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Corrosion of metal products can seriously affect their reliability. The application
of coatings is the most widely used method of corrosion protection due to the
desire for easy application and low cost. Most of the present corrosion-resistant
coatings are solvent coatings. Due to the high content of volatile organic compounds,
the use of solvent coatings is restricted. Currently, the corrosion resistance of
waterborne coatings is much lower than that of solvent coatings, so research and
development of waterborne corrosion-resistant coatings are necessary and valuable.
A corrosion-resistant waterborne polyurethane modified epoxy (WPUME) emulsion was
prepared and characterized by Fourier transform infrared (FTIR) spectra, transmission
electron microscopy, and thermal gravimetric analysis. The particle size, dispersion, and
solid content of the emulsion were tested by laser-scattering equipment and a weighing
method. Coatings were prepared based on the emulsion, and the properties (i.e., water
absorption rate, salt spray resistance, and flexibility) of the coatings were tested by the
standard method, respectively. Results show that the synthesis reaction accords well
with the molecule design, and the average diameter of the particles in the emulsion is
100 nm approximately. The cured coating, which is coated on tinplate sheets, has good
flexibility and can withstand the salt spray test for more than 60 days (i.e., 1,440h). The
emulsion has many potential practical applications in the protection of metal materials.

Keywords: waterborne, corrosion resistance, polyurethane modified, epoxy, emulsion

INTRODUCTION

Corrosion is a process by which materials, especially metals (i.e., carbon steel, galvanized steel, and,
castiron), are worn away by electrochemical and chemical actions. Metals have anodic and cathodic
areas, and corrosion results from the presence of oxygen, water, and the conducting medium. The
impact of metal corrosion on operational safety and product reliability may lead to the loss of
valuable products, major accidents, personnel deaths, and plant shutdowns, so the consequences
of the corrosion of metal structures are vast. The application of coatings is the most widely used
method of corrosion protection due to the desired advantage of slowing down water, ions, and
other corrosive media penetrating through the organic film, along with the ease of application.
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Most of the present corrosion-resistant coatings are solvent
coatings. In the last decade, waterborne coatings have attracted
attention for metal protection because the environmental
standard requirements legislate the limit to the removal or
control of volatile organic compounds to the lowest possible
levels (Wang et al., 2013; Abdolahi et al., 2014; Yilmaz et al., 2014;
Liu et al,, 2016; Zhang et al., 2017).

However, the anticorrosion properties of waterborne coatings
are far inferior to solvent coatings because the hydrophilic groups
are often retained in the coating during the film formation
process, decreasing the shield’s ability for vapor diffusion and
moisture resistance (Ai et al., 2014; Wang Z. et al., 2014; Rahman
etal.,, 2015). Thus, the addition of corrosion inhibitors or fillers is
necessary to improve the corrosion resistance of the waterborne
coatings, and micro/nano inorganic particles (i.e., inorganic
additives) are often applied as corrosion inhibitors or fillers (Hao
et al, 2012; Ma et al., 2012b; Cheek et al., 2013; Liang et al., 2013;
Suleiman et al., 2014; Das et al., 2017).

Many inorganic particles that include graphene (Mittal, 2014;
Kausar et al.,, 2016; Qiu et al., 2017; Shahabadi et al., 2017;
Zhu et al., 2017), Ni-Fe(Ti,W)C nanocomposite (Khorsand et al.,
2018), nano-ZnO (Dhoke and Khanna, 2009; Rasool et al., 2018),
SiO; (Khademian et al., 2015; Wang N. et al,, 2016), TiO,
(Montesinos et al.,, 2015; Wang N. et al., 2016), Al (Deflorian
et al, 2011), ALO3; (Chen et al, 2014), Ag (Rahman, 2017),
micaceous iron oxide (Kakaei et al., 2013), and carbon nanotube
(Zhuo et al., 2016) have been investigated by researchers, and the
results show that the corrosion resistance of composite coatings
has improved significantly.

A composite coating is composed of organic polymers and
inorganic additives. The polymers act as a matrix and hold the
inorganic additives. Water-based polymers are used due to their
popularity in coating formulations, and these that include acrylic
(Singh et al., 2017), polyurethane (PU) (Alagi et al., 2017), alkyd
(Pathan and Ahmad, 2013), epoxy (Cao et al., 2015), polyester
(Kumar et al., 2017), and their combinations because of their
complementary performance.

Waterborne organic—inorganic hybrid coatings will be the
development trend in the future (Boubakri et al., 2010; Huang
et al.,, 2012). However, due to the addition of inorganic additives,
certain properties (i.e., transparency, etc.) of the composite
coatings are reduced obviously, and the applications of the
coatings are limited in some special fields that require high
transparency and showing the natural colors of the substrate
covered by the coatings. Therefore, research and development
of corrosion-resistant coating, without inorganic additives,
are essential.

