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ABSTRACT: The work aims to obtain the best green chemical passivation process of cadmium plating layers by studying the
electrochemical properties of green chemical conversion films of cadmium plating layers. The cadmium coatings were
electroplated on the surface of 30CrMnSiA steel through the cyanide-free cadmium plating process, and the green passivation
treatment was performed on the cadmium coating on the surface of 30CrMnSiA steel in the solution containing phytic acid and
sodium molybdate, then a composite chemical conversion film was constructed on the surface of the cadmium layer. After the
effects of sodium molybdate concentration, phytic acid concentration and treatment time on the electrochemical properties of the
green passivation cadmium plating layer were studied in 3.5wt.% NaCl solution, the green chemical passivation process of
cadmium plating layer was obtained. When the treatment time was 10 min and the concentration of phytic acid was 1.0wt.%,
with an increase of 3% in the concentration of sodium molybdate, the open circuit voltage value of the sample first increased
from —0.741 9 V to —0.739 7 V, and then decreased to —0.761 1 V. And the charge transfer resistance R value and corrosion
inhibition rate also increased from 2.34 kQ-cm?® to 8.79 kQ-cm® and 72.9% to 92.8%, respectively, while its self-corrosion
current density Jy, first decreased from 81.47 pA/cm? to 6.887 pA/cm?. If the concentrations of sodium molybdate and phytic
acid were 2.0wt.% and 1.0wt.%, respectively, with the increase of treatment time, the open circuit voltage value of the sample
increased from —0.755 9 V to —0.729 5 V. Its R, value first increased to 6.68 kQ'cmz, and then decreased to 5.28 kQ~cm2, while
its self-corrosion current density decreased from 16.26 pA/cm’ to 4.527 pA/cm®. When the concentration of sodium molybdate
was 2.0wt.% and the treatment time was 10 min, with the increase of phytic acid concentration, the open circuit voltage value of
the sample decreased from —0.739 3 V to —0.756 1 V. And its R, value first increased to 6.68 kQ-cm?, and then decreased, while
the self-corrosion current density J,.; value first decreased to the minimum value and then increased. Compared with the
cadmium coating, the samples treated with the chemical conversion coating have higher open circuit voltage, larger charge
transfer resistance and lower self-corrosion current. The green passivation process for the surface of cadmium coating has good

corrosion resistance and low cost concentration. The sodium molybdate and phytic acid are 2.0wt.% and 1.0wt.%, respectively,

and the treatment time is 10 min.

KEY WORDS: cadmium coating; chemical conversion film; corrosion; electrochemical; impedance; polarization curve
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Fig.1 Process parameters and sample numbers for preparation of sodium
molybdate-phytic acid chemical conversion films
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Fig.2 Macro- and micro-morphologies of cadmium-plated samples and SMTPA-2/10/1.0 treated
samples: a) macro-morphologies of cadmium-plated samples; b) micro-morphologies of
cadmium-plated samples; ¢) macro-morphologies of SMTPA-2/10/1.0 treated samples;
d) micro-morphologies of SMTPA-2/10/1.0 treated samples
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Fig.3 SEM images of surface and element distribution maps for SMTPA-2/10/1.0 samples: a) SEM image of
sample surface; b) carbon element distribution map on sample surface; c) oxygen element
distribution map on sample surface; d) phosphorus element distribution map on sample surface;
¢) molybdenum element distribution map on sample surface
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Fig.5 Electrochemical impedance spectroscopies of samples when treated with sodium molybdate compound
solutions of different concentration: a) Nyquist plot; b) Bode (magnitude) plot; c) Bode (phase angle) plot
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Fig.6 Equivalent circuit diagrams of electrochemical impedance spectroscopy for samples in
3.5wt.% NacCl solution: a) cadmium-plated sample; b) chemically treated sample
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Sample cd SMTPA-1/10/1.0  SMTPA-2/10/1.0  SMTPA-3/10/1.0
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(CPE-Y,)q/(mF-cm2-s™) 9.63 11.1 3.00 2.63
(CPE-n)q 0.800 0.893 0.628 0.586
R /(kQ-cm?) 0.635 2.34 6.68 8.79
NR% 0 72.9 90.5 92.8
2107 3.84 0.488 1.32 0.439
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Fig.7 Potentiodynamic polarization curves of
cadmium-plated samples treated with sodium

molybdate conversion solutions of
different concentration
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Pl (8) TFRAAb ARG AL R A S8 ik A1 ] 35 110200
0
gy = Jeon ~ o ;J T % 100% (8)

