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Abstract: To achieve a fast testing on barrier properties of organic coatings, immersion test, AC-DC-AC test,
and coupled test of AC-DC-AC with hydrostatic pressure were conducted in seawater for a glass flake epoxy
coating. Electrochemical impedance spectroscopy (EIS) was used to characterize the degradation processes of
the coating during the tests, and the surface of the coating was analyzed using optical microscope, scanning
electron microscope (SEM) and Fourier transform infrared spectrometer (FTIR). The results show that the
periodically cathodic polarization coupled with high hydrostatic pressure can accelerate the degradation of the
coating by facilitating the diffusion and uptake of electrolyte and the delamination of the coating. The coupled
test method has the largest acceleration due to the synergetic effect of AC-DC-AC and hydrostatic pressure.
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1. Introduction

Corrosion is a big challenge for marine ships and offshore structures made of steels due to the
aggressive service environment [1]. Marine corrosion damages the steel structures with reduction of
thickness and even perforation, affecting the reliability and safety of the ship structures and offshore
installations, which may not only cause huge economic costs, but also lead to catastrophic
consequences in some terrible cases [2,3].

Organic coatings have been widely used to protect steel structures from corrosion and are one
of the most common and cost-effective methods for corrosion protection. Generally, organic coatings
are applied to metallic surfaces to provide protection mainly by isolating the substrate from direct
contact with the corrosive media (barrier effect), and sometimes also by producing corrosion
inhibition with chemical additives (inhibitive effect) and/or cathodic protection with sacrificial active
metallic powders (galvanic effect) [4,5]. Anticorrosive organic coatings usually have complex
formulations consisting of mixtures of binders, pigments, fillers and other additives [5]. The
protection of metallic structures by organic coatings depends principally on the barrier properties of
the coatings and the interfacial adhesion between the coatings and the substrates, and the bonding
between pigments and resin binders [5,6]. However, it is well known that the barrier performance of
a coating to corrosive media such as water and other species is closely related to the integrity of the
coating, which depends on the chemistry and structure of the coating as well as the application
process, and is often affected by environmental and mechanical attacks [7].

Coatings with high performance and long durability are usually required for the protection of
marine ships and offshore structures in consideration of the severely corrosive environment and the
great economic impact with coating maintenance and repair. For example, the protective coatings in
seawater ballast tanks of marine ships are stipulated to achieve a target coating life of over 15 years
in the IMO regulations called Performance Standards for Protective Coatings (PSPC) [8,9]. Generally,
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epoxy-based coatings are applied onto the steel substrate to get a minimum dry film thickness of
300~400 um following the strict application procedures to achieve this purpose [8,10]. To evaluate the
qualified performance of the applied coating, laboratory tests in a simulated working environment
usually with accelerating factors are often conducted [9,11]. There have been some standardized test
methods used to evaluate the protective coating systems for marine and offshore applications,
however, the time required to perform such tests can be lengthy, sometimes lasting thousands of
hours [11-13]. For the development of new type and more effectively protective coatings, rapid
assessment methods of the protective performance of coatings are eagerly needed, particularly for
the screening and comparation of different coatings [14,15].

The principles for the accelerated testing of organic coating are generally based on applying
accelerating factors (intensifying environmental stresses) to expedite the degradation of the
protective coating without changing the basic failure mode and mechanism of the coating under
service [16]. These accelerators include UV radiation, temperature, humidity, alternative immersion,
salt spray, cyclic corrosion test, cathodic polarization, and so on [17-19], which should be selected for
the specific testing according to the service environment and performance requirements of the
coatings. Sometimes multiple accelerating factors are combined in the testing to achieve synergetic
effects [20].

For the corrosion control of steel structures immersed in seawater, coatings are generally used
in combination with cathodic protection to realize efficient and cost-effective protection [1,9].
However, cathodic polarization at too negative potential will provide over-protection, promoting
hydrogen evolution and delamination of coating. Based on the effect of cathodic polarization on the
degradation of organic coating, an accelerated cyclic electrochemical testing technique (AC-DC-AC
method) has been developed, which incorporates electrochemical impedance spectroscopy (EIS, AC)
for the characterization of coating conditions and cathodic polarization (DC) for the acceleration of
coating degradation [21,22]. EIS as an in situ, non-destructive, fast and sensitive technique is used to
monitor the changes of protective performance of the coatings during the accelerated testing [23,24].
Each cycle of AC-DC-AC includes a first AC step of EIS measurement at open-circuit potential, then
a DC step under cathodic polarization at a constant potential for a selected period, and followed by
the AC step again after the relaxation process and realization of a new equilibrium [21]. This cycle
can be repeated until the end of testing when the coating has presented a distinguishable
deterioration. The AC-DC-AC testing method has been applied to assess rapidly the corrosion
protection of different types of organic coatings, oxide films and the coatings with different
formulations and preparation procedures [14,18,25-31]. Some modifications on this accelerated
testing method have also been carried out [32-36]. With replacing the DC step by an alternate
cathodic polarization and anodic polarization during the AC-DC-AC test, the corrosion damage of
the steel sample with organic coating can be further accelerated with enhancing both cathodic and
anodic processes in the same way as that in natural immersion condition [33,34]. A modified AC-DC-
AC test procedure was reported with a combination of EIS measurement, cathodic polarization, and
wet and dry cycles [35,36], where the mechanical stress produced by wet/dry process can further
promote the deterioration of coatings [35]. Moreover, a two-stage AC-DC-AC approach with
different cathodic polarization parameters at the first stage and the second stage was used for rapid
assessment of organic coatings, which can approximate to the degradation processes of coating in the
neutral salt spray test [32].

