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KEYWORDS Abstract The interface combination of anti-corrosive materials and polymer matrix has a signifi-
Metal coating; cant effect on the overall performance of the composite coating. However, past research has focused
Corrosion; on blending anti-corrosive materials to improve the performance of the polymer matrix. Herein, we
Polyacrylate; proposed a layer-by-layer spray-coating process to further enhance the reinforcing effect of anti-
Capsule; corrosive materials on the polymer matrix by changing their feeding modes. In this paper, taking
Cross-linker waterborne polyacrylate (WPA) as an example, two kinds of reinforcement materials commonly

used to improve the corrosion resistance of polymer matrix were introduced into the coating system
and then applied to the tinplate: cross-linker and microcapsule. Firstly, five types of WPA compos-
ite coating systems were designed according to the feeding mode of aziridine cross-linker and the
position of benzotriazole@zinc oxide microcapsules (BTA@ZnO MCs). Electrochemical impe-
dance spectroscopy (EIS) and electrical equivalent circuits were used to evaluate the corrosion resis-
tance of these composite coating systems and analyze their electrochemical processes. By spraying
the mixture of WPA and aziridine crosslinker as the bottom layer and BTA@ZnO MCs as the top
layer, the resulting composite coating exhibited higher corrosion resistance and hydrophobic prop-
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erties. Scanning electron microscope (SEM) and contact angle tests indicated that the feeding mode
of aziridine cross-linker and the position of BTA@ZnO MCs played important roles in the com-
pactness and hydrophobicity of the composite coating. Subsequently, the effects of the amount
of aziridine cross-linker and BTA@ZnO MCs on the corrosion resistance and physical properties
of the composite coating were further analyzed by EIS, water absorption test, contact angle test and
atomic force microscopy (AFM). The significant improvement in the corrosion resistance of this
composite coating was mainly attributed to the synergistic effect of highly cross-linked network
structure and superhydrophobic surface.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Metal corrosion is one of the most frequent destructive haz-
ards and has aroused great concern in the academic commu-
nity. To date, a method widely used for metal protection is
to apply an organic coating on its surface. Current research
has focused on the development of epoxy resins (Xia et al.,
2019) and polyurethane resins (Mihelcic et al., 2019; Ye
et al., 2019; Nardeli et al., 2020) because of their high adhesion
and water resistance. However, most of them are solvent-based
systems that are difficult to fully hydrate and posing a signifi-
cant threat to the environment and human health. Therefore,
there is an urgent need to develop and use waterborne resins
to protect metals.

Acrylic resins have attracted widespread attention in the
field of corrosion protection due to their ease of being water-
based, excellent weathering and adhesion properties, outstand-
ing chemical and abrasion resistance (Fu et al., 2014; Gao
et al., 2020). However, the poor density and water resistance
of waterborne acrylic resins limit their corrosion resistance
(Song et al., 2017; Yao et al., 2017). In order to compensate
these deficiencies, the chief way is to introduce cross-linkers
or micro-nano particles into the polyacrylate matrix to fabri-
cate a composite coating. For example, previous studies
demonstrated that the multi-aziridine ring in the cross-linker
reacted with the carboxylate (Xia and Larock, 2011) and
hydroxyl (Li and Tang, 2016) groups in the polymer to form
a higher cross-linked network while the curing process of azir-
idine increased the cross-linking densities and improved
mechanical properties of the polymer matrix. In addition, it
was proved that embedding micro-nano particles in the coat-
ings was an effective method to improve corrosion resistance
due to its filling and reinforcing effects (Zhu et al., 2019;
Malucelli et al., 2013). Zhang et al. (2002) pointed out that
modified nanoparticles with extremely strong activity could
promote the cross-linking reaction of the resin and enhance
the compactness of the coating, thereby improving the corro-
sion resistance of the waterborne resin. Similarly, it was
reported that the modified ZnO nanoparticles were dispersed
uniformly throughout the waterborne polyurethane coating
to prevent the migration of corrosive species onto the substrate
(Christopher et al., 2015). Especially in recent years, micro-
nano capsules with stimulating responses have captured
researchers’ attention. The release of reactive polymers or cor-
rosion inhibitors encapsulated in micro-nano capsules immedi-
ately repaired corrosion defects and achieved active corrosion
protection of the coating (Chen and Fu, 2012; Chen et al.,
2015).

