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Abstract: Ethylene chlorotrifluoroethylene (ECTFE) coating was applied to the surface of carbon steel through electrostatic
spraying and low-temperature heat treatment. The morphology and structure of the coating were analyzed using various charac-
terization techniques. The electrochemical data of the coated steel soaked in 3.5wt.%NaCl solution for 90 days at different periods
were also examined. The findings indicate that the outer surface of the coating remains structurally stable before and after soaking.
F can diffuse into the steel substrate, facilitating the bonding between the coating and the steel substrate but the free F also induces
a weakening effect on the crystalline structure. Due to the thickness of the coating edge and the susceptibility to infiltration of the
corrosive medium, under-film micro-zone corrosion occurs at a slow rate. After soaking for 90 days, the impedance modulus
measures approximately 10* Q-cm? and the open circuit potential (OCP) is —0.61 V. The self-corrosion current density is
1.13%10® A €m, resulting in a calculated coating protection rate of 99.29%. In summary, despite edge corrosion occurring, the

ECTFE coating provides excellent corrosion protection.
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1 Introduction

Carbon steel is the predominant material used in
steel structures due to its excellent mechanical and
processing properties. However, it is susceptible to
corrosion in aggressive environments which brings
huge safety hazards and economic losses (Sengupta
et al.,, 2021; Zhang et al., 2021; Yan et al., 2022;
Hsissou et al., 2022; Molhi et al., 2021). Hence,
corrosion protection is crucial (Douche et al., 2020;
Steffi et al., 2022; Hsissou et al., 2022). The primary
methods for protecting carbon steel from corrosion
include cathodic protection, the use of corrosion
inhibitors and anticorrosion coatings (Alibakhshi et
al., 2018; Shen et al., 2022; Steffi et al., 2022; Hsis-
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sou et al., 2021). Among these methods, anticorro-
sion coatings are preferred due to effectiveness of the
barrier, wide applicability, and cost effectiveness
(Steffi et al., 2021; Wang et al., 2021; Hsissoua et al.,
2018). However, such coatings often exhibit imper-
fections, such as localized thin regions, microcracks
and micropores, which can potentially result in lo-
calized corrosion beneath the coating despite its
overall integrity. This phenomenon is predominantly
observed in organic coatings (Haeri et al., 2022).
Fluorine resins are commonly used as organic coat-
ings because of their high temperature resistance,
weathering resistance, and anti-fouling properties.
These characteristics stem from the strong bonding
energy of fluorine-carbon bonds, low surface energy,
and stable network structure (Rudnev et al., 2016;
Lei et al., 2018). ECTFE is a distinctive thermo-
plastic fluorine material with a semi-crystalline
structure (Liu et al., 2020). It possesses excellent
toughness and resistance to aging and fatigue (Cui et
al., 2014), as well as remarkable chlorine-resistant
effects (Simone et al., 2012). Currently, ECTFE is
mainly used in the fields of dialysis and petrochem-
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icals for efficient oil-water separation, achieving

permeation fluxes exceeding 99.9% (Pan et al., 2021).

There are few studies on the corrosion behavior and
protection mechanism of carbon steel coated with
ECTFE.

In this study, an ECTFE coating was prepared on
the surface of carbon steel by electrostatic spraying
and low-temperature heat treatment, followed by
soaking in 3.5 wt.% NacCl solution. The corrosion
behavior and protection mechanism of the coated
steel were studied in-depth. It is evident that corro-
sion initiates from the periphery due to the thinness
of the coating edge. Even so, the ECTFE coating still
exhibits corrosion protection performance. The main
objective of this study is to provide an empirical and
theoretical foundation for protection against edge
corrosion in fluororesin coatings and thereby ad-
vance durability technology for steel structures and
for the development of anti-corrosion coating mate-
rials.

