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The effect of preliminary laser treatment of zinc surface and its subsequent heating on the 

anticorrosion and hydrophobic properties of the layers formed in solutions of sodium 

dodecylphosphonate (SDDP) and trialkoxysilanes (TAS), i.e. vinyltrimethoxysilane (VTMS) or 

n-octyltriethoxysilane (OTES), has been studied. The polymodal roughness of the zinc surface 

resulting from laser and heat treatment allows one to achieve its superhydrophobization upon 

layer-by-layer passivation with SDDP and TAS as well as to increase the protective properties 

of the thin films formed by them. Apparently, the surface morphology obtained by such 

treatment provides better adhesion of the first phosphonate layer. In combination with a strong 

siloxane network in the top layer, this determines the high protective and hydrophobic properties 

of the coatings and their stability over time. The most effective is layer-by-layer passivation of 

zinc in SDDP and OTES solutions with preliminary laser texturing of the surface, which allows 

one to obtain resistant coatings with high protective and hydrophobic properties in a humid 

atmosphere. In the presence of OTES, which is more hydrophobic than VTMS and has a 

relatively long alkyl, a stable highly ordered siloxane layer is formed on the zinc surface, which 

is capable of blocking existing defects in the film formed by the chemisorbed alkylphosphonate. 
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1. Introduction 

Currently, the protection of metals from corrosion by modifying their surfaces with various 

organic compounds capable of forming self-assembled monolayers (SAM) is a relevant 

direction in anticorrosion science and practice. Higher phosphonic and carboxylic acids, 

their salts and silanes, which are often used to obtain SAM, are widely known as corrosion 

inhibitors (CI) of various metals [1–8]. Especially noteworthy among them are 

alkylphosphonic acids CH3(CH2)nPO3H2 (AP) which, due to the presence of a hydrophobic 

alkyl and a reactive phosphonic group in the molecule, are strongly adsorbed on the surfaces 

of metals and their oxides to form well-ordered layers possessing hydrophobic and 

 
1This 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/10.17675/2305-6894-2020-9-4-23
http://orcid.org/0000-0001-7933-1707
https://orcid.org/0000-0002-0762-1817


 Int. J. Corros. Scale Inhib., 2020, 9, no. 4, 1550–1563 1551 

    

 

anticorrosion properties [1, 5, 7]. As some researchers note, the SAM formed by AP are 

more strongly bound to the oxidized metal surface and are characterized by higher density, 

ordering and stability compared to layers of higher carboxylic acids or silanes [5, 9, 10]. 

Numerous studies of the specific features of surface modification of metals and alloys 

with AP, including the treatment for increasing their corrosion resistance, were carried out 

mainly on steel, titanium and aluminum [5, 7, 10–14]. This method of corrosion inhibition 

has been little studied for zinc and zinc coatings, although it can successfully compete with 

toxic chromate treatment that does not meet the modern environmental standards [15, 16]. 

The stability and protective properties of alkylphosphonate SAM on various metals 

depend on the conditions of their application (solution composition, temperature and 

duration of treatment and drying, preparation method, etc.), the structure of the AP molecule 

(for example, the length of the hydrocarbon radical), morphology and chemical state of the 

surface (roughness, presence and composition of the oxide film) [13, 14, 17–21]. Some 

regularities of zinc passivation by alkylphosphonates were previously studied by us for 

sodium salts of decyl- and dodecylphosphonic acids (SDDP) as examples [19, 21]. This 

passivation treatment of zinc increases its corrosion resistance, both in a chloride-containing 

aqueous solution and in a humid atmosphere. However, the resulting phosphonate films are 

not effective enough for long-term protection of zinc against corrosion or under more severe 

conditions, for example, in a salt spray.  

