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The paper presents the corrosion resistance of uncoated steel and steel coated with one-component 
films in 0.5 M H2SO4 at 22.0±0.2 °C. One-component coatings were obtained by the sol-gel method. The 
coatings were obtained by the dip coating method. Quantitative composition of the coatings and their 
thickness were estimated by means of X-ray Photoelectron Spectroscopy (XPS). The corrosion behaviour 
of steel coated with one-component films was evaluated with the use of electrochemical direct and alter-
nating current methods. 
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1. Introduction 

The main focus of research on corrosion-resistant materials nowadays is the modi-
fication of the surface layer. The most popular methods involve coating the metal or 
admixing some elements into it. The interest in ceramic coatings deposited on various 
materials has been increasing in recent years, due to such properties of the ceramics as 
high mechanical strength, high melting point, abrasion and corrosion resistance even 
in aggressive environments. The sol-gel technique applied to depositing ceramic films 
on materials has been gaining increasing recognition, as it offers wide possibilities of 
producing both one-component and multicomponent coatings [1–4]. Among other 
advantages of the sol-gel technique, one has to mention the control of microstructure 
of the coating films, their high purity and relatively low temperatures as compared to 
the conditions of obtaining solid ceramics. 
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The sol-gel coatings are used for protection against electrochemical and high-
temperature corrosion [5–8]. The significance of the sol-gel technique in general is 
best evidenced by the variety of its applications for obtaining new materials in the 
form of fibres, films, powders, devitrificates, monolithic glass, ceramics, and, last but 
not least, coatings [9–14]. 

The aim of the present project is to obtain one-component coatings on chromium 
steel by means of the sol-gel technique, and to assess the protective properties of the 
coatings in the environment of 0.5 M H2SO4. 

2. Experimental 

The substrate was chromium steel which is a modification of the AISI 403 type. In 
the sol-gel method, one of the steps is a high-temperature treatment of oxide coatings. 
The steel substrate might show a phase transition during this operation if the iron steel 
is used. To avoid this, the chromium steel (modification of AISI 403) was chosen. The 
additional elements – molibdenium and vanadium (absent in AISI 403) stabilize the 
precipitated carbides making the steel more temper-resistant. For the chemical com-
position, see Table. The samples were in the form of discs 12.0 mm in diameter and 
1.0 m thick. Before coating, the surfaces were ground with an emery paper #1000, 
rinsed with distilled water and degreased with tetrachloromethane in an ultrasound 
washer. 

Table. Chemical composition of the stainless steel (% w/w)  

C Mn Si P S Cr Ni Mo V W Cu 
0.12 0.51 0.35 0.026 0.029 12.4 0.43 0.11 0.04 0.13 0.12 

 
To obtain an SiO2 sol, the solution containing 25.0 g of tetraethoxysilane 

Si(C2H5O4) and 11.0 g of anhydrous ethanol (C2H5OH) was used, to which another 
solution of 11.1 g of anhydrous ethanol and 8.6 g of distilled water was added. Subse-
quently, the solution obtained was stirred by means of a magnetic stirrer with 
a constant speed (300 r.p.m.) for one hour. Then, the solution was left in an open ves-
sel at the temperature of 20 ± 5 °C, until the sol of required viscosity (about 3 cP) had 
been obtained. The time needed for obtaining the appropriate sol depends also on the 
factors affecting the ratio of solvent evaporation, i.e. the temperature, air humidity 
and circulation. In the sol obtained, the content of the coating material was 13% 
(m/m) with respect to SiO2. The reaction of hydrolysis of the tetraethoxysilane 
(TEOS) proceeds in the following way: 

 Si(C2H5O)4 + (2+n) H2O → SiO2⋅nH2O + 4C2H5OH  (1) 

The viscosity of the solutions used for SiO2 coatings was 3.3–3.4 cP, as measured 
with a Hoopler viscosimeter at 20 °C. 
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To obtain a TiO2 sol, a solution containing 6.0 cm3 of tetraisopropyl orthotitanate 
Ti(C3H7O)4 and 45.0 cm3 of anhydrous ethanol was used, to which a solution contain-
ing 6.0 cm3 30% (m/m) of hydrous acetic acid and 45.0 cm3 of anhydrous ethanol was 
added while stirring. The solution obtained was left in a closed vessel to age. After  
3–5 hours the solution became turbid, yielding 2.0% (m/m) of TiO2 sol. The reaction 
of the hydrolysis of tetraisopropyl orthotitanate proceeds as follows: 

 Ti(C3H7O)4 + (2+n) H2O → TiO2⋅nH2O + 4C3H7OH  (2) 

The viscosity of the solution at 20 °C was 3.4 cP as measured with a Hoppler vis-
cosimeter. 

