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Abstract 

The work suggests an environmentally friendly and efficient method of galvanized steel 

passivation for protection from atmospheric corrosion, which can serve as an excellent 

alternative to toxic chromate treatment. In particular, an important advantage of such passivation 

is the use of aqueous solutions of corrosion inhibitors (or those containing no more than 10% 

ethanol) to obtain superhydrophobic nanoscale anticorrosion films, which makes it a fire safe 

method. The method is based on laser and heat treatment of galvanized steel surface followed 

by layer-by-layer chemisorption of sodium dodecylphosphonate (SDDP) and vinyltrimethoxy-

silane (VTMS) or n-octyltriethoxysilane (OTES). A comparative assessment of the thickness, 

protective, hydrophobic properties and stability of thin coatings formed by layer-by-layer 

adsorption of the alkylphosphonate and trialkoxysilanes on the surface of galvanized steel with 

different morphology was carried out. It was shown that preliminary modification of the 

galvanized steel surface using laser exposure and heating enhances the protective and 

hydrophobic properties of the nanoscale phosphonate-siloxane films formed and increases its 

corrosion resistance in corrosive atmospheres. The polymodal morphology of the galvanized 

steel surface obtained using a laser promotes strong adsorption of the lower phosphonate layer, 

which in combination with the barrier properties of the siloxane network in the top layer, 

provides high protective and hydrophobic properties of phosphonate–siloxane films and their 

stability in corrosive atmospheres. The most effective method involves the layer-by-layer 

passivation of laser textured surfaces of galvanized steel with SDDP and OTES, which allows 

one to obtain stable superhydrophobic coatings with high anticorrosive properties in corrosive 

atmospheres of high humidity and salt spray.  

Received: February 8, 2022. Published: February 24, 2022 doi: 10.17675/2305-6894-2022-11-1-19 

Keywords: galvanized steel, passivation, corrosion inhibitor, alkylphosphonates, 

trialkoxysilanes, laser treatment, superhydrophobicity. 

 
1 This work was supported by the Russian Foundation for Basic Research (Grant no. 20-33-90012 

“Formation of hydrophobic coatings by alkylphosphonates and trialkoxysilanes on zinc and galvanized steel 

for their corrosion protection”). 

mailto:GVRedkina@mail.ru
https://dx.doi.org/10.17675/2305-6894-2022-11-1-19
http://orcid.org/0000-0001-7933-1707
https://orcid.org/0000-0002-0762-1817


 Int. J. Corros. Scale Inhib., 2022, 11, no. 1, 322–338 323 

    

 

1. Introduction 

Zinc coatings are an efficient means for anti-corrosion protection of steel. Thereby, 

galvanized steel is widely used in various areas of industry for the manufacture of machine 

parts, fasteners, supports, etc. The efficiency of protection of such products against corrosion 

is determined by the corrosion resistance of zinc coatings themselves, which mainly depends 

on their thickness, porosity, adhesion to the steel substrate, as well as the conditions of 

exposure to corrosive media. Although zinc coatings are highly resistant to corrosion, 

especially under atmospheric conditions, additional corrosion protection is required in some 

cases [1, 2]. For example, it is necessary to preserve their decorative properties, to prepare 

for soldering or painting, to prevent the formation of corrosion products (“white rust”) during 

storage and transportation, and to extend the service life of galvanized steel products. The 

latter is especially relevant for thin zinc coatings (less than 12 µm) that break down relatively 

quickly in service. The problem of protection of zinc coatings is particularly acute under the 

conditions of high air humidity, marine atmosphere, and with temperature fluctuations with 

abundant dewfall when their corrosion rate increases significantly. In these cases, in order 

to enhance the corrosion resistance of galvanized steel, it is advisable to use corrosion 

inhibitors, which are capable of forming thin protective films on the metal surface, instead 

of increasing the thickness of the zinc layer. For many years, galvanized steel was passivated 

in solutions based on compounds Cr(VI) [2, 3]. This method is efficient and cheap, but due 

to the high toxicity of chromates their use was restricted in 2006 [4]. Therefore, the search 

for environmentally friendly corrosion inhibitors for the passivation of galvanized steel, 

which is as effective as chromate treatment, is particularly relevant today. 

