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Abstract 

 
To obtain a self-healing coating and improve the corrosion resistance of coated low-carbon steel 

surfaces, a commercial epoxy coating was modified by adding microcapsules composed of a 

poly(methyl methacrylate) shell and a core of ionic polydimethylsiloxane (PDMS) oligomers. The 

encapsulation of amino- and carboxylic acid-terminated PDMS was achieved by a solvent 

evaporation process after the emulsification of core and shell materials, dissolved in CH2Cl2, in a 

suitable colloidal solution. A high core loading of nearly 50% wt. was successfully obtained by 

carefully increasing the interfacial tension of oil-in-water emulsion before the solvent evaporation. 

The microcapsule morphology was evaluated by SEM and optical microscopy analyses, which 

showed a particle diameter range of 20-70 µm. The presence of ionic PDMS oligomers as core 

materials was demonstrated by FTIR spectroscopy and thermogravimetric analysis (TGA), which 

was also employed to determine the core loading. The newly prepared microcapsules were then 

incorporated into the matrix of a commercial two-component epoxy coating. Corrosion protection 

abilities were assessed by comparing samples coated with a standard epoxy coating modified with a 

20% wt. of microcapsules and the pristine epoxy coating. The corrosion protection performance of 

the modified coating was evaluated through electrochemical impedance spectroscopy (EIS) tests and 

potential vs time measurements, which showed that the microcapsules in the coating matrix caused a 

beneficial increase in barrier properties of a scratched coating. The surface damage triggered the 

release of functional PDMS oligomers, leading to the formation of a supramolecular ionic network 

and providing self-healing abilities to the modified coating. 
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1. Introduction 

 

The economic impact of corrosion of metallic structures in aggressive environments is a global 

industrial issue [1, 2]. A recent study has estimated that 15-35% of the costs of corrosion could be 

avoided [3]. One of the approaches used to prevent corrosion is the application of polymeric coatings 

on metallic structures [4]. The application of protective polymeric coatings that act as a barrier against 

corrosive species is the most common and cost-eff ective method of improving corrosion resistance 

behavior, and therefore the durability of metallic structures [5-7]. However, cracks can occur on the 

surface of coatings, which can disturb the protection process and in some cases could lead to a 

situation worse than the uncoated surface [8]. Different corrosion inhibitors have been introduced 

into coatings to protect metal substrates [9]. Moreover, self-healing materials as organic coatings have 

been proposed to extend metallic material lifetime against corrosion and recover its initial properties, 

after cracking due to the external environment or internal stresses [10]. Hence, in a self-healing 

coating, whenever scratch damage occurs or a crack initiates, healing occurs and protects the crack 

from propagation, decreasing the diffusion of oxygen, water, and ions down to the substrate [11]. 

Two different typologies of self-healing coatings can show an anti-corrosion effect: intrinsic and 

extrinsic self-healing coatings [12]. Intrinsic self-healing coatings are based on reversible reactions 

and interactions in the materials composed of functional chemical groups that can be rearranged by 

an external stimulus [13]. On the other hand, extrinsic self-healing coatings are activated by the 

release of self-healing agents from an encapsulating container after damage, intentionally embedded 

such as in micro- and nano-particles in an encapsulation process [14-16]. 

The encapsulation process consists of enclosing a well-defined material, which can be solid, liquid, 

or even gas in a thin shell of another material. A capsule is therefore a system that contains a core in 

a shell, consisting of a continuous, porous, or non-porous polymeric phase [17, 18]. In comparison to 

other strategies employed to obtain self-healing coatings, the encapsulation process presents the 

following advantages: i) polymers with any molecular structures can be potentially endowed with 

self-healing abilities by using healing agent-loaded capsules; ii) it is a well-established technology 

since its appearance in the 1950s [19, 20]; and iii) the microcapsules can be easily incorporated into 

a polymer carrier [21]. Different approaches are known in the state of art for the encapsulation of 

liquid and solid substances. Among these, there are the encapsulation via coacervation [22, 23], the 

in situ polymerization [24, 25], interfacial polymerization [26], the so-called Pickering emulsion 

templating [27-29] and solvent evaporation/extraction [30-32]. 
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This work presents the encapsulation of amino- and carboxylic acid- terminated 

polydimethylsiloxane (PDMS) oligomers (Figure 1a) and the use of newly prepared microcapsules 

to provide self-healing anti-corrosive abilities to commercial epoxy coatings. In a previous study, 

amino-terminated PDMS oligomers are applied by dip-coating to impart self-cleaning properties to 

self-healable polyurethane coatings with self-healing abilities [33]. Many other works report the 

development of self-repairing coatings based on either the Diels-Alder chemistry [34] or the 

formation of sacrificial hydrogen bonds and dynamic imine bonds [35], starting from amino-

terminated PDMS oligomers. Amino-terminated PDMS precursors are also employed to develop 

hydrophobic coatings with good corrosion resistance [36] and with anti-fouling performance [37]. In 

the present work, the PDMS oligomers are able, once mixed, to generate a supramolecular polymer 

network via acid-base interactions (Figure 1b, c, and d), which can repair the damage induced in 

coatings and therefore prevent corrosion [38]. Such an encapsulation process is not obvious for these 

oligomers due to their amphiphilic nature, which prevents the successful exploitation of usual oil-in-

water encapsulation processes [39]. Moreover, the use of microcapsules loaded with functional ionic 

