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Abstract

Layered Double Hydroxides (LDHs) have excellent shielding performance and ion exchange perfor-
mance. They can effectively isolate magnesium alloys from the contact of corrosive media and pre-
vent or slow down the occurrence of corrosion reactions. In this paper, LDH coatings were prepared
on the surface of Mg-1.5Zn-1.0Gd alloy after solution treatment by electrochemical deposition
method. With the help of various means such as scanning electron microscope (SEM), energy dis-
persive spectrometer (EDS), X-ray diffractometer (XRD), Fourier Fourier infrared absorption spec-
trometer (FT-IR), and electrochemical workstation. The influence of different electrodeposition
voltages on the microstructure and corrosion resistance of the coating was explored in detail. The
experimental results show that at an electrodeposition voltage of —1.4 V, the surface cracks of the
LDH coating are relatively uniform and smooth, with a small number of small particles, and they
bond well with the substrate. Compared with the LDH coatings under the electrodeposition voltages
of -1.3 Vand -1.35V, the peak area of the LDH phase in the LDH coating at —1.4 V is larger, the peak
intensity of a-Mg is smaller, and the LDH coating is thicker. When the electrodeposition voltage is
-1.4V, its corrosion potential is positive, the self-corrosion current density is the smallest, which is
8.96 x 10-7 A-cm~2, and the R« value is the largest. The AC impedance modulus value in the low-
frequency region (f < 1 Hz) is the largest. After soaking in 3.5 wt.% NaCl solution, the surface corro-
sion degree of the LDH coating at -1.4 V was relatively mild, and the pH value and hydrogen evolu-
tion amount were significantly smaller, showing excellent corrosion resistance. Therefore, through
continuous optimization of the deposition process and in-depth exploration of the coating for-
mation mechanism, it is expected to further enhance the application performance and market com-
petitiveness of this alloy material in fields such as aerospace, automotive manufacturing, and elec-
tronic information.
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1. 53|

BEERAACHE., SR R RS A, EMEHUR . IRERDE B BN AA
J N FHATR1]-[5]. 28T, BEE SRR, WO fERNE IR & S T IS i 2 5 ik,
RAE— R E PR 7 N Y [6]-[8]. [RItk, B2 myBEG & IR o ik B Ay >4 BT AR TUs Tt 72 i) 34
Z—. Mg-1.5Zn-1.0Gd &E&ENEE &M —FEZAR, BRREG RPNV, (HIE
i JEg P R A R 3R . A T 3R B SN ek B8, R R AR A B AR AR [9] L AIAEA[10]. 1k
SRR BRI AR 1255 Ab B A5 RS 2 BEFL AR

JEARE AN (LDHY IR JZAE A — P B AG MRS 2R ) T REVEM KL, TR s fb 22 Bk
(VRS FACH B J1[ 13 R0 R AT (AR PR 14] [15], TEB iR 2 AU R BLH AR B 7 77 . LDH R %6
5 4 JEmR I AR A A, A B A TR R ik, AN B35 B T 4 T ek e . b
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4b, LDH EE&—EMEIEERRII[16], REfEiR/Z MBS, H— DR EIR[17]
Kk, # LDH /E MBI T Mg-1.5Zn-1.0Gd &880, 58 SEH HL 6 bk B8 1 25 412 7T
HLAL 22 DA R (18 R LA E AT . AR AR B 5 T S Tk Ak AE 7=, ol LDH iR ZE BB k2
—[19] [20]. MBI HALZETIR, AT LATE Mg-1.5Zn-1.0Gd &4 %M B4 K 28 B /75889 LDH &
2. HEGHRmRE T2, BAETTRA GG Z SRR Z M ER LS, EREETRETTR%&
PRCUTERE RS B DURRES )L VAR R 55 SRAS R A R 2 I S RE . AN oW 3, AT SRAS B A I B S
R Bilhn, SUN Z8[2118 5T 1 R4 ALK FdkAT B PiAR Mg-Al JERUE A Y)(LDH)HE L SEEG . 2551
R, B pH E X Mg-Al LDH 5 1) sl #2 A W55 m . Y pH (EEUKR, AT LDH &5 HIE
B A BN ATE R B pH EZW &, A BT LDH /Mg, Hid&i pH ET RS
AL, SR A BRI RE . Zhao Z5[2217E4RSE R _EWF 7T T LTI Co-Al E IR XA E AL
(LDH) 3 72 & St v G . WEFC R I, DURRA (RIS Co-Al LDH HIME BRI E B m . B8 vt
RS 0] 2 SO R B, ARese B iR, mILrEGE. BEAE ORI [a] (3G 0, A5 5 5 3 i 4
K, EHEEMMMERESTEE R — e F 5 TAE, QRS GURT [A] 7T §8 2 i H I S S5
Luo Z£[2310F 50 R A= T sy A T8 9 25 85 2 1) Ni-Fe J2 IR EAYI(LDH),  #R 15 i R X L B id
FERIEM . SRR, BARIRE T, NS E0%, MRS, HA33000 LDH ML, & R K,
W& R B Ty, SO RN, RIS SRR, AR e R B T B2 S BRI S SRR, TR
ML AERE . [EAACIAE N — R RS EE 7, W] DR 3 B B & S MO H 4URI M e, R4 3L
M A LR GRS, NIESRIZH &P e, 28 LR, AR RBURH RS AR, ER Ak
S Mg-1.5Zn-1.0Gd & 43Rl % LDH IRZ RAR AU R R XS LDH ¥ 2 FHOW T S5 RI i 85 i /e
(IRZ I