Along with the selection of the optimal conditions and passivation methods, the 

inhibitory efficiency of AP and their salts can be increased by combining them with other 

CI. For this purpose, suitable candidates are alkyltrialkoxysilanes with general formula R-

(CH2)n–Si–(ORʹ)3, where R is an organofunctional radical and Rʹ is a readily hydrolyzable 

alkoxy (methoxy, ethoxy, acetoxy) group. Along with low toxicity, they are also capable of 

self-assembly on the surfaces of many metals, including zinc, that gives it a number of 

valuable properties, for example, hydrophobic or superhydrophobic, anticorrosion and 

adhesive ones [22–27]. The corrosion inhibition of a metal by organosilanes is due to their 

interaction with the surface hydroxyl groups of metals leading to the formation of –Si–O–

Me covalent metallosiloxane bonds and polycondensation of neighboring molecules in the 

surface siloxane layer [2]. Such self-assembling siloxane nanolayers can significantly inhibit 

the dissolution of zinc in chloride- and sulfate-containing media and under atmospheric 

conditions [8, 28]. However, they do not completely suppress corrosion, as noted in [28]. 

The possibility of increasing the protective properties of layers formed on zinc in the 

presence of SDDP by trialkoxysilanes (TAS) with various structures, including using the 

method of layer-by-layer passivation, was demonstrated by us in [29]. It was shown that the 

efficiency of inhibition of zinc corrosion in a chloride-containing solution and in a humid 

atmosphere is higher with a combination of SDDP with TAS than with the individual CI. In 

this case, the sequence of their formation and the structure of TAS have a great influence on 

the protective properties of the thin films thus obtained. Treatment of air-oxidized zinc in 

solutions of SDDP with TAS hydrophobizes its surface. However, the contact angle (Θ) 

characterizing its wettability with water does not exceed 106±4°. To obtain a 
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superhydrophobic coating in an CI solution, i.e. with Θ ≥ 150°, and, consequently, to enhance 

its protective properties, special preparation of the metal surface is required to give it the 

necessary microstructural roughness. 

Among the many methods of creating a complex morphology of metal surfaces 

(anodizing, electrodeposition, etching, sol-gel technology, hydrothermal treatment), laser 

treatment has recently attracted the attention of researchers. This method of changing the 

roughness is based on the physical processes of the formation of complex two- and three-

dimensional micron- and nanometer-scale structures on the surface by exposure to laser 

pulses of various intensities and durations [30]. Laser treatment of the surface of some metals 

with subsequent heating or adsorption of organic substances increases their corrosion 

resistance in chloride-containing solutions. For example, it was shown in [31] that after 

treatment with a nanosecond pulsed laser the copper surface is hydrophilic, but after two 

hours of heating at 150℃ it becomes superhydrophobic (Θ > 155°) and acquires 

anticorrosion and self-cleaning properties. A similar transition of a superhydrophilic surface 

to a superhydrophobic one with Θ > 158° due to a combination of laser and heat treatments 

was observed on the Mg–9Al–1Zn alloy [32]. Using the results of potentiodynamic 

polarization measurements and spectroscopy of electrochemical impedance, they showed an 

increase in the corrosion resistance of the magnesium alloy in 3.5% NaCl solution with an 

increase in Θ. It is also possible to achieve the superhydrophobic state of a laser textured 

metal surface by chemisorption of a hydrophobic agent. In [33], laser treatment with 

subsequent modification with fluorooxysilanes with low surface energy was used to create 

superhydrophobic coatings on an aluminum–magnesium alloy, which increased its 

resistance to pitting corrosion in NaCl solution. At the same time, we could not find 

publications on such studies on zinc or zinc coatings. 

In this regard, the purpose of this work was to study the effect of preliminary 

preparation of the zinc surface using laser treatment and subsequent heating on the 

anticorrosion and hydrophobic properties of the layers formed in the presence of SDDP and 

trialkoxysilanes. 

2. Experimental 

2.1. Materials 

The studies were carried out on zinc samples with a Zn content of 99.975% where the content 

of impurities (Fe, Al, Cu, Sn, Pb, Cd, As) was up to 0.025%. We used sodium 

dodecylphosphonate (CH3)12–PO(ONa)2 (SDDP) and TAS – vinyltrimethoxysilane 

H2C=CH–Si(–OCH3)3 (VTMS) and n-octyltriethoxysilane CH3–(CH2)7–Si(–OC2H5)3 

(OTES) – as the corrosion inhibitors of zinc. 