Nevertheless, in most reports, micro-nano particles or
micro-nano capsules are blended with a polymer matrix to
form a coating on the metal substrate. The amount of anti-
corrosive material introduced into the coating is quite limited.
Also, since these materials are wrapped by polymer chains,
their advantages in corrosion protection cannot be fully
exploited. The layer-by-layer assembled technology with sim-
plicity and versatility is expected to overcome the shortcom-
ings of the above method by recombining various materials
(i.e. cross-linkers, micro-nano materials, polymer matrices).
Unfortunately, most of researches were focused only on the
application of layer-by-layer assembled technology, but not
on the optimization of construction technology. In other
words, no research has been reported to improve the corrosion
resistance of coatings by changing the position of micro-nano
capsules and the feeding mode of cross-linker.

Therefore, based on our previous work, in which
BTA@ZnO MCs were blended with WPA to form the compos-
ite coating (Bao et al., 2019), the combination of BTA@ZnO
MCs and WPA and the optimization of construction technol-
ogy by layer-by-layer assembled technology to obtain a coating
with good corrosion resistance is the goal of this work. In addi-
tion, an aziridine cross-linker was introduced into the coating to
enhance the bonding between BTA@ZnO MCs and WPA.
Compared with our previous work, the dosage of BTA@ZnO
microcapsules was increased greatly in this work. On the other
hand, the introduction of aziridine cross-linker improved the
compactness of composite coating. Thus, the corrosion protec-
tion of the composite coating was enhanced. Meanwhile,
according to the feeding mode of the aziridine cross-linker
and the position of BTA@ZnO MCs, five types of composite
coating systems were designed and then applied to the tinplate.
Among them, the composite coating system with the mixture of
WPA and aziridine cross-linker as the bottom layer while
BTA@ZnO MCs as the top layer has better corrosion protec-
tive properties. In order to evaluate the effects of the amounts
of aziridine cross-linker and BTA@ZnO MCs on the physico-
chemical properties of the composite coating and to explore
the corrosion mechanism of the composite coating, electro-
chemical impedance spectroscopy (EIS) and physical properties
of this coating system were further studied.

2. Experimental

2.1. Materials

The synthesis of BTA@ZnO MCs and WPA referred to our
previous works (Bao et al., 2019; Bao and Chen, 2018).
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Aziridine (C3H,N) was obtained from Hangzhou Palm Tech
Development Co., Ltd., China. Ethanol (EtOH) was obtained
from Tianjin Fuyu Fine Chemical Co., Ltd., China. Sodium
chloride (NaCl) was provided by Tianjin Tianli Chemical
Reagent Co., Ltd., China. Tinplates used for corrosion test-
ing were purchased from Dongguan Weida Instrument Fac-
tory, China. All chemicals were used as received without
further purified. Deionized water was used throughout the
experiment.

2.2. Preparation of composite coating systems based on
waterborne polyacrylate

The tinplates used were polished with 400 mesh and 800 mesh
sandpapers in sequence to expose the iron substrate, and then
placed in ethanol for ultrasonic cleaning for 30 min. Five types
of composite coating systems were fabricated according to the
difference in the feeding mode of aziridine cross-linker and the
position of BTA@ZnO MCs, as shown in Table 1. Sample I is
a composite coating obtained by spraying a mixture of WPA
and BTA@ZnO MCs. Sample II is a composite coating
obtained by spraying a mixture of WPA, BTA@ZnO MCs
and aziridine cross-linker. Sample III is a composite coating
obtained by spraying a mixture of WPA and aziridine cross-
linker as the bottom layer and BTA@ZnO MCs as the top
layer. Sample IV is a composite coating obtained by sequen-
tially spraying WPA, aziridine cross-linker and BTA@ZnO
MCs. Sample V is a composite coating obtained by spraying
WPA as the bottom layer and a mixture of aziridine cross-
linker and BTA@ZnO MCs as the top layer. A pure WPA
coating was prepared as a blank sample. The spray gun was
operated at a moving speed of 3-5 cm/s under compressed
air (4-6 kPa working pressure) at room temperature. During
spraying, the typical working distance was kept at 20 cm and
the angle between the spray gun and the tinplate was 60°. After
spraying, the sample was dried at 85 °C for 5 min and then
dried at room temperature. The thickness of all composite
coating systems were ~20 um. The doses of aziridine cross-
linker and BTA@ZnO MCs were varied in the coating system
IIT and were determined to be 1, 3, 5, 7 mg/cm2 and 0.8, 2.5,
4.2 mg/em?, respectively.