The films were deposited on the substrates by dip coating. First, the sol was ho-
mogenized for 45 minutes in an ultrasound washer, then the samples were dipped in 
the sol for 2 minutes in order to establish equilibrium at the boundary of the sub-
strate/solution phases. The dipping and withdrawing of samples was performed at 
a constant rate of 1.0 mm/s. The samples were then dried in the cool air for 24 hours, 
and heated in an electrical furnace, which was heated to the maximum temperature at 
the rate of 2.0 °C/min. The samples examined were coated with five layers of the film 
in such a way that the first four layers were heated at 500 °C for 10 minutes, and the 
fifth, external layer was heated at 750 °C for 30 minutes. 

The one-component coatings obtained by means of the sol-gel method on the 
chromium steel were examined with a scanning microscope Cambridge Stereoscan 
SC-180. 

The X-ray Photoelectron Spectroscopy was performed by means of an electron 
analyzer AMICUS (KRATOS Analytical). The coated samples were cut to the size of 
5.0 mm2, covered with a conducting tape on both sides, and placed in a vacuum 
chamber. The tape carried away the electrostatic charge from the samples, thereby 
minimizing shifts in the peaks of the bonds energy. The spectra were recorded using 
the pass energy of 75 eV and an X-ray energy of 240 W. The analysis of the surfaces 
was enhanced with a depth profile obtained by etching with a fast Kauffman ion Ar-
gon gun. The stable parameters of the gun operation (p = 1×10–2 Pa, emission current 
100 mA, and acceleration voltage 200 V) enabled the scaling of the profile. Both etch-
ing of the samples surfaces and their analysis were performed at various locations on the 
films, which minimized the risk of damaging the surface. The quantitative analysis of 
the coatings was carried out with the original software of the AMICUS spectrometer. 

Electrochemical examinations were performed with direct and alternating currents. 
Polarization curves were measured in a conventional three-electrode thermostated 
system which enabled maintaining constant temperature of 22.0±0.2 °C during the 
measurements. In the potentiodynamic tests a platinum electrode was used as the aux-
iliary one and a saturated calomel electrode (SCE) as the reference one. The analysis 
of the dependence of current density on the potential applied in a 0.5 M H2SO4 solu-
tion was performed by means of an automated measuring system consisting of a EP-
20 potentiostate, an EC 20B generator, a 5D logarithmic amplifier (ELPAN, Poland) 
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and a system for signal recording (AMBEX, Poland) connected to a PC. The potential 
was changed from the cathodic to the anodic values with respect to the SCE, the rate 
of change being small (1.0 mV/s), since the passivation process is typically slow. 
Impedance spectroscopy was carried out with a HF FRA 1255 device (Schlumberger) 
connected to an impedance interface ATLAS 9181. The measuring system was con-
trolled by an IBM PC program Imp-opt v. 4.0, through the GPIB interface. The 
impedance measurements were performed within a Faraday cage in order to reduce 
external interferences. The two-electrode arrangement enabled the measurements of 
impedance up to 1.0 GΩ. The platinum electrode was used as an auxiliary electrode. 
The upper limit of frequency was 3.0 kHz, whereas the lower limit was 0.001 Hz. The 
amplitude of the sinusoidal interference signal was 25.0 mV. The measurements were 
carried out at the corrosion potential occurring after various periods of exposure of 
the samples to the solution. Repeatability was checked by making two measurements 
for one sample, first starting at low frequencies and the second starting at high fre-
quencies. The spectra were virtually identical, it can be thus concluded that the 
examined systems did not change during the measurements. The impedance spectra 
are presented in the Bode diagram system recorded at 22.0±0.2 °C. The resulting im-
pedance spectra were numerically processed by an Equivalent Circuit (version 4.51) 
Boukamp program in order to obtain the best-fit values of the circuit elements. 

3. Results and discussion 

The surface topographies of one-component films are presented in Figs. 1, 2. In 
Figure 1, showing the surface of the TiO2 coating, one can see uneven spherical grains 
of various sizes. The TiO2 coating is non-homogeneous and cracked. The cracks 
probably result form contractions occurring during the process of drying and heating, 
even though the heating ratio was low (2 °C/min). The increase in the density of the 
coating at higher temperatures (above 700 °C) makes the crystalline layer of Cr2O3 
thicker at the substrate/coating boundary, which may cause cracks at lower tempera-
tures [15]. On the other hand, applying higher temperatures was necessary to remove 
excess of water adsorbed physically and chemically from the dried gel [16]. As evi-
denced in Fig. 2, the SiO2 coating is also cracked. 

