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Abstract

Corrosion protective coatings are known to degrade due to moisture exposure. To predict coatings
service lifetime, acceleration tests are necessary. We employ flowing deionized water to
accelerate coating degradation. Coating barrier properties are found, via Electrochemical
Impedance Spectroscopy (EIS), to decrease as flow rate (Q) increases, similar to findings for
coatings in NaCl solution. EIS modulus decreases more for coatings in deionized water than those
in electrolyte solution. Topographical characterizations show severe coating blistering in
deionized water immersion with higher Q, but not in electrolyte solutions. Deionized water is thus

believed to accelerate more aggressively the degradation than electrolyte solution.
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1. Introduction

Organic coatings perform two primary functions: protection and decoration [1]. Applying
organic coatings is the most common and usually the most cost effective approach to protect
metallic objects and structures against corrosion [2]. Organic coatings act as barriers providing
resistance to the transportation of oxygen, water and ions to the coating metal interface, and
hence limiting corrosion [3].

Accelerated exposure tests are effective in predicting the service lifetime and assessing the
quality of organic coatings. These tests are especially useful for good coating systems since the
true field performance lifetime data is time-consuming and expensive to acquire [4]. The goal of
accelerated exposure tests for corrosion protective coatings is to impose a repeatable and
measurable set of stresses to the coating metal system similar, but in excess of the stresses the
coating faces in field use. These excess stresses ideally cause the system to fail faster than it
normally would, but the mechanism of failure remains the same as in the non-accelerated
conditions [4, 5]. This is the requirement for all true accelerated exposure tests. Existing
accelerated tests for organic coatings include salt fog chambers, QUV test, thermal cycling test,
cyclic wet-dry test, etc. [5-10]. The accelerating approaches may alter the failure mechanism or
require a long exposure time. For example, salt fog or Prohesion requires as much as 2000h
exposure to qualitatively differentiate coating samples [5]. High performance coatings may need
over a year of accelerated exposure. A more efficient acceleration test which preserves the
coating failure mechanism at the same time is thus needed for more rapid service lifetime
prediction of protective organic coatings.

Flow induced corrosion is complicated, since flow velocity, flow pattern, solid particles, and
impact angles all contribute to the corrosion process [11-18]. Heitz [19] classified four types of
mechanisms to describe the conjoint action of flow and corrosion. They are mass transport

controlled corrosion, phase transport controlled corrosion, erosion corrosion and cavitation
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corrosion. Many researches focus on studying erosion corrosion regimes so as to reveal the
internal mechanism of the flowing corrosion [15, 18, 20-24]. A plethora of studies has been
conducted for flow induced un-coated metal corrosion [12-17, 20-22] while the influence of flow
over organic coatings has received less attention. Some work [25] mentioned that the
hydrodynamic descriptions are difficult for the coating-metal system because a multitude of fluid-
wall interactions can take place in the protective layer. These interactions include mass transfer,
heat transfer, fluctuating shear stresses parallel to the surface, fluctuating energy densities
perpendicular to the surface, particle impact and near wall gas bubble collapse.

Traditionally, investigations on the degradation of organic coatings are performed for coatings
immersed in stationary solutions [26-28]. Recently, more attention has been paid on flowing
solution over the organic coatings. Jeffcoate and Bierwagen [29] initially reported that the
flowing electrolyte has a marked effect upon the performance of a coating system. Wei, Zhang
and Ke [30] studied the degradation of epoxy powder coating under flowing and static immersion
condition in 3% NaCl solution. A rotating cylinder apparatus was employed to generate the
flowing field. Le Thu, Bierwagen, and Touzain reported degradation behaviors of three different
organic coatings under laminar flow [3]. However, the flow rate is not correlated with the coating
degradation in the afore-mentioned studies. To our knowledge, the only work which relates
varying flow rates with the degradation of organic coatings was conducted by Wang and
Bierwagen [31]. They concluded that barrier properties of the coating decrease exponentially with
the increasing flow rate of a 3.5 wt% NaCl solution and proposed that the flowing electrolyte
solution could be used in acceleration tests for the service lifetime prediction of organic coatings.

