
mgr inż. Aleksandra Kucharczyk-Kotlewska 

Czestochowa University of Technology 

Faculty of Production Engineering and Materials Technology 

Doctoral thesis: Modifying the surface of alloy steel to increase their corrosion resistance 

SUMMARY 

Corrosion generates significant economic losses, reaching 1–5% of GDP in highly 

developed countries. Since corrosion processes are thermodynamically inevitable, protective 

measures focus on their kinetic limitation by slowing reaction rates or modifying reaction 

mechanisms. Each corrosion process involves at least one oxidation reaction (most often of 

the metal) and one reduction reaction (typically involving oxygen, hydrogen ions, or water 

molecules). These reactions proceed independently on the metal surface, often at specific, 

preferential sites, which can be regarded as the operation of a short-circuited galvanic cell. 

Reducing the rate of either process (or both simultaneously) results in a decrease in the overall 

corrosion rate. 

The protective methods used include environmental factor removal, corrosion 

inhibitors, electrochemical polarization, and protective coatings, including metallic, inorganic, 

and organic systems. Organic coatings are the most commonly used, acting as mechanical 

barriers that limit the access of corrosive agents, thus reducing the corrosion rate and 

increasing the ionic resistance, which effectively suppresses the galvanic cell activity. 

However, their complete impermeability is not achievable, and micropores allow the gradual 

penetration of aggressive agents over time. Therefore, multilayer coating systems are often 

employed, where the primer ensures adhesion to the substrate and contains corrosion 

inhibitors, while the topcoat provides barrier and aesthetic functions. 

Due to environmental requirements, intensive research is being conducted on 

alternatives to traditional chromate coatings. Promising solutions include environmentally 

friendly silane–polymer coatings. 

This doctoral dissertation is devoted to the development and comprehensive 

characterization of anticorrosive coatings enhancing the corrosion resistance of alloy steels 

(X20Cr13 and 41Cr4). Despite the presence of a passive chromium-rich oxide layer, stainless 

steels undergo general corrosion in acidic environments (containing sulfate (VI) ions), and 

pitting corrosion develops in the presence of aggressive halide ions—especially chlorides. 



The consequences include serious operational damage, technological downtime, and increased 

maintenance costs of infrastructure. 

The improvement of the corrosion resistance of X20Cr13 and 41Cr4 steels was 

achieved by modifying their surfaces with advanced coating systems. The research focused on 

the development, production, and evaluation of protective coatings based on: silanes 

(primarily vinyltrimethoxysilane – VTMS), layer-by-layer systems composed of alternating 

layers of silanes and conductive polymers PEDOT and PANI, micellar systems containing 

non-ionic surfactants (BRIJ), and composite coatings where silanes were doped with a 

conductive polymer and heteropolyacid phosphododecamolybdate (PMo₁₂). 

The aim of this study was to develop, modify, and comprehensively evaluate the 

protective properties of silane and composite coatings under highly aggressive corrosive 

conditions, including acidic sulfate (VI) solutions and chloride ions, characteristic of 

industrial and marine environments. 

The study also involved determining the influence of the chemical composition of the 

modifying solutions and synthesis parameters on the structure, morphology, adhesion, and 

corrosion resistance of the obtained protective layers. Particular attention was paid to 

analyzing the behavior of the coatings under acidic conditions containing chloride ions in 

model solutions composed of 0.5 mol·dm⁻³ Na₂SO₄ (pH = 2) and 0.5 mol·dm⁻³ Na₂SO₄ + 0.5 

mol·dm⁻³ NaCl (pH = 2), at room temperature (~24°C). 

An organofunctional silane – vinyltrimethoxysilane (VTMS) – was used to improve 

durability and enhance anodic and barrier protection. The modifying solutions contained 

VTMS at a concentration of 3.16 mol·dm⁻³ with ethanol as the solvent. The effects of various 

hydrolysis catalysts—acidic (acetic acid, H₂SO₄, LiClO₄) and basic (NH₃)—on the structure 

and functionality of the final coatings were analyzed. The best anticorrosive properties were 

observed for coatings obtained with 0.1 mol·dm⁻³ acetic acid as the catalyst. The presence of 

this compound improved the compactness and tightness of the protective layer, effectively 

limiting the penetration of corrosive agents. 

In the next stage, to increase the homogeneity and dispersion of silanes in the 

modifying solutions, a non-ionic surfactant—polyoxyethylene glycol monolauryl ether 

(BRIJ)—was introduced. The addition of BRIJ at a concentration of 0.01 mol·dm⁻³ enabled 

the formation of coatings with improved barrier and anodic protection by significantly 

limiting the penetration of Cl⁻ ions to the metal surface. 

Parallel studies were conducted on coatings containing silane and conductive polymers 

PEDOT (poly(3,4-ethylenedioxythiophene)) and PANI. The obtained layers exhibited a 



compact structure, high adhesion to the substrate, and anodic behavior—shifting the corrosion 

potential of the alloys towards more noble values, stabilizing the metal in the passive state. 

The optimal protective properties were obtained at an EDOT monomer concentration of 0.1 

mol·dm⁻³, providing the best thickness-to-corrosion-resistance ratio. 

Further research focused on the development of layer-by-layer coating systems, where 

PEDOT and VTMS layers were alternately deposited. These systems showed increased 

tightness and corrosion resistance compared to single-component coatings. Additionally, 

composites containing VTMS, PEDOT, and BRIJ were analyzed, demonstrating even higher 

protective parameters. 

In the final stage of the research, a heteropolyacid phosphododecamolybdate (PMo₁₂) 

Keggin-structure layer was electrochemically deposited on the silane coating in combination 

with the conductive polymer PEDOT. This additive supported the hydrolysis and 

condensation processes during the sol-gel procedure and stabilized the composite coating 

structure. The VTMS/PEDOT/PMo₁₂ coatings exhibited the highest protective effectiveness, 

both in terms of barrier and anodic protection, limiting the development of general and pitting 

corrosion. 

In summary, innovative, modern, and effective protective coatings were developed 

and characterized, enhancing the corrosion resistance of X20Cr13 and 41Cr4 steels under 

highly aggressive conditions, particularly in the presence of chloride ions typical for industrial 

and marine environments. The applied coatings, based on VTMS silanes, conductive 

polymers PEDOT and PANI, micellar surfactant (BRIJ), and heteropolyacid (PMo₁₂) doped 

with a conductive polymer, were used in single-layer, layer-by-layer, and composite systems. 

The best protective properties were obtained for multicomponent coatings 

demonstrating synergistic barrier and anodic effects. The effectiveness of these solutions has 

been confirmed as an alternative to traditional chromate coatings, particularly under highly 

aggressive industrial and marine conditions. 

 