PDMS oligomers provides corrosion barrier properties even in successive damage events. The 

corrosion protection provided by the system presented in this work is therefore effective in longer 

immersion time than other self-healing systems based on non-reactive encapsulated healing agents 

[40]. 

 

Figure 1. (a) Chemical structures of the amino- and carboxylic acid-terminated polydimethylsiloxane 

(PDMS); (b) and (c), schematic representation of the formation of ionic groups and acid-base 

interactions between the amino- and carboxylic acid-terminated PDMS; (d) scheme of the 

supramolecular polymer network, considering a theoretical 1:1 stoichiometry ratio between 

dicarboxylic/diamine units; and (e) procedure for the encapsulation of amino- and carboxylic acid-

terminated PDMS. 
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2. Materials and methods 

2.1 Materials 

Aminopropyl-terminated polydimethylsiloxane, (PDMS-(2-NH2)), and tetra-carboxylic acid 

terminated polydimethylsiloxane, PDMS-(4-COOH) were used as core materials. (PDMS-(2-NH2)) 

was purchased by Gelest, Inc. (product code: DMS-A15) and it was characterized by a molecular 

weight of 3000 g/mol, a viscosity of 50-60 cSt at 25 °C, and two terminal amine groups. PDMS-(4-

COOH) was synthesized and functionalized with four carboxylic acid groups and it was provided by 

Solvay Specialty Polymers S.p.A [41-44]. 

Poly(methyl methacrylate) (PMMA) with a molecular weight of 350000 Da, purchased from Sigma-

Aldrich, was used as a shell material. Polyvinyl alcohol (PVA, hydrolyzed with a purity = 98-99%) 

with a molecular weight in the range [31000 ÷ 50000 g/mol] was purchased from Sigma-Aldrich. 

Dichloromethane, dodecane, and sodium chloride (NaCl) were also purchased from Sigma-Aldrich 

and used as received. 

 

2.2 Encapsulation process 

The procedure used is an encapsulation via solvent evaporation/extraction [21, 31, 32, 45]. The 

encapsulation procedure was carried out separately for the two core materials, (PDMS-(2-NH2)) and 

PDMS-(4-COOH). Amine/carboxylic acid terminated PDMS (as core materials) and PMMA were 

dissolved in dichloromethane, used as a volatile solvent in the microencapsulation process. For the 

encapsulation of PDMS-(2-NH2), the concentration of PMMA and the core material was nearly 14% 

wt., while the ratio between core and shell materials was equal to 3. For the encapsulation of PDMS-

(4-COOH), the concentration of PMMA and the core material was nearly 13% wt., while the ratio 

between PDMS-(4-COOH), which was diluted with 33.3% wt. of dodecane with respect to the PDMS 

oligomer weight, and PMMA was equal to 2. Meanwhile, an aqueous solution containing 1% wt. of 

PVA, used as a polymeric emulsion stabilizer, and ≈ 3% wt. of NaCl was prepared. 250 ml of PVA 

solution were added to a beaker and mechanically stirred at nearly 700 rpm, for around 20 min. Then, 

the core/PMMA solution was added to the PVA solution at a rotation speed of 600 rpm for nearly 1 

h for the emulsification step. Afterward, the emulsion was poured into 125 ml of PVA solution and 

kept under a fume hood overnight for the solvent evaporation step. The obtained microcapsules were 

filtrated and washed with distilled water and hexane to remove the residual non-encapsulated core 

materials and let dry under vacuum at 50 °C. The conditions used for the procedure of encapsulation, 

for both amine and carboxylic acid-functionalized polydimethylsiloxane are summarized in Table 1. 
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Table 1: Experimental conditions used for the encapsulation procedure. 

Core material Core/shell Rotation speed 

(rpm) 

Core + PMMA in CH2Cl2 

(% wt.) 

PVA 

(%wt.) 

NaCl 

(%wt.) 

