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Abstract. This study proposes a method to reinforce the cathodic delamination capacity of 

organic coating on carbon steel. Epoxy-based coating containing 5 wt.% magnetite-

montmorillonite particles which were prepared via co-precipitation method. The crystallization 

of magnetite particles in-situ on the surface of organo-montmorillonite were confirmed by XRD 

diffraction and FT-IR spectra. When used as filler in epoxy resin, the magnetite-montmorillonite-

based coating showed an improvement of adhesion resulting in the reinforcement of internal 

strength between epoxy film and the substrate. The cathodic delamination results showed that the 

permeation of electrolyte through the scratch was reduced and the resistance to the cathodic 

disbondment was also improved. The electrochemical impedance measurements confirmed the 

anticorrosion improvement of the coating containing magnetite-montmorillonite particles. 
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1. INTRODUCTION 

Cathodic delamination is considered an important element promoting the lifetime of an 

organic coating. Many studies have been reported on this phenomenon and adhesion has become 

a key affecting the mechanism of the cathodic disbanding process [1, 2]. It has been demonstrated 

that an applied cathodic potential accelerates the cathodic reactions under the coating film, 

resulting in the liberation of oxygen and the loss of adhesion at the interface of metallic 

substrate/coating [3, 4]. 

It has been shown that the incorporation of pigments in the film formulation could not only 

promote anticorrosion properties but also hinder the disbandment phenomenon [5, 6]. Nano 

magnetite particles have been known as corrosion inhibitor pigments for metallic substrates in 

various types of applications. Our previous work reported that the incorporation of nano iron 

oxide Fe3O4 and IBA (indole-3- butyric acid) modified-Fe3O4 improved the properties of 

bisphenol A -based epoxy on carbon steel [6]. In the presence of Fe3O4, the blisters and the 
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corrosion products were limited on the surface and also around the artificial scratch after 240 h 

of salt spray test. The dry and wet adhesion of epoxy paint were also enhanced, due to the decrease 

of the adherence loss (% surface areas). This improvement can be linked to the physical bonds 

created by the magnetite nanoparticles and the oxide layer at the coating/carbon steel interfacial. 

As the other nanoparticle pigments, the dispersion of nano magnetite into the film 

formulation sometimes gets difficult due to its nano size and its high specific surface energy, 

resulting in the limit of application. To resolve this problem, a surface modification should be 

applied: by organic molecules [6], by modifying their crystal lattice like cobalt-ferrite [7, 8] or by 

using in combination with the nanoclay as fillers. In recent years, sodium montmorillonite 

(NaMMT) has been used as fillers in organic coating for steel, aluminum, etc. thanks to its layered 

structure and reasonable price [9-11]. Several reports studied the synthesis of Fe3O4 nanoparticles 

in the lamellar structure of montmorillonite. However, due to the size and the agglomeration of 

magnetite particles and the application of MMTFo, the percentage of nano Fe3O4 in nanoclays 

was limited. Barraque et al. reported the synthesis process of magnetic-montmorillonite, via a co-

precipitation method, with 5 wt.% of magnetite particles by oxidizing Fe(II) in an alkaline 

medium to adsorb cobalt ions [12]. A similar procedure to synthesis of superparamagnetic Fe3O4 

in bentonite, as a possible contrast agent for MRI, was also prepared by Bartonkova et al. [13]. A 

series of size-controlled Fe3O4 was synthetized in the layers of MMT with the percentage varied 

from 1 to 12 % of mass by the co-precipitation method [14]. The higher ratio of Fe3O4 in the 

composite MMT/Fe3O4 (with 50 wt.% of Fe3O4) was only prepared by mechanical mixing of the 

MMT and Fe3O4 particles in an aqueous solution [15], not by the in-situ synthesis process. 

In this study, nano magnetite (Fo) was in-situ prepared on organo-surface modified 

montmorillonite (MMO) layer with 50 % of mass by using the co-precipitation method. The 

composite MMOFo was then incorporated into an epoxy formulation as filler. The aim of this 

study is to evaluate the reinforcement of MMOFo on the corrosion properties, focusing on the 

cathodic delamination of epoxy resin coated on carbon steel. The electrochemical impedance 

measurements are combined with applied cathodic potential accelerated test and adhesion tests. 

