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The objective of the current research is to evaluate and compare the corrosion protection eﬃciency of the microcapsules containing
tung oil and copaiba oil using stereoscopic images, electrochemical tests, open circuit potential (OCP), and polarization curves
(Tafel analysis). Carbon steel plates were painted with three diﬀerent coating systems: (a) a coating system with an automotive
primer which served as the control, (b) a coating system with microcapsules containing 3% tung oil, and (c) a coating system
with microcapsules containing 3% copaiba oil. A crosscut was performed using a scalpel on the coating surfaces to promote the
release of the oils, and after drying, electrochemical cells were assembled using electrolyte 3% NaCl. From OCP analyses, it was
veriﬁed that the coating system containing tung oil loaded microcapsules obtained more positive ﬁnal values than the control
system and the coating system containing copaiba oil loaded microcapsules. The stereoscope images corroborate the OCP
results, and the polarization curve analyses also indicated that the microcapsules containing tung oil oﬀer better corrosion
protection than the other systems studied.

1. Introduction
The excessive corrosion of metals through structural degradation, chemical reactions, and wear deteriorates their
performance and makes them unsuitable for use [1]. The
failure of structures and equipment caused by corrosion
generates a huge repair or replacement cost, in addition to
safety issues. According to data between 2013 and 2015,
global costs related to corrosion are estimated at US$ 2.5

trillion annually, representing about 3.4% of the world’s gross
domestic product (GDP) [2]. There are several ways to
reduce corrosion and, consequently, increase the service life
of those metals. The most common way is to apply organic
coatings, which are paints or varnishes that create a barrier
to corrosive processes in harsh environments [3]. However,
this type of protection becomes ineﬀective during physicalchemical processes. For instance, ultraviolet and infrared
radiations begin to alter the properties of the coating, making
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it susceptible to failures, cracks, or microcracks. Once a crack
develops on the coating, corrosive species such as water and
salts in the corrosive medium may permeate through the
coating until they reach the metallic substrate. Once corrosion has been triggered in the material, the coating would
no longer be able to protect the damaged area [3]. One of
the latest corrosion protection strategies is the use of selfregenerating coatings, called self-healing coatings, which
can repair the damaged surface of the substrate without any
human interference [4].
Examples of self-healing coatings include those containing complexes of polyelectrolytes, malleable polymers,
and healing agents encapsulated in nano/microcapsules
[5–7]. The capsules used to load the healing agents are
either polymeric or inorganic in nature. Such micro- or
nanocapsules are usually loaded with resins, corrosion inhibitors, and drying oils, which would be released by triggers
such as pH changes, ion exchange processes, or mechanical
damage [8, 9]. Figure 1 shows an illustration of a microcapsule, in which the material of interest is retained in the
nucleus of the microcapsule (core) and protected by the
structure of the wall (shell).
The use of natural oils as core materials in microcapsules
is of great signiﬁcance in the protection of metal surfaces
from corrosion. In this case, the cure reaction occurs through
the oxidation of double bonds in natural oils by atmospheric
oxygen, making them a green alternative since they do not
need any external catalyst to cure the oil [4, 10–13]. The
popular natural oils used for this purpose are tung oil
[14], linseed oils [15], neem oil [16], etc.
However, there is no report on a comparison between
coatings containing microcapsules that encapsulated diﬀerent natural oils, to assess which of the oils has a better
eﬀect against corrosion. The present study is aimed at
comparing qualitatively the anticorrosion protection ability
of two diﬀerent drying oils (tung oil and copaiba oil)
encapsulated in poly(urea-formaldehyde) (PUF) microcapsules in smart coatings. Intelligent coatings based on drying
oil encapsulated in PUF microcapsules and a polyesterbased automotive primer have been assessed for their selfhealing eﬃciency using optical analysis and electrochemical
tests.

2. Experimental
2.1. Materials and Synthesis of Microcapsules. Urea, ammonium chloride, sodium chloride, resorcinol, sodium dodecyl
sulfate (SDS), sodium hydroxide, poly(ethylene-alt-maleic
anhydride) (EMA) with a molecular weight of 100,000 to
500,000 g·mol-1, 1-octanol, tung oil, and copaiba oil were
obtained from Sigma-Aldrich. Cyclohexane and isopropyl
alcohol were obtained from Dynamics. Aqueous formaldehyde solution 37 wt% was obtained from J.T.Baker. Triton
X-100 was obtained from Vetec. Polyurethane sealant adhesive was obtained from Soluﬁx. Corrosion tests were carried
out using 1020 carbon steel specimens with dimensions of
150 × 100 × 3 mm (BS1) and an automotive primer based
on polyester. All reagents were used as received without further puriﬁcation.
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Figure 1: Illustration of a core-shell microcapsule.