PDMS-(2-NH2) 3 600 14 1 3 

PDMS-(4-COOH) 

/ dodecane = 2 

2 600 13 1 3 

 

2.3 Characterization of microcapsules 

To evaluate the morphology of the microcapsules along with the shell thickness, optical micrograph 

and scanning electron microscopy (SEM) images were acquired. To estimate the core content and 

assess the thermal stability of the microcapsules, thermogravimetric analysis (TGA) was performed 

in a temperature range starting from room temperature up to 800 °C with a heating rate of 10 °C min, 

under nitrogen flux. FTIR analysis was performed using a Jasco FT/IR-615 Fourier-transform 

infrared spectrometer, in absorption mode. In the case of PMMA shells, the analysis was carried out 

using a film of PMMA prepared by solvent casting in chloroform. In the case of microcapsules, the 

spectra were obtained by preparing IR windows with a mixture of microcapsules and KBr powder by 

tablet method. 

 

2.4 Film preparation for corrosion tests 

2.4.1 Reference samples 

The sample for the corrosion tests was prepared by the following procedure. Q-panels of bare steel 

(type S-36) were used as substrates. The steel Q-panels are made from A1008 standard low-carbon 

steel plates with C < 0.15%, Mg < 0.6%, and a phosphorus and sulphur percentage lower than 0.03% 

and 0.035%, respectively. Before the application of the film, the Q-panels were washed and sonicated 

in an ethanol bath, to remove the residual organic impurities on the surface that could reduce the film 

adhesion. Then, a 24.4 µm (one mil) thick film of a standard epoxy primer (Interprotect white A+B, 

Akzonobel) was deposited on the Q-panel as an inter-layer and cured at room temperature for 3h. 

Afterward, a 203.2 µm (eight mils) thick film of an epoxy topcoat (Huntsman), composed of Araldite 

BY 158 (78% wt.) and Aradur 21 (22% wt.), was deposited on the Q-panel and cured at room 

temperature for 24 h.  
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2.4.2 Coatings with microcapsules 

As for the sample without the microcapsules, a 24.4 µm (one mil) thick film of high-performance 

epoxy primer (Interprotect white A+B, Akzonobel) was deposited on the Q-panel as an inter-layer 

and cured at room temperature for 3h. Then, both PDMS-(2-NH2) and PDMS-(4-COOH) 

microcapsules were imbedded at 20 phr content in the epoxy resin (Huntsman), composed of Araldite 

BY 158 (78% wt.) and Aradur 21 (22% wt.), using a weight ratio of 2/1 between PDMS-(2-NH2) and 

PDMS-(4-COOH). Afterward, a 203.2 µm (eight mils) thick film of the epoxy/microcapsules mixture 

was deposited on the Q-panel and cured at room temperature for 24 h. 

 

2.5 Characterization of films 

The electrochemical characterization was performed using an AUTOLAB 302N 

potentiostat/galvanostat/FRA (Metrohm AG, Switzerland). A three electrodes arrangement was 

employed: a platinum ring as a counter electrode, an Ag/AgCl (3 M KCl) electrode as the reference 

one, and the coated samples being connected as the working electrode. The frequency ranged from 

100 kHz to 10 mHz with 6 points per decade and 20 mV (peak-to-peak) amplitude of the sinusoidal 

potential signal on open-circuit potential (OCP). The immersed area was 16.6 cm2. Electrochemical 

impedance spectroscopy (EIS) data-sets have been collected over intact and scratched coatings. The 

artificial defects consist of a 15 mm long scratch performed using a sharp cutting blade, which 

determined, therefore, its width. Diverse electrolytes were employed for EIS measurements: intact 

coatings were exposed to quiescent 0.5 M NaCl during about 3400h (about 140 days) whilst the 

scratched coatings were exposed to quiescent 0.1 M NaCl during 1000 h (about 40 days). In particular, 

the less concentrated solution has been employed to monitor more accurately the evolution of the 

electrochemical response of the protection system during immersion. ZSimpWin software has been 

used to fit the experimental data sets. An elemental mapping using Energy Dispersive X-Ray 

Spectroscopy (EDXS) during SEM analyses was used to characterize the scratched coatings during 

the immersion in 0.1 M NaCl. 

 

3. Results and discussions 

3.1 Microcapsule preparation and characterization 

The microcapsule with a PMMA-based shell and a core consisting of either amino- or carboxylic 

acid-terminated PDMS were prepared via a solvent evaporation/extraction method schematically 

represented in Figure 1e. Very briefly, the core (PDMS oligomers) and the shell (PMMA) material 
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were dissolved in a volatile solvent, which is immiscible with water (CH2Cl2). By adding the 

core/shell solution in an aqueous solution containing a suitable colloidal stabilizer under vigorous 

mechanical stirring, the formation of an emulsion with a dispersed phase of PDMS oligomers/PMMA 

solution in a continuous aqueous phase occurred. After an appropriate emulsification time, the 

emulsion was poured in a proper amount of the same aqueous solution containing the colloidal 

stabilizer. Then, the evaporation of the volatile solvent at room temperature led to the formation of 

PMMA-based microcapsule shells, containing PDMS oligomers. NaCl was added to the aqueous 

solution to increase the interfacial tension between the colloidal stabilizer solution and the core 

materials. PDMS oligomers in fact exhibited an amphiphilic behavior and partially were dissolved in 

water during the emulsification without adding NaCl, due to the amine and carboxylic acid terminal 

end groups. By adding NaCl, the ionic strength of the aqueous solution and the interfacial tension 

between the emulsifying solution and the core materials were increased, thus lowering the affinity of 

core materials with water and facilitating the microencapsulation process. 