In recent years, with the increase of concern on corrosion and protection of subsea assets in deep-
sea water, the effect of hydrostatic pressure on material performance including protective
performance of organic coatings has been studied extensively [37-45]. It has been demonstrated that
high hydrostatic pressure can speed water diffusion and absorption, increase interfacial defects and
reduce wet adhesion of the coatings [44,45]. Therefore, hydrostatic pressure can also be considered
as an important accelerating factor for fast evaluation on performance of protective coatings.
However, to the best of our knowledge, the modified accelerated testing of organic coating under the
coupled condition of AC-DC-AC cycling with hydrostatic pressure has never been reported.
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In this work, a commercial glass flake epoxy coating as a typical marine coating of high
protective performance has been tested under different conditions, including usual immersion test in
seawater, rapid AC-DC-AC test, and the test with both accelerators of periodically cathodic
polarization and high hydrostatic pressure. The deterioration of the coating has been monitored
using EIS during all the tests, and the influence of the AC-DC-AC coupled with hydrostatic pressure
on the accelerated degradation of the epoxy coating has been discussed. It is expected to provide
some useful support for the development of a new modified accelerated testing protocol for marine
coatings.

2. Experimental

2.1. Specimen preparation

The plate of Q235 carbon steel was used as the coating substrate, which was machined into
circular specimens with a diameter of 40 mm and a thickness of 10 mm. The substrates were prepared
by sandblasting to grade Sa 2 2 at first, and then degreased with acetone (CsHsO, AR) and alcohol
(C2Hs0H, AR), which was produced by Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
The coating used for testing was a commercial glass flake epoxy coating typed as 725-H53-38, with
epoxy resin 618 as component A, and alicyclic amine curing agent as component B, and adding 5-
10% 200 mesh glass flake reinforced coating shielding performance, which was produced by Xiamen
Sunrui Ship Coating Co. Ltd. (Xiamen, China). The paint was brushed on the prepared steel substrate
with a dry film thickness of 100+10 um. The coated specimens were encapsulated with epoxy resin
leaving a circular testing area in a diameter of 30 mm exposed. The coated specimens were
conditioned for 7 days before immersion tests.

2.2. Immersion tests

The immersion tests were conducted in seawater at room temperature under an atmospheric
pressure (0.1 MPa). The seawater was taken from the coastal area of Qingdao, China, and has
undergone natural sedimentation. which has a salinity of 31.4%o, a dissolved oxygen content of 6.7
mg/L and a pH value of 8.1. For the immersion test under an atmospheric pressure, the specimen was
immersed in a glass container filled with seawater.

2.3. EIS measurement

EIS spectra of the coating specimens were recorded during the immersion tests in seawater at
atmospheric pressure. EIS spectra were also measured during the AC-DC-AC tests in the AC
processes under the atmospheric pressure and the hydrostatic pressure of 10 MPa. A three-electrode
electrolytic cell was used for the EIS measurement, with the coated steel specimen as the working
electrode, a solid Ag/AgCl/seawater electrode as the reference electrode, and a platinum foil used as
the counter electrode. The working area of the coated specimen is 7.1 cm? with the other areas
encapsulated in epoxy resin. The electrochemical work station of CS353 controlled by a software of
CorrTest CS Studio (Wuhan Corrtest Instrument Co., Ltd.) was used for the EIS measurement of the
coated specimen at the open-circuit potential in seawater. The amplitude of the AC perturbation
signal was 20 mV rms. The scanning frequency was in the range of 100 kHz ~ 10 mHz. After the tests,
the EIS data were fitted using a ZSimpWin software (AMETEK Scientific Instruments, USA).

2.4. AC-DC-AC tests at atmospheric and hydrostatic pressures

The test method of AC-DC-AC is an accelerated cyclic electrochemical technique to evaluate the
anticorrosive properties of organic coatings, which has been described in the ISO standard (ISO
17463) in detail [21]. The initial state of the coating was characterized using EIS at the open-circuit
potential in seawater, which was the AC step. Then the coated specimen was applied with a cathodic
polarization at -10 V (vs. OCP) for 1 h followed by a relaxation process for 2 h to restore the stable
OCP state, which was taken as the DC step. In consideration of the highly protective performance of
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the glass-flake epoxy coating, the highly negative DC potential of -10 V (vs. OCP) was used in the
accelerated testing. The EIS measurement was conducted again to determine the new state of the
coating (AC step). The above AC-DC-AC steps as a testing cycle were repeated until the degradation
of the coating was able to be distinguished obviously.