Poly(urea-formaldehyde) microcapsules containing tung
oil or copaiba oil have been prepared according to Neto
et al. in 2020 [17]. Poly(urea-formaldehyde) microcapsules
containing either tung oil or copaiba oil were synthesized
via in situ polymerization in an oil-in-water emulsion. In
a beaker, 5.0 g of urea, 0.5 g of ammonium chloride, and
0.5 g of resorcinol were dissolved in 250 mL of 0.5 wt%
aqueous EMA solution under stirring and at room temperature (20 ± 2° C). The pH of the mixture was adjusted to 3.5
using an aqueous sodium hydroxide solution (1.0 mol·L-1).
After pH adjustment, 0.2 g of SDS and 0.2 g of Triton X-100
were added to the solution. After the dissolution of the
surfactants, the pH was adjusted to 3.5 again.
The reaction medium was placed in a thermostatic bath
(Tecnal TE-184) and coupled to a mechanical stirrer (Fisatom 713D). To prevent foaming, approximately 5 drops of
1-octanol were added to the solution. Under stirring at a
speed of 1200 rpm, 35.0 g of tung oil or copaiba oil was added
dropwise to the solution to prepare the emulsion. The emulsion was kept under stirring for 30 minutes for stabilization.
Then, 11.5 mL of aqueous formaldehyde solution (37%) was
added, and the temperature was gradually increased to about
55 ± 1° C. Stirring was continued, and the reaction proceeded
for 4 hours. The suspension containing the microcapsules
was cooled to room temperature (20 ± 2° C), and then the
microcapsules were taken to the puriﬁcation step. Empty
microcapsules were synthesized based on the same procedure
but without the addition of oil.
The microcapsule puriﬁcation procedure was performed
in two steps: washing and sieving, both in a batch. In
the washing step, ﬁltration was performed using a Büchner
funnel under reduced pressure. The microcapsules were
washed with 200 mL ultrapure water, 80 mL isopropyl alcohol, and 40 mL cyclohexane followed by drying at room
temperature (20 ± 2° C). In the second stage, the dried microcapsules were sieved on a sieve shaker using three 180, 90,
and 60 μm aperture sieves.
2.2. Characterization of the Prepared Microcapsules. The synthesized microcapsules containing tung oil or copaiba oil
were characterized by optical microscopy (OM) to evaluate
parameters such as morphology, size regularity, and presence
of residual material. Aliquots of the material were deposited
on glass slides and were observed in a Zeiss Axio Imager
Z2m Optical Microscope, using the image manipulation
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software AxioVision SE64. Aliquots of crude material and
microcapsules were analyzed after washing and ﬁltration.
The objective was used with a magniﬁcation of 5x. Scanning
electron microscopy analyses were performed using a Hitachi
microscope (TM3000) to evaluate the morphology of the
microcapsules, in addition to structural integrity and roughness. Infrared analyses with Fourier transform were performed to conﬁrm the encapsulation of the oils. The
analyses were performed using the Bruker Vertex 70 with
ATR mode in the range of 400 to 4000 cm-1. Particle size
analyses were performed by laser granulometry using the
Microtrac model S3500 Bluewave granulometer and the
Microtrac Bluewave software. The analysis was carried out
in a wet method using deionized water as the medium, in
which the microcapsules were previously submitted to the
equipment’s ultrasound process for 3 minutes for the dispersion of agglomerates.
2.3. Preparation of Coating Samples. Three diﬀerent coating
samples were prepared for analysis. The control coating
was prepared by adding 50% of the polyester-based automotive primer to the 10% (w/w) xylene-based diluent according
to the recommended proportion by the manufacturer. The
mixture was maintained at 250 rpm on a mechanical stirrer
(Fisatom 713D) for 10 min for complete homogenization of
the paint.
For the other systems, before the incorporation of the
diluent in the primer, microcapsules of tung oil or copaiba
oil were added manually in the diluent, in a proportion of
3% (w/w), to later incorporate it into the primer. These
systems were named MCOT and MCOC, respectively. After
adding the diluent with microcapsules in the ink, the system
was maintained at 250 rpm in a mechanical stirrer (Fisatom
713D) for 10 min for total homogenization.
The coatings were applied to blasted and degreased
1020 carbon steel substrates with dimensions of 150 ×
100 × 3 mm3 inside an automotive paint booth using a
1.8 spray gun (SATAjet 100 B), and two coats were applied,
with a 5-minute interval between coats. After painting, the
specimens remained inside the painting booth at a temperature of 25°C for approximately 24 hours for drying.
They were then taken to a bench at room temperature
( ~ 20 ± 2° C), where they remained for an additional 72
hours until complete drying.
The morphology of the coating surface was viewed using
a Zeiss SteREO Discovery V.12 stereoscope with the aid of
image manipulation software AxioVision SE64. The brightness of the applied ﬁlm was determined using a brightness
meter (micro-TRI-gloss μ, BYK), analyzing a triplicate of
samples, and they were classiﬁed according to their brightness range. The thickness of the dry applied coating was
determined by the magnetic ﬁeld attenuation method using
the byko-test 8500 (BYK) equipment.
2.4. Analysis of Corrosion Resistance and Self-Healing Action.
The study of corrosion protection and self-healing action was
performed using an electrochemical cell consisting of three
electrodes, made on the specimens, based on the contraption
proposed by Cordeiro Neto et al. in 2020 [17]. For this,
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40 mm long cut-oﬀ defects were caused using a scalpel
blade over one region of each sample, and the samples
remained at room temperature (20 ± 2° C) for 24 hours
for healing. These defects were made to cause the microcapsules to rupture mechanically and to force the release
of tung oil and copaiba oil, simulating a real microﬁssure
situation under the microcapsule shell. In each defective
region, a cylindrical compartment made of 17 cm2 polypropylene was ﬁxed, this being the active area of the working
electrode. To make the electrochemical cell, 40 mL of electrolyte and 3.5 wt% NaCl were added. The reference electrode
used was Ag/AgCl/KCl (sat.) (Metrohm), and the counter
electrode served as the platinum net and the exposed sample
served as the working electrode.
OCP tests were carried out up to 240 hours after the
solution came into contact with the coating, and measurements were taken at 1, 2, 4, 8, 24, 48, 72, 144, 170, 192,
216, and 240 hours. The ﬁrst hour of immersion was measured constantly. A Metrohm Multi Autolab Cabinet
MAC80058 potentiostat was used for the experiment, and
NOVA 1.11 software was used for data analysis.
For the analysis of polarization curves, a carbon steel
plate was used as the working electrode (WE), the silver/silver chloride electrode with a saturated KCl (Ag/AgCl (KCl
(sat.))) was used as the reference electrode (RE), and the
platinum mesh was used as the counter electrode (CE). The
analysis was carried out one hour after the solution came into
contact with the coatings to stabilize the OCP. The scanning
speed used was 1 mV/s. The measurements started at 100 mV
below the OCP and ended at a ﬁxed value of -0.2 mV. The
Metrohm Multi Autolab Cabinet MAC80058 potentiostat
was used for the experiment, and NOVA 1.11 software was
used for data analysis.

