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Abstract  16 

The effects of the healing agents' molecular characteristics were studied on the self-healing 17 

performance of the epoxy coatings via corrosion evaluation techniques. Methylene diphenyl 18 

diisocyanate (kept constant) and different polyetheramine healing agents were encapsulated 19 

separately in poly(styrene-co-acrylonitrile) through the electrospray method and added to 20 

the epoxy matrix to prepare a polyurea-based dual capsule extrinsic healing system. 21 

Commercial grades of polyetheramine, Jeffamine D230, Jeffamine D400, and Jeffamine 22 

T403, were used to study the effects of molecular weight and functionality. Scanning 23 

electron microscopy (SEM) and transmission electron microscopy (TEM) images revealed 24 

the formation of spherical shape with multicore morphology for the prepared 25 

polyetheramine containing microcapsules (MCs). Successful encapsulation was evaluated 26 
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by Fourier transform infrared spectroscopy (FTIR), while the encapsulation yield was 27 

measured by thermogravimetric analysis (TGA). Electrochemical Impedance Spectroscopy 28 

(EIS) was employed to monitor the corrosion behavior of a series of coated carbon steel 29 

samples through the evolution of the impedance spectra, and the numerical values of the 30 

related electrical equivalent circuit components (e.g., corrosion resistance), of the scratched 31 

coatings at different exposure times in a near-neutral 3.5 wt.% NaCl solution. The results 32 

revealed the adverse effect on the corrosion protection ability by increasing the healing 33 

agent's molecular weight, while an increase of its functionality improved the final healing 34 

efficiency of the coating. According to the EIS results, the maximum healing efficiency was 35 

determined to be 85%, 72%, and 90% for Jeffamine D230, Jeffamine D400, and Jeffamine 36 

T403, respectively.  37 

Keywords: self-healing coatings; polyurea; polyetheramine functionality 38 

  39 
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1. Introduction  40 

Polymeric materials are of broad interest as thin films when acting as a protecting layer 41 

to hamper the corrosion process, an exergonic reaction, that can detrimentally affect the 42 

mechanical properties of metallic materials resulting in failures [1, 2]. However, polymers 43 

are prone to failure caused by external factors that decrease the efficacy of using them in 44 

practical applications [3-5]. Among all the proposed solutions for this problem, the concept 45 

of self-healing polymeric materials has gained considerable attention [6-9]. The key 46 

mechanism in the self-healing process is stopping the crack growth (induced from an external 47 

factor) by reducing the crack-tip stress intensity by producing a wedge of polymerized 48 

healing agent. These mechanisms require the healing agent to be sufficiently polymerized 49 

after release [10-12]. Different strategies have been used to assure the recovery in the self-50 

healing polymers according to their applications and use [13-16]. The ability to retard and 51 

ultimately arrest fatigue cracks hinges on the ability of the healing chemistry to produce the 52 

polymer in the crack plane at a rate that is comparable to the rate of crack propagation [17]. 53 

Therefore, several types of research have been conducted to study the effects of healing 54 

agents' characteristics on healing kinetics and efficiency [18].  55 

Jones and coworkers reported different healing performances for the several crystal 56 

morphologies of Grubbs’ catalyst. They found that smaller catalyst particles can dissolve 57 

easier in dicyclopentadiene (DCPD) monomers and perform faster healing reactions. 58 

However, they are more susceptible to deactivation by the amine molecules present in the 59 

matrix. Their conclusions imply the necessity of having a balance between different crystal 60 

morphologies/dimensions to assure the best healing performance [19]. In another research, 61 

they investigated the effects of catalyst recrystallization and wax protection to take the 62 

advantage of faster healing kinetics without being suffered by catalyst deactivation. They 63 

achieved greater fatigue life by accelerating the healing kinetics [17]. Mauldin and coworkers 64 
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studied the effects of different DCPD stereoisomers on self-healing kinetics. They found that 65 

exo-DCPD isomer is capable of healing approximately 20 times faster than endo-isomer, but 66 

with a lower healing efficiency [20]. Cromwell et al. studied the effects of healing kinetics 67 

in an intrinsic system. They used different telechelic di-boronic ester molecules to heal 1,2-68 

diol-containing polymer chains by crosslinking them with variable kinetics. Their research 69 

showed that the diboronic ester molecule with faster reaction kinetics can perform enhanced 70 

and accelerated healing compared to the slower one [21]. 71 

Regarding the necessity of using fast and stable healing agents to offer better 72 

performance and higher efficiency, polyurea-based extrinsic healing systems have gained 73 

attention due to their great potential. Guo et al. introduced the amine/isocyanate-reactive 74 