corr

MFE 3 A1, SMTPA-2/10/1.0 1A% (1) )i fd 41 1)
FRK, H56.2%. ULHISEHIREI B R A B — 2 H
J&i . ARSI i ok 0 B AR R S . SAREEZ
FEAR AL AR B, (0.082) AL, fh2ifk b ki Bgs
ZHI BRI R KT 0.1, X R EFE L
il 7 BAM R N SRR . A, FREEE ML R, A
1.97 kQ-cm?®, 24k 2 AL B4 BRS04 B Ak FEL B3
WA, BT 3.6 kQ-em®, PEIH R b 2456 AL ik b P BE
PE R B R ARy, el 2 BT R e T o B
FRTR BT E B3 A, IR AL FL LA 4.69 kQ-cm?
B 3.65 kQ-cm®, & WITEHHBRAN B9k B 35 5] —
FEAE GRS, &S 8= AL AL B T R
K, i A

M _F TR 2 B T T, SMTPA—2/10/1.0 1 SMTPA—
3/10/1.0 4 BT fa i i) 3530 R 90.5% 11 92.8%,
SMTPA-2/10/1.0 Fi1 SMTPA—3/10/1.0 I H5 Ak JE& b 417 441
KA R 56.2%F1 53.7%, FEIH AT 1) T 8% L %
L ARBLAG H A 2 BT IS AR A I 2K o 33X 156 24 4H R B
JFEAR Y BUN 2.0%42 5 2 3.0%0F, §8 21k 2F A IR )
it JE i RE 13T, R P AR, Z R IR 2SN
2.2 AbIF R E) 3T R a1 BE B 22 i
221 EERFEHEE

MEHBRAN ) T 0 B0h 2% . FEFR I o BN
1%, f2Fi AL BAL BT B 43504 5. 10, 15 min A,

X IO ) )22 2 T A~ e AR R it 235 0 SMTPA—
2/5/1.0. SMTPA-2/10/1.0. SMTPA-2/15/1.0, ¥'&

#3 FERAHEFEREHBNNERLBELEFENBARELNKDEER
Tab.3 Fitting results of potentiodynamic polarization test of cadmium-plated samples treated with
sodium molybdate conver sion solutions of different concentrations

Sample EeconlV Jeor/(WA-cm?) BV BIV R,/(kQ-cm?) /%

cd —0.841 15.74 0.082 0.570 1.97
SMTPA-1/10/1.0 —0.933 8.147 0.173 0.178 4.69 48.2
SMTPA-2/10/1.0 —0.999 6.887 0.132 0.153 4.47 56.2
SMTPA-3/10/1.0 -1.081 7.289 0.112 0.135 3.65 53.7
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&1 8 BT/ o AT 8 R, Cd 9 2 AT FL R —0.816 0V,
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AR o BEE AL BRI ] A K, A fb2E 5 A I U
B FF % B K —0.755 9 V ( SMTPA-2/5/1.0 ) 4 &
—0.729 5V ( SMTPA-2/15/1.0 ), JTB&H T # A, Tl js
THURE Ty, PRI DT % R R ) A SR R, Ab B
15 min {930 ELA P05 A0 TRl
222 ERBAZFMEMIE

PERRY 30CrMnSiA FRIARE 284 AN [ of ] Ak 2% 7
AR B AL B 5 1) LAk 2 BEBT 3 T A 9 7 o Ak Nyquist
B 9a) nl UL, A 1b2F 5 A0 IR X N7 1Y 2 BTk
LR HARPEZR K. K 9b AIAT, FESIFEN 102~
10* Hz A}, BH3T G 25 A BRER i) 4 4E K 52 72080 R B 84
B E 9 nIH1, FEREAL2EE AL AL BRE R T,
52 R AL A T o TR R U2 B AR A A, R 2R R AL
FEELAT B 4 85 b A 098 B )2 L 2 1 M R RS 1Y) i
PR d e (& 6b ) X e A=A BH P iS e AT 1A 4
Mr, 5RWNEE 4 iR, I 4 AT, S409%)2 00 i far