The results of the XPS analyses are presented in Figs. 3, 4, where the contents of 
elements considered are functions of the etch time and the thickness of the substrate. 
The estimated thickness of the TiO2 coating was approx. 600–800 nm (Fig. 3). In the 
whole profile of the TiO2 coating, there are actually no peaks from the substrate, i.e. 
iron or chromium. Initially high concentration of carbon atoms in the film decreases 
rapidly, almost disappearing below 50 nm, thereby providing evidence for surface 
adsorption of the carbon compounds. Down to the depth of 600 nm the composition of 
the coating is stable, the oxygen concentration is approx. 50%, and titanium concen-
tration is only slightly lower than that of oxygen – 42%. The gradual decrease in the 
titanium concentration can be ascribed to uneven thickness of the coating. One can 
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also observe an increase in the chromium concentration associated with its diffusion 
towards the surface, occurring during the high-temperature treatment. Chromium is 
present in the oxidized form (Cr2O3), hence a small increase in the oxygen concentra-
tion is observed. Manganese present on the surface comes from the steel substrate. Its 
concentration seems to be out of proportion as compared to that of other elements  

coming from the substrate. This is caused by the process of surface segregation 
occurring during steelmaking. 

  
Fig. 1. Microstructure of the TiO2 film 

on the chromium steel surface 
Fig. 2. Microstructure of the SiO2 film 

on the chromium steel surface 

  
Fig. 3. Depth profile of the TiO2 film 

on the chromium steel surface 
Fig. 4. Depth profile of the SiO2 film 

on the chromium steel surface 

The thickness of silica layer covering the steel substrate was estimated as about 
800 nm (Fig. 4); it is therefore relatively thick. Down to 600 nm the silicon concentra-
tion is constant, at the level of 30% (Fig. 4, line Si2p). The coating is characterized by 
a high carbon content in all its volume. The surface layer is of organic origin and 
builds into the structure of the silica coating in the process of the high-temperature 
treatment. The ultimate drop of the carbon concentration is caused by the decrease in 
silicon concentration, the two being probably bound. The coating is homogeneously 
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oxidized throughout all its thickness, the concentration of oxygen is maintained at the 
level of 55–60% (Fig. 2, line O1s). Interestingly, no diffusion of chromium towards 
the surface has been observed, therefore the iron concentration exceeds the chromium 
concentration throughout the depth of the coating. 

 
Fig. 5. Potentiodynamic curves for steel samples, uncoated 
and coated with the SiO2 and TiO2 films, in 0.5 M H2SO4 

Effectiveness of the oxide layers was assessed by the polarization measurements 
carried out in 0.5 M H2SO4. As can be clearly seen in the polarization curves shown in 
Fig. 5, both the cathodic and anodic current densities are significantly lowered by the 
coatings. The rate of the anodic process at the corrosion potential for the TiO2 and 
SiO2 coatings is reduced by approx. two orders of magnitude as compared to the steel 
surface. The comparison of various one-component coatings (Fig. 5) indicates that the 
best barrier against corrosion is provided by the 5-layer TiO2 coating. 

The results of the impedance measurements recorded on the uncoated and coated 
steel samples are presented in Fig. 6 as the Bode diagrams for various periods of ex-
posure to the H2SO4 solution. The impedance spectra obtained for the uncoated steel 
differ significantly from those obtained for the coated samples. The value of the im-
pedance module is higher for the coated steel, indicating its higher chemical 
resistance to the corrosive solution. 

The ‘Equivalent-Circuit’  program (Boukamp) was used for developing electrical 
equivalence models for the bare steel (Figs. 7a, 7b) and for the one-component coat-
ings (Fig. 7c). The program gave a good match between the calculated spectra and the 
spectra obtained experimentally. The impedance spectra recorded for the steel ex-
posed to the 0.5 M solution of H2SO4 obtained after exposure periods ranging from 
10 minutes to 4 hours correspond to the equivalent model R1(R2Q3) (Fig. 7a). In this 
model, R1 represents the resistance of the electrolyte and of the products of the film 
corrosion, R2 is the resistance of the charge transfer, and Q3 models the electrical 
double layer by means of the so-called constant-phase element.  
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Fig. 6. Bode diagrams for steel samples: 
 a) uncoated, b) coated with the TiO2 films, 

c) coated with the SiO2 films, in 0.5 M H2SO4  
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Electrical equivalent circuits for uncoated 
steel (a, b) and the steel coated (c)  

in 0.5 M H2SO4 
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Extending the exposure time to 24 hours renders the R1(R2Q3) equivalent circuit, 
obtained by means of the Boukamp circuit description mode, inadequate. The spec-
trum obtained after 24-hour exposure of the steel samples to the acidic solution 
exhibits high low-frequency impedance module and high constant value of the phase 
angle within the broad range of frequencies, the latter probably resulting from joining 
two maxima of the phase angle (Fig. 6a).  

