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A series of nanocomposite coatings (PBS) consisting of silane functional polybenzoxazine (PB-TMOS) and
SiO2 nanoparticles were developed for corrosion protection of mild steel. The influence of silica content
on corrosion resistance of PBS coatings was investigated by electrochemical measurements. The surface
chemistry of nanoparticles and its effect on morphology of the PBS coating was also studied utilizing Fou-
rier Transforms Infrared Spectroscopy, 29Si Nuclear Magnetic Resonance and Scanning Electron Micros-
copy analyses. The results indicate that the presence of the covalent bond between nanoparticles and
PB-TMOS, greatly improves the interfacial interactions at the polymer/filler interfaces resulting in a bet-
ter corrosion performance.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

In the past decade, nanometer size fillers have been considered
playing an important role in the improvement of corrosion resis-
tance, thermal and mechanical properties of the coatings [1–3]. Or-
ganic coatings have been employed to protect steel surfaces
against versatile corrosion environments for a long time by intro-
ducing a barrier to prevent ionic transport and electrical conduc-
tion [4,5]. There are various reports concerning improving
coatings’ performance in such environments using nanoparticles
as reinforcements such as, TiO2 [6,7], SiO2 [8], ZnO [9,10], ZrO2

[11], and Fe2O3 [12].
SiO2 is one of the most promising nanoparticles employed in

corrosion protection coatings. They have many excellent properties
such as high hardness (7 Mohs), low refractive index (1.46), and
reasonable price among other nanoparticles which make it ideal
to produce scratch-resistant, transparent and cost-effective coat-
ings and high absorption of ultra violet (UV) radiation [13,14].
However, it should also be noted that the surface of the silica nano-
particles contains OH functionalities causing inherent hydrophilic-
ity to these particles. Phase separation might occur due to the
incompatibility of hydrophilic silica nanoparticles with non-polar
or weakly polar matrices, which inhibit SiO2 nanoparticles’ use as
good filler for corrosion protection coatings.
Recently, polybenzoxazines have the potential to apply as cor-
rosion protective coating due to their unique properties such as
low water absorption [15], low surface free energy [16,17], near-
zero shrinkage [18], and excellent dielectric properties [19,20],
which are superior to those of epoxy resins and conventional phen-
olics. In our previous studies, we have synthesized a novel silane-
functional polybenzoxazine precursor (B-TMOS) and prepared its
polymeric coating (PB-TMOS) via dip coating and traditional ther-
mal curing method, which revealed good corrosion protection for
steels [21]. A mechanism for enhanced corrosion resistance of
PB-TMOS coating has been suggested to include the dual cross-
linking network of polybenzoxazine and Si–O–Si in the PB-TMOS
matrix and its strong hydrophobic property and substrate adhe-
sion. Furthermore, active alkoxy groups of B-TMOS could hydro-
lyze during the dip coating process and convert to silanols
(SiOH), which will easily react with the hydroxyl groups on the
surface of SiO2 nanoparticles through covalent bond [22]. It can
make SiO2 nanoparticles tightly bound to the PB-TMOS matrix
without any incompatibility problems.

Therefore, SiO2 nanoparticle has been incorporated into PB-
TMOS coating in order to improve the PB-TMOS/SiO2 nanocompos-
ite (PBS) coating’s corrosion resistance in this study. We present
the first preparation of PBS coating only by physical blending with-
out any other treatment. Cross-linking interaction between B-
TMOS monomer and SiO2 nanoparticles is characterized by Fourier
Transforms Infrared (FTIR) spectroscopy, and 29Si Nuclear Mag-
netic Resonance (NMR) spectroscopy. Effects of SiO2 nanoparticles
content in the PBS coating on the wettability, surface morphology
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and corrosion protection ability for MS have been investigated by
water contact angle, Scanning Electron Microscopy (SEM) and elec-
trochemical measurements in 3.5 wt% NaCl aqueous solutions,
respectively.

