FE H
AN SR B AR RS P2 A 2 e it (19 AR K T 2 N T A9 2 AR R TSR AL o 45 5 359 Dy Ly U TR S0 4 e
WORL[R) S5 255, WOk DL —E@ M dn A, s mmilig. geE201E 1) B 1(h)ME 1I)VEMR TET
(8% 2 T30 tH AN R, R RS2 7EA [RIAAE: it ) 8% b R e A0 P R AN 2 T 1 7 B P 9 A R 5 380 o

K LHHT TARSETHIE M Zn-Ni 9521 Ni & &8, 7 UUE H, 88210 Ni & &7 19.7 at% 3] 26.16
at%yu [, BEAE HAUE R T, B2 NI S EEAN TR, X0TRE2 T PIRATE R BRI Zn-Ni 5
WA S B, BEAE T U S A B FERA AR B R HY 2 2 B3R T Zn(OH), AR R, TEMTEER
TR B Zn(OH), 25 7E FARE AR S L, BRI R 20585 Zn® BOVTRY, (B2 BRAS NI ODTRL[23]. B 1 T4,
BE TR AN =, SRR NI S s n, 102 RN G U TR T s, — TR R E
Frin, AR A PR A ARG, X6 NP WFT A IER, WHERS, B—FmiEEr
T AT EUR SR BEAS T DA & 8 B T TR S BOR ZEMRAAR R, BHAS T R8RSR TR M
17, AR NP EBMUR. B 1k, SRAAFE B 5000 &M 43T B i 3 A s e i 364k, Hil%&
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Table 1. Ni contents of the Zn-Ni coatings prepared under different parameters

F 1. FNESHTHIER Zn-Ni EEH NI 5=

2% Ni Zn U Ni Zn b2 Ni Zn
WHEIE ey ony R e ey BWITERE oo oy
5 mA/cm? 26.16 73.84 40°C 19.70 80.30 400# 22.53 77.47
5 mA/cm? 24.14 75.86 45T 21.82 78.18 800# 20.95 79.05
15 mA/cm? 23.86 76.14 50C 22.22 77.78 1200# 22.43 7757
20 mA/cm? 21.93 78.07 55°C 24.39 75.61 Pt 22.75 77.25

3.2. RS ESERBEM I

2 45T OR[E L4 T4 SR 2 1 XRD B . 18] 2 T LLE LT 5% 2 A S5 0 0
SIN y HE NisZny, £ H B (600) HH A A K HRE £, 50 & S0 A BRINAEAE . A W78 [24], Zn-Ni
PR NR—) y A, HTHNRMEESEREY), FRFHAIIFet:, Himm & . W
2 BB, HTARESSREEMBEAEE n M <y M <o, WREZANEMEWNES, FOYHH
HARFREE s, SeeA 12 B2 5 SR i fit, BT HUR MR, Mk Zn-Ni &8 HBE—1 y
ARG, o b= A, T e 2R EE . FTA Y XRD EIE, 7€ 20 M RN 42.5°H 62.5 4
HSH BT (330)F1(600) i THI - A L4 2T 44° /2 A7 L 1 THCo A2 77 (1) Ni(LLL) g T, BB R B T 4o
XAl g T AEBAR FLIR 25 5 mA/em? AT 10 mA/em? R, 55 1 BRI Ak (545 Zn-Ni 55 JL0TR S R4
55, fE15 NPT L m R B IO PG SE 55, DRI N OMTH R 2, X80T Ni . fifedt
U FE 40°C R, B AR LB — 7 T ) B 2 Ak 55 5 SRR MR 55, 177 N (T AR L b Zn? B 3 25,
KEART NEHIHH, B, AROREREMR, XS FH NIPEREEA Zn-Ni &
S, AR NI RT3 B NI I

it 2
Temperature:55°C (a) Current density:15mA/cm? (b) Current density:15mA/om (C)
oNizn, NLZN Temperature:55C *NiZn,,
3 57021 ;
— oNi —~ oNi - . *Ni
S |20mAiem? (330 +(600) 3 | s5c +(600) S |Polished (s30)s +(600)
<‘:. A < (330)¢ <
= 2 > = [1200#  (330)s l +(600)
7 |1omAem” 30y +(600) G |50C @30 | Z
% % +(600) «g 800# (330)¢ l +(600)
= [10mA/cm? (330)s o(111) J.(eom = |45C (330).k Lo =
N— (600) 400# l +(600)
5mA/cm? (330) o(111) _, +(600) 40°C  (330)¢)(111) ,e(600) (330)
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26/degree 20/degree 26/degree