Table 1 Design of coating systems.
Coating  Coating Spraying in Order
system model

OO0
I ® e o0 0 0 0

The mixture of WPA and BTA@ZnO
MCs

The mixture of WPA, cross-linker and
BTA@ZnO MCs

11 esoss e e

The mixture of WPA and cross-linker
11 as the bottom layer, and BTA@ZnO
MCs as the top layer

WPA, cross-linker and BTA@ZnO
MCs as single layer in sequence
poefetetetetetetet  YWPA a5 the bottom layer, and the

v mixture of cross-linker and
BTA@ZnO MCs as the top layer

v

2.3. Characterization

The surface morphologies of the studied coatings were
observed with an S4800 scanning electron microscope (SEM)
at an acceleration voltage of 20 kV. The surface topography
of the coating was also examined by SPI-3800N-SPA400
atomic force microscopy (AFM).

The water absorption of the studied coatings was deter-
mined by the weight method. First, the composite coating
was cut to a 1.5 x 1.5 mm sample and its weight was marked
as my. Then, the sample was immersed in deionized water for
24 h and the water on the surface of the sample was blotted
with filter paper. The sample was weighted and labeled as
m;. The water uptake rate was calculated as follows: water
uptake rate (%) = 100 x (m; — my)/mg. Three parallel samples
were tested for each composite coating.

Contact angle of the studied coatings was measured with
5 uL deionized water droplet by the sessile drop method using
an OCA20 contact angle meter at 25 °C. For each composite
coating, the contact angle was taken the average value of at
least three measurements in different regions. Fourier-
transform infrared spectra (FT-IR) of the BTA@ZnO MCs,
pure WPA coating and five composite coating systems were
obtained using a Bruker VECTOR-22 FT-IR instrument
(UK) in the range from 500 to 4000 cm~'. The BTA@ZnO
MCs were directly mixed with potassium bromide powder
(spectrally pure), and compressed into a tablet for characteri-
zation. These coatings were scraped off the substrate and
ground into powders. And then the powders were mixed with
potassium bromide powder (spectrally pure), and compressed
into tablets for characterization.

The corrosive resistance of the studied coatings was investi-
gated by electrochemical methods and salt spray tests. The
electrochemical properties of the samples immersed in 3.5%
NaCl solution were detected by AMETEK electrochemical
workstation. A three-electrode cell was used employing the
coated tinplate as a working electrode with an exposed area
of 5 cm?, a saturated calomel electrode (SCE) and a platinum
sheet as reference and counter electrodes, respectively. The
spectra were measured over a frequency range of 10°-
102 Hz with an ac wave of 10 mV. Additionally, the corrosion
protection performances of the samples were investigated by
salt spray test. “X” line was scribed on the coating with a
blade. Then, the samples were placed in a salt spray machine
(HJ-YW60, Dongguan Hengjun Instrument Equipment Co.,
Ltd., China) and examined at 0, 2 and 5 h, respectively. The
temperature in the salt spray machine was 35 °C. The salt
spray solution was a 5% NaCl solution with a pH of 6.5—
7.2. The salt spray deposition amount was 1-2 mL/80 cm?.

3. Results and discussion

3.1. Anti-corrosive performance

EIS measurements were utilized to study the corrosion protec-
tion of the pure WPA coating and five types of composite coat-
ing systems on the metal substrate (Grundmeier et al., 2000;
Zheludkevich et al., 2007). Generally, larger semicircle diame-
ter and higher impedance modulus at low frequency symbolize
a superior corrosion resistance feature (Ye et al., 2018). From
the semicircle diameter and impedance modulus at low fre-
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quency of different coatings immersed in 3.5 wt% NaCl aque-
ous solution (Fig. 1A and B), the five types of composite coat-
ing systems exhibited better corrosion resistance than the pure
WPA coating. Moreover, the corrosion performance of these
composite coating systems showed an upward tendency as fol-
lows sequence: I < IV < V < II < III. It could be seen from
Fig. 1C that all coating systems exhibited three time constants,
implying that the corrosive medium penetrated through the
micro pores in the coating and the corrosion reaction occurred
on the metal surface. The peaks of phase angle at the logarithm
of the frequency from 0 to 1 meant the formation of oxide lay-
ers and inhibitor protective films.