2 Experimental Procedure
2.1 Raw materials and coating preparation

The ECTFE powder was supplied by Zhejiang
Research Institute of Chemical Industry Co. Ltd. The
steel (HPB300, ®220 mm, C: 0.21%, Mn: 0.63%, Si:
0.35%) was procured from Zhejiang Fugang Metal
Products Co., Ltd. The carbon steel was cut into
cylindrical blocks with a height of 150 mm. The
edges of the steel blocks were chamfered. The sur-
face was polished with 320# SiC sandpaper for two
minutes until completely bright, as shown in Fig. 1.
After cleaning and drying, ECTFE powder was uni-
formly sprayed onto one side of the blocks using an
Electrostatic spraying gun (Kanfan, COLO-500
STAR). The air pressure was controlled at 0.5 MPa,
and the output voltage was set to 70 kV. The distance
between the gun and the substrate was 150 cm while
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Fig. 1 Images of steel matrix (a) before and
(b) after polishing

the spraying time was five seconds. Finally, the
sprayed samples were put into a muffle furnace and
held at 260 <C for 30 minutes. The resultant samples
were steel blocks coated with a transparent ECTFE
coating with an approximate thickness of 200 pm.

2.2 Morphological and structural characteriza-
tion

The heat absorption and exhaustion characteristics
of the ECTFE powder were evaluated using a ther-
mal synchrotron analyzer (TG-DSC, STA6000, USA)
to determine the appropriate heat treatment temper-
ature, with a heating rate of 10 <T/min and temper-
ature range of 30-500 <C. The structural composition
of the ECTFE powder, as well as the inner and outer
surfaces of the coating, were analyzed using a Fou-
rier transform infrared spectrometer (FT-IR, Thermo
iS20, USA) in ATR mode with a wavelength range of
4000-600 cm™. The phase structure of ECTFE
powder together with the inner and outer surfaces of
the coating were analyzed by X-ray diffraction (XRD,
Ultima IV, Japan), with a Cu target, tube voltage of
40 kV, tube current of 40 mA, step size of 0.005,
A=1.5418 A, scanning speed of 2°/min and a scan-
ning range of 10~80< The microscopic morphology
of the ECTFE powder and coating was observed
using field emission scanning electron microscopy
(SEM, HITACHI TM-4000, Japan). Additionally, the
elemental distribution characteristics at the interface
were analyzed with an energy spectrometer (EDS,
USA).

2.3 Anti-corrosion and associated performance
evaluation

The hydrophilic’/hydrophobicity of ECTFE
coating before and after soaking was tested using an
optical contact angle meter (WCA, JY-82B, China).
The adhesion of the ECTFE coating was measured
before and after soaking according to the GB/T
9286-2021 standard at a temperature of 25 < and a
relative humidity of 50%. The uncoated side of the
coated steel sample was sealed with thick epoxy resin.
The surface edge was also sealed to prevent intrusion
of corrosive media towards the uncoated side. The
sample was connected with wires at the bottom for
electrochemical performance testing, as shown in Fig.



2. Subsequently, the samples were soaked in 3.5
wt.% NaCl solution. An electrochemical workstation
(CS2350H, China) was evaluated to test the elec-
trochemical performance of the coated steel samples
in accordance with the GB/T 24196-2009 standard.
The evaluation included open circuit potential (OCP),
electrochemical impedance spectra (EIS), and po-
larization curves (PC). The electrochemical test was
conducted using a standard three-electrode system,
with 3.5 wt.% NaCl solution as the electrolyte me-
dium. The working electrode consisted of a series of
coated steel samples with an exposed area of ap-
proximately 2.5 cm?, while the reference electrode
was a saturated calomel electrode (SCE), and the
counter electrode was made of graphite. Additionally,
a Luggin capillary was used to minimize the voltage
drop. The OCP test required stability for 60 minutes.
The frequency range for EIS testing was 0.01~100
kHz, with an AC excitation signal amplitude of 10
mV. The dynamic potential scan test was conducted
within a voltage range of =500 mV to +500 mV rel-
ative to OCP. Considering the influence of error and
polarization time, the scan rate was chosen as 0.
5mV/s. The EIS data were analyzed using Zview
software. The experiment was initiated at the point,
after several hours, when steady-state open circuit
potential and corrosion polarization curves were
observed. To further test the corrosion resistance of
ECTFE coatings, the coated steel samples with cross
scratches were subjected to a 720 h salt spray test in a
neutral salt spray test chamber in accordance with the
NSS ISO 9227 standard. The size of the salt spray
test chamber was 1350%1150>610 mm. The condi-
tions of the test were 35 °C, 3.5 wt% NaCl solution,
pH = 7.0, and 1 atm pressure.