2. Experimental

2.1. Materials and chemical 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 was purchased from Sinopharm Chemical Reagent
Co. Ltd, China. 3-Aminopropyltrimethoxysilane (3-APTMOS) was
obtained from Diamond Advanced Material of Chemical Inc., China.
SiO2 nanoparticles with a mean diameter of 15–20 nm and a spe-
cific area of 200 m2 g�1, was provided by Prof. Li’s group [23]. Para-
formaldehyde, chloroform, xylene, n-butanol and other chemicals
were from Shanghai Lingfeng Chemical Corp., China. All chemicals
were of analytical pure reagent grade. Chloroform was purified by
distillation over calcium hydride (CaH2) 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-ben-
zoxazine)-propane (B-TMOS) was synthesized by a method avail-
able in the literature (Fig. 1) [17]. The product was yellow liquid
with a yield of 85.1%. FTIR (KBr): m = 1498 (tri-substituted phenyl
group); 1231 (s; mas (C–O–C of benzoxazine ring)), 1016 (s; ms (C–
O–C of benzoxazine ring)); 1085 (s; mas (Si–O–C)); 931 (oxazine
ring). 1H NMR (400 MHz, chloroform-d, d): 6.75–7.26 (m, 6H,
ArH), 4.82 (s, 4H, O–CH2–N), 3.98 (s, 4H, Ph–CH2–N), 3.58 (s,
18H, Si–O–CH3), 2.73 (t, 4H, N–CH2), 1.66 (m, 4H, –CH2–CH2Si),
0.67 (t, 4H, –CH2–Si).

2.3. Preparation of PB-TMOS/SiO2 nanocomposite coatings

Bare MS was used as substrates. The substrates were blasted to
Sa 2½, and then degreased with acetone. The designated amounts
of SiO2 nanoparticles of 0, 1, 3, and 5 wt% and B-TMOS monomer
were dispersed into the mixed solvent (xylene/n-butanol = 7:3) at
180 mg ml�1 in an ultrasonic bath until uniform and transparent
solutions were obtained. MS plates were dip coated into the B-
TMOS or B-TMOS/SiO2 solution for six times with a withdraw
speed of 320 mm min�1. There was no waiting time between con-
secutive immersion steps. The substrates remained in the solution
for 1 min every time. Then, the residual solvent was removed by
drying in vacuum at 100 �C for 1 h. Finally, the coated samples
were cured in one step at 230 �C for 2 h. Samples obtained by mix-
ing 0, 1, 3, and 5 wt% SiO2 nanoparticles with B-TMOS were labeled
by PB-TMOS, PBS1, PBS3, and PBS5, respectively. The thickness of
Fig. 1. Synthesis route of B-TMOS.
the coatings was evaluated on the stainless steel surfaces before
and after coating using a micrometer (Mitutoyo, Japan), resulting
on thicknesses of �5 lm for all coatings.

2.4. Characterization

2.4.1. Surface properties
Surface morphology of the coated MS was characterized by

Scanning Electron Microscopy (Nova SEM 450, FEI). Static contact
angles of the samples were determined by contact angle goniome-
try at 25 �C using a DataPhysicsOCA20 optical goniometer inter-
faced with image-capture software by injecting a 2 lL liquid
drop. Deionized water was used as the test liquid. In order to ob-
tain reliable contact angle data, five droplets were dispensed at dif-
ferent regions of the films. Atomic force microscopy (AFM) results
were acquired using a Digital Instruments multimode scanning
probe microscope (NanoScope IIIa). Damage to both the tip and
the sample surface was minimized by employing AFM in tapping
mode. The rms roughnesses were calculated over scanned area of
20 lm � 20 lm.

2.4.2. Fourier Transforms Infrared (FTIR) spectroscopy
FTIR measurements were carried out on a Nicolet iS10 FTIR

spectrometer at room temperature (�25 �C) using the KBr pellet
method. In all cases, 32 scans at a resolution of 1 cm�1 were
recorded.

2.4.3. Nuclear Magnetic Resonance (NMR) spectroscopy
NMR spectra were measured at room temperature on a Bruker

Avance 500 MHz spectrometer equipped with a Bruker solid-state
accessory.