Optical and SEM images show that spherical particles with a diameter, ranging from 20 to 70 µm, 

were obtained for microcapsules loaded with amine-terminated PDMS (Figure 2a and b). A very 

similar morphology was obtained for the microspheres containing carboxylic acid-terminated PDMS 

(Figure 2c and d). However, the average diameter seemed to be slightly higher in the latter case, due 

to the higher viscosity of the core material. As shown in Figure S2, the shell thickness for PDMS-(2-

NH2) containing microcapsules was nearly 2 m, while the microcapsules loaded with carboxylic 

acid-terminated PDMS showed a slightly thicker shell of 2-3.5 m. 
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Figure 2. Optical microscope images (a and c) and SEM photographs (b and d) of the microspheres 

loaded (a and b) with amino-terminated PDMS oligomers and (c and d) with carboxylic acid-

terminated PDMS oligomers. 

 

TGA analysis was performed to investigate the thermal stability and the core content of the as-

prepared microcapsules. As shown in Figure 3, no significant weight loss in the curves of 

microcapsules containing PDMS oligomers was observed up to a temperature of nearly 150 °C, 

indicating the possible use of these microcapsules also in coatings for high-temperature applications, 

when curing cycles with high temperature may be necessary. Figure 3a shows the comparison 

between the TGA curves of the PDMS-(2-NH2) pure core, the PMMA pure shell, and the 

microcapsules loaded with PDMS-(2-NH2). As shown in Figure 3a, the pure PMMA utilized for this 

work (Figure 3(a), black line) completely decomposed at nearly 405 °C, with a final residual weight 

of 1%. Considering the TGA curve of microcapsules loaded with amine-terminated PDMS, a much 

higher residual (55%) was observed at 405 °C, with a further 20% mass decrease between 405 °C 
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and 450 °C, followed by a 35% decrease for temperatures up to 800 °C. Even though the pure core 

material (Figure 3a, green curve) showed a weight loss, which is approximately 20% at 405 °C, a 

portion of the core material was deposited on the external walls of the microcapsule shells and 

therefore the residual weight for the curve of microcapsules at the same temperature can be associated 

almost completely with the weight of the core material, loaded in the microcapsules. Consequently, 

a value of around 50% can be estimated for the core loading of PDMS-(2-NH2) loaded microcapsules 

from these results. 

A shown in Figure 3b, the pure PMMA shell of microcapsules loaded with PDMS-(4-COOH) (black 

line) decomposed nearly completely at 405°C, with a residual of 1%, as already observed for amine-

terminated PDMS loaded microcapsule shell. Looking at the curve of microcapsules loaded with 

carboxyl acid terminated PDMS (orange line, Figure 3(b)), a small loss of weight in the temperature 

range between 150 °C and 200 °C can be observed. This finding can be associated with the loss of 

the dodecane, used as a solvent to decrease the viscosity of the core. Assuming also in this case that 

the residual weight of microcapsules at 405 °C could be associated almost completely with the core 

material, the estimation of the core loading is around 48%. 

 

Figure 3. (a) TGA curves for microcapsules loaded with an amine-terminated PDMS oligomer, for 

the pure core (i.e. amine-terminated PDMS oligomer) and the pure PMMA shells; (b) TGA curves 

for microcapsules loaded with a carboxyl acid-terminated PDMS, for the pure core material (i.e. 

carboxylic acid-terminated PDMS oligomer) and the pure PMMA shell. 

 

To characterize additionally the microcapsules obtained in this work, FTIR analysis of core materials, 

PMMA shells, and PMMA microcapsules, containing both PDMS-amine and PDMS-acid oligomers, 

was carried out and FTIR spectra are shown in Figure S1. PDMS characteristic peaks can be found 
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in the spectra of both the microcapsules spectra and both core materials. More specifically, the peaks 

between 789 and 796 cm-1 can be attributed to −CH3 rocking and Si-C stretching in Si-CH3, while the 

absorption between 1020–1074 cm-1 and 1259–1260 cm-1 can be respectively associated with Si-O-

Si stretching and CH3 deformation in Si-CH3 [46]. In the spectrum of the pure carboxylic acid-

terminated PDMS oligomers, a clear peak at 1720 cm-1 can be attributed to the stretching of 

carboxylic groups at the chain ends of the PDMS oligomers. For the same reason, this absorption 

peak is also present in the IR spectrum of PMMA microcapsules loaded with acid-terminated 

oligomers and it shows a higher broadness due to the presence of carbonyl groups of PMMA shells. 