system as a promising healing agent for nonconventional environmental conditions [22]. Ma 75 

et al. also studied the performance of a polyurea-based self-healing system in epoxy coating 76 

via EIS tests to assess the effect of seawater immersion on the healing efficiency [23]. In one 77 

of our previous research, Koochaki et al., separately encapsulated methylene diphenyl 78 

diisocyanate (MDI) and Jeffamine D230 polyetheramine, as the two portions of the polyurea-79 

based dual capsule healing system. The performance of the bi-component system embedded 80 

in an epoxy coating was investigated by recording impedance spectra of the scratched coated 81 

steel plate immersed in 3.5 wt.% NaCl [24]. Subsequently, they studied the influence of 82 

polyetheramine modification on the healing performance of a polyurea-based dual capsule to 83 

improve the healing efficiency in wet conditions. By employing EIS as an in situ method, 84 

they revealed that grafting catechol side groups on the backbone of polyetheramine 85 

significantly enhanced the underwater healing performance of the resulting polyurea [25]. 86 

To deep understand the effect of healing agents' molecular characteristics on the 87 

performance of polyurea-based dual capsule healing systems, the focus of this research was 88 

devoted to i) the molecular weight and ii) functionality of amine-based agents. Therefore, 89 

three different kinds of commercially available polyetheramines were selected, while the 90 
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nature of the isocyanate counterpart was kept constant. In this regard, bi-functional Jeffamine 91 

D400 (molecular weight = 400 g/mol) and tri-functional Jeffamine T403 (molecular weight 92 

= 440 g/mol) are used, respectively, to study the effects of molecular weight and number of 93 

active functionalities for comparison with Jeffamine D230 (230 g/mol, two functionalities) 94 

taken as reference amine agent. After encapsulation of healing agents within the SAN shell, 95 

the obtained MCs were embedded into an epoxy coating applied on carbon steel plates. The 96 

influence of the healing agent characteristics on the kinetics and performance of the healing 97 

process was evaluated by the EIS technique as well as the salt spray corrosion tests.  98 

2. Materials and Methods  99 

2.1. Materials  100 

For the preparation of the self-healing coatings containing dual-capsule, the following 101 

chemicals were purchased. Poly styrene-co-acrylonitrile (SAN, used as the capsule shell 102 

material) and dimethylformamide (DMF, used as the solvent in preparing the polymer 103 

solutions) were purchased from Sigma-Aldrich. Methylene diphenyl diisocyanate-based 104 

prepolymer (CORONATE™1391), used as core material for assembling related MCs, was 105 

provided by TOSOH Corporation. Different kinds of polyetheramines (used as core materials 106 

for the second portion of MCs) were purchased from Huntsman. In particular: di-functional 107 

polyetheramines with a molecular weight of 230 g/mol (Jeffamine™D230) and 400 g/mol 108 

(Jeffamine™D400) were selected to study the effect of healing agent’s molecular weight, 109 

while a tri-functional polyetheramine (Jeffamine™T403) was chosen to study the effect of 110 

healing agent’s functionality, for comparison with Jeffamine™D400 having a comparable 111 

mass weight. The chemical structure and viscosity of polyetheramines are summarized in 112 

Table 1. An epoxy coating (epoxy resin in combination with polyaminoamide curing agent) 113 

was used as the matrix to study the self-healing behaviour of the mentioned dual-capsule 114 
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system. More details about the incorporated materials can be found in our previous works 115 

[24].  116 

Table 1. The characteristics of employed polyetheramines. 117 

Amine 

name 

Structure 

Molecular 

weight 

(g mol‒1) 

Number of –

NH2 

functionality 

Viscosity 

(mPa s) 

Jeffamine 

D230 

(D230)  

230 2 9.5 

Jeffamine 

D400 

(D400)  

400 2 22 

Jeffamine 

T403 

(T403) 

 

440 3 72 

2.2. Preparation of the MCs. 118 

SAN copolymer was used as a shell for the preparation of the MCs through the 119 

electrospray method. A polymer solution was prepared for each healing agent by dissolving 120 

separately the shell polymer and the core material in DMF, as reported in our previous works 121 

[24]. SAN concentration and core/shell weight ratio for all of the polymer solutions were 122 

kept equal to 4%(w/v) and 50% (w/w), respectively. The prepared polymer solutions were 123 

sprayed separately by an SP102 (Fnm co. Ltd) electrospray setup through a G23 stainless 124 

steel needle. The feed rate, the applied DC potential, and the distance between the needle tip 125 

and the collector (aluminium foil) were kept 0.3 ml h−1, 24 kV, and 15 cm, respectively. 126 