2.4.4. 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 electrode,
and a stainless steel cylinder as the counter electrode. The elec-
trode working area was �14 cm2. Electrochemical corrosion mea-
surements were investigated using a potentiodynamic
polarization technique, open circuit potential (Eocp)–time curves
and electrochemical impedance spectroscopy (EIS). All tests were
performed in a corrosive medium (3.5 wt% NaCl aqueous solutions)
at ambient temperature. Samples were immersed for 30 min to en-
sure the steady-state prior to measurements; measurements were
repeated at least three times. In the polarization current experi-
ments, the potential was scanned from �100 mV below to
+100 mV (Ag/AgCl) above the corrosion potential Ecorr at a scan rate
of 2 mV 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. Surface modification of PBS coating with SiO2 nanoparticles

Typical top-view SEM micrographs of PB-TMOS/SiO2 nanocom-
posite coatings with various ratios of SiO2 nanoparticles are dis-
played in Fig. 1. It was evident that the cured neat PB-TMOS
coating was uniform, smooth without cracks (Fig. 2a). However,



Fig. 2. Scanning electron micrographs of composite coatings containing (a) 0 wt%, (b) 1 wt%, (c) 3 wt%, (d) 5 wt% SiO2 nanoparticles.
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the surface morphology of the coatings was remarkably changed
when they are modified with different amount of SiO2 nanoparti-
cles. Some aggregates could be clearly observed in the PBS samples,
and from these graphs, it was suggested that the amount of aggre-
gates increased with increasing nanoparticles content. That is be-
cause materials exhibit high surface free energy due to effects
resulting from a high surface area to volume ratios at nanometer
length scales. Especially in our system, the SiO2 nanoparticles were
incorporated without surface modification in order to guarantee
the reaction between hydroxyl groups on the surface of nanoparti-
cles and B-TMOS monomer. Aggregation would occur ascribed to
the direct mutual attraction between particles via van der Waals
forces or hydrogen bonding. With increasing the content of silica
nanoparticles, more nanoparticles would participate in the interac-
tion between nanoparticles. This was the reason why the amount
of aggregates increased with the increase in the SiO2 nanoparticles
content from Fig. 2a–d. But based on the SEM results the question
arises: why did the particles in nanometer form aggregates in
micrometer? It must be related to the interactions between PB-
TMOS and silica nanoparticles, which would be investigated in de-
tail utilizing FTIR and solid-state 29Si NMR spectroscopy below.

Contact angle (CA) measurements were taken for bare MS and
various coated samples in order to investigate the surface hydro-
phobicity, shown in Table 1. It was seen that MS samples become
more hydrophobic after coated with PB-TMOS or PBS coatings. The
CAs of all coated MS were more than 100�, which were much high-
er than bare MS (75.0 ± 0.7�). It was also observed that CAs of
Table 1
Surface roughness and contact angles (water) on bare MS and coated MS samples.

Samples Rms roughness (nm) Contact angle (�)

MS – 75.0 ± 0.7
PB-TMOS 6.8 104.2 ± 0.3
PBS1 10.0 104.3 ± 0.3
PBS3 23.4 105.2 ± 0.4
PBS5 26.5 105.3 ± 0.3
coated samples increased slightly with increasing SiO2 nanoparti-
cles content. That is because the surface of PBS coatings was
roughed by incorporating SiO2 nanoparticles, which was verified
by AFM results in Table 1. According to the Wenzel hypothesis
[24], increasing the roughness of a hydrophobic surface increases
its hydrophobicity. Wang et al. [25] even fabricated a superhydro-
phobic film based on polybenzoxazine by increasing the roughness
of the coating with SiO2 nanoparticles. But to avoid reducing the
adhesion of PBS coating on the substrates, the addition of nanopar-
ticles in our system (<5 wt%) was much lower than Wang’s report
(40–50 wt%). Therefore, it was obtained only a slight improvement
on hydrophobicity of PB-TMOS/SiO2 nanocomposite coating by
incorporating SiO2 nanoparticles. The hydrophobic nature of nano-
composite coatings also showed that SiO2 nanoparticles and aggre-
gates were totally embedded in the PB-TMOS matrix without
exposure to the surface. This increased hydrophobicity might de-
crease the wettability of aggressive electrolytes, which could be
limited on the coating surface. The barrier for corrosion under pro-
longed contact with aggressive media would be improved due to a
very low portion of the coating area was in real contact with elec-
trolyte solution [26,27]. It must be beneficial for their better corro-
sion resistance in wet environments.
3.2. Cross-linking interactions between PB-TMOS and SiO2