2. KEMHSHE
2.1. SEEOHPRL

DA AR EE 520°C, WA 8 h ) 10 mm x 10 mm x 2 mm /) Mg-1.5Zn-1.0Gd & & (EE TR R &
SHON: Zn(1.52%), Gd (0.9%)WENFER, KIEH 600#. 800#. 1000#. 12004, 1500#/% 2000#Si C fib
AN G SR IFATERITEE, 2 Ja HToK CRE-EFEEBE S min. $1% G SN 40 g/L NaOH ¥ H1i231 30
s, DNEBRRMAIS, BOHIF B TR OB E B KM, TRERIEZERS R,

2.2. Zn-Al-LDH 2 BRI &

% n(Zn*):n(APP") =2.5:1 Fr& 3.75 g 19 9 /KEMHIRES, EH 25 mL 1 mol/L HIHIREE(Zn(NOs)s-6H,0)
W, MEBEFIK, Bl A 500 mL 0.05 mol/L Zn(NOs);6H,O F1 0.02 mol/L AI(NOs)s-9H,0 JRAEW . fi
F Tmol/L WIRSFRIE AT HIRVAW pH (A% 3.6, Roditt/a, BRI IIRVER. K =mlkR,
TAE A S B Mg-1.5Zn-1.0Gd &4, TAEMBA 1 em?, TR RN, ZHEBERCAMATH R
HIR(SCE). AL ZEDTRR 26 AR AT TR 7%, WALIE#E-13 V. —1.35V, —1.4V (vs.SCE), Uil
FBSTE] 1200 5o FLAL RS RE S 2 B G /K CBEA 258 FK bk, JFTE 45 CRMRIRIMEAR R, 13
#| Zn-Al LDH 1% )2 .

23, RERNEHRIE

KB E O X 26 IE N (EDS, AZtech Max2, Oxford Instruments, London, UK)F13% & &f 3 T
W (FEGSEM, Zeiss Sigma HD, Zeiss, Dresden, Germany)¥Wi%¢ LDH )2 2% H W &5 44 K S ESH, I
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SERRE B RN E « R X SR ATH R (XRD, Empyrean Series2, PANalytical, Almelo, The Nether-
lands)#fi 7E iR E VAR 0 o A48 PR B 2D AR S AC(FT-IR)XT LDH 3% J2 (A 25 (1) AR 4 B B 28 - Fh 2%
AT 5T

2.4. T FES i gESI

2.4.1. BALERIR

KA AL 2 TAES R E AT E A ERE IS, DL 3.5% NaCl iy A,  TAE AR
BES, ARG, A RCTAERAAN 1 em?, 2 ELHCAMATH K B (SCE). M2 %), #E4T 30 min
THE% HLAZ(OCP) I, DARERE HLAL 224k R . B R K OCP {5 EIS MR AIAIGGE LK, FESRIE N 10 mV,
FIEAR A 100 kHz~0.1 Hz. MRATE B EAEAE A Z-view BTG . S EAI AL IIZEE EIS
ZJEe, I EBAEANSE, 16£-0.5~1.3V BEER A, Pl mV/s FHEEEEE T, sk
Tafel #MHEE 1S B A S ek S R FE 8 ot L7 2 P S 0

