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Abstract 

Corrosion is a major oilfield flow assurance problem with coatings being commonly used by 

industry as a barrier to electrochemically active species. In recent years, studies on sol-gel 

materials have drawn an increased interest, gaining more recognition as an alternative to 

conventional coatings due to many promising properties including hardness, wear resistance 

and thermal stability. In this work silica inorganic sol-gel coatings were developed and studied 

in order to optimize their physico-chemical properties with particular attention to their corrosion 

resistance. To evaluate the protective properties, stainless steel 304 coupons coated with 

inorganic sol-gel coatings were subjected for a month to a CO2 corrosive environment. The 

kinetics of the degradation process were monitored throughout by Electrochemical Impedance 

Spectroscopy (EIS). Besides EIS, electron microscopy was used to characterize the coating 

morphology and to examine material degradation. Chemical changes in the coating were 

monitored by infrared (IR) spectroscopy while adhesion and wear resistance characteristics of 

coatings were studied through scratch tests and erosion tests respectively. A mechanistic 
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understanding of the coatings’ behaviour has been achieved which links the material 

performance to its characteristics. Moreover, findings in this study advance the knowledge 

needed to improve coating formulation. 
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1. Introduction 

There is an increasing technological and economical requirement to protect metallic 

structures in aggressive environments. Crude oil production often takes place in severe and 

highly corrosive environments and thus material degradation is a major concern in oil 

exploration and production operations. Several methods are addressed to mitigate deterioration 

[1, 2]. In that regard, the protection of metallic materials is one of the most promising 

applications of sol-gel coatings. Sol-gel technology was developed in the past 50 years as an 

alternative for the preparation of glasses and ceramics at considerably lower temperatures [3, 

4]. 

The close control of parameters of sol-gel reactions has led to the design of new advanced 

materials with interesting properties for many applications. Sol-gel synthesis offers a great 

potential for corrosion protection for advanced ceramic materials [2].  

The sol-gel process is generally utilised to deposit thin films on solid substrates from a liquid 

solution (sol) which turns into a gel following reactions illustrated in Figure 1.[5] 

 

Figure 1. General reaction schema for the sol-gel process with silica  

 

 In the first reaction, a metal alkoxide and water are placed in a mutual solvent and a suitable 

catalyst is added. Hydrolysis initiates by the addition of water to the silane solution under acidic, 

neutral, or basic conditions. Hydrolysis of the metal alkoxide bond (M-OR; where M is a metal) 

results in the formation of a metal hydroxyl bond (M-OH) [6]. Following the hydrolysis 
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reaction, the polycondensation reactions take place resulting in polymerisation of silanols 

compounds to form siloxane compounds. Sol-gel technology is widely used for the preparation 

of inorganic materials from solutions containing inorganic or metal organic precursors, which 

are hydrolysed to form inorganic polymers and colloids. Anti-corrosion films can be deposited 

from sol–gel solutions using different methods. Dipping and spinning techniques can be used 

only for deposition of the coatings on a flat surface. In the case of complex shapes it is generally 

difficult to achieve uniform coating using these procedures. Several works have shown that 

electrochemical deposition of a sol–gel film is often superior for structures with complex 

geometries in comparison to dip or spin coating techniques [7-9]. Also, electrochemical 

deposition offers relatively thick and crack-free sol-gel derived coatings [10]. A promising 

barrier coating alleviates water and electrolyte penetration [11].  

The EIS method has been used widely to analyse coatings. When it comes to sol-gel coatings, 

it is often challenging to select the appropriate experimental settings due to the various 

equivalent circuits that can be fitted to the same data. Moreover, EIS results can greatly be 

affected by the spatial heterogeneity of the samples [12]. It is therefore common for other 

methods to be used alongside EIS and complement the electrochemical observation with 

mechanical, physical and chemical measurements to fully characterize the degradation 

mechanism. The combination of those techniques leads to more robust analyses.  

In this work silica inorganic sol-gel coatings, (4 to 10ȝm), were studied by EIS over 30 days in 

order to follow the performance of the coatings in synthetic sea water. The results were 

supported by analysis using SEM and IR. 
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2. Experimental methods and materials 

 

2.1 Materials and sample preparation 

EIS tests were performed on 70mmx70mm 304 stainless steel uncoated sample and coated with 

inorganic sol-gel [13] with a thickness of about 6ȝm. A PVC tube (internal diameter: 3.5cm, 

height: 9cm with water going to 8.5cm thus the volume of salt water is 81.8cm3) was glued with 

silicone. One corner of the metal was bent so the working electrode could be attached to it. Only 

one face of the samples has been coated and in contact with the salt water. Synthetic sea water 

(3.5wt% NaCl) saturated in CO2 was used and EIS tests to be performed at room temperature 

over a 30 days period.  