The goal of this study is to improve the understanding of the performance of organic coating
under different flow rates of different solutions, since recent work has proved that flow conditions
accelerate coating degradation [29, 31]. Deionized (DI) water has been used as the working fluid
in this study. Experimental results are compared with the previous study [31] in which a 3.5 wt%
NaCl solution has been used as the working fluid. Electrolyte solutions are often adopted in
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corrosion studies while most published studies using pure water (e.g. deionized or distilled water)
are only for metallic materials [32-35]. This study first presents and compares the influence of
two different working fluids (DI water versus NaCl solution) on organic coating degradation as
characterized by Electrochemical Impedance Spectroscopy (EIS) measurements as the main
approach. EIS has been considered as a valuable and powerful tool to assess the degradation of
organic coatings [3, 27, 28, 31, 36, 37]. EIS has long been used to predict the service lifetime of
corrosion protective coatings, rank the coatings systems, and measure the water uptake in
coatings. EIS data are also assimilated to develop meaningful models to analysis the physical
behavior of the coating degradation. Thus, equivalent circuit modeling is developed to interpret
the EIS spectra. In addition, the topological changes of the coating surface are characterized as

the degradation is accelerated by flowing fluid.
2. Experimental Method

2.1 Sample Preparation

Stainless steel panels (Q-Panel Lab Products, Cleveland, OH) are cut into 76 x 76 mm and
used as the metal substrate. The panels are then pretreated by abrasion with sand paper and
cleaned with hexane before coatings are applied. Before the abrasion, the gloss value of the
stainless steel panels at angles of 20°, 60° and 85° are 22.4 + 4.3, 32.1 £ 3.8, and 13.7 £ 1.2, and
after the abrasion those values become 26.3 + 5.1, 75.6 + 8.3 and 58.3 + 10.7. The organic
coatings used in this study are Korabor Aluminum Primer RP140 and Korethan Topcoat UT6581
(graciously supplied by KCC Corporation, Seoul, South Korea). The primer is a chlorinated
rubber based coating with aluminum flake pigment. The topcoat is a polyurethane resin based
finish coat. The liquid paints are applied by air spraying and cured in room temperature for 24

hours.
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2.2 EIS Measurements

The experiment setup is adopted and modified from our previous study [31] as shown in Fig. 1.
The working fluid is pumped from the fluid reservoir to the test section, and then recycled back to
the reservoir. A rotameter maintains the flow rate at 3.683 cm®/s and 5.233 cm’/s, respectively.
The temperature is controlled at 25°C by a water bath and a temperature controlling system. A
flow channel is constructed with plastic sheets. Coated stainless steel panels are adhered to the
upper and lower channel walls. The flowing fluid goes through the gap between the two panels
facing each other. The platinum meshes are embedded through the plastic plate to the upper
channel wall acting either as counter electrodes or the reference electrode. Details of the flow
channel setup can be found in Fig. 2 of Ref. [31]. Meanwhile an O-ring glass electrochemical cell
with a traditional three-electrode setup is used in the stationary immersion test. Details of the
setup could be found from the product notes of Gamry’s PTC1 Paint Test Cell. DI water is
adopted as the working fluid for both flowing and stationary immersion.

The three-electrode EIS setup is employed for all measurements in this study. For coatings
immersed in flowing fluids, the electrochemical cell is composed of a stainless steel panel acting
as the working electrode, a pair of platinum meshes, on the left and right sides of the test panel,
acting as the counter electrode, and another platinum electrode, near the fluid outlet, acting as the
reference electrode. For the stationary immersion, a saturated calomel electrode is employed as
the reference electrode. The stainless steel panel and a platinum mesh are worked as the working
and counter electrode, respectively. The measuring equipment is Reference 600 Potentiostat by
Gamry Instruments. Measurements are taken over a frequency range of 107 to 10° Hz with ten
points per decade using 15 mV rms AC. EIS measurements are carried out twice a day during a

30-day immersion period.
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Fig. 1. Schematic diagram of the circulating flow.

