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Table 1 Compositions of each process solution

Step Solution composition Concentration
) NaOH 35¢/L
Alkali wash
) Na,PO, 30 g/L
degreasing
Na,CO, 10 g/L
Lo H,PO, 600 mL/L
Pickling :
NH,HF, 5gL
K,P,0, 160 g/L
Surface tone Na,CO, 20 g/L
NaF 11 g/L
o H,PO, 180 mL/L
Activation
NH,HF, 95 g/L
NiSO,-6H,0 20 g/L
Na,C H.0,-2H,0 20 g/L
Alkaline e £
Na,CO, 20 g/L
electroless ;
. NH,HF, 10 g/L
plating
NaH,PO, 25 ¢g/L
NH;-H,0 Moderate
NiSO,-6H,0 20 g/L
Acid CH.0, 5¢g/L
electroless NH,_HF, 20 g/
plating NaH,PO, 20 g/L
NH;-H,O Moderate
NiSO,-6H,0 120 g/L
NH,HF, 40 g/L
CH,O,(NH,), 10 g/L
Nanocomposite CHNOSNa 3¢/l
electrodeposition CH,(CH,),,0SO,Na 0.1g/L
NH;-H,0 40 mL/L
ND 8-18 g/L
CNTs 0.05-0.30 g/L




* 3192

W] B RS TR

555 %

JZ R TH J A AT J6 3R B4 MR s SR R 70 B B
(CSPMS5000, A O WS IR Z = 4ELH U LA AR HTHLRS
J5£ 3 5K F X5 26407 3 43 A AX (Smart Lab9kW) 73 #T L FHLZ
Y GE R R SR E ], 32 B E N Cu i Ko, B 20 kV,
HL3 30 mA, $3325 Ko~ 0.01°, F95558 A 5°/min.

SR FH S O FE 1 (HVS-1000B D IR i FR 2 A8 1
InE AT 4 0.98 N, AF FI I 1R] 20 s, AL & FLAS £, B
P . SR EE B EE AR B0 HL (MM W-1A) J3E 4T B8 2 %
PR, IR AT N 10 N, 321738 E 8 200 r/min, £F L0
18] 120 s. KRR (CSM Revetest) Mk 45 & 77, & 1k
AT N 120 N, Z A E 28 100 N/min, RIJR KA 3 mm.
K FH 4 AH R e o R T ST 5%, DA Uk H B L
A7 B SRR JE I S AT , 8 B-W A Xk S BT )
&z, = KAH/ J R* = 4*, X : o B V)38 B (MPa) s KO
LU0 W14 NRIRETE , A=P /nH , PN i 5 847
(ND, HAREFE(HV) s R AL 4%, BL0.2 mm, w L 3.14.
K H Ak 2 T A 35 CAutolab) AT AR 2 i ol L 40 4 R
R4 Bl A, Ag/AgClHLAR Ry 2 LE i, PRS2 (L B
1 em® TEIADAE N TAE AR, ¥ = B RIZ A 3.5wt% NaCl
WL IR 25 C L TP ELAZ 0.5 V, S5 E E 1 mV/s; i ik
AT ko R P R AR L B (MCCC TA0009) A A
TG TR, BT 0 03 VR 5 iR AR B TR ) 2216
RLAUL R AR AR 55 77 45, W o 58 ARV AE T B e 1) R
W, A5 37 CHEIR IS 748 T AR IB 15 75 24 h 5 A RE AT
SIS T

