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ABSTRACT: A series of sol-gel derived organic–inor-
ganic hybrid coatings consisting of organic epoxy resin
and inorganic silica were successfully synthesized
through sol-gel approach by using 3-glycidoxypropyl-tri-
methoxysilane as coupling agent. Transparent organic–
inorganic hybrid sol-gel coatings with different contents
of silica were always achieved. The hybrid sol-gel coat-
ings with low silica loading on cold-rolled steel coupons
were found much superior improvement in anticorrosion
efficiently. The as-synthesized hybrid sol-gel materials

were characterized by Fourier-transformation infrared
spectroscopy, 29Si-nuclear magnetic resonance spectros-
copy and transmission electron microscopy. Effects of the
material composition of epoxy resins along with hybrid
materials on the thermal stability, Viscoelasticity proper-
ties and surface morphology were also studied, respec-
tively. VVC 2009 Wiley Periodicals, Inc. J Appl Polym Sci 112:
1933–1942, 2009
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INTRODUCTION

Most metals corrode through charge transfer reac-
tions in an ambient environment, which may cause
deterioration occurring at the metal surface.1 This
metallic corrosion causes considerable waste of natu-
ral resources.2 In the earlier stage, chromium con-
taining compounds were often used as anticorrosion
coating materials. Recently, increased research activ-
ities shifted to find alternative materials based on
the environmental and health concerns.

Protective organic coatings are typically employed
as a primer to protect steel surface from corrosion.
However, poor adhesion of coating materials to the
steel can cause not only delamination of the coating
material but also corrosion of the steel substrate
beneath the coating material. Therefore, adhesion
strength of coating materials chemisorbed on various
metallic substrates is a critical issue to develop alter-
native novel advanced corrosion protection coatings.
The effectiveness of the organic coating relied pri-
marily on the interfacial adhesion strength between
metallic surface and polymeric coatings. Thus,
proper corrosion inhibitors are usually required to

extend the service life of steel. Therefore, various sil-
ane coupling agents had been used as a primer for
increasing the corrosion protection effect of pure
polymer coatings due to the enhancement of interfa-
cial adhesion strength between the metallic surface
and polymeric coatings.3–8

The sol-gel process has been used usually to pre-
pare creamer coatings and to protect the metal sur-
face from corrosion.9–11 During the sol-gel process,
metal alkoxides as sol-gel precursor produced a con-
densed film as barrier layer on the metal substrate
through the hydrolysis and condensation reaction. In
the past decade, several reports have been dedicated
to the corrosion protection of metals, by sol-gel
derived organic-inorganic hybrids.12–14 Organofunc-
tional alkoxysilane are frequently used as sol-gel
precursors for the adhesion promoter application
between two different phases such as polymer
coatings and metallic surface. Four-functional alkox-
ysilane, i.e., tetraethyl orthosilicate (TEOS) or tetra-
methyl orthosilicate (TMOS) was commonly used
and reported to have better corrosion protection effi-
ciency when compared with pure polymer coating.
TEOS has also been applied as a binder in preparing
coating formulation for preparing zinc-rich primer.15

Holmes-Farley and Yanyo reported that TEOS in
conjunction with aminosilane can be used to prevent
corrosion on aluminum substrates.16

Lately, research results on the preparation of the
epoxy resin based organic–inorganic hybrids have
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been reported. For example, Matejka and cow-
orkers17,18 have attained epoxy-silica hybrids by dif-
ferent synthesis procedures. In the one-step
procedure, all reaction components are mixed and
reacted to form hybrids. In the two-step procedures,
TEOS is first prehydrolyzed in the presence of the
catalyst toluenesulfonic acid. Subsequently, the
hydrolyzed TEOS is mixed with the diglycidyl ether
of bisphenol A and D-2000 hardener to form
hybrids. Other experiments19,20 based on a func-
tional group, such as the amine group, coupling
agent have been developed to study the morphology
of hybrid materials and the properties. However,
they had seldom been mentioned for practical
applications.

Recently, Yeh et al.21 reported that the evaluation
of corrosion protection effect of neat epoxy resin-
clay nanocomposite and the PMMA-SiO2 (thermal
plastic) hybrid coatings22 by a series of electrochemi-
cal corrosion measurements. We found that it may
enhance the anticorrosion properties efficiently.