2.3 Topography Characterization

Coating thickness and gloss are measured using an Elcometer coating thickness gauge and a
NovoTrio statistical glossmeter before and after the immersion, respectively. The average
thickness of dry coatings is 48 £ 5 um in the experiment. An Axiovent 40 MAT (Focus Precision
Instrument) is used for optical microscopy test. All images are collected over a magnification of

10X and 20X, depending on the features present on a given sample.
3. Results and Discussion

3.1 EIS Measurements

To characterize the barrier properties of organic coatings, EIS data are collected for coating
samples immersed in the flowing and stationary DI water. As shown in Fig. 2 (a) for stationary
immersion, the impedance modulus |Z| is plotted as a function of the frequency in EIS tests as
well as the immersion time. Similar figures for samples immersed in flowing DI water at flow

rates of Q=3.683 cm’/s and Q=5.233 cm’/s are presented in Fig. 2 (b) and (c), respectively.
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Fig. 2. Impedance modulus as a function of frequency for coated samples

immersed in DI water with flow rates Q=0 (stationary), 3.683 and 5.233 cms.

For all flow rates, the impedance modulus decreases with the immersion time, showing a loss
of protective properties of the coatings. Due to the good quality of the coating samples which
have no pinholes or air bubbles, the decrease of impedance modulus mainly indicates water
uptake into the coating layer. The nonlinear behavior of the impedance modulus at higher
frequencies could be the response of DI water contributing to EIS spectra, since the solution
resistance may affect the Bode plot of EIS. Cottis and Turgoose mentioned in Chapter 4 of the
book “Electrochemical Impedance and Noise” [38] that if the solution resistance is very small the
impedance modulus linearly decreases as the frequency increases at high frequencies of the Bode
plot, however, if the solution resistance is large and not negligible (e.g. DI water), nonlinear
behavior is observed at high frequencies. (Please refer to Fig. 4.3 on page 37 of the Ref. [38].)
We also measured the electrochemical impedance of DI water itself by EIS method using a three-
electrode cell [39]. Platinum meshes are used as working and counter electrode. A saturated
calomel electrode is used as the reference electrode and placed in the middle between the working
and the counter electrode. The range of the measured impedance modulus is from 10° to 10° Q.

Hence the DI water is believed to have a high resistance which is not negligible [40]. In the afore-
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mentioned measurement, the modulus is found to be independent on the frequency at mid-to-high
frequencies. In addition, the nonlinear behavior at high frequencies of EIS spectra is also
observed in literature [3, 41, 42] for other working fluids.

The impedance modulus at low frequency serves as a strong indicator of the corrosion
resistance of coating samples [5]. To illustrate the change in the coating’s barrier property over
time, a plot of the relative low-frequency (0.01 Hz) impedance modulus as a function of time is
shown in Fig. 3. The relative low-frequency impedance modulus is obtained by normalizing the
low-frequency impedance modulus with the modulus at initial immersion. The decrease rate of
relative low-frequency impedance modulus is substantial at the early stage of immersion followed
by a relatively slower decrease. The decrease is more pronounced for flowing DI water than
stationary immersion. Moreover, higher flow rates of the DI water further accelerates the
decrease of the low-frequency impedance modulus. The high decrease rate reveals the flowing
fluid enhances the water permeation into the coating metal interface, thus the process of organic
coating degradation is accelerated by the flowing fluids. Similar behavior of the barrier properties
(reflected via low-frequency impedance modulus) of the coatings was reported by Wang and

Bierwagen [31] for coating samples immersed in NaCl solution with a variety of flow rates.
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Fig. 3. Relative impedance modulus as a function of immersion time for coated samples

immersed in DI water with flow rates Q=0 (stationary), 3.683, and 5.233 cm’/s.
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In order to compare the influence of different working fluids, the relative low-frequency
impedance modulus of coatings immersed in DI water is compared with that in a 3.5 wt% NaCl
solution. Comparison results are presented in Fig. 4 (a, b, c¢) for three different flow rates. For all
cases, coatings immersed in NaCl solution show more abrupt decrease in its impedance modulus
at initial immersion (up to 5-7 days) while the long-term decrease is more substantial for coatings
immersed in DI water. We observe that for a 30-day immersion period the decrease in the barrier

property of coatings is more substantially accelerated by flowing DI water than the NaCl solution.
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Fig. 4. Relative impedance modulus as a function of immersion time
for coated samples immersed in 3.5 wt% NaCl solution and DI water

for flow rates Q=0 (stationary), 3.683, and 5.233 cm’/s.

