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A hydrophobic benzoxazine-cured epoxy coating (EPB) was prepared by a dip coating and thermal cur-
ing method using benzoxazine monomer (B-TMOS) as curing agent. Fourier transform infrared (FTIR)
analyses confirmed the presence of thermal curing reactions and hydrogen-bonding interactions in the
epoxy/polybenzoxazine system. The hydrophobicity of epoxy coatings induced by the incorporation of
B-TMOS was enhanced significantly, and the water contact angles of resultant EPB coatings were higher
than 98°. The corrosion protection ability of epoxy coatings was investigated by open-circuit potentials,
potentiodynamic polarization curves and electrochemical impedance spectroscopy (EIS) methods. The
results showed that the charge transfer resistance (R.;) of EPB coatings was increased by about three
orders of magnitude compared with bare mild steel, and the protection efficiency values of all EPB sam-
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Curing agent ples were more than 98%. This increased corrosion protection property could be attributed to the high
Hydrophobicity hydrophobic performance of EPB coatings.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Metallic corrosion causes considerable waste of natural
resources. The annual cost of corrosion worldwide is estimated
to exceed US$ 1.8 trillion, which translates to 3-4% of the gross
domestic product (GDP) of industrialized countries, even surpas-
sing the loss caused by natural hazards [1]. Organic coatings have
been employed to protect steel surfaces against versatile corrosion
environments for a long time by introducing a barrier to prevent
ionic transport and electrical conduction. The hydrophobic proper-
ties, water uptake and cross-linking density of the coating influence
its ability for isolating the steel from corrosive electrolyte [2-6].

In the past decade, epoxy resins have been widely used as a
coating material for corrosion protection, owing to its outstand-
ing processability, excellent chemical resistance, high cross-linking
density, and strong adhesion/affinity to substrates [7,8]. How-
ever, the high water uptake and hydrophilic nature of epoxy
resins have hindered its application in humid conditions. Not only
the absorbed water can deteriorate the thermal and mechani-
cal properties of resin, but can also initiate corrosion reactions
on the metallic substrates [9-11]. Hence, a lot of efforts have
been made to improve the water resistance of epoxy coatings.
Guo et al. [12] investigated nanostructured thermosets containing
epoxy and poly(e-caprolactone)-block-poly(dimethyl siloxane)-
block-poly(e-caprolactone) (PCL-PDMS-PCL) triblock copolymers.
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This study showed that the water contact angle (CA) of
ER/PCL-PDMS-PCL blends increased significantly with higher
triblock copolymer concentrations, with CA>80° at 60wt%
PCL-PDMS-PCL. Sordo et al. [13] incorporated PDMS additives
into epoxy resins by a physical method, improving the surface
properties of the cured materials without affecting the good adhe-
sion properties of the epoxy films on polar substrates. Cui et al.
[14] also reported that the synthesis of semi-interpenetrating
fluorine-containing polyacrylate and epoxy resin with different
fluorine content could improve the hydrophobic property of poly-
mer networks. However, phase separation might occur due to the
incompatibility of the incorporated additive along with the cur-
ing agent in these studies. Moreover, although fluoropolymers
are favorable compounds for modifying the surface properties of
coatings, the relatively high market price of such materials limit
their applications. Therefore, it is of great interest to develop a
kind of economic material to modify surface properties of epoxy
coatings, which also has good compatibility with epoxy resins.
Recently, significant progress has been achieved on the
cocrosslinking of benzoxazine with epoxy, whereby benzoxazine
is used as a curing agent of epoxy due to the reaction between
the phenolic —OH groups of the ring-opened benzoxazine and
epoxide groups. It is believed that incorporation of polybenzox-
azine into the epoxy network structure will result in excellent heat
resistance, flame resistance, electrical insulation and mechanical
performance [15-20]. Furthermore, polybenzoxazine is a class of
thermoset resins with low surface energy, far lower than that of
pure Teflon® [21,22].In addition, non-fluorinated polybenzoxazine
could remarkably reduce the production cost [23,24]. Above all, the
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hydrophobic properties of epoxy coatings can be improved by uti-
lizing benzoxazine as a curing agent, and this benzoxazine-cured
epoxy may have the potential to be applied as a low-cost hydropho-
bic coating material for corrosion protection.