In this article, we successfully synthesized the ep-
oxy-SiO2 (thermosetting plastic) hybrid coatings and
presented the effective incorporation of the corro-
sion-protection enhancing factors (i.e., adhesion pro-
moter) into epoxy resin through sol-gel approach
and evaluated their corrosion protection effect on
the surface of cold-rolled steel (CRS) coupons. We
envisioned that the enhancement of corrosion pro-
tection effect of the hybrid sol-gel coatings may be
due to the increase of adhesion strength and surface
hydrophobicity of hybrid sol-gel coatings on CRS
coupons relative to pure epoxy resin as evidenced
by Fourier-transformation infrared and reflection
absorption spectroscopy (FTIR-RAS) and contact
angle test. The as-prepared samples were further
identified by a series of electrochemical measure-
ments such as corrosion potential (Ecorr), polarization
resistance (Rp), corrosion current (Icorr), and electro-
chemical impedance spectroscopy studies in 5 wt %
NaCl electrolyte.

EXPERIMENT SECTION

Materials and sample preparation

TMOS (Aldrich, USA) was purified by distillation
before use. An epoxy resin, diglycidyl ether of
bisphenol A (DGEBA, Epikote 828 EL, Fluka, Ger-
many) with the epoxy equivalent weight of 180 g/
mol and 3-glycidy-loxypropyltrimethoxysilane
(GLYMO 98%, Aldrich). Poly(oxypropylene)triamine
(Jeffamine T403, Huntsman Corp.) was used as a
curing agent for epoxy and as a basic catalyst of
GLYMO hydrolysis. Acetone (Acros) and hydrochlo-
ric acid (Riedel-De Haen, 37%) were used as
received without further purification.

Thermal ring-opening polymerization
of epoxy resin

A typical procedure to prepare the epoxy resin was
given as follows: 5 g of DGEBA, 1.751 g of T403,
and 5 g acetone were put into beaker. After magneti-
cally stirring at room temperature for 10 min, this
as-prepared homogeneously viscous colorless solu-
tion was subsequently cast onto CRS coupons or
glass substrate under vacuum, then following the
heating program at 80�C for 10 min, 100�C for 10
min, 140�C for 30 min, and 150�C for 30 min. The
transparent neat epoxy resin coating material was
obtained and named epoxy.

Synthesis of P(DGEBA-co-GLYMO) copolymer

The conventional procedure employed to prepare
the P(DGEBA-co-GLYMO) epoxy copolymer materi-
als (DG). 1.0 g of GYLMO and 5 g of DGEBA were
dissolved in 5 g of acetone. 1.751 g of T403 as curing
agent was added with further stirring at room tem-
perature for 10 min. The resultant mixture was
degassed and drop wisely cast onto a CRS followed
by curing under vacuum at 80�C for 10 min, 100�C
for 10 min, 140�C for 30 min, and 150�C for 30 min.

Preparation of epoxy-silica hybrid coating
materials

Epoxy-silica hybrid coating materials were given as
follows: 0.23 g of TMOS, 0.04 g of HCl (2N), 5 g of
acetone, and 1 g of GLYMO were all put into beaker
and stirred in ambient condition for 1 h. 5 g of
DGEBA, 1.751 g of T403, and 5 g acetone were then
put into the solution (DG03). The resultant homoge-
nous solution was stirred at room temperature for
30 min, the obtained clear gel solution was subse-
quently coated on the CRS coupons, further thermal
treatment were performed in an oven under 80�C
for 10 min, 100�C for 10 min, 140�C for 30 min, and
150�C for 30 min to complete the sol-gel reactions of
as-prepared hybrid sol-gel coating until the sample
weight became essentially constant. The typical flow-
chart for the preparation of epoxy-silica hybrid sol-
gel materials was given as Scheme 1.

