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most common method of protecting against corrosion of metallic

structures in aggressive environments. Organic coatings provide a
barrier between the corrosive environment and the metallic substrate and are
one of the most effective and least costly corrosion protection methods. In
addition to increasing corrosion resistance, the coating should provide good UV
resistance. The polymer fluorethylene vinyl ether (FEVE) was coated to increase
corrosion resistance in steel structures. The coating was characterized by
electrochemical impedance spectroscopy (EIS), dynamic polarization, adhesion,
salt spray, field emission scanning electron microscopy (FESEM), and UV
weathering. Results showed that barrier effects were improved and coating
resistance increased. As the immersion time increased, the carbon-fluorine
linear chains at the surface caused the surface hydrophobicity. The
hydrophobicity was not reduced by the increasing immersion time, and even with
the presence of corrosion products, an increase in corrosion resistance was
observed over time. The adhesion of the FEVE coating to the steel surface is
more significant than 100 psi. The 360-hour salt fog test confirmed only
blistering on the coating surface and showed no signs of rust around the scratch.
This coating had excellent scratch resistance in the B-H range. The weather
resistance test also demonstrated the excellent resistance of this UV coating
without any change of color and gloss. Prog. Color Colorants Coat. 16 (2023),
47-570© Institute for Color Science and Technology.

n mong the different methods of preventing corrosion, coatings are the

1. Introduction

introduced to protect metals from corrosion, which is an
appropriate solution for increasing the service life and

The atmospheric conditions of harsh environments
accelerate the corrosion and destruction of structures in
various industries, especially metal towers and concrete
girders, making them difficult to maintain, repair, and
inspect. Generally, corrosion poses a significant threat to
the economy, industry, and human life [1-3].
Meanwhile, modified polymeric coatings have been

reducing the cost of maintaining metal equipment. [4-6].
Fluoropolymers are substances that have all or a portion
of Olefin hydrogen replaced by fluorine. In polymers
such as polytetrafluoroethylene and perfluoroalkoxy
alkane, this substitution is complete, and for polymers
such as ethylene chloride and ethylene fluoride, this
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substitution is limited. These polymers are highly
resistant to various corrosive environments at high
temperatures. It is thus widely used in the chemical
industry to coat the internal surfaces of the
equipment (tanks, towers, pipes and fittings, valves) that
are exposed to a variety of corrosive substances. These
coatings have the highest chemical and thermal
resistance among non-inert coatings. There are different
types of fluoropolymers; due to these polymers' other
properties and behavior, their coating selection should be
made according to the chemical conditions used and the
type of equipment relevant experts [7-9].

FEVE polymers have fluoropolymer and
hydrocarbon properties, are durable, do not dissolve in
solvents, and cannot be used in liquid coatings. These
coatings have more properties than other fluorinated
polymer resins and can be wused in various
coatings. FEVE can be used in coating formulations to
produce coatings with a wide range of gloss. An
ethylene fluorine monomer with a vinyl ether monomer
copolymerizes to produce FEVE. Coatings made from
them have properties like excellent weather
resistance. FEVE resins are used in architectural
coatings, industrial, space, and marine coatings. Many
bridges, including the Akashi Street Bridge in Japan,
used urethane-based FEVE coating. The growing
demand for more sustainable coatings has led to the
development of FEVE resins [10-12]. This polymer is
also essential for water repellency and oil repellency.
Shen et al. significantly reduced the corrosion current
by coating the FEVE on the steel surface. They
attribute the reduction of the corrosion current to
protecting the coating barrier from corrosive species
[12]. Liu et al. achieved a contact angle above 150 °
and high UV resistance by dispersing graphene oxide
and titanium oxide in the FEVE matrix. Preliminary
EIS studies on FEVE coatings have shown that while
the initial impedance of FEVE chemistry is similar to
other coating chemicals, FEVE coatings retain a much
higher percentage of the initial impedance after aging
and exposure to the elements. FEVE coatings can
maintain a strong barrier compared to conventional
coatings due to the excellent weathering [13]. Joo et al.
also showed that FEVE has good corrosion resistance
in the salt spray chamber test after 250 hours.
Migration of the fluoride phase towards the surface can
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be improved by faster crosslinking of this phase [14].
Ghadimi et al. also showed the most efficient coating
with superhydrophobicity and high oil repellency. It
was produced by the modified FEVE coating with
silicon oxide nanoparticles. The results indicated the
desorption of water and oil were at a contact angle of
152° and 141° with high adhesion to the substrate,
respectively [15]. In this research, the FEVE coating
was coated with St37 steel, and its corrosion and
weather resistance tests were evaluated.

