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Abstract

NdFeB permanent magnets have been widely used in electronics, automotive, and energy industries
due to their excellent magnetic properties. However, a significant drawback of NdFeB magnets is
that they are easily affected by environmental factors. Which limits the long-term stability in use. In
order to effectively improve the corrosion resistance of NdFeB magnets, various coating systems
have been developed, such as metallic coatings, ceramic coatings, and organic coatings. In this paper,
Zn coating, Al coating and ZnAl composite coating are prepared by brush coating on sintered NdFeB
magnets. Furthermore, Nano-ZnO particles are further introduced into the ZnAl coating system for
modification. We focused on the microstructure morphology of various coatings, and deeply ex-
plored the mechanism in terms of corrosion resistance, stability, and magnetic properties. Further-
more, electrochemical tests and neutral salt spray (NSS) tests were conducted to systematically
evaluate the protective performance of the coatings. The results demonstrated that the ZnO-ZnAl
composite coating exhibited superior corrosion resistance, significantly extending the service life
of NdFeB magnets.
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1. 5|8

TR A RILE Sb FERESA RBR J5 T BE DR EF BRI, TR B i A R 1, DR g2 S
THHL. HAEE. WEFREFEII[1]-[3]. WIWAORIEA, KA RERT 73 N8 iG K G Bk
i A B HA G R 4]0 Forr, s LKA R SR A R B AL, TR HOR BB (NdFeB)M R, TR H
Rl =) R AR R SR L, EH T BBl BTRIRVR E AT S IR SR R T2 0
MH[5].

SR, ECBRIIA R E B Bl s Bh IR B N I i M R 22, e 2 S EURE M RE VB A [ 6] 31X — [ 3t
FEYRT AR AN RO EE M o ECBRIIA RLE R B A B B AN D S A R AR A, A [RIFH 2 ]
FAEHEALZE, TEROZTHTE R T A2 N R s, AT 51 R AL SO, g s b R [ 7] IIAEE AL
RiE, @ HhEMEREAARER R 2 A2 R BB RE 0 5l = A2 25 5g e, R i 2 E BT R VRIA
L B R EEOT, BRI R BRGNS L RE AR FR AN
T T S KR REFRAIG, AT S0 1 2% 1) AR RS ANRG e 1 o R BIIAA o) 75 i (00 4 5 2 388 52 % ) 497
AFIEHAE, FEFRETIRZEEFER. ik, RN TS E Ay LE I TR AR HEA, A
B EEMREE SN TR E.

Pemilest NdFeB WA i BE I 7729, & WA SRR I MB #riR E 9 £ A R EF B . H

B eMIEERTHENERE AR P AT e X G B — TR, HAA SRR S, X e PR S AR PR
TEMTZNH. B, ELbER AR, REPFIRERA R FRAT 7% RIERERS1% 77
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%, WEBPEARRI S R Z R, h KRS A AR MBS (PVD) S . LR
TEVELS VTR, B8, BAZAKR MRS WHEAR, et sdhiz=tligZnEE. 55
PERAS MG J0 . MRIBIRZRA, REFEAR 20K NGRS &RE . AIRE U AE SR
JZ[10][111%%.

KPR E Mt Re . BEME . W EIRABIRRE, M TIRE K BEFET L. 28
M, Gk P REGHENSNECOYET, BA™ENBUE AR, Fitk, BRSNS ZFBRT R T IA
B GE, W ZnAlIRE, DL Crf G E12]. ZnAl X2 3 B R 0 H AR EE(Zn) . SR (AD K A
HG&EuE, EN—FREMERSRE, BAEWSR. MEIE. ARBE%ERS, B 2N TE&EM
BHEIB ik, 2 ZnAl 2 S L AR R ™ B T W ek 3R i [13]. N T bRk iR E T RE, B
N RHEAERZE IR G, B RENETER . SRS Bh R, AR R R 2 R S0 YA b .
YERAPRE I INN BE 2 35 B TR E MR RS ik UL DUBT RN BE S5 . 9K AR (ZnO) A AT LR
R = BT P I U PERE[14] [15], PUEAFIDGHEALRRIE AT B AL R A B0, BsmBid k. [RIRT,
ZnO BRI HUN S, PR EIREEE . W B ERI PG 7T, sl R KUK [16]. ZnO ICRE(EHE BB, Wk
W Ze B E UG, FHRTHR BN AdRE, HE R T RIS 17] [18].