Differently, the presence of primary amines in the pure amine-terminated oligomers is confirmed by 

a weak absorption band at 1560–1600 cm-1 attributed to the deformation vibrations of −NH2 and also 

by some weak peaks in the region between 1430 and 1480 cm-1, assignable to the deformation 

vibrations of −CH2 groups bonded to primary amines [47]. Regarding the spectrum of the PMMA 

shells, the absorption band at 1720-1750 cm-1 can be attributed to the stretching of the carbonyl groups 

(C=O), which are present in PMMA chains [48]. The C=O stretching is also present with a lower 

intensity by the loaded microcapsule spectra. Moreover, the peak at around 2952 cm-1 can be 

associated with the stretching of CH bonds in methyl and methylene groups, which are present in 

PMMA shells and also in PDMS oligomers.  

 

3.2 Characterization of microcapsule-loaded coatings 

The evolution with immersion time in 0.5M NaCl of the impedance spectra collected over the intact 

coatings is reported in Figure 4. According to the cross-sectional images of the coatings, the 

microcapsules were embedded in the epoxy matrix and seemed not to be in contact with each other. 

The dispersion appeared not perfectly homogenous, but a clustering effect was not observed. As 

shown in Figure 4, the dried films were found to have a thickness of 120-130 µm. 
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Figure 4. Impedance (modulus and phase) diagrams during the immersion in 0.5M NaCl and cross-

section SEM micrographs: (a) the reference coating and (b) the microcapsule-loaded coating. 

 

At the beginning of the immersion, both coatings showed a capacitive response in the middle-high-

frequency range and a resistive response in the low-frequency domain. During the very first hours of 

immersion, the impedance modulus in the low-frequency range (at 0.01 Hz, |Z|0.01) was about 1011 

Ωcm2 for both the microcapsule-loaded coatings and the reference coatings. With time elapsed, a 

more marked decrease of the |Z|0.01 was observed for the coatings containing capsules, compared to 

the reference. After about 100 h of immersion, a relaxation process in the middle-low frequency range 

appeared in the EIS spectrum of the coatings containing capsules, suggesting the onset of a corrosion 

process at the metal-polymer interface. A similar phenomenon was not observed in the investigated 

frequency range for the control sample thoroughly the entire immersion time. The evolution of the 

impedance and phase angle spectra suggests that the presence of the microcapsules can be detrimental 

to a certain extent for barrier properties of the coating. Thus, the permeation of the electrolyte 

promoted the onset of an under-paint corrosion process. To get some insight into the evolution of the 

barrier properties of the investigated materials, the EIS raw data sets were analyzed using a non-linear 

least squares regression procedure. For this purpose, the equivalent electrical circuits (e.e.c.) depicted 

in Figure 5 were employed. Notice that constant phase elements (CPEs) were used instead of pure 

capacitances to account for the surface inhomogeneity, roughness, and the current and potential 

distribution due to the electrode geometry [49, 50]. The impedance representation of a CPE is 

ZCPE=1/[Q(jω)α], where Q is the CPE parameter, ω is the angular frequency, j is the imaginary unit 
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(j=√-1) and the exponent α is the frequency dispersion factor (being -1< α<1) [51]. The numerical 

values of the parameters Q and α obtained from the fitting are discussed in this manuscript. 

 

Figure 5. Equivalent electrical networks employed to fit the experimental EIS raw data sets: (a) for 

the intact coating and (b) for the coating containing microcapsules. 

 

In the circuit depicted in Figure 5a, Rel indicates the electrolyte's resistance, CPEc the constant phase 

element (CPE) associated with the dielectric properties of the coating and Rpo its pore resistance [52]. 

Once the relaxation process in the middle-low frequency range appeared in the phase angle plot of 

the coating containing capsules, the circuit showed in Figure 5b was employed to include the 

additional time constant. Accordingly, Rel, CPEc, and Rpo maintain the previously described meaning 

while the parameters CPELF and RLF account for the faradic process occurring at the metal/electrolyte 

interface. The evolution with the immersion time of the pore resistance for the investigated coatings 

is reported in Figure 6 together with the measured potential. 
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Figure 6. Time-variations of Rpo and potential for investigated intact samples during immersion in 

0.1 M NaCl. 

Notice that the potential decreased from 0.1 V to -0.6 V for the samples containing capsules between 

50-100 h of continuous immersion in the electrolyte. In correspondence with the steep drop of the 

potential observed for the coatings containing capsules, the Rpo values are reduced by about four 

orders of magnitude, thus suggesting a significant permeation of the electrolyte through the coatings. 

