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a b s t r a c t

Novel waterborne acrylic resin modified with glycidyl methacrylate (GMA) was successfully synthesized
via homogeneous solution polymerization in isopropyl alcohol followed by solvent exchange with water.
Aminopropyltriethoxysilane (KH-550), a silane coupling agent that can crosslink with resin and iron base
material, was used as curing agent for solidifying this GMA modified resin. The cured mechanism of the
coating was also investigated by 29Si nuclear magnetic resonance (29Si NMR) spectra and attenuated total
reflectance-Fourier transform infrared spectroscopy (ATR-FTIR). The waterborne acrylic resin was
sprayed on the iron base material and cured by KH-550 for 30min at 100 �C to form the desired coating.
The GMA and KH-550 were found to significantly decrease the curing temperature of this two-
component waterborne resin. The thermal property of the coatings with different GMA loadings was
investigated using differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). The
GMA enhanced the thermal stability of the coatings from 100 to 400 �C. The modification of GMA was
found to reinforce significantly the mechanical properties of the coatings. The tensile strength of coating
modified with 15wt% GMA got a 78.65% improvement compared to that of unmodified resin. The surface
hydrophobicity of the coatings does get affected by this modification. The contact angle got increased
from 87.72�of the unmodified resin coating to 99.51�of coating modified with 15wt% GMA. This work
opens a new way to synthesize high performance waterborne acrylic resin and reports on the anti-flash
corrosion of waterborne coatings on the iron base material surface.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, due to the imposition of legislative restrictions on
the utilization and emission of volatile organic compounds (VOC)
[1,2], waterborne coatings find increasing importance among the
multifarious high performance solvent-borne coatings [3,4].
Meanwhile, with a series of potential benefits (e.g., non-toxic, non-
flammable, environmental friendly, low energy curing concern)
[5,6], which are not exhibited by solvent-based paints and coating,
njing@gzhu.edu.cn (J. Lin),
. Guo).
waterborne coatings have received tremendous attention for
ambient curing coating applications [7e12]. However, the con-
ventional waterborne coating finishing agent with the extensive
use of surfactants limits good properties of the finishing materials
and causes the pollution to the environment [13,14]. As a result,
remarkable properties of emulsifier-free waterborne resin have
attracted wide attention from many scientific and practical view-
points as the finishing materials [15].

One-component waterborne acrylic resin has grown
commercially over the last forty years [16]. Although it has many
good properties such as user-friendly [17,18], one-component
waterborne acrylic resin, belonging to thermoplastic systems,
has some deficiencies (e.g., insufficient hydrolytic stability, lower
water resistance, poor chemical resistance) [19e22]. Moreover,
the dichotomy between lower VOC content and strong hardness
is another example which is actively being pursued in the coating
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markets, and is also a particularly challenging target for one-
component waterborne acrylic coatings at the same time
[23e25]. High levels of pre-crosslinking can not be easily intro-
duced into one-component waterborne acrylic resin because of
high viscosity of prepolymers or poor coalescence of the
formulated dispersions [26,27].

Two-component waterborne coating materials have attracted
great interests in both academic and industrial fields because of
the increasingly strict requirements for high performance coat-
ings. As we know, the type and dosage of the curing agent for
two-component waterborne acrylic resin affect the performance
of the final coating [28,29]. Furthermore, because water is the
only solvent used in the water-based acrylic resin system, the
curing agent must be water-soluble or water dispersible. The
active functional groups in the curing agent need be selected
based on the type of active functional groups in the water-based
resin. The compatibility of these two is also an important
parameter affecting the curing process [30]. The presence of the
curing agent can also improve the cross-linking density [31].
Chemical reactions between different polar groups not only
facilitate cross-links and thus enhance the physical and chemical
integrity of the coalesced film [32e34], but also reduce the
number of polar groups and thereby lower the water sensitivity
of the coatings [35]. Among the common curing agents, various
isocyanates are most popular in the two-component waterborne
acrylic resin [36,37], because isocyanates can improve the prop-
erties (e.g., mechanical, wear, chemical resistance, outdoor
durability and adhesive properties) of the coatings through
reacting with the waterborne acrylic resin [38e40]. However,
they have some deficiencies such as side reaction, high cost and
toxicity and can not avoid flash corrosion [41] (In the film form
process of waterborne coating, the metal surface oxidizes and
forms rust spots during a very short period of time) of the iron
base materials [42]. The quest to develop new curing agent has
been the subject of a great deal of activities in recent years [43].
Thus, to fabricate green and high performance coatings with a
simple, low-cost, continuous and scalable approach is still a big
challenge for next generation coatings industry.