FEASCH, TR L2 B R AR R T 2% 1 DURRB iR )=, B4 Zn )=, ALJE. ZnAl H&1R
2, PAKAE ZnAl IRZEHFIAGK ZnO BRI R A E . Bt 2 REREHRE S, &S0
TAFEREEHOM A ST ERIE, 505 B ik 2 AR A v R 25 R S5 558, ATV T IR E LS
GBI RE .

2. SEOE

i I DK7730 ) FIHUAT REARBEAT IN T2, )25 BORSE 4 25 % 25 x 8 mm?® (KT FE it o A4S
an BEAT T B . BR WL il LA SRR 75 B IE Ve IS I E N THRAE , fEIRMET 20 min, HUH, 5 EHRAE
FERQ2O)FAH . WERSSREIERE . W BEA PR, 5%, ¥ OmHEFR Zn Ik
BRI, AR EEDOSE BRI, WAIRIRIEAE SR BTG, HHBNE
AT TAAL B, IR EE N 90 CIHARFF 10 70%f, DLEBRIRZETHAR], RERESEMNEE T, B
IEEE I B SR BIREIN R R A . BEE, 4REEFHE R 210°CIROREF 30 7081, DMEHFIRZHIZL
CFNE b, T 38 5 L B A Atk . fEMbiE RE R, IRE M T AR AR, T R ISR 1) 4
¥, PR . WG SE RS, AR E SR AT R E (2 22°C), ik b DR PR A IR S B0 e it Bl
g0, [FBRIZEM I — P RRE . MR EE, AR Zn RZ A BIRERIRE AL IREH
HE L EEAETS 3] ALIRJZ AR . ZnALIRB AR R RHBZ G B— 28 Zn IR, 5 )20 Al
W, BAET G E—EMEE. BRIREE, BT B EAREE, DUROR ZnAl IR)E 55
R E—RIRIERIFE G, RATRHRER ZnAl EEIRZE. 546, £ AVREBR T IMAGIK ZnO Bk
(Fif% 50 nm, FIEE 6 wt%)idid UL ERRIESHIHAS Zn 2. AlLZ, ZnAlRE. ZnO-ZnAl B &5
J2= VY TR AS [ 3R A o

JHIT X B AT X (X-ray diffraction, XRD, Bruker-AXS D8 Advance)X] ik 78 i HAE S 3R T 3E 4T Y0 AH 43
Mo SKH 3 &5 4 o 7 B 4805% (Scanning electron microscope, SEM, Talos F200X) M 24 )2 ) 2% [ TE 50
B TAERE N 200kV; #id X HHERATH X (X-ray diffraction, XRD, Bruker-AXS D8 Advance) X )2 FI¥)
AHFEAT ST . B I 2258 B A (Confocal Optical Profilometer, COP, SNEOX)JM 4 /2 i M MRS & . A1
LA WIPED & £ 4t (Physical Property Measurement System, PPMS, Dynacool-14T) 7 HT A4 R RGP RE . 1L Ab,
I LA 2 A o 3 55 AR AR, AT VP AL VR BT R i RE
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3. ER5118
3.1. REELEHSEN

Kl 1 N(a) Zn EETH . (b) AlJZRH (c) ZnAl 2R (d) ZnO-ZnAl JRZKM . (e) ZnAl R)Z#E1H
LS SEM B, (f) ZnO-ZnAl )2 ZFEMRMILHE . Al ZEM. ZnAl JZERH LK ZnO-ZnAl iR)Z £
FORTESRTC AR X )], Zn J2 3R T A i 2 2R 10 N A RN 5T o RIS AR 2 RO TE 3 rT LA 2R 2
K2 BEWRSAG, A IRAMIUHCKR B LK . BEGERIB G PRGE M, KEAWREE. Bk
ATEREREIRR T b, REGEIER T HBUD VRS, 2B IESE BH & R ER A HEN R ES
L, JERERZH 30 um, & EAN R LS AT . ZnO-ZnAl IR 2 F W T T3 NS K 4. ZnAl 52 B 2R
A G BT BEWORTBEAS A T 55 TP A O REAAR PRI, AT 400 61 Fb s 2% T ok s 7 i s 3 THT D
YR

dFeBE{E

Figure 1. SEM images of (a) Zn coating surface, (b) Al coating surface, (c) Zn-Al composite coating surface, (d) ZnO-ZnAl
composite coating surface, (e) cross-sectional morphology of Zn-Al composite coating, and (f) surface morphology of ZnO-
ZnAl composite coating