The focus of the present work is to apply a polybenzoxazine pre-
cursor (B-TMOS) as epoxy curing agent. The B-TMOS cured epoxy
(EPB) coatings were prepared by dip coating and thermal curing
method. Fourier transform infrared (FTIR) spectroscopy was used to
characterize the structure of the coatings. In particular, the changes
in the surface properties of hydrophilic epoxy coatings upon the
addition of hydrophobic B-TMOS were examined by contact angle
measurement. Finally, the potential of EPB as a corrosion protec-
tive coating for Q235B mild steel (MS) electrodes is investigated by
electrochemical measurements.

2. Experimental
2.1. Materials and reagents

The mild steel (MS) (Q235B, composition in wt%: C: 0.12,
Mn: 0.32, Cr: 0.035, Si: 0.14, Ni: 0.040, S: 0.010, P: 0.012, Cu:
0.010, Fe: balance) was provided by Lanpec Technologies Co. Ltd,
China. Bisphenol A and 4, 4’-diaminodiphenyl methane (DDM)
were purchased from Sinopharm Chemical Reagent Co. Ltd, China.
3-Aminopropyltrimethoxysilane (3-APTMOS) was obtained from
Diamond Advanced Material of Chemical Inc., China. Epoxy resins
(type E-51, 0.53eq/100g) were purchased from Shanghai Resin
Factory Co., Ltd, China. Paraformaldehyde, chloroform, xylene,
n-butanol and other chemicals were from Shanghai Lingfeng Chem-
ical Corp., China. All chemicals were of analytical pure reagent
grade. Chloroform was purified by distillation over calcium hydride
(CaHy) prior to use; all other chemicals were used as received.

2.2. Synthesis of benzoxazine monomer

2,2-Bis  (3-(trimethoxysilyl)-n-propyl-3,4-dihydro-2H-1, 3-
benzoxazine)propane (B-TMOS) was synthesized by a method
available in the literature (Scheme 1) [22,25]. The product was yel-
low liquid with a yield of 85.1%. FTIR (KBr): v=1498 (tri-substituted
phenyl group); 1231 (s; vas (C—0—C of benzoxazine ring)), 1016
(s; vs (C—O—C of benzoxazine ring)); 1085 (s; vas (Si—0—C)); 931
(oxazine ring). 'TH NMR (400 MHz, chloroform-d, §): 6.75-7.26 (m,
6H, ArH), 4.82 (s, 4H, 0—CH;—N), 3.98 (s, 4H, Ph—CH,—N), 3.58 (s,
18H, Si—0—CH3), 2.73 (t, 4H, N—CH,), 1.66 (m, 4H, —CH,—CHSi),
0.67 (t, 4H, —CH,—Si).

2.3. Sample preparation and coating method

Bare MS was used as substrate. The substrates were blasted to
Sa21/2 and then degreased with acetone. DDM-cured epoxy (EPD)
was prepared by reacting of 30 wt% DDM with E-51. B-TMOS-cured
epoxy (EPB) was prepared by reacting of different ratios of B-TMOS
mixed with E-51. The structure of E-51 is shown in Scheme 2. MS
plates were dip coated into the epoxy solution for uninterrupted
six times with a withdraw speed of 320 mm min~!. The substrates
remained in the solution for 1 min every time. The EPD sample was
polymerized at 80 and 150°C, each for 2 h, respectively. The EPB
samples were cured in one step at 230 °C for 2 h. Samples obtained
by reacting 10 wt%, 20 wt%, 30 wt% and 40 wt% B-TMOS with E-51
were labeled EPB10, EPB20, EPB30 and EPB40, respectively. The
thickness of the coatings was evaluated on the stainless steel sur-
faces before and after coating using a micrometer (Mitutoyo, Japan),
resulting on thicknesses of ~5 pm for all coatings.

2.4. Characterization

2.4.1. Fourier transforms infrared (FTIR) spectroscopy

FTIR measurements were carried out on a Nicolet iS10 FTIR
spectrometer at room temperature (~25°C) using the KBr pel-
let method. In all cases, 32 scans at a resolution of 1cm~! were
recorded. The samples were prepared by casting the mixture solu-
tion onto a KBr plate, and then the residual solvent was removed
by drying in vacuum. Some of the samples were further cured at a
given condition to form polymer films.

