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Abstract 

Novel hybrid-sol-gel materials (C1-C5) based on silica-epoxy composite resins were 

successfully prepared by coupling different aminosilanes with DER736 epoxy resin, 

followed by in situ sol-gel process, and finally introducing the urethane moieties to the 

final coatings. The research has emphasized on the effect of changing the type of the 

aminosilane on the properties of the prepared hybrid coatings. Three different 

aminosilanes were examined and their reaction parameters with the epoxy and the 

trialkoxysilanes were carefully optimized in order to avoid fast gelation and to obtain the 

desired properties of the hybrid coatings. The prepared organic-inorganic hybrid coatings 

were loaded and cured on mild steel panels and characterized for FTIR, NMR, TGA, 

water contact angles (WCA), nanoindentation hardness, pull-off adhesion, SEM, EIS and 

polarization studies. The results revealed that the coatings prepared from the 

trialkoxysilanes APTMS and MTMS (C4) demonstrate the best mechanical, anticorrosion 

and adhesion properties on mild steel substrate as compared to all other coatings in 3.5 

wt% NaCl medium. Electrochemical impedance spectroscopy (EIS) results indicated a 

corrosion resistance value for this coating in the range of 106 Ω cm2 after 10 days of 

continuous immersion in the saline medium. The SEM observations suggest that coatings 

produced from the other aminosilanes, APT-PDMS and APM-DMS are inhomogeneous 

and having some defects which had ultimately affected their barrier protection properties.      
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INTRODUCTION 

The total cost and environmental consequences of the corrosion problems of the metal 

surfaces have become a major challenge to many industries, especially for the gas and oil 

industry.1 Mild steel is used in large tonnages in marine applications, nuclear power and 

fossil fuel power plants, transportation, chemical processing, petroleum production and 

refining, pipelines, mining, construction and metal-processing equipment. Mild steels are 

vulnerable to very high corrosion rates in aggressive solutions and atmospheres due to 

their nature of limited alloying content.2 Protective coatings are typically employed to 

protect the steel surface from corrosion. Chromate-based corrosion inhibitors have been 

used extensively in corrosion resistant coatings. However, the hexavalent chromium 

Cr(VI) ingredient is highly carcinogenic and is on the way of being abandoned. Thus, 

current researches on coatings are targeting to produce environmental friendly 

alternatives with equivalent or enhanced corrosion protection.3 

In the last two decades, the potential of hybrid organic-inorganic sol-gel materials for the 

replacement of chrome conversion treatments has been the topic of a huge number of 

studies.4-7 These materials combine the balanced properties of organic polymers (e.g., 

flexibility, ductility, dielectric) and silica (e.g., high thermal stability, strength, hardness, 

UV-VIS absorbance), thus having interesting mechanical and barrier properties on metal 

surfaces.8-10 Sol-gel derived organic-inorganic hybrid coatings are mainly produced 

through the hydrolysis and condensation reaction of organofunctional alkoxysilane 

precursors.11, 12 They were prepared also by the blending of siloxanes with hydrocarbon-

based polymers; more notably epoxy resins.13, 14 The corrosion resistance of these 

coatings has been attributed to their physical barrier properties, which restrict the 

penetration of the electrolyte towards the metallic substrate.15 The chemical structure and 

organic functionality of silanes can be varied and optimized in order to achieve the 

maximum effect in terms of hydrolytic stability of the interface, desired hydrophobicity 

or adhesion properties. Coating’s formulator should avoid phase separation between the 

soft (organic) and hard (inorganic) components of the hybrid system. A general approach 

to increase the crosslink density and thus obtain strong interfacial interactions between 

the organic and inorganic components is to use silica coupling agents. The functional 

group present in the crosslinker establishes a bridge between the two components; thus 

well-dispersed nanostructured phases may result.16 Many siliconized epoxy hybrid 

materials were prepared using the above methodology and reported in literature,17-20 

However, reports on similar materials having urethane moieties are very rare.21 The 

production of such novel hybrid sol-gel materials of superior mechanical and barrier 

properties is still a very challenging area for research. 