2. Experimental

2.1. Chemicals and synthesis of coating

Ingredients for this study included FEVE resin and
isocyanate curing agent purchased from Changshu
Donghuan Chemistry Corporation (Fluorine content
25 wt. %, OH value 40 mg KOH/g-resin, Acid value
30 mg KOH/g-resin). Thinner was used as a diluent.
Acetone, ethanol (purchased from Merck), and
deionized water were used to degrease and clean the
metallic substrate before coating. St37 steel samples
were prepared to a size of 1x25x50 and 1x100x100 mm
and were used for coating and corrosion testing. The
steel samples were mechanically prepared to remove the
oxide layers and level the conditions of the samples and
were polished with 100, 220, 400, 600, and 800
sandpaper and washed with deionized water. Before
coating, the surface of the samples was degreased with
acetone and ethanol and air-dried. The spray method was
used to apply different coatings. In this regard, the
mixture of coatings was transferred to the spray
chamber. The coating was applied at a 45° After
coating, the samples were dried at room temperature for
24 hours and then stored in a desiccator with a dry
medium. The procedure is summarized in Figure 1.

2.2. Preparation of organic coating for
electrochemical characterization

First, the resin and its hardener were mixed in a weight
ratio of 10: 1.26, and this stirring was performed using
mechanical stirring, and dilution at 20 % of the total
weight was done using a thinner. Under these
conditions, the sample was coated. The resulting

coating thickness was 120 pm.
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Figure 1: Schematic of FEVE coating on steel substrate.

2.3. Electrochemical and mechanical characteri-
zation

The adhesion of the coating to the substrate was tested
by pull-off test according to ASTM D3359 or ASTM D
4541-02. The morphologies of the sample were also
characterized using the FESEM analysis in the mode of
secondary electrons (Mira3, TESCAN). The resistance
determination test in the salt fog cabin was performed
according to the standard method of ASTM B117 and
using the salt fog cabin made by Erichsen model 606.
The samples' edges and back were coated with a unique
coating material and glue. Then, samples were placed
inside the machine. Next, scratches of 30 mm in length
and 1 mm in width are made crosswise with a sharp
angle (between 30 to 45°) at the bottom of coated
specimens. The samples were placed at an angle of 30°
to the vertical line inside the salt fog cabin. Finally, the
blistering effects of the coating surface were evaluated
according to the ASTM D1654 standard. In addition, the
corrosion effects on the substrate surface were evaluated
according to ASTM D610 standard method in the
scratch area and the areas away from scratches. A
scratch or pencil hardness tester was used To determine
the hardness and scratch-resistance of the coating
applied to the steel substrate following ASTM D3363.
The pencil hardness size was presented qualitatively, and
a scale with a range of 6B was used as the lowest
hardness, up to 9 h, which indicated the highest hardness
obtained from this test. The ASTM D3363 provides
manual testing without a retainer, but a pencil hardness
tester made the test results reproducible. Polarization
electrochemical tests measured the following tests:

corrosion potential (E.), corrosion current density
(icor), polarization resistance (R;), and corrosion rate
(CR) of steel substrate and coated substrate using lvium
Stat potentiostat/galvanostat apparatus. The corrosion
cell in this test consisted of a 1 cm? platinum electrode as
an auxiliary electrode, a silver/silver chloride electrode
(Ag/AQCI) as a reference electrode, and a steel sample
prepared (with and without the above coatings)
(Dimensions 1x25x50 mm) was used as a working
electrode. Only 1 cm? of the coating surface was
exposed to the corrosive medium, and the rest of the
sample areas (the areas inside the corrosive solution)
were sealed with a combination of honey wax. First, the
open circuit potential (OCP) in the System equilibrium
was recorded as corrosion potential. Then, Tafel
diagrams were scanned by potential scanning in -250 to
250 mV corrosion potential at a scan rate of 10 mV/min.
After drawing the Tafel diagram, the corrosion current
density was determined by extrapolation.