(a) (b)

Fig. 2 (a) ECTFE coated and (b) uncoated sides of the
sample
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3 Results and discussion

3.1 Coating structure and morphology charac-
terization

Fig. 3 shows the TG-DSC curves of ECTFE
powder. The TG curve shows a mass loss of ap-
proximately 0.82% below 100 °C, attributed to the
evaporation of moisture absorbed from the sur-
rounding atmosphere. Beyond 300 °C, a rapid de-
cline in mass is observed, indicating significant
degradation and ultimate decomposition of the fluo-
rine resin structure. The endothermic peaks at 215 °C
and 300 °C in the DSC curve indicate the melting of
powder and breaking of some chemical bonds, re-
spectively. The exothermic peak at 455 °C is ascribed
to combustion of organics. It can be inferred that the
suitable heat treatment temperature is between
215 °C and 300 °C. A heat treatment temperature of
260 °C was therefore chosen as the intermediate
temperature to ensure that the powder can melt and
cross-link compactly without chemical bond break-
age.
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Fig. 3 TG-DSC spectra of ECTFE powder

Fig. 4 shows the FT-IR spectra of ECTFE powder,
as well as the inner and outer surfaces of the coating
before and after soaking in 3.5 wt.% NaCl solution
for 90 days. The peaks at 3400 cm™ and 1640 cm™
correspond to the O-H stretching vibrations from
water molecules. The peak at 2970 cm™ corresponds
to C-H group stretching vibrations. The peaks at
1449 cm™ and 1400 cm™ correspond to the bending
vibrations of C-H groups (Ghanbari et al., 2023). The
absorption bands in 1400-1100 cm™ are attributed to
C-F functional groups, while those in 850-600 cm™
are assigned to C-Cl functional groups (Abdel-Hady
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Fig. 4 FT-IR spectra of (a) powder, (b) inner surface of coating center soaking for 90 d, (c) inner surface of coating edge
soaking for 90 d, (d) initial outer surface of coating, (e) outer surface of coating soaking for 90 d, (f) initial inner surface of
coating

et al., 2015; Singh et al., 2012). The O-H stretching
vibration bands originating from water molecules
adsorbed onto ECTFE powder surface arise due to
atmospheric moisture (Fig. 4a), but they vanish on
both inner and outer surfaces after coating formation
(Figs. 4d and 4f). By comparing Fig. 4a with others,
it can be observed that the positions of spectral lines
are essentially identical and thus show the similarity
in structure between the powder and the coating.
However, there is a significant increase in peak in-
tensity for the coating, indicating an enhancement in
dipole moment of chemical bonds as well as an in-
crease in bond polarity and energy (Giannetti, 2005).
This ultimately leads to improved structural thermal
stability. After soaking for 90 days, no structural
changes were observed on the outer surface of the
coating (Fig. 4e). However, a significant decrease in
peak intensity was detected on the inner surface of
the coating center compared to its presoaking state
(Fig. 4b). This can be attributed to the negative im-
pact of soaking on interfacial bonding and chemical
bonds at the interface. In addition, a prominent peak
corresponding to the O-H stretching vibration is
observed on the inner surface of the coating edge
(Fig. 4c), while the presence of C-Cl functional
groups is completely obscured, indicating formation
and attachment of products containing crystalline

water on the inner surface of the coating edge.

Fig. 5 shows the XRD patterns of the ECTFE
powder and the inner/outer surfaces of the coating
before and after soaking in 3.5 wt.% NaCl solution
for 90 days. The broad main peak at 26 angle of 17.5°
and the gentle peak at 26 angle of 39 <are observed in
the XRD patterns and indicate that the main phase of
both powder and coating is amorphous with
semi-crystalline characteristics (Yao et al., 2017).
Compared to the powder, the coating exhibits a much
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Fig. 5 XRD patterns of ECTFE powder and coating at
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sharper main peak and a weaker gentle peak, indi-
cating stronger crystallization compared to the
powder. In addition, the inner surface of the coating
shows significantly lower intensity for the main peak
than for its outer surface. This is probably due to the
weakening of crystallinity caused by interfacial
bonding between the coating and the steel substrate
during heat treatment. After soaking for 90 days, no
crystalline impurity phase is observed on the outer
surface of the coating. However, a slight decrease in
the main peak suggests that the crystallinity of the
outer surface of the coating has been weakened.
There exist impurity phases on the inner surface of
the coating edge, which are FeCl, 4H,O (JCPDS
71-0688), Fe,03 H,O (JCPDS 03-0440) and Fe,O3
(JCPDS 21-0920), respectively. They indicate that
corrosion has occurred on the inner surface of the
coating edge and has resulted in the formation of
crystalline water-containing corrosion products.
These findings provide a plausible explanation for
the observed O-H stretching vibration peak and the
masking effect on C-Cl functional groups in the
FT-IR spectrum. In addition, the main peak of the
inner surface of the coating exhibits a sharper profile
and an enhanced intensity after soaking, indicating a
strengthened crystallinity. This may be attributed to
weakened interfacial bonding between the coating
and the steel substrate.