Among various waterborne polymers used in coatings,
polyurethane is known for its excellent durability and resistance
mainly against chemical and thermal degradation, ultraviolet
(UV) radiation, scratch, and hydrophobicity (Boubakri et al.,
2010; Huang et al., 2012; Ma et al., 2013; Mohammad and Han,
2015; Kausar, 2016).

Epoxy resins, owing to their excellent chemical properties,
corrosion resistance, outstanding adhesion properties, low
shrinkage, and low price, are widely used in various coating
applications. In addition, the properties of cured epoxy coating

depend on the curing agent and curing process, and these
properties can be adjusted widely (Muhammad et al., 2014;
Pradhan et al, 2016; Kumar et al., 2017). However, due to
the poor outdoor durability of epoxy resins, acrylics, and
polyurethane hybrids are finding increasing use.

When exposed to aggressive media, metal or alloy stability
depends upon the protective properties of the surface coatings
formed. Chemical composition, conductivity, adherence,
solubility, hygroscopicity, and morphological characteristics
determine the film’s capacity to work as a corrosion barrier
(Stratmant et al., 1983). If the polyurethane and epoxy
segments are synthesized in a polymer molecule, the properties
(i.e., chemical composition, adherence, hygroscopicity, and
morphological characteristics) of the resins can be regulated
widely. Therefore, the corrosion resistance of the polymer can
be improved.

In this investigation, a waterborne polyurethane modified
epoxy (WPUME) emulsion was prepared and characterized, and
the emulsion showed good corrosion resistance properties.

MATERIALS AND METHODS

Materials

Epoxy resin (E-44) was bought from Lanxing Advanced Material
Co. (Wuxi, China). Isophorone diisocyanate (IPDI),
dimethylolbutyric acid (DMBA), triethylamine (TEA), acetone,
butanone, and polyethylene glycol 2000 (PEG-2000) were
purchased from Kelong Co. (Chengdu, China). The catalyst
with organotin (i.e., dibutyltin dilaurate) as the main active
ingredient, named DY-20, was a product of Deyin Chemical Co.
(Shanghai, China). The waterborne curing agent with modified
primary amine as the main active ingredient, named GCA 02,
was bought from BASF Co. The active hydrogen equivalent of
GC 02 is 320. All the materials were analytical grade, besides
epoxy resin, the curing agent, and DY-20. IPDI, DMBA, and
PEG-2000 were dried in a vacuum oven (100°C) for at least 5h
before the experiment, and the other materials were applied as
received without further treatments.

Preparation of the Polyurethane Modified

Epoxy Emulsion

Polyurethane modified epoxy emulsion was synthesized by a
reaction using IPDI, PEG, DMBA, epoxy resin, and TEA. In a
four-necked round-bottom flask, 5 g DMBA was dissolved in 10 g
acetone, and the flask was equipped with a thermometer, a stirrer,
an inlet of dry nitrogen, a condenser, and a heat jacket. Then, 15¢g
IPDI and 5 g acetone were added slowly under moderate stirring
(300 rpm), and the mixture was allowed to react at 70°C until
the theoretical NCO content was reached. The change of NCO
content during the reaction was determined using a standard
dibutylamine back-titration method (David and Staley, 1969). As
the theoretical NCO value was obtained, the reactant was heated
to 90°C, and the solution (i.e., 41.8 g epoxy resin, 37.1g PEG-
2000, 0.3g DY-20, and 40 g acetone) was added and stirred at
300 rpm for 2.5h while maintaining the temperature at 90°C.
Then the reactant was cooled to 40°C, and 3.5 g TEA was added
slowly and stirred for 30 min while maintaining the temperature
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at 40°C. After the reaction, 120 g deionized water was added
into the flask under fast stirring (800 rpm) at room temperature
for 15min. Finally, the acetone was removed under vacuum
to obtain the WPUME resin emulsion. The WPUME molecule
contained hydrophilic groups (i.e., the carboxylate group and the
ether bond) and an epoxy group, so it could be self-emulsified
(i.e., depending on carboxyl group and ether bond) in water
to form a stable emulsion. The emulsion was cured to a stable
film depending on the reaction between the epoxy group and
amino group in GC 02. The scheme of the preparation process for
WPUME is shown in Scheme 1, and the main functional groups
are encircled.