2. MATERIALS AND METHODS 

2.1. Materials 

The carbon steel substrates (15 x 10 x 0.2 cm) were abraded with SiC papers from the grade 

of 100 to 1200, followed by washed with ethanol absolute before application. The Organo-surface 

modified montmorillonite (MMO) (with containing 15-35 % octadecylamine and 0.5-5 % 

aminopropyltriethoxysilane) from Sigma Aldrich were used as received. The magnetite (Fo) 

particles were synthetized via co-precipitation method by using FeSO4.7H2O (Sigma Aldrich, 99 

%), anhydrous FeCl3 (Sigma Aldrich, 97 %) and NaOH (Scharlau, 97 %) without                                 

further purification. 

2.2. Synthesis of magnetite-organo montmorillonite 

The MMOFo particles which contain 50 wt.% Fe3O4 were obtained by the in-situ growth of 

magnetite  in nanoclays (MMO) sheets. A suspension of nanoclays was prepared by sonicating of 

7 g MMO in 200 mL of water/isopropyl alcohol mixture (5/5 ratio), followed by stirring in 20 

hours. Then, under N2 atmospheric, a mixture of iron salts Fe2+ (0.015 mol) and Fe3+ (0.03 mol) 

was added drop-by-drop in nanoclays suspension. After stirring in 1 hour, a 1.25 M NaOH 
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solution was added in order to assure that the pH reached at 13. The suspension was kept at 85 

°C for 1 hour. After the reaction, the precipitated product was purified by distilled water until 

neutral pH, eliminated the trace of Cl- ions by 0.1 M AgNO3 solution, and then dried at 80oC for 

24 hours. 

2.3. Solvent-based epoxy coating preparation 

Organic coating containing 5 wt.% particles (MMO, Fo, MMOFo) covered on carbon steel 

plates was fabricated using EPOTEC YD 011X75 (Kudo Chemical Co., Korea) epoxy with butyl 

acetate as solvent and Sunmide 305-70X as hardeners. The mixtures (polymer with and without 

particles) were applied on pre-cleaned carbon steel substrates by spin-coating equipment at the 

speed of 600 rpm for 20 seconds. The final film thickness after drying is about 35 µm detected 

by Minitest 600 Erichen meter. 

2.4. Characterization methods 

The crystal lattice of synthetized materials was analyzed by Bruker D8 Advance 

Diffractometer with CuKα radiation source (λ = 1.54060 nm) at the scan rate of 0.003°/step. The 

surface morphology and the distribution of nano magnetite on the surface of nanoclays layer were 

observed with a Hitachi S-4800 Field-Emission scanning electron microscope. The characteristic 

peaks related to chemical bonds of MMO and MMOFo were identified by FT-IR Nicolet IS 10 

(Thermo Scientific) spectrometer. 

The adhesion performance was carried out following the ASTM D3359 standard. Twelve 

cuts were created through the film to the steel substrate including 1 mm apart between each line 

with the help of an Elcometer 1542 Cross hatch adhesion tester. After removing the standard tape 

over the grid, the detached surface area was classified and evaluated.  

The electrochemical measurements and the cathodic delamination tests of organic coating 

with and without fillers (Reference) on carbon steel plates were recorded by Biologic SP-300 

(Biologic Science Instruments) equipment. A classical three-electrode system was chosen for 

measurement: a carbon steel plate with epoxy film as a working electrode, a Pt rod as a counter 

electrode and an Ag/AgCl/saturated KCl as a reference electrode. 

The electrochemical impedance spectroscopy (EIS) was detected in frequency range from 

100 kHz to 10 mHz at open circuit potential (OCP) with an amplitude of 30 mV, 8 points per 

decade. The electrolyte solution was 0.5 M NaCl. The fitted results were obtained with the help 

of ZSimWin 3.5 software. 

The cathodic delamination was characterized on the sample with a scratch of 2 cm created 

mechanically at the surface. The electrolyte was 0.1 M Na2SO4 solution which not strongly 

accelerated the corrosion process. A cycle of cathodic delamination test was fixed at -1.2 V (vs 

Ag/AgCl/saturated KCl reference electrode) in 60 minutes, and then followed by 1 hour at the 

OCP. This cycle was repeated 5 times. After the test, the samples were carefully cleaned and then 

observed with the help of a digital microscope VH-Z100 (Keyence). 
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3. RESULTS AND DISCUSSION 