Corrosion inhibitors for zinc and zinc coatings such as vanadates, molybdates, Cr(III) 

compounds, rare earth metal salts, azoles, carboxylate, silane, phosphate and 

organophosphate [5–20] have been described in the literature as an alternative to Cr(VI) 

compounds. They all have advantages and disadvantages. A special place among them is 

occupied by corrosion inhibitors capable of forming self-assembling monolayers (SAMs) on 

the surfaces of metals and alloys with polyfunctional properties (anticorrosive, hydrophobic, 

adhesive, anti-fouling, self-cleaning and anti-icing). These compounds include higher 

phosphonic and carboxylic acids, thiols and trialkoxysilanes (TAS) [21–26]. 

Alkylphosphonic acids (CnPAs) are particularly promising among them, since the SAMs 

they form are more strongly bonded to the oxidized surface of a metal and are more ordered, 

dense and stable under the exposure of corrosive media [27–29]. Despite numerous studies 

on the formation mechanism, structure and properties of SAMs formed by CnPAs, there are 

few studies of corrosion inhibition of zinc or galvanized steel and these are mainly concern 

the modification of a ZnO surface [29–31]. However, successful modification of a ZnO 

surface with CnPAs to give it a number of valuable properties suggests that they can be used 

for the same purpose for zinc or its alloys. For example, C.F. Glover et al. [32] investigated 

inhibiting properties of phenylphosphonic acid (PhPA) toward hot dip galvanized steel in 

5.0% NaCl solution in a wide pH range (2.0–11.5). The results of in situ studies by scanning 
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vibrating electrode technique was shown that PhPA efficiently suppresses the local 

dissolution of metal at concentration of 50.0 M in a neutral solution (pH 7.0). The inhibiting 

effect of phosphonic acid is due to the formation of a protective film of zinc phosphonate as 

a result of the additional deprotonation of HPhP– anions to give PhP2–  upon alkalization of 

the near-electrode layer on the cathodic surface areas. P. Thissen et al. [33] demonstrated 

that the treatment of ZnAl alloy (containing 0.5, 5.0 and 55.0% Al) with 1.0 mM ethanol 

solution of octadecylphosphonic acid can be used for temporary corrosion protection as well 

as for promoting of adhesion of coatings.  

The modification of the metal surface with CnAPs provides not only anticorrosive and 

hydrophobic properties, but also increases the wear resistance of a metal, which may have 

an additional practical value. D. Hill et al. [34] investigated the tribological properties of the 

phosphonate self-assembling films as potential lubricants used in deep drawing of 

galvanized steel sheets to produce parts for vehicle bodies. Such SAMs were obtained on the 

surface of galvanized steel coated with titanium oxide by immersion into 100.0 mM 

solutions of octyl-, dodecyl- or octadecyl-phosphonic acids in isopropyl alcohol. The 

phosphonate films enhanced the hydrophobicity of the surface of galvanized steel, reduced 

the coefficient of friction (by 65.0%) and significantly reduced its wear. Unfortunately, we 

failed to find information about the results of direct corrosion test of zinc or zinc coatings 

with passivating films formed by CnAPs in the literature. 

The possibility of zinc passivation in solutions of alkylphosphonates, including together 

with TASes of various structures, in order to prevent corrosion in chloride-containing 

aqueous solution and in atmosphere of high humidity was shown in [35, 36]. In particular, 

we have found that layer-by-layer passivation in solutions of sodium dodecylphosphonate 

(SDDP) and vinyltrimethoxysilane (VTMS) or n-octyltriethoxysilane (OTES) not only 

increases the corrosion resistance of zinc under investigated conditions, but also 

hydrophobicizes its surface. However, the contact angle of wetting the surface with water 

did not exceed 106±4°. It is known that, as a rule, the creation of microstructural 

(polymodal) surface roughness is required to obtain superhydrophobic coatings on metals. 

Among the methods of modification of metal surfaces, laser treatment has recently 

attracted the attention of researchers. Varying the parameters of laser exposure allows 

changing the structure and properties of the surface layer in a wide range not only for 

texturing metal surfaces, but also to increase their corrosion resistance, hydrophobicity and 

wear resistance [37–40]. In this connection, laser modification of surfaces of metals and 

alloys is widely used for the treatment of parts of machines, responsible assemblies of 

constructions and equipment in enterprises of various branches of industry. The possibility 

of its use for nanostructuring the surface of zinc or galvanized steel was demonstrated in 

several works [41–44]. For example, in [41–43] the galvanized steel surface was prepared 

via laser ablation for subsequent applying paint coatings or removal of various surface 

contaminants. S.A. Khan et al. [44] obtained a superhydrophobic surface of galvanized steel 

by means of femtosecond and picosecond lasers followed by vacuum ageing that accelerates 

the transition from hydrophilic to superhydrophobic state of the surface. Recently, we have 
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shown the possibility of obtaining superhydrophobic coatings on zinc by laser texturing of 

its surface with subsequent layer-by-layer chemosorption of SDDP and VTMS or OTES 