nanoparticles in the PBS coatings

In order to investigate the cross-linking reaction, the SiO2 nano-
particles in a mixture of B-TMOS and 3 wt% SiO2 nanoparticles was
separated by the operation cycle of centrifugal separation and
washing with tetrahydrofuran (THF), and dried at 60 �C in vacuum
for 48 h consequently. The term ‘‘separated SiO2 nanoparticles’’
was referred to these treated nanoparticles. Fig. 3 shows the repre-
sentative FTIR absorption spectra of the B-TMOS monomer, neat
and separated SiO2 nanoparticles. The absorption peak correspond-
ing to asymmetric stretching of C–O–C (1233 cm�1) [28,29], out
plane bending vibrations of C–H of oxazine ring (928 cm�1) [30]
and trisubstituted benzene (1500 cm�1) [31], were assigned to



Fig. 3. FTIR spectra of (a) B-TMOS monomer, (b) neat and (c) separated SiO2

nanoparticle.

Fig. 5. Chemical structures of the possible silyloxy species in separated SiO2

nanoparticles.
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the existence of the oxazine ring, appeared at the FTIR curve of sep-
arated SiO2 nanoparticle in Fig. 3. Since B-TMOS monomer or oligo-
mer should be washed by THF, the results of FTIR indicated that B-
TMOS monomer had been coupled onto the surface of SiO2 nano-
particle through the reaction between hydroxyl groups of nanopar-
ticle and methoxyl groups of B-TMOS during the mixing process.

The chemical structure of separated SiO2 nanoparticles was
investigated by solid-state 29Si NMR spectroscopy because this
technique allowed the identification of different types of silicon
environments. This relies on the sensitivity of the isotropic chem-
ical shift (diso) for 29Si towards the number of silicon–oxygen
bridges and its substituents, giving rise to distinct regions for
(poly)siloxanes and silicates, that is, mono-functional (M) silox-
anes resonate between d = 13 and 1 ppm, difunctional (Dn) be-
tween d = �7 and �20 ppm, trifunctional (Tn) between d = �49
and �66 ppm, and tetrafunctional (Qn) silyloxy species between
d = �91 and �110 ppm. The superscript corresponds to the number
of oxygen bridges to other silicon atoms [32–35]. Fig. 4 displays
resulting spectrum of separated SiO2 nanoparticles. The peaks at
�42.03, �49.79 and �58.96 ppm in the spectrum were assigned
to uncondensed monomer T0, mono-substituted T1, and disubsti-
tuted T2 species of B-TMOS, respectively , which were in good
agreement with literature values [34,36]. Consistent with FTIR, it
was evident that the active methoxyl groups of B-TMOS monomer
could easily react with hydroxyl groups of nanoparticles through
covalent bond in B-TMOS/SiO2 solution. It could also be seen from
the spectrum that the mono-substituted B-TMOS was dominant,
which was in good agreement with Yan’s research [22]. The chem-
ical structure of possible silyloxy species in separated SiO2 nano-
particles is shown in Fig. 5. Base on relatively higher intensity of
Tn compare to Qn, we could also conclude that one SiO2 nanoparti-
Fig. 4. Solid-state 29Si NMR spectrum of separated SiO2 nanoparticle.
cle could link with many B-MTOS molecules through Si–O–Si bond.
Therefore, many SiO2 nanoparticles can gather together through
benzoxazine molecular and bond to PB-TMOS network tightly
when oxazine ring-opening polymerization occurred, which also
contributed to the surface modification in Fig. 2. The strong inter-
action between two phases in the PBS coating must undoubtedly
be attributed to improve its barrier ability.