0od 60d
Fig. 6 Macroscopic morphological evolution of
coated steel soaking in 3.5 wt.% NaCl solution at
different periods

Fig. 6 shows the macroscopic morphological
evolution of the coated steel soaked in 3.5 wt.% NaCl
solution for different periods. The surface remains
free from any visible signs of macroscopic corrosion
when observed through the coating. Figs. 7a and 7b
show the micromorphology of the ECTFE powder at
low and high magnification, respectively. As shown
in Fig. 7a, the ECTFE powder exhibits a micro-
morphology of irregular flake blocks with an average
particle size of 10 um. These blocks are agglomer-
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ated by numerous small spherical particles measur-
ing approximately 20 nm in diameter, as shown in
Fig. 7b. The outer surface of the coating remains flat
and dense before and after soaking, exhibiting no
defects such as holes or cracks, as shown in Figs. 7¢
and 7d. Figs. 7e and 7g show the cross-sectional
morphology of the coating center before soaking at
low and high magnification, respectively, revealing a
uniform thickness of approximately 200 um. After
soaking, as shown in Figs. 7f and 7h, the
cross-sectional morphology of the central coating
remains intact and smooth, exhibiting no signs of
cracking or delamination. This observation confirms
that the protection performance against corrosion on
the steel substrate center is still maintained at a high
level. Fig. 7i is the edge cross-sectional morphology
of the coated steel before soaking, revealing a grad-
ual thinning of the coating edge with a minimum
thickness of only 84.6 um. This renders the coating
edge vulnerable as it becomes the primary area for
corrosive medium breakthrough. Fig. 7j shows the
edge cross-sectional morphology of the coated steel
after soaking, where no obvious changes are ob-
served at the micron scale range, and no corrosive
products and delamination phenomena are detected
at the interface.
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Fig. 7 SEM images of ECTFE powder and coating. (a) &
(b) ECTFE powder, (c) & (d) the outer surface of coating
before and after soaking, (e) & (g) cross-sectional mor-
phology of the coating center before soaking, (f) & (h)
cross-sectional morphology of the coating center after
soaking, (i) & (j) cross-sectional morphology of the coat-
ing edge before and after soaking

(a) 0d

epoxy

Intensity (Counts)

(b) 60d

epoxy

Intensity (Counts)

(c) 90d

epoxy coating S8t ¢ 500

Intensity (Counts)

Distance

Fig. 8 Elemental line scan at the interface of the coated
steel samples soaking for different periods

3.2 EDS analysis of coated steel during soaking

Fig. 8 shows the line scan of Fe, Cl, F and O ions
in the coating and substrate interface after different

soaking periods. Based on the distribution of Fe and
Cl, as well as the chemical composition analysis of
both the coating and substrate, the interface between
the coating and the steel substrate can be clearly
distinguished. The CI ions content and distribution
remain unchanged during the soaking time. Fe ions
diffuse to the coating side due to the ion diffusion
caused by chemical reaction. F ions exhibit uniform
distribution along the entire scan line before and after
soaking, with negligible changes in the content. This
is attributed to the relatively small radius of F, re-
sulting in a limited dissociation and diffusion into the
steel substrate during heat treatment, which facili-
tates the bonding between the coating and the steel
substrate. The affinity between F and steel leads to
preferential binding with Fe ions rather than sharing
electrons with the C chain. Consequently, Fe ions can
gradually permeate into the coating, serving as addi-
tional bonding between the coating and the steel
matrix. In addition, the dissociated F disrupt the
semi-crystalline structure, resulting in a weaker
crystallinity at the interface compared to that on the
surface in XRD. O ions are not inherent constituents
of the coating and steel substrate; their presence is
attributed solely to corrosion. Therefore, O content
serves as a crucial indicator for characterizing the
corrosion of the steel substrate. It should be noted
that the unsoaked sample exhibits an extremely low
level of O content. After soaking for 60 to 90 days, O
content on the steel substrate gradually increases,
indicating that a micro-zone corrosion reaction is
occurring. This is a prelude to the pre-characteristics
of macroscopic corrosion.