E 1.(a)Zn BRA. (b) Al ERE. (c)ZnAl EFRME. (d) ZnO-ZnAlRZRME. (c) ZnAl R EEEFIRER SEM ELL
B(f) ZnO-ZnAl 2 EEREEHE
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2 JEJR T NdFeB A (a)s Zn #RJZ(b) AlIRZ(c)s ZnAl #JZ(d)Lh K (e)ZnO-ZnAl )2 XRD 7 4f
Kl . NdFeB #4111 XRD k(] 2(a))H EE LI NdoFewB FIFFEATHIE . 1%4H/2& NdFeB /KA
BHYE A5y, BASARMSRRGE R, AT s 5 4 58 HAHXT G AN o 3 Mg 0 I8 R T B 544 k)i
WL RSB LB N ) 51 EE I g AR 5. 6 T Zn IRJZ(1E 2(b)), ZEEEM ) NdoFeuB T4 1§22 51,
WL T Zn (M EZATHE . XU Zn WIRTHTIESREER S HIETEAE, BT Zn iRZ45 R, HiRZE
AIRE RS o T MR . AW Zn 5 NdFeB 344 F1H K A4 22 OB 7220 (10 ZnO 554 [A]
WAEVIRATHIE), Ui Zn REEH S 2 b 5EM M TAE RS, ATReEZUBME NI, AR
JEERE (K] 2(0) T B R OUVERAT I,  AARI B B ALOSAT T IE, PHIZIRE T A Z 5, nThg
9 EARTE B AR, T = DR RASE ) R A B A 22 A - IR R IR JE AT 9R 2 DL & SR AR A A AE
FLR BRI E RO TR A, MR RS S5 M . fEIRE ZnALIRJZ S, XRD B 2(d) HiEL
T Zn KM EATEIE, EEHAMLE 20 L8 30° % SO°HINEE . IXEW Zn fEREH EE LN BT
TEo ZnAl IRZH AT BEAFTE ZnAl A S AHECE AR, (H AT S 06 P I8 W B 99 B Zn IR 3 AT 69 06 P i

ZnO-ZnAl iR)JZ 1) XRD EHE(E 2(e)HFR T Zn BATHIESS, SEHIL T ZnO FFAERT ST, KIRE
JRIBN T ZnO GUKBRL, H 7] RELAGK REEIS 21 70 A T ZnAl Fefkrh . R ZnO K5I ANEUE T IR)Z K
4%, XRD EREASR B om BRI Zn 75006, BiB Zn AR IGE M LB RSy, H 0T Re4kS: & FE I PR
TRYAEH . R, BEH AL AT IER ] AL VIR L& B AHAATE, 5 Zn SEEMEFHEREERT 9. 4, XRD ik
RrE] ALOHIATHTIEE, FRIAE > Al KRASFA, AT ALORYZ . XZEAMERIE A B T =R )2
PO e ANASE P . 85 RFE , XRD B S RHIA 7 IR Z NI 2 HH45 K, 45 Zn, Al ZnO 1 ALOs.
KPR Z AN AT Zn PRPERIAR R AL BEEAGAE F DA K ZnO JOURL 3G 0 A0, (i 25 TR i s ol

J7 HARBLE N R .
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Figure 2. XRD patterns of (a) NdFeB substrate, (b) Zn coating, (c) Al coating, (d) ZnAl coating, and (e) ZnO-ZnAl composite
coating

2. (a) NdFeB £#1. (b) Zn &2, (c) ALIRE. (d) ZnAl iR E K (e) ZnO-ZnAl i& & XRD EiZ
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3.2. $E @St

K 3 WEBARIKER T (@) Zn 2+ (b) Al 2. (c) ZnAl JZHI(b) ZnO-ZnAl & ZE L 14 KL EE
JEHIE MRS . 14 3(a)T, Zn 2302 R 22T H 0B 55 08 (045 105 B8 i P DU RR . X b e P A
W ORI T B R i 5 (5R B BRI Z B A 2 S8 NdFeB 41 5 445 . b Z A5, H— 7Zn 25
BARR AR M. BT EIE IR TR, BRI I R e R AR B, ARIMAE R AR, R ik
HOREUR, LA A HEE R . Rk, R RE EME A SR B, R HPP g
A, HAr X AT BE O R e B BUR AR R E S . AR Zn WRJE, 1] 3(b) TR AL VR E A R kR 2
BHRD, ABIDGARE BB R . WHHERREER MRS Zn G — @ B3R, Bh3E%E4
T o Al MR ZAE R IR vh 23 AR 3R T AR il — 58 BB BRLAR B Tl =, T2 P 0T 50235 R i A JBE
MITIEZHE— S G M. 5 Zn EEHE, ALRZERIH F i 03EGUE i Rt

