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In this paper, the effect of water resistance, crosslinking degree, pigments addition, and immersion
time on corrosion behavior of the waterborne epoxy ester coatings with different composition in 3.5
wt.% NaCl solution have been studied by electrochemical impedance spectroscopy (EIS). Results
show that the coating of higher water resistance and crosslinking degree has higher corrosion
resistance. However, much higher crosslinking degree may lead to decreased water resistance of the
coating, and it is necessary to minimize the content of hydrophilic groups in the waterborne coating
while ensuring a qualified crosslinking degree for improving its corrosion resistance. The waterborne
epoxy ester varnish coating without pigments addition degrades quickly in NaCl solution compared
with the coating with pigments addition of ZnMoOs and Zn3(POas)2. For the corrosion evolution of
waterborne epoxy ester coating in NaCl solution, it has better shielding effect at 6 h immersion. At 72
h immersion, it still has corrosion protection effect to steel substrate; the NaCl electrolyte has
penetrated into the coating but has not reached the coating/substrate interface. At 120 h immersion
time, NaCl electrolyte has reached the coating/steel interface, and the steel corrosion has occurred. At
240 h immersion time, serious corrosion attack has occurred on the steel substrate, and the waterborne
epoxy ester coating has lost its shielding effect and corrosion protection effect to the underlying steel
substrate.

Keywords: Waterborne coating; Epoxy ester coating; Corrosion behavior; NaCl solution; Shielding
effect

1. INTRODUCTION

Increasing environmental pressures are forcing the coating industry to minimize the release of
volatile organic compounds (VOC) [1]. Many countries in the world have issued regulations to control
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the pollution of VOC emission, heavy metals and other pollutants in the paint, and this has boosted the
development of environmental-friendly coatings [2-6]. Waterborne coating, as the most important
environmental-friendly coating, can reduce the release of VOC [3], and it will absolutely be the main
field for development in the future. It has the advantages of energy saving and environmental
protection, and has become one of the development directions of coatings industry [4]. However, the
application of waterborne coating is still limited due to the relatively poor performance compared with
solvent-based coating [5]. Therefore, the research and development related to waterborne coating are
bound to attract more and more attention in the future research.

Epoxy resin is a kind of thermoset crystalline polymers, of which molecular structure contains
mesogenic unit and epoxy group [6-8]. After being cured, a highly-ordered and deeply-crossed polyer
networks structure can be obtained [7]. Therefore, in practice, epoxy resin is gaining more and more
applications as binder resin for organic coatings due to its excellent protective properties against
corrosion [8]. However, the low adhesion between the epoxy coatings and the underlying metallic
substrate and defects in the coating itself has limited the use of epoxy coatings in many areas, such as
in marine environments including atmospheric condition and immersion condition. When the interface
force between coating and substrate is lower than the surrounding stress, the blister and detachment of
the coating will occur, leading to the subsequent corrosion of metallic substrate [9]. Moreover, the
incompatibility between coatings and pigments will bring in so many defects that the coatings cannot
be compact enough to protect the metallic substrates from the corrosion electrolyte penetration.

The interfacial bonding between waterborne epoxy resin coating and metallic substrates is
primarily physical adsorption, which has a low interaction force and this is detrimental for the long
term corrosion protection effect of the waterborne coating to the underlying metallic substrate [10]. In
this investigation, waterborne epoxy ester resin has been obtained by reaction between ring-opening on
epoxy resin and carboxylic acid, and the presence of a large amount of polar bonds such as ether bonds
and hydroxyl makes the epoxy ester coating have better adhesion to the steel substrate [11]. Although
the lost of epoxy group can lower shielding effect of the coating, the crosslinking between the epoxy
ester binder resin and blocked isocyanate can contribute to 3D network structure of the coating and its
improved corrosion resistance [12]. To the best of our knowledge, the effects of water resistance,
crosslinking degree, pigments addition, and immersion time on the corrosion behavior of waterborne
epoxy ester coatings have not been systematically investigated. Therefore, waterborne epoxy ester
coatings with different composition have been prepared, and this paper aims to study the effect of
water resistance, crosslinking degree, pigments addition, and immersion time on the corrosion
behavior of waterborne epoxy ester coatings in 3.5 wt.% NaCl solution. It is believed that this
investigation and the findings will be of great theoretical and practical importance for the development
of waterborne coating and the understanding of its corrosion behavior in NaCl solution.

2. EXPERIMENTAL

2.1 Materials

Epoxy resin has different types in structures and bisphenol A epoxy resin has been used in this
investigation, with its typical structure shown in Eq. (1) [13].
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For the selected waterborne epoxy ester resin, it is obtained by reaction between ring-opening
on epoxy and carboxylic acid, and the presence of a large amount of polar bonds such as ether bonds
and hydroxyl makes the coating have better adhesion to the underlying steel substrate. Water-
dispersible acrylate-modified saturated polyester and epoxy resin were selected as binder resins.
Commercialized waterborne blocked isocyanate and waterborne amino resin were selected as
crosslinking resins. ZnMoO4 and Zn3(PO4). were used as pigments.