To explore the electrochemical process and quantitatively
evaluate the corrosion resistance of different coatings, the
EIS results were fitted to electrical equivalent circuits by Zsim-
pwin software. Two electrical equivalent circuits (circuit A for
pure WPA coating and coating systems I, II, circuit B for coat-
ing system III, IV and V) in Fig. 2 were proposed after com-
paring the fitting parameters of various circuit models.
Where, R refers to the resistance of the electrolyte between
the counter electrode and the working electrode. R, is the pore
resistance of the coating due to electrolyte penetration or as
areas where more rapid solution uptake occurs, i.e., preexisting
holes or porous areas (Park and Park, 2014). It is a direct indi-
cator of the corrosion protective performance of coating (Tian

et al., 2015). Ry is the resistance of both oxide layers (Fe,O5
and Fe3;04) and protective films due to the inhibition effect
of BTA (Shi et al., 2010). R, is the resistance to electron trans-
fer across the metal surface, which varies inversely to the cor-
rosion rate (Lu et al., 2017; Zhang et al., 2016). C, represents
the coating capacitance and is considered as a parameter to
estimate the resistance to water penetration (Liu et al.,
2018a,b). Cq; refers to the double-layer capacitance, reflecting
the charge accumulation at the interface between the coating
and the metal surface. Q, as a constant phase-angle element
(CPE), denotes the deviation from pure capacitance. Q, refers
to the charge accumulation on both oxide layers (Fe,O; and
Fe;0,4) and inhibitor protective films. The Q in circuit B is used
to instead of the capacitance (C) in circuit A because of differ-
ent physical phenomena like surface roughness, inhibitor
adsorption, porous layer formation, etc. (Cui et al., 2017).
The pertinence between Q and C is described by n value, which
is considered as pure capacitance as for n equal to 1 (Liang
et al., 2018; Liu et al., 2018a,b).

Due to the hydrophilic nature and poor density of water-
borne polyacrylate coating, the penetration process of corro-
sive medium in coatings was completed to reach saturation
state in a short time (Liu et al., 2018a,b). On the one hand,
when the corrosive medium was in contact with the metal sur-
face, the corrosion reaction occurred on the metal surface. The

2000 5 -
o WPA (Blanksample ~——Fitted | B o1 WEA (Blank sampls) © = Nitfed
e WPA+BTA@ZnO (I)  —— Fitted e WPA+BTA@ZnO (I)  — Fitted
® WPA+N+BTA@ZnO (1) —— Fitted 4 ® WPA+N+BTA@ZnO (II) — Fitted
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Fig. 1

Electrochemical impedance spectroscopy of the pure WPA coating and different composite coating systems immersed in 3.5 wt%

NaCl aqueous solution at room temperature. Nyquist plots (A), Bode plots (B and C).
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Fig. 2 Electrical equivalent circuit diagrams of the pure WPA coating, composite coating systems I and II (circuit A: R(CR(QR)
(OR))), composite coating systems III, IV and V (circuit B: RF(QR(QR)(CR))).

Fe ions were then converted into Fe,Oz and Fe;O4 to form
oxide layers on the metal surface, thereby protecting metal.
On the other hand, the BTA was released from the microcap-
sules because the corrosive medium penetrated. The released
BTA with nitrogen heteroatoms shared their electrons with
unoccupied orbitals of surface metal atoms (Javadi et al.,
2019) and formed a protective membrane on the metal surface,
therefore, the corrosion resistance of metal was improved.
However, two different equivalent circuits were obtained for
the constructed coatings due to their distinct surface roughness
(Cui et al., 2017). The integral composition of pure WPA coat-
ing, sample I and sample II were uniform, and the surface of
them were smooth. But sample III, sample IV and sample V
had rough surface because BTA@ZnO MCs were distributed
on the top of the coating. Thus, circuit A was suitable for pure
WPA coating, sample I and sample II. Circuit B was appropri-
ate for sample III, sample IV and sample V.

Based on the above fitting circuits, the corresponding elec-
trochemical corrosion parameters of different coatings were
obtained as shown in Table 2. Since the corrosive medium
was the same, the fitted R values of all coating systems were
basically unchanged. The fitted R, values of the five composite
coating systems were all higher than that of pure WPA coating
and also showed a growth trend in the following order:
I < IV <V < II < III. This suggested that the coating sys-
tem III had the best corrosion protection ability to the sub-
strate. The C. value of coating system II and the Q. value of
coating system III were much lower than that of other coating
systems, meaning the better densities of coating systems Il and
I11. Compared to the coating systems I and II obtained by the
hybrid method, the coating systems III, IV, and V fabricated
by the layer-by-layer spraying method had higher R,/R¢ val-

ues. These results indicated that more BTA was released from
the microcapsules in the coatings fabricated by the layer-by-
layer spraying method and reacted with the metal substrate
to form a corrosion resistant protective layer. While in the
hybrid method, the release amount of BTA was limited since
the microcapsules were wrapped by the polymer chains. In
addition, the Q,x and Qg of the coating system III were the
smallest compared with other coating systems, further reveal-
ing the best compactness and BTA release in coating system
III. Overall, coating system III possessed the best protective
effect for metal.

