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Abstract: Although transmission towers have been in use outdoors for a long time, they are easily damaged by corrosion, especially
in areas with heavy industrial pollution. Additionally, traditional coating treatments cannot simultaneously remove rust and prevent
corrosion. However, the use of a phosphating film can inhibit the formation of microbatteries on the steel surface, improve the
corrosion resistance of steel, extend the service life, and significantly improve the adhesion between the substrate and coating.
Nonetheless, most traditional phosphating methods employ high- or medium-temperature phosphating, which consumes a lot of fossil
energy and promotes environmental pollution. To ensure safety during power transmission and distribution, it is crucial to develop a
fast and green phosphating process suitable for the high-altitude operations on transmission towers. Based on electrochemical and
response surface analyses, a phosphating coating was prepared on Q235 low-carbon steel using a mixture of phosphoric acid and zinc
oxide as the basic phosphating solution. The effect of the concentration of phytic acid, composite passivation agent BM;, and
manganese nitrate on the quality of zinc-based phosphating films was then studied, and the corrosion resistance of the coating was
evaluated based on the time of copper sulfate test. The fixed phosphating process conditions were as follows: the pH value of the
phosphating solution was 2.3-3.0, phosphating temperature was 25 °C, and phosphating time was 40 min. The corrosion resistance of
the phosphating film was analyzed using an electrochemical polarization curve and electrochemical impedance spectroscopy, and the
results showed that the phosphating film had a better corrosion resistance when an accelerant was added to the phosphating solution.
Moreover, the current density was less than half of that of the pure phosphating solution, and the maximum coating resistance was
2561 Q « cm®, which was approximately 4 times higher than that of the pure phosphating solution. With an increase in the accelerator

concentration, the corrosion resistance of the phosphating film first increased before decreasing. The surface morphology of the
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phosphating film formed by phosphating solutions with diffrenet accelerant was observed using scanning electron microscopy (SEM),
and the results showded that the basic phosphating solution contained many pores and had a large phosphating grain size whose
distribution was uneven. After adding manganese nitrate, the phosphate grains on the surface of the phosphating film became arranged
more densely and uniformly, covering all surfaces. Response surface analysis was used to optimize film-forming and improve the
corrosion resistance of the phosphating solution, and a quadratic response equation for the time of copper sulfate test was obtained.
The order of the effect was follows: zinc nitrate > composite passivator (BM;) > phytic acid > manganese nitrate. Through
optimization, the phosphating solution formula under a time of copper sulfate test of 101s was obtained, that is, zinc oxide = 15 g/L,
phosphoric acid = 100 g/ L, composite passivator BM; = 1.7 g/ L, phytic acid = 11.7 mL /L, zinc nitrate = 52.4 g /L, manganese
nitrate = 5.9 g/ L, and an appropriate amount of OP-10 emulsifier. Therefore, the proposed phosphating solution obtained through
response surface optimization employs low-temperature phosphating, does not contain the hexavalent chromium that is harmful to the
environment, and uses an efficient green accelerator to accelerate phosphating,which can support rust remove while effectively
improving the corrosion resistance of Q235 low-carbon steel; thereby providing technical support for the green and rapid of
transmission towers.
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Table 1 Polarization curve parameters of phosphating

films at different concentrations of BM,

Concentration / (g * L) Current / (LA * cm™) Potential / V
0 8.763 -0.694
1 4.518 —-0.646
2 2.067 —0.633
3 4.488 —0.646
4 4216 -0.659
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at different concentrations of BM;
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Table2 AC impedance spectrum fitting parameters of phosphating film in 3.5% NaCl solution at different concentrations of BM,
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Fig. 4 Polarization curves of phosphating films

at different concentrations of phytic acid
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Table 3 Polarization curve parameters of phosphating

films at different concentrations of phytic acid

Concentration / (mL « L) Current / (pA * cm™?) Potential / V
0 8.763 -0.694
5 6.797 -0.692
10 6.712 —0.668
15 5.246 —0.664
20 30.661 —0.748
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SEREM, MR INAFER LR & 5 SO
B Ry LSRR BRI Ry (5, MR LN
15mL /LI, Rydg KA 1702Q « em’. X411
3%, UHEIR S EAE— RNy, Ry (i R FE,
fH20mL /L ({1031 Q « om® {8k ELX ALK
23 AEWHEERIEKE THERA B ALFNR

T A s VA W s B, DR B AE AR IR A B AN A
FTA R, — B Fe 414 N L & 4F 1)
Mn-PO W, L es R AEPIAS SL R IR e [ FECT)
A7 P YBHERT I T M, R R
BENRBEEAS VR ESA Mo BN E, 1T
2T 5 5 T ke B S (0 O sk B R Fe™ 1
PR R, R A BER AR HAIR 2 IR & TR
T BB, 3084 v PR R THT B 5 0« GUO 25PN
1 Q235 MMM RN, ZEBEHB I T Mn®™
Ja, PRRET SR, I FIPHEY, A1
JEAR SN .