In this investigation, Q235 low carbon steel sheets of size 100 mm x 100 mm x 2 mm were
used for coatings preparation and the steel composition was listed in Table 1.

Table 1. Chemical compositions of the Q235 carbon steel sheets (in wt.%)

Element C Si Mn S P Cu Fe
Content 0.160 0.210 0.580 0.025 0.017 0.024 Bal.

2.2 Coatings preparation and property characterization

Firstly, selected waterborne epoxy ester resin, pigments and deionized water were
proportionally added to a small grinder, and were grinded to slurry with fineness less than 40 um and
good dispersion. Then, crosslinking agent and deionized water were added to the slurry, followed by
stirring at high speed for 2 h, filtration, and packaging for use.

The carbon steel sheets were pre-treated by ultrasonic degreasing, rinsing, activation, and
drying. The wet coating film on steel surface was obtained by scraper roller, and then baked in oven
with temperature of 225 °C for 40 — 45 s. The obtained waterborne coating samples were kept in a
chamber with constant temperature and humidity for test and characterization, and the obtained coating
thickness was about 6 — 7 um. The description of designed waterborne epoxy ester coatings is shown
in Table 2. Quanta 2000 scanning electron microscope (SEM) was employed to study the obtained
waterborne coating surface morphology.

Salt spray test (3.5 wt.% NaCl solution), immersion test (5.0 wt.% NaCl solution), and methyl
ethyl ketone (MEK) scrubbing test were employed to evaluate the corrosion resistance of obtained
coating. The water resistance of waterborne coating was evaluated according to standard GB/T 1733-
93 “Determination of Resistance to Water of Films”. The salt solution resistance of waterborne coating
was evaluated according to standard GB 1763-79 “Determination of Resistance to Chemical Agent of
Film”. The crosslinking degree of waterborne coating was determined by solvent extraction method
with xylene as solvent. The water absorption of waterborne coating was determined according to
standard HGT 3344-2012 “Determination of water absorption of paint film”. The wet adhesion of
waterborne coating was determined according to the method in Reference [14].
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Table 2. Overall description of the designed coatings used for investigation

Coating Description
No. 1 Epoxy ester coating of higher wet adhesion and lower water
absorption

Crosslinking resin: amino resin and blocked isocyanate
Pigment: 30 wt.% ZnMoOs and 15 wt.% Zn3(POa4)2
No. 2 Epoxy ester coating of lower wet adhesion and higher water
absorption
Crosslinking resin: amino resin
Pigment: 30 wt.% ZnMoOs and 15 wt.% Zn3(PO4)2
No. 3 Epoxy ester coating of higher crosslinking degree by controlling
curing process
Crosslinking resin: amino resin
Pigment: 30 wt.% ZnMoOs and 15 wt.% Zn3(PO4)2
No. 4 Epoxy ester coating of lower crosslinking degree by controlling
curing process
Crosslinking resin: amino resin
Pigment: 30 wt.% ZnMoOs and 15 wt.% Zn3(PO4)2
No. 5 Epoxy ester varnish coating without pigments addition

2.3 Electrochemical impedance spectroscopy (EIS)

EIS measurements of the waterborne epoxy ester coatings carried out employing the classic
three-electrode system by EG&G PARSTAT 2273 electrochemical workstation. A platinum plate with 4
cm? area and saturated calomel electrode (SCE) were selected as the counter electrode and the
reference electrode, respectively. Waterborne coating with test area of 10 cm? was used as working
electrode. The frequency range for EIS measurement was from 100 kHz to 10 mHz with a 5 mV
amplitude signal at open circuit potential, and the measured EIS data were fitted using the commercial
software “Zsimpwin”. Before measurement, each sample was immersed in the test electrolyte for 1200
s to reach a steady state, and all the EIS were carried out in 3.5 wt.% NaCl solution at 25 + 1 °C.

3. RESULTS AND DISCUSSION

3.1 Brief overview on protection mechanism of organic coating

As one of the most widely used protection measures, organic coatings has always been
increasing gained attention worldwide and the corrosion protection mechanism mainly lies in its
shielding effect and electrochemical protection effect to the underlying metallic substrates [15].