2.4.2. BHTSIE AR

BERFEMIAN 1 em? ) Zn-Al LDH/Mg-1.5Zn-1.0Gd 32 A 3.5%[1] NaCl ¥4, {3 i e B R 81 4 T
AT AR B AR A, 12 hid K& URSCE, JEIRE pH fH, AN S RERREE 48 he
RS, 7EJETh 12h 5, WRES SIS TS . A T MR EIE TS, NS EERIHEAT 3 T
RV

3. SSWERSSH
3.1. HH5TFR Zn-Al LDH & B %EH

3.1.1. B Zn-Al LDH % E84HEE R

XA FRIGTR U R il 4 (1) Zn-Al LDH 2R T XRD 7041, HATHERWE 1 Fr. £H 1(a)
H, 20 29 10780 207 R L T A KB AT I, X0 BT R B TR LDH ¥R )2 SR 45 M A8 e 3
B2 . B 1(b) 2 E 1(a)fE 10~30°u N ORI, A AT RIS, Zn-Al LDH ¥R JZFF 1) X 2R
Aot EEAE 12.72°F0 19.48° i HHEL T Zn-Al LDH F1(003)F1(006) & TH FIRFAENE, 2R B IhHI % H T Zn-
Al LDH #%)2. @i AR PR E N Zn-Al LDH HRTH G AR S50 R, MPTREERN-1.4 V
i, BRI Zn-Al LDH AHATSHIEIBUE IR K,  HL(006) 5 I R IEIE SR o B 2% . AR, 7EiZUIR
JET, 20=30.28". 33.22°H1 35.5° AL 1) a-Mg RAEATH I SR FEAHNT 55 . £ BTk, 7E-1.4 V IUTRHE
& PR DUR Zn-AL LDH RZFE, TOIRTE & Sl 2 R 7T, B0 T A B FP 4% 4 il 4 1) s AR
Zn-Al LDH 2R

3.1.2. IR Zn-Al LDH & B AL SM RS

2 AAFEGUR L 19301 Zn-Al LDH 332 (1 B AR B2 AR O s % . NEIRTT LR H, AR
HLUAR FL R R IR 2 M0 s i e KB 1] b, 7K 7 i) O-H B4R 4R 2 A S il 4R 20 = A= 1)
RFAEIE S BT 3417 em ™ AR A1 1630 em™, 454 2924 cm™! b NO; -H,O [AIEU5EE AR 4 IR SR G, 35t
B2 KT 5402 & F A IIAFAE24]. BEAh,  NO; IRFIER IS BT 1401 em ™' &b, ] Zn-Al
LDH H i) 2 1857 3 B R K /S FRINO, » EFFEREMZE, f£-1.4V BB E 5211 Zn-Al LDH /2
R A ORI THIAR,  3X 38 BAE 1264 T 4% B0 VR 2 R i L2 TR NO; 5 22 i T 53 A b B iU
JE N IR SR
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Figure 1. X-ray diffraction spectra of Zn-Al LDH coatings with different electrodeposition voltages: (a) 10° to 80°;

(b) 10° to 30°
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Figure 2. Infrared absorption spectra of Zn-Al LDH coatings at different
electrodeposition voltages
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M EE SEM B (] 3(a), 1 3(c), Kl 3(e)REBEMERFI-1.3 V (1] 3(a)). —1.35 V (¥ 3(c)FI-1.4 V (|4
3(e) =AY T Zn-Al LDH IRZE¥ R IMRLCR, (HRMBELRAE WA A . kA% SEM |
F (& 3(b), B 3(d), B 3(0) MRS LARE i B 5 B = A RSO R N R E AR 2 Ak
TE-1.3 V HUE T (&l 3(b)), G55 Ai BARTH M550 /NBkL, (HESGUERR . XA REAE BT LTS /)
Eh SEGEIGIHA A WTF-1.35 V FRGRZEWE 3(d), HELE AomAs], KAONA—REkRS K
B/NHYFRINAAE, SEURIZNIAAER 2 B . B0 K/ 2 7 S AR URL 5 U J2 3 A 2 TR Ak m e 23
B, FEARIRZERIBUE M. MNREAARE XS EIRR RN, (HARENRG A FEER, NE
P FRARGLTE Z B IEIEIE . G B EIARI-1.4 V (B 3(H)I, Zn-AlLDH &2 2400 A fe 51, X
/R, X PO S iR 2 B RIF I e Bt R M, 7EZ RIS SR B, B0 S5 oy
BB Jy,  FRARE bl o 2 3% k2 (0 T e