2.2 Electrochemistry 

EIS was performed using an ACM Instruments Gill AC as a potentiostat and an Ag/AgCl 

Mettler Toledo InLab Combination Redox electrode. The Nyquist graphs obtained with Zplot 

are adapted from experimental data extracted from an EIS measurements. These ran with a low 

AC sinusoidal excitation of ±10 mV around the Open Circuit Potential (OCP) in order to keep 

the system pseudo-linear for a frequency range starting at 20 kHz and up to 10 mHz while 

logging 10 data points per decade of frequency and executed at OCP. 

 

3. Results and discussion 

 

3.1 Electrochemical Impedance Spectroscopy 

The impedance spectra of the samples are shown in Figure 2 for the uncoated sample and Figure 

3 for the coated sample.  
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Figure 2. Nyquist plot of the uncoated sample from Day 1 to Day 30 

 

 

Figure 3. Nyquist plot of the coated sample from Day 1 to Day 30 

 

The Nyquist plots in Figure 2 present that all spectra from Day 0 up to Day 30 exhibit a 

capacitive behaviour. The behaviour for the coated sample is showed in general as capacitive 

in the Nyquist plot which indicates a protective and intact coating. Although some water can be 

detected, it is expected to be on the top coating surface and not penetrated since the arc of the 

plot does not display the characteristic semi-circle [14] but segments of semi-circles, possibly 

relating to corrosion-resistant film formed on the surface of the bare substrate [15]. The 

impedance inversely changes as a function of frequency with a slope value close to -1 in the 
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Bode plot (Figure 4 and Figure 5). This indicates the capacitive characteristics of the coating. 

The relatively high Z values at low frequencies are maintained approximately similar within 30 

days which highlights the durability of the coating for this period.  

 

Figure 4. Impedance Bode plot of the uncoated sample from Day 1 to Day 30 

 

 

Figure 5. Impedance Bode plot of the coated sample from Day 1 to Day 30 

 

The values obtained for the uncoated and coated samples can be compared and show that the 

corrosion rate of the stainless steel substrate is reduced with the application of the sol-gel 

coating as expected.  
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During the period of immersion, the shape of the impedance response for the uncoated sample 

remains almost unchanged with time, which suggests a stable structure of the passive film [15]. 

In order to obtain the values associated with the elements in the EIS measurements, an 

equivalent circuit which is shown in Figure 6 is employed. The equivalent circuit is adapted for 

the measurements performed after the first day hence between Day 5 and Day 30 of the test, 

the circuit for Day 1 only consisting of the “solution + coating” part of Figure 6 below. It is 

similar to equivalent circuits and fittings obtained in other papers for a similar coating [16-20].  

 

Figure 6. Equivalent Circuit used for the impedance results where R elements denote a 
resistance, C elements capacitors and CPE constant phase elements (which consist in CPE-T 
and CPE-P). 

 

Rs denotes a measure of the ionic film resistance [12] as the actual solution resistance in 

electrolytes such as seawater is negligible [21]. If the coating is thin enough, these values can 

give an indirect estimation of the coating protective properties. High values of Rs hint to better 

resistance especially in what is described as the areas of rapid solution uptake due to defects 

such as lack of polymerisation or other [21]. Its variation can be correlated to the coating 

degradation level. The coated sample is stable since the Rs values increase with time during the 

first days of the experiment as shown in Figure 7. 
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Figure 7. Rs as a function of time for the coated sample 

 

The water uptake was calculated (Equation 1) using the empirical formula derived by Brasher 

and Kingsbury [22] where Xv denotes the volume fraction of water adsorbed by the coating, C0 

and Cc are the coating capacitance at the beginning of the exposure (Day 1) and after the certain 

time intervals respectively while 80 is the dielectric constant of water. 

Equation 1. Water uptake         ܺ௏ ൌ ͳͲͲ ൈ ሾ୪୭୥ቀ಴೎಴బቁ௟௢௚଼଴ ሿ 
Figure 8 presents the evolution of the water uptake as a function of time.  

 

Figure 8. Values obtained of water uptake (Xv) derived from EIS measurements 
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As can be seen, the coating capacitance (Cc) appears to increase with time which suggests a 

higher water uptake. The coating capacitance depends on the deterioration on a microscopic 

scale along numerous points of the coating. It is therefore regarded as a parameter of coating 

behaviour that can be determined throughout the entire exposure period and shows the best 

reproducibility of all passive elements. Other passive elements should also be investigated to 

give a full understanding of the coating behaviour and its evolution, such as the resistance of 

the coating (noted as Rpore). As shown in Figure 7, the resistance of coating decreases with time. 