As to the shielding effect, organic coating itself can prevent the contact of corrosion electrolyte
to the underlying metallic substrate, and this effect requires the coating possessing properties of lower
water permeability, lower oxygen permeability, lower ions permeability, and good ability in moisture
resistance and adhesion [16]. Although no organic coating can effectively inhibit the penetration of
water and oxygen to the metallic substrates, the shielding effect provided by the coating is mainly due
to its lower ions permeability and good adhesion ability to moisture attack [17]. In fact, the coating
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adhesion to underlying substrate in wet condition has no close relation with that in dry condition, but
has close relation with its capacity in water absorption [8]. The water arrived at the coating/substrate
interface can destroy the interactions between coating and substrate, leading to destruction in the
adhesion [18]. Studies have shown that the decisive factor for organic coating corrosion is not the
permeability of the coating, but the adhesion to substrate in presence of corrosion electrolyte [17-20].
As to the sequence of corrosion occurrence on substrate surface and adhesion disappearance of organic
coating, EIS study by Westing [21] shows that the substrate corrosion occurs after the coating adhesion
disappearance. Therefore, when the wet adhesion disappears, the coating loses its shielding effect [22],
and subsequently the underlying substrate corrosion occurs.

As to the electrochemical protection mechanism, the pigments in the organic coating can affect
the corrosion process so as to achieve protection effect of the coating and underlying substrate [23].
Usually, the pigments can have both the shielding effect and the electrochemical protection effect [24].
Pigments of lamellar structure can complicate the diffusion penetration path of corrosion electrolyte
and can lower the permeability of organic coating [25]. In practice, most of the used pigments have
certain solubility in water and their penetration to coating/substrate interface can offer electrochemical
protection to the substrate for a long time [26]. In addition, the formed pigment corrosion compounds
with higher volume can block or fill up the pores in organic coating, inhibiting further corrosion attack
of electrolyte to substrate [25]. On the other hand, galvanic effect by pigments or their corrosion
compounds can attract more corrosion ions accumulation at the substrate surface and can increase the
electrolyte osmotic pressure [27-28], both of which increases the detachment tendency of the organic
coating to the underlying substrate. In addition to the cathodic protection effect by pigments, some
pigments of anti-rusting chemicals usually have corrosion inhibition effect and passivation effect [29].

3.2 Effect of water resistance on corrosion behavior of waterborne coating

As discussed above, water penetration in the coating is not the deciding factor for underlying
substrate corrosion, but the wet adhesion determines the protection effect of organic coating [30]. In
fact, the wet adhesion of waterborne organic coating is closely related to its water resistance.
Therefore, Coating No. 1 and Coating No. 2 of different water resistance have been prepared to study
the effect of water resistance on the waterborne coating corrosion behavior in 3.5 wt.% NaCl solution.
The general coating properties of the two coatings are listed in Table 3.

Table 3. Characteristic of the designed environmental-friendly coatings of different water resistance

Coating Wet Water Crosslinking ~ Anti-MEK  Immersion
adhesion  absorption  degree (%)  wiping test test (h)*
(h) (%) (time)
No. 1 102 7 81 120 -130 140
No. 2 84 15 80 120 - 130 100

* Corrosion and/or blistering occurs after immersion in 5.0 wt.% NaCl solution
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Figure 1 shows the Nyquist diagrams for Coating No. 1 and Coating No. 2 in 3.5 wt.% NaCl
solution at immersion time of 6 h and 96 h. Fig. 1(a) and Fig. 1(a') show that both Coating No. 1 and
Coating No. 2 have similar Nyquist diagram features with a single capacitive loop at 6 h immersion
time, indicating their similar corrosion protection effects to the underlying steel sheet at this time.
However, as the immersion time proceeds to 96 h, the Nyquist diagrams in Fig. 1(b) and Fig. 1(b")
have obviously different features, indicating the different corrosion protection effects of the two
coatings to steel substrate at this time. For Coating No. 1, Nyquist diagrams in Fig. 1(a) and Fig. 1(b)
show that only one time constant has been observed during the whole immersion time of 96 h,
indicating no corrosion occurring on the underlying steel substrate during the whole immersion time of
96 h. Nevertheless, for Coating No. 2, a new time constant has been observed at lower frequency range
in Fig. 1(b"), indicating the corrosion occurring on the underlying steel substrate at 96 h immersion
time [31]. Therefore, Nyquist diagrams evolution of the two coatings has also indicated that the water
resistance has obvious effect in corrosion behavior and resistance of the waterborne coating in 3.5
wt.% NaCl solution.
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Figure 1. Nyquist diagrams for Coating No. 1 (a) and (b), and Coating No. 2 (a") and (b") in 3.5 wt.%
NaCl solution as a function of immersion time