Instrumentation

FTIR and FTIR-RAS were recorded by using a
JASCO FTIR 460 Plus spectrometer. The samples of
epoxy-SiO2 hybrid materials for transmission elec-
tron microscopy (TEM) study were microtomed with
Reichert-Jumg Ultracut-E into 60–90 nm-thick slices.
Subsequently, one layer of carbon about 10-nm thick
was deposited on these slices on mesh 100 copper
nets for TEM observations on a JEOL-200FX with an
acceleration voltage of 120 kV. Electrochemical
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measurements of corrosion potential, polarization re-
sistance, and corrosion current, on sample-coated
CRS coupons were performed on VoltaLab 21 poten-
tiostat/galvanostat in a standard corrosion cell
equipped with two graphite rod counter electrodes
and a saturated calomel electrode as well as the
working electrode. Thermogravimetric analyses
(TGA) were performed under nitrogen flow using
TA Q50 at the heating rate 10�C/min from 30 to
750�C. Differential scanning calorimetry (DSC) was
performed under nitrogen flow using TA Q10 at the
heating rate 10�C/min from 30 to 150�C. Dynamic
mechanical analysis (DMA) was performed on a TA
Q800. The programmed heating rate is 3�C/min and
a fixed frequency of 20 Hz was used and the heating
range is performed from 30 to 110�C. The surface
hardness testing of the bulky epoxy-silica hybrid sol-
gel materials were tested by TECLOCK, GS-706N
(Type D). The contact angle of epoxy-silica hybrid
sol-gel coatings was measured by First Ten Ang-
stroms (FTA) 125. Scanning electron microscope
(SEM) was obtained with a Hitachi S-2300 SEM.
Atomic force microscope (AFM) analysis was used
to probe the surface morphology of the coated
hybrid sol-gel films by using an AFM of Digital
Instrument, Inc., model DI 5000.

Preparation of coatings and electrochemical
measurements23–25

The clear gel solutions of epoxy-silica hybrid mix-
ture with different silica content were cast drop
wisely onto the CRS coupons (1.0 � 1.0 cm2), fol-
lowed by drying in air for 24 h at 40�C to give coat-
ings of about 120 lm in thickness measured through
a digimatic micrometer (Mitutoyo). The coating abil-
ity of epoxy-silica hybrid materials on CRS was
found to be similar to that of neat epoxy resin. The
coated and uncoated coupons were then mounted
on the working electrode so that only the coated

side of the coupon was in direct contact with the
electrolyte. The edges of the coupons were sealed
with super fast epoxy cementV

R

. All the electrochemi-
cal measurements of corrosion potential, polarization
resistance, and corrosion current were performed on
a VoltaLab model 21 potentiostat/galvanostat and
repeated at least three times. The electrolyte was
NaCl (5 wt %) aqueous solution. Polarization resist-
ance (Rp in X/cm2) was measured by sweeping the
applied potential from 20 mV below to 20 mV above
the Ecorr at a scan rate of 500 mV/min and by re-
cording the corresponding current change. The Rp

value was obtained from the slope of the potential-
current plot. Tafel plots were obtained by the scan-
ning potential from 250 mV below to 250 mV above
the Ecorr at a scan rate of 500 mV/min. Corrosion
current (Icorr) was determined by superimposing a
straight line along the linear portion of the cathodic
or anodic curve and extrapolating it through Ecorr.
The corrosion rate (Rcorr, in milli-inches per year,
MPY) was calculated from the following equation:
where EW is the equivalent weight (in g/equiv), A
is the area (in cm2), and d is the density (in g/cm3).

RcorrðMPYÞ ¼ ½0:13icorrðE:W:Þ�=½A:d�

RESULTS AND DISCUSSIONS

To synthesize epoxy-silica hybrid sol-gel materials,
the HCl-catalyzed sol-gel reactions of coupling agent
(GLYMO) and TMOS were prepared as a precursor
materials, followed by performing the conventional
ring opening reactions of DGEBA with Jaffamine
T403 as curing agent. The composition of the copoly-
mer (DG) and the hybrid materials which added 3,
5, 10 wt % of TMOS were with respect to materials
content as named in Table I.

Characterizations

Representative FTIR absorption spectra of neat ep-
oxy and hybrid materials were illustrated in Figure
1. The characteristic vibration bands of DGEBA were
shown at 1609 cm�1, 1508 cm�1 (CAC skeletal
stretching), 1036 cm�1 (aromatic deformation), and
913 cm�1 (epoxide ring) for epoxy. The first step
involves the reactions between epoxide ring of ep-
oxy resin and primary amino groups of T403 that
was confirmed by the disappearance of characteristic
epoxide band at � 913 cm�1 and appearance of
hydroxyl band at 3400 cm�1,26 shown in Figure 1(a).
The gel reaction of the hybrid composites can be
monitored with FTIR as shown in Figures 1(b) and
2–4. The absorption band around 1100 cm�1 which
is associated with the SiAOASi linkages can also be
observed in all hybrid composites.27 The FTIR peaks