In this study, we have prepared successfully a series of novel siliconized-epoxy hybrid 

sol-gel materials via the blending of aminosilane derivatives with the epoxy resin 

DER736, followed by the hydrolysis/polycondensation of the existing silanol groups, and 

finally the conversion of the unreacted -OH groups into urethane moieties in the final 

Page 2 of 24RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



coatings. The target is to prepare hybrid coatings that are having the advantage of 

combining silane, epoxy and urethane properties in a single system, and to study the 

effect of the type of the aminosilane crosslinking agent on the coating properties. Three 

different aminosilanes were tested during the preparation of coatings which ultimately 

demonstrated to have major effect on the mechanical, anticorrosion and adhesion 

properties for the new coatings. Full spectral (FTIR, NMR), surface (SEM, contact 

angle), mechanical (TGA, hardness) and electrochemical (EIS, polarization) 

characterizations were conducted on the new coatings in order to evaluate their 

performance as protective coatings for mild steel substrates against corrosion.   

EXPERIMENTAL 

Materials 

Tetraethoxysilane (TEOS), methyltrimethoxysilane (MTMS), 3-

glycidoxypropyltrimethoxysilane (GPTMS), (3-aminopropyl)trimethoxysilane (APTMS), 

diglycidyl ether of polyoxypropylene glycol (DER736), isophorone diisocyanate (IPDI) 

and isopropyl alcohol (IPA) were purchased from Sigma-Aldrich (US). Aminopropyl 

terminated polydimethylsiloxane (Mwt= 5000) (APT-PDMS) was purchased from 

Flurochem (UK). 6-7%-Aminopropylmethylsiloxane-dimethylsiloxane copolymer 

(APM-DMS) was purchased from Gelest Inc. (US). All of the above chemicals were used 

as received and their chemical structures are given in the supporting information.  Nitric 

acid (HNO3) and sodium chloride (NaCl) was purchased from Loba Chemie, India. All 

reagents (HNO3 and NaCl) used for the study were analar grade and deionized water was 

used for their preparation. 

 

Preparation of the hybrid coatings 

The preparation of the hybrid coatings involves three steps: the coupling reaction 

between the epoxy groups in DER736 and the amino groups in the aminosilanes, the 

reaction of the silanol groups in the alkoxysilanes that undergo hydrolysis and 

polycondensation reactions forming the inorganic polymeric network, and the reaction of 

the isocyanate groups in IPDI with the remained unreacted -OH groups in the hybrid 

polymer forming the urethane moieties. The order of the above steps and the amount of 

reactants was tuned carefully during the preparation of coatings in order to control the 

fast gelation and to deal with the poor mechanical properties of the final hybrid coatings. 

Initial coatings prepared without adding the IPDI were observed to have bad mechanical 

properties and low aging stability. Coating C2, in particular, required the silane precursor 

GPTMS in its composition to gain extra aging stability. In some experiments, IPA has to 

be added to the reaction mixture in order to slow the release of water to the silane mixture 

and thus inducing more control on the hydrolysis/polycondensation reactions. Direct 
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mixing of the amine crosslinker, DER736 and IPDI produced coatings that wouldn’t 

completely cure even after long drying in oven at high temperatures. Table 1 summarizes 

the details on the preparation of the hybrid coatings (C1-C5) that showed promising 

stability, adhesion and mechanical properties.  

   

Table 1. Composition of the prepared hybrid coatings 

Sample 

Code* 

Composition (volume in mL) 
Order of mixing (At room 

temp.) Silane 
Aminosi

lane 
Epoxide IPDI IPA 

C1 
TEOS 
(10) 

APT-
PDMS 

(5) 

DER736 
(2) 

2 - 

Mix APT-PDMS with TEOS 
and DER736 for 3 hours. 

Add 1 mL of (0.05N HNO3: 
IPA) and mix for overnight. 

Add IPDI and mix 
continuously. 

C2 

GPTMS 
(5) + 

MTMS 
(10) 

APM-
DMS (5) 

DER736 
(2) 

2 - 

Mix APM-DMS with 
GPTMS for 1 hour. Add 

MTMS and mix for 1 hour. 
Add 1 mL of (0.05N HNO3: 
IPA) and mix for overnight. 
Add DER736 and mix for 3 

days. Add IPDI and mix 
continuously. 

C3 
TEOS 
(10) 

APT-
PDMS 

(5) 

DER736 
(2) 

4 10 

Mix APT-PDMS with TEOS, 
DER736 and IPA for 

overnight. Add 0.5 mL of 
(0.05N HNO3: IPA) and mix 
for overnight. Add IPDI and 

mix continuously. 

