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Microcapsules containing isophorone diisocyanate (IPDI) were used as self-healing additives in the alkyd
varnish coatings (AVCs), and their self-healing performance was evaluated in the case of artificial defects
on Q235 steel surfaces, using scanning micro-reference electrode technique and Fourier-transform
infrared spectroscopy. Comparison of the micromechanical properties between the water-insoluble
self-healing products (polyurethanes) and AVCs indicates that the former significantly enhanced the
capability of the scratched crevice to successfully endure outer stress. The electrochemical impedance
spectroscopy experiments analysed the different stages in the self-healing process. This study success-
fully demonstrated the self-healing activity of IPDI-AVCs in protecting steel surfaces.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Self-healing microcapsules, as the most effective corrosion
protective materials, have been investigated intensively over the
past decade owing to their ease of synthesis [1-4], environmental
stability [5,6], surface modification [7,8], and superior protective
property [9-11]. The protective coatings based on these self-heal-
ing microcapsules are advantageous over the conventional coat-
ings, because the latter is not very effective in repairing the
microcracks in steel and other structures [12-17]. In addition,
water is known to influence the corrosion process in steel struc-
tures by transporting the chemicals required for electrochemical
reactions, and by playing the role of reaction solvent. Hence, an
effective protective coating, in principle, should be able to stop
water from entering the microcracks in the self-healing process.
Chemicals containing isocyanate functional groups are easy to
react with water (or even water vapour in the air), which can be
utilized as potential catalyst-free healing agents in humid/wet
environments. The encapsulation of isophorone diisocyanate (IPDI)
[18] and hexamethylene diisocyanate (HDI) [19], as self-healing
agents, were successfully carried out by the interfacial polymeriza-
tion of diisocyanate prepolymers and 1,4-butanediol. The self-heal-
ing ability of the protective coatings with embedded organic
materials such as HDI microcapsules has been demonstrated;
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however, the mechanism of the self-healing process has not yet
been clearly understood.

Furthermore, nanoindentation is an important method for eval-
uating micromechanical properties of thin films and micro-scale
materials [20-23]. The micromechanical behaviour of self-healing
epoxy and hardener-loaded microcapsules with poly (melamine-
formaldehyde) (PMF) as the shell material has been investigated
by nanoindentation tests [24]. The PMF shell material was found
to behave as a viscoelastic plastic material. Also, oxygen-plasma-
treated carbon nanotubes have been embedded into microcapsules
to improve their micromechanical behaviour [25]. Although, a ten-
sile test is generally used in large-scale testing of self-healing abil-
ities [26-28]; unfortunately it does not offer any micromechanical
information of the healed areas in the defects.

In this study, electrochemical techniques were employed to
understand the mechanism of corrosion protection, and to evaluate
the self-healing performance of AVCs coated with IPDI-functional-
ized microcapsules. Fourier-transform infrared (FT-IR) spectros-
copy was used to characterize the new IR absorption bands
formed in the healed crevice after the treatment. Finally, the
micromechanical behaviour of the self-healing products in the
scratched crevice was also investigated by nanoindentation tests.

2. Experimental
2.1. Materials
Q235 steel was purchased from Shanghai BaoSteel. Alkyd var-

nish was purchased from Lehua Inc. China. The chemicals for the
synthesis of the microcapsules were obtained from Sigma Aldrich
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and used as received. The water used in all the experiments was
produced by a Millipore Milli-Q Plus 185 purification system and
has a resistivity level higher than 18.1 MQ cm.