2.3. Preparation of self-healing coatings for corrosion protection 127 
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At first, amine and isocyanate-containing MCs were mixed at a 1:1 weight ratio. Then 128 

the prepared Mc mixture was dispersed mechanically in the epoxy resin at a rate of 200 rpm 129 

for 5 min. Subsequently, the curing agent was added to the aforementioned mixture with a 130 

2:1 epoxy over curing agent weight ratio. The total MC content was kept at 3 wt% for all of 131 

the applied coatings [24]. The resulted mixtures were then immediately applied on polished 132 

(with 400 mesh grit paper) and degreased (with acetone) bare steel panels (Q-PANEL) by a 133 

universal film applicator. The nominal thickness of the coatings was set to 100 μm.  134 

All coatings, including the control sample (without MCs), were kept in the lab conditions 135 

for 7 days for curing. Table 2 shows the details of the applied coatings. The cured coatings 136 

were then scratched manually by a scalpel cutter (X-cut deep into the metal substrate) to 137 

activate the self-healing system. Five X-cut scratches were made on each sample to evaluate 138 

the healing progress via studying the corrosion resistance at different times. 139 

Table 2: Detailed compositions of the applied coatings. 140 

Sample 

name 

Matrix Composition 

Isocyanate MC 

content (wt%) 

Isocyanate core 

material 

Polyetheramine MC 

content  (wt%) 

Polyetheramine 

core material Epoxy resin Curing agent 

c-CTRL 

EPON 

828+ED180 

(75:25) 

Merginamid 

A280 (50 phr) 

-- -- -- -- 

c-D230 1.5 

Coronate 1391 

1.5 Jeffamine™D230 

c-D400 1.5 1.5 Jeffamine™D400 

c-T403 1.5 1.5 Jeffamine™T403 

2.4. Characterizations 141 

2.4.1. Characterization of the prepared MCs 142 

FTIR (Spectrum 100 FTIR, Perkin-Elmer, USA) was conducted on the core and shell 143 

materials and their corresponding prepared MCs to chemically study their structure and 144 

identify any possible chemical reaction between the components. MCs were crushed prior to 145 

testing and the spectra were recorded in the range 4000–400 cm−1. 146 
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The morphology and size of the MCs were studied by SEM (JSM-5500 LV, JEOL, 147 

Japan). The samples were gold-sputtered prior to SEM analysis. The size distribution 148 

diagrams were prepared using Origin software by averaging the mean of 60 diameter 149 

measurements. Moreover, TEM (LEO 912ab, Zeiss, Germany) was used to study the core-150 

shell structure. MCs were sprayed onto a Lacey Formvar/carbon-coated copper grid prior to 151 

TEM analysis.  152 

TGA tests using a TGA/DSC 2 STAR, Mettler-Toledo, Switzerland were employed to 153 

confirm the successful encapsulation process and evaluation of the process yield. TGA 154 

experiments were conducted from 25 °C to 500 °C (10 °C min−1) under N2 atmosphere. 155 

2.4.2. Electrochemical assessment of the corrosion protection ability of the coatings 156 

EIS tests were employed as a non-invasive monitoring technique to indirectly study the 157 

self-healing process by investigating the coatings' corrosion resistance over time [26]. The 158 

healing reaction was triggered by cross scratching the coatings by a #11 scalpel blade (1 × 1 159 

cm length, deep into the substrate steel). To study the healing progress over time, five cross 160 

scratches were made on each coating to be tested separately after keeping in the air for 2, 24, 161 

48, 72, and 168 hours respectively. 168 hours (7 days) was assumed to be the maximum time 162 

needed for healing in the lab conditions. All the scratched coatings were kept in the same 163 

place, to ensure a uniform level of humidity that could affect the healing kinetics because of 164 

the reaction with released isocyanate. Naturally aerated, near-neutral 3.5 wt% NaCl solution 165 

was used as the electrolyte for testing. Moreover, to determine the healing efficiency and the 166 

corrosion protection ability for each sample, the scratched coatings, which had been healed 167 

in the air for 7 days, were immersed in the electrolyte solution for 14 days. The 14 days of 168 

immersion were employed to provide sufficient time to reach an equilibrium condition. The 169 

EIS experiments were performed by an Ivium Compactstat (Netherlands) in a 3-electrode 170 

corrosion cell. An aqueous saturated calomel electrode (SCE) endowed with a Luggin 171 
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capillary, a platinum wire, and the coated steel panels (0.78 cm2 contact area) were used as 172 

the reference, counter, and working electrode, respectively. The EIS experiments were 173 

conducted keeping the working electrode at the open circuit potential (OCP), sweeping the 174 

frequency of the perturbing 10 mV amplitude signal in the range within 105 to 10-2 Hz. 175 