C4 
MTMS 

(10) 
APTMS 

(5) 
DER736 

(2) 
4 - 

Mix APTMS with MTMS for 
1 hour. Add DER736 and 

mix for 4 hours. Add 1 mL of 
(0.05N HNO3: IPA) and mix 

for overnight. Add 4 IPDI 
and mix continuously. 

C5 
MTMS 

(10) 

APT-
PDMS 

(5) 

DER736 
(2) 

4 10 

Mix APT-PDMS with 
MTMS, DER736 and IPA for 

overnight. Add 1.0 mL of 
(0.05N HNO3: IPA) and mix 
for overnight. Add IPDI and 

mix continuously. 
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Coating Procedure 

The newly-prepared coatings were applied  on S-36 mild steel Q-panels (Q-Lab 

Company, US) using K101 rod coating applicator. The coated sample dried for an hour 

and then cured at 100 °C for 48 hours in oven. Q-panel sheets had been cleaned 

ultrasonically for 10 minutes in absolute ethanol and air-dried prior to the coating step. 

Characterization 

1H and 13C NMR spectra were recorded on 500 MHz Joel 1500 NMR machine. Chemical 

shifts (d) were reported in ppm relative to tetramethyl silane (TMS) using CDCl3. The 

FTIR spectra for the hybrid coatings were collected in transmittance mode within 4000 to 

400 cm-1 range at 64 scans using a Nicolet 6700 Fourier Transform (FT) Spectrometer 

(Thermo Electron Corporation, UK) equipped with a DTGS KBr detector. The thermal 

behavior of the synthesized hybrid sol-gel coatings was studied by thermogravimetry 

(TG) (Perkin-Elmer TGA 7, US) analysis at a heating rate of 10 °C min-1 through to 700 

°C under nitrogen atmosphere. 

The polarization studies were carried out using the GAMRY3000 corrosion measurement 

system. The potential of the electrode was varied from -0.25 V to 0.25 V, which is very 

close to the corrosion potential (Ecorr) of mild steel substrate. The electrochemical cell 

used for the current study consists of the prepared coated electrode as the working 

electrode, a graphite rod as the counter electrode, a SCE as the reference electrode, and 

3.5% sodium chloride as the electrolyte. Surface Masks (GAMRY) of area of 1 cm2 was 

used to mask the analyzed surface. EIS data were collected using a GAMRY3000 

potentiostat with a frequency range between 100 kHz – 10 mHz (100000 – 0.01 Hz). The 

number of points taken was 10/decade with AC Voltage of 10 mV.  

 

The morphology of the coatings and cross sections before and after corrosion testing 

were studied using a JEOL JSM6610LV SEM. The contact Angle Measurement (CAM) 

Instrument DSA30 (KRUSS, Deutsch, Germany) was used to evaluate the aqueous 

contact angle (θw) by pendant drop method, and the results presented in this study were 

the mean values of three measurements collected from three different steel panels coated 

with the same individual coating. 

The nanoindentation on the hybrid coatings were performed using a nanoindenter 

instrument (Model CSM Instruments NHT) fitted with a Rockwell diamond indenter 

having 100 µm tip radius at a final load of 50 mN. Hardness values were determined 

from the unloading part of the force–depth (F–d) curve. The evaluation of the adhesion 

strength of all hybrid coatings on mild steel panels was carried out using a Hydraulic 

Adhesion Tester from paint test equipment, UK.  
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RESULTS AND DISCUSSION 

The network formation in the hybrid coatings takes place from the reaction of the amine 

groups of the crosslinker with the epoxy group of the DER736 followed by the Si-O-Si 

bond formation by acidic water. The prepared coatings are proposed to adhere to the steel 

surface via a bond formation between the unreacted Si-OH groups and the –OH groups 

on the metal. The formation of the hybrid network is a complicated chemical process, 

where network structure is being determined by the relative rates of formation of the 

organic and inorganic parts and the linkages between them.22 Therefore, understanding 

the nature of chemical reactions occurred during the sol-gel processing and network 

growth is highly required for optimizing the synergy between the two components and 

ultimately the coating properties. Spectral characterizations play a great role in achieving 

this goal by providing valuable information that can be used to analyze the structure-

property relationships and also comparing material properties. 