2.2. Synthesis of IPDI microcapsules

IPDI microcapsules were synthesized with slight modification
to our previously reported method [25]. In a typical procedure, un-
der stirring (600 rpm), 6 g urea, 1 g ammonium chloride, and 1g
resorcinol were successively dissolved in 100 mL water. A 20 mL
of 3.0 wt% aqueous solution of sodium dodecyl benzene sulfonate
was added to the above mixture at room temperature. Then,
10 mL IPDI was slowly added into the mixture to form an oil-in-
water microemulsion. After stirring for 30 min, pH of the emulsion
was slowly adjusted to 3.5 by drop-wise addition of 0.05 M hydro-
chloric acid. One to two drops of 1-octanol were added to eliminate
any surface bubbles. After that, 10 g of a 37 wt% aqueous solution
of formaldehyde was added. The mixture was ultrasonicated for
10 min with a frequency of 20 kHz in an ice-bath. Finally, the tem-
perature was raised to 55 °C at a rate of 1°C min~'. After 4 h of
continuous stirring at 1000 rpm, the polymerized microcapsules
were obtained, and they were repeatedly washed with ethanol
and water to remove any residual impurities.

2.3. Preparation of AVC coating

Prior to all measurements, the Q235 steel samples
(10 mm x 10 mm) were sealed by epoxy resin. The Q235 steel sur-
face for tests was ground from 400 to 1200 grade SiC paper, respec-
tively, and rinsed with double-distilled water. The prepared IPDI
microcapsules were added into AVCs on surfaces of Q235 steel.
The coatings were applied to the metal substrate with a thickness
of 20 um and 100 um for scanning micro-reference electrode
(SMRE) and electrochemical impedance spectroscopy (EIS) tests,
respectively. Then, the samples were solidified at 40 °C for 48 h.
The self-healing AVCs surface for tests was polished down to
1500 grade SiC paper (for SMRE experiments), then degreased
ultrasonically in ethanol and acetone, and finally dried in air.
Scratches on the coating were performed with a sharp doctor
blade.

2.4. Experimental techniques

The morphologies of the microcapsules were acquired with a
Hitachi S-4800 field emission scanning electron microscope (FE-
SEM). The healed images of the scratched crevice were recorded
with a VHX-1000 digital microscope (Keyence Co. Ltd). The chem-
ical changes were investigated by FT-IR spectroscopy using a Ther-
mo Scientific Nicolet iS10 spectrometer (Thermo Fisher Scientific
Inc.), and the spectrum was recorded in 600-4000 cm~! range.
Nanoindentation tests were performed using Agilent G200 Nano-
Indenter with a three-sided pyramidal diamond Berkovich inden-
ter and continuous stiffness measurement (CSM) mode at a
constant rate of 0.05 s~! up to 3 m depth at 25 °C. The holding time
of indentation was 10 s. The curve was measured three times with
the same sample on the distinct surface regions at each indentation
load.

The measurements of the potential distribution on the steel sur-
face were recorded by SMRE technique using CSPM5500 scanning

probe microscope system (Nano-Instruments, China). The scanning

probe was prepared by one end of a Pt/Ir (10%) ( 0.1 mm) wire
etched in a solution of 2 M sodium hydroxide with an alternating
current to provide a tip with a diameter of 5 m. The scanning sig-
nal, with a micro reference electrode that was Ag/AgCl/KCl (satu-
rated in water) with a potential of 0.197V vs. NHE, was
measured for 10min during the probe scanning over a

2 mm x 2 mm area. The potential distributions over the whole test
surface were presented as topographical 3D images. The EIS mea-
surements were carried out using three-electrode cell, with a plat-
inum counter electrode and a saturated calomel electrode as
reference, which were conducted at a steady-state open circuit po-
tential (OCP) disturbed with a perturbation of 20 mV rms on EG&G
2273 potentiostat. Furthermore, the criterion of EIS measurements
under steady state condition was estimated that the fluctuation of
OCP was #2 mV within 600 s. The frequency range was from 10° Hz
to 0.01 Hz, with 42 points. The corrosive electrolyte was 0.6 M
NacCl solution, and all the tests were performed at 30 °C. Data were
collected and fitted with different equivalent circuits using ZSimp-
win software. The fitted results were judged by y?-value that was
less than 1072 for all the spectra, and the measured and simulated
data were compared.