EIS test was used to evaluate the coating resistance
and its protective properties. The corrosion cell in this
test consists of the followings: a platinum electrode
with an area of 2 cm? as an auxiliary electrode, a
silver/silver chloride electrode (Ag/AgCl) as a
reference electrode, a prepared steel sample (with and
without the above coatings) (with dimensions of
1x25%50 mm) as a working electrode, and the used 3.5
wt. % NaCl electrolyte as a corrosive solution. Only 1
cm? of the coating surface was exposed to the corrosive
medium, and the rest of the sample surface (areas
inside the corrosive solution) was sealed with a
combination of honey wax. EIS test was performed for
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two, four, and eight weeks after immersion. The EIS
test was performed in OCP in the frequency range of
100 kHz to 10 mHz and the sinusoidal voltage range of
10 mV. Three FEVE samples, F2, F4, and F8, which
were immersed in 40 mL of salt electrolyte (3.5 wt. %
NaCl solution) for 2, 4, and 8 weeks, were subjected to
EIS testing. All EIS tests were performed at room
temperature. EIS data were measured using lvium
software, and the data were fitted with ZSimDemo and
Zview software.

The QUV tester simulated the harmful effects of
long-term outdoor exposure to materials and coatings by
placing test specimens in various UV, humidity, and heat
conditions. Fluorescent, xenon, and carbon lamps
generate a radiation spectrum within the UV wavelength
range inside the chamber. UV resistance test was
performed using the ASTM D5071 standard. A xenon
lamp with a radiation intensity of 365 W/m? was used to
generate UV radiation in this test. The test was
performed for 120 hours, and a combination of wet and
dry cycles was performed for this purpose, with a wet
cycle time of 1 hour and a dry cycle of 2 hours.

3. Results and Discussion

3.1. EIS measurement

Steel samples coated with fluoroethylene vinyl ether
(F) which were immersed in corrosive saline solution
were subjected to EIS test after 2, 4, and 8 weeks from
the time of immersion, and the results were in the form
of bode diagrams and phases which were shown in

Figure 2 and Table 1. To interpret the diagrams
obtained from F coatings, two parameters |Z|,ompuz
the phase angle at the maximum frequency (100 kHz)
was discussed.

As mentioned above, the value of |Z]|1gmuz Which
is the same as the total resistance at the minimum
frequency and is an excellent criterion for comparing
the samples' corrosion resistance [16]. As shown in
Figure 2 and Table 1, the value (log (|Z|10 muz)) for F2
sample, which was related to the two-week immersion
of fluoroethylene vinyl ether coating, was 7.35. The
value of the log (|Z]10muz) for the F4 sample was
slightly 7.27 and then, with increasing immersion time,
log (]Z]10 muz) for the F8 sample with a very slight
increase to 7.45. The stability and no reduction in
overall resistance of this coating indicated the
appropriate protection function.

Examination of the results for 09, O the phase
angle at the maximum frequency (100 kHz) of the F
sample is shown in Figure 2 and Table 1. The result
showed that 090k, at the beginning and the interval of 2
to 4 weeks of immersion in corrosive solution increased
from 73.66 to 83.9. Then with increasing immersion
time to 8 weeks, this amount decreased to 79.42. The
absence of a significant drop in the value of 0;g0xn;
indicated the maintenance of coating adhesion during the
test immersion. It was attributed to the barrier protection
of the coating and the formation of protective films in
the interface of metal/coating [15, 17, 18].
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Figure 2: Bode-modulus (a), phase diagrams (b) for steel samples with fluoroethylene vinyl ether (F) coating immersed
in NaCl 3.5 wt.% solution (for 2, 4, and 8 weeks).
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Table 1: The values of the total impedance |Z|19 muz, the phase angle at the maximum frequency (—61¢¢ ruz) from the
EIS test related to the coating F at different immersion times (2, 4, and 8 weeks).

F2
F4
F8

Figure 3 shows the Nyquist diagrams of the uncoated
and FEVE-coated steel substrate in a 3.5 wt. % NaCl
aqueous solution. In this experiment, the larger the
semicircle, the higher the Ry, value, which means that the
longer ion diffusion path from the aqueous solution to the
metal substrate is longer. According to Figure 3, at 8
weeks of immersion, the charge transfer resistance was
the highest, attributed to the excellent barrier effect and
corrosion product, which reduced the permeability to
corrosive substances. In immersion time of 4 weeks, the
value of the semicircle diameter in the diagrams shows
the attenuation process, which shows that the corrosion
resistance of the coatings gradually decreases. When the
immersion time reaches 2 and 4 weeks, a second
capacitive arc appears in the Nyquist curve of the
coating, meaning a two-time constant seems, indicating
that the corrosion process has entered the middle stage.
The corrosive medium had penetrated the layer. In Figure
3, although the two-time FEVE coating constant
appeared during the fourth week of immersion, the value
of the impedance modulus at the lowest frequency did
not decrease significantly, indicating long-term excellent
corrosion resistance. The stable main chain's high
fluorine content (more than 20 %) enables the FEVE