Spectral Characterization 

The proposed chemical structures of the new siliconized epoxy hybrid materials were 

confirmed using FTIR and NMR spectral techniques. No single chemical structure can be 

drawn for any of the prepared coatings since the presence of a variety of highly reactive -

OH, -NH and -NCO groups can lead to many competitive reactions. However, following 

the disappearance and the appearance of new functionalities using the above-mentioned 

techniques  gave insight on the occurrence of chemical reactions that led to the formation 

of the final hybrid coatings. As an example, a proposed chemical structure of the coating 

C4 is given in Figure 1. 
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Figure 1. Proposed chemical structure of the prepared hybrid coating C4.  

 

The FTIR spectrum of coating C4 (Figure 2) showed a strong absorption peak at 1075 

cm-1 that corresponds to Si-O-Si which confirms the condensation reaction between the 

silanol groups. The disappearance of absorption peak at 905 cm-1 for epoxy group 

indicated that the epoxy groups had reacted with APTMS and is now attached to the 

silica by a chemical bond.23 The formation of the urethane moiety can be proved from the 

absorption peak at 1707 cm-1 and the disappearing of any absorption peaks at 2270 cm-1 

corresponds to unreacted isocyanates.24 The existence of absorption band at 3346 cm-1 

indicates that not all the -OH groups were consumed during the condensation reaction or 

it may corresponds to the -NH groups. The peaks in the range 1400-1600 cm-1 correspond 

to the combination of bending vibration of N-H bond and stretching vibration of C-N 

bond. The FTIR spectra of all other coatings (Supporting Information) showed also the 

above characteristic absorption peaks but with clear shift in their corresponding 

frequency values. The shifts in the IR frequencies of carbonyl groups to lower numbers in 

all other coatings could be attributed to the Hydrogen bonding interaction for these 

groups with -NH and -OH groups,25 or to the presence of Urea content in the coating’s 

composition.26 More absorption peaks can be observed in the FTIR spectrum of coating 

C2 that could be assigned to the silane precursor GPTMS in the coating formulation. 
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Figure 2. FTIR spectrum for the hybrid coating C4. 

 

Furthermore, the same compound (C4) was subjected to 1H-NMR and carbon-13 nuclear 

magnetic resonance (13C-NMR) analyses. 1H-NMR spectrum (Figure 3) showed the 

disappearance of the chemical shift at 2.60 ppm which is assigned for the proton of the 

carbon in the oxirane rings. This confirms the occurrence of the reaction between the 

epoxide groups in DER736 and the amino group in APTMS. This was also confirmed by 

observing that the chemical shift of the proton in the NCH2 group in the APTMS 

monomer (2.02 ppm) has now shifted downfield in C4 (2.74 ppm). The presence of small 

signal at 2.99 ppm in C4 indicates that not all OMe groups in APTMS were hydrolyzed 

during the sol-gel reaction. The corresponding 13C-NMR spectrum of C4 is illustrated in 

Figure 4. The spectrum shows the carbon in  SiCH2 has shifted upfield from 5.8 ppm in 

the APTMS monomer to -7.2 and -9.1 ppm in C4.27 The spectrum shows also the 

appearance of two peaks at 54.7 and 63.8 ppm resulted from the opening of the epoxide 

ring after crosslinking with APTMS. The four peaks in the range of 156.3 to 159.1 ppm 

correspond to different urea/urethane carbonyls in C4 confirming the reaction of the 

isocyanate groups (no peaks corresponding to the isocyanate carbons is shown in the 

range 122.0 to 124.0 ppm) in IPDI. NMR spectra of the different coatings and the 

precursors were given in the supporting information. 
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Figure 3. 1H-NMR spectrum for the hybrid coating C4. 

 

Figure 4. 13C-NMR spectrum for the hybrid coating C4. 
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Physical Appearance of Cured Coatings 

After application and curing of coatings, the samples appeared very similar and showed 

no visible signs of corrosion or cracks (Fig. 5). The difference in the original color of the 

prepared coatings before application on steel panels (Colorless for C1, C3 and C5; Pale 

yellow for C2 and C4) causes the slight change in the color of the cured coated samples. 

The cured samples subjected then to different thermal, electrochemical, morphological 

and hardness testing. It is worth mentioning here that the following properties of each 

individual coating are the average properties of all different polymeric segments forming 

that coating’s formulation. 