Equivalent circuits have been used to fit the EIS data to further understand the effect of water
resistance on the waterborne coating corrosion behavior in 3.5 wt.% NaCl solution. Usually, organic
coating is usually considered as an insulating layer, and it can achieve the protection purpose to
underlying substrate by preventing or retarding the penetration of corrosion electrolyte to
coating/substrate interface [32]. Although water can always penetrate into the coating via the swelling
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of coating itself and the micro-pores left on the coating surface due to solvents volatilization, the
coating can also act as an insulation layer to isolate the connection between water and substrate metal,
as long as the water does not reach the coating/substrate interface [33]. For Nyquist diagrams in Fig.
1(a), Fig. 1(b) and Fig. 1(a’), only one single capacitive loop has been observed during the whole
frequency ranges, indicating that only one time constant exists and NaCl solution has not penetrated to
the coating/substrate interface [34]. Under this condition, the equivalent circuit for EIS data fitting
given at the upper-right corner of Fig. 1(a), Fig. 1(b) and Fig. 1(a) can be expressed by Eq. (2):

7 = R,

1
+—— (2)

R_c + jwC,

where Rs is solution resistance; Cc is coating capacitance, and R is coating resistance.

When the penetration of NaCl solution into the coating reaches a saturation state, the
capacitance Cc will not show an obvious increasing trend as the immersion time further proceeds [35],
due to the less obvious change in dielectric constant of the coating caused by electrolyte penetration.
However, as NaCl solution penetrates through the coating and arrives at coating/substrate interface, as
well the formation of corrosion cells at the interface, the measured EIS spectra will exhibit features of
two time constants as shown in Fig. 1(b") [36]. At this time, NaCl solution at the interface can both
cause the steel corrosion and destroy the coating adhesion to steel substrate, leading to the detachment
and blisters formation on coating surface; nevertheless, there is still no presence of obvious visible
macro-pores on the coating surface at this time. Under this condition, the corresponding equivalent
circuit for EIS data fitting given at the upper-right corner of Fig. 1(b’) can be expressed by Eq. (3):

Z = R,
+

1
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where Rs is solution resistance; Cc is coating capacitance; Rc is coating resistance; Cq is double
layer capacitance, and Ry is substrate dissolution resistance.

Usually, the variation of C. and R. can reflect the changes in penetration of NaCl solution into
the waterborne coating [37]. The fitted C. and R. of the two coatings at immersion time of 6 h and 96 h
are shown in Figure 2. The standard deviations x? were in the order of 107>, and the relative error for
each parameter was less than 10 %. Clearly, with the penetration of NaCl solution into the two
coatings, Cc increases and R¢ decreases as the immersion time proceeds during the 96 h immersion
time. Fig. 2(a) shows that Coating No. 1 has a higher R¢ than Coating No. 2 at 6 h immersion, but the
difference is small, indicating the ideal shielding effect of the two coatings to the underlying steel
substrate at this time. At 96 h immersion time, although R of the two coatings decreases obviously, the
decreasing rate of Coating No. 2 is greater than that of Coating No. 1, indicating a much more serious
corrosion damage for Coating No. 2 during the immersion period from 6 h to 96 h. For C. evolution in
Fig. 2(b), it has an inverse proportion relationship with Rc evolution in Fig. 2(a). In addition, C. for
Coating No. 1 increases a little, but it increases greatly for Coating No. 2, also indicating much more
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serious corrosion damage for Coating No. 2 during the immersion period from 6 h to 96 h. Moreover,
the obviously increased C. for Coating No. 2 also indicates that NaCl solution has penetrated through
the coating and arrives at the coating/steel interface, and the non-obvious change in C. for Coating No.
1 indicates that NaCl solution has not penetrated through the coating.
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Figure 2. Fitted Rc (a) and C. (b) evolution of Coating No. 1 and Coating No. 2 at immersion time of 6
hand 96 h

96

Immersion time (h) Immersion time (h)

Based on Nyquist diagrams analysis and equivalent circuit fitting of EIS data for Coating No. 1
and Coating No. 2, it can be concluded that Coating No. 1 has a better corrosion resistance than
Coating No. 2. This is in accordance with the immersion test result in Table 3. Besides, Table 3 also
shows that the two waterborne coatings have almost the same crosslinking degree and MEK wiping
test resistance, indicating almost the same molecular free-volume holes in the two coatings, i.e. the
same penetration paths for water in the two coatings. Meanwhile, the as-obtained surface morphology
observation in Figure 3 shows that both of the two coatings have a compact surface without defects of
pin-like holes and cracks. This indicates that the water resistance of the two coatings is responsible for
their difference in corrosion behavior and resistance during the whole immersion time. Therefore,
waterborne organic coating of higher water resistance can contribute to its better corrosion resistance.