In order to clarify the impact of aziridine cross-linker and
BTA@ZnO MCs on the corrosion resistance, the surface mor-
phology, structure and hydrophobicity of pure WPA coating
and five composite coating systems were investigated by
SEM, FTIR and contact angle tests. The BTA@ZnO MCs
used in this work are rod-like spindle structures with diameters
ranging from 30 nm to 100 nm and lengths of 200 nm to
800 nm. And there are also flower-like BTA@ZnO MCs com-
posed of these rod-like spindles (Bao et al., 2019). As shown in
Fig. 3A and B, it could be seen that the introduction of
BTA@ZnO MCs increased the contact angle of the coating.
This was because the hydroxyl groups and Zn>* on the surface
of BTA@ZnO MCs could interact with the carboxyl groups
on the polyacrylate chain, thereby reducing the number of
exposed hydrophilic groups in the coating. From the SEM
images in Fig. 3B and C, some micro-nano pores were
observed on coating system I, while coating system II showed
a relatively dense surface. What’s more, the FT-IR spectra
(Fig. 4) of the coating systems also showed a novel peak at
1737 ecm™! after introducing the aziridine crosslinker. It should
be ascribed to C=O stretching vibration in saturated car-

Table 2 Electrochemical impedance parameters of the pure WPA coating and different composite coating systems in 3.5 wt% NaCl

solution.

Coating R, C. or Q. n R. Qox (Fecm™) n Rox Cq1 or Qg n R
system (Q cm?) (F cm™?) (Q cm?) (Q cm?) (F cm ™) (Q cm?)
Blank 4.078 1.024 x 1073 — 307.6 2.293 x 1073 0.756 43.50 1412 x 1073 0.606 4.713

1 3.931 1.287 x 1072 - 676.3 4902 x 107* 0.767 12.15 6.186 x 10~° 0.805 10.16
11 1.418 5.868 x 107° - 1272 4886 x 107* 0.690 44.60 2.157 x 1074 0.692 7.028
111 7.218 7.732 x 107° 0.880 1816 3.197 x 107> 0.743 1050 2.073 x 107° = 3068
v 3.927 1.896 x 10~ 0.821 738.3 3.695 x 107* 0.773 114.8 2,572 x 10774 - 1032
\Y 4.233 4.151 x 1073 0.779 9252 2458 x 107* 0.692 321.4 8.794 x 10° - 2497
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Fig.3 SEM images and water contact angles of the pure WPA coating (A), composite coating systems I (B), II (C), III (D), IV (E) and V
(F). (Micro-nano pores were observed at the direction of the blue arrows.)

boxylic ester (Li and Tang, 2016), implying the cross-linking
reaction between the aziridine ring and the carboxyl group.
These results indicated that the introduction of aziridine
cross-linker greatly improved the compactness of the coating
and less corrosive molecules could penetrate into the coating,
thereby revealing higher R. and lower C. values. Besides, the
water contact angle of the coating increased from ~58.7° to
~81.4° after introducing aziridine cross-linker. This implied
that the addition of aziridine cross-linker also improved the
hydrophobicity of the coating. Fig. 3D-F displayed the surface
morphologies and water contact angles of coating systems III,
IV and V. SEM images showed that the surfaces of these lay-
ered coating systems were rougher than hybrid coating sys-
tems. In addition, their water contact angle was increased by
~20° relative to the hybrid coating system II. These findings
suggested that the surface roughness of the coating was

increased when the BTA@ZnO MCs were distributed on the
top of the coating and the feeding mode of the aziridine
cross-linker had little effect on the surface roughness of the
coating. It is understandable because the distribution of the
microcapsules on top of the coating resulted in the formation
of microstructures. Clearly, the position of BTA@ZnO MCs
in the coating played an important role in the hydrophobicity
of the composite coating. In fact, some studies have shown
that the improvement in hydrophobicity of the coating could
provide sufficient corrosion protection for the substrate by
extending the penetration time of the corrosive medium (Lu
et al., 2017). Therefore, coating system III exhibited better per-
formances than other composite coating systems in improving
corrosion resistance due to its superior barrier properties and
hydrophobicity. However, it should be noted that the feeding
mode of aziridine cross-linker was also quite important. When
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Fig. 4 FT-IR spectra of the BTA@ZnO MCs, pure WPA
coating and five composite coating systems.