In this study, two-component waterborne acrylic resin
modified with glycidyl methacrylate (GMA) was designed and
synthesized successfully by homogeneous solution polymeriza-
tion in isopropyl alcohol. Aminopropyltriethoxysilane (KH-550)
was used as coupling agent that not only crosslinked with resin
and iron based material but also introduced Si-O-Si and Si-O-C in
the coating to enhance the performance of the coating (e.g., good
adhesion and improve the water resistance). The KH-550 as
curing agent was the first attempt in the two-component
waterborne acrylic resin system. The cured mechanism of the
coating was also investigated by 29Si nuclear magnetic resonance
(29Si NMR) spectra and attenuated total reflectance-Fourier
transform infrared spectroscopy (ATR-FTIR). The thermal prop-
erty of the coatings was investigated using differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA). The
mechanical property of the coatings was investigated via tensile
test and the fracture mechanism was disclosed by scanning
electron microscope (SEM) observations. The surface wettability
of the coatings was investigated by measuring water contact
angle with the sessile drop method. The thermal and mechanical
properties of these two-component waterborne resin were
affected by GMA (e.g., decreased curing temperature, improved
crosslinking density, strengthened mechanical property). In
addition, anti flash corrosion was observed for the film coating by
these novel waterborne acrylic resin and curing agent.

2. Experimental

2.1. Materials

Methyl methacrylate (MMA, Analytical Reagent), butyl acrylate
(BA, Analytical Reagent), acrylic acid (AA, Analytical Reagent), 2-
ethylhexyl acrylate (2-EHA, Analytical Reagent), isopropyl alcohol
(IPA, Analytical Reagent), glycidyl methacrylate (GMA, Analytical
Reagent), hydroxyethyl methacrylate (HEMA, Analytical Reagent),
N,N - dimethyl ethanolamine (DMEA, Analytical Reagent), maleic
anhydride (MAH, Analytical Reagent), and 2,2-
azobisisobutyronitrile (AIBN, Analytical Reagent) were obtained
from Tianjin BASF Chemical Co. While aminopropyltriethoxysilane
(KH-550, Analytical Reagent) was purchased from Tianjin Commio
Chemical Reagent Company. All the materials were used as-
received without any further purification or analysis.

2.2. Synthesis of waterborne acrylic resin

Different acrylic monomers play different roles in the polymer
chains. The function of monomer in the formula are as follows. The
methyl methacrylate is a hard monomer that can enhance the
hardness and gloss of waterborne resin. The butyl acrylate is a soft
monomer that can enhance the chain flexibility of waterborne
resin. The 2-ethylhexyl acrylate can provide the plasticity of
waterborne resin. The acrylic acid, maleic anhydride and hydrox-
yethyl methacrylate, are functional monomers and can provide
polar functional groups such as carboxyl and hydroxy, allowing
acrylic polymers to dissolve in water. Meanwhile, the polar func-
tional groups can react with curing agent in the curing process.