Scheme 1 Flow chart for the preparation of epoxy-silica
hybrid sol-gel materials with GLYMO as coupling agent.
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of 1036 cm�1 of epoxy and hybrid materials were
corresponded to aromatic deformation and the ep-
oxy monomer was further reacting with the second-
ary hydroxyl groups of the high-molecular weight
epoxy resin to form an ether linking at 1233 cm�1

(CAOAC)28

Figure 2 displays the solid-state 29Si-NMR spec-
trum of as-prepared epoxy-silica hybrid materials. In
condensed siloxane species for TMOS, silicon atoms

through mono-, di-, tri-, and tetra-substituted silox-
ane bonds are designated as Q1, Q2, Q3, and Q4,
respectively. For 3-glycidy-loxypropyltrimethoxysi-
lane, mono-, di-, tri-substituted siloxane bonds are
designated as T1, T2, T3, respectively. In this study,
the chemical shifts of Q4 and T3 are �109 and �65
ppm, respectively, and conform to the literature
value.29 The results revealed that Q4 and T3 are the
major microstructures in the network structure of
the hybrid composites.
Figure 3 shows the TEM photographs of DG10

(scale bar 500 nm), which was found to show some
dispersed silica particles (ca. 100–500 nm) in epoxy
matrix, which might be associated with the simulta-
neous processing of sol-gel reactions for the trialkox-
ysilyl functional groups in the copolymers and
tetraalkoxysilyl functional groups of TMOS.

Potentiodynamic measurements

Corrosion protection performance of the sample-
coated CRS coupons was evaluated by the studies of
electrochemical corrosion measurements such as the
corrosion potential (Ecorr), polarization resistance
(Rp), corrosion current (Icorr), and corrosion rate
(Rcorr), as listed in Table I. Tafel plots obtained from
electrochemical corrosion measurements for (a), (b),
(c), (d), and (e) for uncoated, epoxy-coated, DG-

TABLE I
Relations of the Composition of the Epoxy, Epoxy-Silica Hybrid Sol-Gel Coatings with the Ecorr, Rp, Icorr, and Rcorr as

well as with the Adhesion of the Coatings onto CRS as Estimated from Electrochemical Methods

Sample
code

Feed composition Electrochemical corrosion measurementa

P (Epoxy-co-GLYMO)
(wt %)

TMOS
(wt %)

Ecorr

(mV)
Icorr

(lA/cm2)
Rp

(KX cm2)
Rcorr

(MPY)
Thicknessb

(lm)
PEF

(%)

Bare 0 0 �716 49.5 1.53 0.58 0 0
Epoxy 0 0 �698 37.9 1.95 0.44 121 2.52
DG 100 0 �682 24.8 2.62 0.29 124 4.75
DG03 97 3 �645 15.0 4.64 0.18 118 9.91
DG05 95 5 �609 10.5 6.31 0.12 120 14.94
DG10 90 10 �589 7.1 10.00 0.08 117 17.74

a Saturated calomel electrode (SCE) was employed as reference electrode.
b As measured by a digimatic micrometer.

Figure 1 Representative FTIR spectra of (a) neat epoxy
resin polymerization: (1) before ring-opening and (2) after
ring-opening; (b) as-prepared materials in the form of
coating: (1) epoxy, (2) DG, (3) DG05, and (4) DG10.

Figure 2 Solid-state 29Si-NMR spectrum of as-prepared
epoxy-silica hybrid materials.
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coated, DG03-coated, DG05-coated CRS electrode,
respectively, at 500 mV/min are shown in Figure 4.

The coated CRS coupons showed a higher Ecorr

value than the uncoated CRS. However, it exhibited
a lower Ecorr value than the specimen-coated with
hybrid materials. For example, the DG-coated CRS
had a high corrosion potential of about �682 mV at
30 min. Even after 5 h measurement, the potential
remained at about �680 mV. Such an Ecorr value
implied that the DG-coated CRS exhibited improved
corrosion protection performance toward the electro-
chemical corrosion compared with the pure epoxy.