3.3. Corrosion resistance of PBS coatings

The corrosion resistance of the prepared coatings in 3.5 wt%
NaCl aqueous solutions was evaluated by the open-circuit poten-
tials (Eocp), potentiodynamic polarization curves and EIS ap-
proaches. The Eocp recorded for bare and coated MS are plotted as
a function of immersion time, shown in Fig. 6. The Eocp values cor-
responding to the coated samples shifted significantly in the ano-
dic direction, from the original value of about �0.7 V (Ag/AgCl) to
a value higher than �0.5 V (Ag/AgCl), and this tendency of shift
to nobler potentials was also observed for the samples with SiO2

nanoparticles. Furthermore, the Eocp value of PBS coated electrodes
decreased much slower than pure PB-TMOS sample during 90 min
exposures to a corrosive environment. High Eocp values typically
indicate high corrosion resistance of coatings [37]. The increased
Eocp suggested that PBS coatings were less porous with a lower per-
meability against diffusing corrosive species [38,39], significantly
enhancing barrier properties by incorporating SiO2 nanoparticles.
Fig. 6. Eocp–time curves for different electrodes in 3.5 wt% NaCl aqueous solutions.



Fig. 8. The values of Ecorr and corrosion rates (CR) of PB-TMOS/SiO2 composite
coatings coated MS systems are plotted as a function of the contents of SiO2

nanoparticles.
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The number of free volumes inside the coating matrix might signif-
icantly decrease, because the cavities and holes among polymer
molecules could be occupied by nanoparticles. When the content
of SiO2 nanoparticles was high (3 wt% and 5 wt%), small fluctua-
tions in Eocp values o were observed in Fig. 6 at the initial immer-
sion times. However, the Eocp/time behavior stabilized and tended
to be consistent with the PBS1 sample for immersion times beyond
about 1 h. The final Eocp values of PBS samples were nearly the
same, which was about �500 mV (Ag/AgCl). It is hard to character-
ize the performance of PBS samples by Eocp–time curves. Therefore,
the corrosion resistance of PBS samples would be investigated in
detail by polarization technique and EIS technique.

Fig. 7 showed the Tafel plots of bare metal and coated samples.
Curve a represented the uncoated MS, while curves b–e were for
the PB-TMOS coated MS panels unloaded or loaded with different
amounts of SiO2 nanoparticles. It was found that both anodic and
cathodic current densities reduced appreciably by at least one dec-
ade after coated. These decreases in current showed that the coat-
ings inhibited both the cathodic and anodic reactions. Moreover,
the anodic current corresponding to the sample with SiO2 nanopar-
ticles decreased more strongly than the cathodic current compared
with neat PB-TMOS sample. This difference between the reduction
of anodic and cathodic current could be clearly observed especially
when the content of nanoparticles was low (1 wt%). It indicated
that the incorporation of SiO2 nanoparticles altered the anodic
kinetics on the metal surface, and the PBS coating can inhibit the
anodic reactions as a protective coating and keep the metal in a
more stable state [40,41].

Fig. 8 depicts Ecorr and corrosion rates (CR) of PBS coatings con-
taining different amounts of SiO2 nanoparticles. The corrosion po-
tential Ecorr and corrosion current density Icorr of different samples
could be obtained by the Tafel extrapolation method from Fig. 7
[42]. The corrosion rate (CR) was calculated using the Icorr values
and Eq. (1) [43]:

CR ¼ MIcorr

qnF
ð1Þ

Here Icorr is the corrosion density (A cm2), M is the molecular mass
of copper (58.69 g mol�1), F is Faradays constant (96500 A s mol�1),
the material density q = 7.85 g cm�3 for MS, and the number of
electrons was assumed to be 2.