3. Results and Discussions
3.1. Characterization of Tung Oil Encapsulated in
Microcapsules. The optical microscopy image of the raw
material is shown in Figure 2(a). The image analysis shows
that there was formation of microcapsules and the presence
of a considerable amount of a residual polymer. The puriﬁcation process by ﬁltration and washing with solvents is aimed
at removing this residual material existing at the end of the
synthesis, and the microscopy analysis was performed to ﬁnd
out if there was any degradation of the microcapsules after
washing. Figure 2(b) shows the optical microscopy image of
the puriﬁed material. It is observed that the microcapsules
are spherical, presenting a wall with characteristic roughness.
It is also noted that the amount of residual material decreased
and that there was no deterioration of the microcapsules after
washing.
Figure 3 shows the SEM images of the tung oil microcapsules. It is observed that the microcapsules have a
spherical morphology. The wall of the synthesized microcapsules is uniform and appears to have a coating of
adhered poly(urea-formaldehyde) nanoparticles that cause
this characteristic roughness.
The FTIR analysis of the prepared microcapsules is
intended to chemically conﬁrm the encapsulation of tung
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Figure 2: Optical microscopy images of tung oil microcapsules (a) raw material and (b) microcapsules after washing.
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Figure 3: SEM images of tung oil microcapsules.