The polarization resistances, Rp, were evaluated
from the Tafel plots, according to the Stearn-Geary
equation,30

Rp ¼ babc=2:303ðba þ bcÞIcorr

Here, Icorr is the corrosion current determined by an
intersection of the linear portions of the anodic and
cathodic curves, and ba and bc are anodic and ca-
thodic Tafel slopes (DE/DlogI), respectively. The pro-
tection efficiency (PEF%) values were estimated
using the following equation31:

PEF% ¼
100½R�1

p ðuncoatedÞ � R�1
p ðcoatedÞ�=R�1

p ðcoatedÞ:

These corrosion parameters calculated from Tafel
plots for several composite materials were summar-
ized in Table I. Moreover, electrochemical corrosion
current values of hybrid materials as coatings on
CRS were found to decrease gradually with further
increase of silica loading. Furthermore, it should be
noted that the Rcorr and Icorr of DG5 is smaller than
that of DG, indicating that coatings with SiO2 par-

ticles may exhibit excellent corrosion protection per-
formance. On the other hands, from the viewpoints
of protection efficiency, we found that DG10 coating
exhibited a larger value of PEF% than that of epoxy-
coated electrode, as shown in Table I. The incorpora-
tion of SiO2 particles into epoxy led to an enhancing
protection efficiency of � 7 times (17.74/2.52) drasti-
cally. It is interesting that we also found the incorpo-
ration of SiO2 particles into epoxy matrix showing
an increase in protection efficiency as the SiO2 par-
ticles contents increasing. This conclusion implied
that, in this study, we envisioned that the enhanced
corrosion protection effect of epoxy-silica hybrid sol-
gel coatings on metallic surface relative to neat ep-
oxy might probably be resulted from the enhance-
ment of adhesion strength and surface
hydrophobicity of hybrid coatings on CRS coupons
relative to that of epoxy coating. All the data were
repeated at least three times to ensure reproducibil-
ity. This can be further evidence by the studies of
FTIR-RAS and contact angle measurement in the fol-
lowing section.

FTIR-RAS studies

We envisioned that the enhancement of adhesion
strength of epoxy-silica hybrid coatings on CRS cou-
pons compared to neat epoxy may probably be
attributed to the formation of covalent bond
(FeAOASi) between the CRS interface and hybrid
coatings on the CRS surface, which can be further
confirmed by the spectroscopy studies. Compared
with pure epoxy [Fig. 5(a)], the curve fitting spec-
trum of FTIR-RAS studies for the as-prepared hybrid
coating DG10 [Fig. 5(b)] showing two novel peaks
appeared at around 959 cm�1 (due to the SiAOH)
and 995 cm�1 (designated to the formation of cova-
lent bond FeAOASi), respectively. The band at 995
cm�1 corresponded to FeAOASi, which indicated
that the covalent bond was made between CRS and

Figure 3 TEM photographs of DG10 hybrid materials
(�10k). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Figure 4 Tafel plots for (a) uncoated, (b) epoxy-coated,
(c) DG-coated, (d) DG03-coated, and (e) DG05-coated CRS
measured in 5 wt % NaCl aqueous solution.
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hybrid coating on the CRS surface. Jang and Kim
had reported the formation of (FeAOASi) bond at
995 cm�1 between the interface of epoxy-silane cou-
pling agent and steel based on the FTIR-RAS.

Thermal analysis

TGA thermograms of weight loss as a function of
temperature for epoxy and a series of hybrid sol-gel
materials were studied, as measured under an air
atmosphere. The concluding TGA results were illus-
trated and summarized in Figure 6 and Table II. Evi-
dently, the thermal decomposition temperature (5%
weight loss) of copolymer (e.g., Td of DG ¼ 332.5�C)
shifted toward the higher temperature range than
that of epoxy (Td ¼ 329.0�C). As the TMOS content
was increased to 10%, Td of hybrid sol-gel materials
was upward to 362.1�C, which confirmed the further
enhancement of thermal stability of epoxy by the
incorporation of larger loaded inorganic silica
particles.

Furthermore, the glass transition temperature is
the important factor associated with the segmental
mobility of polymer. The DSC results of epoxy and a
series of hybrid sol-gel materials were also shown in
Table II. For example, epoxy exhibited an endotherm
at 56.40�C, corresponding to the Tg. As the TMOS
content was increased to 10%, Tg of hybrid sol-gel
materials was upward to 75.08�C, which indicating
the incorporation of silica particles into polymer ma-
trix may inhibit the segmental motions of polymer
chains.

Viscoelasticity measurement

The thermo-mechanical properties of composite
materials were also investigated through the per-
forming of DMA tests using a tension mode. Typi-
cally, two different moduli, that is, elastic or storage
modulus and an imaginary (loss) modulus were
identified in the curves of DMA thermograms. The
ratio of loss modulus to storage modulus, which
typically reached a maximum point, was called tan
delta (tan d) and employed as glass transition tem-
perature (Tg) of as-preparation polymer. The DMA
measured results based on the storage modulus

Figure 5 The curve fit spectrum of FTIR-RAS of (a) ep-
oxy and (b) DG10.