2.4.3. Salt spray test 176 

Salt spray test was conducted on the 7-day healed scratched coatings as a visual corrosion 177 

evaluation technique to assess the healing performance, for comparison with the EIS results. 178 

The experiments were done according to ASTM B117 for 72 hours by a salt spray chamber 179 

(Pars Horm Co. Iran). 180 

3. Results and Discussions 181 

3.1. Morphology of the capsules 182 

Fig. 1 shows the SEM micrographs of the mc-D400 (mc-X : MCs containing X core) 183 

and mc-T403 and their corresponding size distribution diagrams. Micrographs (collected in 184 

secondary electron mode) confirm that the prepared MCs have a spherical shape. The mean 185 

diameters of the two types of polyetheramine-SAN MCs are measured to be 1.01±0.29 μm 186 

and 0.81±0.34 μm for mc-D400 and mc-T403, respectively. The mean diameters are in good 187 

agreement with the MC size of the mc-D230 (Fig. S1) [14]. The result of the distributional 188 

analysis also reveals the good reproducibility of the electrospray method in terms of both 189 

morphology and dimensionality of the MCs and confirms the independence of the method 190 

from the employed core (see also [16], in which blends of polyetheramines were employed). 191 

TEM analyses were also performed on the aforementioned MCs. According to the TEM 192 

images, Fig. 2, a multicore structure was achieved for both of the core-shell MCs. A similar 193 

structure was already reported for mc-D230 [14] and epoxy resin [24, 27] as core materials. 194 

The SEM and TEM images of mc-Coronate 1391 and mc-D230 are also presented in the 195 
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supplementary file (Fig. S1 and S2), showing similar average diameters, shapes and 196 

morphology. The high morphological similarity between the investigated types of MCs 197 

confirms the domination rule of the shell (i.e., SAN) in the encapsulation process, and 198 

suggests a comparable dispersion ability of the MCs in the epoxy matrix.  199 

  

 

Fig. 1: SEM micrographs of the mc-D400 (a) and mc-T403 (b) and their size distribution 200 

(c). 201 

 202 
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Fig. 2: TEM images of the mc-D400 (a) and mc-T403 (b). 203 

 204 

3.2. Chemical structure of the MCs  205 

Fig. 3 shows the FTIR spectra of the neat SAN copolymer, neat Jeffamine D400, and 206 

T403, and core-shell MCs. Regarding SAN, C–H stretching vibrations of the styrene ring are 207 

identified in the range 3085–3029 cm−1 while the nitrile groups are detected by the peak at 208 

2239 cm−1. Stretching and bending vibrational modes of the C–H bonds in the aliphatic 209 

segments are visible at 2924 cm−1 and 1452 cm−1, respectively [28]. For both core materials 210 

(Jeffamine D400 and T403), the aliphatic primary amine's absorbance peaks are at 3370 cm−1. 211 

The C–H stretching vibrations are observed at the peaks ranging between 2970-2950 cm−1 212 

and 2885-2870 cm−1, while their bending is responsible for the peak at 1455 cm−1. Ether 213 

groups are characterized by a strong band at 1104-1116 cm−1 [29]. According to the FTIR 214 

spectra of the core-shell MCs (d,e), the characteristic peaks of shell material (i.e., ca. 3030 215 

cm−1, 2240 cm−1, 700 cm−1) are simultaneously present with the core ones (i.e., ca. 2970 216 

cm−1, 2930 cm−1, 1110 cm−1), just with a small shift. This is taken as proof for their co-217 

existence in the prepared MCs with no side reactions [24]. Investigation of D230-based MCs 218 

was previously reported and discussed [14]. 219 
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 220 

Fig. 3: FTIR spectra of, from bottom to top: SAN copolymer (a), D400 (b), T403 (c), and 221 

their corresponding MCs (d, e). 222 

3.3. Thermal stability of the MCs and encapsulation yield 223 

Fig. 4 presents the TGA results of the prepared MCs, compared with those acquired for 224 

neat core and shell components. The thermogravimetric pattern of SAN copolymer, used as 225 

shell material, showed one major decomposition stage starting at 390 °C and ending at 440 226 

°C that results in a small amount of char which might be resulted from the acrylonitrile and 227 

styrene segments [30]. In the case of pristine core materials (i.e., Jeffamine D400 and 228 