Fe+2H" —= Fe* " +H, (D
Mn”" +H,P O; —=MnHPO,+Mn;(PO;)*+5H" (2)

NaCl BT I AR 2 . 26 5 RIS e
WIE PRI AL S8 AR 6 3 5 ]
il VRO T B R R 5 BEALIROTT I I AL,
B F 8 ot LA 35 FEE LLVR DT F /N, S i L TE S
SV IR 5 I T B R A T e M i . B
YRRV AR, Tl L0 S e A7 S 1K
JEEAN e T BB I (R T e e B S R
TR FE TIPS AL SEHE KT TN o X B 2 Min™ 5 g
w7 R I A AN AT R B
(TR 2 8 I 2 P LI, R T e AR v
MRS, Horb, VRN T 6 g/ L mRGR AL
OIS Tl L A S d /D, O 4.694 A/ em®, B
it Jo5 b M Bt . AN INAEIRER S+ 7 g/ L IS b e iR
BRSO, WAL FS ok A 59

-

3L

lg(current / (A + cm‘z))
N

-8 I
-0.80 -0.75 -0.70 -0.65 -0.60 -0.55 —0.50 -0.45

Potential / V

6 AN[RIHR A i ) 98 A BRI 2
Fig. 6 Polarization curves of phosphating films at
different concentrations of Manganese nitrate
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Table 4 AC impedance spectrum fitting parameters of phosphating film in 3.5% NaCl solution

at different concentrations of phytic acid

Concentration / Resistivity solve /

Resistivity /

Constant phase angle element

(mL - L™ Q-+ cmd) Q -~ cmd) /(@ + em™) "
0 7.63 586.5 222%107 0.79
5 9.72 1247 1.62x107° 0.75
10 10.66 1277 1.09x 1073 0.78
15 9.28 1702 4.96%X107 0.71
20 10.97 1031 1.78 X107 0.73
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Table 5 Polarization curve parameters of phosphating

films at different concentrations of Manganese nitrate

Concentration /(g + L") Current / (A + cm™) Potential / V
0 8.763 -0.694
5 7.490 -0.685
6 4.694 -0.656
7 5.309 —-0.662
8 22.049 -0.729
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Fig. 7 Nyquist spectra of phosphate coatings at

different concentrations of manganese nitrate
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Table 6 AC impedance spectrum fitting parameters of phosphating film in 3.5% NaCl solution

at different concentrations of manganese nitrate

Concentration / Resistivity solve / Resistivity / Constant phase angle element
(mL « L™ (Q -+ cm?) (Q+ cm?) /(107207 em™) "
0 7.63 586.5 222 0.79
5 11.99 1197 1.68 0.77
6 8.468 2561 2.02 0.67
7 12.25 1347 1.15 0.77
8 12.4 1402 2.83 0.82
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Fig. 8 Surface morphology of specimens treated by
different phophating solutions
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Table 7 Box Behnken experimental factors and level of

phosphating film performance evaluation

Code Level

name

Parameter
-1 0 1

BM, concentration / (g » L™") 1 2 3

Phytic acid concentration / (mL « L™") 100 15 20

Zinc nitrate concentration / (g + L™)

O O % ox
W
S
N
S
~1
S

JWL 2% 8. Manganese nitrate concentration / (g + L™") 5 6 7
%8 Box-behnken It 54K
Table 8 Box Behnken experimental design and results
Exp. No. 4 B c D E‘:ﬁg‘;sse Exp.No. 4 B c D Rﬁf;g‘;s:

1 0 0 0 0 121 16 0 -1 0 1 91
2 1 0 0 1 52 17 0 0 1 1 98
3 0 0 0 0 108 18 1 0 -1 0 67
4 1 1 0 0 66 19 -1 0 0 -1 62
5 -1 0 1 0 53 20 0 0 -1 -1 62
6 -1 0 -1 0 71 21 1 0 0 -1 69
7 0 0 1 -1 116 22 0 -1 -1 0 68
8 0 0 0 0 107 23 0 1 1 0 101
9 -1 0 0 1 49 24 0 0 0 0 115
10 -1 -1 0 0 68 25 -1 1 0 0 57
11 0 -1 0 -1 94 26 1 0 1 0 94
12 0 -1 1 0 82 27 0 1 -1 0 79
13 1 -1 0 0 77 28 0 1 0 1 89
14 0 0 0 0 131 29 0 1 0 -1 84
15 0 0 -1 1 75