Preparation of Cured and Pristine

WPUME Film
About 100g WPUME emulsion was well mixed with 7.5g of
curing agent (i.e., GCA 02), and the mixture was cast on several

8 x 15cm tinplate sheets. The curing process was implemented
at 120°C for 15min followed by 140°C for 15min to form
the film. Another surface of the tinplate sheet was cast to
form an additional cast film. A spiral micrometer measured
the obtained film thickness of 15-25 pm. The curing response
occurred between the epoxy group in the WPUME molecule
and the amine group in the GC 02, and the response is shown
in Scheme 2.

As the pristine film was prepared, no curing agent was added
to the emulsion, and all the other procedures were the same as in
the preparation method of the cured film.

Water Resistance

The water resistance test was characterized by the water
absorption rate and determined by the weighing method as
follows (Ma et al., 2012a). The cured WPUME film samples were
cut into 3 cm x 3 cm pieces and dried in a vacuum oven at 60°C
for 24 h to determine their dry weight (Wg). Then, the film was
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SCHEME 1 | Preparation process of the WPUME molecule. (A) Reaction between IPDI and DMBA. (B) Reaction among prepolymer, epoxy resin and PEG-2000.
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immersed in distilled water for 72 h, followed by wiping off the
surface water with a piece of filter paper to determine its weight
(W¢). The water absorption rate (W%) was then calculated by
Formula (1).

Wi — W,
d

100

Stability of the Emulsion

Storage Stability

The emulsion sample was filled into a covered glass bottle of
50 ml, and the sample was placed in an oven for 20h at 50 +
2°C. Then, the bottle was taken out of the oven and placed at
room temperature (i.e., 23 £ 2°C) for 3 h. If the emulsion was
not stratified, the stability was good.

Freezing and Thawing Stability

The emulsion sample froze at —10°C and was placed at room
temperature (i.e., 23 + 2°C) for some time until the frozen
emulsion was thawed. If the sample was not stratified, the process
of the freezing-thawing cycles continued until five cycles were
carried out to complete the freezing and thawing stability test.

Centrifugation Stability

The emulsion sample was centrifuged at 5,000 rpm for 5min in
a centrifuge (TGK-16, Xiangyi Co., China). If the emulsion was
not stratified, the stability was good.

Characterization

FTIR

Fourier transform infrared (FTIR) spectra of the pristine and
cured film sample were recorded respectively in the range of 400
4,000 cm ™! using an FTIR spectrometer (VERTEX 70, BRUKER
Co., Germany) on a KBr disk at a resolution of 4 cm~! for
32 scans.

Solid Content
An emulsion sample of 2g was weighed precisely to get the
weight of W, and then, the emulsion was dried to a constant

weight to get the weight of W5, and the solid content (sc%) was
calculated by Formula (2).

W1 — W,

sc(%) = W
1

x 100 (2)
Particle Size and the Dispersion of the Emulsion

Laser-scattering equipment (Autosizer, Melvern Co., UK) was
used to determine the particle size and dispersion. The sample
was first diluted in distilled water to 0.5%, followed by an

ultrasonic wave treatment to homogenize the emulsion.

Microscopic Observation

A microscopic observation was performed on a transmission
electron microscope (TEM, JEM-200CX, Japan Electronics Co.,
Japan) operating at 120 kV. In order to view the morphology, the
pristine film was floated off from the mica substrates into distilled
water and collected on the TEM grids.

Thermal Gravimetric Analysis

Thermal gravimetric analysis (TGA) was carried out on a thermal
analyzer (STA 449 F3, NETZSCH Co., Germany). The TGA
instrument was calibrated with calcium oxalate from 30 to 500°C
at a heating rate of 10°C/min in a static nitrogen atmosphere.

Electrochemical Measurement

Electrochemical measurements of the cured and pristine
WPUME films on the tinplates (the plating was polished by
sandpaper before the film was coated) were carried out using
a ParStat 2273 potentiostat (Ametec, Berwyn, PA, USA). A
classical three-electrode system was applied. The samples, a
saturated calomel electrode (SCE), and a platinum plate, were
used as a working electrode, reference electrode, and auxiliary
electrode, respectively. The polarization curves were obtained
on an exposed area of 1 ¢cm? at a constant voltage scan rate
of 0.5mV s after an initial delay of 300s. An immersion test
was performed according to GB 10124-88 of China (GB 10124-
88, 2008). The electrochemical measurements were conducted in
NaCl solution of 3.5%.
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Salt Spray Test

The salt spray test was performed in a YW/R-150 salt mist
corrosion testing box (Tianjin, China) on tinplate sheets with
a cured WPUME sample to simulate environment corrosion
according to ASTM B117-09 (natural salt spray test).