oil. To provide identiﬁcation, the wall and core materials
were analyzed separately, and the spectra were compared
with the microcapsule spectrum. Figure 4 shows the FTIR
spectra of microcapsules without tung oil, that is, only the
wall material (PUF), the synthesized microcapsules (MCOT),
and the core material (tung oil). The contribution of both
the core material and the wall material in the spectrum of
the microcapsules is evident. Upon analyzing the spectra
of the wall material and MCOT, the presence of the bands
between 3500 and 3200 cm-1corresponding to the O-H
absorption band, the presence of the band at 1631 cm1
corresponding to the stretch C=O, and the presence of
the band at 1552 cm-1 corresponding to the stretch N-H
are detected [18]. Comparing the spectrum of the core
material with the MCOT spectrum, there is also a correla-

tion between the spectra, due to the presence of the band
at 2924 cm-1corresponding to the O-H stretch, the band at
2854 cm-1 corresponding to the C-H stretch, and the band
at 1741 cm-1corresponding to the C=O stretch [19, 20].
From these correlations, it is possible to conﬁrm the satisfactory encapsulation of the tung oil by the wall material
of PUF.
To verify the size distribution of the synthesized microcapsules, laser particle size analysis was carried out.
Figure 5 shows that the average diameter of the microcapsules is 24.66 μm and that 95% of the microcapsules do not
exceed the size of 50 μm.
3.2. Characterization of Copaiba Oil Encapsulated in
Microcapsules. The optical microscopic images of the
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Figure 4: FTIR spectra of the wall material (poly(urea-formaldehyde)), the core material (tung oil), and the burst microcapsules.
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Figure 5: Particle size distribution chart for tung oil microcapsules.

synthesized copaiba oil encapsulated in microcapsules are
shown in Figure 6. While Figure 6(a) shows the image of
the raw material, Figure 6(b)shows the image of the puriﬁed
material. It is observed that the microcapsules are spherical,
having a wall with a roughness like that found in the tung
oil encapsulated in microcapsules (Figure 2). After washing,
there is an evident decrease in the residual material.
SEM analyses were performed to observe the morphology
of the synthesized copaiba oil encapsulated in microcapsules
(Figure 7). From the images, it is possible to verify that the
microcapsules are spherical, with a morphology like that of
tung oil encapsulated in microcapsules (Figure 3). The wall
of the microcapsules appears to have a coating of adhered
poly(urea-formaldehyde) nanoparticles. The existence of
smaller agglomerated microcapsules is greater than that of
the microcapsule sample containing encapsulated tung oil.

The morphological studies conﬁrmed that the microcapsules are intact, without defects or holes, and have a morphology like that of tung oil encapsulated in microcapsules.
Figure 8 shows the FTIR spectra of the wall material
(PUF), the synthesized microcapsules, and the core material
(copaia oil). It is possible to observe the contribution of the
spectra of both the core material and the wall material in
the microcapsule spectrum; by initially analyzing only the
spectra of the wall material and the MCOC, we see the correlation between the spectra due to the presence of the bands
between 3500 and 3200 cm-1corresponding to the OH
absorption band, the band at 1631 cm-1corresponding to
the C=O stretch, and the band at 1552 cm-1 corresponding
to the N-H stretch [18]. Comparing the spectrum of the core
material with the MCOC spectrum, there is also a correlation
between the spectra due to the presence of the band at
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Figure 6: Optical microscopy images of copaiba oil microcapsules (a) raw material and (b) the material after washing.
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Figure 7: SEM images of copaiba oil microcapsules.

2925 cm-1corresponding to the C-H stretch, the band at
1726 cm-1 corresponding to the C=O stretch, and the band
at 1446 cm-1corresponding to the C-O stretch [21]. Due to
these correlations, it is conﬁrmed that there was satisfactory
encapsulation of the copaiba oil by the poly(urea-formaldehyde) wall material.
The results of the particle size laser analysis are shown
in Figure 9. It is noticed that the average diameter of the
microcapsules is close to the microcapsules of tung oil
(22.50 μm against 24.66 μm). Also, it is observed that the
maximum size of the microcapsules does not exceed the
diameter of 50 μm.