Jeffamine T403), a two-stage thermal decomposition process was observed [14]. The first 229 

stage starts at room temperature for both di- and tri-functional polyamine but it lasts at 72°C 230 

and 141°C for Jeffamine T403 and Jeffamine D400, respectively. This first small thermal 231 

stage could be attributed to the evaporation of solvents and impurities as well as lower 232 

molecular weight chains. The main decomposition stage starts at 141°C and ends at 370°C 233 

for Jeffamine D400, while for Jeffamine T403 the process occurred at a lower temperature, 234 

being triggered already at 72 °C and lasted at 290 °C. 235 
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The prepared MCs undergo three main thermal decomposition stages which occur 236 

interestingly at the same temperature range as of pristine constituting materials. According 237 

to the weight loss percentage of the decomposition stages and their temperature range, the 238 

presence of core and shell materials together in the prepared MCs was again confirmed [28].  239 

  

  

Fig. 4: Thermogravimetric analyses (top: TGA; bottom: DTGA) of the shell material 240 

(SAN), core materials (D400 & T403), and their corresponding core-shell MCs. 241 

Besides a further proof of the presence of two components in the prepared MCs, TGA 242 

results were also used to determine i) the weight percent of the core material in the prepared 243 

MCs (%Wcore-exp), and ii) the encapsulation process yield (α), according to the following 244 

equation :  245 

% α = [%Wcore-exp /%Wcore- nominal] 

×100 

(1) 
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 246 

where Wcore-nominal is the nominal weight percent of the core material, equal to the amount 247 

added in the sprayed polymer solutions. The results of the quantitative analyses are 248 

summarized in Table . 249 

 250 

Table 3: Core material content (nominal versus experimental) and encapsulation yield, 251 

(mc-X : MCs containing X core). 252 

Sample %Wcore-nominal %Wcore-exp %α 

mc-D400 33 24 73 

mc-T403 33 23 70 

mc-D230a 33 23.5 71 

a From ref. [24]. 253 

 254 

The calculated encapsulation yield for both core materials is very similar, pointing to the 255 

strong robustness of the preparation protocol as it is poorly affected by characteristics of the 256 

polyetheramine employed (i.e., molecular weight, molecular structure, and viscosity). In 257 

addition, the obtained encapsulation yields are in good agreement not only with our previous 258 

report for Jeffamine D230 and Coronate 1391 MCs (71% and 68%, respectively) but also 259 

with data referred to other well studied encapsulation techniques [31, 32]. One more time 260 

results reported here confirmed the high reproducibility offered by the electrospray technique 261 

in the preparation of polymeric core-shell capsules with average diameters around 1 μm. 262 

3.4. Assessment of the healing process through the EIS technique 263 

Fig. 5 represents the results of the time-resolved EIS experiments, carried out on the steel 264 

panels coated with epoxy films (100 μm as nominal thickness). Three types of coatings were 265 

investigated, sorted according to the nature of polyetheramine-bearing MCs: c-D230 (Fig. 266 

5a, 5b), c-D400 (c, d), and c-T403 (e, f) samples. Kinetics and efficiency of the healing 267 
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reaction, as a function of polyetheramine nature, was assessed by EIS that allows providing 268 

detailed information on the electrochemical behaviour of the interface(s) generated by 269 

dipping the coated sample in an electrolyte solution (i.e., naturally aerated 3.5 wt% NaCl). 270 

The healing process was triggered by scratching the cured coatings, while the time evolution 271 

of the repairing process was assessed by the variation of the electrochemical parameters 272 

obtained by a quantitative interpretation of the recorded impedance spectra. To monitor the 273 

evolution in time of the healing process, each scratch (deep enough to expose the underlying 274 

steel surface) was left in the air, at room temperature, for an increasing period of time (up to 275 

7 days, considered the time requested to assure complete healing of the scratch) before being 276 

dipped into the working solution for the EIS investigation. 277 

Generally, as the easiest case made of an electrochemical system that undergoes to redox 278 

process (i.e., an electron transfer occurring at the electrode|solution interface), the Nyquist 279 

diagram (Zreal vs. – Zimag) is characterized by a semi-circle shifted from the origin of the 280 

complex plane of a quantity equal to the ohmic resistance of the system (in general the 281 

solution resistance). The diameter of curves is considered as the charge transfer resistance, 282 

Rct. The latter is inversely proportional to the kinetic constant of the electron transfer: higher 283 

Rct, more sluggish the Faradaic process. If the process is kinetically limited by mass diffusion, 284 

a 45°-tilted line will be depicted in the Nyquist plot (semi-infinite diffusion case), usually at 285 

lower frequencies. More complex shapes can be obtained when more interfaces or more 286 

processes occur in the same system, each one characterized by its own characteristic time 287 

constant. Another common graphical representation of EIS results is the Bode modulus 288 

diagram, in which the modulus of the impedance is directly plotted as a function of the 289 

frequency of the external sinusoidal stimulus. In corrosion studies, the impedance value at 290 

the lowest frequency can be taken as the total resistance of the system against corrosion [33].  291 