3. Results and discussion
3.1. SMRE studies on self-healing procedure

The FE-SEM overview morphology of the synthesized IPDI
microcapsules via in situ polymerization is shown in Fig. 1. In-situ
scanning over the entire area of a specimen helps to locate the ac-
tive corrosion sites, and monitor the self-healing process in real
time. The self-healing properties of the scratched coatings on a
Q235 steel substrate surface immersed in a 0.005 M NacCl solution
were studied by SMRE technique. The potential difference along
the crevice shows the corrosion process. Each of the peaks in the
potential distribution map represents an active pitting site in the
scratched crevice [29]. A higher peak amplitude and wider peak
distribution exhibit a stronger tendency towards localized corro-
sion [30]. A scratched line for the potential differences can be seen
in the early immersion sample as shown in Fig. 2a. Several peaks
(<30 mV) were observed in the beginning indicating localized cor-
rosion in the scratched crevice. However, the potential difference
changed significantly after 1 h (Fig. 2b). This result indicated that
some of the IPDI molecules were released from the microcapsule
cores over time, and they reacted with the water molecules on
the substrate to produce water-insoluble products (polyurethanes)
that then filled the scratched crevice. Consequently, the polyure-
thanes help in resisting the contact of the water with the Q235
substrate. Thus, the self-healing process effectively inhibited the
progression of the metal corrosion process (Fig. 2c and d). The
peaks of potential differences become much smaller after 4 h
immersion (Fig. 2e). The heights of the pits along the scratched cre-
vice apparently decreased with the progression in immersion time,
thereby indicating that most pits along the crevice are continually

Fig. 1. FE-SEM overview image of IPDI microcapsules.
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immersion time in 0.005 M NacCl solution, respectively.

covered with more and more self-healing polyurethanes. There are
only some weak potential difference peaks in the continuous pro-
cess (Fig. 2f-g), and the peaks in the centre of the scanning map
apparently disappeared. The self-healing process of the coating
material eventually resulted in the disappearance of the largest po-
tential difference peaks on the surface, and only a few peaks could
be seen after 7 h immersion time (Fig. 2h). Finally, there are no po-
tential difference peaks left in Fig. 2i indicating that the scratched
crevice was entirely healed with self-healing products.

3.2. Chemical changes of self-healing process

The FT-IR analyses determined the chemical changes during the
self-healing process in the healed crevice after water treatment. It
is clearly seen in the optical image (Fig. 3a) that the scratched cre-
vice are fully cured by the self-healing products after 100 h immer-
sion in 0.6 M NaCl solution. The FT-IR spectra show the isocyanate
(—NCO) peaks of IPDI molecules at 2259 and 1337 cm~! (Fig. 3b-I).
The conversion of isocyanate to urea in the product (polyurethane)
was monitored by FT-IR, and the C—0 and N—H stretching frequen-
cies in the amide (CO—NH) were assigned at 1644 and 1558 cm™!
(Fig. 3b-II), respectively. Furthermore, polyurethanes deposited in
the crevice (Area 1 in Fig. 3b-I) showed the stretching frequency
of isocyanate groups at 2263 cm™' (Fig. 3b-III). The FT-IR spectra
of the AVCs (Area 2 in Fig. 3b-I) showed the stretching frequency
of carbonyl (C=0) and methyl groups at 1732 and 2957 cm !,
respectively (Fig. 3b-IV). New IR absorption bands due to the for-
mation of urea groups appear at 3339 (N—H), 1644 (C=0), and
1558 (N—H) cm~'. Thus, it could be spectroscopically proved that
IPDI was responsible for the successful healing of the scratched
crevice, and the entire crevice under this study contained polyure-
thanes as the self-healing water-insoluble products.

3.3. Micromechanical behaviour of self-healing products

The CSM technique can continuously measure the mechanical
properties of materials without the need for discrete unloading cy-
cles [20,31], and it can also be conducted at extremely small pen-
etration depths. Thus, this technique is ideal for measuring
micromechanical properties of the self-healing products in the
scratched crevice of AVCs.