The contribution of coating delamination or degradation to impact the coating capacitance at 

the end of the experiment is significantly higher than the influence of water adsorption. 

The post-test investigations using electron microscopy showed no clear sign of corrosion. All 

processes were occurring at a very small scale such that no macroscopic damage could be seen. 

Thus the decline of the coating impedance values during the tests is most likely due to the 

infiltration of ions in the coatings, which in turn increased the pore conductance [23]. A coating 

breakdown can be characterized by a marked decrease in the value of Rct.  

Although the decrease in resistance may not be a conclusive sign of failure for the first few days 

of immersion, it can eventually lead to failure due to the increase in pore conductance [22]. 

When the curves of the Nyquist plot obtained from the EIS experiments do not form semi-

circles, the Randles circuit cannot be assimilated and a more complex electrical circuit must be 

used.  

The Bode phase shift diagram of the coated sample in Figure 9 also confirms degradation of 

coating with the phase angle shifting from −90° at higher frequency towards 0 in the frequency 

range of 100 Hz showing coating characteristics which indicated the degradation of the coating. 

Further drop in phase angle and shift towards 0 at 0.1 Hz is the consequence of charge transfer 

reaction and hence the second time constant [24]. The uncoated sample does not show this 

evolution. 

 



11 
 

 

 

Figure 9. Bode phase shift diagram of the a) coated sample b) uncoated sample 

 

The high-frequency impedance behaviour represents the coating characteristics and that of low-

frequency part of impedance represents the corrosion reactions occurring at the bottom of the 

pores of the coating [25].  

Generally, coatings with resistance over 108 ȍ.cm2 provide good corrosion protection, while 

those with resistance under 106 ȍ.cm2 provide poor corrosion protection [26].  

Impedance data can be interpreted in term of reaction mechanisms although the data can be 

fitted to an equivalent circuit. This is made possible through the fundamental laws connecting 

charge and potential which remain unchanged when passing from electronic to ionic media.  
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Epoxy coatings are also used in the oil and gas industry for corrosion protection. According to 

some publications [22, 26-28] even if they are considered efficient as protective coatings, their 

resistance value (which we named Rpore) can be about 106-105ȍ for Day 1 decreases to be about 

103 ȍ after 10 days [Table 1]. Table 1 presents other coatings (epoxy) found in literature, which 

were experimented under similar conditions and being compared. The sol-gel coatings studied 

in our project, while being thinner, gave similar results. 

 

Table I. Comparison of values of final resistance of sol-gel coatings experimented with epoxy 
samples from literature 

Sample Value of Resistance Day 
1 (ȍ) 

Value of Resistance 
(ȍ) Day 30 

Epoxy [23]  106 1.104 

Epoxy-amine [28]  8.107 6.107 

Epoxy-polyamine [28]  1.105 5.103 

 

3.2 Fourier-Transform Infra-Red Spectroscopy  

Analyses were performed by FT-IR with a PerkinElmer Spectrum 100 FT-IR with Universal 

ATR accessory fitted, used to obtain chemical information about the surface of the sample. FT- 

IR spectra were recorded between 600 and 4000 cm-1. EIS, water uptake and FT-IR results can 

be linked. The water ingress into the coating structure can be confirmed using FT-IR. 

The data obtained for Day 0, Day 14 and Day 30 are all displayed in a same graph to see the 

evolution of the composition of the surface. The FT-IR spectra collected at initial and after 

certain time intervals of 15 and 30 days are plotted in Figure 10. Day 0 means that the sample 

has not been immersed and has not been in contact with the sea-water. 
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Figure 10. FT-IR spectra of the coated sample 

 

All the peaks together with the assigned bonds are detailed in Table 2 below. 

 

 

 

 

 

 

 

Table II . Groups present in the FT-IR spectra 

Wavelength (cm
-1
) Group possibility 1 Group possibility 2 Group possibility 3 

3400 -O-H     
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2950 -C-H -Si-O-C-H
3
 -C-H

2
 

2400 -C=C -C-O
2
   

1600 -O-H C=C  C=O 

1400 -C-H From H
2
O   

1250 -Si-CH3 -Si-O-C   

1080-1070 -Si-O-Si -Si-O-C-H
3
 -Si-O-H 

910-850 -Si-C - Si-OH -Si-C-H
3
 

750 -Si-C Si-O-Si From H
2
O 

 