72.66 7.35
83.9 7.27
79.42 7.45

coating to maintain excellent anti-corrosion properties.
The equivalent circuit in Figure 4 can be used for the
initial corrosion of the FEVE coating. At this time, the
hydrophobic properties of the coating surface and the
internal dual crosslinking system will be useful in
preventing water absorption. The corrosion medium had
not penetrated the coating and had not reached the
surface of the metal substrate. The equivalent circuit in
Figure 4 was applicable for the medium corrosion stage
after two weeks of immersion of the FEVE coating. At
this time, the corrosion medium penetrates the interface
between the coating and the metal substrate, and an
electrochemical reaction occurs on the surface of the
metal substrate, leading to corrosion. Table 2 compares
the corrosion parameters of this paper and other similar
work. However, most fluoropolymers have not shown
outstanding corrosion resistance compared to acrylates,
epoxies, and polyurethanes. Therefore, these materials
are promising for multifunctional coatings and need
further study to achieve high anti-corrosion performance.
In particular, organic nanocomposites containing
covalent coupling molecules enhance anti-corrosion
performance.
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Figure 3: Nyquist plots of FEVE coating under various immersion conditions.
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Electrolyte

Figure 4: The equivalent circuits fit the EIS results with a two-time constant.

Table 2: Comparison of the corrosion resistance of coatings investigated in previous reports with the coating presented
in this study.

Polymer matrix Exposures Corrosion resistance (Q.cm?) Reference

FEVE 1 day
1 day
FEVE
2 weeks
2 Week
FEVE
8 weeks

2x10° [12]
1.8x107
19
5.0x10° el
2.2%107
This work
2.8x107

Table 3: Parameters obtained from the polarization curves.

Steel -0.08

3.2. Polarization curves

Figure 5 shows the polarization curves of bare steel, F-
coated steel substrate after 8 weeks of immersion in a
corrosive salt solution of 3.5 wt. % NaCl. The open-
circuit potential of the system in the steady-state was
considered as the corrosion potential (E.), and the
corrosion current density (i) was obtained by
extrapolating the linear region of the polarization curve
(Tafel zone) to the E curve. Also, the corrosion rate
(CR) in millimeters per year (mm/year) was obtained

52 Prog. Color Colorants Coat. 16 (2023), 47-57

6.3x107 7.31x10°®

3.16x10 0.366

according to the following reaction (Eq. 1) [16]:

C.R=3. 27x1°°” E, (1)

In this regard, icn, p, and E, are the density
(mA/cm?) of the current density of steel (7.87 g /cm®)
and the mass equivalent of carbon steel (27.93 g),
respectively [20]. The parameters obtained from the
polarization curves are presented in Table 3.
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Figure 5: Polarization curve of coating F and substrate in corrosive saline solution 3.5 % by weight NaCl after 8 weeks.

As can be seen from comparing the corrosion rate
of uncoated St37 steel with F-coated steel specimens,
this coating significantly reduced and protected the
corrosion rate of steel in a corrosive environment.
Therefore, it can be concluded that if the F coating was
applied, the corrosion life of the steel was significantly
increased. As can be seen from Figure 5 and Table 3,
although the coated sample of F was immersed in a
corrosive saline solution for eight weeks, it retained its
protective properties well. Therefore, the induction of
barrier protection capability in the F coating used in
this article ensured the long-term durability of the steel
substrate against uniform corrosion in corrosive salt
environments [17, 21-24]. Comparing the corrosion life
of F in Table 3, this can be stated which coating had a

protective performance in the corrosive environment.

3.3. Corrosion protection mechanism

The FEVE composite had a long-term protective
function based on the electrochemical studies and salt
spray test results. Good corrosion protection was
assigned to blocking the diffusion path of the corrosive
agents into the coating. The other significant effect of
the FEVE coating was twisting and increasing the
diffusion path of the corrosive agents in the polymer
coating and retarding the electrochemical corrosion
reactions (Figure 6). Also, as shown in Figure 7, the
cross-section of the coating exhibited a defect-free
coating that provides barrier protection to the coating.
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Figure 6: FEVE coating barrier protection mechanism.
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Figure 7: Cross-section of FEVE coating on steel substrate.

3.4. Adhesion test

The adhesion of F coatings to the steel substrate was
evaluated by the pull-off method, and its adhesion
strength was 100 psi (Figure 8). These results were
completely consistent with the results of the impedance
phase test. From the adhesion test results and phase
curve in impedance, it can be concluded that coating F

showed excellent adhesion and mechanical properties.