FERSHLBH R M EL , & T A 5 AL R R 1Y R 2938 K
T 25 R AL AL B | SR8 2 (T8 1h E 175
FIHE5R Bl AL PR R AR, IARRRY R, B RE
BKAE (6.68 kQ-cm®), SRIFHEZE 5.28 kQ-cm®, KA
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Fig.8 Open circuit voltage values of cadmium-plated
samples treated with sodium molybdate-phytic
acid compound solution for different time
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Fig.9 Electrochemical impedance spectroscopy of cadmium-plated samples treated with sodium molybdate-phytic
acid compound solution for different time: a) Nyquist plot; b) Bode (amplitude) plot; c) Bode (phase angle)
*4 ERAFELERN-ERERAELCERRNEEHNEULEERIENSER
Tab.4 Fitting results of electrochemical impedance spectroscopy of cadmium-plated samples
treated with sodium molybdate-phytic acid compound solution for different time
Sample Cd SMTPA-2/10/1.0 SMTPA-2/10/1.0 SMTPA-2/15/1.0
RJ/(Q-cm?) 25.10 22.51 19.82 6.96
(CPE-Y,)po»(CPE-Y,)co/(mF-cm 257" 0.446 0.016 1 1.63 0.0419
(CPE-n)y,,(CPE-n),, 0.653 0.892 0.835 0.891
R,o/(Q-cm?) 440.16 70.49 105.91 48.65
(CPE-Y,);/(mF-cm s ™") 0.124 0.463 0.110
(CPE-n); 0.693 0.537 0.997
Ry/(Q-cm?) 356.37 121.52 82.11
(CPE-Y,)q/(mF-cm 5™ 9.63 1.92 3.00 1.11
(CPE-n)gq 0.800 0.585 0.628 0.542
Re/(kQ-cm?) 0.635 4.22 6.68 5.28
nr/% 85.0 90.5 88.0
21073 3.84 2.66 1.32 3.32
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A TR, Bt AL R[] A E KRR A Tk B o
JeBE KB B KA (90.5% ), SRIGREZE 88%, FUIALHE
IFE2Y 10 min A9 SMTPA-2/10/1.0 ke HA & KHY
R FUSHAMSIZ, X RPN K, 7EmE2
RIA B UTE B TE B (AL 22 AR s Ab BRA fa]d 1
N2 5 B0 2 e 1w BUCFL S ik, DT R A B 2 1) Bl
divERE, PRI, ALBRESTE] L 10 min 2247 0 HL,
2.2.3 EERFBARL L

P2 R E I R AL B S 7E NaCl (3.5% )
M AL 2 AN 10 s I 10 Af %0, Ab R
B () AS ] A AR 1 B R Ak 23 350 v T 0 )2 %) PR AR ARt
R R AT A R B8 2 7 B, Ak el 2 v 1) )6
g R A2 B HE . WP 10 FTas, SR Tafel SMiEE Al
K (7) AT, FREERNER S Ui, kS 1]
L, SRR B R AR L, AR A
Ak B S R] R R B S T R B Jeone I RAET
AR FRRE Bk s, SMTPA-2/5/1.0 AL Jeor W8 IR
K, VLA 5 min A9 A0 B[R] N BE 6 A4 J2 14 T 6 1ok
RE NS R0 aR, RS, HE AT 1K
TRAEAY [ G 1k L I B 2 4.527 pAlem®, BN, M

R AL LR B, S RPEZ Rtk HL BELAR 1

SMTPA-2/5/1.0 AR R, W AR RFAIR o Bifi 2 Ab BHLASF (1] 1Y)
TR, AR RE Y R, MK, UEB 5 min
(10 42b PR (1) AS R 4 8 )2 A T 8 ok B 1) 45 B 38 8%, 76
AEFR IR 10, 15 min A48 3 B0 R 47 A T 8 b
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He o
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Fig.10 Polarization curves of cadmium-plated samples
treated with sodium molybdate-phytic acid
compound solutions for different time

#5 FERIAFLERN-ERERBELERERMEFHZEARLUREEER
Tab.5 Fitting results of potentiodynamic polarization test of cadmium-plated samples treated
with sodium molybdate-phytic acid compound solution for different time

Sample EeonlV Jeor/(WA-cm?) BV BV R,/(kQ-cm?) /%
Cd —0.841 15.74 0.082 0.570 1.97
SMTPA-2/5/1.0 -0.913 1.626 0.080 0.278 1.66 -3.3
SMTPA-2/10/1.0 -0.999 6.887 0.132 0.153 4.47 56.2
SMTPA-2/15/1.0 -1.025 4.527 0.090 0.229 5.71 71.2
2.3 ERRIKE X R YE S mit S i 58 pY 20 *(0)22 o
231 HRFHAE 070} 2 SMTPASION D
SR A B A B0H 2% . ABBRI ] 10 min 2 -0.72F v SMIPA-2/0/L5
L 45 SR TR R 0 T 53 K0 0.5% . 1%, 1.5% 014 D OTAL
VRN 2 A T A R A R o) 2%, X I R o Eall -
13T SMTPA-2/10/0.5 . SMTPA-2/10/1.0 . SMTPA— w078
2/10/1.5, BUFELE NaCl (3.5% ) ¥ fTF v TR 72 :g::g
e i 11 s . milE 10 Al Cd BRI —og4 |
%E{&?ﬁf‘t%%{tﬂﬁlﬁﬁﬂgﬁ%%go Fﬁ%*ﬁﬁﬁ{;& 0 5(I)0 1(;0() 15I()() 2(;0() 25I()() 3 (I)()() 3 ;0()
BERgBE TN, R B T H RSB TR, M-0.739 3 V Time/s
( SMTPA-2/10/0.5 ) F&%—0.756 1 V ( SMTPA-2/10/ Bl LT BRI 20 AN [ A i e 2 Y A T T R
1.5), H, SMTPA-2/10/0.5 15 SMTPA—2/10/1.0 ff b 3L ) FF L