5 pm

Figure 3. Surface morphology of Zn-Al LDH coatings at different electro-
deposition voltages: (a) (b) —1.3 V; (c) (d) —1.35V; (e) () —1.4V

3. AEIFEIFREBE Zn-AlILDH iREREFSR: (2) (b)-1.3V; (c)(d)
-1.35V; (e)(H-14V

3.2.2. BT Zn-Al LDH 3 BRSS9

4 NANF YT L R R Zn-Al LDH 382 3 H ) EDS #3345 3. M4l EDS Ae i I %1, Zn-AlLDH
WEH AR GRAMR. O HENFEILR, HEEDHIN 50.69%. 50.11%. 55.12%, i Al Zn JLEH
BRI 14%~27% 9%~13% 1 & &, XK PTARFTH 1) Zn-Al LDH )2 /2 AR A g 1) S S8 A 4.
B Hodt, ALTGERMEES T Zn ok, R EHERTIRIERE S, Al BFRITRE AR R, FE,
Al FIIMNA] DARE SR B2 5 5K 2 A E54 ), Mt mik E R S A . Bhoh, Mg JeEk
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H TS Mg-1.5Zn-1.0Gd A& 54k, HEEDHN 7.99%. 17.50%. 4.11%, 4UTFIHER-1.4 V I
(4 kil i 1 Mg e RS & BAR TV R A-1.3 V (B 4a)F1-1.35 V (K 4b)EER, BikaT Bl
T DU LR 1.4 V B BT BT Zn-Al LDH 3 J2 19 B FE ARG R
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Figure 4. Analysis of EDS surface sweep element content on Zn-Al LDH coating surface at different electrodeposition volt-

ages: (a) —1.3 V;(b)-1.35V;(c)-1.4V
4. FEIERAFRBE Zn-Al LDH & Z%RE EDS HHTRESENH: (@)-13V; (b)-135V; (¢)-14V

3.3. IR Zn-Al LDH iR E 89T B M1

3.3.1. BT Zn-Al LDH iR B RO (L5t sl

5 ONANENTRR LR R Zn-Al LDH &2 7E 3.5% NaCl 5780 (1) AL 22 BHAT0RE - 14 5(a) M AR ZE ks I
M AT DL 2 = FpRE S I T AP, (HECE R ZRE R . Ko, SURHBERN-1.4 V R R
I R AR . RAIIX (£ < 1 Hz) I BHPURAE | Z) o] LS B s S A ik (251, BHPUIEAE | Z )8Rk, i
JE PR . M 5(0) RIS B AT 4, 24 £ 0.1 Hz I, =Ryt s 5 T 208 i i BT 2|
439N 5340.7 ohm-cm?, 3182.5 ohm-cm?. 10150 ohm-cm?, HIULAT %0, PUARHELE N—1.4 V ) Zn-Al LDH
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WIZWIBH U B s, T S o &1 5(c) MR AE A R B = Fh e i 3 R — NI R 2. B 6
AREA R T BT Zn-Al LDH 332 FE S AE 3.5% NaCl 0 RIS PP THE (&3 i i . B R,
RFIFWBFH, R KBTI, CPE ZEMuM, FRAFRUBEZEMBEEE. % 1 ARFEPEHEE
N HLYTR Zn-AL LDH iR ZFE M 7E 3.5% NaCl I 1 AU PELATC T AR T B (400 & 45 R TR F R —1.3 Vs
—-1.35 V. —1.4 V [JHEIIRFE S Re 20508 1701 ohm-cm?. 1613 ohm-cm?. 5480 ohm-cm?, —fiMi =,
FLTHT 2 FELRHL R 1B K 150 BH % 20 SR R 7 4P RO R« 455 BHTRUE | Z R DR LR —1.4 VB ET
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Figure 5. EIS of Zn-Al LDH coatings with different electrodeposition voltages in 3.5% NaCl solution: (a) Nyquist diagram;
(b) Baud mode diagram; (c) Baud phase Angle diagram
& 5. NEEFEE Zn-Al LDH REEE 3.5%NaCl iJiRFIRALFEITE: (1) REHHE; (b) BFREER; (o

DEEEN

R, CPE, CPE,

CPE,

NN\
7 /7

Figure 6. Fitting circuits of Zn-Al LDH coatings with different electrodeposition voltages