the aziridine cross-linker was applied separately from the poly-
acrylate emulsion (i.e. coating system IV and V), the improve-
ments in corrosion resistance of the coating were not
significant. It could be attributed to the decreasing cross-
linking density of the polymeric matrix when the cross-
linking reaction occurred after the film-forming (He et al.,
2011). Similarly, the reason for the different results of the coat-
ing systems IV and V could also be ascribed to the degree of
cross-linking. When the cross-linker was fed together with
the microcapsules (i.e. coating system V), the composite coat-
ing had higher corrosion resistance. Considering the potential
of coating system III to improve the corrosion resistance of
coatings, the effects of the amount of aziridine cross-linker
and BTA@ZnO MCs on the coating properties were further
investigated.

3.2. Influence of aziridine cross-linker amount

Different amounts of aziridine cross-linker were uniformly
introduced into WPA to fabricate coating system III. Fig. 5
showed the Nyquist and Bode-impedance plots of these coat-
ings immersed in 3.5 wt% NaCl aqueous solution. As the
amount of aziridine cross-linker increased from 1 mg/cm2 to
7 mg/cmz, the capacitive arc diameter and |Z|yo; 1, value of
the coating increased significantly. These results illustrated
that the amount of aziridine cross-linker had a profound effect
on the corrosion resistance of the coating. In the initial amount
range from 1 mg/cm? to 3 mg/cm?, the capacitive arc diameter
and |Z|po; p, value increased slowly, indicating that an inte-
grated network has not yet been formed. During the increase
in amount of aziridine cross-linker from 3 mg/cm? to 5 mg/
cm?, a significant increase in the capacitive arc diameter and
|Z|o.o1 1, value was observed. This apparent shift may be
due to the fact that 5 mg/cm? of aziridine cross-linker was suf-
ficiently high to form an integrated network and thus the coat-
ing became continuous and intact. As shown in Fig. 5C, the
phase angle plot showed two time constants. The time constant
appeared at high frequency range could be attributed to the
coating layer, while the time constant at low frequency range
was corresponding to a corrosion process taking place at the
metal/coating interface (Li et al., 2016). When the amount of

aziridine cross-linker was increased from 3 mg/em? to 5 mg/
cm?, the phase angle increased dramatically. It suggested that
the barrier properties of the coating were greatly improved and
the corrosion reaction at the metal/coating interface was
rapidly reduced. When the amount of aziridine cross-linker
was further increased to 7 mg/cm?, the corrosion resistance
of the coating was slightly improved. It implied that the
amount of the aziridine cross-linker introduced into the poly-
acrylate matrix tends to be saturated. In addition, further
experiments revealed that excessive addition of aziridine
cross-linker (>7 mg/cm?) affected the flowability of the poly-
acrylate emulsion due to rapid cross-linking of the polyacrylate
chains. It would reduce the uniformity of the final coating
tremendously and even affect spraying operations. These
above analyses confirmed that coating system III had the best
corrosion resistance when the amount of the aziridine cross-
linker was 7 mg/cm?.

Afterwards, the adhesion of the coatings with different
amounts of aziridine cross-linker on the surface of the sub-
strate was measured using a cross-cut test according to stan-
dard method, ISO 2409: 2013E. Measured adhesion of these
coatings was all grade 0 because the introduction of aziridine
cross-linker in WPA maintained the excellent adhesion
between the coating and the substrate. Fig. 6A displayed the
effect of the amount of aziridine cross-linker on the surface
properties of these coatings, i.e. pencil hardness and water con-
tact angle. With the increase of aziridine cross-linker amount,
the pencil hardness of the coating increased slightly from 3H to
4H. It proved that the aziridine cross-linker improved the firm-
ness of the coating, which was consistent with previous reports
(He et al., 2011). However, the water contact angle of these
coatings produced only minor variations, indicating that the
amount of aziridine cross-linker did not contribute to the
hydrophobicity of the coating. Furthermore, the water absorp-
tion of these coatings with different amounts of aziridine cross-
linker were studied. As shown in Fig. 6B, their water absorp-
tion decreased gradually as the amount of the aziridine
cross-linker increased. It implied that the barrier properties
of the coating was greatly improved by introducing more azir-
idine cross-linkers, since aziridine groups could react with the
carboxyl and hydroxyl groups in polyacrylate chains (Fig. 10)
and form network structures (He et al., 2011; Liu and Ke,
2011). Consequently, a coating containing 7 mg/ecm? of aziri-
dine cross-linker was selected as an optimized sample to fur-
ther explore the effect of the amount of BTA@ZnO MCs on
the coating properties.