Figure 6 TGA curves for (a) epoxy, (b) DG, (c) DG03, (d)
DG05, and (e) DG10.

TABLE II
Thermal Properties, Mechanical Properties, and Surface Roughness Properties of the Epoxy, Epoxy-SiO2 Hybrid

Sol-Gel Materials in the Form of Coating as Measured by DSC, TGA, DMA, and AFM

Sample code

Thermal properties Mechanical propertiesa Surface roughnessb

Tg
c (�C) Td

d (�C) Char yieldc (wt %) Storage modulus (MPa) tan d (�C) Ra (nm) Rq (nm)

Epoxy 56.40 329.0 3.1 1247 56.8 0.207 0.260
DG 62.83 332.5 14.2 1335 62.3 0.182 0.230

DG03 67.87 349.4 15.3 1574 68.6 0.179 0.228
DG05 72.61 360.4 15.8 1626 72.1 0.179 0.226
DG10 75.08 362.1 18.8 1741 74.4 0.180 0.228

a As measured by TGA. Td was weight loss the temperature value that 5 wt %.
b As measured by DSC.
c As measured by DMA.
d As measured by AFM. Ra and Rq are the average and root mean square roughness, respectively.
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studies of neat epoxy and a series of hybrid sol-gel
materials were given in Figure 7 and summarized in
Table II. For example, the storage modulus of hybrid
sol-gel material, DG03, was remarkably increased by
26% from 1247 MPa of neat epoxy to 1574 of DG03
at around 30�C. Moreover, it is also found that a fur-
ther increase in SiO2 concentration resulted in an
enhanced mechanical strength of hybrid sol-gel
materials (e.g., storage modulus of DG10 ¼ 1741
MPa).

Moreover, the tan d of DG series hybrid materials
was higher than the neat epoxy. The maximum
value of tan d (neat epoxy) was notice around
56.8�C, this value was smaller than all hybrid mate-
rials listed in Table II and Figure 7. As the thermal
treatment or silica content increased, the tan d of
hybrid materials were increased obviously. By the
incorporation of silica into the polymer matrix in
form the nanoparticles, it was expected that the ri-
gidity of the composite materials would be signifi-
cantly improved though extensive interfacial
interaction between the organic and inorganic
phases. As the motions of the polymer chain were
hindered by silica, the tan d was increased consider-
ably. This is probably because of the Brownian
motion of network chains.28 The results were con-
sistent with our previous DSC studies. In this study,
we found that the value of Tg obtained from the
DSC and DMA were very similar. To distinguish
this difference between conventional DSC and DMA
measurements, the DSC usually has relatively poor
sensitivity but DMA is very sensitive to Tg.

32

The hybrid materials exhibit a significant increase
in storage modulus with the increase in the silica
content during the entire monitoring temperature
range, which maybe probably associated with the
higher SiO2 loading in polymer matrix leading to a
higher interfacial area between the organic and inor-
ganic phases.

Hardness test

Mechanical strength can be evaluated by the surface
hardness of materials. The hardness tests were all
performed on the surface of as-prepared samples
(i.e., neat copolymer and a series of hybrid sol-gel
materials), as demonstrated in Figure 8. For exam-
ple, copolymer (e.g., DG) exhibited a hardness value
of 69 mNt (Shore D), which was obviously higher
than that of epoxy (i.e., 64 mNt). On the other hand,
the increase of silica concentration in hybrid sol-gel
materials corresponded to an increase of surface
hardness. For example, the hardness of hybrid sol-
gel material at high silica concentration (e.g., DG10,
hardness ¼ 80 mNt) was found to be higher than
that of hybrid sol-gel materials at low silica concen-
tration (e.g., DG03, hardness ¼ 74 mNt). In conclu-
sion, the incorporation of silica particles into
polymer matrix may effectively increase the mechan-
ical strength of polymer based on the surface hard-
ness tests on the as-prepared materials.