A 250mL round-bottomed, four-necked flask equipped with a
mechanical stirrer, condenser, and thermometer was used as a
reactor vessel for the polymerization reaction. The polymerization
was carried out in a constant temperature water bath. Firstly, 13.4 g
MMA, 19.6 g BA, 2.7 g MAH, 3.3 g 2-EHA, 3.3 g AA, 4.1 g HEMA, and
0.9 g AIBN were mixed in the beaker at room temperature to form a
clear solution (mixture A). 2.4 g HEMA, 8.3 g IPA, and 0.3 g AIBN
were mixed in another beaker at room temperature to form a clear
solution (mixture B). Secondly, the mixture A was added dropwise
to the reactor with 41.7 g IPA at 82 �C for 30min. After adding all
mixture A, the reaction was continued for another 30min at 82 �C.
Thirdly, the reactor was heated up to 85 �C, and mixture B was
added dropwise to the reactor at 85 �C within 20min. After all
mixture B was added, the reaction was continued for another 3 h at
85 �C (Table 1). Subsequently, the as-synthesized product (99.5 g)
was cooled down to room temperature,and 4.3 g DMEA was added
under continuous stirring for 20min to neutralize the free car-
boxylic acid groups in the resin chains. Finally, 42.9 g water was
added dropwise over 40min at agitation speed of 550 rpm to pre-
pare stable waterborne resin with 35wt% solid contents.

2.3. Modification of waterborne acrylic resin (WA/GMA)

The waterborne acrylic resin modified with glycidyl methacry-
late (GMA) was synthesized following the same procedures as de-
scried in section 2.2. The only difference was that mixture A and
mixture B were added with different GMA loadings, namely WA/
GMA0 (0wt% GMA of the total monomers), WA/GMA5 (5wt% GMA
of the total monomers), WA/GMA15 (15wt% GMA of the total
monomers) and WA/GMA30 (30wt% GMA of the total monomers).



Table 1
The ingredient of the waterborne acrylic resin.

Monomer (g) Initiator (g) Solvent (g) Total (g)

MMA BA MAH 2-EHA AA HEMA AIBN IPA 100
13.4 19.6 2.7 3.3 3.3 6.5 1.2 50
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1/3 of the GMAwas added to the mixture A and the 2/3 of the GMA
was added to the mixture B.
2.4. Film preparation

Different weights of waterborne resin and curing agent (the
curing agent was diluted with water at a mass ratio of 1:2) were
mixed at room temperature. The mixture was magnetically stirred
for 2e6min depending on curing agent concentration, i.e., longer
time for higher concentrations. Then themixturewas sprayed by an
airbrush (W-71, Anest Iwata) at a gas flow rate of 150 L/min, and a
movement speed of 30e40 cm/s on the tinplate substrates and
dried at room temperature for 24 h until the mixture was not able
to flow on the tinplate substrates. The coated substrates were
transferred to an oven and cured for 30min at 100 �C. The water-
borne resin unmodified with GMA was prepared using the same
processing protocol for comparison. The hydroxyl group of silicane
tends to react with the hydroxyl group on the surface of the tinplate
to form the molecular layer of silicane. The molecular layer of sili-
cane acts as a bridge between coating and tinplate. The curing
process is schematically shown in Scheme 1.

The mass ratio of WA/GMA to KH-550 was important for the
mechanical properties and surface performance of the coatings.WA
and GMA could not react completely when KH-550 was not
enough. Therefore, the WA/GMA-KH-550s were prepared with
different mass ratios of WA/GMA and KH-550 to evaluate the in-
fluence of mass ratio on themechanical and surface performance of
WA/GMA-KH-550. These samples were marked as WA/GMA-KH-
550 (m:n) to designate the samples prepared with the mass ratio
Scheme 1. Schematic represen
(m:n) of WA/GMA and KH-550.
2.5. Characterizations

The attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR, Nicolet 380, Thermo Fisher Scientific Co.,
USA) was used to determine the chemical structure of waterborne
resin and coatings.

High-resolution 29Si-NMR spectra were obtained at a frequency
of 79.45MHz (9.4 T) with a Varian Unity INOVA spectrometer. The
measurements were carried out under Magic Angle Sample Spin-
ning (MAS) up to 5 kHz in zirconia rotors with a Varian 7mmwide-
body probe. The spectra were obtained from Bloch Decay (BD)
signals after p/2 pulses of 4ms length with 30 s recycle time by
collecting up to 3000 free induction decay (FID) signals.