To obtain a concentrated solution of SDDP, a dodecylphosphonic acid powder (Alfa 

Aesar, 95%) was dissolved in distilled water by heating to 90℃ and 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 
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with the required concentration and with an alcohol content of 10.0%. The pH values were 

measured using an EXPERT-pH instrument. 

2.2. Sample preparation  

The protective layers were studied on smooth and laser textured zinc surfaces. In the first 

case, zinc samples 25×15×6 mm in size were polished with emery paper to a “mirror” shine, 

degreased with acetone, and kept in air for 30 min to form an oxide layer. 

In the second case, to study the effect of zinc surface morphology on the properties of 

films formed in the presence of СI, the polished and degreased samples were subjected to 

laser treatment under ambient conditions using an XM-30 laser marker with the following 

parameters: P = 7.5 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 sec. to remove the particles formed that were weakly bound to the metal surface. After 

this preparation, the zinc surface acquired superhydrophilic properties. To make it 

hydrophobic, as well as to change the composition of the surface oxide layer, zinc samples 

were annealed for 1 h at 150℃. 

We have previously identified the optimal conditions for the treatment of zinc with 

SDDP and TAS in terms of the anticorrosion protection efficiency [29], therefore the 

prepared samples were kept sequentially in stirred solutions of 2.5 mM SDDP and TAS at 

40℃. The concentrations of TAS solutions were 2.5, 5.0 and 10.0 mM. After that, the 

samples were dried for 1 h at 150℃. The exposure time in each solution was 1 h with 

intermediate drying in air for 30 min. 

2.3. Investigation of the protective properties of films pre-formed on zinc by SDDP and TAS 

2.3.1. Electrochemical measurements.  

The electrochemical studies of the protective properties of films formed on zinc in СI 

solutions were carried out by the polarization (potentiodynamic) method. A two-key silver 

chloride electrode was used as the reference electrode. The measured electrode potentials 

were converted to the normal hydrogen scale. A pyrographite plate was used as the auxiliary 

electrode. All electrochemical measurements were carried out under static conditions at 

room temperature of the solution and with natural aeration. 

Polarization measurements were performed in a borate buffer solution with pH 7.4 

containing 1 mM NaCl, using an IPC-Pro MF potentiostat (Russia) with a potential scan rate 

of 0.002 V/s. The resistance of zinc coated with CI films to the corrosive action of chloride 

ions was evaluated by the difference of the local depassivation potentials, CI 0

pt ptE E E = − , 

which were determined from the anodic polarization curves on samples without treatment 

( 0

ptE ) and with preliminary modification with CI ( CI

ptE ). 
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2.3.2. Corrosion tests  

The corrosion tests of zinc samples treated in solutions of SDDP and TAS were carried out 

in a heat and moisture chamber providing conditions of 100% humidity with periodic 

moisture condensation. The temperature mode of the heat and moisture chamber was as 

follows: the temperature was maintained at 40±2℃ for 9 h a day, while the chamber was 

turned off for the rest of the day. The samples were prepared as described in section 2.2. 

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

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

2.4. Characteristics of the zinc surface modified with SDDP and TAS 

2.4.1. Water contact angle measurements 

The hydrophobic properties of the protective layers on zinc formed in the presence of CI 

were evaluated by the value of the static contact angle () of a drop of distilled water. The 

 values were determined in the graphics editor Corel R.A.V.E. 2.0 from photographs of a 

water drop on the surface being studied, obtained using a laboratory unit with an integrated 

DCM300 camera. The drop volume was 20 μl in each measurement. To obtain reliable 

information about the surface wettability, the measurements of  were carried out no later 

than 5–10 s after the drop was planted, at no less than 10 points of the surface. The standard 

deviation of  was 2.0–5.0°. The stability of the hydrophobic properties of the coatings 

obtained was estimated by the change in the  value with time during corrosion tests of 

samples in a heat and moisture chamber. Over time, the standard deviation increased to 7.0–

9.0° in some cases due to uneven degradation of the coatings. 