A less marked decrease in potential (from 0.2 V to -0.1V) and Rpo (about one-two orders of 

magnitude) was also observed for the reference samples. These findings further suggest that, to a 

certain extent, the presence of the microcapsules is detrimental to the barrier properties of the paint 

layer. Our interpretation is that the presence of microcapsules promoted the formation of preferential 

pathways at the capsule/matrix interface that allowed penetration of the electrolyte through the 

coating, even in the absence of artificial defects such as crosscuts. Similar behavior was also observed 

by other authors [53]. The increase in the corrosion potential for prolonged immersion time is 

attributed to the development of cathodic areas [54] and to the resulting contributions from charge 

transfer and mass transport reactions occurring in pores filled with corrosion products [55]. All the 

circuit parameters, obtained by regression using the e.e.c. described in Figure 5, are summarized in 

Table 1. 
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Table 2. Electrical parameters obtained by regression of the circuits depicted in Figure 5 

Reference 

Time 

h 

Rpo 

GΩ cm2 

Qc 

pΩ-1sαcm-2 
αc 

RLF 

GΩ cm2 

QLF 

nΩ-1sαcm-2 
αLF 

1 103.9 42.3 0.97 - - - 

8 56.2 54.6 0.96 - - - 
16 44.3 57.4 0.95 - - - 

24 30.8 63.1 0.95 - - - 

96 2.4 74.3 0.94 - - - 
120 2.1 78.5 0.94 - - - 

1728 0.7 104.1 0.93 - - - 

2400 0.7 106.9 0.93 - - - 
3300 0.6 110.0 0.93 - - - 

20% microcapsules loaded 

Time 

h 

Rpo 

GΩ cm2 

Qc 

pΩ-1sαcm-2 
αc 

RLF 

GΩ cm2 

QLF 

nΩ-1sαcm-2 
αLF 

1 167.9 56.6 0.94 - - - 

8 117.3 73.0 0.92 - - - 
16 74.7 78.6 0.92 - - - 

24 31.4 89.3 0.91 - - - 
96 0.001 70.4 0.95 0.19 1.7 0.82 

120 0.004 106.8 0.91 0.14 4.8 0.88 

1728 0.020 94.5 0.93 0.16 5.2 0.50 
2400 0.019 99.2 0.93 0.16 5.3 0.51 

3300 0.018 101.1 0.93 0.15 6.1 0.48 

 

The exponent αc values of the CPEs range between 0.97-0.93 and 0.94-0.91 for the reference and 

microcapsule-loaded coatings, respectively. Thus, the numerical values of the parameter Qc do not 

correspond to a pure capacitance, even if it is likely to reflect the dielectric properties of the coatings. 

The EIS response of the scratched coatings during 1000 h of immersion in 0.1M NaCl is reported in 

Figure 7. In the beginning, the response of the sample was dominated by the small impedance of the 

scribe, and the |Z|0.01 is approximately 104 – 105 Ωcm2. It should be mentioned that the scratches were 

hand-made by using a cutter and, thus, minor differences in the initial EIS spectra were due to slight 

variations in the dimension of the artificial scribe. Having said this, as far as Figure 7 is concerned, 

the difference was limited to the measurement collected after the first hours of immersion and, from 

the 8th hour of immersion, the impedance in the low-frequency range was comparable at about 100 

kΩcm2. Moreover, the spectra collected after the very first hours were quite scattered from one sample 

to another but they aligned within the first day of immersion. 

With time elapsed, |Z|0.01 increased to about 107 Ωcm2 for the microcapsule-loaded coating and about 

106 Ωcm2 for the reference sample. Considering the evolution of the phase angle spectra in Figure 

7b, after the very first hours of immersion, a relaxation process in the high-frequency domain 

gradually appeared. In the microcapsule-loaded coating case, this was accompanied by a marked rise 

in impedance modulus (Figure 7a). The shape of the impedance modulus in the high-frequency 

domain seemed to resemble a capacitive behavior that was more and more marked over time. This 

phenomenon was attributed to the effect of the ruptured microcapsules, which released the reactive 
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species in the scribe, thus promoting the healing of the epoxy coating. According to the impedance 

modulus and phase plots in Figure 7b, two-time constants were observed. The relaxation process 

located in the high-frequency domain was attributed to the gradual healing of the artificial scribe, 

thanks to the release of chemical species from the microcapsules. The second time constant in the 

low-frequency domain was attributed to the faradic process occurring in the scribe and under-paint at 

the metal/solution interface.  
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Figure 7. Impedance modulus and phase time evolution collected for the scratched coatings during 

immersion in 0.1M NaCl: (a) reference coating and (b) microcapsule-loaded coating. 

 

The regression of the obtained impedance spectra in the whole investigated frequency domain was 

attempted employing the e.e.c. suggested in the literature for disbonded coatings [55] or coated metals 

undergoing loss of adhesion [56]. Alternatively, the models that introduce restricted finite-length 

diffusion elements to account for the blocking effect to oxygen transport provided by corrosion 

products in the scribe were considered [57]. 