The curing temperature was determined by differential scan-
ning calorimeter (DSC, DSC1, Mettler Toledo Co. Swiss Confedera-
tion). The uncured samples (about 10mg) were heated from 25 to
150 �C under a nitrogen atmosphere at a nitrogen flow of 20mL/
min. The thermal stability of the cured samples was characterized
by using a thermogravimetric analyzer (TGA, Mettler Toledo Co.
Swiss Confederation). About 10mgmixture of the curing agent and
the waterborne resin at different rations was introduced into the
thermobalance, and then heated from 25 to 800 �C at a heating rate
of 15 �C/min and a nitrogen flow of 20mL/min.

The tensile experiments were carried out on a tensile tester
(WDW3100, Changchun Kexin Co., China) at a cross-head speed of
2mm/min at room temperature following ASTM-D638. The di-
mensions of the tensile specimens were 10mm� 4mm in the
tation of curing process.
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working section. At least three specimens of each sample were
tested. After the tensile test, the broken samples were collected,
and the morphology and elemental analysis of the fracture surfaces
were characterized by a field emission scanning electron micro-
scope (SEM, SU-70, Hitachi, Japan) at an acceleration voltage of
30 kV.

The contact angles of the coatings were measured on a DSA30
machine (Data-Physics, Germany) at ambient temperature. The
water droplets (about 5 mL) were dropped carefully onto the surface
of materials. The average value of five measurements performed at
different positions on the same sample was adopted as the contact
angle.
Fig. 1. FTIR spectra of (a) WA/GMA15; and WA/GMA15-KH-550 (1:0.15) prepared with
a curing time of (b) 5, (c) 10, (d) 20, (e) 30min.
3. Results and discussion

3.1. Curing behavior

The performance of final film was influenced by the curing
extent. In the curing process of the two-component waterborne
acrylic resin, the reaction between acrylic chain and curing agent is
critical for the quality of the final coating. In the WA/GMA-KH-550
systems, the following reactions may occur during the curing
process as shown in Scheme 2. Dehydration reaction will occur
between KH-550 molecular (Scheme 2a). The hydroxyl groups in
the waterborne acrylic chains will react with the amino and hy-
droxyl groups in the KH-550 (Scheme 2b). The carboxyl groups in
thewaterborne acrylic chains will react with the hydroxyl groups in
the KH-550 (Scheme 2c). The hydroxyl groups on the metal surface
will react with the hydroxyl groups in the KH-550 and acrylic
chains (Scheme 2d and 2e).

Fig. 1 shows the FTIR spectra of WA/GMA15 and WA/GMA15-
KH-550 (1:0.15) at different curing time. The peaks at 3375, 1732,
1303 and 1139 cm�1 correspond to the stretching absorption of the
eOH, C]O, C-N and C-O-C, respectively [44e48]. The peak at
1209 cm�1 represents the stretching resonance of C-O of the car-
boxylic acid [48,49]. The weak absorption peaks at 1066 and
Scheme 2. The curing reaction me
825 cm�1 belong to the extending vibration of the Si-O-Si and Si-O-
C groups, respectively [50e52].

In comparison with pure resin, the characteristic absorption
bands at 3375 and 1229 cm�1 respectively assigned to the
stretching resonances of eOH and -COOH are weakened, illus-
trating that partial hydroxyl groups (Scheme 2b) and carboxylic
acid (Scheme 2c) have reacted with the hydroxyl groups of KH-550.
At the same time, the new weakened peaks appeared at 825, 1066,
and 1303 cm�1. These characteristic peaks also indicate that KH-
550 has reacted with the hydroxyl groups in the chain of water-
borne resin (Scheme 2b) and dehydration reaction occurred
(Scheme 2a). The results indicate that two component waterborne
coating has been cured upon heating.

The conversion of the hydrolyzed KH-550 to the silica network
was measured with solid-state 29Si NMR analysis, as shown in
chanism of the curing process.