2.4.2. Zinc surface roughness measurement 

The roughness of the surface of zinc samples was estimated by the probe method using a 

Proton–MIET 130 profilograph. The study of the irregularities of the metal surface was 

carried out in several steps: the surface was “probed” a certain number of times with a 

diamond needle, then the averaged value of the parameters was calculated from a series of 

measurements. As a result of measurements, a record of the zinc surface profile and the 

roughness parameters were obtained: Rz is the average height of irregularities at 10 points 

and S is the average pitch of local protrusions in μm. 

3. Results and discussion  

3.1. Electrochemical behavior of zinc modified with SDDP and TAS 

An increase in the protective properties of phosphonate films obtained on zinc in an aqueous 

solution of SDDP by TAS of various structures, as well as some regularities in the formation 

of such phosphonate–siloxane coatings, were found by us previously [29]. In particular, the 

optimal conditions for the treatment of zinc with SDDP and TAS, in terms of the efficiency 

of anticorrosion protection, were determined and the advantages of layer-by-layer treatment 
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with these CI compared to the passivation in their mixture was demonstrated. It was also 

shown that, when SDDP was used together with VTMS or OTES, films with the first layer 

of alkyl phosphonate had the best protective properties. 

It is known that VTMS can reduce the dissolution rate of many metals and alloys, 

including zinc. However, it is most often used as an auxiliary additive, since it alone does 

not suppress corrosion completely [28, 34]. OTES molecules can form assembled layers on 

a metal surface due to a long hydrocarbon radical, thereby providing a barrier to the 

penetration of moisture and corrosive ions. 

The polarization curves of zinc electrodes pre-passivated at various concentrations of 

solutions of SDDP with VTMS and OTES are shown in Figures 1a and 1b, respectively. The 

efficiency of joint passivation of zinc with SDDP and TAS was found to be higher than that 

by the individual CI. At the same time, the use of OTES in layer-by-layer treatment with an 

alkylphosphonate allows one to obtain coatings with better protective properties than in the 

case of VTMS. An increase in the concentrations of any of these TAS in solution to 10.0 mM 

enhances the protective properties of the films thus obtained. 

 
Figure 1. Anodic polarization curves of zinc in a borate buffer solution (pH 7.4) containing 

1.0 mM NaCl without (1) and with preliminary layer-by-layer treatment in solutions of SDDP 

and TAS (a - VTMS; b - OTES): 2, 2* - 2.5 mM SDDP; 3, 3* - 10.0 mM TAS; 4, 4* - 2.5 mM 

SDDP/2.5 mM TAS; 5, 5* - 2.5 mM SDDP/5.0 mM TAS; 6 - 2.5 mM SDDP/10.0 mM TAS. 

The greatest Ept shift of a zinc electrode in the positive direction is observed upon its 

layer-by-layer passivation in 2.5 mM aqueous solution of SDDP and in 10.0 mM aqueous-

alcoholic solution of OTES: ΔE = 0.450 V (Figure 1b). This indicates the formation of more 

perfect films on the zinc surface, probably due to both chemisorption of the first 

alkylphosphonate layer and formation of a less defective and more stable upper siloxane 

layer as a result of lateral interactions between OTES molecules in it (horizontal siloxane 

bonds, van der Waals interactions between alkyl chains). 
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3.2 Effect of laser treatment of zinc surface on the hydrophobic and protective properties of 

layers formed in the presence of SDDP and TAS  

The air-oxidized zinc surface is hydrophilic and is characterized by = 72±3°. Treatment 

of zinc in solutions of SDDP with TAS hydrophobizes it surface, which, along with strong 

chemisorption of the alkylphosphonate [21], favors an increase in its corrosion resistance 

under the conditions studied. At joint use of SDDP with VTMS or OTES, the measured  

values are slightly higher than in the case of passivation by these compounds alone. 

However, even upon layer-by-layer treatment of a smooth zinc surface with SDDP and 

OTES, the most hydrophobic of the silanes studied, the  value does not exceed 106±4° 

(Table 1) [29]. 