2.4.2. Surface properties

Static contact angles of the samples were determined by con-
tact angle goniometry at 25 °C using a DataPhysicsOCA20 optical
goniometer interfaced with image-capture software by injecting
a 2 L liquid drop. Deionized water was used as the test liquid.
In order to obtain reliable contact angle data, five droplets were
dispensed at different regions of the films.

2.4.3. Adhesion measurement

A knife was used to make a cross-cut pattern (space the cuts
1 mm apart and make 11 cuts) at 90° angles throughout the coating.
The coating was brushed lightly with a soft brush after each cut to
remove debris from the surface. Scotch 600 tape was applied to the
cut surface and rubbed with the eraser end of a pencil to ensure
good attachment to the coating, and then the tape was removed
after 90s [4,26].

2.5. Corrosion evaluations

Electrochemical measurements were measured with a CH
Instruments CHI660D (USA) workstation with a three-electrode
system. The coated sample acted as the working electrode, a
Ag/AgCl (saturated KCl) electrode was used as the reference elec-
trode, and a stainless steel cylinder as the counter electrode. The
electrodes working area was ~14 cm?. Electrochemical corrosion
measurements were investigated using a potentiodynamic polar-
ization technique, open circuit potential (Eqcp)-time curves and
electrochemical impedance spectroscopy (EIS). All tests were per-
formed in a corrosive medium (3.5wt% NaCl aqueous solution)
at ambient temperature. Samples were immersed for 30 min to
ensure the steady-state prior to measurements; measurements
were repeated at least three times. In the polarization current
experiments, the potential was scanned from —100 mV below to
+100mV vs Ag/AgCl above the corrosion potential Ecorr at a scan
rate of 2mV s~1. The corrosion current Icorr and Ecorr Were obtained
automatically from the Tafel plots using the CHI660D workstation
analysis software. In the electrochemical impedance spectroscopy
(EIS) measurements, a sinusoidal AC perturbation of 10 mV ampli-
tude coupled with the open circuit potential was applied to the
metal/coating system. The EIS test was managed in the frequency
range from 100 kHz to 0.01 Hz. EIS analysis was performed by using
Zview software.

3. Results and discussion
3.1. Structure characterization of EPB

In order to determine that both epoxy precursive and B-TMOS
monomeric species were participating in the curing reaction, a
qualitative infra-red analysis was undertaken for cured samples
with different B-TMOS content compared with E-51 precursor and
B-TMOS monomer, shown in Fig. 1. The benzoxazine ring is charac-
terized by the absorption peak at 931 cm™!, corresponding to out
plane bending vibrations of C—H of the oxazine ring [22,27]. The
disappearance of the oxazine band indicated that oxazine rings
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Scheme 2. The chemical structure of E-51.

in all EPB samples were opened completely and participated in
the polymerization reaction after curing at 230°C for 2 h. Since
polybenzoxazine acted as an epoxy polymerization initiator and
catalyst in the curing reaction [16,17], epoxy polymerization took
place concurrently with the benzoxazine polymerization. The con-
sumption of epoxy could be monitored by the disappearance of the
916 cm~! and 863 cm~! epoxide ring modes as the ring was opened
[18]. As seen in Fig. 1, the epoxide peaks almost disappeared in all
EPB samples. Thus, as showed in Scheme 3 there would be poly-
benzoxazine network formed by the oxazine ring opening reaction
(part A in Scheme 3) linked with epoxy network by the etherifi-
cation hydroxyl-oxazine reaction (part B in Scheme 3) for all EPB
samples.