Flexibility Test

The WPUME emulsion was cured on the tinplate, and the
flexibility of the samples was tested according to ASTM 4145-
2010 (coating flexibility).

RESULTS AND DISCUSSION

Chemical Characterization

An FTIR spectroscopy study was performed for a structural
comparison between the cured and pristine films that were
prepared by the WPUME emulsion (Figure 1). In general, there
was no major structural difference between the spectra of the
cured and pristine film.

The FTIR spectrum for the pristine film showed an absorption
band at 3,406 cm~! and absorption peaks at 1,718 and 1,250
cm~!, corresponding to the characteristic absorption of N-H,
C=0, and C-O in -NH-COO-, respectively. No absorption
peak was found at 2,270 cm~! (i.e., absorption peak of -NCO),
which means the -NCO almost completely reacts to the -OH
in the reactant. An analysis of these spectra reveals absorption
peaks at 1,400 and 1,107 cm™!, which can be assigned as the
characteristic absorption of -OH in the primary alcohol and
ether bond, respectively. It means that the PEG is induced in
the polymeric chain segment, and a certain amount of primary
alcohol remained. The results of the characteristic peak at 955
cm™! are from the absorption of -COOH, which means the
DMBA reacts with the other materials, and the -COOH is
induced in the polymeric chain segment. Hydrophilic groups

Cured film
3
g . .
B Pristine film
=]
2
s
H
. T x T » T d T * T . T ' T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm)

FIGURE 1 | Fourier transform infrared spectra of pristine and cured film
prepared by the WPUME emulsion.

(i.e., ether bond and carboxyl) in the WPUME molecule endues
good stability to the emulsion. The characteristic absorption
peaks of the epoxy group at 913 and 830 cm ™! are easily found in
the pristine film sample, which means the epoxy group is retained
and can result in the curing reaction later. These FTIR spectra
show that the synthesis reaction among DMBA, IPDI, PEG, and
epoxy resin to synthesize WPUME may occur corresponding
to Scheme 1.

With regard to the spectrum of the cured film sample in
Figure 1, the absorption peak of the epoxy group, primary
hydroxyl, and -COOH at 913, 1,400, and 955 cm™ !, respectively,
disappears, and a new absorption bank of a tertiary amino group
at 1,125 cm™! is found, which means the curing agent (i.e.,
modified amine) may react with the oxygen group, and the epoxy
group may react with the active amine, so the amino group
can be formed. The disappearance of the epoxy group, primary
hydroxyl, and -COOH implies that the curing reaction is carried
out thoroughly, and the cured film may have good properties of
corrosion resistance, low water absorption rate, and good heat
resistance; therefore, the properties correspond well with the
results of the later investigation.

Solid Content

The solid content of the emulsion prepared with the typical
method was 44.5%, which corresponds well with the theoretical
value (i.e., 46%). The difference may be attributed to the
volatilization of the materials in the reaction.

Water Resistance

The transparent samples of pristine and cured films were all
immersed in distilled water to determine their water resistance
performance. The transparent pristine film of WPUME turned
white and then opaque after it was immersed into distilled water
for about 30 min at room temperature, and it gradually split into
small pieces for about 2 h. However, the cared WPUME film had
no apparent changes even after it was immersed into distilled
water for 72 h at room temperature. The average water absorption

40

304
S
>
2 204
Q
E]
o
2
=

10

0 T T T
80 100 120 140 160
Diameter/nm
FIGURE 2 | Particle size and dispersion of the emulsion sample.
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100 nm

FIGURE 3 | TEM images of the emulsion samples with different magnification (i.e., 2500x in a and 5000x in b).
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FIGURE 4 | TGA cures of pristine and cured WPUME films.
TABLE 1 | Thermal loss data for the WPUME samples.
Sample T5% °C T10% °C T20% °C TSO% °C T70% °C
Pristine 270 297 357 405 415
Cured 335 360 383 433 -

Txy, corresponds to the temperature at which the sample weight loss was x%.

rate was 2.8%, which was calculated according to Formula (1).
The low water absorption rate illustrates that the cured film is
not sensitive to water, and it has good water resistance.

Particle Size and the Dispersion of the

Emulsion
Figure 2 shows the particle size and the dispersion of the
WPUME. It can be seen that the average particle size of the
emulsion is 102.82 nm, and it accords well with the TEM. The
small particle size of the emulsion leads to the good stability of
the emulsion.

0.4 1
0.2
w 0.0+
)
an
g D2 Cured
> 0.4
S 0.6
+  -0.6 -
‘@ ’ N ristine
S -084
-1.0
-1.2 T T T T T T T T T T
10 9 8 -7 6 5 4 3 -2 -1 0
Log J (A/em?)
FIGURE 5 | Polarization curves of cured and pristine films coated on the
polished tinplates.