 

Figure 5. Coated samples after curing. 

Thermal Analysis 

The thermal stability of the prepared organic-inorganic hybrid coatings were determined 

by using TGA analysis. The thermograms for different hybrid coatings are given in 

Figure 6. The results revealed that all prepared coatings were characterized by high 

thermal stability, except for coating C5, which indicated weak crosslinking density for 

this coating. 
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The weight losses for C5 take place at three steps: The first step with gradual weight loss 

from room temperature to around 325 °C is due to the evaporation of physically absorbed 

solvent and residual monomers, the second weight loss in the range of 325 ∼ 510 °C is 

ascribed to the decomposition of polymer, the third minor weight loss at 510 ∼ 700 °C 

may be caused by the partial decomposition of silica bonded or entrapped polymeric 

segments.28 The weight loss pattern of all other coatings are relatively similar to C5 but 

with small changes in the corresponding intervals of temperatures and significant lower 

char yields.  

 

 

Figure 6. TGA analysis for the hybrid coatings. 

 

Electrochemical Impedance Studies 

The protective character of the newly prepared hybrid sol-gel coatings was determined 

using electrochemical measurements, and in particular the EIS technique. The most 

outstanding and well-known advantage of this technique is the possible continuous 

monitoring of the progress of corrosion, with instantaneous corrosion rate measurements, 

and it can provide information on the reactions mechanisms of the electrochemical 

deterioration.29 The impedance response of the system consists of the sol-gel layer, the 

activity at the substrate/coating interface, and the corrosion process that might take place. 
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The open-circuit impedances of the hybrid sol-gel coated mild steel substrate were traced 

over 240 h after immersing them continuously into 3.5 wt% NaCl solution. 

The electrochemical impedance Bode spectra for all the coatings after 24 and 240 hours 

of continuous immersion in 3.5 wt% NaCl electrolyte is shown in Figure 7(a and b). EIS 

data clearly indicated that all coatings (except C2) provided excellent barrier protection 

properties for the steel surface at initial immersion time in NaCl solution. Initially, the C3 

coated sample showed the highest impedance value (9.2 x 107 Ω cm2) among all the 

coated samples (Figure 7a). Interestingly, only sample C4 showed no significant change 

in its impedance value (8.2 x 106 Ω cm2) after 240 hours of immersion, indicating a 

minor loss of the corrosion protection properties of this coating. The impedance values 

for the other coatings were in the following order: C3 (4.5 x 105 Ω cm2) > C1 (2.3 x 105 

Ω cm2) > C2 (8.8 x 104 Ω cm2) > C5 (1.0 x 104 Ω cm2) (Figure 7b). The low impedance 

value for coating C5 at longer immersion times in NaCl revealed the failure of this 

coating in protecting steel surface from corrosion. 

Figure 8 represents the EIS Nyquist spectra of the hybrid sol-gel mild steel coated 

samples after 24 and 240 hours of immersion in the electrolyte solution. Nyquist plot of 

the coated sample C3 after 24 hours of immersion indicated the presence of only one 

capacitive arc, which implied that the coating acts as intact capacitor prohibiting the 

permeation of corrosive species such as water, oxygen, and other ions towards the surface 

of the metal substrate (Figure 8a). The Figure showed that the impedance properties of 

this coating are higher than all other samples. The Nyquist plots of other coated samples 

showed two-time constant semicircles with depressed and full capacitive first loop for 

each coating at higher frequencies. Larger diameters of Nyquist semi-circles are 

attributed of higher corrosion resistance coatings. At prolonged immersion periods, the 

nyquist plots (Figure 8b) showed that the highest corrosion resistance is now for C4. For 

samples C1-C3 and C5, there is a presence of a semicircle at low frequencies in the 

nyquist plot, suggesting the onset of electrochemical reactions at the metal/coating 

interface.4 The relatively high resistances of the C4 coating and its stability over the long 

immersion period confirmed its barrier protection properties. 
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Figure 7. Bode plots of the hybrid coated mild steel samples after (a) 24 and (b) 240 

hours immersion in 3.5 wt% NaCl solution. 
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Figure 8. Nyquist plots of the hybrid coated mild steel samples after (a) 24 and (b) 240 

hours immersion in 3.5 wt% NaCl solution. 