Figure 3. SEM observations of the as-obtained two waterborne coatings. (a) Coating No. 1; (b)
Coating No. 2
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Although Coating No. 1 has almost the same free-volume holes and surface porosity with
Coating No. 2, the presence of a large number of hydrophilic ester bonds, carboxyl groups and ether
bonds in Coating No. 2 may be responsible for its lower corrosion resistance. These hydrophilic bonds
can unite with water to enhance the penetration of NaCl solution, leading to increased average pore
size in the swollen coating [38]. When the coating loses its adhesion to underlying substrate, the
corrosion of steel occurs. Although there also are ester bonds, carboxyl groups and ether bonds in
Coating No. 1, the formation of urethane bonds by blocked isocyanate crosslinking resin makes the
coating have better hydrolysis resistance [9]. Moreover, the waterborne isocyanate itself can act as
inner crosslinking agent and can provide many crosslinking points for the coating curing at baking
condition. Besides, mutual crosslinking and penetration of amino resin and isocyanate can lower the
activity of hydrophilic groups in the binder resin of Coating No. 1 [39-40]. The wet adhesion of
Coating No. 1 is 102 h and the water absorption is 7 % as shown in Table 3, and no corrosion has been
observed on the underlying steel after immersion for 96 h. This fact indicates that the corrosion of
underlying steel occurs after the adhesion lost of the waterborne coating. Therefore, the wet adhesion
of waterborne coating is critical for its shielding effect and protection effect to the underlying steel
substrate, and it is an important index in evaluating the corrosion resistance of waterborne coating. For
the preparation of waterborne coating, it is very necessary to lower the amount of hydrophilic groups
to improve water resistance of the coating.

3.3 Effect of crosslinking degree on corrosion behavior of waterborne coating

To investigate the effect of crosslinking degree on corrosion behavior of waterborne organic
coating in 3.5 wt.% NaCl solution, Coating No. 3 and Coating No. 4 of different crosslinking degrees
have been prepared by controlling the curing conditions, and the general coating properties are listed in
Table 4. Clearly, Coating No. 3 has almost the same water absorption level with Coating No. 4,
indicating the similar level in hydrophilic group content in the two waterborne coatings. However,
Coating No. 3 of higher crosslinking degree has salt spray test resistance up to 430 h, and it is 400 h
for Coating No. 4 of lower crosslinking degree, indicating the better corrosion resistance brought by
higher crosslinking degree of Coating No. 3 than Coating No. 4 in 3.5 wt.% NaCl solution. As
discussed above, the shielding effect and hydrophobic effect of organic coating to water and other
corrosion electrolytes is critical to corrosion resistance of the coating. Although no organic coating can
effectively inhibit the penetration of water and O, the variations in coating porosity (intermolecular
free-volume holes and physical ones) always make the coating have great difference in its corrosion
resistance and penetration resistance to corrosion electrolyte [41]. Moreover, the large difference in
crosslinking degree between Coating No. 3 and Coating No. 4 indicates the difference in space
between molecules of the two coatings. Coating No. 3 has lower free-volume holes, and thus the
possibility of water and electrolytes penetration is lower and the penetration path for electrolytes is
longer and complicated [42]. Therefore, Coating No. 3 of higher crosslinking degree has better
shielding effect and corrosion resistance than Coating No. 4 in 3.5 wt.% NaCl solution, as also
indicated by the salt spray test in Table 4.
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Table 4. Characteristic of the designed environmental-friendly coatings of different crosslinking
degree