Stability

The WPUME emulsion shows good stabilities (i.e., storage
stability, freezing and thawing stability, centrifugation stability).
The stabilities can be attributed to the introduction of the
hydrophilic groups in the WPUME polymeric chain and small
particle size of the emulsion.

Microscopic Observation

The typical TEM images of the WPUME emulsion particles are
shown in Figure 3. It is found that the particles are regularly
spherical with a diameter of 100-200 nm, and it has some regular
boundaries. The morphology of particles is an approximate
core-shell structure, in which hydrophilic groups (i.e., carboxyl
group and ether bond) constitute the shell and a hydrophobic
component constitutes the core. Encapsulated by a hydrophilic
group, the original hydrophobic segment in the polymeric chain
is dispersed in water. The core-shell structure appears to be more
visible when the particles are amplified to bigger sizes, as shown
in Figure 3b.
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Ayl

FIGURE 6 | Samples subjected to the salt spray corrosion test after 0, 30, 60, and 65 days.

Thermal Gravimetric Analysis

TGA results of the pristine and cured WPUME film samples are
shown in Figure 4. The temperatures correspond to a 5, 10, 20,
50, and 80% weight loss, which are listed in Table 1.

The main weight loss of the samples is caused by the thermal
decomposition of the polymer molecule segment. By the addition
of the curing agent, the cured WPUME film sample displays
better thermal resistance than the pristine one. For typical
samples, the temperature corresponding to a 5% weight loss for
the pristine and the cured film is 270 and 335°C, respectively,
which is 65°C higher for the cured film sample than the
pristine one. The curing and cross-linking between polymeric
chains limit the free-chain movement of polymers (Charles and
Carraher, 2007), so the cured WPUME film shows a better
thermal resistance. The better thermal resistance indicates that
polymeric chains of the WPUME sample are cross-linked and
cured effectively. The cured WPUME film can offer relatively
greater corrosion resistance properties, which is verified in the
following section.

Electrochemical Measurement

The polarization curves of cured and pristine films on the
polished tinplates are shown in Figure5. It can be seen in
Figure 5 that the hydrogen evolution rate on the cathodic

side and metallic dissolution rate on the anodic side both
decrease significantly as the cured film is coated on the substrate
compared with the pristine film. In addition, the anodic sides
of the two curves are also different. The anodic side of the
sample with pristine film on it is much smoother than that
of the cured one. In the curve of the cured film sample, the
corrosion current density (J) increases much more slowly with
increasing anodic potential in the passive tendency region. The
corrosion current density of the sample coated with a cured film
is 0.002551 pwA-cm™2, which is much lower than that of the
sample coated with a pristine film (1.905 WA cm™2). The result
indicates that the tinplate with cured film on it can dramatically
improve the corrosion resistance of the substrate compared to the
pristine one.

Salt Spray Test

Figure 6 shows photographs of the WPUME sample cured on the
tinplate sheets after different exposure times (0, 30, 60, and 65
days) in a neutral salt spray chamber, respectively.

No corrosion is observed before the salt spray tests. The
images in Figure 6 after 30, 60, and 65 days of exposure reveal
the presence of corrosion activity. Yellow rust and coating
blistering are observed near the scratches of the samples, which
means a corrosion attack. However, the image of the sample
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after 30 days of exposure does not show blistering, and there
is no evidence of an apparent localized corrosion attack. The
coating blisters with diameters of about 1 mm and larger than
1 mm are observed near the scratches of the sample after 60
and 65 days of exposure, respectively, which indicates the good
anticorrosion performance of the WPUME coating prepared in
the investigation. However, some previous waterborne coatings
can endure a neutral salt spray test about 480h (Wang et al.,
2014), 720h (Li et al., 2018), 600h (Wang N. et al, 2016),
and 288h (Zhang et al.,, 2019), etc. before localized corrosion
appeared, which are all much shorter than the samples prepared
in this investigation.

Flexibility Test

The flexibility of the prepared coating is bent to the diameter of
2 mm, which is the highest flexibility in ASTM 4145-2010.

CONCLUSIONS

A WPUME emulsion was successfully prepared with the reaction
of epoxy resin (E-44), IPDI, DMBA, organotin catalyst, and PEG-
2000, and the curing agent to form the corrosion resistance
coating could cure the emulsion. The coating has good flexibility
(i.e., can be bent at a diameter of 2 mm) and corrosion resistance
properties (i.e., can endure the salt spray corrosion test for about
60 days on tinplate sheets). The coating has many potential
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