3.2 Equivalent Circuit Modeling

An equivalent circuit model as shown in Fig. 5 has been employed to analyze the physical
behavior of coatings as they are degrading. In this study, software Zview is employed to fit model
elements (i.e. solution resistance R, charge transfer resistance R and constant phase element
CPE) with the EIS spectra. A constant phase element (CPE) is used in the circuit to take into
consideration the non-ideal capacitance behavior of the coating. Mathematically, a CPE
impedance (Zcpg) is given by [15],

Zepe=(j ©)P/T
where o is the angular frequency, T and p are constants and we refer to them as CPE-T and CPE-
P respectively for the rest of this work. CPE-T stands for the coating capacitance and CPE-P is
the exponent of the constant phase element. Generally, 0<CPE-P<1; when CPE-P=1 and CPE-
T=C, the CPE behaves like an ideal capacitor with capacitance C; and when CPE-P=0, a

resistance is represented. In this model, CPE element is in parallel with the charge transfer
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resistance (Ry). The solution resistance (R;) is also included since different working fluids are
employed.

Fig. 6 shows the relative values of the phase elements CPE-T and CPE-P as well as the charge
transfer resistance R, as a function of immersion time under flowing and stationary DI water
immersion. The relative values are obtained by normalizing the element values with those at the
initial immersion. The values for impedance modulus |Z|, CPE-T, CPE-P and R, at initial
immersion are listed in Table 1. In coating study, it is impossible to perform different acceleration
tests on the same sample. Hence, in sample preparations we try to spray the coating substrate in
exactly the same approach at the same time to ensure those samples to have approximately very
similar properties. In this work, we have chosen to analyze a group of samples with the closest
initial conditions. Thus, the initial values for individual parameters in different immersion tests
are at the same order of magnitude with slight deviations from each other (as shown in Table 1).
We observe an exponential increase of the coating capacitance (CPE-T) for the larger flow rate;
while for the stationary and lower flow rate immersion CPE-T increases slowly and gradually
approaches to a plateau. The constant phase element exponent (CPE-P) decreases during the
immersion, more with the decrease larger for larger flow rates. The decrease in CPE-P implies the
organic coating has no longer exhibited as an ideal capacitor after 30 days of flowing immersion
[15, 28]. For example, the absolute value of CPE-P drops from 0.9238 to 0.3838 for coatings
immersed in the flowing DI water with flow rate of Q=5.233 cm’/s. The charge transfer resistance
(Ret) shows a rapid decrease initially and then maintains relatively constant during the immersion
period for all cases. A larger flow rate causes a more substantial decrease for R.

Rs CI:E

VAN >
Rct

Fig. 5. Equivalent circuit model used for the impedance analysis of coated samples

immersed in 3.5 wt% NaCl solution and DI water.
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The increase of coating capacitance and decrease of resistance during immersion implies
coating degradation occurs. An ideal capacitance behavior is obtained for excellent coatings [3].
When substrate is exposed to an aggressive environment, development of a resistive behavior is
employed to indicate that degradation has occurred [3]. The capacitance evolution is usually
related to the penetration of water, oxygen and ions into the coating, and generally, its value is
expected to increase with the immersion time. Water permeation results in the increase of the
relative permittivity of the entire coating system and attenuation of the barrier property of organic
coatings. The behavior of the equivalent circuit elements in Fig. 6 shows that the coatings
immersed in DI water flowing with a higher flow rate tends to experience more severe
penetration of water, fluid shear abrasion and attenuation of coatings barrier properties. The
results are qualitatively in agreement with the findings by Wang and Bierwagen [31] although a

different working fluid was employed.
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Fig. 6. Equivalent circuit model elements as a function of immersion time for coated samples

immersed in DI water for flow rates Q=0 (stationary), 3.683, and 5.233 cm’/s.

Results for the equivalent circuit modeling are compared with those from 3.5 wt% NacCl, the
original EIS data of which is taken from Ref. [31]. The same model has been employed to
analyze the data for the 3.5 wt% NaCl solution. Note that the solution resistance is 10 ~ 20 Q and
about 10* Q for samples in the 3.5 wt% NaCl solution and the DI water, respectively. The
resistance of the solution itself is also measured by three-electrode cell of the EIS test. The actual

values for simulations of different samples may be slightly adjusted by the Zview software in
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order to obtain a better fitting. Comparisons are shown in Fig.7 - 9 for different model elements at
three flow rates.