 292 

 293 
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Fig. 5: Nyquist (left) and Bode plots (right) recorded at OCP of the coated samples 294 

tested at different times after being scratched and stored at open-air: c-D230 (a,b), c-D400 295 

(c,d), and c-T403 (e,f). Electrolyte: naturally aerated, near-neutral 3.5 wt% NaCl aqueous 296 

solution. Lines are the calculated spectra by fitting the experimental data (symbols) with the 297 

equivalent circuit depicted in Fig. 6. 298 

 299 

For the studied systems (a scratched insulating polymer film deposited on a conductive 300 

surface made of steel), a two-time constant electrical equivalent circuit (EEC) is generally 301 

used in literature to analyze the EIS results [34, 35]. In this electrical model (Fig. 6), two R-302 

CPE parallel connections are linked in series, together with a third resistance. Each parallel 303 



17 
 

describes the behaviour of an interface: metal/solution, and polymer/solution. In more detail, 304 

the resistive elements Rs, Rct, and Rcoat represent, respectively, the solution resistance, the 305 

charge transfer resistance (i.e., the corrosion process), and the coating resistance (the latter, 306 

often called also pore resistance, is related to the porosity of the coating), while the CPEdl 307 

and CPEcoat stand for the double layer and the coating capacities, respectively. 308 

In this model, the charge transfer resistance (Rct) is a key parameter to investigate the 309 

healing process due to its association with the Faradaic processes occurring while corrosion 310 

takes place at the metal|solution interface. In fact, according to the second Ohm law, Rct has 311 

very interesting properties: it is inversely proportional to the exposed area of the working 312 

electrode on which the corrosion occurs. As a consequence, monitoring the variation in time 313 

of the numerical value of this parameter is a way to study the non-stationary barrier properties 314 

of a coating subjected to the healing process. Table S1 reports the EIS parameters resulted 315 

from the fitting of the experimental data with the selected EEC.  316 

 317 

Fig. 6: The electric equivalent circuit used to analyze the EIS data. 318 

Regarding the c-D230 sample (Fig. 5a), the results after 0.5 hr showed the lowest 319 

semicircle diameter indicating the lowest corrosion resistance, but Rct increased rapidly at 24 320 

hours of exposition in air. This increase continued gradually, even if at a slower rate, until 72 321 

hours; from that on, the charge transfer resistance remains essentially invariant up to 7 days 322 

from the scratching (Fig. 7). The total impedance, estimated at the minimum frequency from 323 

the Bode plots (Fig. 5b), represents the same trend in the time as well. 324 
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Comparing these results (absolute Rct value, and its variation in time) with those 325 

achieved from the c-D400 reveals the effects of a doubling of the molecular weight of the 326 

healing agent. The general shape of the impedance spectra is maintained comparable with 327 

that of c-D230 (Fig. 5c, 5d) as well as a comparable trend of Rct variation in time (Fig. 7). It 328 

suggests the effective progress of the healing process by leaving the scratched samples in the 329 

air. Nonetheless, each measured impedance and Rct fitted value for the c-D400 was invariably 330 

lower than that detected for the analogous film embedding the lighter polyetheramine D230. 331 

This can be attributed to the higher viscosity (Table 1) of D400 with respect to D230, which 332 

in turns can slow down the flow of the heavier agent at the crack planes and also the lower 333 

crosslink density (CLD) of the healed polymer film which allows easier water/ion 334 

penetration. 335 

Fig. 5e and 5f show the results of the c-T403 sample. In the case of di-amine D400, it 336 

was possible to investigate the effects of a different number of functionalities of the healing 337 

agent (i.e., from two to three reacting sites). Contrary to the samples bearing a bi-functional 338 

amine, a difference in the healing process can be seen even qualitatively by looking at the 339 

Bode modulus diagrams (Fig. 5f). Starting from 24 hours after the scratching, the process 340 

attributable to the establishment of a new polymer|solution interface is easily detectable in 341 

the region between 10 and 100 Hz. Further confirmation of the occurrence of a more efficient 342 

repairing is the monotonical increase of Rct over time, characterized by a notable growth even 343 

after 72 hours from the scratching (Fig. 7). In the early stage, the rate of growth of the charge 344 

transfer resistance for c-T403 was lower than that acquired for c-D230 but comparable with 345 

that of c-D400, despite the significantly higher viscosity of the tri-functional amine (Table 346 