F 3(c) T 1) ZnAl iR Z Bk 2L TN SR ], 48 U e P Bgb . AUAELERR > 210 R
N AR, RHIKHR ST BIR . Zn 5 Al SLFEGETRZRAEED FEESEH: Zn 38
BERIAR RS, T AL 2ER R G SR, Re G RO D B =y . BT —& B2, ZnAliR
JEAE SR AT B T TR R TR RE R Tk DT R 38 SO BB R T2 Re A A R J T A S 1
FARINBIE -

] 3(d)H ) ZnO-ZnAl R JEHE S S I HARX I S KGR, LT A B8 il = ) Ak € 85 il IR 328
RIMBAFHE, LR, NREEEDERKERE, RILEENBEMY RIER. ZnO K57 —MiH
PR E A, A B TSI E s R R N B IR R R A R PRI T R I SRR B R
PE, REfS ORI IR G5 gk A .

Figure 3. Macroscopic surface morphology after 14 days of salt spray corrosion for (a) Zn coating, (b) Al coating, (c) ZnAl
coating, and (d) ZnO-ZnAl composite coating
3. Ela) Zn R\ (b) ALE\ (c) ZnAl RF(d) ZnO-ZnAliR[E 14 RELE IF MR R WAL 5 E

3.3. AEFREMAREE

K 4 IR T (a) Zn R 2. (b) Al FR)E . (o) ZnAl E&5E )2 VLI (d) ZnO-ZnAl S SR ER =
FERMBCEBIE . 6 ZgREEHE, rRMACRIERIHEESS, MXER TR 1. Hip
Sa (AT SR RS 55 ) R AL 2 T e P52 (1 P38 A8 Ak i, 50qi0Bk R i B R T ARC AR BR B 2 s Sq (B ARURLRE FE)
BT Sa, EXFECKME SN EMBUR, Ao R TMA LIS Sz (R IEA w5 )3 7 R 1M 5t i A
SRR s B 2, RIEGRZ A3 . MRS SHORE, Zn RZREEICHE, Sz &b,
VLH Zn PURREIS), &G PRAREERE . ORI B ik o ALIRE M EORF MRS FE (Sa = 0.53 pm) A,
F ORISR, B T, HET Zn (Sa=0.57 um, Sq=0.71 pm)Fl Al (Sa = 0.53 pm, Sq =
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0.71 um)i%)2, ZnAl 52K Sa (0.59 pum)Fl Sq (0.74 pm)BAE EFHE, U8 ZnAl 32 TR ST E
4, ATRETE R 2 O kS, BN T SRR o ZnAL R JE I Sz (7.26 um) i, 2 B H R T YOW 45 4
AR K, FTREH R T I MR 2 456 JJ B8R 5 77, (AR n] Re 2 BEEREME . ZnO-ZnAl IR )2 L ZnAl
WRE TP (Sq (0.72 um)A Sz (7.17 pm)BSAIK), KT ZnO 151 NGKFTRL AT 8 18 i 381 78 i 2 FLBR $2 T
TR .

Figure 4. 3D surface profilometry images of (a) Zn coating, (b) Al coating, (c) ZnAl coating, and (d) ZnO-ZnAl composite
coating

4.(@)Zn B\ (b) Al E. (c) ZnAl EFI(d) ZnO-ZnAl R ERE = 4RI ERE

K 5 N@@)Zn 2. (b)ALJZ. (c)ZnAl JZFI(d)ZnO-ZnAl iR JZXE = 4E50 K . @I =458 B S0
PP\ 1] 350 T A o] 0 IR R B, 7 IR HE B 2 SRR . IR R R BE SR AIAE 2 1, ZnALIRZ(31.25
pm)EEH K, ZnO-ZnAl 1R)2(30.03 pm)IRZ, Bt BEA(ZnO) 1) I NI AR 22 5 m JE R, W] RRAEAb 1
WIZFLBR, $REBeEYE. RIS HRIR P 0 A 200 2 X HE RS 0 A O T S e 1 IR IZ B 1R e [#
S RPRIAZ ) LT 5A 0 BRI E R, YRS ETT, RO SRS X T 51
NI ZnO BURE MR E FLBR .
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~ir .’)*T'v 100pum . ) . 100pm

Figure 5. 3D surface profilometry images of scratch tracks on (a) Zn coating, (b) Al coating, (c) ZnAl coating, and (d) ZnO-
ZnAl composite coating.