3.3. Influence of BTA@ZnO MCs amount

The impedance spectra of coatings with different amounts of
BTA@ZnO MCs immersed in 3.5 wt% NaCl aqueous solution
were represented in the form of Nyquist and Bode plots in
Fig. 7. A significant improvement in the corrosion resistance
of the coating was observed when the BTA@ZnO MCs
amount was increased from 0.8 mg/cm® to 2.5 mg/cm?’.
Instead, as the amount of BTA@ZnO MCs further increased
to 4.2 mg/em? the corrosion resistance of the coating
decreased slightly. Obviously, the highest absolute impedance
values in all frequency ranges were obtained for the coating
with 2.5 mg/em? of BTA@ZnO MCs. Its |Zlyoi1, value
reached 6.11 x 10° Q-cm? which was not as good as the cor-
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Fig. 5 Electrochemical impedance spectroscopy of coating system III with different aziridine cross-linker amounts immersed in 3.5 wt%

NaCl aqueous solution. Nyquist plots (A), Bode plots (B and C).
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rosion resistance (10577 Q-cm?) of waterborne epoxy coatings
(Liu et al., 2018a,b; Cui et al., 2018), but higher than the exist-
ing waterborne polyacrylate coatings (10> Q-cm?) (Gao et al.,
2020; Song et al., 2017).

In order to understand the relationship between corrosion
resistance and the amount of BTA@ZnO MCs, the surface
properties of these coatings were tested. As shown in
Fig. 8A, the pencil hardness of the coating was maintained
at 4H, while the water contact angle of the coating showed a
larger increase with the amount of BTA@ZnO MCs from
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(A) Pencil hardness and water contact angles, (B) water absorption rates of coating system III with different aziridine cross-linker

0.8 to 2.5 mg/cm®>. When the amount of BTA@ZnO MCs
was 2.5 and 4.2 mg/cm?, the water contact angle of the coating
reached above 150°, indicating that the coating surfaces was
superhydrophobic, thus enhancing the barrier properties of
the coating (Yang et al., 2017). These findings agreed well with
the EIS analysis, indicating that the corrosion resistance of the
coating was highly dependent on its surface hydrophobicity.
To examine the formation of superhydrophobic surfaces,
SEM and AFM images of coatings with 0.8 mg/cm? and
2.5 mg/em? of BTA@ZnO MCs were obtained as shown in
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Fig. 7  Electrochemical impedance spectroscopy of coating system III with different BTA@ZnO MCs amounts immersed in 3.5 wt%

NaCl aqueous solution. Nyquist plots (A), Bode plots (B and C).

Fig. 8B and C, respectively. Compared with the former
(Ra = 100 nm), the latter displayed a continuous roughness
close to the micron level (Ra = 800 nm). This microstructure
helped to protect the substrate from corrosion attack (Li et al.,
2015; Wang and Gong, 2017). Therefore, the effect of the
amount of BTA@ZnO MCs on the corrosion resistance of
the coating was mainly caused by the roughness formed by
micro-nano materials. From the inset optical images (collect-
ing a drop of water on the coating) in the Fig. 8A, the surface
of the coatings with higher BTA@ZnO MCs amounts (2.5 and
4.2 mg/em?) was highly hydrophobic. However, [Zloo1 1y
decreased slightly with increasing BTA@ZnO MCs amount
from 2.5 to 4.2 mgjem?. It could attribute to poor adhesion
between the excess BTA@ZnO MCs and the polyacrylate
matrix. This was proved by the adhesion test. More microcap-
sules were dropped from the coating during cross-cut test when
overmuch BTA@ZnO MCs (4.2 mg/cm?) was introduced into
the coating system III. This is because polyacrylate chains and
crosslinkers could not capture BTA@ZnO MCs in the outer-
most coating, thereby destroying the integrity of the entire
coating.

3.4. Salt spray exposure tests

To further examine the corrosion behaviour of the optimized
coating system III (7 mg/cm® of aziridine cross-linker,

2.5 mg/em? of BTA@ZnO MCs), a total of 5 h of salt spray
exposure tests were performed. Here, the coating system I
served as a reference sample. Their appearances after salt spray
exposure test were shown in Fig. 9. As the exposure time pro-
longed, corrosion occurred over the entire surface of the coat-
ing system I. While for coating system III, corrosion products
were mainly accumulated in the scratch area. These results
effectively proved the superiority of the layer-by-layer spraying
method in building anti-corrosive coatings. The reasons can be
concluded the following two aspects: (i) a highly cross-linked
network structure formed by polyacrylate chains and aziridine
cross-linkers; (ii) a sufficient surface roughness constructed by
anti-corrosive micro-nano materials.