The Ecorr of the PB-TMOS/SiO2 samples increased positively with
increasing the SiO2 nanoparticles content from about �500 mV to
�480 mV (Ag/AgCl). The positive shift in Ecorr also indicated that
the incorporation of SiO2 nanoparticles suppressed the anodic
reactions on the MS surface, and therefore inhibited the entire cor-
rosion process in the system [44]. A slight drop in CR value was ob-
served corresponding to the sample with low (1 wt%) SiO2
Fig. 7. Tafel curves of (a) bare MS and PB-TMOS with (b) 0 wt%, (c) 1 wt%, (d) 3 wt%,
(e) 5 wt% SiO2 nanoparticles coated MS electrodes measured in 3.5% NaCl aqueous
solutions.
nanoparticles content at first, as showed in Fig. 8, inferring that
corrosion resistance of PB-TMOS coating was improved by incorpo-
ration of SiO2 nanoparticles. With increasing in SiO2 content, much
higher corrosion protection ability was obtained. The CR value of
the PB-TMOS coated sample with 3 wt% and 5 wt% SiO2 nanoparti-
cles was 6.73 � 10�4 mm year�1 and 3.55 � 10�4 mm year�1,
respectively, a reduction of 10 times and 15 times were observed
comparing to that of the PB-TMOS coated sample without SiO2

nanoparticles under the same conditions.
EIS Nyquist and Bode plots for different samples measured in

3.5 wt% NaCl solutions are shown in Fig. 9. As showed in both fig-
ures, the Nyquist diagrams derived from the EIS measurements
featured a typical single-capacitive semi-circle, which represents
the electrochemical process with only one time constant [41].
Therefore, the fitting of all EIS data was performed using a simple
equivalent electric circuit model (shown in Fig. 9a), which is typi-
cally used for bare and coated MS [11]. This model includes the fol-
lowing elements: a resistor Rs related to resistance of the solution,
a resistor Rct and a capacitance Cdl is the resistance and capacitance
of coating (the coating-electrolyte interface inside the coating),
respectively. Rs is the solution resistance between the reference
electrode and the working electrode (PBS coated steel), which de-
pends not only on the resistivity of electrolyte (ionic concentration,
type of ions, temperature and so on) but also on the geometry of
the area in which current is carried. Rs is not a property of the coat-
ing. Therefore, it is not technically or theoretically important in the
analysis of coating performance [2]. In our work, the constant
phase element (CPE) was used to model the capacitance of the elec-
trical double layer at the metal/liquid interface in the equivalent
circuits instead of the ideal electrical capacitance. This element
better describes behavior of the coatings having heterogeneities
of the mesostructure and/or of the chemical composition. We
translated this CPE information [45] (Impedance: ZCPE = 1/Q (ix)a

with i is an imaginary unit, x is an angular frequency (x = 2pf),
a and Q is an exponential coefficient and a frequency-independent
constant, respectively) into an equivalent capacitance of Cdl. Rct is
the charge transfer resistance between the metal and the liquid
(metal corrosion) [46]. The calculated values of different parame-
ters for coatings are presented in Table 2. From Fig. 9b and c, it is
suggested that a good superposition with the experimental data
is observed by fitting EIS data with the model, and the uncertainty
of parameters in Table 2 is less than 4%, which demonstrated the
reliability of fitting results. The incorporation of nanoparticles in-
creased the charge transfer resistance Rct while decreased the dou-
ble layer capacitance Cdl, indicating reduced coating porosity and
improved barrier performance for corrosion protection of the steel
substrate [2,44]. A similar trend with Tafel plots and Eocp–time



Fig. 9. (a) Equivalent circuit model used in modeling, and EIS (b) Nyquist (Inset I, II:
Magnification of Nyquist plots) and (c) Bode plots for different electrodes measured
in 3.5 wt% NaCl aqueous solution. Best fits to the equivalent circuit models are solid
lines.

Table 2
Parameters of the equivalent circuit in 3.5 wt% NaCl solutions.