3.1. Characteristics of magnetite/organo-montmorillonite  

Figure 1 shows the XRD patterns of the synthetized MMOFo particles. The characteristic 

diffraction peaks of magnetite can be found at: 29.7°; 35.0°, 42.5°, 56.2°, and 61.7° of 2θ angle; 

which are indexed as (220), (311), (400), (511), and (440) planes of Fe3O4, in agreement with the 

standard XRD pattern (ICSD# 174321). Therefore, the peak indexed of montmorillonite at 5.1° 

can also be observed. Based on the Bragg equation, the interplanar spacing d of MMTFo is about 

21.5 Å. Compared with the value standard d = 12.9 Å of sodium montmorillonite [16-18], it is 

confirmed the crystallization of magnetite on the surface layer of montmorillonite.  

 

Figure 1. XRD pattern of the synthetized MMOFo. 

The MMOFo surface morphology observed by FE-SEM is presented in Figure 2. The 

platelet structure of nanoclays can be clearly observed. On the surface of their sheets, the 

crystallization of magnetite can be seen visibly. The Fe3O4 particles seem to be spherical, their 

size and shape are homogenous. These images revealed the formation of Fe3O4 in the interlamellar 

and at the external surface of nanoclays sheets. 

      
Figure 2. FE-SEM images of MMOFo. 

Figure 3 reported FT-IR spectra of MMO and synthetized MMOFo particles. All 

characteristic peaks corresponded with chemical bonds were reported in Table 1. In FT-IR spectra 

of organo-clay MMO and MMOFo, the bands at 3619 – 3635 cm-1 are attributed to the OH- groups 
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coordinated with the octahedral cations while the bands at 3443 cm-1 and 1635 cm-1 related to 

sketching and bending vibration mode of OH-bonds of adsorbed water. The bands around 2851-

2924 cm-1 can be attributed to the sketching of C-H from the organic molecules modified on the 

surface of pristine MMO. The peaks characterized to the Fe-O bonds were well-known at 583 cm-1 

[19]. Comparing the FT-IR spectra of MMOFo, the band around 466 cm-1 to 625 cm-1 can be 

attributed to the Fe-O stretching vibration but also can be due to the overlapping of Si-O-Si bonds, 

Al-O-Si or Si-O-Si in the nanoclays structure [14]. Therefore, the peak at 1039 cm-1 assigned to 

the Si-O bending vibration, peaks at 917 and 836 cm-1 related to the AlAlOH and AlMgOH 

sketching vibration in the interlayer sheets [20]. The results revealed that Fe3O4 was successfully 

synthetized in the structure of clay particles by creating van der Waals bonding between oxygen 

groups of MMO with Fe ions. There is no chemical interaction between the silicate layer and 

Fe3O4 particles. 

 

Figure 3. FT-IR spectra of (a) MMO, (b) MMOFo. 

Table 1. Characteristic peak and corresponding chemical bonds of reported FT-IR spectra. 

Wavelength numbers (cm-1) 
Chemical bond 

MMO MMOFo 

3635 3619 OH- coordinated with the octahedral cations 

3443 3443 OHads 

2924 2921 C-H bending 

2852 2851 C-H bending 

 1635 O-Hads 

1039 1038 Si-O sketching 

917 917 AlAlOH bending 

521 522 Al-O-Si 

463 463 Si-O-Si 

3.2. Effects of MMOFo on the cathodic delamination of organic coating 

Figure 4 represents the surface appearance of carbon steel coated epoxy layer after the 

adhesion examination followed by the ASTM D3359 standard. The classification of the adhesion 

test result is reported in Table 2. As can be observed, after the adhesion test, the removed surface 
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area from the substrate of the reference sample is above 28 %, Figure 4(a). Nevertheless, in the 

case of coating containing MMO (Figure 4(b)) and MMOFo (Figure 4(c)), the delaminated 

surface is less than 5 % tested surface area. This can be related to the organoclay-based pigment 

in the coating which contained octadecylamine and aminopropyl triethoxysilane as organic-

modified surface elements. This organic content can reinforce the internal force of the coating 

due to the good compatibility between the pigment and the epoxy primer, so reinforcing the 

adhesion strength between the protective layer and the carbon steel plate. 

     
Figure 4. Adhesion performance of experimental samples followed by ASTM D3359 standard: (a) 

reference, (b) epoxy layer containing MMO particles, (c) epoxy layer containing MMOFo particles. 

Table 2: Classification of adhesion test result based on ASTM D3359 standard. 