The hydroxyl stretching region (4000-2500cm~!) in the
infrared spectra of EPB samples is shown in Fig. 2. Generally,
epoxy is a self-associating polymer because of the presence of
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hydroxyl groups [12]. EPB10 showed a distinct band in the hydroxyl
region. A broad band centered at 3447 cm~! was observed in Fig. 2,
which could be mainly attributed to the stretching vibrations of
self-associated hydroxyl groups (part D in Scheme 3). Also, the
band at 3447 cm~! shifted to lower frequencies with the increase
in the B-TMOS content. This verified the formation of —OH-:--O
intermolecular hydrogen bonding between the hydroxyl groups
of the epoxy and phenolic hydroxyl groups of poly(B-TMOS) (part
C in Scheme 3). Furthermore, a shoulder band at 3626cm™~! cor-
responding to nonassociative free hydroxyl groups was detected
when the B-MTOS content was more than 30 wt%. It is suggested
that the excess phenolic hydroxyl groups of benzoxazine formed
hydrogen bonding with epoxy when the content of B-TMOS was
high enough (>30wt%). Hence, the —OH groups generated by the
oxazine ring opening reaction should not only react with the epox-
ide groups of epoxy, but also participated in the formation of

c+: Osc- c- c O-Rw
|‘ :, H2
H~O/ (0% ‘H
Ng ! N
w0-C-C-C-On D>
2 H H o-H
wG-C-C 0-R-0-C-C-C-0-R-0m
H, 1 H
o}
8

Scheme 3. Schematic diagram illustrating the process of copolymerization ((A) thermal induced oxazine ring opening; (B) etherification hydroxyl-oxazine reaction; (C)
hydrogen bonding interaction between polybenzoxazine and epoxy: self-associated hydroxyl groups of epoxy).
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Fig. 1. FTIR spectra over the region of 1000-700cm~" for E-51, B-TMOS monomer
and EPB samples.

intermolecular hydrogen bonding with hydroxyl groups of epoxy.
The fraction of intermolecular hydrogen bonding between epoxy
and poly(B-TMOS) increased with increasing B-TMOS content
according to the FTIR spectra analyses (Fig. 2).

In summary, the phenolic —OH groups generated by the oxazine
ring opening reaction reacted with the epoxide ring to initiate
the epoxy polymerization, and participated in the intermolecular
hydrogen-bonding interaction between them simultaneously. The
compatibility of epoxy/PB-TMOS blend system could be enhanced
by the hydrogen bonding interactions.

3.2. Surface properties of EPB coatings

Epoxy coatings with different ratios of B-TMOS at 10%, 20%,
30% and 40% by weight were prepared through a dip coating
and thermal curing method. It was found that the benzoxazine
concentration had a crucial effect on film formation. In previous
studies, only copolymers with more than 57 wt% benzoxazine were
successfully cured for phenyl based benzoxazine/epoxy copoly-
mers. Samples with low benzoxazine content were still in liquid
state after curing [18]. But in our system, even samples with
a low content of 20wt% B-TMOS formed uniform, smooth and
optically transparent films, which showed that silane-functional
benzoxazine had better compatibility with epoxy than phenyl
based benzoxazine. All EPB samples were homogenous and trans-
parent at room temperature when the content of B-TMOS was
more than 20 wt%. However, there were obvious defects in EPB10
samples, which were excluded from the contact angle measure-
ments and corrosion resistance analysis. These defects results from

ABS

4000 3500 3000 2500
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Fig. 2. FTIR spectra over the region of 4000-2500 cm~' for EPB samples.
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Fig. 3. Variation of the water contact angle on the surfaces of bare MS and epoxy
coatings with different curing agents.

incomplete cure were due to the fact that insufficient catalyst (B-
TMOS) for curing the epoxy was added to the blend system.

Contact angle measurements were taken for bare MS, EPD and
EPB coated samplesin order to investigate the surface hydrophobic-
ity, shown in Fig. 3. Generally speaking, larger contact angles imply
more hydrophobic surfaces[28,29]. The contact angle of the DDM
cured epoxy coating was 85.540.9°, only 10° higher than for bare
MS at 75.0 +0.7°; meanwhile for EPB samples were 98.6 4 0.3° for
EPB20 and more than 100° for EPB30 and EPB40. The hydropho-
bicity of epoxy coatings was significantly improved even at low
B-TMOS content. This increased hydrophobicity might decrease
the wettability of aggressive electrolytes, which could be limited
on the PB-TMOS coating surface. The barrier for corrosion under
prolonged contact with aggressive media would be improved due
to very low portion of coating area was in real contact with elec-
trolyte solution [30-32]. Additionally, the adhesion of all samples
was investigated by the cross-cut method. There was no significant
detachment of either EPB or EPD after cross-cutting, and all the
edges of the cuts were smooth. It is evident that adhesion between
MS and both coatings was strong. In other words, the hydrophobic-
ity of epoxy was improved by incorporating B-TMOS without loss
of its adhesion. This is likely caused because the alkoxy groups of
B-TMOS could be hydrolyzed in the moist environment during the
dip coating process and convert to silanols (SiOH), which could eas-
ily react with hydroxyl groups on the metal surface and convert to
Fe—O—Si bonds at the interface between substrate and EPB coating
[23,29,33].