Samples Rs (X cm2) Rct (kX cm2) Cdl (CPE)

Q (X�1 cm�2 sa) a

MS 94.3 1.88 2.00 � 10�3 0.84
PB-TMOS 113.94 3.38 � 10�6 0.58
PBS1 121.47 2.88 � 10�6 0.67
PBS3 687.08 1.87 � 10�7 0.75
PBS5 985.81 1.22 � 10�7 0.80

Fig. 10. Anodic protection of PB-TMOS/SiO2 composite coatings.
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curves was observed here, the sample, with the highest content of
SiO2 nanoparticles, had the greatest corrosion protection perfor-
mance. Rct increased by �9 times and Cdl reduced by 27 times for
the PBS5 sample compare to neat PB-TMOS sample.
3.4. Role of nanoparticles in enhancing the corrosion resistance of PBS
coating

On the basis of electrochemical measurement, the PB-TMOS on
loading with SiO2 nanoparticles tended to improve the corrosion
performance up to a certain extent. Two effects of nanoparticles
contributed to the enhanced corrosion protection of the PB-TMOS
coatings by incorporating SiO2 nanoparticles.
3.5. Physical barrier effect

Corrosion protection of the silica-containing PB-TMOS coatings
on MS was mainly brought about by the barrier effects, which could
prevent oxygen and moisture from reaching the metal substrate.
Hydrophobic properties of the coatings were measured by water
contact angle and the results indicated that all PB-TMOS/SiO2 coated
samples were hydrophobic. It could effectively decrease wettability
of the aggressive electrolyte and then limit the sorption of water at
the coatings’ surface. The presence of SiO2 nanoparticles in the PBS
coatings, which could bind tightly to PB-TMOS network through
the cross-linking reaction between two phases, would further en-
hance the hydrophobicity by increasing the roughness of the PBS
coating. Although nanoparticles did not distribute well due to the
formation of aggregates in our system, no microcracks like literature
[2] formed beside the aggregates in the coating matrix. It should as-
cribe to the strong interaction between two phases by the reaction of
PB-TMOS and SiO2 nanoparticles, which connected two phases
tightly with the cross-linking network. The fine particles embedded
in coatings also could reduce porosity of the coatings and constitute
a solid barrier in the path of oxygen and water molecules passing
through the coatings, retarding the progress of the penetration of
aggressive species. Therefore, good barrier properties were ob-
tained, which had been evidenced by low corrosion rates and high
impedances from electrochemical measurements.

3.6. Anodic protection

Tafel polarization behavior (Fig. 7) of PBS coating showed that
the anodic current decreased more strongly than the cathodic cur-
rent and a positive shift in Ecorr was also observed. It should be
credited to the anodic protection effect of nanoparticles. W. J.
van Ooij et al. discovered that free SiO2 nanoparticles in coatings
could react with the cathodically generated OH� ions, and the
formed SiO2�

3 ions can react with metal ions to form a passive sil-
icate film [47]. As showed in Fig. 10, this passive silicate film could
cover the active sites at anode and cathode in our system. So both
the cathodic and anodic reactions were inhibited with the reduc-
tion of the cathodic and anodic currents simultaneously, and the
suppression of the anodic reaction was more effective.

4. Conclusion

In this paper, a series of hybrid materials consisted of PB-TMOS
and SiO2 nanoparticles had been successfully prepared by a dip-
coating and thermal curing technique. Results of FTIR and solid-
state 29Si NMR measurements verified that the SiO2 nanoparticles
had been covalent bonding with PB-TMOS, which could enhance
the adhesion of SiO2 nanoparticles in PB-TMOS matrix. Corrosion
protection for the PB-TMOS coatings with different SiO2 nanoparti-
cles content had been evaluated by electrochemical measure-
ments. It was found that incorporation of SiO2 nanoparticles into
the PB-TMOS coating showed a remarkable improvement in corro-
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sion resistance of mild steel in 3.5 wt% NaCl solutions. Role of
nanoparticles in enhancing the corrosion resistance of PBS coating
should be attributed to the synergistic effect of barrier property in-
duced from SiO2 nanoparticles in its matrix and anodic inhibition
induced from passive Fe–silicate compounds. The synergistic ef-
fects made the corrosion resistance of PBS coatings was improved
with the increase of the SiO2 nanoparticles content at the range of
1–5%, which was much better than bare MS and neat PB-TMOS
coated sample.
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