Table 1. Contact angles () and images of water droplets on smooth and textured surfaces of zinc samples 

passivated in solutions of SDDP and TAS. 

Composition of the 

inhibiting solution, 

mM 

Θ,  

smooth surface textured surface 

without treatment 

 72±3  143±1 

2.5 SDDP 

 95±2  135±3 

10.0 VTMS 

 91±3 
 140±3 

10.0 ОTES 

 89±2  127±3 

2.5 SDDP/2.5 VTMS 

 85±3  150±3 
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Composition of the 

inhibiting solution, 

mM 

Θ,  

smooth surface textured surface 

2.5 SDDP/10.0 VTMS 

 102±3  160±2 

2.5 SDDP/2.5 ОTES 

 86±2  152±2 

2.5 SDDP/10.0 ОTES 

 106±4  162±3 

To obtain a superhydrophobic coating on zinc and hence to increase its corrosion 

resistance, the surface was laser treated with subsequent heating according to the procedure 

described in Section 2.2, after which it turned black. The nature of this phenomenon on 

various metals was studied in [35, 36]. The authors of these works obtained “black velvet” 

multifunctional surfaces of brass, platinum, titanium and its alloy with nickel by producing 

hierarchical nano/microstructures by femtosecond laser pulses. Such surfaces had light-

absorbing, superhydrophobic, and self-cleaning properties. According to the results of 

chemical analysis by X-ray photoelectron spectroscopy, the blackening of metal surfaces is 

not associated with a change in the elemental composition. SEM studies of the morphology 

of surfaces structured by laser radiation showed the presence of coral-like surface structures 

consisting of micro-cavities with random orientations and protrusions that can be considered 

as conglomerates of nanoparticles expelled from ablation craters. The resulting microcavities 

and protrusions greatly increase the area of the metal surface, and the high degree of 

roughness makes these structures a porous light absorber owing to which the surface acquires 

a jet black color. 

Indeed, our profilometry results demonstrate an increase in zinc surface roughness after 

laser treatment, while the Rz value increases more than 50-fold (Table 2). In this case, the 

surface becomes superhydrophilic, which is confirmed by the rapid and complete spreading 

of a water drop. Subsequent heating for 1 h at 150℃ gives it hydrophobic properties 

(= 143±1°), although it somewhat decreases the average height of the profile irregularities. 

As shown in [32, 33, 37, 38], this preparation of the metal surface gives it microstructural 

roughness and changes the composition of the oxide layer. This is due to the ablation and 

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

laser treatment. Presumably, subsequent heating at 150℃ increases the fraction of ZnO in 
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the surface layer, while the Zn(OH)2 component practically disappears, as a result of which 

the morphology of the zinc surface changes with formation of dense small nanospheres 

consisting of ZnO, which can serve as chemisorption centers for the CI.  

Despite the high hydrophobic properties, the textured zinc surface quickly begins to 

corrode in a humid atmosphere: τcor = 17 h, which is only slightly longer than in the case of 

a smooth surface. The adsorption of SDDP or TAS themselves on such surface enhances its 

hydrophobicity, increasing the  value by 38–49° in comparison with the smooth surface 

modified with the CI. A superhydrophobic coating on zinc with surface laser preparation 

was obtained only by layer-by-layer treatment in an SDDP solution with any of the silanes 

studied (Table 1). The greatest value of  (162±3°) is observed in the case of the joint use 

of SDDP and OTES. 

Table 2. Surface roughness parameters of zinc samples before and after laser and heat treatments. 

Treatment mode Rz, μm S, μm Profilogram of surface roughness 

without treatment 

(smooth surfaces) 
0.91 1.89 

 

laser treatment 54.85 13.35 
 

laser and heat 

treatment 
52.70 12.27 

 

The results of corrosion tests in a humid atmosphere of a heat and moisture chamber 

showed that the films obtained on a textured zinc surface during layer-by-layer treatment in 

solutions of SDDP and TAS are significantly superior in protective properties to films 

formed on a smooth surface. The inhibiting efficiency of the latter was studied earlier by us 

[29]. Both on smooth and textured zinc surfaces the layer-by-layer passivation by SDDP 

with OTES allows one to obtain coatings with better protective properties than with VTMS. 