Fig. 3. (a) The AVC crevice on the Q235 substrate is filled with polyurethane, after
100 h immersion in 0.6 M NaCl solution; (b) FT-IR spectra of IPDI (I), polyurethane
(I1), polyurethane in the crevice of Area 1 (III), and AVCs of Area 2 (IV).
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Fig. 4. Load-displacement curves of the AVCs (I) and polyurethane in AVC crevice
(IT) tested by using CSM. Each of the samples was measured three times on the
distinct surface regions at each indentation load.

Fig. 4 shows the typical loading-unloading curves of AVCs (I)
and the self-healing products in the scratched crevice (II). The aver-
age load during the holding time of the self-healing products was
68.178 mN, which was significantly higher than that of the AVCs
at 25.786 mN. It proved that the self-healing products increased
the loading force of the AVCs, thus successfully enhancing the
scratched crevice’s capability to endure outer stress. The average
hardness and Young’'s modulus of the self-healing products
(0.055 and 1.494 GPa, respectively) are relatively larger than
those of the AVCs (0.020 and 0.670 GPa, respectively). These
results indicate that the self-healing products enhanced both the
Young’s modulus and hardness of the AVCs. The loading portion
of the nanoindentation with linear and nonlinear curves repre-
sents both elastic and plastic deformations [24,32]. Therefore,
self-healing products are considerably more plastic in nature than
the AVCs.

3.4. EIS measurements of self-healing process

EIS measurements could effectively monitor the self-healing
process [33,34]. The total resistance combination of the Bode
plot in EIS effectively showed the protective properties of the
coating for the metal [35,36]. Fig. 5 gives the EIS results of the
different self-healing process. In initial 20 h, Fig. 5a illustrates
the occurrence of a pre-self-healing process that directly
hindered the solution to penetrate into the bottom of the
crevice, because the two side walls of the scratched crevice
touched each other due to AVC's inherent elasticity. Thus, the
phase angle spectra (Fig. 5b) reveals three time constants
ascribed to the coating formed by the two side walls of the
scratched crevice touched each other, the AVCs and the double
layer, respectively. Moreover, some left-over AVC materials also
slowed down the penetration of NaCl solution, within 20 h after
the scratch was made on the substrate. The Bode plots in
Fig. 5e, h, and k reveal two time constants: one in the middle
frequency range due to the self-healing coating, and a second
one in the low frequency range that can be ascribed to the
response of processes occurring at the coating/substrate interface
[37]. The rising trend of phase angle curves in the middle
frequency range (Fig. 5b, e and h) indicates that the resistance
of the AVCs is enhanced by the self-healing process. It can be
seen the capacitive response in the middle frequency range
and the corresponding resistive response in the low frequency
range due to the self-healing coating protection [38]. Further-
more, in the coating failure process, the Nyquist plot in Fig. 5j

displays similar capacitive loops in the high frequency range
and a Warburg impedance in the low frequency range.

Impedance modulus (]Z]) at a frequency of 0.01 Hz of each Bode
plot is used to evaluate the coating resistance in Fig. 6. Four typical
stages of the impedance modulus value (f=0.01 Hz) in the curve
could be easily distinguished. The |Z| value of the AVC coating in
this process is adjusted as shown in Fig. 6-1. As shown in Fig. 6-II,
the increasing trend of the |Z| value (from 0.782 to 1.515 MQ cm?)
indicates that the solution penetrates into the mouth of the crevice,
where water reacts with isocyanate groups and triggers the inflow
of self-healing materials (IPDI) from the microcapsules. Conse-
quently, more and more healing materials are produced over time,
and these water-insoluble reaction products get filled in at the bot-
tom and walls of the crevice. The |Z| value reaches the maximum
peak value 1.548 MQ cm? after 96 h of immersion. Then, the |Z| va-
lue started a decreasing trend, from 1.406 to 0.675 MQ cm? in Part
Il of the curve, with little fluctuation that demonstrates the
slightly on-going self-healing process and water penetration. Since
the scratch now has some micro crevices, the solution can slowly
continue to penetrate into the healed crevice down to the metal
bottom surface, and the healing process is repeated until the reac-
tion is completed and so the healing materials are exhausted after
406 h of immersion time. Finally, the AVC loses the self-healing
ability as |Z| value becomes lower than 0.092 MQ cm?, and there-
fore cannot anymore resist the solution penetration (IV). The Ny-
quist plots for such coating failures are shown in Fig. 5g and h.
Different self-healing stages are obviously distinguished from each
other in the self-healing process. These results obtained clearly
confirmed that a physical barrier had formed in the self-healing
process, thereby empowering the AVCs with significant protective
ability.