Coating  Wet adhesion Water absorption Crosslinking degree Salt spray test

(h) (%) (%) (h)*
No. 3 104 7 83 430
No. 4 88 8 63 400

* Corrosion and/or blister area width <2 mm

Figure 4 shows Nyquist diagrams for Coating No. 3 and Coating No. 4 in 3.5 wt.% NaCl
solution at immersion time of 6 h and 96 h. Fig. 4(a) and Fig. 4(a") show that Coating No. 3 and
Coating No. 4 have similar Nyquist diagram features with a single capacitive loop at 6 h immersion
time, indicating their similar corrosion behavior at this time. However, as the immersion time proceeds
to 96 h, Nyquist diagrams in Fig. 4(b) and Fig. 4(b") have obviously different features, indicating the
different corrosion behavior at this time. For Coating No. 3, Nyquist diagrams in Fig. 4(a) and Fig.
4(b) show that only one time constant has been observed during the whole immersion time of 96 h,
indicating no corrosion occurring on the underlying steel substrate during the whole immersion time of
96 h. Nevertheless, for Coating No. 4, a new time constant has been observed at lower frequency range
in Fig. 4(b"), indicating the corrosion occurrence on the steel substrate at 96 h immersion time [37].
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Figure 4. Nyquist diagrams for Coating No. 3 (a) and (b), and Coating No. 4 (a") and (b") in 3.5 wt.%
NaCl solution as a function of immersion time
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Equivalent circuits have also been used to fit the EIS data to further understand the effect of
crosslinking degree on the waterborne coating corrosion behavior in 3.5 wt.% NaCl solution. For
Nyquist diagrams in Fig. 4(a), Fig. 4(b) and Fig. 4(a’), only one single capacitive loop has been
observed during the whole frequency ranges, indicating that only one time constant exists and NaCl
solution has not penetrated to the coating/substrate interface [37]. Under this condition, the
corresponding equivalent circuit for EIS data fitting given at the upper-right corner of Fig. 4(a), Fig.
4(b) and Fig. 4(a") can also be expressed by Eq. (1). For Nyquist diagram in Fig. 4(b"), the
corresponding equivalent circuit for EIS fitting data given at the upper-right corner of Fig. 4(b) can be
expressed by Eq. (2). The fitted C. and Rc of Coating No. 3 and Coating No. 4 after 6 h and 96 h
immersion are shown in Figure 5. The standard deviations x> were in the order of 10°, and the relative
error for each parameter was less than 10 %. Clearly, C. increases and R decrease of both Coating No.
3 and Coating No. 4 as the immersion time proceeds during the 96 h immersion time. Fig. 5(a) shows
that Coating No. 3 of higher crosslinking degree has a higher R. than Coating No. 4 at 6 h immersion,
indicating the better corrosion resistance of Coating No. 3 than Coating No. 4, and this is in
accordance with the salt spray test in Table 4. Besides, both Coating No. 3 and Coating No. 4 have a
much higher R at 6 h immersion, indicating the ideal shielding effect of the two waterborne coatings
to the underlying steel substrate at this time. At 96 h immersion, although R¢ of the two coatings
decreases obviously, the decreasing rate of Coating No. 4 is higher than that of Coating No. 3,
indicating a much more serious corrosion damage for Coating No. 4 during the immersion period from
6 h to 96 h. For C. evolution in Fig. 5(b), it has an inverse proportion relationship with Rc in Fig. 5(a).
In addition, C. for Coating No. 3 increases a little, but it increases greatly for Coating No. 4, also
indicating the more serious corrosion damage for Coating No. 4 during the immersion period from 6 h
to 96 h. Moreover, the obviously increased C¢ for Coating No. 4 also indicates that NaCl solution has
penetrated through the coating and arrives at the coating/steel interface, and the non-obvious change in
C. for Coating No. 3 indicates that NaCl solution has not penetrated through the coating. Therefore,
EIS measurements show that waterborne organic coating of higher crosslinking degree can contribute
to its better corrosion resistance in 3.5 wt.% NaCl solution.
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Figure 5. Fitted Rc (a) and C. (b) evolution of Coating No. 3 and Coating No. 4 at immersion time of 6
hand 96 h
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To sum up, water resistance and crosslinking degree are factors closely related to the shielding
effect and corrosion protection effect of waterborne organic coating, and there is synergetic effect with
each other of the two factors. Increasing crosslinking degree of the waterborne coating can improve its
water resistance, and poor water resistance can also destroy the crosslinking groups in the coating.
Meanwhile, it should bear in mind that the corrosion process of waterborne coatings is more complex.
More weak polar groups by crosslinking resin can contribute to enhanced crosslinking degree of the
coating, however, the water resistance decreases obviously. This is why the coating crosslinked by
amino resin usually has poor corrosion resistance as evidenced by Coating No. 2 in Table 3. Therefore,
for improving the coating corrosion resistance, it is necessary to minimize the content of hydrophilic
groups in the waterborne organic coating while ensuring a qualified crosslinking degree of the coating.
In this study, we found that for crosslinking resin selection, blocked isocyanate behaves better than
amino resin in improving the corrosion resistance of the waterborne epoxy ester coating.