Figure 2. XRD patterns of the Zn-Ni coatings prepared under different parameters

E 2. FRISHTHIEH Zn-Ni §EZH0 XRD B

M 2(2)rT DUE Y, BRARAEE 4% (600) L a4, ELRH A [TA% FRIA % FE IR AN BT 389 0, (600) [T (14 e 54
TEAWIESE, XA AR T RS K S8 2 A KRS . 76 i B RAREA Ni(LLL) & P, 24
FLI 2 BE S N 15 mA/em?® 2 Ja Ni(LLL) ST 2%, BT B AR AR A Fr 28 o (e A S o SR IR AR 8 S 850
BEZ NI S8 RK, PR N — y M NisZny. MK 2()EnT LG H, HEEFHER, (600)F1(330)
T P W 5 LG PE AN T I 8, 30 B 2 v JL P A 2 B A 2 (600) T I ) 2R 4, (HFE IR FE LR, AR i
RAEFE T NiQLY) B ARRIREEE T 8% XRD JLF-H 72 R 3 H 1R 58 (1) 4% (600) 1H1 HX ] A=

DOI: 10.12677/ms.2023.134036 323 PR R


https://doi.org/10.12677/ms.2023.134036

PER 5

LG A R AN ORI B AR s, Rk, A Ni(LLL) [ H B
K 3 BB R Sk R AIRE RS BE H TR S50 A8k, o RST 2R BE XRD 1511 (600) T 1777 4
] FWHM, H Scherrer A1) R iHH AR & S92 M b R~ .
KA
~ BCOSH

. H K A4 Scherrer #%(HX 0.89), D A&tk R~F(HAZ: nm), B AR v FE (AL rad), O NATH A,
A RN X2 . HH AT D b B G Al B A R PR IR 2 ), AR AR 35 A0 b FE TR R — B

FEAS [ HLIRL 25 B2 R o) 4 OB B8 2 AR R ST LE 39 nm 3] 57 nm 22 J8], il 7E 509 HV~548 HV. [ ]
PR AR B BN, AR E SRR ST S N E R, YR A 15 mAem® i, BRI K SRR ST
/A 39 nm, TR R B IR BRI Ak S N R RS ER I K. X T AR T L
TR RIS, TEARThEZRAN, SRR IR R TAL R SEUR AR BTN B iRt 2 B K )
15 mA/em? i}, TERThERIE IR T iR i A K IhaR, D52 SRR (40 ME S Z R R 3t s FRY TR B
JERE— PR, T, EERM SRR T 8 It R, sk A KA .

M

. F62

. [ 560 P F102

5501 Temperature:55°C (a)—eo 600 Current density:15mA/cm? (b) o8 Temperature:55°C 2 (C) Fdoo

sao) o Crainsize 'gg T “ Grains 166 5401 Current density:15mA/cm jgg
) r rain size = —
= E -~ L4 E —~520- Hardness o, 92 £
< = 2 500 < \_ £z N 90 €
=0 fs2 0 = 162 < 500 88—
2 [s0-5 @ 2 @ g o
2 @ ® o [N @ 4804 84 N
o \ f48 ¢ @ L] 82 @
5 520 [46°® 5 4004 [58.S £ 460 80 c
S Hardness . L4 (3 5 © ° ;g T
5 a0l k76 O
T 510] \ , 422 T 560 T 440 (a0

[40 300 Hardness 54 420 14

3 Y N\ 3
5001— . - %8 : . . —Ls2 4004 Grzfm . , 66
5 1_0 ] 15 ) 20 40 45 50 55 4004 800# 1200#  Polished
Current identsity (mA/cm®) Temperature (C) Surface conditions

Figure 3. Hardness and grain sizes of the Zn-Ni coatings prepared under different parameters: (a) Current density; (b) Plat-
ing temperature; (c) Surface conditions
E 3. TRISHTHIERN Zn-Ni ERNEEFRAE(QBAEE; DBEEE; OFRARS