Fig. 9 shows the line scan of the steel substrate
surface after coating removal at different soaking
periods. The red section in Fig. 8a indicates the scan
area, located at the edge of the coating with a
sweeping direction from edge to center. As shown in
Fig. 9b, the unsoaked steel substrate is flat and
smooth, with uniform distribution of all tested ele-
ments along the scan line. O content is significantly
low. After soaking for 60 days, as shown in Fig. 9c,
the edge surface of the steel substrate appears uneven
and eroded, indicating that corrosion has occurred.
The gradual increase in content of Cl and O ions and
the decrease in that of Fe and F ions are attributed to
the penetration of Cl ions from the solution into the
steel substrate surface. When the soaking time ex-



ceeds 60 days, as shown in Fig. 9¢c and 9d, O content
is higher at the edge and lower at the center, while Fe
and F contents exhibit an opposite trend. This can be
attributed to the thinner coating edge being more
susceptible to penetration by the corrosive medium,
leading to preferential corrosion initiation and sub-
sequent increase in O content with a decrease in Fe
and F content. These initial corrosion products can-
not be macroscopically detected through the coating
and there is no obvious delamination at the interface
in micro-scale. Only upon removing the coating can
the corrosion traces be observed on the steel substrate
surface, as shown in Figs. 9c and 9d.
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Fig. 9 Elemental line scan at the steel surface after re-
moving coatings of the coated steel soaking at different
periods

3.3 Electrochemical corrosion and associated
performance test analysis

3.3.1  Hydrophilic/hydrophobicity
analysis

performance
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Figure 10 shows the water contact angle test re-
sults of the ECTFE coating before and after soaking
for 90 days. As shown in Fig. 10a, the initial water
contact angle of the ECTFE coating is measured at
92.29% indicating the intermediate level of water
wettability on its surface. After soaking for 90 days,
the water contact angle decreased to 86.51<and the
coating surface exhibited a certain degree of hydro-
philicity, as shown in Fig. 10b. This phenomenon
may be attributed to the alterations in the micro- and
nano-scale roughness of the coating surface caused
by the penetration of the corrosive medium.

(a) 92.29° () g6s1°
- .
Fig. 10 Water contact angles of ECTFE coating before

and after soaking for 90 d.

3.3.2 Adhesion analysis

Before soaking, the adhesion of the ECTFE coat-
ing is classified as level 1, primarily due to residual
stresses generated within the ECTFE during curing
that create shear stresses at the interface between the
coating and the steel substrate (Cai et al., 2021).
Furthermore, F can diffuse into the steel substrate,
promoting bonding between the coating and the steel
substrate. After soaking for 90 days, the adhesion
significantly decreased to level 5, indicating that the
coating has essentially lost adhesion. This phenom-
enon may be attributed to the penetration of the
corrosive medium and its expansion at the interface
between the coating and the steel substrate.
3.3.3 EIS Analysis

The EIS curves of bare steel and the coated steel
soaking in 3.5 wt.% NaCl solution at different peri-
ods are shown in Fig. 11. Fig. 11a is the Nyquist plot
of bare steel, which exhibits an arc segment, indi-
cating its lack of corrosion protection capability due
to direct expose to the solution. The diameter of the
impedance arc gradually decreases over time, indi-
cating a continuous progression of the corrosion
reaction. In Fig. 1lc, the Bode plot of bare steel
shows an impedance modulus at low frequency
(IZloo1r 1) ranging from 10%-10° Q-cm’ with an
overall decreasing trend within 90 days. Fig. 11e



8 | J Zhejiang Univ-Sci A (Appl Phys & Eng) in press

shows the phase angle plot of bare steel, which ex-
hibits the maximum phase angle in the low and me-
dium frequency regions, indicating that corrosion
initiates immediately after the corrosive medium
contacts with the substrate surface (Xiang et al.,
2021).