The e.e.c. revealed to be suitable to fit the relaxation process in the high-frequency domain (attributed 

to the scratched coating) but failed to model the low-frequency relaxation process (attributed to the 

faradic process occurring at different sites located at the metal/coating interface). This issue was 

attributed to the intrinsic limitations of extracting high impedance data from the sites at the 

metal/coating interface when the obtained impedance data is dominated by the small impedance value 

of the scratch [58]. In our case, it was not possible to determine the parameters associated with the 

interface phenomena by regression of any of the circuits proposed in the literature [55, 56]. 

For this reason, the regression of the experimental EIS data sets was limited to the investigation of 

the middle-high frequency domain to determine the evolution of the physical parameters associated 

with the scratched coatings. In particular, the equivalent electrical network depicted in Figure 5a was 

(a) (b) 
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employed. However, in this case, the physical meaning of the equivalent electrical parameters is 

different: in the parallel RQ circuit of Figure 5a, the resistance is associated with the resistive 

contribution of the scratched coating (Rsc) and the CPE to its dielectric behavior (described by 

parameters Qc and αc). The chi-squared values corresponding to the regression of the experimental 

EIS data sets in the middle-high frequency range were found to be 10 -4 or lower. 

Figure 8 shows the time-variations of Rsc and corrosion potential of investigated scratched coatings 

during immersion in 0.1 M NaCl (the electrical parameters obtained by the regression are summarized 

in Table 3).  

 

Figure 8. Time-variations of Rsc and potential for investigated scratches during the immersion in 0.1M 

NaCl. 

Table 3. Electrical parameters obtained by regression of the circuit depicted in Figure 5a. 

 Reference 20% microcapsules loaded 

Time 

(h) 

Rsc 

MΩcm2 

Qc 

pΩ-1sαcm-2 
αc 

Rsc 

MΩcm2 

Qc 

pΩ-1sαcm-2 
αc 

8 0.046 22.0 0.99 0.086 62.7 0.93 

16 0.070 20.5 1.00 0.234 48.0 0.96 
24 0.104 28.0 0.98 0.416 56.4 0.94 

48 0.134 31.0 0.97 1.181 80.2 0.92 

192 0.539 58.1 0.93 5.239 80.8 0.92 
360 1.606 70.6 0.92 6.702 80.2 0.93 

504 1.608 79.1 0.92 7.543 80.6 0.93 

840 1.609 80.2 0.92 18.197 97.9 0.92 
1000 1.732 78.3 0.92 17.516 101.1 0.92 
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At the beginning of the immersion, the corrosion potential measured over the scratched coatings (-

0.6 - -0.7 V) reflected that of mild steel [59] since there was direct contact between the electrolyte 

and the mild steel substrate. Accordingly, Rsc was below 105 Ωcm2 since the electrochemical response 

was dominated by the small impedance value of the artificial defects. With time elapsed, it was 

possible to observe that the Rsc gradually increased for both the microcapsule-loaded and reference 

scratched coatings. In particular, the microcapsule-loaded coating showed an Rsc value, which grew 

to about 17.5 106 Ωcm2 during immersion time along with an increase in the corrosion potential value 

to -0.4 V. 

On the other hand, the reference coating showed a more limited increase in Rsc (to about 1.73 106 

Ωcm2) during immersion time, and an almost stable value of the corrosion potential around -0.65 V. 

These findings suggest that the presence of the microcapsules in the coating induced a gradual 

increase in the protection properties during immersion time. The visual inspection of the scratch area 

on the coating containing capsules further confirms the authors’ hypothesis: during immersion time 

in 0.1M NaCl, a partial sealing of the scratch can be observed from 100 to 1000 h of immersion 

(Figure 9). As far as the naked-eyed inspection is concerned, the scratch seems almost completely 

sealed at the end of the immersion time. 

 

 

Figure 9. Visual appearance of the scribes during 1000 h of continuous immersion in 0.1M NaCl. 

 

Accordingly, the observed improvement in barrier properties of the coatings along with the observed 

partial sealing of the scratch can likely be attributed to the amino- and carboxylic acid- terminated 

PDMS oligomers released in the scribe to form a supramolecular polymer network. When the 

microcapsules are ruptured, the functional constituents are released, transported to the defected area, 

and react to repair the damage in the coating. It should be noted that the improvement in Rsc for the 

microcapsule-loaded coating was significantly more pronounced compared to the control sample 

regardless of the lower barrier properties of the coating itself, as demonstrated by EIS collected over 

intact samples. As far as the CPE parameters are concerned (see Table 3), notice that the Qc values 

resemble those measured on intact coatings. This fact further supports the authors' hypothesis related 
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to the attribution of the high-frequency relaxation process observed in the EIS spectra to the 

electrochemical response of the scratched coatings. Also, in this case, several times the value of αc is 

much lower than 1 and therefore it is not possible to attribute a clear physical meaning to Qc. When 

the value of αc summarized in Table 3 is equal to unity, the corresponding Qc values can be considered 

the capacitance of a scratched coating. 