1). Combining these two observations (a monotonic increase of Rct, that eventually reached 347 

the highest value, and its slow increase during the first hours), it is plausible to state that the 348 

presence of an extra –NH2 functionality (resulting in a non-linear pre-polymer) guarantees to 349 

the resulting polyurea an improved CLD that in turns assures a higher protection ability (i.e., 350 
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improved barrier properties against water and ions penetration). At the same time, the 351 

intrinsic 3D character of T403 healing agent counterbalances the negative effect deriving 352 

from the higher viscosity that inevitably slows down its leaking and flows in the damaged 353 

area. 354 

 355 

Fig. 7: Charge transfer resistance values (evaluated at OCP in 3.5 wt.% NaCl solution) 356 

as a function of healing time (in the air) for c-D203, c-D400, and c-T403 coatings. 357 

 358 

Therefore, Fig.7 reveals that the kinetics of the healing process is influenced by the 359 

characteristics of the amine reactant as follows. The initial rapid increase of the charge 360 

transfer resistance for c-D230 (in comparison with the c-D400 and c-T403 samples) can be 361 

due to the fact that as the physical contact between the two functional groups (i.e., ‒NH2 and 362 

‒NCO) is mandatory for the occurrence of the stepwise polymerization reactions. In addition, 363 

the lower viscosity of D230 facilitates its flow by increasing its reaction probability within 364 

the damaged area in the first time frame. The slower response of c-D400 can be attributed to 365 

the higher viscosity of D400, while the fact that its final Rct does not change notably in 366 

comparison with c-D230, is in agreement with Flory's assumptions pointing to the 367 

independence between the functional groups' reactivity and the molecular weight of 368 

monomers in stepwise polymerization reactions [36]. 369 



20 
 

The charge transfer resistance values detected for c-T403 are the lowest in the first 48 370 

hours, because, as mentioned before, the response rate on the first period after the induced 371 

damage is controlled by the healing agent viscosity. On the other hand, the continuous 372 

increase of Rct up to 168 hours can be attributed to the higher CLD of its healing polymer 373 

within the scratched area as a result of its higher functionality. Besides improved cross-374 

linking, the high viscosity of T403 can play an additional synergistic effect, if evaluated on 375 

a longer time frame. In fact, while the lower viscosity of D230 brings to a fast release that 376 

can block the crack path resulting in poor wetting of the entire crack plane, the higher 377 

viscosity of T403 may cause a more gradual release and flow of the reacting amine with a 378 

better penetration in the whole crack plane that provided an improved final healing 379 

performance. 380 

In order to assess the protection ability of the healed coatings over a relatively long 381 

period of time, the three samples were scratched and left to heal in the air for 7 days and then 382 

immersed in the electrolyte solution for 14 days. In this case, a control coating (c-CTRL) was 383 

also tested for sake of comparison. Fig. 8 shows the obtained EIS spectra.   384 

 385 

  

Fig. 8: EIS spectra recorded at OCP for the scratched control and healed coatings after 7 386 

days of storing in air and 14 days of immersion in 3.5 wt.% NaCl solution: (a) Nyquist 387 

diagrams; (b) Bode modulus plots. Lines are the calculated spectra by fitting the 388 

experimental data (symbols) with the equivalent circuit depicted in Fig. 6. 389 

 390 



21 
 

The resulting spectra were fitted, using the two-time constant EEC (Fig. 6), and the 391 

results are summarized in Table S2. The resulting charge transfer resistance was used to 392 

estimate the healing efficiency (HE) as follows [37-39] 393 

%𝐻𝐸 = (1 −
𝑅𝑐𝑡,0

𝑅𝑐𝑡
) ∙ 100      (2) 394 

Rct0 and Rct stand for the charge transfer resistances of the scratched control and the 395 

scratched self-healing coatings, respectively, taken at the same time after scratching. 396 

The calculated charge transfer resistances and their corresponding healing efficiencies 397 

are summarized in Table . According to the results, the c-T403 sample showed the best 398 

healing efficiency (90%), while c-D230 and c-D400 samples reached HE of 85% and 72%, 399 

respectively. 400 

 401 

Table 4: The calculated charge transfer resistances and the corresponding healing 402 

efficiencies for the control and the self-healing coatings. 403 

Sample Rct (kΩ cm2) HE% 

c-CTRL 5.35 ‒ 

c-D230 36.1 85 

c-D400 18.9 72 

c-T403 55.6 90 

 404 

To assess the protection induced by the healed layer the EIS spectra of unscratched self-405 

healing samples were recorded after 14 days of immersion in 3.5 wt.% solutions (Fig. S3). 406 