E 6. TEIFAFEE Zn-Al LDH ;2R8I 8B 1%
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Table 1. Fitting results of EIS of Zn-Al LDH coatings with different electrodeposition voltages in 3.5% NaCl solution
F 1. TERBE Zn-Al LDH SRR 7E 3.5% NaCliARF B U ZEIENEER

Voltage Rs Ri CPE: R CPE: Ret CPEs

2 Yo 2 Yo 2 Yo
(S's™ecm™?) (S's™ecm™?) (S's™cm™?)

-13 1.358x1072 49.1 1.484 <103 0.259 11522 2371 x10* 0.865 1701 3.597 x 10* 1.072
-1.35 20.2 37.15  4.832x 10 0.631 42333  1.401 x10™* 0.889 1613 1.728 x 107* 2.659
-1.4 4422 %1073 497 2.529x 1073 0.242 14883  4.123 x10™* 0.793 5480  6.871 x 107+ 3.483

V) (ohm-cm?) (ohm-cm n (ohm-cm n  (ohm-cm n

7 NANEGUELE R Zn-Al LDH /27 3.5% NaCl ¥ P itk th2k . 8 Tafel SN &1
E Tk BT Beor A1 T T HLIRZE BT Loon 45 SR UN5E 2 Fvn. MR 2 AT, RAVIBIHIEA-1.4 V 1] Zn-Al
LDH &2 B IEM Eeors N 0.0384 V. —1.3 V. —1.35 V fll—1.4 V =FhTAR B E R 19 Bl it
B E Teon 23 990M 3.06 x 1070 A-em=2, 1.22x 10 SA-cm=> 1 8.96 x 107 A-cm=2, XTELR A1, IR HLE N—1.4
V I [#] Zn-Al LDH ¥ ZFE i 1) Lo HE—1.3 V PTRHE R IR ZFEMAK 2.164 x 10°° A-em~2, H0-1.35 V IiT
TR R R R ARL 2 NMER . 56 B AR E 8 ik B A 2% B AT DS TR U A -1.4 VB
il #& IR Zn-Al LDH 3R JERE SR s S /), i B v e RE R [26] . FHOLTT I, 1 JE il FRL i 2% 52
Teore FIT S WL FFD JE5 b B 5 BEL B 1% — 350

0

-1
— YU 1.3V
— U135V

2 — JURHLE-1.4V

-3
4 4

-5 4

Log|I| (A-cm™)

-6

-7 4

-8

-9

-1.2 -10 -08 -06 -04 -02 00 02 04
E (Vvs. SCE)

Figure 7. Polarization curves of Zn-Al LDH coatings at different electrodepo-
sition voltages in 3.5% NaCl solution

E 7. FEETFREE Zn-Al LDH (R E7E 3.5% NaCl ;&R Atk L sk

Table 2. Polarization curve fitting results of Zn-Al LDH coatings with different electrodeposition voltages in 3.5% NaCl
solution

= 2. TEHSTIAEE Zn-Al LDH ;RE7E 3.5% NaCl /AR PR L& A4

Voltage (V) Ecorr (V) Leorr (A-cm™2) Ba (V-dec™) —Be (V-dec™) Ry (ohm-cm™2)
-13 —0.760 3.06 x 107° 1.18146 10.89496 1.880 x 1073
-1.35 —0.848 1.22 x 1073 2.28637 9.09598 1.087 x 1073
-1.4 0.0348 8.96 x 1077 4.45857 5.81868 9.244 x 107°
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3.3.2. B Zn-Al LDH 3 B B985 )i

8 AARFEVIAHIE T Zn-Al LDH J27E 3.5% NaCl ¥R iR 48 h A& 5 pH 281k i
2o MEIFFATLIEEE], —1.3 V. —1.35 V. —1.4 V =F iR H K R 1) Zn-Al LDH ¥R%ZFE 5 7E 3.5% NaCl
W 48 h ], HrEUEZRA pH (H3) B EFHES, HUbrTEn, BRI R, e A
TEIZETINE . 1X A2 T NaClLIER ) Cl- BA R, SBIRRERM B2, 6 A% 2 7L
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Figure 8. Hydrogen evolution curve and pH change curve of Zn-Al LDH coating with different electrodeposition voltages in

3.5% NaCl solution: (a) Hydrogen evolution rate; (b) pH value
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