Based on these findings, the healing of the epoxy coating is reflected in the rise in Rsc, in the 

ennoblement of corrosion potential and is further confirmed by the visual inspection of the scribe 

after the 1000 h of continuous immersion in 0.1 M NaCl (Figure 10).  

 

 

Figure 10. Visual appearance of the scribes after 1000 h of continuous immersion in 0.1M NaCl: (a) 

reference coating and (b) microcapsule-loaded coating. 

 

From Figure 10b, it seems that the scratch was at least partially sealed by the supramolecular polymer 

network developed in-situ upon reactants release from the microcapsules. This was not observed for 

the reference coating shown in Figure 10a and, in this case, the scribe was still completely open. 

It should be noted that the reference sample also showed a certain increase in Rsc, although limited 

and not accompanied by a variation of the corrosion potential. In this case, since no healing species 

were embedded in the coatings, the apparent improvement of the barrier properties observed for the 

reference coating was likely to be due to the formation of insoluble corrosion products in the scratched 

area. According to a previous literature report [60], insoluble corrosion products can plug the 
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scratched area, thus leading to an increase in transfer resistances, which can become limited by 

diffusion through the scratch filled with corrosion products. This phenomenon was actually much 

more pronounced for the coatings containing microcapsules, where the release of healing species was 

believed to take place together with the development of insoluble corrosion products. Moreover, after 

1000 h of immersion in 0.1 M NaCl, it is possible to observe the presence of a whitish material in the 

scribe performed on the microcapsule containing coating, while exclusively iron corrosion products 

can be observed in the scribe performed on the standard coating (Figure 10a). Therefore, for 

prolonged immersion, the sealing effect was enhanced and effective for the coating containing 

microcapsules, due to the release of healing species. 

An elemental mapping using Energy Dispersive X-Ray Spectroscopy (EDXS) during SEM analyses 

was used to evaluate further the healing ability of the coatings containing microcapsules. EDXS maps 

were acquired on different portions of the scratches after 200 h of immersion in 0.1 M NaCl. As 

shown in Figure S3, a more intense Si signal was detected in some points of the intact coating (in 

correspondence with the microcapsules) and in other regions over the scratched zone, which appeared 

partially repaired by a silicon-based material, bridging the edges of the scratch. This finding confirms 

the presence of a repairing process, even at only 200 h of immersion in 0.1 M NaCl, due to the 

formation of the supramolecular network between PDMS-(2-NH2) and PDMS-(4-COOH) oligomers 

poured into the scratch. 

 

4. Conclusions 

A self-healing system based on supramolecular acid-base interactions with potential applications in 

anticorrosive coatings was developed. 

Microcapsules containing amino- and carboxylic acid-terminated polydimethylsiloxane (PDMS) 

oligomers were successfully synthesized via the solvent evaporation method. To facilitate the 

encapsulation process, NaCl was needed to increase the interfacial tension between the colloidal 

stabilizer solution and the core materials, leading to an increase in the core loading. SEM and optical 

images showed the formation of spherical particles with a diameter, ranging from 20 to 70 µm. The 

microcapsules containing carboxylic acid-terminated PDMS exhibited a slightly higher diameter than 

the amino-terminated PDMS microcapsules. A core loading of around 50% was estimated for 

carboxylic acid-terminated PDMS-loaded microcapsules and of 48% for amino-terminated PDMS 

through TGA analyses. 

EIS results collected over epoxy coatings, modified with microcapsules loaded with functional PDMS 

oligomers and deposited on mild steel substrates revealed that the presence of the microcapsules 
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promoted a slight decrease in the barrier properties of the paint layer. However, it should be noted 

that the pore resistance remained higher than 10 MΩcm2 even for prolonged immersion (3000 h) in 

0.1 M NaCl. Moreover, EIS results of scratched coatings, modified with microcapsules loaded with 

functional PDMS oligomers and deposited on mild steel substrates, showed an impedance modulus 

in the low and medium-high frequency domains higher than the reference coating in long-term 

immersions in NaCl solutions. Moreover, the presence of microcapsules induced a two order of 

magnitude increase in the scratched coating resistance during the long-term immersions, 

accompanied by an increase of corrosion potential, and conferred a more pronounced capacitive 

behavior to coated steel. These electrochemical results revealed that the epoxy-coated steel with 

PDMS microcapsules gained an enhanced corrosion protective ability in case of scratch damage, due 

to the formation of supramolecular ionic interactions between the amino- and carboxylic acid-

terminated PDMS. A self-healing process, induced by the release of functional ionic PDMS 

embedded in microcapsules, was confirmed by a visual inspection of scratch damaged coatings after 

1000 h of immersion in NaCl solution. This study, therefore, demonstrates that the addition of 

encapsulated functional PDMS oligomer to coatings is an effective system for the corrosion 

protection of steel surfaces. 
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