3.3. Corrosion resistance of EPB coatings

The corrosion resistance of the prepared coatings in 3.5 wt%
NaCl aqueous solution was evaluated by the open-circuit potentials
(Eocp), potentiodynamic polarization curves and EIS approaches.
The Eqcp recorded for bare and coated MS were plotted as a function
of immersion time shown in Fig. 4. Initial Eqcp value of uncoated
MS and EPD coated MS were —0.687V vs Ag/AgCl and —-0.478V
vs Ag/AgCl, which decreased to —0.731V and —0.567 V vs Ag/AgCl
after 90 min of immersion time, respectively. However, initial Eocp
values of EPB20, EPB30, EPB40 electrodes were —0.482, —0.468
and —0.456V vs Ag/AgCl, respectively, which were more positive
compare to uncoated MS and EPD samples even after 90 min expo-
sure to 3.5wt% NaCl aqueous solution. According to Fig. 4, the
Eocp was shifted to the noble values when B-TMOS monomer was
used as a curing agent for epoxy coating. High Eop values typically
indicate high corrosion resistance of coatings [34]. The increased
Eocp suggests that EPB coatings are less porous with a lower per-
meability against diffusing corrosive species [35,36], significantly
enhancing the barrier properties when using B-TMOS as curing
agent. The number of free volumes inside the coating matrix might
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Fig. 4. The Eop-time curves for different electrodes in 3.5 wt% NaCl aqueous solu-
tions.

significantly decrease due to the dual cross-linking and hydrogen-
bonding network of polybenzoxazine and epoxy.

Fig. 5 shows the Tafel curves of bare and coated MS in 3.5 wt%
NaCl solutions. The corrosion potential Ecorr and corrosion current
density I¢orr of different samples could be obtained by the Tafel
extrapolation method [5]. The corrosion rate (CR) was calculated
using the I.orr values and Eq. (1) [37]:

_ Icorr x K x EW

CR A

(M
Here the corrosion rate constant K=3272 mm year—!, the equiv-
alent weight EW=27.9g, the material density p=7.85gcm3 for
MS, and the sample area A=14cm?2.
The protection efficiency of EPD and EPB coatings was estimated
with following equation:

E (%)= leorr ~leom©) 199 (2)
ICOl‘l‘
where Ieorr and Icorc)y were the corrosion current values in the
absence and presence of the coatings, respectively. The above cor-
rosion parameters of all the samples are summarized in Table 1.
The Tafel curves for the EPB coated electrodes gave a Ecorr higher
than —500 mV, more positive than for bare MS at —704 mV and for
the EPD samples at —525 mV. The positive shift in Ecorr indicated
that the protection of the MS surface by the EPB coatings was bet-
ter than EPD coating. It was also observed that the EPB coated MS
exhibited lower corrosion rate (<5.35 x 10~ mmyear~!) compared
to the bare MS (3.43 x 10-2 mmyear—!) and EPD samples. Finally,
the protection efficiency of EPB samples was found to be more than
98%.

-3

4t
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4
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Fig. 5. Tafel curves for different electrodes measured in 3.5 wt% NaCl aqueous solu-
tion, 1: Bare MS; 2: EPD; 3: EPB20; 4: EPB30; and 5: EPB40.

Table 1
Results of electrochemical corrosion measurements for different samples in 3.5 wt%
NacCl solutions.