3.3. Characterizations of the Coatings. Figure 10 shows the
optical microscopy images of the surfaces of the control,
MCOC, and MCOT plates. It is noted that the roughness of
the plates containing microcapsules is greater than that of
the control, and it is possible to observe that the roughness
of the plate containing MCOT is greater than the plate containing MCOC, leading to the conclusion that the amount
of capsules present in the ink is greater. This may indicate
that the copaiba oil microcapsules have not completely
resisted the paint application process, with the rupture of
some microcapsules, or this may be related to a diﬀerence
in the accommodation of the microcapsules in the coating.
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Figure 9: Particle size distribution chart of copaiba oil microcapsules.
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Figure 10: Optical microscopy images of the surfaces of the control, MCOC, and MCOT plates.

The copaiba microcapsules may have been positioned closer
to the metallic substrate while the tung microcapsules may
have been positioned at the top of the coating.

After curing the coating, thickness measurements were
made to ensure that the applied coatings were of similar
thickness. In all, ten measurements were made on the plates.
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Table 1: Dry ﬁlm thickness (ϕ) analysis of applied samples.

Sample

ϕ (μm)

Control

47 ± 3

MCOC

47 ± 2

MCOT

45 ± 3

OCP (V) vs. Ag/AgCl (KCl sat.)

–0.30
–0.35
–0.40
–0.45
–0.50
–0.55
–0.60
–0.65
–0.70
0

50

100

t(h)

150

200

250

MCOT
Control
MCOC

Figure 11: Compilation of OCP data up to 240 hours: the
measurements on the plate that contain (a) 3% (m/m) MCOT are
represented by the black squares, (b) those that contain 3% (m/m)
MCOC are represented by green triangles, and (c) the
measurements of the control plate are represented by red dots.

The average values of the thickness (ϕ), as well as the respective standard deviations, are shown in Table 1. It is possible
to observe that all plates were coated with a dry ﬁlm of close
thickness, demonstrating that the application was carried out
satisfactorily.
3.4. Electrochemical Characterization
3.4.1. Evaluation of Open Circuit Potential (OCP). Figure 11
shows the OCP graphs as a function of time (t) for the three
systems studied. In the graph, the black points are the measurements of the plate containing 3% (w/w) of MCOT, the
green points are those of the plate containing 3% (w/w) of
MCOC, and the red points are those of the control plate.
As described by Souza et al. in 2005 [22], the OCP in
metallic materials is equivalent to the corrosion potential,
so when obtaining more positive values, it may indicate resistance to corrosion. In systems with self-healing properties
obtained by incorporating microcapsules, when a defect
occurs, there is a sudden decrease in potential and a gradual
return to the passivation level indicating occurrence of selfregeneration [23]. For the tests, the coating was completely
cured and, as in the systems where there was regeneration,
this gradual return has already occurred, so the system will
be more protected.

It can be observed that up to the period of 8 hours after
adding the solution, the coating containing MCOC showed
less negative OCP values than the control, and the coating
containing MCOT showed itself to be more protective so
far; however, over time, the MCOT coating shows more positive values among the three, indicating that it is the system
with the best protection. In addition, over time, the MCOC
system becomes worse than the control, with results far different from what was expected with the addition of
microcapsules.
In order to understand this greater protection of the
MCOC system at shorter times and the greater protection
of the MCOT system at longer times, we compared the
images of the damage done with the scalpel on the three
plates at zero time and after drying in an oven. Figure 12
shows the optical microscopy images of the control, MCOC,
and MCOT plates at both times.
It is possible to verify that in the control plate and in
the plate containing MCOC, the risk was almost
completely regenerated by the primer itself, demonstrating
that the primer has a certain elasticity that was superior to
the drying capacity of copaiba oil. This eﬀect is diﬀerent
when compared to the plate containing MCOT, as it is
observed that the damage was not covered by the paint,
so it is believed that for this diﬀerence to occur, some
component created a barrier preventing the return of the
paint, and that component can precisely be the released
tung oil that ﬁlled the risk. Due to the regeneration of
the primer in the plate containing MCOC and adding this
to the barrier eﬀect that the addition of the microcapsules
provides, it is believed that these combined factors caused
the improvement of the observed OCP for the ﬁrst hours
of contact of the solution; however, over time the microcapsules proved ineﬃcient.
For MCOTs, the system showed the best OCP values
from 144 hours until the end of the experiment, showing
the eﬃciency of tung oil in forming a protective barrier to
inhibit the passage of the electrolyte and start the corrosive
process and also in possibly stopping corrosive processes that
start after several hours upon coming in contact with the
electrolyte.
In order to compare the control system with systems containing microcapsules (in addition to the action of the drying
oil), the action of inserting the microcapsules, which causes a
barrier property to the primer (in addition to other inﬂuences
that may cause it), should also be considered. Comparing
with the control, the two systems containing microcapsules
showed better results at diﬀerent exposure times: the MCOC
system for a few hours after contact with the solution and the
MCOT system for longer times.
As a consideration when comparing the eﬀect of the
oils, the comparison should be made only between the
two systems containing microcapsules, because this way
it is possible to remove the inﬂuence of the insertion of the
microcapsules. Analyzing the curves, it can be concluded that
tung oil is more eﬀective for the system, since in one application it is appreciated that the microcapsules improve the
results for the entire exposure period, and not only for the
ﬁrst contact times.
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Figure 12: Optical microscopy images of the MCOC and MCOT control plates at the times after cutting and after the oven.