Contact-angle (wettability) measurement
of coating surface

As exemplified in Figure 9, the water contact angle
increased with the increase in silica content in the
hybrid sol-gel materials, reflecting to an increase of
hydrophobicity of coating materials. Thus, the incor-
poration of silica into the epoxy matrix at the molec-
ular level does indeed change the surface
characteristics of the hybrid sol-gel materials signifi-
cantly. The as-prepared hybrid sol-gel materials
incorporation of silica were found to exhibit much
hydrophobic characteristics relative to the pure ep-
oxy. This increased hydrophobic property might
also lead the as-prepared hybrid sol-gel materials to

Figure 7 DMA curves for (a) epoxy, (b) DG, (c) DG03,
(d) DG05, and (e) DG10: storage modulus and tan d of
baked bulky hybrid.

Figure 8 The hardness test of epoxy and epoxy-silica
hybrid sol-gel materials measured by Shore D.
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be potentially used in the application of corrosion
protection coatings.

SEM cross-section

SEM was used to investigate the morphology of neat
epoxy [shown in Fig. 10(a)] and epoxy-silica hybrid
materials [shown in Fig. 10(b,c)]. SEM micrograph of
fractured surface of the epoxy material reveals a
smooth, glassy, and homogeneous microstructure
without any plastic deformation. Whereas, the frac-
tured surfaces of the epoxy-silica hybrid materials
show the presence of heterogenous morphology and
the heterogeneity increases with increasing siloxane
content (5–10%). This observation also confirms the
existence of inter-crosslinking network structure in
epoxy-silica hybrid materials to enhance the me-
chanical properties.

Surface morphology

To further gain the physical fundamentals of the to-
pographical structures in detail, an AFM was
applied to investigate the surface profiles of the sam-
ples. The surface morphology of the hybrid sol-gel
coating was investigated by AFM using a contact
mode. As shown in Figure 11, according to the 3D
image analysis, it demonstrated a slightly smooth
increase of topography as the polymer epoxy matrix
incorporated with 5 wt % loading of inorganic silica.
The average roughness (Ra) and root mean square
roughness (Rq) of the sample epoxy, DG and DG05
were summarized in Table II, suggesting that the
hybrid sol-gel materials might have no organic–inor-
ganic phase separation, indicating that the SiO2 par-
ticles were well dispersed in the epoxy matrix as
shown in the TEM micrograph (Fig. 3). It exhibited

good compatibility with the epoxy matrix for SiO2

with 3-glycidoxypropyl-trimethoxysilane coupling
agent. Therefore, the incorporation of low silica con-
tent into the polymer matrix may effectively enhance
the flatness.33,34

CONCLUSION

In this article, a series of sol-gel hybrid materials
consisted of epoxy and inorganic silica were success-
fully prepared. Subsequently, the epoxy-silica hybrid

Figure 9 Contact angles of water on the surface of epoxy
and epoxy-silica hybrid sol-gel coatings at various silica
contents.

Figure 10 SEM micrographs of the fracture surfaces of
(a) epoxy, (b) DG05, and (c) DG10 (�300).
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sol-gel materials were prepared by HCl-catalyzed
hydrolysis/polycondensation reactions of sol-gel
precursors and TMOS simultaneously.

The hybrid sol-gel coatings in the form of coating
were found to show advanced corrosion protection
effect on CRS coupons relative to the pure epoxy
based on the electrochemical measurement of corro-
sion potential, polarization resistance, and corrosion
current. The increase of adhesion strength of hybrid
coatings (e.g., DG10) on CRS coupons may be attrib-
uted to the formation of FeAOASi covalent bond at
the interface of coatings/CRS system based on the
curve fitting of FTIR-RAS spectrum studies. For
example, compared with pure epoxy, the curve fit-
ting spectrum of FTIR-RAS studies for the as-pre-
pared hybrid coating DG10 showing two novel
peaks. The band at 995 cm�1 corresponded to
FeAOASi, which indicated that the covalent bond
was made between CRS and hybrid sol-gel coating
on the CRS surface.
The SiO2 nanoparticles which are well dispersive

in hybrid materials by sol-gel technology were
found to lead more effectively enhanced on the ther-
mal stability, mechanical strength of as-prepared
hybrid epoxy-silica sol-gel materials in the form of
bulky materials were investigated by TGA, DSC,
DMA, hardness meter, and SEM, respectively. The
water contact angle increased with the increase in
silica content in the hybrid sol-gel coatings, reflect-
ing to an increase in hydrophobicity of coating mate-
rials. The surface roughness of hybrid sol-gel
coatings decreased as the amount of silica was
increased based on the AFM.
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