3 RSO

3.1 NDARMEMEAEENIETREAAMEEZMN
AFIND I INE NI IR E S HALESR S
AFM &5 LI 1B 2, RSN ND B, PUAR J2 2% 1 AR B
BRI BT R TR B2 780K M 19.60 nm, B ND
B 51N YRR 2 3R T IR VA AR 2 g 5 I ik =T iR a4
FEURS B R A s 28 12 /L W, R T A8 N~ BU 1t
FUSTES, S AH I 2 5K N 3.33 nm. 3% 2 i T ND i sp?
AT S A6 1l FETHT B o ELAL 2 R PR 5, AR DU
FE R 7R 75 A F R AT 38 5 SR SO A0 S 1 B HE 2 3R T 1Y
BU/RFAAL , AR R TIPS B2« [5]F ND rJAF 7 i A% AL
R R A B S TR R (R H UL, Y
DURRE H ND 45 0 52 4k 2238 0BT, 40 K62 7 8] g A B2
B 5 AR LRGN, 23 A RIS, AT PR RiA%
HURESR, SERREE LS R A A Z B0,
AN[F]ND 7 I 1 Ni SRR 2 XRD B L] 3, 78
204 44.48°.51.83°.76.58° 4k H B T RFAE AT ST U , 43 )t
NG [ (111)+(200) (220) & T, (111 &b T Y BEAR AL
BT ND AZLEGURM R BRI B B v, AR 3
B SR AT U6 . BEE ND 38, (100 &, T AT 5 048 56 58 2 T
S B o (L10) & TR UL G T LAY S 0 Y vy B (R 22 S 386 K
JE VRN S B SRR S IS K. 2ND
12 /L I 2 1 5 e K, diob RO d5e /)y, ND i o 42 it S
TEAZAL AR E P THEAZ R, AL R0 s 4k a4 s s N &=
I, YRR Rt 1 A 72 | ] 5 2007 1 i AT PRI R~ 2%

Pl 1T AN[E) ND %5 i 1 Ni SR U 2 S A 230
Fig.1 Metallographic microstructure morphologies of Ni-based deposited layers with different ND addition amounts: (a) 0 g/L, (b) 8 g/L, (c) 10 g/L,
(d)12 g/L, (e) 14 g/L, (f) 16 g/L, and (g) 18 g/L
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Fig.2 AFM diagrams of Ni-based deposited layers with different ND addition amounts: (a) 0 g/L, (b) 8 g/L, (c) 10 g/L, (d) 12 g/L, (e) 14 g/L,

(f) 16 g/L, and (g) 18 g/L

a1 & Ni
@00
1 <2%°>
1. Ni-18 /L ND
}‘& . Ni-16 g/L ND

d b ~

= Ni-14 g/L ND

> .

@ A S

g l Ni-12 g/L ND

~— -

E a
b Ni-10 g/L ND
u Ni-8 g/lL ND

Ni-0 g/L ND
20 30 40 50 60 70 80 90

20/(°)

I3 AN [ ND S I A Ni SE SRR XRD &1
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Fig.5 Coefficient of friction curves of Ni-based deposited layers with different ND addition amounts
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Fig.6 Friction and wear morphologies of Ni-based deposited layers with different ND addition amounts: (a) 0 g/L, (b) 8 g/L, (c) 10 g/L, (d) 12 g/L,
(e) 14 g/L, (f) 16 g/L, and (g) 18 g/L
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Fig.7 Three-dimensional morphologies of friction and wear of Ni-based deposited layers with different ND addition amounts: (a) 0 g/L, (b) 8 g/L,

()10 g/L, (d) 12 g/L, (e) 14 g/L, (f) 16 g/L, and (g) 18 g/L
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ND addition amounts
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Table 2 Fitting results of polarization curves of Ni-based deposited layers with different ND addition amounts

ND addition/g- L'

Corrosion potential/V

Corrosion current density/x107 A-cm

0 —0.292
8 -0.317
10 —0.293
12 —0.268
14 -0.272
16 —0.299

18 —0.613

3.432
8.054
6.904
2.869
3.146
5.721
56.44




« 3196 « WA EEMES TR 555 %

70} - -
Element  wt% 300 Element  wt%
6o0f Ni C 17.09 c 23.06
2 501 i i
5 Ni 8291 200 Ni 68.44
Z407 Total  100.00 o 7.16
£ 30t s o1
= 20t 100 [, N Total ~ 100.00
0 ﬂ I\ii J lljl , Ni
0 h 0=
0 2 4 6 8 10 12 14 16 18 0 5 10 15
Energy/keV Energy/keV

9 Ni-12 g/L ND U Z 3K U8 il f5 SEM BE ) & EDS iR 45 1
Fig.9 SEM images and EDS test results before (a,—a,, c¢) and after (b,—b,, d) micro-corrosion on the surface of Ni-12 g/L ND deposited layer:
(a,, b;) SEM images, (a,, b,) Ni element distribution maps, (a,, b;) C element distribution maps, and (c—d) EDS full spectra
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Fig.10 Metallographic microstructure morphologies of Ni-ND deposited layers with different CNTs addition amounts: (a) 0 g/L, (b) 0.05 g/L,
(c)0.10 g/L, (d) 0.15 g/L, (e) 0.20 g/L, () 0.25 g/L, and (g) 0.30 g/L
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Fig.11 AFM diagrams of Ni-ND deposited layers with different CNTs addition amounts: (a) 0 g/L, (b) 0.05 g/L, (c) 0.10 g/L, (d) 0.15 g/L, (e) 0.20 g/L,