Sample Surface area removed (%) Classification 

Reference ~ 28 % 2B 

EP-MMO < 5 % 4B 

EP-MMOFO < 5 % 4B 

The surface appearance and the disbanded epoxy layer around the scratch after cathodic 

delamination are shown in Figures 5-7, respectively. As can be seen, for the reference sample 

(Figure 5), the electrolyte solution is permeated through the scratch and visibly defined by the 

dashed line in Figure 5(a). As a result of the loss of adhesion, an enforced cathodic current can 

create a delaminated area on the epoxy surface. In this case, the unpigmented organic coating was 

peeled off from the carbon steel substrate, followed by the widening of the cut which was 

measured around 170-180 µm, Figure 5(b). The rust is also clearly observed in the cut 

(Figure 5(c)) that is related to the corrosion products of iron. The roughness of the surface can be 

observed in Figure 5(d) that is related to the removal of the epoxy layer. When added organoclay 

particles, MMO, into the coating formulation (Figure 6), the permeation of the electrolyte solution 

is reduced, which can be approved by the difficulty when detecting the permeable area (the dashed 

line noted in Figure 6(b)). This phenomenon is related to the exfoliating of MMO particles into 

the coating, which increases the diffusion path of water and aggressive elements, so retards the 

loss of coating properties [11, 18, 21]. In addition, the organic molecules on the MMO particles 

also help to improve the compatibility between clay particles and epoxy networks as a 

consequence of internal strength reinforcement. Moreover, the width of the artificial scratch was 

similar when compared to the reference sample, which was detected at around 170 µm. The rust 

visibly appears at the surface, Figures 6(a, c, d). This can be explained by the non-inhibitive effect 

of clay compound which can only increase the barrier property of the coating [18]. 
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Figure 5. Surface apperance of scratched sample (carbon steel covered an epoxy layer)  

after cathodic delamination test. 

 
Figure 6. Surface apperance of scratched sample (carbon steel covered an epoxy layer containing MMO) 

after cathodic delamination test. 

Figure 7 presents the surface appearance (a) and the enlarged observation of the scratch (b-

d) after imposing a cathodic delamination on a MMOFo- pigmented epoxy coating. As can be 

observed, the delaminated surface area is significantly reduced with a fine line of scratch and no 

corrosion product is clearly examined, Figure 7(a). The width of the cut detected in Figure 7(b) 

is in the range from 60 to 80 µm which is considerably smaller than the other two. The corrosion 

products also appear in the scratch which is related to the film degradation in the cathodic 
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delamination condition. Besides that, the epoxy layer peeled off from the metallic substrate is less 

than the reference and the coating containing MMO. The roughness when the epoxy layer 

delaminated from the substrate is around 13.11 µm (Figure 7(d)), compared to the value obtained 

in the case of reference sample (25.34 µm) and the coating containing MMO (41.83 µm). As can 

be approved in many works, the cathodic polarization generated OH- ions under the coating, leads 

to a local increase in pH at the delaminated area and loss of adhesion [22, 23]. Adding a filler that 

is able to capture OH- ions considered as a method to prevent this phenomenon. In this work, 

magnetite particles play this role due to their capacity to create hydrogen bonds with OH- ions. 

These generated ions can also be consumed by nano-clays particles. The more OH- ions are 

consumed, the less the migration of water. In this case, this protection can be explained by the 

synergy effect of nanoclay that can reduce the permeation of water through the cut but also the 

inhibitive effect and availability of creating hydrogen bond of magnetite compound in MMOFo 

particles. The presence of doped particles in the coating formulation helps reduce the adhesion 

loss between the film and the substrate, resulting in less damage in the default. 

 

Figure 7. Surface apperance of scratched sample (carbon steel covered an epoxy layer containing 

MMOFo) after cathodic delamination test: (a) general view, (b-c) scratch observation in 2D mode,  

(d) scratch observation in 3D mode. 

3.3. Reinforcement of MMOFo on the electrochemical behavior in NaCl solution 

Figure 8 represents the electrochemical measurements of the carbon steel plate covered 

epoxy layer containing 5 wt.% doped particles (Fo, MMO, MMOFo) during immersion time in 

0.5 M NaCl solution. As can be seen, at the initial immersion time, the coating containing 

magnetite particles presented a high modulus value in the Bode plot accompanied by a high phase 

angle, Figure 8(a), related to a good barrier property. Moreover, after 24 h, the modulus parameter 

at low frequency decreased 10 times and continuously reduced after 1 week of immersion. The 

second time constant clearly appeared after 1 week related to a permeation at interphase coating/ 

metallic substrate. When continuing the immersion, water and corrosive elements incessantly 

accumulated but the value of the second time constant kept stable at the end of the measurement. 