For the AC-DC-AC test under a hydrostatic pressure of 10 MPa in seawater, a specific testing
device was used to apply and maintain the water pressure automatically in the cylindrical testing
chamber by a high-pressure pump using seawater as the working fluid. An electrochemical interface
with three electrodes penetrating through the cover of the testing chamber was also attached to the
testing apparatus. The connecting points at the specimen, reference electrode and counter electrode
with the conducting wires were sealed reliably with epoxy resin. The detailed description of the
testing apparatus with adjustable hydrostatic pressure and an electrochemical interface can be found
in the ISO 5668:2023 standard and other literature [46,47]. The AC-DC-AC tests at atmospheric
pressure and 10 MPa hydrostatic pressure were all implemented in seawater at ambient temperature.

2.5. Surface characterization

The macroscopic morphologies of the coated steel samples were observed and recorded using a
digital camera (D7100 from Nikon, Japan), and the microscopic features of the coating samples were
characterized by a 3D video microscope (HIROX KH-8700 from HIROX company, Japan), and a field
emission scanning electron microscope (FE-SEM, ULTRAS55, ZEISS, Germany). The chemical
structural characteristics of the initial sample and the sample surface after coupling environmental
testing were analyzed using a Fourier transform infrared spectrometer (Nicolet i510 from Thermo
Fisher Scientific Inc., USA), ranging from 4000 cm to 500 cm.

3. Results and discussion

3.1. Immersion test under atmospheric pressure

The immersion test of the coated sample was carried out in seawater at atmospheric pressure
for a duration of 145 d. The EIS spectra of the coating/metal sample recorded at different immersion
time can reflect the evolution of protective performance of the coating and the change of
electrochemical reaction process at the coating/metal interface during the immersion test [48]. Figure
1 shows the EIS spectra of the glass flake epoxy coating sample immersed in the static seawater at
atmospheric pressure. It can be seen that the Nyquist plots (Figure la) are composed of single
capacitive arcs, and the phase angles are relatively high with only one peak covering the high-
frequency and intermediate frequency regions in the Bode plots (Figure 1b), indicating that there is
only one time constant in the EIS characterization. The EIS spectra demonstrate that no
electrochemical corrosion has occurred at the surface of the steel at this stage [49]. With the immersion
going on, the sizes of the capacitive arcs are decreased gradually, the peaks of phase angles are
lowered and narrowed, and the impedance moduli at low frequency are reduced, which implies that
the coating is degraded with its barrier properties [50]. The equivalent circuit shown in Figure 2 can
be used to fit the EIS data of organic coating with one time constant [49,50]. Where, Rs is the solution
resistance, and R. is the coating resistance (pore resistance), Q. represents the coating capacitance. In
consideration of the dispersive effect caused by the unevenness of the coating surface, the constant
phase element (Q.) is used to replace the coating capacitance Cc in the equivalent circuit to improve
the simulation [51,52].
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Figure 1. EIS spectra of the glass flake epoxy coating sample recorded at different immersion time in
seawater under atmospheric pressure. (a) Nyquist plots; (b) Bode plots.

Figure 2. Equivalent circuit model used for EIS fitting of the coated sample immersed in seawater.

Figure 3 shows the changes of the coating resistance R. and coating capacitance C. with
immersion time. The evolution of impedance modulus | Zloon: at low-frequency (=0.01 Hz) with
immersion time is also shown in Figure 3. It can be found that the value of |ZlonH: and the coating
resistance Rc of the coated sample present almost the same variation with time during the test period,
and are decreased quite fast in the first period of about 20 days, and then reduced gradually. The
coating resistance is lowered by a order of magnitude after immersion for 145 d, but is remained at
about 2.51x10? QO-cm?, which proves that the coating still has an excellent protective performance [53].
Generally, the failure of the organic coating with corrosion of metallic substrate occurs when the
coating resistance R falls below 107 ()-cm? [54]. The coating capacitance presents adverse change with
immersion time, as shown in Figure 3b, which can be ascribed to the water uptake in the coating.
Since the dielectric constant of water (H20) is much larger than that of general dry organic coatings,
as more water molecules permeate into the coating through the defects like micropores and pinholes,
the dielectric constant of the coating increases, leading to an increase in Cc [55,56]. It can also be seen
that the coating capacitance increases fast in the first 20 days of immersion in seawater, and then
increases contineously and slowly, indicating water diffuses into the coating at different speeds
during the immersion. The C. tends to a stable state with time at the later stage of the immersion,
demonstrating the water uptake is approaching to saturation gradually [54].
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Figure 3. The impedance modulus at low-frequency (f=0.01Hz) and coating resistance (a) and coating
capacitance (b) of the coated steel sample in seawater at different immersion time under atmospheric
pressure.