Fig. 11b shows the Nyquist plot for coated steel. It
exhibits a semicircular capacitance arc at low fre-
guencies and a capacitance arc with a larger radius of
curvature at high frequencies in the initial period,
indicating two-time constants that suggest contact
between the corrosive medium and the steel substrate
resulting in a corrosion reaction after soaking for 1
day. This phenomenon is likely to arise from pene-
tration from the thin part of the coating edge. The
curvature radius of the capacitance arc in the low
frequency region can serve as an indicator for eval-
uating the protective performance of the coating,
while the capacitance arc in the high frequency re-
gion is attributed to charge transfer in the interface

between the coating and substrate (Wang et al., 2021).

The curvature radius of the capacitance arc gradually
decreases with the soaking time in both high and low

frequency regions, indicating a decrease in the pro-
tective performance of the coating and an increase in
charge transfer at the interface. This is reflected by
the changes in content and distribution of Fe, Cl, and
O ions in the EDS line scan at the interface. Fig. 11d
shows the Bode plot of the coated steel, wherein the
impedance modulus of the coating at low frequency
(1Zlo.01 1) decreases from an initial 10° Q-cm® to 10*
Q-cm? after 90 days, which is consistent with the
decreasing trend of the curvature radius of the ca-
pacitance arc in the Nyquist plot. Compared with
bare steel, the impedance modulus of the coating in
each period is at least two orders of magnitude higher,
indicating superior protective performance of the
coating. Fig. 11f shows the phase angle plot of the
coated steel, which remains constant at high fre-
guency, but shows a broad range of corrosion re-
sponse peaks in the low and medium frequency re-
gions, indicating two-time constant characteristics.
This further suggests that the corrosive medium
penetrates the steel substrate from the edge of the
coating (Huttunen-Saarivirta et al., 2011; Yang et al.,
2022).
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Equivalent circuit diagrams were used to simulate
EIS data for bare steel and coated steel. The equiva-
lent circuits of bare steel and coated steel are shown
in Figs. 12a and b, respectively. In the equivalent

f(Hz)
Fig. 11 The Nyquist and Bode plots of bare steel and the coated steel soaking in 3.5 wt.% NaCl solution at different periods.
(a) & (c) & (e) bare steel; (b) & (d) & (f) coated steel

circuits, constant phase element (CPE) is used to
simulate the capacitance. R represents solution re-
sistance; R, characterizes the barrier performance of
the coating (Wang et al., 2021); R reflects the charge



transfer resistance in the interfacial reaction; CPE; is
the coating capacitance and CPEy is the double layer
capacitance.

Table 1 and Table 2 show the EIS fitting data of
bare steel and coated steel, respectively. The overall
error margin of fitting data is below 15%, with that
for most of the bare steel even below 5%. As shown
in Table 1, the bilayer resistance of bare steel is neg-
ligible due to immediate corrosion reaction upon
direct contact with NaCl solution. In Table 2, the
coating resistance reaches 5.62 x 10° Q-cm? after
soaking for 1 day and remains at a similar level over
30 days. After soaking for 90 days, the coating re-
sistance decreases to 1.72 x 10* Q-cm? due to a
reduction in its crystalline state and significant
weakening of the interfacial bond between the coat-
ing and steel substrate during long-term soaking.
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reached a dynamic equilibrium. The double layer
capacitance (CPEy) of bare steel and coated steel
gradually increases with the soaking time, suggesting
that corrosion reactions are still ongoing.