5.(a)Zn B. (b) Al B\ (c) ZnAl B\ (d) ZnO-ZnAl 2 BXIE = 4R T ERE

Table 1. Coating thickness and surface roughness of different coating samples

1. BARHMAREE R REAEE

FE b Sa Sq Sz T2 EFE (um)
Zn )z 0.56 0.71 6.13 26.45
ALRZE 0.53 0.71 6.86 21.20
ZnAl )2 0.59 0.74 7.26 31.25
ZnO-ZnAl i)2 0.60 0.72 7.17 30.03

3.4. BALEDNR

SIANENR Z AT AR, S5 w1 6 Fas, M Tafel fhZk( 6(a))nf LLE Hi: ZnO-ZnAl ¥RZ 15
ook LA o R L LI P AR, R MR A A AT S P o Zm R PR ek AT AR AR, B R A
i FEg Pt e 72 o ALIRZIIE DAL = T Zn iR, RO FE T Zn M1 ZnO-ZnAlL IR)ZZ 18], R/t
HAE RN R Y . ZoALIRZRIEMPERE S ALIRZAAEL, T Zn iR)E, (HAK ZnO-ZnAl iRk)Z. [ 6(b)
4 Bode 5, FT /B MR BHGTRAE, TEMRAIIX (0.01 Hz), BRBURAE(|Z)Bk s, 1 BA JE ik B 4 BE 70 bk
o Zn ¥R)ERIPHPUBRE AR, RS MR Z . ALRER PR AR, BT ZnO-ZnAl
WE. ZnAl RERIHPUEEE R, RIWH RGHAIGEERE. THE ZnO-ZnAl k2, HIEE/NNZEEH
W IBR T B i, R EA LB R M RE A5 . 141 6(c) )y Bode FHIEL, AH M BWEAE X 4R 2 I FaAfef % A2 e 0 N
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PEACHREIE . Zn WRZ R ARG, Bos HEZE R E i ALIRERIMAEL Zn IREA it BRI
G ARRE . ZnAl WRIERIMEGE, B PR E T HM . ZnO-ZnAl $RJZ MR A R H oY
fide)”, RUIHEA LI AR tEABR L RE /), RIS R it fe . B 6(d) AANIE
IRIZ ) Nyquist #1128, Sk 17 ALK R I AT AL U BH(R o), RIS TS BE AR B RS 8 - B AR
K AT HEAS HLPEL(R o UK, SRR RS B Tl AR o Zn 3302 00 [ EAR a2 B EL 8 e i 22
ALIRIZRE B EAREL Zn 2K, RO B MR MYE. ZnAl SRR EAR Y B8R, R E
PR . ZnO-ZnAl ¥R)Z [ Nyquist B2 B ELAR 0K, Ui B BT A6 A% ro Bl g, T o Pk e . 23
ERE, Zn BIERAABARM GO E A SR KR M R, R R ik 5 2% . ZnO-ZnAl ¥RJZE
PHPTATE phep A i, RN TR IEIL T ZnAl BRJEAT Zn %) . ZnO-ZnAl ¥ JZ I e AT JES 1t
AEJT, ARSI R AR W RS R 3 B R B R B P v e

(a) (b)
0.5
0| ° NdFeB 1200k - © 7n
) o 7Zn o Al
001 & Al 100.0k |- & ZnAl
031 o ZnAl v ZnO-ZnAl
~
Z -0.5] o ZnO-ZnAl 80.0k
308 a
2 € o0k}
§ -10F © © O Jy— ﬁ
Qc: -1.3 o 40.0k
-15F
18 20.0k |-
.
20 0.0} 6 & g
_2‘3 1 1 1 1 1 1 1 1 1 1 1 1 1 1
9 8 7 6 -5 -4 3 2 - 0.0 200k 400k 60.0k 80.0k 100.0k
Ig [J(A/ecm?)] Freq (Hz)
(c) (@)
10
o Zn o Zn
0F o Al 40k - gV v o Al
a ZnAl o Vv a ?nAl»
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30k v v
20 F .
—~ v v
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a a N 20k - 2% T8, .
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Figure 6. Electrochemical performance tests of the samples: (a) Tafel curves, (b); (c) Bode magnitude and Bode phase plots
in electrochemical impedance spectroscopy, and (d) Nyquist plot in electrochemical impedance spectroscopy