3.2. AC-DC-AC test under atmospheric pressure

Figure 4 presents the EIS spectra of the glass flake epoxy coating sample recorded in seawater at
different cycles of AC-DC-AC test under atmospheric pressure. It can be seen that with soaking for
10 days (that is, 80 cycles), the characteristics of the EIS spectra of the sample are similar to those with
immersion test in seawater under the atmospheric pressure, showing only one time constant, which
suggests the coating still has a good protective performance to prevent aggressive electrolyte from
reaching the substrate and initiating corrosion. As the testing going on with more AC-DC-AC cycles,
the impedance of the coating is decreased, demonstrating the gradual degradation of the coating
performance. However, the impedance at low frequency |Zlooxz of the coating under this testing
condition drops fast with time obviously as compared with the usual immersion test. The |Zlo.o1xz
value of the glass flake epoxy coating is dropped to the order of magnitude of 10° ()-cm? after soaking
for only 24 h (that is, eight cycles). It is lowered contineously to about 3.99x10° ()-cm? at the end of
the test. The results testifies that AC-DC-AC test can accelerate the degradation of the protective
coating with high performance [7,8]. The EIS spectra have also been simulated using the equivalent
circuit model in Figure 2, the fitting results and related analysis are provided in the next section for
the convenience of comparison.
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Figure 4. Electrochemical impedance spectra of the glass flake epoxy coating sample recorded in
seawater at different cycles of AC-DC-AC test under atmospheric pressure. (a) Nyquist plots; (b) Bode
plots.

3.3. AC-DC-AC test under hydrostatic pressure
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Figure 5 shows the EIS spectra of the glass flake epoxy coating sample recorded at different
cycles during the AC-DC-AC test in seawater under a hydrostatic pressure of 10 MPa. Under the
coupled condition, the EIS spectra of the coating still show the characteristics of one time constant in
the whole testing period. The lack of another time constant in the low frequency range demonstrates
that the electrochemical activity of the steel substrate at the coating/steel interface is still very low and
corrosion has not occurred [16,54]. As the testing cycles or immersion time are increased, the radius
of the capacitive arc and the impedance mudulus of the coating are reduced significantly at the first
stage (in the first 8 cycles), and then decreased further with the testing going on. The | Zlo.01 value
of the glass flake epoxy coating is dropped from the initial value of over 10" {)-cm? to the order of
magnitude of approaching to 108 Q)-cm? at the end of testing after 80 cycles. The degradation of the
coating has been accelerated further under the coupled testing conditions with AC-DC-AC cycling
and high hydrostatic pressure as compared to the standard AC-DC-AC method. The experimental
results prove that both the application of periodical cathodic polarization and the high hydrostatic
pressure can provide significant driving stress for the coating degradation process of protective
performance and promote the failure of the organic coating.
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Figure 5. Electrochemical impedance spectra of the glass flake epoxy coating sample recorded in
seawater at different cycles of AC-DC-AC test under 10 MPa hydrostatic pressure. (a) Nyquist plots;
(b) Bode plots.

The low-frequency impedance modulus of the coating can effectively reflect the overall
protective performance of organic coating [57]. Figure 6 shows the change of |Zlooz value of the
glass flake epoxy coating with time under the three testing conditions. The |Zloox. value of the
coating immersed in seawater at atmospheric pressure decreases slowly from 1.77x1010 ()-cm? at the
beginning to 1.57x10%° {)-cm? after immersion for 240 h, indicating that the coating remains in a good
condition and still has excellent protective properties [58]. After testing for the same time in seawater,
the |Zloomz value of the coating under the AC-DC-AC cycling condition at atmospheric pressure is
decreased from the initial 1.19x10%0 Q-cm? to 3.99x10° Q-cm?, while the |Zloon. is reduced from
1.44x10% O-cm? to 1.06x10° Q-cm? for the coupled test with AC-DC-AC cycling and high hydrostatic
pressure. According to Figure 3a and Figure 6, it is interesting to note that it takes more than 120 days
for the |Zloon: value of the coating to drop to about 4.00x10° Q-cm? during the immersion test in
seawater at atmospheric pressure, and it spends 10 days to lower to about this | Zlon#: value in the
AC-DC-AC test at atmospheric pressure, while it takes only one day to achieve the same |Zlo.01H.
value when tested by using AC-DC-AC cycling coupled with the high hydrostatic pressure.
Obviously, the testing method by AC-DC-AC coupled with hydrostatic pressure has the strongest
impact of acceleration on the degradation of barrier properties of the epoxy coating, and the modified
AC-DC-AC method with hydrostatic pressure can shorten the testing time significantly.
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Figure 6. Variation of impedance modulus at low-frequency (f=0.01Hz) of the glass flake epoxy
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The EIS spectra were also fitted using the same equivalent circuit in Figure 2 for the coating
tested under the coupled conditions with AC-DC-AC and hydrostatic pressure. Coating resistance Re
is a crucial parameter to characterize the anticorrosion performance of coatings [53]. The change
curves of coating resistance Rc with immersion time under different testing conditions are shown
together in Figure 7. It can be seen that R. presents similar tendency to the impedance modulus
|Zlooxz. The initial coating resistance is 1.98x10' ()-cm? of the coating tested with immersion in
seawater at atmospheric pressure, and it is dropped to 1.66x10'° Q)-cm? after soaking for 120 h. As the
immersion time prolongs, more corrosive media penetrates the coating to form continuous pathways,
leading to further decreasing of Re [24]. The R. of the coating is dropped to 1.63x101 Q)-cm? after
soaking in seawater at atmospheric pressure for 240 h. In the test by AC-DC-AC cycling at
atmospheric pressure, the initial Rc of the coating is 1.05x10'° QQ-cm?, and the Rc of the coating drops
to 3.47x10° Q-cm? after soaking for 240 h. This result shows that the applied cathodic potential
promotes the coating degradation [35]. In the test by AC-DC-AC coupled with high hydrostatic
pressure, the Rcis dropped from initial 1.47x1010 Q-cm?to 9.92x108 ()-cm? after soaking for the same
time. The evolution of Rc with time also demonstrates the further acceleration effect by DC cathodic
polarization coupled with hydrostatic pressure in the protective performance testing of organic