Parallel to the OCP analyses, stereoscopic images of the
cells were taken at the same exposure times. The results of
up to 24 hours of exposure to the electrolyte are shown in
Figure 13, for the control, MCOC, and MCOT systems. It
appears that the images of the three systems remain similar
even up to 8 hours of exposure. After 4 more hours, there is
a focus of corrosion, and after 8 more hours, the systems have
two or three small points of corrosion. After 24 hours, a
change is noted; the control system has two foci of corrosion
at the ends of the site where the damage was done with the
scalpel showing the formation of iron oxides. After 24 hours,
the system containing MCOC presents several corrosion
spots spread both in the delimitation of the risk and in other
points, also presenting formation of iron oxides. In compensation, the system containing MCOT presents more con-

tained spots of corrosion, and without the most intense
coloring of the formed oxides.
The images of the control system, the MCOT system, and
the MCOC system at the exposure times between 48 and 240
hours are shown in Figure 14. Between 48 and 72 hours of
immersion, the diﬀerences between the systems become
more highly expressed. The system containing MCOC has
several points of corrosion along the cut and in other places
of the cell. The control system also presents several points
of corrosion, and the intensiﬁcation of corrosion in the outbreaks presents at 24 hours, but visually, the corrosion is
not as highly expressed when compared with the MCOC system. The MCOT system has the best resistance and corrosion
inhibition for up to 72 hours, with more signiﬁcant corrosion
only at the center of the risk.
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Figure 13: Control system, MCOT system, and MCOC system images up to 24 hours of electrolyte exposure.
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Figure 14: Control system, MCOT system, and MCOC system images with exposure hours between 48 and 240 hours.

After 144 hours, the MCOT system tends to have better
protection than the other systems studied. The control system has numerous points of oxidation throughout the entire
coating and in some points a very aggressive corrosion. In the
MCOC system, in addition to the corrosion spots, it is
observed that in some places there is a darkening of the
primer, potentially indicating that the electrolyte has permeated the coating and is causing the coating to detach. This
permeation of the electrolyte may be an explanation why
the OCP of the MCOC system is the worst of the three systems in these analyses (144-240 hours), considering that in
the other systems, this permeation is not observed. Finally,
the MCOT system shows corrosion spots only along the
scratch and at the ends of the cell.
From the images, it is concluded that for the visual analysis of electrochemical cells, the MCOT system is the most
protective among those studied. This conclusion corroborates with the presented OCP data, in which the MCOT system had more positive OCP values than the others.
3.4.2. Polarization Curves. Figure 15 shows the polarization
curves obtained from the control system, the MCOC system,

and the MCOT system. Through the polarization curves, the
two MCOC and MCOT systems have less corrosion potential
than the control, with MCOT being the most positive, indicating that thermodynamically, these systems have less corrosion tendency [24]. After obtaining the polarization
curves, the data were adjusted in the NOVA 1.11 software
to obtain the data of corrosion potential (Ecorr ), corrosion
current density (jcorr ), corrosion rate (CR), and polarization
resistance (Rp ). The compilation of this data for unpainted,
control, MCOT, and MCOC systems is shown in Table 2.
Analyzing initially the data of the column of the corrosion potential (Ecorr ), it is noticed that the values of the systems containing microcapsules are less negative than the
control, with the MCOT system having the lowest negative
value, and as explained previously, these less negative values
indicate that thermodynamically, these systems are less
prone to corrosion [24]. In the corrosion current density column (jcorr ), there is a considerable drop in the value caused
by the addition of the MCOC and MCOT in the coating, with
both systems presenting practically identical values. This
decrease in current density indicates greater corrosion inhibition eﬃciency, as described by Pontes et al. in 2016 [25].
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Figure 15: Polarization curves obtained from the control system (red), the MCOC system (dark blue), and the MCOT system (green).
Table 2: Corrosion potential data, corrosion current density,
corrosion rate, and polarization resistance of the unpainted plate,
the control, and the systems containing MCOC and MCOT.
Sample
Control
MCOC
MCOT