As shown in Fig. 7, the coating capacitance (reflected as CPE-T) of coatings immersed in DI
water shows greater increase over the entire immersion time than that in the NaCl solution for all
flow rates (Q=0, 3.863, 5.233 cm’/s). Since the relative permittivity of water (80.4 at 20°C) is
much higher than that of organic coatings (usually between 2 and 8), the water uptake causes an
increase of the relative permittivity of the entire coating system so as to increase of the coating
capacitance. Meanwhile we know (as a reference) that the relative permittivity of the 3.5 wt%
NaCl solution is about 74.0 at 20°C [43], which is slightly lower than that of the DI water. The
existence of chloride ion in coating layers may lower the relative permittivity of the percolating
fluid in the coating [43]. This may explain in part the fact that the coating capacitance shows
higher values in DI water. We believe NaCl solution may exist in the coating layers due to the
percolation of water and the diffusion of ions into the coating [7, 9, 44-46], although the
concentration may not be exactly 3.5 wt%. The energy dispersive X-ray (EDX) and X-ray
photoelectron spectroscopy (XPS) test have been used to confirm the presence of chloride
element on the interface of the coating and substrate due to the diffusion of CI” from the solution
[7, 44].

The advantage of using relative values such as Fig. 7 is that it demonstrates well the changes
taking place in CPE-T over time and discounts the influence of the absolute values for different
coating samples in different working fluids. Hence, we are able to conclude that the increase of
coating capacitance is more pronounced in flowing conditions. We also notice that the difference
in the evolution of relative CPE-T between the two working fluids is more prominent for higher
flow rates. The barrier properties of the organic coatings are reduced earlier and rather severe by
the flowing DI water immersion.

Fig. 8 shows the transient behavior of the relative values of CPE-P for coatings immersed in DI
water as well as those in the NaCl solution. The decrease in CPE-P is more substantial for

15
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coatings in DI water immersion, especially for higher flow rates. A similar behavior is also
observed for the charge transfer resistance R, as shown in Fig. 9. DI water incurs a more
substantial decrease in R.; greater difference in R, between the DI water and 3.5 wt% NaCl

occurs for higher flow rates.

Table 1. Initial values of parameters for coating samples

immersed in DI water

Parameters Stationary Q=3.683 cm’/s Q=5.233 cm’/s
1Z| (Q cm?) 1.56x10'" 3.80x10" 8.44x10"
CPE-T (F) 2.86x107 3.14x10” 5.73%x107
CPE-P 0.9458 0.9128 0.9238
Ry (Q) 1.09x10° 1.86x10° 5.46x10°
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The behavior of physical elements (CPE-T, CPE-P, and R) in the equivalent circuit model
shows that DI water deteriorates the barrier properties of organic coatings more aggressively than
3.5 wt% NaCl solution. This would imply that the DI water is interacting spontaneously with
coating components. The fact that the flowing DI water accelerates more aggressively the coating

degradation may be explained by the large difference between the concentration of water soluble

20



Q. Zhou, Y. Wang & G. P. Bierwagen, Corrosion Science 55, 97-106 (2011)

substances released from the coating located in coating layers and that in the refreshing DI water
over the coating surface. One of the evidence for the afore-mentioned large concentration

difference may lie in the blistering of the coatings as discussed in section 3.3.

3.3 Topography Characterization

The change of the thickness of the organic coatings immersed in DI water is shown in Fig. 10.
The coating thickness increases significantly after immersion in the flowing DI water, while it
maintains almost the same in stationary immersion. This is because blisters (which can be seen by
naked eyes) are generated on the coating surface after the immersion in flowing DI water.
However, there is no obvious blistering on the coating surface after stationary immersion. On the
contrary, the thickness of the organic coatings is found to decrease after immersion in the flowing
3.5 wt% NaCl solution (results not shown), and no major blistering has been observed for all flow
conditions. The thickness is believed to be reduced by the abrasion of flowing NaCl solution. And
the existence of blistering may explain the difference in thickness evolution between samples
immersed in DI water and the NaCl solution.