Table 1 The electrochemical fitting parameters of bare

steel in Fig. 9
Time R Rt CPEq
(days) (Q-em?) (Q-em?) (Fem?)
1 453 92091 2.68x<10°
15 5.17 880.21 9.94x10°
30 4.37 640.33  5.48x10°
60 5.33 580.06 2.19x10?
90 9.71 400.67 1.86x107

Table 2 The electrochemical fitting parameters of the
coated steel in Fig. 9

g . ! Time Rs Re CPE, R CPEy

Consequently, the barrier properties of the coating  (days) (Q-em?) (Q-em?) (Fem?) (Q-em?d) (Fem?
are compromised and its resistance is diminished, - - - E
leading to a weakened protective effect and intensi- 1 467 562><10" 8.11<10"" 2.72x10" 9.54>10
fled ion diﬁUSion. Addltlona”y, the Charge transfer 15 553 3.18x10° 8.07x<10° 2.17x10° 8.93x10°
resistance is weakened, resulting in an overall de- ] 0 ] S

60 555  6.01<10° 6.62<107° 3.97<10° 9.16x10°

(a) Sloution Substrate (b) Sloution Coating Substrate
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CPE4

Fig. 12 Equivalent circuits of (a) bare steel and (b) coated
steel

Water absorption will increase the dielectric con-
stant of the coating, leading to an increase in the
coating capacitance. Smaller coating capacitance
(CPE,) implies lower water absorption and superior
corrosion resistance (Chang et al., 2021). Due to the
intermediate hydrophilic-hydrophobic nature of the

ECTFE coating surface, water absorption is impeded.

CPE. of the coating increases during 15 to 30 days,
indicating that water is penetrating into the coating.
During 30 to 60 days, CPE, of the coating gradually
decreases, due to the generation of corrosion prod-
ucts such as Fe?* and Fe** during ion diffusion, which
obstruct the penetration path and result in a decrease
in the water absorption. During 60 to 90 days, CPE,
remains relatively stable, indicating that water ab-
sorption in the internal pores of the coating has

3.3.4 potential dynamic polarization curve analysis

Fig. 13 shows the open circuit potentials of bare
steel and coated steel soaking in 3.5 wt.% NaCl so-
lution at different periods. The deviation in OCP at
600 s for the sample soaking for 60 days may relate
to the heterogeneous reactions due to the local
non-uniform composition and structure of the outer
layer of the ECTFE coating (Xu et al., 2022). The
OCP of both bare steel and the coated steel gradually
decrease over time, with the former shifting from
—0.65 V to —0.76 V within 90 days, and the latter
from —0.55 V to —0.61 V. This indicates a gradual
increase in the corrosion probability. Compared to
bare steel, coated steel exhibits a higher OCP
throughout the soaking period, indicating that the
ECTFE coating can protect the substrate (Zhao et al.,
2021). This is primarily attributed to the dense
structure of ECTFE, which acts as a barrier against
corrosive media penetration and restricts the for-
mation of continuous corrosion products beneath the
coating.



10 | J Zhejiang Univ-Sci A (Appl Phys & Eng) in press

-0.64 - (a) —— 1d
—e—15d
-0.66 ——30d
—e—60d
o -0.68} —v— 90d
o
@
£ -0.70 ’\.\M
=
E0T2F e R
3
0.74 |
e+
-—F
0761 7 v v v v
-0.78 I L 1 L L L 1 L
0 600 1200 1800 2400 3000 3600 4200
Time (s)
(b) —— 1d
-0.54 + 15d
. R ., ., —30d
’ i i g —e— 60d
o 056 —v—90d
O ¢ "+
]
; —— —————— ————
2 058}
K «f’\*“’_.
0.60 ——
-0.62

0 600 1200 1800 2400 3000 3600 4200 4800
Time (s)

Fig.13 The OCP curves of (a) bare steel and (b) the coated
steel soaking in 3.5 wt.% NaCl solution in different peri-
ods

Fig. 14 shows the dynamic potential polarization
curves of bare steel and the coated steel soaking in
3.5 wt.% NaCl solution for different periods. The
corrosion potentials (Eqr) and corrosion currents
(icorr) Of bare steel and the coated steel were deter-
mined by fitting the Tafel extrapolation method, as
listed in Table 3. The corrosive protection efficiency
(PE) of the ECTFE coating was calculated using
equation (1), as described in (Wan et al., 2021).

iorr - 1 orr
PE = o Ter o1 0094 )
Forr

where, i3, and 2y are the self-corrosion cur-
rent densities of bare steel and coated steel, respec-
tively. As shown in Table 3, the initial self-corrosion
potential of bare steel is —0.78 V with a correspond-
ing self-corrosion current density of 5.32x10°
A em™ These values remain relatively stable from
15 to 60 days, indicating that the corrosion rate of
bare steel remains consistent during this period. After
90 days, the self-corrosion potential experiences a
negative shift to —0.97 V and the self-corrosion cur-
rent increases to 1.61x<10* A em?, indicating an

elevation in corrosion rate.