[45, 46]. The polymodal roughness of the zinc surface has made it possible to produce stable 

phosphonate-siloxane coatings with high protective and hydrophobic properties in an 

atmosphere of 100% humidity. In the present paper, this corrosion protection method has 

been investigated for galvanized steel. 

In this regard, the purpose of this work was to comparative evaluation of the thickness, 

protective and hydrophobic properties and stability of thin coatings formed in the presence 

of SDDP and TAS on the surface of galvanized steel with different morphologies. 

2. Experimental 

A zinc coating was applied galvanically to samples of St3 low-carbon steel (ISO 1052:1982). 

Steel plates 50×30 mm in size were preliminarily polished with emery paper, degreased with 

acetone and Vienna lime powder, and then washed with distilled water. Steel samples were 

etched in 2.8 M HCl solution for 30 s before galvanizing, then thoroughly washed in distilled 

water and immersed in a working solution. Galvanic deposition of zinc was carried out from 

a slightly acidic ammonium-free electrolyte containing (g/l): 80–90 ZnCl2, 80–90 KCl,  

25–30 H3BO3; as well as gloss-forming additives (35–50 ml/L “ECOMET-C32A” and  

2–3 ml/L “ECOMET-C32B”). The deposition process was carried out at room temperature 

and a current density of 1.5 A/dm2 for 1 h. After the completion of electrodeposition, the 

electrode was removed from the cell, washed with distilled water and dried at 60°C for 

1 hour. The thickness of the resulting zinc coating calculated from the change in the mass of 

the sample before and after galvanizing according to ISO 1463-82 was 24 μm.  

We used SDDP (CH3–(CH2)11–PO(ONa)2) and TAS such as VTMS  

(H2C=CH–Si(OCH3)3) or OTES (CH3–(CH2)7–Si(OC2H5)3) as corrosion inhibitors of 

galvanized steel. The structures of these compounds are shown in Figure 1. To obtain a 

concentrated solution of SDDP, a dodecylphosphonic acid powder (Alfa Aesar, 95%) was 

dissolved in distilled water by heating to 60°C with stirring, then neutralized with NaOH in 

a molar ratio of 1:2. VTMS and OTES were dissolved in ethyl alcohol. Alcoholic solutions 

of silanes were diluted with distilled water to prepare working solutions with the required 

concentration and with an alcohol content of 10.0%. 

The properties of protective layers were studied on smooth and laser textured surfaces 

of galvanized steel. To obtain microstructural roughness of the surface, the polished and 

degreased samples were subjected to laser treatment under ambient conditions using an XM-

30 ytterbium short pulse optical fiber laser (China) with the following parameters: P = 4.5 W; 

υ = 20 kHz; d = 0.01 mm; l = 0.01 mm; V=100 mm/s, where P is the radiation power, υ is the 

radiation frequency, V is the scanning speed, d is the laser beam diameter, and l is the 

distance between two adjacent linear trajectories. Laser scanning was performed by a grid. 

After laser treatment, the samples were cleaned by ultrasound in acetone for 60 s to remove 

the particles formed that were weakly bound to the metal surface, and then kept in an oven 
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at 150°C for 1 h. A similar surface preparation was previously tested by us on zinc to obtain 

phosphonate-siloxane coatings with high protective and hydrophobic properties [45]. 

 
Figure 1. Structures of SDDP and TAS (VTMS and OTES). 

Previously [36, 45], we have identified the optimal conditions for the treatment of zinc 

in with SDDP and TAS solutions for it anticorrosive protection. In this regard, in this work, 

samples of galvanized steel were successively kept in stirred solutions of 2.5 mM SDDP 

and/or 10.0 mM TAS at 40°C. After treatment with SDDP, the samples were dried for 1 h at 

60°C and for 1 h at 150°C after treatment in TAS solutions. The exposure duration in the 

case of passivation with individual corrosion inhibitors was 2 h, and it was 1 h in a solution 

of each of them upon layer-by-layer treatment. 