The complex pre-self-healing process included the water pene-
tration, two side walls of the scratched crevice touched each other,
and self-healing process of IPDI. Thus, the first equivalent circuit
(Fig. 7a) was used to fit the EIS data of the scratched AVCs in the
pre-self-healing process in 0.6 M NaCl solution. Further, the second
equivalent circuit (Fig. 7b) was used to fit the EIS data of the
scratched AVCs in the self-healing process and water penetration
in 0.6 M NacCl solution, whereas the third one (Fig. 7c) was used
to fit the EIS data of coating failure displaying a Warburg imped-
ance. R; is the solution resistance of NaCl solution. R. and C, repre-
sent the resistance and capacitance of the AVC’s inherent elasticity.
R. and Q. represent the coating resistance and capacitance of
scratched AVCs. R, and Qg represent the metal charge transfer
resistance and double layer capacitance. C. and Cy represent the
capacitance of scratched AVCs and the metal double layer capaci-
tance in the pre-self-healing process. Z,, represents Warburg diffu-
sion coefficient. For the capacitive loops, the coefficients n. and nq
represent a depressed feature in the Nyquist diagram.

The coating resistance R. of the scratched AVCs, which came
from the fitting results of the experimental EIS, were plotted in
Fig. 8a. During immersion the values of the R, had the same trend
of |Z| values (Fig. 6). According to the fitting results in Table 1, the
decreasing trend of the R. value (from 0.503 to 0.307 MQ cm?)
indicates that the solution slowly penetrates into the bottom of
the crevice in the pre-self-healing process. However, the increasing
trend of the R. value (from 0.103 to 1.307 MQ cm?) in Table 2 indi-
cates that the self-healing process enhances the barrier of the
scratched crevice in AVCs. After immersion for 96 h, the R. value
gradually decreased, indicating that the barrier of the AVCs was
gradually deteriorated by water penetration. Finally, the AVC loses
the self-healing ability as R. value becomes lower than
0.0702 MQ cm? (Fig. 8a). The constant phase element of the coat-
ing Q. was plotted in Fig. 8b. The values of Q. were gradually
decreasing (from 7.603 to 0.331 pF cm—2) before 209 h. However,
the values of Q. were gradually increasing (from 0.331 to
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Fig. 5. Nyquist and Bode plots of Q235 (1 cm x 1 cm) coated with IPDI-AVC with a 0.5 cm length scratch. Different stages of the self-healing process: pre-self-healing process
(a, b and c), self-healing process (d, e and f), water penetration (g, h and i), and coating failure (j, k and 1).
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Fig. 5 (continued)

Fig. 6. Impedance modulus (f=0.01 Hz) of the scratched AVCs in 0.6 M NaCl
solution.

2.653 puF cm~2) with slight fluctuations during immersion 406 h.
After immersion for 406 h, the healed crevice in AVCs started to
fail.

The reciprocals of charge-transfer resistance, 1/R., and the con-
stant phase element of double layer capacitance, Qq, are plotted in
Fig. 9a and b, respectively. The 1/R values are used to represent
the corrosion rate of steel in different environments [39]. The low-
er is the value of 1/R.; for the coating; the greater is the corrosion
resistance of the AVCs [40]. Thus, the values of 1/R. in the self-
healing process of stages I, II, and IIl in Fig. 6 are lower than
0.987 MS cm2; whereas the value for IV stage is higher than
32.916 MS cm~2 in stage IV. Furthermore, the values of Qg slightly
fluctuated (between 3.789 and 3.126 uF cm2) in the self-healing

Fig. 7. Equivalent circuit models used to fit the experiment impedance data of
scratched AVCs in 0.6 M NaCl solution.

process, indicating that the on-going self-healing process hindered
the water penetration. Then, the values of Qg slightly fluctuated
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Fig. 8. The changes in the coating resistance R. (a) and the coating capacitance Q.