The initial self-corrosion potential of the coated
steel is —0.64 V, accompanied by a self-corrosion
current density of 2.19x10° A em™. After soaking
for 90 days, the self-corrosion potential decreases to
—0.82 V while the self-corrosion current density
increases to 1.13x10° A €m™, with a coating pro-
tection rate of 99.29%. The self-corrosion current
density of the coated steel is 2-3 orders of magnitude
lower than that of bare steel in the whole soaking
period, indicating a slow rate of corrosion. Further-
more, the self-corrosion current density of the
ECTFE coating after 90 days is lower than that of
APS CryC,-25NiCr coating (8.001<10°° A ¢m™ after
30 days,) (Wang et al., 2021), Zn-Cu-Ti coating
(4.32x10° A em™ after 60 days,) (Zhang et al., 2022)
and HVOF sprayed WC-CoCr coating (16.692x10”
A em? after 70days,) (Zavareh et al., 2016). The
high level of protection from the coating indicates
that it still maintains its protective capabilities even
in the presence of edge corrosion.

(a)

-6 F

Current Density (A-cm?)

-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
Potential (V vs.SCE)

(b)

Current Density (A/cm’)
&
T
-

; -

60d
~—90d

12 1 L L 1 1 L
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0

Potential (V vs.SCE)
Fig. 14 The polarization curves of the (a) bare steel and (b)
the coated steel soaking in 3.5 wt% NaCl solution in dif-
ferent periods




Table 3 The electrochemical fitting parameters of the
bare steel and coated steel

bare steel coated steel
Time

(d) ECDI‘I‘ iCOI’I’ ECOI’I’ iCOI’I’
(V vs. SCE)(A em™) (Vvs.SCE) (Acm?)
1 -0.78 5.32x10°  -0.64 2.19%10°®
15 -0.86 4.32x10° -0.71 6.35%10®
30 -0.87 4.96x10° -0.75 8.70x10®
60 -0.88 4.44x10°  -0.77 1.72x107
90 -0.97 1.61x10* -0.82 1.13%10°®

3.4 Neutral salt spray test analysis

Fig. 15 shows the macroscopic morphological
changes of the coated steel with cross scratches in the

|
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N {

X |

120h

F |

240h
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neutral salt spray environment for 720 hours, with
the sample edges sealed with a thick epoxy coating.
As shown in Fig. 13, yellow corrosion products
emerged in the scratch area after 120 hours, and
gradually intensified over time due to the accumula-
tion of yellow Fe,O3 H,0. In addition, corrosion can
also be observed at the edge of the coating due to the
weak resistance to corrosion caused by the thinness.
For the scratch area where the macroscopic corrosion
phenomenon predominantly occurs, longitudinal
direction is the primary mode of corrosion while
lateral development is somewhat inhibited. It is ev-
ident that the initial adhesion between coating and
steel substrate and the semi-crystalline structure
confer a significant capability of corrosion protection
upon the coating, thereby affording long-term effec-
tive protection to the substrate.

480h 720h

Fig. 15 Salt spray tests results after exposing the scratched coatings to salt spray for 720 h

5 Conclusions

In this study, ECTFE coating approximately 200
um thick was prepared on the surface of carbon steel

by electrostatic spraying and heat treatment at 260 °C.

The edge corrosion behavior of ECTFE coated steel
and its mechanism were thoroughly investigated,
leading to the following conclusions.

1. The outer surface structure of the ECTFE
coating remains essentially unaltered before and after
soaking in 3.5 wt.% NaCl solution for 90 days.

2. F ions can diffuse into the steel substrate,
which enhances the bonding between the coating and
steel substrate but weakens the crystalline structure.

3. Due to the edge thickness of the coating,
corrosive media can easily penetrate from the edges
and cause corrosion.

4. Despite edge corrosion, the coated steel
exhibits great corrosive protection performance, due
to its dense and stable structure with excellent barrier

properties.
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