The roughness of the surface of galvanized steel was estimated by the probe method 

using a Model-130 profilometer (PROTON, Russia). The study of the irregularities of the 

metal surface was carried out in several steps: the surface was “probed” with a diamond 

needle, then the averaged value of the parameters was calculated based on a series of 

measurements. As a result, the roughness parameters were obtained: Rz is the average height 

of irregularities at 10 points in μm; Ra is arithmetic mean deviation in μm; S is the average 

pitch of local protrusions in μm; and the roughness class according to ISO 1302-2002. 

The thickness of formed films was studied on a manual ellipsometer (Gartner) with 

light-beam modulation and modernized registration of light radiation. The radiation source 

was a solid-state laser with diode pumping LSM-S-111-10-NNP25 with the wavelength 

λ=540 nm. The incidence angle was 68.5°. The accuracy of polarizer and analyzer in 

determination of angles was ±0.05°. The ellipsometric angles Δ (the phase angle) and Ψ (the 

angle of recovered polarization) were measured according to the zero scheme by turning 

alternately the polarizer and the analyzer, at the minimum intensity (in the damping 

position). Thus, we determined experimentally the changes in angles: δΔ=Δ–Δ0 and  

δΨ = Ψ–Ψ0, where Δ0 and Ψ0 refer to the initial surface of galvanized steel samples, Δ and 

Ψ are the angles after treatment of the metal surface with corrosion inhibitors. These angles 

depend on the refractive indices of the metal substrate (NSt) and the film (Nfilm) on its surface, 

as well as on the film thickness and are related by the fundamental equation of ellipsometry. 
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The fundamental equation of ellipsometry was solved using the McCrackin software and the 

coating thickness (d) was thus determined. 

The corrosion tests of galvanized steel samples treated in solutions of SDDP and TAS 

were carried out in the heat and moisture chamber (KTV-0.1-002, Russia) providing 

conditions of 100% humidity with daily moisture condensation, as well as in a salt spray 

chamber (Weiss SC/KWT 450, Germany) according to ISO 4536 and ISO 9227 standards. 

Inspection of the samples was carried out at regular intervals from the beginning of the tests 

to determine the time of appearance of the first corrosion damage (τcor). 

Based on the data obtained, the coefficients of corrosion retardation by inhibitors () 

and the degree of protection (Z) were calculated using the following formulas: 

 
pas
cor
0
cor

τ
γ

τ
=  (1) 

where 0
corτ  − time of appearance of the first corrosion damage before passivation and pas

corτ  − 

after passivation of the galvanized steel surface with corrosion inhibitors; 

 
1

,% 1 100
γ

Z
 
  
 

= −   (2)  

The hydrophobic properties of the protective layers on galvanized steel formed in the 

presence of corrosion inhibitors were evaluated by the value of the static contact angle (с) 

of a drop of distilled water. The с values were determined in the graphic editor Corel 

R.A.V.E. 2.0 from photographs of a water drop on the investigated surface obtained using a 

laboratory unit with an integrated DCM300 camera. The drop volume was 5 µl in each 

measurement. The standard deviation of с was 2.0°. The stability of the hydrophobic 

properties of the films obtained was estimated by the change in the с value with time during 

corrosion tests of samples in a heat and moisture chamber. Over time, the standard deviation 

increased to 3.0–5.0° in some cases due to uneven degradation of the coatings. 

3. Results and Discussion  

The results of ex situ ellipsometric studies showed that the treatment of galvanized steel in 

solutions of SDDP and VTMS or OTES leads to the formation of nanoscale protective films 

with thicknesses of 61.5 and 70.0±2.5 nm, respectively. In this case, the thickness of the first 

chemisorbed phosphonate layer is 9.4±0.6 nm.  

The hydrophobic properties of SDDP and TAS, characterized by the values of logP and 

lgD [47] (Table 1), as well as the formation of SAMs in their presence contribute to the 

hydrophobization of the galvanized steel surface. So, the smooth galvanized steel surface 

after drying at 60°C is hydrophilic and is characterized by the с value of 802°. Treatment 

in solutions of the investigated corrosion inhibitors gives it hydrophobic properties (Table 2).  
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Table 1. Calculated logarithms of the distribution coefficients in the system of two immiscible liquids 

(octanol–water) for neutral molecules (logP) of SDDP and TAS and their anions (logD). 