3.4 Effect of pigments addition on corrosion behavior of waterborne coating

Environmental-friendly waterborne organic coating requires low carcinogenic and teratogenic
heavy metals pollution [43], and thus in this investigation, ZnMoO4 and Zn3(POs). with low toxicity
were selected as pigments. Epoxy ester varnish Coating No. 5 has been prepared and Coating No. 1
with pigments addition of 30 wt.% ZnMoOs and 15 wt.% Zn3(PO4)2 has been used for comparison.
Figure 6 shows Nyquist diagrams for Coating No. 1 and Coating No. 5 in 3.5 wt.% NaCl solution at
immersion time of 6 h and 120 h. Fig. 6(a) and Fig. 6(a") show that Coating No. 1 and Coating No. 5
have similar Nyquist diagram features with a single capacitive loop at 6 h immersion time, but Coating
No. 5 has a much lower capacitive loop diameter than Coating No. 1, indicating the great corrosion
protection effect of pigments addition to the waterborne coating. As the immersion time proceeds to
120 h, Nyquist diagrams in Fig. 6(b) and Fig. 6(b") have obviously different features, indicating the
totally different corrosion behavior at this time. For Coating No. 1, Nyquist diagram in Fig. 6(b) shows
that two time constants have been observed after immersion time of 120 h. Nevertheless, for Coating
No. 5, Nyquist diagram in Fig. 6(b") shows that one totally different time constant has been observed at
lower frequency range in Fig. 6(b"), indicating the totally different corrosion behavior of the coating at
120 h immersion compared with that at 6 h immersion [44]. At this time, the waterborne coating has
lost its corrosion protection effect to the underlying steel substrate, indicating that the varnish epoxy
ester coating without pigments addition has poor corrosion resistance. As to the anti-corrosion
mechanism, MoO4?~ in ZnMoOQ4 can adsorb on galvanized steel surface with the formation of a passive
film and make the steel passivated [45-47]. POs* in Zn3(PO4). can form complex protective film and
make the steel substrate oxidized. However, in the formulation design of waterborne coatings, the ratio
of pigments to binder resins should be carefully considered. Lower content of pigments can be
consecutively dispersed in the binder resin matrix, but much higher pigments content may lead to the
fact that matrix binder resin cannot completely fill the voids between pigments [47]. In this condition,
the increased un-filled gaps can facilitate the electrolyte penetration and lower the shielding effect and
corrosion protection effect of the waterborne coating.
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Figure 6. Nyquist diagrams for Coating No. 1 (a) and (b), and Coating No. 5 (a") and (b") in 3.5 wt.%
NaCl solution as a function of immersion time

For Nyquist diagrams in Fig. 6(a) and Fig. 6(a’), only one single capacitive loop has been
observed during the whole frequency ranges, indicating that only one time constant exists and NaCl
solution has not penetrated to the coating/substrate interface at immersion time of 6 h [37]. Under this
condition, the corresponding equivalent circuit for EIS data fitting given at the upper-right corner of
Fig. 6(a) and Fig. 6(a’) can also be expressed by Eq. (1). However, it has been found that after a longer
period of 120 h immersion, the presence of rust spots and macro-pores can be clearly observed on the
two coatings surface. With the formation of macro-pores on coating surface, the reactants can easily
get through the coating to the coating/substrate interface, and the existed reactants concentration
gradient in the waterborne coating disappears [48]. Meanwhile, a new reactants concentration gradient
at the coating/substrate interface forms due to the fast consumption in reactants paralleled by the
substrate corrosion, and the diffusion process exists at the coating/substrate interface area close to the
substrate [49]. Usually, the period after the appearance of rust spots on coating surface was regarded as
the late immersion stage [50]. In this condition, there are two cases in illustrating the EIS spectra,
depending on the surface porosity of waterborne coating and its detachment area from the underlying
substrate. With a lower surface porosity and smaller detachment area in the waterborne coating, the
coating can still have the barrier and protection effect to the underlying substrate. Under this condition,
Nyquist diagram usually has the feature as shown in Fig. 6(b), and the corresponding equivalent circuit
for EIS data fitting given at the upper-right corner of Fig. 6(b) can be expressed by Eq. (4):
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where Rs is solution resistance; Cc is coating capacitance; Rc is coating resistance; Cqi is double
layer capacitance; R is substrate dissolution resistance, and Z is diffusion impedance.

With a much higher surface porosity and lager detachment area of the coating, it has lost its
barrier and protection effect to the steel substrate. At this time, Nyquist diagram usually has the feature
as shown in Fig. 6(b"), and the corresponding coating impedance can be expressed by Eqg. (5):

Z =Ry
1
+- 1 (5
jwC. + m

where Rs is solution resistance; Cc is coating capacitance; Rc is coating resistance, and Zy is
diffusion impedance.

The fitted C. and R¢ of Coating No. 1 and Coating No. 5 after 6 h and 120 h immersion are
shown in Figure 7. The standard deviations x? were in the order of 10°, and the relative error for each
parameter was less than 10 %. Clearly, as the immersion time proceeds, C. increases and R decrease
of both Coating No. 1 and Coating No. 5. Fig. 7(a) shows that Coating No. 1 with pigments addition
has a higher Rc than Coating No. 5 without pigments addition at 6 h immersion, indicating the better
corrosion resistance by pigments addition. At 120 h immersion, although R. of the two coatings
decreases obviously, the decreasing rate of Coating No. 5 is higher than that of Coating No. 1,
indicating a much more serious corrosion damage for Coating No. 5 during the immersion period from
6 h to 120 h. For C. evolution in Fig. 7(b), it has an inverse proportion relationship with R¢ in Fig. 7(a).
In addition, C. for Coating No. 1 increases a little, but it increases greatly for Coating No. 5, also
indicating the more serious corrosion damage for Coating No. 5. Moreover, the obviously increased C.
for Coating No. 5 also indicates its serious corrosion attack by NaCl solution and the substantial
protective effect of pigments addition to the waterborne coating.
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Figure 7. Fitted R¢ (a) and Cc (b) evolution of Coating No. 1 and Coating No. 5 at immersion time of 6

h and 120 h
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3.5 Effect of immersion time on corrosion behavior waterborne coating