B 6. NEIARHREALFEREMN, (2)7 Tafel HiZk, (b)\ ()7 HIARMUZBEITIETAI Bode RES Bode 18E, (d)
HEAFEITESRH Nyquist B2

3.5. HAMEEEMIR
K7 R 1A AR AN IR 7 ZnO-ZnAl ¥R ZHCERIIZE AR (1) BH 2k, Z5RE7R, P& 1 BH #iZk )1
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PoreeE e, K 7 PRSI REERESBIIEL 2 h. SR EERE R SEBMIAE ML, A ZnO-
ZnAl R ZHEARROFIME . AU B Al i KRG REAR AR /S, 97E W] 28 HOSE T A« ZnO-ZnAl
TRIZ A BB (NdFeB) E R RETE RE RS/, 2 VAR - I S by S B B 25 5 T F) 5 BR LI . %%

ZnO-ZnAl B2 FEBH TRARIE, RIRNBIR NdoFewuB MM S AL, PIIHA R0 JL N TERLE R
o HIK, BRI SR, WREERARR I A2 SINWE T IS R 8, X Tk 5 435 ¥ T W
sl fJE, ZnO-ZnAl REIERENE R, HIWIK R4S NdFeB BAAMILL, IREIEREFRIIANRENNA
AL, GRAIE TR R e M. BIE, ZnO-ZnAl R 2 RERSTE CRFFREVR JFA REVERE I BRAl L, K
TEERTH I BUR IAE 1, R ES BRI AR A 1 v 28 mT S A DR o

14 F

12 F /’_’/——f7

10 |

B (kGs)

NdFeB
Zn0-ZnAl-NdFeB

0 ] ) ] ) ] ) 1 ) ] )
-25 -20 -15 -10 -5 0

H (kOe)

Figure 7. BH curves of NdFeB before and after ZnO-ZnAl coating
7. SR8 ZnO-ZnAl ;RZRIE BH sk

Table 2. Magnetic properties of NdFeB magnets and ZnAl coated NdFeB magnets
2. WHMIRIAFIRERE ZnO-ZnAl iR Bk MR R A RAIE RE S 3

FE Br (kGs) HeB (kOe) HcJ (kOe) (BH) max (MGOe) Hk/Hcl
NdFeB Magnet 12.25 12.06 >23.38 36.88 98.2%
ZnO-ZnAl Coated o
NdFeB Magnet 11.85 11.62 >23.53 3431 96.1%
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EEEES

DOI: 10.12677/ms.2025.155107 1033 PR R


https://doi.org/10.12677/ms.2025.155107

EHA %

SE

(1]

(2]

(3]

[10]
(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Prashanth, N.A. (2022) Flux Maximization in Wind Turbine Permanent Magnet Synchronous Generator Made of NdFeB
Permanent Magnets. Materials Today: Proceedings, 49, 731-737. https://doi.org/10.1016/j.matpr.2021.05.224

Zhang, T., Yuan, Z., Wang, R., Ma, B., Mei, L. and Zhao, H. (2022) Effect of Alloy Composition on Wetting Behavior
of Sn-Co-La Alloy on NdFeB Substrate. Physica B: Condensed Matter, 636, Article 413886.
https://doi.org/10.1016/j.physb.2022.413886

Yang, Z., Wang, C., Zhang, Y. and Xie, Y. (2015) Electroplating Mechanism of Nanocrystalline NdFeB Film. Transac-
tions of Nonferrous Metals Society of China, 25, 832-837. https://doi.org/10.1016/s1003-6326(15)63670-6

Zhou, S.Z. (1999) Super Strong Permanent Magnets. Metallurgical Industry Press.