coatings.
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Figure 7. Variation of coating resistance Rc of the glass flake epoxy coating with time under different
testing conditions.
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Diffusion of corrosive media such as water, ions and oxygen into the coating is the main cause
of organic coating failure at the early stage. The water absorption kinetics analysis of the coating can
reflect the barrier ability and the change of the internal defects of the coating, which are important
factors for evaluating the failure process of organic coatings. The uptake of water in the coating can
be calculated by the Brasher-Kingsbury formula (1) as follow [59,60]:

Xv=log(Cy/Co)/log(ew) 1)

where Xy is the water volume fraction in the organic coating; Co and C: are the initial coating
capacitance and the coating capacitance at time t, respectively; ¢w is the relative permittivity of water,
taking 80 at room temperature [59,61]. The coating capacitance Ctcan be derived from EIS spectra at
a fixed high frequency (=100 kHz) according to the following formula (2) [61]:

Ci=-1/2nfZ") 2)

where Z” is the imaginary part of the impedance at 100 kHz. The initial coating capacitance Coof dry
film can be acquired from extrapolation of the capacitance curve to t =0.

Figure 8 is a curve of water absorption and linear fitting in the glass flake epoxy coating as a
function of immersion time in seawater under the different testing conditions. It can be seen that in
the three testing environments, the water volume fraction in the coating continues to rise during the
testing period of 240 h. The slope of the water absorption curve of the coating is the smallest in the
test of usual immersion in seawater at atmospheric pressure, and the water uptake of the coating
reaches 1.03% after 240 h of immersion. The diffusion process of water into the coating in the test of
AC-DC-AC cycling at atmospheric pressure is faster than that in the immersion test at atmospheric
pressure, and finally reaches 1.82% after 240 h, which should be due to the acceleration effect of cyclic
cathodic polarization leading to the deterioration of the coating. The diffusion of water into the
coating in the test by AC-DC-AC cycling coupled with hydrostatic pressure is the fastest among the
three testing methods, which should be related to the fact that high hydrostatic pressure accelerates
the penetration of water and other corrosive media into the coating, so the water absorption rate of
the coating increases significantly [45]. The water absorption rate reaches 2.57% after soaking for 240
h in this case. The average water diffusion velocity during the testing period is the largest under the
test of AC-DC-AC cycling coupled with high hydrostatic pressure, and the average diffusion velocity
of water in the coating during AC-DC-AC test at atmospheric pressure is also higher than that during
the usual immersion test.

Moreover, although the slopes of the water uptake curves are decreased gradually with time,
the water volume fractions of the coating have not entered into a stable state by presenting platforms
on the water absorption curves, which indicates that the water uptake is not completely saturated in
the coating after the testing for 240 h in each case [54,61]. Figure 8(b) shows the linear fitting results
of water sorption with the square root of immersion time ¢ for all the three tests, indicating that water
uptake has a linear relationship with 12, which demonstrates that the water diffusion in the coating
conforms to the Fick diffusion law during the testing period of 240 h [44,45]. Both the cyclic cathodic
polarization and the high hydrostatic pressure can promote the penetration of corrosive media such
as water into the hard-to-diffusion area of the coating, thus increasing the water absorption of the
coating [62]. It has been reported in the literature that high hydrostatic pressure can increase the
diffusion coefficient of water in the epoxy coating with glass flake filled [44,45], which is further
explained by Shao et al. [44] that hydrostatic pressure can induce microcracks around glass flake
fillers and provide more fast pathways for water penetration.
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Figure 8. (a) Variation curve of water uptake of the glass flake epoxy coating with immersion time in
seawater under different testing conditions; (b) Linear fitting of the glass flake epoxy coating with
immersion time in seawater under different testing conditions.