The occurrence of the two inseparable maxima of the phase angles is a consequence 
of an additional element appearing in the electrical equivalent circuit. Figure 7b presents 
a circuit generating an impedance spectrum correlating with the experimental spectrum. 
The elements R1, R4, and Q5 in Figure 7b correspond to R1, R2, Q3 in Fig. 7a. Ele-
ment C2 is the capacitance of the corroded layer adhering tightly to the steel surface, 
elements R3 and W6, are the resistance of the electrolyte in the pores of the corroded 
layer and Warburg pseudo-impedance associated with diffusion processes, respec-
tively. 

The best fit between the simulated spectra of the coated steel and the experimental 
ones is obtained with the use of the (C[R(RQ)(RQ)]) model of the electrical equiva-
lent circuit, presented in Fig. 7c. This model is very similar to the one used in the 
description of stainless steel 304 coated with CeO2 film exposed to a 1.0 M solution 
of NaCl [17]. The model presented in Fig. 7c contains additionally the element C1 
(electrode capacitance) [18]. The physical sense of the elements R2, R5, and Q6 pre-
sented in Fig. 7c is identical to that of the elements R3, R4, and Q5 in Fig. 7b. The 
elements R3 and Q4 in Fig. 7c are connected to certain properties of the coatings and 
denote, a resistive element and a constant-phase element, both characterizing electri-
cal properties of the passive layer. 

  

Fig. 8. Resistance of the electrolyte in through 
-coatings pores (R2) versus exposure time  

of SiO2- and TiO2-coated steel 

Fig. 9. Capacitance of coatings (C1)  
versus exposure time of SiO2-  

and TiO2-coated steel 

On one hand, the use of two constant-phase elements in the electrical equivalent 
circuit facilitates the match between the calculated and experimental curves. On the 
other hand, it introduces four additional parameters, whose physical sense cannot be 
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easily determined. In spite of this complication, the model developed adequately re-
flects the physical properties of the investigated system: metal–coating–electrolyte. 

In Figure 8, changes in the R2 value of the TiO2 and SiO2 coatings are presented 
as a function of the exposure time to the corrosive solution. As the exposure time 
increases, the conductivity of the solution also increases (i.e. the resistance de-
creases), indicating appearance of micro-cracks and new conduction paths (or 
broadening of the existing ones). The changes in the capacitance (C1) of the coating 
film typically result from the penetration of water. Water affects the dielectric con-
stant of the coating and, consequently, increases its capacitance. The changes in 
capacitance of the samples immersed in the corrosive solution are presented in Fig. 9. 
The capacities of the TiO2 and SiO2 coatings increase during the exposure to the 
0.5 M H2SO4 solution, possibly indicating that the penetration by water is preceded by 
a several-hour period of induction. The capacitance of the SiO2 coating is higher than 
that of the TiO2 coating. The value of Q6 reflects the degree of delamination of the 
coating. The fact that this parameter does not show any significant variation over time 
(Fig. 10) means that no delamination occurs. The decrease in the value of Q6 with the 
time of exposure in the case of the TiO2 coating can result from diminishing the metal 
surface being in contact with the electrolyte through pores and cracks. From the point 
of corrosion protection, the most crucial parameter is the charge transfer resistance 
(R5) (Fig. 11) which is inversely proportional to the corrosion rate and to the area 
corroded. The increase in the value of R5 can be attributed to the process of recon-
struction of the internal layer or to the process of ‘self-repair’ occurring in the layer. 
In the case of the TiO2 and SiO2 coatings, the value of R5 increases, depicting con-
tinuous inhibition of corrosion. 

 

Fig. 10. Constant phase element (Q6) versus  
exposure time of SiO2- and TiO2-coated  steel 

Fig. 11. Charge transfer resistance (R5) versus 
exposure time of SiO2- and TiO2-coated  steel 

The analysis presented above indicates that the corrosion processes occurring in 
the systems of coatings obtained by the sol-gel method on chromium steel are of 
a highly complex nature. It has to be also noted that the TiO2 and SiO2 coatings are 
not electrical barriers and that their defects cause considerable scatter of the results. 



E. SZAŁKOWSKA et al. 376

4. Conclusion 

It is possible to obtain one-component coatings on chromium steel by means of the 
sol-gel method. The TiO2 and SiO2 coatings, enhancing the corrosion resistance in the 
environment of 0.5 M H2SO4, are about 800 nm thick. The one-component coatings 
are non-homogeneous, with many cracks (Figs. 1, 2). The cracks probably result from 
contractions occurring during the process of drying and heating. The impedance 
measurements indicate that the coatings are poor barriers due to the presence of nu-
merous cracks through which charge transfer can occur. 
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