3.5. Salt spray test

According to ASTM B-117, the salt spray test is a way
to evaluate the performance of the coating in corrosive
environments. Humidity test according to ASTM
D4585-07 standard; degree of scaling (ASTM D-610),
degree of blistering (ASTM D-714) was performed.
For this purpose, coated samples with artificial damage
in the device's chamber (cabinet) were placed under a
salt spray created by spraying a corrosive salt solution
with high humidity. The salt spray test is a qualitatively
accelerated corrosion test in which the protective
performance of the coating (which contains or is free of
an artificial defect) is determined by the dimensions
and distribution of the degraded areas on the surface of
the coated sample. The time elapsed in this test until
the sample shows the first signs of discontinuity or is
damaged. The delaminated from the coating was
considered a measure of the protective performance of
the coated sample. Delamination of the coating from
the substrate was attributed to a reduced adhesion

54 Prog. Color Colorants Coat. 16 (2023), 47-57

between the coating and the substrate. The reduction of
adhesion during the test time was directly related to the
volume of salt electrolyte containing corrosive
components Steel in the interface. Corrosion products
formed on the samples (created around artificial
defects) and the presence of blisters created as a result
of the accumulation of corrosion products under the
coating and the distribution of blisters is a good
criterion for comparing the protective performance of
samples in this test [16].

—}

Figure 8: Pull-off adhesion test on sample F.
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This study exposed a steel sample coated with
fluoroethylene vinyl ether (F) to a simulated corrosive
salt spray for 360 hours (Figure 9). After completing
the salt spraying test, the coated steel samples were
visually inspected to investigate the damaged areas.
After 360, blisters were seen around the scratch area of
the F coat, only very limited rust points on the surfaces,
and no corrosion products were accumulated around
the scratch. The results confirmed that the creation of
the F coating provided excellent anti-corrosion
performance for the metal substrate.

Figure 9: Salt spray test for FEVE coated steel for 360
hours.

Table 4: Coating hardness FEVE using scratch
hardness method.

Degree of
Sample Hardness Range
hardness

F H Resiatnt

Pencil Hardness Scale
6B SB 4B 3B 2B B HB F H 2H 3H 4H 5H 6H 7H 8H 9H

Softer Harder

Figure 10: Hardness range of coatings in scratch or
pencil hardness method.

3.6. Hardness and scratch resistance test

To determine the hardness and scratch-resistance of
coating F applied on the steel substrate, the method of
scratch or pencil hardness tester following ASTM
D3363 standard was used. The pencil hardness test is a
common method that has been used for many years in
the industry to determine the coating resistance to
scratches and dents [16]. The hardness magnitude in
this test is qualitative, and a scale range was used from
the lower stiffness of 6B up to 9H. It was indicated that
the highest stiffness was obtained from this test (as
shown in Figure 10). According to the test results,
coating F had a good hardness and was resistant to

scratches of a pencil with H hardness (Table 4).

3.7. UV weathering test

UV resistance test was performed using the ASTM
D5071 standard. A xenon lamp with a radiation
intensity of 365 W/m? was used to generate UV
radiation in this test. The test was performed for 120
hours, and a combination of wet and dry cycles was
performed for this purpose so that the duration of the
wet cycle was equal to 1 hour, and the dry cycle was
equal to 2 hours. UV resistance was evaluated by color
changes, gloss stability, and thickness changes. For
sample F, no change in the color and gloss of the
coating was observed after 120 hours (Figure 11).

Figure 11: UV resistance test for sample F after 360
hours.

Prog. Color Colorants Coat. 16 (2023), 47-57 55
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Figure 12: Variation in the contact angle on the prepared coating as a function of exposure time to UV radiation.

The excellent UV properties of the F coat were
attributed to the linear chains of carbon fluoride on the
surface, which provided high resistance to UV. In
addition, the high electronegativity of fluorine and the
polar nature of the bands make the C-F bond stronger
than the C-H bond. Figure 12 showed the change in
FEVE contact angle as a function of UV exposure
time. After irradiation for 15 days, the wetting angle of
the coating decreased from 126 to 110 °C, indicating
its high UV resistance due to the presence of fluorine
chains in the coating. They can effectively absorb UV
radiation and reduce the degradation of surface
chemical compounds.

4. Conclusion

e FEVE coating was sprayed on the surface of the
St37 steel substrate.
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