The first corrosion damage on samples with such superhydrophobic coatings appears only 

after 773 h, which is almost twice as much as with the same treatment of a smooth surface 

by CI (Figure 2). Thus, the layer-by-layer passivation of zinc in solutions of 2.5 mM SDDP 

and 10.0 mM OTES with preliminary laser treatment increases its corrosion resistance under 

severe conditions of 100% humidity almost 65-fold. Apparently, in the presence of a more 

hydrophobic OTES with a relatively long alkyl, a stable highly ordered siloxane layer, which 
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is capable of blocking existing defects in the film formed by a chemisorbed 

alkylphosphonate, is formed on the zinc surface. 

 
Figure 2. Time until the appearance of the first corrosion damage (τcor) in the heat and 

moisture chamber on zinc samples passivated in SDDP and TAS solutions, with and without 

preliminary laser preparation. The CI concentrations are given in mM. 

3.3 Stability of hydrophobic properties of phosphonate–siloxane coatings on zinc  

In terms of the efficiency of superhydrophobic coatings and the possibilities of practical 

application, their ability to maintain their properties under operating conditions is important. 

Evaluation of the coating degradation, i.e., of the loss of hydrophobic properties, which we 

carried out during corrosion tests in a chamber of heat and moisture, showed that they were 

more stable upon layer-by-layer formation in SDDP and VTMS or OTES solutions than in 

the case of individual CIs. The coating obtained on a textured surface in a 2.5 mM aqueous 

solution of SDDP quickly loses its hydrophobic properties (Figure 3). The zinc surface 

treated in 10.0 mM aqueous-alcoholic solutions of VTMS or OTES retained high 

hydrophobic properties for more than 750 h of tests in a humid atmosphere even after the 

first corrosion damage appeared. It is important to note the tendency that the  value changes 

for a zinc sample with a film formed in the presence of OTES. In this case, the surface 

hydrophobicity significantly increases during the initial period, and a superhydrophobic state 

is almost reached after 250 h of testing (= 148°). Apparently, it is due to the continuing 

self-assembly of OTES molecules in the siloxane film due to long hydrocarbon radicals. 
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Figure 3. Change in the contact angle (Θ) vs. time (τ) on textured surfaces of zinc samples 

after layer-by-layer treatment in solutions: 1 – 2.5 mM SDDP; 2 – 10.0 mM VTMS; 3 – 

10.0 mM OTES; 4 – 2.5 mM SDDP/10.0 mM VTMS; 5 – 2.5 mM SDDP/10.0 mM OTES. 

Layer-by-layer passivation of a laser textured zinc surface in solutions of SDDP and 

VTMS or OTES allows one to obtain coatings with high stability of superhydrophobic 

properties in a humid atmosphere. Apparently, the surface morphology obtained by laser and 

heat treatments provides better adhesion of the first phosphonate layer. In combination with 

a strong siloxane network in the top layer, this determines the high protective and 

hydrophobic properties of the coatings and their stability over time. The use of OTES 

together with SDDP is the most efficient, because even after 713 h of corrosion tests, the 

surface continues to be superhydrophobic, = 150±4°. The degradation of such film is 

nonuniform. As a result, local corrosion damage is observed on the samples even while 

maintaining superhydrophobic properties on the major part of the surface. 

Conclusions 

1. A method for the preparation of superhydrophobic coatings on a zinc surface by laser 

treatment followed by layer-by-layer chemisorption of alkylphosphonate and TAS is 

suggested. 

2. The polymodal roughness of the zinc surface obtained due to laser and heat treatments 

allows one to achieve its superhydrophobization by layer-by-layer passivation with SDDP 

and TAS and to increase the protective properties of the thin films they form. 

3. The most efficient variant involves layer-by-layer passivation of zinc in SDDP and OTES 

solutions with preliminary laser and heat treatment of the surface, which allows one to 

obtain resistant coatings with high protective and hydrophobic properties in a humid 

atmosphere with daily moisture condensation on the surface. 
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