Page 14 of 24RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Potentiodynamic Polarization Tests 

The polarization curves of the hybrid coated mild steel samples after 240 h immersion in 

3.5 wt% NaCl solution are shown in Figure 9, and the electrochemical characteristics 

derived from these curves are listed in Table 2. The results showed that the Icorr of sample 

C4 is much less than all other samples, which confirmed the excellent barrier properties 

of this hybrid coating. This result reveals that there is a greatest crosslinked structure of 

C4 among all other coatings.30 Considering the data displayed in Table 2, it was evident 

that the results of polarization tests were consistent with those of impedance 

measurements in which sample C4 showed the best corrosion protection performance on 

mild steel substrate, while sample C5 showed the poorest performance. The poor 

performance of C5 can be attributed to the formation of a less dense and porous coating’s 

film on the surface of steel. 

 

Figure 9. DC polarization scans of the hybrid coated mild steel samples after 240 h 
immersion in 3.5 wt% NaCl solution. 

 
 
 
 
Table 2. Electrochemical characteristics of the hybrid coated mild steel samples after 240 

h immersion in 3.5 wt% NaCl solution 
Sample C1 C2 C3 C4 C5 
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Ecorr (mV) -633 -6.01 -584 -553 -603 

Icorr (A/cm
2
) 1.04 x 10-7 2.55 x 10-7 1.19 x 10-7 1.94 x 10-8 1.42 x 10-6 

 
 
Morphological Studies 

Figure 10 shows scanning electron micrographs of the top surface of the fractured 

surfaces of C1-C5 samples, respectively. The EDX analysis confirmed the application of 

the coatings on the substrate due to the appearance of carbon, oxygen and silicon 

elements. We observed a smooth and featureless morphology for C3 and C4. The surface 

of samples C1 and C5 appeared rough with small cracks and some NaCl salt precipitation 

on them. They appeared also to consist of two or more phases that are dispersed in the 

coating matrix, indicating the occurrence of different competitive polymeric reactions 

during the preparation of these coatings. The surface of sample C2 showed the shape of 

regular non-porous coatings with the presence of some coating particles that did not 

crosslinked with the bulk of the coating and existed on the surface of the coating layer 

already attached to the metal. The nature of these particles was elucidated using single 

point EDS analysis of the coated sample (Supporting Information). The above results are 

in full agreement with electrochemical tests which proved the C4 sample to have the best 

barrier properties among all other prepared coatings. 

 

Figure 10. SEM micrograph of the top surface of hybrid coated samples immersed in 3.5 

wt% NaCl for 10 days (insert: EDS analysis on a single-point on the surface 

of the sample C5) 
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Figure 11 shows the typical SEM photographs of cross sections of the hybrid sol-gel 

coated mild steel samples. It was observed that the coatings are perfectly bonded with no 

sign of any defects. 

 

 

Figure 11. SEM image of a cross-section of hybrid coatings (insert: EDS analysis on a 

single-point on sample C5) 

 

 

The photo digital imaging of all coated samples after immersing them continuously for 

10 days in 3.5 wt% NaCl solution (Figure 12) confirmed the conclusion drawn from the 

electrochemical data. Both samples C1 and C5 showed signs of advance corrosion on 

their surfaces, while samples C2 and C3 showed the presence of some salt aggregates 

adsorbed on their surfaces. The surface of sample C4 remained intact with no sign of 

corrosion or coating delamination.   
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Figure 12. Sections of the panels shown in Figure 5 before and after immersion in 3.5 

wt% NaCl for 10 days. 

Contact Angle Measurements 

Contact angle is an important parameter to evaluate the surface of hybrid coatings. The 

contact angle values for the hybrid coatings before and after immersion in 3.5 wt% NaCl 

for 10 days are shown in Figure 13. Although the surface of the coated sample C4 has the 

lowest hydrophobic character (due to the less organic functionalities in this coating)  

among all other coated samples, it showed less wetting (following the drop in contact 

angle values before and after immersion) behavior comparing to the other samples, which 

explain also the interesting anticorrosive property of this coating. The loss in the 

hydrophobicity of surfaces is an indication for wetting the hybrid coatings with 

electrolyte solution which leads eventually to the onset of corrosion.31  
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Figure 13. The contact angle for the hybrid coatings before (Non-immersed) and after 

(Immersed) immersion in 3.5 wt% NaCl for 10 days. 