HH P51 3(b) P, AFERE)E R RH BB 7E 53 nm E 65 nm 2[R, BETTRNEE R EAemUh SR, B
B HIREZAE 315 HV £ 550 HV Z A, FFREIR LK BTl AR08/ . 2 PTARIR Ey 50°C I Sk R
P f/N 53 nm, U A RE IR B Bk 550 HV, W INECE (14 1(9)). XA RE TR S B UA &
MIREE B, PR R FEEZ SRR, BT R, RREEIE S, e T Hassh ik
1S AR MR ZE A I R AR A% R BT, RERPZ dRiantt, RS- m . iR i i, #r
SUR BN AT R B T R RS2 B, B SRR, PR AR R

FEAN R HE A RE 52 T I A5-4J2 1A) o P A S AR P2 B I i), R MR P BB RS 1
W65 3 R MR PERER . X AT REAERIRE BRI, SRR, BT TR BB o7 R
ZAE ARG, AR B, IR RO RO, SRS R, BRI A KR
JT LIS B LU A Y ok, A 2 B P
33. RUAEERAMIE it

4 ANTRIZHOT il 46 1 Zn-Ni %2 SR A4 AE 3.5 Wi S BAVE VU B T A 1) Tafel fh2k ],
2 NEHRIER Y Tafel AL A S BN E SR, a2 kUL, IR RN, SR A K
g, WA 2 AIAL, 2 HTRR B L R IS, 2 2 R K B R R S A R g
HIRTTE (120 BT el 1, AR IR 26 P 15 mAVem? s il 41K Zn-Ni 952 SRS S/, O S i 850
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SRR LA 5/ B ok LA i P R ik L s, OIS PV RE AR s 4 PR DTRBR T, Zn-Ni AR B
At PR B Bl F AL SR /N R, TS ) 23 eT L, BRI P DA 50°C I i) 25 B S kLB B /DN, O
PRECE, WA RN BRI, JURMYER R . 5 BERMERRAR, BEE PRGN
Zn-Ni 224 I B Rl RO 2T i, SEIRIR VSR A, BRRIEE Y 55°CI,  H R R R R
X Re R TR R R TR PR AL RO A T A, SERALA L. MR 2 IEFTBLE Y, bR H
HOERRS, H8 PR B B TR ETHE S, SRR G Bl g (R RE A B R R R
A P R e I, DU PP RE SR o PR RO TP 0 A g, SRR BTl 2 BB ok RO e, 3R
BREF AR 4R,

—— 407 K 2 -0.3
0.2]— 5mA/cm?2 Temperature:55°C (a) 051 222 Current density:15mA/cm (b) 04 —400#  Temperature:551C (C
— 10mA/cm: o 1 ——800# C ity:1 2
—50C urrent density:15mA/cm
041 — 15mA/em? 08T 0.5 — 1200#
2 —~-074____ - ——~ -0.6{ — Polished
— — 20mA/cm S Matrix > —— Matrix
S “089__ Matrix EJ" -0.84 I 0.79
W oed Q 091 Q 08
8 ' D Lo @ -09
o Y] »
g -1.04 > 1] 2 1.0
w w114
L
-1.24 127 1.2]
1.3
1.3
1.4 T T T T T T T '7 '6 }5 '4 é '2 '1 T T T T T T T
8 7 6 5 -4 3 2 A - - - - 2 - - 7 6 5 4 3 2 A
logi (A/cm?) logi (A/lcm<) logi (A/lcm?)

Figure 4. Polarization curve of coating under different parameters: (a) Current density; (b) Plating temperature; (c) Surface
conditions
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Table 2. The Tafel curve electrochemical parameter fitting results of Zn-Ni coatings prepared at different process conditions
2. AEIZHHTHERHRERN Tafel HEBUFSHUESLER

S R B SR |EuheRR AR Sl gUEtheR AR

ZH (uA/cm?) BENV) S5 (uAJcm?) BIE(V) 3% (uA/cm?) R (V)
5 mA/cm? 23 -0.79  40C 26 -0.92 400# 19 -0.76
10 mA/cm? 17 -0.74  45C 9 —0.86 800# 21 —-0.77
15 mA/cm? 10 -071  50C 4 -0.81  1200# 34 -0.78
20 mA/cm? 21 -0.76 55T 15 -0.77 e 11 -0.74
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Figure 5. Adhesion strength of coating under different parameters: (a) Current density; (b) Plating temperature; (c) Surface
conditions
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Figure 6. Surface morphology of fracture surface of coating after drawing: (a)
5 mA/cm?; (b) 15 mA/cm?; (c) 40°C; (d) 50°C; (e) 1200#; (f) Polished
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Figure 7. Mode of coating interface [27]: (a) Failure mode of coating interface; (b) Drawing crack model of coating
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