Corrosion inhibitors logP logD2 at pH 7.4 

SDDP 3.83±0.58 0.22 

VTMS 3.12±0.66 – 

OTES 5.45±0.42 – 

Table 2. The value с and images of water droplets on smooth and textured surfaces of galvanized steel 

samples passivated in solutions of SDDP and TAS. 

Composition of the 

inhibiting solution, mM 

Θc, 

smooth surface textured surface 

Without treatment with 

corrosion inhibitors 
  

80±2 

  

105±1 

2.5 SDDP 

  

120±2 

  

151±3 

10.0 VTMS 

  

92±3 

  

132±3 

10.0 ОTES 

  

133±2 

  

160±2 

2.5 SDDP / 

10.0 VTMS 
  

131±3 

  

150±3 

2.5 SDDP / 

10.0 ОTES 
  

135±2 

  

166±3 

 
2 The log D value is used for dissociated forms of organic compounds. It depends on the solution pH and is 

related to logP and the acidity constant (pKa) by the following relationship [48]: logD(pH)=logP–

log[1+10(pH– pKa)]. The log D value of the SDDP anion was calculated by the ACD-Lab software 

(https://ilab.acdlabs.com). 

https://ilab.acdlabs.com/
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At the same time, layer-by-layer passivation by SDDP with VTMS or OTES allows 

one to obtain a с value slightly higher than in the case of treatment by these compounds 

separately. However, even upon layer-by-layer treatment of a smooth galvanized steel 

surface by SDDP with the most hydrophobic of the silanes studied (OTES), it is not possible 

to achieve its superhydrophobization (с does not exceed 135±2°). 

The hydrophobization of galvanized steel surface in solutions of SDDP with TAS along 

with strong chemisorption of the alkylphosphonate [35] favors an increase in its corrosion 

resistance under corrosive atmospheres (Figure 2). The efficiency of joint passivation of 

galvanized steel with SDDP and TAS was found to be higher than that by the individual 

corrosion inhibitors. This is apparently due to the formation of more perfect protective film 

consisting of a phosphonate layer strongly bound to the metal surface and a siloxane network 

in the upper layer. The latter is formed as a result of interaction of reactive silanol groups 

with each other, which were formed during the hydrolysis of silane alkoxy groups in water-

alcohol solutions, and is capable of blocking existing defects in the film formed by 

alkylphosphonate. At the same time, the use of OTES together with SDDP in layer-by-layer 

passivation allows one to obtain coatings with better protective properties than in the case of 

using VTMS. Such phosphonate-siloxane films increased the corrosion resistance of 

galvanized steel 22.8 and 33.8 fold in atmospheres of 100% humidity and salt spray, 

respectively (Table 3). This can be explained not only by the higher hydrophobic properties 

formed in the presence of SDDP and OTES films, but also by their greater thickness. The 

proposed passivation treatment of galvanized steel is superior in efficiency to chromate 

passivation, because according to the recommendations of ISO 9227 [49] for rainbow 

chromate conversion coatings, the τcor value of at least 72 h in the salt spray chamber is 

considered satisfactory. 

 
Figure 2. The τcor value in a heat and moisture chamber (a) and in a salt spray chamber (b) on 

smooth samples of galvanized steel with subsequent treatment in SDDP and TAS solutions. 

The concentrations of corrosion inhibitor solutions are given in mM. 
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Table 3. The coefficients of corrosion retardation by inhibitors calculated based on the results of corrosion 

tests in aggressive atmospheres for galvanized steel samples treated in solutions of SDDP and TAS. 

Composition of 

inhibiting solution, 

mM 

 

Heat and moister chamber Salt spray chamber 

Smooth surface Textured surface Smooth surface Textured surface 

Without treatment with 

corrosion inhibitors 
– 1.6 – 1.8 

2.5 SDDP 5.3 10.0 6.0 8.8 

10.0 VTMS 6.0 11.2 8.0 11.5 

10.0 OTES 7.9 12.8 20.5 24.8 

2.5 SDDP / 10.0 VTMS 20.2 20.8 30.0 38.3 

2.5 SDDP / 10.0 OTES 22.8 30.4 33.8 48.0 

To obtain a superhydrophobic coating on galvanized steel and hence to increase its 

corrosion resistance, laser surface treatment with subsequent adsorption of SDDP and TAS 

was carried out, similar to the method we demonstrated for zinc in [45]. Laser texturing of 

the galvanized steel surface has its own features, in particular, it is necessary to control the 

depth of penetration of the laser beam in order to avoid violating the integrity of the zinc 

coating. In this regard, the optimal mode of laser surface treatment described in Section 2 

was experimentally selected, after which the decrease in the thickness of the zinc coating, 

determined by the weight loss of the sample, was no more than 6 μm. The obtained 

profilometry results demonstrate an increase in galvanized steel surface roughness after laser 

exposure (Table 4). The roughness class increases from 2 (for a smooth surface) to 7. 