Constantinides, S. (1999) Novel Permanent Magnets and Their Uses. MRS Proceedings, 577, 255-263.
https://doi.org/10.1557/proc-577-255

Jacobson, J. and Kim, A. (1987) Oxidation Behavior of Nd-Fe-B Magnets. Journal of Applied Physics, 61, 3763-3765.
https://doi.org/10.1063/1.338635

Zheng, J., Lin, M. and Xia, Q. (2012) A Preparation Method and Effects of Al-Cr Coating on NdFeB Sintered Magnets.
Journal of Magnetism and Magnetic Materials, 324, 3966-3969. https://doi.org/10.1016/j.jmmm.2012.07.006

Bala, H., Pawlowska, G., Szymura, S., Sergeev, V.V. and Rabinovich, Y.M. (1990) Corrosion Characteristics of Nd-Fe-
B Sintered Magnets Containing Various Alloying Elements. Journal of Magnetism and Magnetic Materials, 87, L255-
L259. https://doi.org/10.1016/0304-8853(90)90757-h

Walton, A., Speight, J.D., Williams, A.J. and Harris, I.R. (2000) A Zinc Coating Method for Nd-Fe-B Magnets. Journal
of Alloys and Compounds, 306, 253-261. https://doi.org/10.1016/s0925-8388(00)00773-8

Yuan, X.T. and Zhao, Q. (2004) Progress in Research on Anticorrosion of NdFeB. Surface Technology, 33, 10-13.

Hu, J.W., Ma, J., Diao, M.Y., et al. (2004) Composite Electroless Plating Technology on NdFeB Permanent Magnet.
Materials Protection, 37, 25-26.

Cai, J., Shi, X., Song, J., Song, J., Jing, F. and Xiao, Q. (2020) Comprehensive Performance Test and Analysis of Gra-
phene-Enhanced Chromium-Free Dacromet Coating. Corrosion Reviews, 38, 445-461.
https://doi.org/10.1515/corrrev-2019-0103

Hu, H., Li, N., Cheng, J. and Chen, L. (2009) Corrosion Behavior of Chromium-Free Dacromet Coating in Seawater.
Journal of Alloys and Compounds, 472, 219-224. https://doi.org/10.1016/j.jallcom.2008.04.029

Zhang, X., Li, Y. and Wang, J. (2024) Enhancement of Corrosion Resistance and Mechanical Properties of Coatings by
ZnO Nanoparticles. Journal of Materials Science & Technology, 99, 45-57.

Liu, H., Chen, R. and Zhao, Q. (2023) Graphene Oxide/ZnO Hybrid Nanomaterials for Anti-Corrosion and Antifouling
Coatings. Surface Coatings Technology, 430, Article 128935.

Wang, H., Zhang, Q. and Li, N. (2022) Dispersion of ZnO Nanoparticles in Zn-Al Coatings and Their Effect on Me-
chanical Properties. Composites Part B: Engineering, 233, Article 110123.

Chen, R., Liu, S. and Wang, J. (2023) Self-Healing ZnO-Containing Coatings via UV-Induced Redox Reactions. 4ACS
Applied Materials & Interfaces, 15, 10245-10256.

Kong, L., Huang, K., Cao, X., Lu, Z., Zhang, G. and Hu, H. (2021) Effect of MoS2 Content on Friction and Wear
Properties of Mo and S Co-Doped CrN Coatings at 25-600°C. Ceramics International, 47, 21450-21458.

https://doi.org/10.1016/j.ceramint.2021.04.155

DOI: 10.12677/ms.2025.155107 1034 PR R


https://doi.org/10.12677/ms.2025.155107
https://doi.org/10.1016/j.matpr.2021.05.224
https://doi.org/10.1016/j.physb.2022.413886
https://doi.org/10.1016/s1003-6326(15)63670-6
https://doi.org/10.1557/proc-577-255
https://doi.org/10.1063/1.338635
https://doi.org/10.1016/j.jmmm.2012.07.006
https://doi.org/10.1016/0304-8853(90)90757-h
https://doi.org/10.1016/s0925-8388(00)00773-8
https://doi.org/10.1515/corrrev-2019-0103
https://doi.org/10.1016/j.jallcom.2008.04.029
https://doi.org/10.1016/j.ceramint.2021.04.155

	ZnO-ZnAl复合涂层提升钕铁硼磁体耐腐蚀性能的研究
	摘  要
	关键词
	Study on the Corrosion Resistance Enhancement of NdFeB Magnets by ZnO-ZnAl Composite Coatings
	Abstract
	Keywords
	1. 引言
	2. 实验
	3. 结果与讨论
	3.1. 表面组织形貌与结构
	3.2. 盐雾腐蚀实验
	3.3. 涂层表面粗糙度
	3.4. 电化学测试
	3.5. 磁性能测试

	4. 结论
	参考文献