FFE& RS AAAR], $5TF SMTPA-2/10/1.5 HFF i
FL P o 33X T A TR R R o 1) A2 LV YA T RE X 2 %
T P27 2 LU RS B4 TR T8 ol e 3 AN RS o /T B
FEASK, T I B i PRI Y R Y TR A AR
0.5%F1 1%, 7 fh 22 A0 I ) B 22 EL A Wi ) T
Pl

Fig.11 Open circuit voltage of cadmium-plated
samples treated with phytic acid compound
solutions of different concentration
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R A, SR T2 e I AL BRS AR RE A B 1Y Reco
TR Z Zoad Fem AL AL BT , TR A o 1 75 2 3
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AH 40 B J2 3% T b 2 5 A0 S IO AR A A 2o A v %) S ok
HRIAL, 3 7 v, SEPEZ 0 A S e AR H
A [ AL R W B 1) A TC o AL AR 1) Jcone FRRRAIR T
B FE R VR FE (360, 7B AL F AL IR J o 258
WAV IS T e B 3, B I i) 38 oy 2 54 K5 W/ Y
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Fig.12 Electrochemical impedance spectroscopy of cadmium-plated samples treated with phytic acid compound
solutions of different concentration: a) Nyquist plot; b) Bode (amplitude) plot; ¢) Bode (phase angle) plot
*6 FERAHEFAFERKENERARLERHNEBULEZEMIEUEER
Tab.6 El Sfitting results of cadmium-plated samples treated with phytic acid
compound solutions of different concentration
Sample Cd SMTPA-2/10/0.5 SMTPA-2/10/1.0 SMTPA-2/15/1.5
RJ(Q-cm?) 25.10 26.19 19.82 39.17
(CPE-Yy)po(CPE-Y,).o/(mF-cm2s™) 0.446 0.014 5 1.63 0.040 5
(CPE-n)p,,(CPE-n), 0.653 0.954 0.835 0.800
Ryo/(Q-em?) 440.16 10.80 105.91 62.06
(CPE-Y,)y/(mF-cm>-s™) 0.116 0.463 0.618
(CPE-n); 0.802 0.537 0.570
Ry/(Q-cm?) 44.30 121.52 189.56
(CPE-Y,)g/(mF-cm2-s™") 9.63 1.60 3.00 2.31
(CPE-n)gq 0.800 0.491 0.628 0.608
R /(kQ-cm?) 0.635 2.67 6.68 4.61
nr/% 76.2 90.5 86.2
2107 3.84 0.918 1.32 0.713
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Tab.7 Fitting results of potentiodynamic polarization test of cadmium-plated samples treated
with phytic acid compound solutions of different concentration

Sample Eeon/V Jeor/ (A -cm 2) BV BV R,/(kQ-cm?) /%

cd -0.841 15.74 0.082 0.570 1.97
SMTPA-2/10/0.5 -1.030 8.599 0.117 0.175 3.54 45.4
SMTPA-2/10/1.0 ~0.999 6.887 0.132 0.153 4.47 56.2
SMTPA-2/10/1.5 -1.046 9.569 0.114 0.170 3.09 39.2

—02F —o— Cd
—e— SMTPA-2/10/0.5
—04  —>— SMTPA-2/10/1.0
—v— SMTPA-2/10/1.5
> —0.6
8
@ —0.8 |
<
N -1.0 F
-12 F
_1'4 C 1 1 1 1 1 1

-8 -7 -6 -5 -4 -3 -2
Ig[J/(A - cm™2)]
K13 PR R 28 A [ R R 2 1Y
WAL WAL PR 1) 2l B AR A £
Fig.13 Potentiodynamic polarization curves of

cadmium-plated samples treated with phytic acid
conversion solutions with different concentration
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