Fig. 2. The 29Si NMR spectrum of WA/GMA15-KH-550 (1:0.15). The inset shows the
dehydration reaction of KH-550 molecule.
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Fig. 2. Three major peaks at about �66.79, �59.95 and �47.98 ppm
were observed for the corresponding absorption of nonhydroxy-
substituted silica (T3), monohydroxy-substituted silica (T2) and
dihydroxy-substituted silica (T1) [53], respectively. The relatively
small peak integration area of the T1 demonstrated the high con-
version of the curing reaction of silanol groups and the formation of
a silica network (Scheme 2a). Moreover, a small peak between T1
and T2 was observed at�53.73 ppm. This peak might arise from the
absorption of the silicon center of the C-O-Si(R)(OH)O-Si- structure
[54e57], which was formed through the dehydration reaction be-
tween the -COH groups of resins and the silanol group (Scheme 2b).
From the 29Si NMR results, the formation of the C-O-Si(R)(OH)-O-
Si- structure also implied that the KH-550 was incorporated into
the waterborne resin networks after curing.

In addition, the waterborne acrylic chain (R-OH) and KH-550
(Si-OH) can form hydrogen bonds with the hydroxyls (Me-OH)
present on the metallic surface film. The remaining silanol groups
that could not approach the metallic substrate form bonds among
themselves. Upon curing or drying, these hydrogen bonds are
converted to stable carbon-oxygen and siloxane bonds via the
above reactions (Scheme 2a, 2d and 2e) [58e60]. The formative
molecular layer through all the aforementioned reactions avoids
the flash corrosion of the surface of the iron based material
successfully.
Fig. 3. Influence of the amount of GMA on curing of WA/GMA-KH-550 (1:0.05) system.
The curing behavior of all samples was determined by non-
isothermal DSC method. Figs. 3 and 4 show the typical DSC ther-
mograms of waterborne resin samples in different conditions.
These thermograms provide the information to determine the
curing reaction condition. Fig. 3 shows the influence of the GMA
amount on the curing temperature for WA/GMA-KH-550 (1:0.05)
system. The initial temperature of curing reaction, peak tempera-
ture and finishing temperature are all decreased with increasing
the GMA amount at a heating rate of 5 �C/min. Because the GMA is a
class of functional material, part of epoxy functional groups will
react with other polar functional groups that changes the structure
of the acrylic branched chain in the process of synthesis, and can be
easier crosslink with curing agent in the curing process. Mean-
while, the structure of the waterborne acrylic main chain modified
with GMA has changed and a dense mesh structure is formed with
the addition of curing agent. Therefore, the endothermic peak of
curing reaction moves to a lower temperature (74.3 �C, 15wt%
GMA, 5wt% KH-550), indicating an easier curing reaction. The WA/
GMA-KH-550 (1:0), WA/GMA-KH-550 (1:0.15), and WA/GMA-KH-
550 (1:0.3) all showed similar situations under the same curing
conditions.

Fig. 4 shows the influence of the KH-550 amount on the curing
for WA/GMA5-KH-550 system. The initial curing temperature is
decreased after the incorporation of KH-550 at a heating rate of
5 �C/min. In other words, the waterborne resin filled with KH-550
has a much lower initiating curing temperature, indicating the
effective curing of the KH-550 curing agent. Similarly, the peak
curing temperature and finishing temperature are decreased after
the incorporation of KH-550 compared to that of pure resin. The
increased active site makes the curing process easier to form a
three-dimensional network structure. Therefore, the endothermic
peak of curing reaction moves to a lower temperature, and the
curing reaction is accelerated. However, the 5wt% KH-550 sample
has the highest finishing temperature of 108.40 �C, which may be
due to better dispersion of the KH-550 in system than other sam-
ples, and relatively high viscosity at last curing stage [61]. Thus, the
rate of conversion is controlled by diffusion rather than kinetic
factors in the last stage, thus the 5wt% KH-550 samplewill have the
highest finishing temperature for the curing reaction. The KH-550
loading was observed to have a significant effect on the curing
process. As compared to peak curing temperature of 92.83 �C for
pure resin, the addition of 15wt% KH-550 lowers the peak curing
temperature to 79 �C. A higher KH-550 loading does not
Fig. 4. Influence of the amount of KH-550 on the curing for WA/GMA5-KH-550
system.



Table 2
The residual rates (wt%) of different GMA systems.