To investigate the corrosion behavior of waterborne epoxy ester coating as a function of
immersion time in 3.5 wt.% NaCl solution, Coating No. 1 has been immersed for different hours at
room temperature for EIS measurements. Figure 8 shows Nyquist diagrams evolution of Coating No. 1
as a function of immersion time. Fig. 8(a) shows that the waterborne coating has a single capacitive
loop with a large diameter, indicating the better shielding effect of the waterborne coating and the little
amount of NaCl solution penetration into the coating at the initial immersion stage [51]. As the
immersion time proceeds to 72 h, Fig. 8(b) shows that the waterborne coating still has a single
capacitive loop but with a greatly decreased diameter, indicating that the coating at this time still has
corrosion protection effect to the steel substrate and NaCl electrolyte has penetrated into the
waterborne coating but has not reach the coating/substrate interface [52]. However, as the immersion
time proceeds to 120 h, Fig. 8(c) shows that two time constants have been observed in Nyquist
diagram, indicating that NaCl electrolyte has reached the coating/steel interface, and the steel corrosion
has occurred but the coating still has wet adhesion to the substrate [53]. Moreover, when the
immersion time further proceeds to 240, Fig. 8(d) shows that the diameter of capacitive loop at high
frequency range further decreases compared with the result in Fig. 8(c), indicating the much more
serious corrosion attack on the underlying steel substrate [54].
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Figure 8. Nyquist diagrams for Coating No. 1 after immersion in 3.5 wt.% NaCl solution as a function
of immersion time. (a) 6 h; (b) 72 h; (c) 120 h; (d) 240 h
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Equivalent circuits have also been used to fit the EIS data to further understand the effect of
immersion time on corrosion behavior of waterborne coating in 3.5 wt.% NaCl solution. For Nyquist
diagrams in Fig. 8(a), Fig. 8(b), Fig. 8(c) and Fig. 8(d), the used equivalent circuit of each has been
given at the upper-right corner in the corresponding figure, and the details of the equivalent circuits
have been discussed in the above sections. The standard deviations x* were in the order of 10°, and the
relative error for each parameter was less than 10 %. Figure 9 shows the fitted coating resistance Rc
and capacitance C. as a function of immersion time. Clearly, R¢ has an inverse proportion relationship
with Ce, and R decreases and Cc increases as the immersion time proceeds. At 6 h immersion time, the
waterborne coating has much higher Rc and lower Cc, indicating the ideal shielding effect and
corrosion protection effect of the coating to steel substrate. However, as the immersion time proceeds
to 240 h, Rc greatly decreases, indicating its gradual lost in shielding effect and corrosion protection
effect to the steel substrate [55-56]. The variation of Rc and C. matches well with EIS results in Fig. 8.
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Figure 9. Fitted coating resistance R and coating capacitance C. evolution of Coating No. 1 as a
function of immersion time

Therefore, for the corrosion of waterborne coating in 3.5 wt.% NaCl solution, the corrosion
time is also a critical factor in determining its corrosion protection effect, and in practice avoiding the
electrolyte accumulation on the coating surface for a long time and keeping it dry is necessary for
maintaining the protection effect of waterborne coating.

4. CONCLUSIONS

(1) As the same to other organic coating, shielding effect to corrosion electrolyte is also the
main protective effect of waterborne organic coating in NaCl solution. Higher water resistance and
crosslinking degree contribute to higher corrosion resistance of the waterborne coating. However,
enhanced crosslinking degree may lead to decreased water resistance of the waterborne coating, and it
IS necessary to minimize the content of hydrophilic groups in the waterborne coating while ensuring
the qualified crosslinking degree for improving corrosion resistance of waterborne coating.
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(2) Pigments of ZnMoO4 and Zn3(POs). addition to the waterborne epoxy ester coating can
greatly improve the corrosion resistance of the coating, and waterborne epoxy ester varnish coating
without pigments addition degrades quickly in NaCl solution as the immersion time proceeds.

(3) For the corrosion evolution of waterborne epoxy ester coating in NaCl solution, the coating
has better shielding effect at 6 h immersion. At 72 h immersion, the coating still has corrosion
protection effect to the steel substrate and NaCl electrolyte has penetrated into the waterborne coating
but has not reach the coating/substrate interface. At 120 h immersion time, NaCl electrolyte has
reached the coating/steel interface, and the steel corrosion has occurred. At 240 h immersion time,
serious corrosion attack occurs on the steel substrate, and the waterborne coating lost its shielding
effect and corrosion protection effect to the underlying steel substrate.
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