Qualitative analysis of the spectra (supported by quantitative results of the fitting, Table S3) 407 

revealed an invariably worst protecting ability of the healed coatings with respect to the 408 

corresponding pristine one (from 107 to 105 Ω cm2). This loss of protection can be easily 409 

attributed to a defective (e.g., not perfectly compact and homogeneous) polyurea layer 410 
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formed between the two edges of the scratch through the reaction of the healing agents 411 

released into the fracture. 412 

The comparison between the impedance response of the unscratched control coating and 413 

those acquired for unscratched coating containing MCs provides the evaluation of the 414 

effect(s) induced in the epoxy polymer matrix by the addition of MCs. By using a one-time 415 

constant EEC (i.e., one couple of R and CPE elements connected in parallel), pristine control 416 

coating exhibited a Rcoat one order of magnitude higher than MC-contained coatings (108 and 417 

107 Ω cm2, respectively), at a similar Ccoat. The lower coating resistance (attributable to a 418 

slightly higher amount of defects and/or porosity of the epoxy matrix after the addition of 419 

MCs) reveals a limited decrease in the barrier effect of the pristine healing coatings with 420 

respect to not healing ones. 421 

3.5. Evaluation of the healing process through the salt spray test 422 

Fig. 9 shows the images of scratched coatings (control and self-healing ones) after 72 423 

hours of exposure to salt spray. As can be seen, the exposed underlying steel for the control 424 

sample (Fig. 9 a) is severely corroded due to the NaCl solution penetration through the scratch 425 

area down to the bare metal. On the other hand, all the self-healing coatings showed a better 426 

resistance against corrosion due to the reaction between released isocyanate and 427 

polyetheramine healing agents that hampered the penetration of the corrosive medium by 428 

sealing (at least partially) the scratch area as a result of the polyurea formation. According to 429 

the images, the c-T403 sample (Fig. 9 d) showed the minimum amount of rust indicating the 430 

most effective corrosion protection after damaging of the series, followed by c-D230 (Fig. 9 431 

b) and c-D400 (Fig. 9 c). The salt spray test reveals the efficient performance of the 432 

incorporated self-healing polyetheramine agents, representing a practical and “easy-to-433 

assess” corrosion test that confirms the results argued from the EIS investigation.  434 
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Fig. 9: Salt spray results after 72 hr for: (a) c-CTRL, (b) c-D230, (c) c-D400, and (d) c-435 

T403. 436 

4. Conclusions 437 

As part of a broader systematic study carried out by the group, the effects of molecular 438 

characteristics of polyetheramines on i) the kinetics of the healing process and ii) the related 439 

self-healing performance were studied to obtain more efficient corrosion protection coatings 440 

that limit the detrimental effects of damages affecting the physical integrity of the polymeric 441 

barrier. A dual capsule extrinsic system was embedded into an epoxy matrix to prepare self-442 

healing coatings that exploit the stepwise polymerization reaction between isocyanate and 443 

amine functional groups for the formation of a repairing polyurea film. While the isocyanate 444 

component was kept constant in the formulations, three types of polyetheramines varying in 445 

molecular weight and functionality were used, separately, as the second reacting agent. Each 446 

element of the reacting couple was firstly encapsulated by electrospray into spherical core-447 

shell MCs (diameter < 2 μm) and then embedded into the epoxy matrix. EIS technique was 448 

employed as a non-destructive investigation method to indirectly monitor the time evolution 449 

of the healing reaction (carried out in the air in the same laboratory, to omit effects of air 450 

humidity on isocyanate) by recording impedance spectra in 3.5 wt.% NaCl solution. The 451 
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investigation revealed that a lower molecular weight amine provides a faster response of the 452 

healing system due to the easier flow into the crack caused, in turn, by the lower viscosity. 453 

On the other hand, an increase of the molecular weight (D400) corresponds to slower kinetics 454 

during the early stages of the healing process, due to the increased viscosity of the reactant, 455 

but without significantly compromising the overall performance. In addition, by increasing 456 

the functionality (T403) a monotonically increase of the corrosion protection ability of the 457 

healed coating was obtained, without unduly affecting the speed of the repairing process. The 458 

significantly different trend over time of the corrosion protection recovery for T403 amine 459 

has been attributed to the higher crosslinking density and the resulting better-protecting 460 

properties of the healed area, potentially assisted by the slower diffusion of the healing agent 461 

driving to a more compact polyurea matrix. As a result, the healing efficiency, estimated 462 

from the EIS results, moves from ca. 72% for the heavier, di-functional D400 to ca. 90% for 463 

the coating embedding the trifunctional T403 polyetheramine. The salt spray testing 464 

confirmed, through a visual investigation, the aforementioned trend in the corrosion 465 

protection performance for the prepared self-healing coatings. 466 
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