3.5. Corrosion protection mechanism

Based on the above analysis, the possible corrosion protection
mechanism of coating system III was described in Fig. 10.
When the coating is exposure to a corrosive environment,
the superhydrophobic surface provided by BTA@ZnO MCs
firstly avoids rapid erosion of corrosive species. As the corro-
sion time prolongs, the corrosion resistance of the coating
mainly depends on the chemical cross-linking between the azir-
idine cross-linker and the polyacrylate chain (Bahlakeh et al.,
2017). A sufficient amount of aziridine cross-linker can
enhance the integrity and compactness of the coating. Mean-



Feeding mode of cross-linker and microcapsule on the corrosion resistance 9077

H »

Pencil hardness /

180

- 150

- 120

T
c~
S

Contact angle / Degree

-0

0.8 25 .
BTA@ZnO MCs amount / mgcm™

Fig. 8 (A) Pencil hardnesss and water contact angles of coating system III with different BTA@ZnO MCs amounts (inset: optical
images of a drop of water on the coating), SEM and AFM images of coating system IIT with (B) 0.8 mg/cm? and (C) 2.5 mg/cm? of

BTA@ZnO MCs.

Fig. 9 Images of the salt spray-tested tinplates coated with coating systems I (top) and III (bottom).

while, partial BTA@ZnO MCs existed in the coating can act
as a barrier protective filler to fill the pores of the coating
(Mostafaei and Nasirpouri, 2013; Sonawane et al., 2010).
The hydroxyl groups and Zn>" on the surface of BTA@ZnO
MCs can chemically interact (i.e. hydrogen bondings and elec-

trostatic interaction) with the polar groups of the polyacrylate
chains (Ramezanzadeh et al., 2019). Such highly cross-linked
and dense structure greatly hinders the penetration of water,
chlorides, and other corrosive media oriented to the vertical
direction in the coating’s thickness. Once the continuous pen-
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Fig. 10 The possible corrosion protective mechanism of coating system III.

etration of corrosive medium is happened, the BTA is gradu-
ally released from the microcapsules. The released BTA with
nitrogen heteroatoms shares their electrons with unoccupied
orbitals of surface metal atoms and form a protective mem-
brane on the metal surface (Tamil Selvi et al., 2003; Popova
and Christov, 2006). In addition, when the corrosive medium
is in contact with the metal surface, the corrosion reaction
occurs on the metal surface. The Fe ions (Fe® " and Fe* ") gen-
erated by the dissolution of the metal are converted into passi-
vated Fe,O; and Fe;O4 to protect the substrate
(Radhakrishnan et al., 2009).

4. Conclusions

In this paper, a layer-by-layer assembled technology for con-
structing anti-corrosive coatings was proposed. Firstly, five
types of WPA composite coating systems were designed
according to the feeding mode of aziridine cross-linker and
the position of BTA@ZnO MCs. EIS and electrical equivalent
circuits were used to evaluate the corrosion resistance of these
composite coating systems and analyze their electrochemical
processes. By spraying the mixture of WPA and aziridine
crosslinker as the bottom layer and BTA@ZnO MCs as the
top layer, the resulting composite coating exhibited higher cor-
rosion resistance and hydrophobic properties. Subsequently,
studies on the EIS and physical properties of the coating sys-
tem revealed that the amounts of aziridine cross-linker and
BTA@ZnO MCs had significant contributions in improving
its barrier property and hydrophobicity. Upon the amounts
of aziridine cross-linker and BTA@ZnO MCs were 7 mg/
cm? and 2.5 mg/cm?, respectively, the |Z|y o111, value of coating
system I1I was 6.11 x 10° Q-cm?, higher than that of the bare
sample (2.63 x 10? Q-cm?) by three orders of magnitude. The
salt spray exposure test also proved the superiority of this
layer-by-layer assembly technology in constructing anti-
corrosive coatings. The corrosion protection mechanism was
mainly based on the following two aspects: (i) a highly cross-

linked network structure formed by polymer matrix and
cross-linkers; (ii) a sufficient surface roughness constructed
by anti-corrosive micro-nano materials.
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