X% 8 B idtAT Z ool E G, 45 B R A A
310 T T F 2o 7 g R
Y=116 + 5254-1.588 + 10.17C-1.33D + 11.254C-

1.54D+2BC-1.75BD-7.75CD-36.534> —
13.538°-14.16C°~15.16D’

XP % 8 AR 45 R AT 7 ZE 0 A, B PR A
FIE I 7 220 M W 9. ik 9 mygn(al A4 AL ()
WEMRIEE RN F=4.96, P<0.01, IR £
TR Sk e m 4 AN R B RE 7 R R

ZPT R R SR LS R, AR
E‘Jﬁiﬁiﬁfﬁ P 30258 6>0.05, AN, BiHIEIM
FIRIEREN: A RE R Rag=0.664 6, %

WA PR A I ) R IR AT 66.46%K T ITIE IR 3R
A A AN R 3 T 1) 5 e AR ) ) DG R
{5 L (signal-to-noise, S/ N) =7.101 9>4, B\
THIUE BRI 2 T SE R o DAZ B 7 A 28 S 1 I
ST IS TR ) — RS R BT B A S (P<<0.05
H D, AR, AHIREE L IR ME— )
DRI E, R0 e A W R TR Ak S 6o ol A B i g
PhPEREM W, fEAC BT, BMy FIBHEREE,
THPREF AN IR A A W 1 . 78 — k3 BM, (1) P
fH/NT0.01, IEE) TR ZEIKE . MR FAERIR/
AIE, M AR FRAN I AR R R R P R e A
TR > Al 5 BM, > KR > H IR «
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Table 9 Regression model and variance analysis of copper sulfate dropping time

Source of variance Sum of squares Freedom Mean square F value P value Significance

Model 11 948.52 14 853.47 5.88 0.001 0 ok
A 352.08 1 352.08 2.43 0.1417
B 1.33 1 1.33 0.009 2 0.9250

Cc 1240.33 1 124033 8.54 0.011 1 *
D 90.75 1 90.75 0.6251 04423
AB 1.819x 107 1 1.819x 107" 1.253x107" 1.000 0
AC 506.25 1 506.25 3.49 0.089 2
AD 4.00 1 4.00 0.027 6 0.8705
BC 16.00 1 16.00 0.1102 0.744 8
BD 16.00 1 16.00 0.1102 0.744 8
CD 240.25 1 240.25 1.65 0.2192

A 8441.55 1 8441.55 58.15 <<0.000 1 ok

B 1401.66 1 1401.66 9.66 0.007 7 ok

c 1173.42 1 1173.42 8.08 0.0130 *

D? 1782.04 1 1782.04 12.28 0.003 5 o

Residual 203245 14 145.18
Misfit term 1637.25 10 163.73 1.66 0.3310
Pure error 395.20 4 98.80
Sum 13 980.97 28

Note: P<<0.01 is extremely slgnificant **; P<C0.05 is significant; P>>0.05 is not slgnificant

SR JH o 32 T 73 A P Bt AT b, LARAL
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Pl 9 e = g2 [a) iy i o 2 B, 23531 S 2 T BME
PR . TSIREF . THIRERIX 4 B R0 ot MR 4 s i
I 1) PRS0 o244 0 7 T 380 P58 FRBEBE 0 I, 3 S A
VN R PR A B AR Xt 1R ) s 1 I T 18 52 i 6
Fo APNININFZ R RS AR AR OKI, 5k
Bl g2 IR . 1] Ob m AN, AR EFIAR BB

Dropping time of copper sulfate / s
Dropping time of copper sulfate / s

(a) A and B

(by4and C

T 0] A3 B T SR A S, AR ISR, B
P ] A3 IR R S0 BGOSR o i R B R R A
65 g/ L Zc A7 IV Byt i B ) 5 o P T 9d w40,
R PR VAR S o) T R A R R T [R) S AN K, FERE RV S
10 mL /L Ze A0TSR LB/, A3 5200
AR 1 o JH 3t H] Design Expert X} T A iF 5T 45 1
GYBT U SAANL, A5 R R AR ST TR 5K AN I 7
WREEA: BM1.7 g/L, #HfR 11.7 mL/L, HERE
524 g/L, TMR4R 5.9 g/ Lo LIS FRIBR B4R 2 B 1)
TR 93 s,

Dropping time of copper sulfate / s

(c)Aand D



232 2 =B X W L 2

2023 4F

Dropping time of copper sulfate / s
Dropping time of copper sulfate / s

(d) Band C

(e) Band D

Dropping time of copper sulfate / s
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Fig. 9 Copper sulfate dropping time response surface
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