Sample Corrosion rate (mmyear—') E (%) Ret (k€2cm?)
MS 3.43x 1072 0 1.88

EPD 1.10x 103 96.79 4.36 x 102
EPB20 535x 10~ 98.44 1.11x 103
EPB30 1.46 x 104 99.51 1.87 x 103
EPB40 4.45x 1074 98.50 1.56 x 103

EIS Bode plots (impedance vs frequency) of uncoated and coated
MS are shown in Fig. 6. In this research, the fitting of all EIS data is
performed using a simple equivalent electric circuit model (Fig. 6a),
which is typically used for bare and coated MS [38]. This model
includes the following elements: a resistor Rs related to resistance
of the solution, a constant phase element (Cy;) to model the capac-
itance of the electrical double layer at the metal/liquid interface,
and a resistor R related to the polymer resistance, resistance at
the metal-polymer interface or to the polymer-solution resistance
[37,39,38].1tis suggested that a good superposition with the exper-
imental data is observed by fitting EIS data with the model, and the
uncertainty of R¢¢s is less than 2%, which demonstrated the reliabil-
ity of fitting results [40]. The resistance ability of the coating could
be implied using R, the higher the value the better the resistance
[41]. Table 1 summarizes R¢; values obtained for the different sam-
ples. It was found that the highest charge transfer resistance of
EPB, 1.87 M2 cm?2 for EPB30, was four times larger than for EPD,
and about three orders of magnitude larger compared with bare
MS. The R values of EPB20 and EPB40 were also much higher than
EPD.

The protection performance of organic coatings is typically
caused by the barrier ability against water and electrolytes [42,43].
The hydrophilic properties of epoxy inhibit its use as a coat-
ing material in humid conditions [2]. In this paper, it is shown
that epoxy coatings with B-TMOS were much more hydrophobic
than EPD samples. This increased hydrophobicity was beneficial
to reduce the wettability of a corroding medium. In addition, the
dual cross-linking and hydrogen-bonding network of polybenzox-
azine and epoxy in EPB coatings would reduce porosity and enhance
their barrier properties. EPB coatings presented superior corrosion
resistance to bare MS and EPD coated MS electrodes, which were

(@) Cdl
| |
Rs |

7
®) N = Ms
6 'VVVVv e EPD
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Fig. 6. (a) Analog circuit and (b) Bode graphs for different coated MS electrodes in
3.5 wt% NaCl aqueous solution.
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verified by the consistent results among electrochemical measure-
ments.

Meanwhile, it is also observed that the corrosion protection per-
formance of EPB coated MS decreased after the initial increase with
the increasing content of B-TMOS. Clearly, there are two stages
where the corrosion resistance of EPB is changed. The first increase
one, when B-TMOS content was low (<30 wt%), may be due to the
increased curing degree of epoxy with the increasing content of cur-
ing agent (B-TMOS). Therefore, better film-forming property and
higher corrosion protection ability is observed for completely cured
EPB30 samples compare to ones with low (at 10 wt% or at 20 wt%)
B-TMOS content.

The second stage, although epoxy is completely cured cor-
responding to B-TMOS content of 40wt%, a drop in corrosion
inhibition is observed. That is because some polybenzoxazine did
not participate in the constitution of the hydrogen-bonding net-
work, which is indicated by the existence of nonassociative free
hydroxyl groups. It therefore may cause increase in the porosity
of the coating. Hence, the corrosion resistance of EPB40 was lower
than EPB 30. Therefore, 30 wt¥% is the optimal addition for B-TMOS
as the curing agent for epoxy, which can balance the needs of curing
epoxy and constructing the hydrogen-bonding network between
polybenzoxazine and epoxy.

4. Conclusion

A silane-functional benzoxazine (B-TMOS) cured epoxy as a
hydrophobic corrosion-inhibiting coating was successfully pre-
pared on mild steel through a dip coating and thermal curing
method. It was found that the surface hydrophobicity of B-TMOS
cured epoxy coatings was enhanced significantly compared to DDM
cured ones. The corrosion protection ability of epoxy coatings with
20-40 wt% B-TMOS content was also improved, which was inves-
tigated by following measurements with open-circuit potentials,
potentiodynamic polarization curves and EIS methods. The results
showed that the protection efficiency for bare MS of all EPB sam-
ples was more than 98% and the charge transfer resistance (R¢t)
was approximately three orders of magnitude higher than for bare
MS. Following a simple synthetic process, using non-fluorinated
compounds, results in EPB coatings attractive for commercial appli-
cation on the corrosion protection of MS.
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