Subsequent heat treatment of the samples at 150°C leads to a slight decrease in the roughness 

parameters. Such preparation of metal surfaces gives it polymodal morphology and enriches 

the surface layer with metal oxide, in this case ZnO [39, 40, 50]. This is due to ablation and 

subsequent deposition of nanoparticles formed in plasma onto the treated surface during laser 

treatment. It can be assumed that the fraction of Zn(OH)2 decreases in the surface layer upon 

heating due to the transformation into ZnO. As a result, smaller and more compact surface 

structures are formed consisting mainly of ZnO. As we showed earlier [35], a decrease in 

the fraction of Zn(OH)2 on the zinc surface enhances the protective properties of 

alkylphosphonate films. 

The surface of galvanized steel after laser and thermal treatments acquires hydrophobic 

properties (Table 2). Despite this, it corrodes quickly in chambers of heat and moisture or 

salt spray. Treatment of galvanized steel surface with polymodal roughness in solutions of 

SDDP or TAS enhances its hydrophobicity in comparison with the smooth surface modified 

with inhibitors. The greatest value of с (166±3°) is observed in the case layer-by-layer 

passivation of textured surface with SDDP and OTES. This is due not only to the polymodal 
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morphology of the galvanized steel surface, but also to the high hydrophobicity of OTES 

molecules. OTES has a long alkyl radical in the molecule in contrast to VTMS and is capable 

of forming more ordered and dense SAMs on metal surfaces. 

Table 4. Surface roughness parameters of galvanized steel samples before and after laser and heat 

treatments. 

Surface types Rz, µm Ra, µm S, µm 
Roughness 

class 
Profilograms 

smooth surface 

with heat treatment 
0.71 0.03 12.74 2 

 

laser 

textured 

surface 

without heat 

treatment 
6.62 21.74 21.74 7 

 

with heat 

treatment 
6.27 19.38 19.38 6 

 

Theoretically, the superhydrophobic state of the galvanized steel surface with a 

phosphonate-siloxane film can be explained using the Cassie–Baxter model. A 

superhydrophobic metal surface is characterized by a heterogeneous wetting regime in which 

a layer of air trapped in the micro/nanostructures of the surface limits the contact between 

liquid droplets and the surface. In this case, the following equation is valid [51]:  

 c 1 c,1 2 c,2cos cos cosf f =  +   (3) 

where f1 and f2 are surface area fractions of polymodal structures and trapped air in the voids 

between them that are in contact with the liquid, respectively; с,1 – contact angle on a 

smooth surface; с,2 – contact angle on the surface of pores with air. Given that f1+f2=1, 

с=166, с,1=80 and с,2=180, f1 and f2 are 0.026 and 0.974, respectively. These results 

show that when a liquid hits a superhydrophobic surface of galvanized steel, on average, 

only 2.6% of the surface is in contact with the liquid drop, and the remaining 97.4% 

correspond to the liquid drop contact area with air. The small area of contact between the 

liquid and the solid surface can increase the resistance of such surface with a phosphonate-

siloxane film in a corrosive media. 

The results of corrosion tests in atmospheres of high humidity and salt spray have 

shown that, despite the superhydrophobic properties, films obtained by treating the textured 

surface of galvanized steel with individual corrosion inhibitors have weaker protective 

properties than those obtained layer-by-layer passivation by SDDP with TAS (Figure 3). 