 

Hardness Test 

Nanoindentation analysis was used to evaluate the hardness of the prepared coatings and 

obtained results are presented in Table 3. The high hardness of sample C4 revealed the 

existence of a higher sol-gel density in this coating comparing to other coatings,32 which 

supported and explained the interesting anticorrosive properties of this coating. The 

similarity in the profile of both mechanical and the anticorrosion properties was also 

visible with other coatings except for sample C5, where the hardness value of this coating 

was affected by the hardness properties from the steel substrate.33 This interference can 

be attributed to the thin film this coating formed on the steel surface.      

 

Table 3. Nanoindentation Hardness and Thickness of the hybrid coatings 

Sample 
Nanoindentation 

hardness (GPa)* 

Contact Depth 

(mm)* 

Thickness 

(mm)** 

C1 0.55 ± 0.01 14 ± 0.3 74 
C2 0.23 ± 0.01 11 ± 0.5 115 
C3 1.35 ± 0.06 11 ± 0.1 140 
C4 3.47 ± 0.03 4 ± 0.1 122 
C5 7.36 ± 1.5 7 ± 1.7 40 

* Determined using a load of 50 mN (average of 4 measurements). 

** Obtained from cross-sectional SEM analyses. 

 

Adhesion Test 

The adhesion capacity of all the coatings was measured using the pull-off hydraulic 

adhesion tester. Results in Figure 14 indicated clearly the superior adhesion strength of 

C4 as compared to other coatings. This can be explained by the availability of more free 

Si-OH groups in this coating to bond to steel surface.34  
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Figure 14. Adhesion strengths (in Mpa, average of 3 measurements) of hybrid coatings.  

 

The superior anticorrosive, hardness and adhesion properties of C4 can be attributed to 

the powerful ability of the APTMS crosslinker to contribute effectively and 

simultaneously in both the coupling and the hydrolysis/polycondensation reactions. This 

led ultimately to the production of a homogeneous coating with high crosslink density, 

while the other two considered aminosilanes in this study were characterized by a low 

crosslink density that provides pathways for the diffusion of corrosive species to the 

coating/metal interface. 

 In order to explore the protection performance of C4 in other aggressive media and at 

longer immersion time, completely cured C4 coated steel panels were immersed 

continuously in 3.5 wt% NaCl, 2M H2SO4 and 1M HCl electrolytes for two weeks. 

Photodigital images of the immersed panels (Figure 15) showed clearly that the two 

coated panels immersed in NaCl and SO4
2- electrolytes (Figure 15a and b, respectively) 

remained intact indicating an excellent corrosion protection performance of C4 on steel 

surface in these two testing media. Opposite behavior was observed with the sample 

immersed in the HCl solution (Figure 15c) where the steel surface was massively 

suffered from the occurrence of both general corrosion and delamination of coating 

behaviors. The promising corrosion protection result obtained with C4 in SO4
2- 

Page 20 of 24RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



encouraged us to initiate a full study on investigating the protection performance of all 

the other coatings we are reporting in this study under the corrosive sulfate medium. 

 

 

Figure 15. C4 coated steel panels after two weeks of immersion in (a) 3.5 wt% NaCl, (b) 

2M H2SO4 and (c) 1M HCl solutions. 

   

CONCLUSIONS 

A series of siliconized epoxy hybrid organic-inorganic coatings were prepared, coated on 

mild steel panels, and subjected to structure elucidation, heat resistance, contact angle, 

nanoindentation hardness, pull-off adhesion and electrochemical corrosion studies. The 

properties of the hybrid coatings varied with type of the aminosilane coupling agent and 

the trialkoxysilane components. EIS and polarization analyses results on coated samples 

indicated excellent anticorrosion barrier properties for the hybrid coating prepared 

starting from the aminosilane APTMS (C4). SEM analyses complemented the 

electrochemical experiments and revealed no cracks and defects in C4 and the existence 

of inhomogeneity and defects in all other coatings. All coatings (except C5) present good 

heat resistance, adhesion and hardness. The surfaces of the prepared coatings were having 

a slight hydrophobic character. All of the above properties for the newly-prepared 

coatings provided us with promising alternative substituents for the conventional 

chromate conversion coatings. 
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