The breakpoint frequency fo has a good correlation with the delaminated area of the coating,
with a higher fo corresponding to a larger delamination area at the organic coating/steel substrate
interface [24]. The frequency of fo can be easily acquired from the Bode diagram, which is the
frequency at the phase angle of 45°. Figure 9 shows the variation of fv of the coating with time under
different testing conditions. As immersion time is increased, the f» is increased fast initially and then
gradually under all the testing conditions, implying the enhancement of the delamination with time.
The coating under the test of AC-DC-AC at atmospheric pressure has higher f» than the coating with
the usual immersion test, demonstrating the accelerated effect of DC cathodic polarization. The f» of
the coating under the test coupled with AC-DC-AC and hydrostatic pressure is the highest and much
higher than that under AC-DC-AC test, indicating the combined test condition is very aggressive and
has a very intensive acceleration to the degradation of the coating. In general, the degree of
delamination can be determined by fb, according to the following equations [61,63]:

fo=Kua 3)
K=1/Q2me€o0p) 4)
a=Adl A (5)

where «a is the delaminated area ratio; Ad and A are the equivalent delaminated area and the working
area for testing, respectively; £0=8.85x10-* F cm!, which is the vacuum permittivity; p is the resistivity
and ¢ is the dielectric constant of the coating, for the epoxy coating, e=4 and p=6.27x10¢ Q-cm [61,63].
K can be taken approximately as a constant, thereby, the delaminated area of the coating is
proportional to fo [24]. The delaminated area and the delaminated area ratio of the coating samples
under the three testing conditions calculated using the above formulas are shown in Table 1.
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Figure 9. Variation of breakpoint frequency fv of the glass flake epoxy coating with immersion time
in seawater under different testing conditions.

Table 1. Delaminated area (Ad) and delaminated area ratio (a) of the glass flake epoxy coating after
testing for 240 h under different conditions.

Testing conditions Ad (cm?) a
Immersion 1r} seawater at 2.981x10 4217x107
atmospheric pressure
ACDC-AC cycling at 2.642x10% 3.738x10%
atmospheric pressure
AC-DC-AC coupled with 1979104 1.800x105

hydrostatic pressure

It shows that the delaminated area and the delaminated area ratio are very small for the coating
with immersion test in seawater at atmospheric pressure, while the values of Ad and a of the coating
after AC-DC-AC test are almost 9 times as large as that for the sample with immersion test. The result
demonstrates that the AC-DC-AC test accelerates the delamination of the coating due to the
periodically DC cathodic polarization. For the test condition coupled with AC-DC-AC and
hydrostatic pressure, the delaminated area and ratio are increased further, which are about 45 times
of the values acquired with immersion test in seawater at atmospheric pressure, indicating a
significant synergetic effect of cathodic polarization and hydrostatic pressure. Although the
delamination is enhanced obviously in the test with AC-DC-AC and hydrostatic pressure, the
delaminated area ratio of the coating is still quite small after testing for 240 h, suggesting the glass
flake epoxy coating remains having a very good protective performance.

Figure 10 shows the macroscopic and microscopic surface morphologies of the glass flake epoxy
coatings after testing in seawater under different conditions for 240 h. It can be seen that the
macroscopic surface morphologies as shown in Figure 10 (a-d) remain intact, and no obvious damage
like blisters, rust signs or calcareous deposits can be found. This means the degradation of the glass
flake coating is still at the early stage even it is subject to the severely accelerated test by AC-DC-AC
coupled with hydrostatic pressure. It can be found from the optical micrographs in Figure 10 (al) that
the surface of the as-prepared coated steel sample has some protrusions with different sizes, which
should be the glass flakes filled in the epoxy binder with parts of the flake edges extruded on the
surface. After the immersion test at atmospheric pressure for 240 h, there appears no obvious change
of the surface morphology for the coated sample (Figure 10 b1), which is consistent with the very
small and slow decrease in impedance for the coating in the usual immersion test. More glass flake
profiles appear on the surfaces of the coating samples under the AC-DC-AC tests at atmospheric
pressure and high hydrostatic pressure (Figure 10 c1 and d1). Figure 10 a2-d2 show the SEM surface
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images of the glass flake epoxy coatings. There are only little defects such as micropores and
microcracks on the surface of the as-prepared coating, and the flake edges present smooth transition
at the interface with the epoxy resin (Figure 10 a2). The coated sample after usual immersion test in
seawater for 240 h has a similar appearance (Figure 10 b2). For the accelerated test with AC-DC-AC
cycling, more defects like microcracks at the boundaries of flakes can be found (Figure 10 c2). For the
coated sample after the test coupled with AC-DC-AC and high hydrostatic pressure, microscopic
damages are aggravated further, with more defects appearing on the surface (Figure 10 d2). The
difference in surface morphology of the coating in the accelerated tests may be related to the stress
induced by DC cathodic polarization in seawater and the high hydrostatic pressure that can promote
the development of defects and enhance the damage of the coating. From the above morphology
analysis, it can be found that the changes of the coating morphologies after testing for 240 h in the
three testing conditions are consistent with the degrees of deterioration of the coatings evaluated by
the above electrochemical impedance analyses.