The most important bands appear at 1070-1080cm-1, corresponding to the Si–O–Si asymmetric 

stretching vibration [29] for each spectrum of Figure 10; the absorption bands observed at 

around 2950 cm-1 and 1400 cm-1 stem from stretching and bending vibrations of C–H bonds 

respectively [30] shown for the sample at Day 15 and Day 30. The sharp peak at 1250 cm-1 can 

be related to the deformational Si—CH3 vibration and the small bands of the C—H vibrations 

at around 2950 cm-1 indicate the presence of terminal trimethylsilyl groups [30]. The region at 

and around 847 cm-1 is the finger print for the coating. Peaks can be observed in this region and 

are assigned to Si–C bonds [30]. The peak at around 1600 cm-1 for the spectrum at Day 30 and 

the broad absorption band at around 3400 cm-1 originate from – OH groups [31] but could also 

be assigned to vibrational structure of Si–O–Si [32].  

No clear additional peaks at 3400cm-1, assigned to O-H stretch band in water, is detected after 

exposure of the coating to sea water. This implies that water does not contribute to the chemical 

structure of the coating following the immersion in sea-water. Water is detected and does not 

affect the coating as the functional groups present on Day 0 are still present at Day 30. The 

sample at Day 0 has not been immersed, thus the O-H bonds correspond to residual Si-OH 

(uncompleted reaction) and R-OH bonds. Therefore water is not absorbed by the coating. 

This result can be linked to the EIS results: water is detected through FTIR analyses but the 

Nyquist plots from EIS showing a capacitive behaviour confirms that the coating is intact. The 
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water is not penetrated through the coating in either case as the coating has high barrier 

properties and strong corrosion resistance. 

 

3.3 Scanning Electron Microscopy and Energy Dispersive X-Ray Spectroscopy 

Scanning electron microscopy (SEM) analyses were carried out on the samples using a Carl 

Zeiss EVO MA15 SEM to assess coverage and topography of corrosion product. All images 

were collected at an accelerating voltage of 20keV and at a working distance of about 8mm.  

Energy-dispersive X-ray spectroscopy (EDX) spectra were obtained using FEI Tecnai F20 

FEG-TEM/Oxford Instruments X-Max SDD–EDX detector then AZTEC software in mapping 

mode in order to verify the composition of the coating and the interlayer structure. 

The SEM image of the coated sample and EDX maps of oxygen and silicon before and after 30 

days of immersion in synthetic sea water (3.5%NaCl) are presented in Figure 11 and 12 

respectively. 

 

 

Figure 11. SEM image and EDX-mapping of silicon and oxygen elements from the sol-gel 
coated sample before the experiment showing the homogeneous distribution of constituents 
within the coating. Scale bar: 250µm  
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Figure 12. SEM image and EDX-mapping of silicon and oxygen elements from the sol-gel 
coated sample showing the homogeneous distribution of constituents within the coating after 
30 immersion tests. Scale bar: 250µm 

 

The post-test investigations evidenced no clear sign of corrosion or corrosion product which 

agree with the results previously discussed. The coating does not seem to have been disrupted 

as its integrity has been preserved. Both samples display a smooth surface and no localized 

crack or defects are observed after immersion. 

 

4 Conclusions 

Inorganic sol-gel coating degradation was studied for 30days of immersion in corrosive 3.5% 

of NaCl at room temperature. The results of different methods could be linked between 

themselves and allow further understanding of the degradation mechanism. Several techniques 

are needed to evaluate and to optimize the coatings and thus giving a global view of the system. 

The EIS data, while exposing the values of the resistance of the coatings also revealed the 

differences of order of magnitude which is linked to the corrosion progress. EIS method is 
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useful for characterizing the coatings and the corrosion protection properties. It also gives 

possibility to determine the equivalent circuit which compare the most to the behaviour of the 

coating/metal interface.  

The FT-IR results presented the evolution of the surface composition with time as well, showing 

that some Si-OH bonds were formed. In the case of electrochemical measurements the coatings 

would be defined as failures when the resistance measured by EIS is equal to the value 

resistance of the bare substrate metal. While it is difficult to use EIS only by itself, when 

combined to other techniques details on the evolution of corrosion are obtained. 

This coating was found to be efficient for the amount of time tested as protective sol-gel 

coatings against corrosion as the corrosion resistance of the substrate was found to be improved 

by the tested coatings. There is no direct degradation of the substrate as seen with FTIR where 

the water uptake found with EIS does not change the performance of the coating or with the 

SEM which shows no evidence of corrosion. It can be concluded that EIS measurements and 

results can be useful to help predicting the lifespan of coatings while immersed.  
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