Two-stage treatment of galvanized steel by SDDP and TAS with preliminary laser 

preparation of the surface allows significantly increase its corrosion resistance in corrosive 

atmospheres. At the same time, phosphonate-siloxane films are significantly superior in 

protective efficiency to similar films formed on a smooth surface. As well as on a smooth 

surface, the coating formed with SDDP and OTES by layer-by-layer method had the best 
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protective properties. The coefficients of corrosion retardation by inhibitors calculated by 

the cor values show that the corrosion resistance of galvanized steel with this 

superhydrophobic coating increased 30.4-fold in an atmosphere of 100% relative humidity 

with daily condensation of moisture on the samples, and 48.0-fold under more corrosive 

conditions of a salt spray (Table 3). This corresponds to a high degree of protection of 

galvanized steel under the conditions studied, 96.7 and 97.9%, respectively. An increase in 

the efficiency of anticorrosion protection in the case of using OTES, in comparison with 

VTMS, is associated with the different structure of their molecules. It is known that the 

stability of the siloxane layer formed by silane rises with an increase in the length of the 

alkyl in its molecule as a result of the formation of high-molecular cross-linked structures in 

it due to lateral interactions between neighboring molecules (horizontal siloxane bonds, van 

der Waals interactions between alkyl chains) [21, 52]. In addition, superhydrophobic 

surfaces are negatively charged, which hinders the adsorption of chloride ions and oxygen 

[52], and leads to corrosion inhibition of metal. Thus, a negatively charged 

superhydrophobic coating is formed on the galvanized steel surface, which consists of 

chemisorbed SDDP and a strong siloxane network that blocks possible defects in the lower 

phosphonate layer. 

 
Figure 3. The τcor value in a heat and moisture chamber (a) and in a salt spray chamber (b) on 

textured samples of galvanized steel with subsequent treatment in SDDP and TAS solutions. 

The concentrations of corrosion inhibitor solutions are given in mM. 

An important indicator for the practical application of superhydrophobic protective 

coatings is their ability to maintain their properties under the influence of corrosive media 

during operation. The degradation rate of coatings formed on the textured surface of 

galvanized steel was carried out simultaneously with corrosion tests in the heat and moisture 

chamber. The results of the change in the с value with time are shown in Figure 4. It can 

be seen that the film obtained in an aqueous solution of SDDP loses its superhydrophobic 

properties the fastest: the с value less than 150° already after 40 h of testing. A similar 

character of the change in the с value can be noted on samples with films formed in water-

alcohol solutions of VTMS and OTES, when the film begins to rapidly degrade after the 
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appearance of the first corrosion damage. Thin coatings obtained by layer-by-layer 

passivation of galvanized steel in SDDP and TAS solutions turned out to be more stable. At 

the same time, the use of OTES together with SDDP makes it possible to obtain 

superhydrophobic protective films capable of maintaining their properties (с≥150°) for 

500 h of test in an atmosphere of 100% humidity with daily condensation of moisture on the 

surface. It is important to note that the degradation of such films is nonuniform. In this 

connection, the surface of galvanized steel still remains superhydrophobic even with the 

appearance of the first small pitting.  

 

Figure 4. Change in с value with time (τ) in the heat and moisture chamber on textured 

surfaces of galvanized steel samples treated in solutions of corrosion inhibitors (mM):  

1 –  2.5 SDDP; 2 – 10.0 VTMS; 3 – 10.0 OTES; 4 –  2.5 SDDP / 10.0 VTMS (layer-by-layer); 

5 –  2.5 SDDP / 10.0 OTES (layer-by-layer). 

Thus, the proposed environmentally friendly method of galvanized steel passivation to 

protect it from atmospheric corrosion by laser treatment followed by layer-by-layer 

chemisorption of alkyl phosphonate and TAS can serve as an excellent alternative to the 

toxic chromate treatment. In particular, an important advantage of such passivation that 

aqueous solutions of corrosion inhibitors (or those containing no more than 10% ethanol) 

are used to obtain superhydrophobic nanoscale anticorrosion films, which makes it a fire 

safe method. 

Conclusions 

1. Layer-by-layer passivation of galvanized steel in SDDP and TAS solutions increases its 

corrosion resistance in atmospheres of high humidity and salt spray due to the formation 

of nanoscale hydrophobic films. 

2. Preliminary modification of the galvanized steel surface using laser exposure and heating 

enhances the protective and hydrophobic properties of thin films formed in the presence 

of SDDP and TAS. 
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3. The polymodal morphology of the galvanized steel surface obtained using a laser 

promotes strong adsorption of the lower phosphonate layer, which in combination with 

the barrier properties of the siloxane network in the top layer, provides high protective and 

hydrophobic properties of phosphonate-siloxane films and their stability in corrosive 

atmospheres. 

4. The most efficient method involves layer-by-layer passivation of galvanized steel in 

SDDP and OTES solutions with preliminary laser and heat treatment of the surface, which 

allows one to obtain stable superhydrophobic coatings with high protective properties in 

corrosive atmospheres of high humidity and salt spray. 
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