() 0.25 g/L, and (g) 0.30 g/L
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Table 3 Fitting results of polarization curves of Ni-ND deposited

layers with different CNTs addition amounts

CNTs addition/ Corrosion Corrosion current

gL potential/V density/x107 A-cm™
0 —0.268 2.869

0.05 —-0.282 1.583

0.10 —-0.278 1.530

0.15 —0.285 1.458

0.20 —-0.278 4.008

0.25 -0.314 3.371

0.30 —-0.309 3.767
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Fig.20 Metallographic micromorphologies of different deposited layers

corroded by Pseudomonas aeruginosa for 24 h: (a) matrix,
(b) Ni deposited layer, (c) Ni-ND deposited layer, and
(d) Ni-ND-CNTs deposited layer
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Fig.21 Colony growth diagrams of different deposited layers corroded by Pseudomonas aeruginosa for 24 h: (a) control group, (b) matrix, (c) Ni-ND
deposited layer, and (d) Ni-ND-CNTs deposited layer
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Table 4 Antibacterial rate of different deposited layers prepared by different techniques

Deposited layer Matrix Ni-ND deposited layer Ni-ND-CNTs deposited layer

Antibacterial rate/% 56.73 62.56 90
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Fig.22 SEM image and EDS test results before (a,—a,, ¢) and after (b,~b,, d) micro-corrosion on the surface of the Ni-12 g/L. ND-0.15 g/L CNTs
deposited layer: (a,, b;) SEM images, (a,, b,) Ni element distribution maps, (a,, b;) C element distribution maps, and (c-d) EDS full spectra
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Synergistic Enhancement of AZ91D Magnesium Alloy Surface via Nanocomposite
Electrodeposition with Low-Dimensional Materials

Li Zhi', Duan Huifan', Liu Chongyu'?, Liu Guangke', Yang Wengi'
(1. School of Mechanical Engineering, Dalian University, Dalian 116622, China)
(2. School of Materials Science and Chemical Engineering, Harbin University of Science and Technology, Harbin 150080, China)

Abstract: To enhance the comprehensive performance of magnesium alloy surfaces, Ni-based composite layers added with zero-dimensional
material nano-diamond (ND) and one-dimensional material carbon nanotubes (CNTs) were prepared on the surface of AZ91D magnesium alloy by
nano-composite electrodeposition technique. The results show that the synergistic effect of the combination of ND and CNTs optimizes the
microstructure of the deposited layer and enhances its comprehensive performance. ND, as a heterogeneous nucleation core, promotes the
preferred orientation growth of Ni grains along the (111) plane, reduces the surface roughness of Ni-based deposition layers, and enhances their
microstructure uniformity and density. The high specific surface area and excellent electrical conductivity of CNTs further optimize the
microstructure and properties of the deposited layer. The combination of two carbon-based nanomaterials exhibits an excellent synergistic effect:
the grain refinement effect of ND and the electrical conductivity enhancement effect of CNTs complement each other, significantly optimizing the
deposited layer in terms of structural density, grain orientation stability, and interfacial bonding strength, further enhancing wear resistance and
corrosion resistance. When the addition amounts of ND and CNTs are 12 and 0.15 g/L, respectively, the microstructure of the deposited layer is
uniform and dense, the hardness reaches 1212.7 HV, the coefficient of friction decreases to 0.34, the self-corrosion current density decreases to
1.458x107" A-cm™ (three orders of magnitude lower than that of the magnesium alloy matrix), and the resistance to Pseudomonas aeruginosa is
good. The antibacterial rate is as high as 90%. This study provides a theoretical basis and process reference for the synergistic reinforcement of
composite deposition layers on high-performance magnesium alloy surface with low-dimensional materials.

Key words: low-dimensional material; synergistic enhancement; AZ91D magnesium alloy; nanocomposite electrodeposition; carbon-based

nanomaterial
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