(a)
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Figure 10. The macroscopic photographs (a-d), optical microscopic images (al-dl) and SEM
microscopic morphologies (a2-d2) of the coated samples before and after testing for 240 h in three
environments. (a, al, a2) as prepared coating sample before testing; (b, b1, b2) after usual immersion
test in seawater; (c, cl, c2) after AC-DC-AC test at atmospheric pressure; (d, d1, d2) after AC-DC-AC
test coupled with hydrostatic pressure.

FT-IR spectroscopy was used to study the changes in the chemical structure of the glass flake
epoxy coating after the AC-DC-AC test coupled with 10 MPa hydrostatic pressure in seawater for
240 h, with the spectra shown in Figure 11. The protective performance of the coating in this coupled
condition degrades most severely among the three type tests. It can be seen that the characteristic
peaks of the main chemical functional groups can be determined. The peaks at 3366 cm™ and 3339
cm are the stretching vibration absorption peaks of O-H, and those at 2915 cm! and 2848 cm™ are
the C-H stretching vibration in methylene and methyl [64]. The peak located at 1606 cm™ is the
deformation vibration absorption peak of methylene C-H, the skeleton vibration absorption peak of
the benzene ring is at 1507 cm™, and the stretching vibration absorption peak of C-O is at 1243 cm.
The peak at 1180 cm™ is the stretching vibration absorption peak of C-O-C, the peaks at 1462 cm™ and
1031 cm™ are the in-plane bending vibration absorption peaks of C-H, while the peaks at 694 - 826
cm! is the out-of-plane bending vibration absorption peaks of C-H, respectively. The peak locations
before and after the AC-DC-AC test with hydrostatic pressure are almost at the same positions (wave
number) without obvious shift, which demonstrates that even in the coupling environment after
immersion for 240 h that has the greatest impact on the protective performance of the coating, there
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is no obvious molecular structure rearrangement and changes in the coating. The formation of
chemical bonds, that is, the chemical structure of the coating has not changed [65-68]. Therefore, the
decline in the protective performance of the coating is mainly a physical deterioration process [69,70].
Similar results have also been acquired in the works with a epoxy coating tested in seawater under
different hydrostatic pressure [64], a highly pigmented epoxy coating [70] and a glass flake epoxy
coating [71] tested under alternate hydrostatic pressure, where it is confirmed high hydrostatic
pressure accelerates only the physical failure of the epoxy coatings without changing the chemical
structures. Moreover, it was reported that the chemical structure of a epoxy electrophoretic coating
after AC-DC-AC test was not changed, indicating that the damage of the coating during AC-DC-AC
test is also mainly a physical deterioration process [34].

before testing
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Figure 11. FT-IR spectra of the glass flake epoxy coating sample before testing and after AC-DC-AC
test under 10 MPa hydrostatic pressure in for 240 h.

The tests have shown that a more intensive acceleration effect can be achieved by AC-DC-AC

coupled with hydrostatic pressure on the degradation of the glass flake epoxy coating, which can be
explained based on the following discussion on mechanism.
The influence of hydrostatic pressure on glass flake epoxy coating has been studied by some authors
[44,45,71]. Glass flakes as fillers can improve the protective performance of the epoxy coating due to
the impermeability of the glass flake and the modified barrier property from the labyrinth effect [45].
However, the flake pigments also provide a lot of interfaces between the binder resin and the glass
flakes. Under the high hydrostatic pressure, the interfaces between the glass flakes and the epoxy
matrix are liable to be damaged to produce more defects like microcracks and micro-voids and form
more entry passages, and facilitate the diffusion of corrosive medium and the uptake of water [44,72].
It has been testified that high hydrostatic pressure can increase the porosity of glass flake epoxy
coating, which is mainly ascribed to the local stress concentration of glass flakes under hydrostatic
pressure [44]. Similar case was also reported that high hydrostatic pressure increased micropore sizes
obviously in the nano-SiO: filled epoxy coating [73], thus accelerating water sorption. The high
hydrostatic pressure can also promote the deterioration of wet adhesion of glass flake epoxy coating
due to accelerated water absorption and accumulation at the interface [45], which means the
interfacial bonding is weakened and the delamination of coating will be inclined to occur. The
accumulated water, oxygen and chloride ions at the interface to generate an electrolyte film by
spreading will result in corrosion of the steel surface with micro corrosion cell formation due to the
electrochemical inhomogeneity of the surface, which will accelerate the deterioration and failure of
the glass flake epoxy coating [44].