The gloss of the coating surface is evaluated to quantify the roughness on the coating surface
before and after immersion in DI water. Gloss reflects the smoothness of the surface. A mirror-
like surface has a high gloss value, while a rough surface shows a lower one. The values obtained
from the glossmeter indicate the percentage of the light reflection on the coating surface with
respect to that on a black glass standard at three different grazing angles: 20°, 60° and 85°. The
gloss measurements of the coatings are listed in Table 2. For all grazing angles, the gloss values

are reduced after the immersion which implies that the surface becomes rougher due to blistering.
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Fig. 10. Thickness of coated samples

immersed in DI water for flow rates Q=0 (stationary), 3.683, and 5.233 cm’/s.

Table 2. Gloss measurements for coated samples

immersed in DI water for flow rates Q=0 (stationary), 3.683, and 5.233 cm’/s

Immersion Before Immersion After Immersion
Condition 20° 60° 85° 20° 60° 85°
Stationary 119+1.7 43.0+2.8 459+29 9.7+1.0 37612 42.0+2.6

Q=3.683 cm’/s 193+47 459+84 29.1+7.5 54+35 185+93 13.2+7.1

Q=5.233 cm’/s 185+53 573+49 554+4.5 83+0.9 304+08 357+3.8

The optical microscopy images of the coating surface are presented in Fig. 11 for the coating
before and after immersion in DI water. The surface is smooth before immersion. Under
stationary immersion, DI water contributes little to modify the coating surface. However, after the
immersion in flowing DI water, spherical protuberances appear on the coating surface. These
protuberances could be the blisters connecting with each other. These images can verify the gloss
measurement results that flowing condition contributes more to increase the surface roughness
due to blistering. The blistering also results in the increasing coating thickness as well as the

decreasing gloss.
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100 pm
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(a) Before degradation

100 pm
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(b) After degradation under DI water stationary immersion
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Fig. 11. Optical microscopy images of the coating surface before and after immersion.

Blistering is a common phenomenon in coating degradation representing the initial physical
change due to alternating environments [47]. The formation of blistering is usually the first
visible indication of insufficient protection by organic coating against corrosion [48]. Blistering
may be caused by the permeation of water to coating metal interface due to osmotic pressure [9].

Our study shows that the flowing fluid over the coating surface promotes blistering to a more
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severe level. We believe that soluble species (e.g. polar plasticizers and/or the non-cured polymer
chain) may be diffusing out of the coating as water and ions percolate into the coating since mass
loss of the coating and conductivity changes of the solution during the coating immersion has
been reported in literature [46, 49]. Blistering promoted by flowing fluid may be explained by the
fact that flowing DI water helps to maintain a large concentration difference of soluble species
released from coatings between the coating layers and the bulk solution by constantly refreshing
the fluid on the coating surface. Hence the osmotic pressure is maintained throughout the
immersion which promotes the generation of blisters. On the contrary, for coatings in the
stationary immersion, the ion concentration difference decreases due to the diffusion so that the
osmotic effect diminishes as equilibrium is achieved. However, other factors may also influence
the blistering of coatings in flowing DI water, such as the fluid shear exerted on the coating
surface. Additional explanations may also be possible for the significant difference in the
blistering behavior of coatings when immersed in flowing and stationary DI water. A more in-

depth investigation will be carried out on this subject in the near future.

4. Conclusions

This study evaluates via EIS the electrochemical behavior of organic coating immersed in DI
water with flow rate of Q=0, 3.683, and 5.233 cm’/s. Experimental results as well as equivalent
circuit modeling results for coatings in DI water with all three flow rates are compared with those
for 3.5 wt% NaCl solution.

The impedance spectra of coatings decreases with the immersion time and the decrease is more
substantial for flowing fluid at higher flow rate disregard of the fluid type. Equivalent circuit
modeling of the EIS data shows higher capacitance and lower resistance under flowing
immersion. The topography of the coating surface changes more substantially for higher flow rate.
Thus flowing fluid brings much greater destruction to the coatings than the corresponding

stationary condition. And this destruction is more aggressive under higher flow rate.
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The decay of relative impedance modulus is larger for the organic coatings immersed in DI
water, which demonstrates that this organic coating is more sensitive to the penetration of DI
water than the 3.5 wt% NaCl solution. We also observe by comparing the values of physical
elements in the equivalent circuit model that DI water deteriorates the barrier properties of
organic coatings more aggressively. The differences in physical elements between the usages of
these two working fluids are more substantial for higher flow rates. We conclude that the flowing

fluid, especially DI water, over coating surface could be used as an effective acceleration method.
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