(b) of scratched AVCs in 0.6 M NacCl solution.
Fig. 9. The change in the reciprocals of charge-transfer resistance 1/R (a) and the
double layer capacitance Qg of (b) scratched AVCs in 0.6 M NaCl solution.

Table 1
Electrochemical parameters of scratched AVCs in the pre-self-healing process.
Time (h) Re (kQ cm?) Ce (UF cm—2) Q. (LFcm™2) ne R. (MQ cm?) Car (UF cm™2) Ret (MQ cm?)
0.5 9.291 0.0955 7.603 0.421 0.503 18.650 1.860
2.5 6.871 0.161 7.558 0.454 0.544 15.470 2.703
9 5.883 0.340 4.487 0.525 0.322 14.440 1.947
20 3.247 0.550 3.563 0.531 0.307 21.970 1.013
Table 2
Electrochemical parameters of scratched AVCs in the last three self-healing processes.
Time (h) Qc (WF cm™2) Ne R. (MQ cm?) Qa1 (UF cm—2) Nai Rt (MQ cm?) Zw (Qcm?)
375 2.058 0.613 0.103 3.789 0.546 13.180 -
46.5 2.438 0.592 0.187 2.898 0.584 7.561 -
60 1.656 0.598 1.308 4173 0.630 12.620 -
74 2.328 0.564 1.703 2.662 0.950 8.228 -
96 2.227 0.573 1.307 2.647 0.919 10.120 -
126 2.126 0.580 1.296 3.126 0.922 8.659 -
164 2.024 0.619 1.109 6.505 1.000 3.619 -
209 0.331 0.637 0.0960 5.685 0.709 10.700 -
233 0.507 0.729 0.0599 5.517 0.721 9.858 -
293.5 0.927 0.701 0.0645 4.579 0.654 6.619 -
331 1.118 0.704 0.0662 4.368 0.638 6.029 -
372 2.263 0.656 0.0865 4.826 0.600 2.857 -
406 2.653 0.648 0.121 4.725 0.589 2.516 -
460 6.890 0.596 0.0830 26.811 0.783 0.107 0.000182

530 11.670 0.577 0.0702 100.100 1.000 0.0304 0.000191
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(between 5.685 and 4.725 pF cm~2) during water penetration, fol-
lowing with the Qg increasing to 100.1 uF cm~2 at the coating
failure stage.

Thus, the entire self-healing process of AVCs was well
monitored by EIS, and four different self-healing stages were
clearly distinguished as follows: (I) pre-self-healing process, (II)
self-healing process, (III) water penetration, and (IV) coating
failure.

4. Conclusion

The AVCs fabricated with IPDI microcapsules react with water
when immersed in it, and are proved to be well capable of physi-
cally healing the coating defects in case of a damage to the surface.
The SMRE results evidently showed the protective ability of the
modified AVCs by a self-healing phenomenon that triggers by
water immersion, thereby hindering the corrosion process at the
damaged area in the coating. The formation of new IR absorption
bands in the healed crevice, confirmed that IPDI successfully pro-
duced water-insoluble polyurethanes as the self-healing products.
Furthermore, the self-healing products could also bear much
higher loading force than the AVCs itself indicating that they are
significantly more plastic in nature than the AVCs. The entire
self-healing process of IPDI-AVCs was initiated by corrosion activ-
ities, which could be well monitored by EIS, and four different self-
healing stages were clearly distinguished (e.g., pre-self-healing
process, self-healing process, water penetration, and coating
failure).
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