In parallel, the modulus values at low frequency also did not change after 7 days till 56 days of 

the experiment. This phenomenon is attributed to the barrier properties of the coating containing 

Fo that maintains the film resistance and retarded the corrosion. This trend of electrochemical 
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response is similar to the presence of MMO particles, Figures 8(b, b’). The modulus value at low 

frequency was also decreases from 109 to 107 Ω.cm2 after 1 week of immersion with a second 

time constant visibly observed. Until the end of the measurement, the modulus value was slowly 

reduced. The incorporation of Fo and MMO particles in the formulation reinforced the barrier 

properties of coating at the initial immersion time and kept stably these properties for long 

immersion time in NaCl solution. 
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Figure 8. Bode diagrams of epoxy-based organic coating covered on carbon steel substrate 

during immerison time containing: (a+a’) Fo, (b+b’) MMO, (c+c’) MMOFo. 

This phenomenon is visibly improved when added magnetite- nanoclay MMOFo in the 

coating composition, Figures 8(c, c’). Although the modulus value at low frequency is lower than 

the other ones at the beginning of the measurement, this parameter is significantly unchanged 

during immersion time. The phase angle plot is shown one time constant at high frequency 

meaning a good barrier property of coating. The second time constant started appearing but is 
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difficult to clearly detect. In order to deepen understanding the electrochemical behavior of all 

experimental systems, Figure 9 presents an equivalent electrical circuit (EEC) used for modeling 

the obtained EIS data. R.E. and W.E. in this circuit are symbols for reference and working 

electrodes, respectively, while Rs is defined as the solution resistor for the case of coated metals 

immersed in the NaCl solution [24]; Rcoat corresponds to the film resistor which is connected in 

parallel with Qcoat as a non-ideal capacitor of the film. Rcoat linked in series with Rdl and Qdl, which 

correspond to the double layer resistor and the non-ideal double layer capacitor. Based on this 

EEC, the Rcoat and Rdl of each time measurement can be calculated and presented in                                 

Figures 9(b, c), respectively. 
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Figure 9. (a) Equivalent electrical circuit (EEC), (b) evolution of fitted Rcoat, and (c) fitted Rdl following 

immersion time. 

As can be seen, after 2 hours of immersion, the painted system containing magnetite particles 

(EP-Fo) and MMO particles (EP-MMO) present a high coating resistance and also a high double 

layer capacitance that are related to an effective barrier property, Figures 9(b, c). After 7 days of 

immersion, these two parameters strongly dropped about 10 to 100 times and then kept constant 

till the end of the measurement. On the other hand, the MMOFo-based coating hadn’t showed a 

high coating resistance at the beginning of measurement but this factor had not changed during 

the long immersion time, so at the end of the measurement, this system presented an important 

coating resistance/double layer capacitance resistance compared to the other. These evolutions 

approved the effect of doped MMOFo in the epoxy coating. Although their electrochemical 

parameters were not too high at the initial time of test, but the coating properties remained stable 

during the long immersion time.  
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4. CONCLUSIONS 

This work studied the effect of magnetite-doped organo-montmorillonite (MMOFo) on the 

cathodic delamination and electrochemical performance of epoxy coating covered on carbon 

steel. The MMOFo particles were in-situ synthetized by co-precipitation method and added in 

coating formulation with 5 wt.%. Compared with the reference (epoxy without pigments) and 

MMO-based epoxy coating, the epoxy coating containing MMOFo shows less damage in 

cathodic delamination which results in a reinforcement of adhesion between the epoxy primer 

layer and the metallic substrate. This evidence relates to the effect of organo-montmorillonite 

which can improve the barrier properties of the organic coating as well as the inhibitive effect of 

magnetite particles when doped into the epoxy layer. The electrochemical measurements also 

approve the improvement of MMOFo when immersed epoxy layer in NaCl solution for long 

immersion time. The coating resistance and the double layer resistance keep mostly constant from 

the beginning till the end of the measurement in which important value compared to the other 

experimental coating systems. 
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