Temperature (�C) 0wt% 5wt% 15wt% 30wt%

150 93.89 95.76 97.98 98.95
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significantly decrease the peak curing temperature. Thus, the best
loading of the curing agent is 15wt% KH-550. The WA/GMA0-KH-
550, WA/GMA15-KH-550 and WA/GMA30-KH-550 showed all
similar situations under the same curing conditions.
200 90.55 94.59 95.83 96.79
250 82.74 88.84 91.44 92.77
300 75.00 83.43 86.27 87.48
350 66.03 75.62 77.87 79.70
3.2. Thermal properties analysis

From the curing behavior, it can be concluded that the optimal
loading of KH-550 is 15wt%. The TGA curves of different GMA
systems at the optimal loading of KH-550 were shown in Fig. 5. The
residual rates of samples with different GMA contents are shown in
Table 2. As seen from Fig. 5 and Table 2, the main weight loss took
place at around 200e450 �C and the addition of GMA in the syn-
thesis process could improve the heat resistance of materials. In
addition, the residual weight of the resin modified with GMA also
increased compared with pure acrylic coating from 100 to 400 �C.
Because the boiling point of the KH-550 is 217 �C, and the small
molecule KH-550 that does not participate in the curing reaction
will rapidly lose at this temperature and form inflection points from
100 to 300 �C in different TGA curves. Meanwhile, the polar func-
tional groups of different structures such as carboxyl and hydroxy
that do not participate in the curing reaction will exhibit different
degrees of condensation under different temperature and energy,
forming small molecular water. The small molecule water will
evaporate and causes the mass loss. When the residual weight of
coatings is 85%, the coatings modified with 0wt%, 5wt%, 15wt%
and 30wt% GMA corresponding temperature is 240.75 �C,
286.25 �C, 310.75 �C and 321.25 �C, respectively. When the residual
weight of coatings is 80%, the coatings modified with 0wt%, 5wt%,
15wt% and 30wt% GMA corresponding temperature is 263 �C,
325.25 �C, 341.25 �C and 348.75 �C, respectively. All of these im-
provements indicated that the GMA was effective to enhance the
thermal stability of the acrylic resin. The aforementioned results
can be interpreted as two factors: first, because both the epoxy
functional group and the hydroxyl group are able to react with the
silicon hydroxyl groups to form much higher energy Si-O bond, as
the content of GMA increases, the more Si-O is formed; second, the
cross-linking density of the coatings also increases with the intro-
duction of GMA, under this condition, the rotation, translation and
moving of molecular chains and the escape of small molecules are
hindered, which would form the three-dimensional network
structure and it will need more energy to destroy the structure
[18,61].
Fig. 5. TGA curves of different GMA systems.
3.3. Tensile properties analysis

Fig. 6 shows the typical tensile strain-stress curves of the cured
coatings with different loadings of GMA. The tensile strength of the
coatings is observed to depend on GMA amount. The tensile
strength of cured pure acrylic resin is 7.26MPa. The cured acrylic
resin modified with 5wt%, 15wt% and 30wt% GMA showed an
enhanced tensile strength (8.79, 12.91 and 14.95MPa) compared
with that of cured pure acrylic resin. GMA can effectively increase
the number of crosslink junctions between the waterborne resin
and curing agent. Along with the increase of the GMA content, the
junction increases and the final coating has a high cross-linking
density, thus the tensile properties of the coating are increased.
Moreover, the tensile strength of coating increases with the in-
crease of GMA content, but its influence on the tensile strength is
not very obvious when the GMA increases to a certain extent. The
mechanism of the increased tensile strength is studied from the
morphology of fracture surfaces (Fig. 7).

From the SEM morphologies (Fig. 7) of the fracture surface, the
cured pure resin is observed to be very smooth and river-like
(Fig. 7a), indicating that pure resin is very brittle, typical of ther-
mosetting polymers [62]. The fracture surface becomes much
rougher after modified with the GMA. The fracture surface of 30wt
% GMA (Fig. 7d) ismuch rougher andmuchwavier than others. A lot
of voids are observed in the fracture surface of 15wt% (Figs. 7c) and
30wt% (Fig. 7d) GMA modified resin. Compared to unmodified
resin, the resins modified with different loadings GMA showed
better mechanical properties, which was possibly due to the
increasing the crosslinking density of GMA modified resins and
formed closed network structure [16,63,64]. In addition, the strong
association of GMA with acrylic resin through covalent bonding
also resulted in the increase of the mechanical properties of the
acrylic resin.