Ecorr (mV)
-531
-466
-399

jcorr (μA/cm2)
−3

9:00 × 10

−3

2:51 × 10

−3

2:59 × 10

C r (mm/year)
−4

1:05 × 10

−5

3:16 × 10

−5

3:01 × 10

Rp (kΩ)
301
815
736

Analyzing the polarization resistance values, it is noted
that in systems containing microcapsules, there was an
increase in the polarization resistance, and since the polarization resistance can be deﬁned as the resistance of the sample
to oxidation during the application of an external potential,
this indicates greater resistance to corrosion [26].
Finally, when analyzing the corrosion rate data, an industrial parameter of great importance, it is noted that the rate
decreases considerably with the addition of microcapsules
in the coating. Previous studies by Pontes et al. in 2016 [25]
and by Okonkwo et al. in 2015 [27] demonstrated that, for
an unprotected sheet exposed in marine environments, the
corrosion rate can vary up to 0.6 mm/year. The value
obtained by the control coating conﬁrmed the eﬀectiveness

of adding a coating to protect carbon steel, and with the addition of microcapsules, the corrosion rate decreases to values
of 3:0 × 10−5 mm/year, which is equivalent to 30 nm/year,
conﬁrming this protection when adding microcapsules.
From the data obtained by adjusting the polarization
curves, it is possible to conclude that the addition of a coating
on the carbon steel plate brings anticorrosion protection to
the studied system; however, this protection is improved with
the addition of microcapsules containing drying oils. When
comparing the protection obtained with the addition of
copaiba oil microcapsules with those of tung oil microcapsules, the two systems showed similar values in some data;
however, in the general analysis, tung oil microcapsules
proved to be the most protective against corrosion.

4. Conclusion
The present research successfully synthesized microcapsules
that contained tung oil and copaiba oil. The morphological
analysis concluded that the microcapsule wall is intact without any defects or holes. In addition, due to the polymerization eﬃciency of urea and formaldehyde monomers in the
formation of the PUF, the wall polymer was proven and the
formation of microcapsules was veriﬁed. By correlating the
infrared spectra of the wall material and the core material
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of the microcapsules, a satisfactory encapsulation of the oils
by the wall material was conﬁrmed. The granulometry analysis of the sieved microcapsules proved the eﬃciency of the
screening process, obtaining ﬁnal materials with similar average diameters (between 22 μm and 25 μm) and with 95% of
the materials having a diameter less than 50 μm.
From the OCP results, it was concluded that tung oil
was more eﬀective for the system, as it presented the most
positive values at the end of the experiment and consequently the best protection over the studied exposure time.
Stereoscope images conﬁrmed this conclusion, since over
time, the MCOT system was the one that presented the
best protection visually.
From the data of the polarization curves and the adjustments, it is concluded that when comparing the protection
obtained by the addition of copaiba oil microcapsules with
those of tung oil microcapsules, the two systems presented
similar values in some data; however, when analyzing in general, tung oil microcapsules proved to be the most protective
against corrosion for the studied system.
Although the results between MCOC and MCOT present
close values, diﬀerentiating between 5 and 10%, it can be said
that the resistance provided by the addition of MCOT was
more highly expressed when carrying out a global assessment
of the results such as OCP evaluation, visual analysis, and
polarization curves.
This work focused on a qualitative and comparative analysis of the corrosion protection provided by the addition of
the two microcapsules (MCOT and MCOC) in the studied
system. To obtain a more concrete conﬁrmation of the
microcapsule’s mechanisms of action, it is necessary to use
nondestructive electrochemical techniques, as in the case of
EIS. The group is carrying out work to investigate the mechanism behind the addition of MCOC and MCOT to various
coatings.
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