In the AC-DC-AC test, periodically cathodic polarization is the accelerator. During the testing
period with the coated sample immersed in seawater, water and oxygen will penetrate into the
coating through the coating defects, and the applied cathodic polarization will drive the transport of
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cations in seawater to the surface of the substrate through the coating, and chloride ions may also be
attracted into the coating to get electric neutrality especially at the steps without cathodic polarization
[34]. The forced pathways for these ions and water molecules transferring in the coating under
applied cathodic electric field will favor to increase the porosity of the coating. At the applied
cathodic potential, the electrochemical reactions such as oxygen reduction and hydrogen evolution
will take place at the coating/steel interface. The reactions are given in the following equations:

02+ 2H:0 + 4e- — 4OH: (6)

2H:0 + 2e- — 20H-+H: 1 @)

The produced OH-will form a strong local alkalic environment and weaken the wet adhesion of
the coating due to saponification effect, and the evolved hydrogen gas can increase the pressure at
the interface between the coating and the substrate. Moreover, in seawater, calcareous deposits can
also be produced at the surface of the substrate with intensive cathodic polarization. All these
processes will facilitate the delamination of the coating at the interface and accelerate the failure of
the coating [35]. Unlike the usual immersion test in seawater, where corrosion will occur at the
interface after aggressive species such as water, oxygen and chloride ions accumulated, corrosion can
be effectively inhibited due to cathodic protection at the DC step in the AC-DC-AC test. This
condition is approaching to the practical application of marine coatings in seawater which are
generally combined with cathodic protection.

For the AC-DC-AC test coupled with hydrostatic pressure, the acceleration effects of both
cathodic polarization and hydrostatic pressure will be combined. There are some interactions
between these two accelerators. Hydrostatic pressure will facilitate the diffusion of water and other
corrosive species by producing more defects and pathways through the coating, which provides
favorable conditions for the electrochemical reactions at the interface in the DC process. Moreover,
hydrostatic pressure can accelerate the hydrogen evolution under cathodic polarization [38], and the
adsorption of chloride ions at the exposed surface of the substrate [40,74], which will further promote
the delamination of the coating at the interface at the DC steps and the corrosion of the steel substrate
at the periods without cathodic polarization in the AC-DC-AC test. On the contrary, the damages
caused by electrochemical processes at the DC step will benefit the accelerated deterioration of
coating by hydrostatic pressure, leading to more passages for electrolyte penetration and further
weakening of the interface adhesion between coating and substrate. This synergetic effect will
accelerate the failure of the coating significantly. That is why the glass flake epoxy coating tested
under the combined condition with AC-DC-AC and hydrostatic pressure has the largest water
uptake, the highest delamination rate and the most intensive acceleration of the degradation of the
coating among the different testing conditions.

For the protective coatings used for marine ships and offshore structures, particularly the
coatings applied to the surfaces immersed in seawater, which are generally always combined with
cathodic protection, the practical failure of the coatings is mainly caused by penetration of water and
other corrosive species, more defects generation due to environmental stresses, and delamination
occurred at the interface between coating and metallic substrate. The AC-DC-AC test under
hydrostatic pressure can accelerate the above-mentioned processes, therefore, it may be developed
into an effective accelerated testing method for the rapid assessment and comparison of marine
coatings with high performance for immersed applications in seawater.

4. Conclusions

In this work, the barrier property degradation of the glass flake epoxy coating was tested by
three methods, including the usual immersion testing in seawater, the AC-DC-AC test under
atmospheric pressure, and the coupled test of AC-DC-AC with hydrostatic pressure. The evolution
of electrochemical impedance spectrum was recorded during the degradation process, and the
surface morphology and chemical structures of the coating were examined. The following
conclusions can be drawn with this investigation:
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(1) The immersion test of the coating in seawater at atmospheric pressure shows that the EIS
spectrum of the coating remains having the feature of one time constant after immersion for 145 d.
The impedance analysis indicates that the coating is still in good condition with high protective
performance.

(2) AC-DC-AC test at atmospheric pressure, coupled test of AC-DC-AC with high hydrostatic
pressure of 10 MPa show that the periodically cathodic polarization at -10 V vs. Ag/AgCl/seawater
and high hydrostatic pressure can promote the degradation of the coating significantly. The coupled
test has the greatest acceleration due to the synergetic effect. A faster testing method to evaluate the
barrier properties of different coatings can be provided with applying high hydrostatic pressure
during the AC-DC-AC test.

(3) The high hydrostatic pressure and periodically cathodic polarization are effective
accelerators which facilitate the diffusion and uptake of water and other corrosive species in the
micropores of the coating, and increase the delaminated area rate at the interface between coating
and substrate, leading to relatively rapid degradation of the coating. The physical microstructure of
the coating is changed under the stresses provided by cathodic polarization and hydrostatic pressure,
while the chemical structure of the coating is not affected.
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