There are some researches on the waterborne acrylic resin, the
properties of other waterborne acrylic resin were compared.
Fig. 6. Stress-strain curves of WA/GMA-KH-550 (1:0.15).



Fig. 7. SEM microstructures of the fracture surface of (a) WA/GMA0-KH-550 (1:0.15),
(b) WA/GMA5-KH-550 (1:0.15), (c) WA/GMA15-KH-550 (1:0.15) and (d) WA/GMA30-
KH-550 (1:0.15).
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Table 3 lists the comparison of the resin type, curing temperature
and tensile property of various waterborne acrylic resins. In this
work, the novel waterborne acrylic resin modified with GMA not
only has a relatively lower curing temperature, but also has a good
tensile property.
3.4. Contact angle of the coatings

The surface wetting ability of coatings with various dosages of
GMA and curing agent was evaluated by measuring the contact
angle formed between the water drops and the surface of the
samples using contact angle measuring system (Fig. 8). From
Figure 8a, the contact angle increases with increasing of the GMA
Table 3
Property comparison of several waterborne acrylic resins.

Type of resin Curing temperature (�C)

Acrylic 22.0
Acrylic-polyurethane 60.0
Acrylic-polyurethane 80.0
Acrylic-epoxy 50.0
Acrylic-KH-550 54.3

Fig. 8. (a) Influence of the GMA amount on the contact angle for different amount of KH-550
content in different KH-550 systems. It can be seen, that the contact
angle of WA/GMA0-KH-550 (1:0.15) is 87.72�. However, after
modification with GMA, it was found that WA/GMA15-KH-550
(1:0.15) showed an increase in contact angle up to 99.51�, indicating
a hydrophobic nature of coating [65]. This demonstrates the
modification effect on the surface wetting ability of the coating
surface. From Figure 8b, the contact angle increases with the
increasing of KH-550 amount. It could be that the KH-550 changed
the physical and chemical properties of coating surface in the
process of crosslink reaction [16,66]. In addition, the optimum
amount of KH-550 is the same for different amounts of GMA. The
contact angle of the WA/GMA15-KH-550 (1:0) was 85.56�. Upon
adding 15wt% KH-550, the formation of the coating was hydro-
phobic. It is noted that hydrophilicity depending on both surface
roughness and the chemical crosslinking can lower surface energy
sufficiently [67e70]. In present work, the low surface energymakes
it a good candidate for the hydrophobic coating.
4. Conclusions

The waterborne coatings modified with GMA was prepared
from various functional acrylic monomers by homogeneous solu-
tion polymerization in iso-propyl alcohol followed by solvent ex-
change with water. The curing temperature of the two-component
waterborne resin was decreased obviously and the mechanical
properties were also improved. At the same time, the KH-550 as the
curing agent not only effectively increased the crosslinking density
of the resin, but also combined with the tinplate to form the mo-
lecular layer of silicane. Thus, the addition of KH-550 effectively
prevented the occurrence of flash corrosion. The as-prepared
coatings with excellent mechanical, thermal and hydrophobic
properties have potential applications in the areas of anti-flash
corrosion, water purification, fire retardancy, chemical sensing,
membrane, biomedical coating, waterproof and anti-corrosion
Tensile strength (MPa) Ref.

5.10 [19]
11.20 [69]
2.17 [70]
7.52 [71]
14.95 This work

. (b) Influence of the KH-550 amount on the contact angle for different amount of GMA.
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coating [71e78]. With introducing functional nanofillers, the
formed nanocomposites can have much broader applications such
as structural materials [79e82], sensing [83e86], electromagnetic
interference (EMI) shielding [87,88] and packaging materials [89].
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